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THE COVER DESIGN

For our cover picture we continue the tradition of the past several
years and show the photograph of the high pressure gas cylinders which store
the nitrogen and carbon dioxide mixture used for insulating the high potential
terminals of the two aaff machines. They form a group of towers which
front on the Van de Graaff building and have aroused considerable local interest

and curiosity.




INTRODUCTION

The major areas of research interest in the Laboratory remain much the
same as they were last year. There have been further studies of light nuclei,
some probing their structure, and other studies emphasizing weak interactions.
There has been considerable work with polarized particles, including some new
examinations of depolarization in elastic scattering. Light heavy-ion reaction
studies have stressed the role of surface transparency in elastic and transfer
reactions and studies with so-called heavy heavy ions have concerned themselves
with energy and angle distributions resulting from encounters between heavier
partners. The investigation of the concentrations of higher lying mul
strength in nuclei continues using the radiative capture reaction and work on the
same problem has been started using pions. The measurement of pion total cross-
sections progresses at LAMPF. Our extensive program on inner-shell ionization
of atoms is still going on and so are the many applied researches which are being
pursued at the cyclotron.

We must call attention to the exciting prospect of upgrading the tandem
facility by the addition of a linear accelerator afterburner of special design.
Some features of this afterburner are discussed in this report and we expect to
continue to explore the practicability (and cost) of bringing such a machine into
operation.

We close this introduction with the standard reminder that the articles
in this report describe work in progress and are mot to be regarded as publica-
tions nor quoted without permission of the investigators. The names of the in-
vestigators on each article have been listed alphabetically but where appropriate,
the name of the person primarily responsible for the report has been underlined.

s always, we welcome applications from outsiders for the use of our
facilities. As handy reference for potential users we list in the table on the
following page the vital statistics of our accelerators. For further information
please write or phone Dr. W.G. Weitkamp, Technical Director, Nuclear Physics
Laboratory, University of Washington, Seattle, WA 98195; (206) 543-4080.
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1. ACCELERATOR DEVELOPMENT

Tk Van de Graaff Accelerator Operations and Improvements

J.W. Orth and Staff

is year several new mxlestones have been passed. The Laboratory is
contrmally apabilities in heavy i This year we
have accelerated 81 MeV 160*5 35 MeV 1511*5 08 Hev Agt1S, and Si and Fb ions.
These new beams have been made possible by the availablilty of the new terminal
source and the new sputter source (see Sections 2.2 and 2.3)

We would like to call attention to the long life of our beam tubes.

now have 54,000 hours on our inclinéd field tubes and are still able to hold 9
on the terminal with no observable deterioration in sight. We attribute this
long life to our standard procedures for tube conditioning.

He

Statistics of Van de Graaff operation are given in Table 1.1-1.

The following are improvements and additions which have been made to the
machine during this past year:

(1) The most needed improvement made this year was the remewal of the
Tandem resistors by a new in-house design (see Sec.

Another much needed updating was the changing of the transistors in
We

2)
both the analyzing and switching magnets from germanium to silicon types.

have also replaced the Keithley with modern integrated circuitry to provide
improved stability and reliability.

A new sputter ion source was added as an alternate for the direct
extraction source to improve heavy ion production (see Sec

(4) The beam line was extended beyond the 90° magnet to produce a fast
neutron source for delayed neutron studies (see Sec. 16.5)

The entire neutral source on the injector has been dismanteled and
the 1iquid nitrogen line is now connected through a solenoid valve to the
scavenging system. Thus we no longer have to pay for gaseous nitrogen. This
represents a considerable saving.

A new roughing line was added to the injector pumping tee to allow
the beam tubes to be roughed out without shutting down the direct extraction
source or the polarized ion source.

(7) Our tube type quadrupole power supplies have been replaced by Kepco
and Sorensen solid state supplies to avoid problems arising from the unavauabxhty
(and expense) of replacement vacuum tubes.

(8) The TH diffusion pump on the direct extraction source was replaced
with an NRC pump, gate valve and baffle to improve reliab.
(9)

Final changes were made in the terminal source (see Sec. 2.2).




1.

a)
b)

Table 1.1-1,

tatistics of Van de Graaff Operation from April 16, 1974 to
5

pril 15, 1975
Division of time among activities
i)

Normal operation!

Scheduled maintenance
Unscheduled maintenance
Unrequested time

Total®

Division of beam-on time among particles

a. Two stage operation
protons
polarized protons
deuterons
golarized deuterons
He
e
SLi

Subtotal
b. Three stage operation

protons,
deuterons
12
1uy
169
Subtotal

TOTAL BEAM TIME

Includes all the time the accelerator was under
This is the number of hours in a year

Time (hrs)

6651

control of an experimenter.

Per Cent
81
n
il
10

100




Cyclotron Operations and Improvements

Orth and Staff

Most of the running time of the cyclotron has been devoted to Cancer
Therapy and to medical research. Many refinements have been made this year in
patient handling and treatment techniques (Sec. 16.4). Ten to fifteen patients
a day are now being treated on Mondays, Wednesdays, and Fridays. There is also
continuing research on fast neutron effects on mice (Sec. 16.2). Due to the
certain side effects in the Austin Texas treatment program, the
ers have conducted a study on Rhesus monkeys using our facility when
s unavailable.

Atomics International continues to do helium injection into various
materials at the cyclotron in order to study structural changes induced by such
ions. Workers from Oregon State University have again had a run for a study of
235y fission. A new user on the cyclotron this year is a group from the Electrical
Engineering Department. They are studying the shift in optical properties in
alkaline halide crystals produced by o particle bombardment. The Department of
Pharmacy has had "tagged" isotopes prepared for tracer use in patient diagnostics.

The statistics of cyclotron operation are recorded in Table 1.2-1.

The only machine improvements of importance that have been made during
the year are:

(a) A new design scanner plate was installed that uses pivoted "O"
ring sealed surfaces in lieu of the rubber hoses previously used. It also has
more clearance from the side walls.

(b) A mew set of needle valves using 120 volt motors replaces the old
12 volt DC motors previously used.

A system of switches and vacuum solenoids was installed to extend
operation of the double gate valve to the control room.

Incidentally, the wiole Nuclear Physics Laboratory has undergone a new
aint job this year, an enhancement long overdue. There have also been a number
of changes in the Machine Shop. Because of deficiencies in the electrical ser-
vice and obsolete wiring in the shop, the State electrical inspector required

recting code violations. The Office of Facilities Resources has agreed to fund
these renovations to the amount of $67,000. The work is presently out on bid

and is to be completed by June. In the meantime the machine-tool layout in the
shop has been reorganized and is gradually being brought to OSHA standards for
machine shops.



Table 1.2-1.

Statistics of Cyclotron

from April 16,

April 15, 1975
Division of time among activities
Normal operation
Scheduled maintenance
Unscheduled maintenance

Total

on of beam time among particles

Alpha particles

Total
Division of normal operating time among users
Atomics International

Battelle Northwest
Cancer Therapy Group

a. Therapy
b. Physics

Experimental Oncology
d. Biolo

e. M.D. Anderson

fospital (Texas)

Oregon State University

Western Washington State College

University of Washington Department of
Nuclear Engineerin

University of Washington Department of
Nuclear Medicine

University of Washington Department of
Nuclear Pharmac

University of Washington Department of
Nuclear Physics

University of Washington Department of
Physics

University of Washington Department of
Electrical Engineering

Total

92.3
473.1
10.0

575.4

129
i

1322

1974 to

<l

100%




1.3 Design and ion of Electronic Equipment

H. Fauska and Rod Stowell

Electronic projects completed during the last year include the
following:

A nano ammeter to monitor the polarized ion source beam was designed
e

b. The analyzing and switching magnet regulators on the Van de Graaff
bean line were updated with silicon series passing transistors. A new pre-
amplifier and regulator was constructed and installed.

c. A new beam monitoring system was installed which included construc-
tion of remote readout meters, remote range indicators, computer readout
capability, and a current range expander for the machine operator's position.

d. A five channel pre-scaler of divide-by-ten was designed and
constructed.

A coincidence data switch was designed and constructed.
allows five channels of triple concidence to be switched during polarization
studies.

£. The design and construction was done on a four channel beam current
de-randomizer.

The power supply on the fine adjustment of the switching magnet was
replaced with a newly designed and constructed supply.

An emittance monitor was constructed to help with ion source studies.

A small 60-130 MHz R.F. generator was designed and constructed for
testing of the spiral resonator accelerating cavity prototype (see Sec. 1.6

1.4 Van de Graaff Resistor Replacement
W.G. Weitkamp and Staff

Because the bean trajectory through a Van de Graaff accelerator equipped
with inclined field tubes depends critically on the colum voltage gradient, it
is important to have a stable resistor string on the colum. Furthermove, since
resistor failure can be a major maintenance problem as well as a limit on the
maximum terminal voltage, it is important that the column resistors be reliable
as well. The high cost of suitable commercial resistors designed specifically
for Van de Graaff use has led us to look for an alternative design to replace the
resistors originally installed in the tandem.

The resistor assembly that resulted is shown in Fig. 1.4-1. Four epoxy
coated spiral carbon resistorsl are held in firm contact inside a PVC tube by a
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spring mownted in the lower end. These
resistors are rated at 4 watts, 15 kV
each. The lower end of the assembly is
threaded so the resistors can be re-
moved easily from the PVC tube. The
total cost of materials for these resis-
tor assemblies is about $12 each.

It is not yet clear how well the
mean life of these resistors will com-
pare with commercial Van de Graaff re-
sistors. The tandem has run for 6651
hours with these resistors with only one
resistor failure. The resistance has
changed by not more than 2% on the
average in that time. Even if the mean
life proves to be shorter than that of
our 0ld resistors the relatively low
cost and ease of replacement of these
resistors should make them a satisfactory
alternative.

{™~PVC tube

Type EBV resistors
=100 Meg RP Co)

It should be noted that the
University of Washington Tandem is not
normally pressured with SFe; it is not
expected that this resistor design would
be suitable in a Van de Graaff contain-
ing a substantial fraction of SFg.

i Model EBV 100 meg resistors
obtained from Resistor Products
Company, 914 South 13th St.,

Harrisburg, PA 17104, Bottom contact

Fig. 1.4-1. Van de Graaff resistor
assenbly.

1.5  Feasibility Study for a Linac Postaccelerator for the Tandem

D. Burch, J.G. Cramer, and T.A. Trainor
The Laboratory has for some time been interested in possible ways of ex-
panding or replacing the existing accelevator facility with a larger facility
which would provide access to a broader range of nuclear reactions. Beginning
at about the First of the yeav, we have begun a feasilibity study to achieve this
goal by adding a postaccelerator to the existing fauhty, to be ln]ected by the
present tandem in either two or three stage operation. er so dv of pos-
sible alternatives, we have concluded that cyclotrons em\er S o
conducting, are too large, expensive, and technically demanding to be e

EReCi b ias o ot ot o Bl s e R
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for our purposes, and that there is no real advantage of superconducting linacs
over normal ones, with the exception of perhaps a factor of 4 less power consump-
tion. The impressive performance obtained by the Los Alamos group in their tests
of spiral resonator accelerating cavities, as reported at the Informal Conference
on Tandem Postaccelerators held in Pittsburgh in October of 1974 prompted us to
begin a detailed study of the possibility of adapting this conventional technology
o our own postaccelerator needs.

We have worked closely with Dr. R.H. Stokes of LASL on this project.
Since the Los Alamos effort on the investigation of spiral resomator linac tech-
nology has been essentially terminated, we were very fortunate in being able to
obtain their prototype triple resonator cavity through the generousity of our
colleagure there. This cavity was previously used by the Los Alamos group in
full power tests at power level in excess of 20 KW, and was used to accelerate
alpha particles as a demonstration of the feasibility of this acceleration scheme.
We have used the cavity to perform bead-perturbation measurements of the electric
Field-strength in profiles of the normal modes which will be discussed in Sec. 1.6.

In the course of our feasibility study, two important design concepts have
been developed which had not been previously considered for machines of this
kind. The first of these concepts is the idea, mentioned previously, of using
all three of the resonant normal modes of the cavity to change the effective
phase velocity of the cavity and thereby greatly increase the capability of the
accelerator to accelerate light as well as heavy ions. This scheme presents one
important problem: the cavity must be tunable so that all of the normal modes
can be shifted to the frequency of the driver oscillator, or alternatively, the
driver oscillator must be capable of tuning over a frequency range which spans
the normal modes. The latter alternative appears unfeasible in the context of
available RF power amplifiers, so we are concentrating our attention on the tun-
ing of the cavities. One way in which this can be accomplished over about a 15%
frequency range is by recessing the ground connections at the ends of the spiral

modes, but would not tune the other mode unless the helicities of the spirals
were changed to a +++ arrangement. Mathematical analysis of the system has shown
that the splitting of the resonant frequencies of the three normal modes may be
reduced by better balancing of the inductive and capacitive coupling of the sys-
tem. At any rate, retuning of the triple resonator cavities to the three modes
appears to be quite feasible, but may result in complication of the mechanical
design of the structures. .

Frequency modes, we have made rather conservative estimates of this quantity in
‘the design of the proposed accelerator; and we are now preparing a detailed
investigation of this question.

The second concept which has not been previously considered for a machine
of this type is the idea of providing RF power which can be applied either con-
tinuously, for 1003 duty factor cperation and high beam intensity, or in a
fractional duty factor mode, e.g., With the RF supplied for 20% of the time,

it



providing 5 times the instantaneous power 1/5 of the time for the same average
power. This mode permits exploitation of the characteristic of the spiral
resonator cavities mentioned above, that of sustaining very high RF electric

fields. Essentially, the fractional duty-factor mode permits the experimenter
the option of trading intensity for energy, reducing the beam
a factor of 5 but increasing the effective accelerating field

tor of 5, for ion species which are limited in intensity by ion source arc
currents or tandem loading. For such cases, pulsing of the ion source could re-
sult in higher instantaneous ion currents while maintaining the same average ion
current as in the continuous mode of operation. It should be noted that fractional
duty factor operation is not in itself an innovation; for most existing heavy ion
and high energy accelerators it is a way of life. The innovation discussed here
is incorporating the option of 20% duty factor operation to exploit the high
voltage gradients available with spiral resonator cavities

We have written an extensive design program which chooses optimum cavity
s R e e particular de-
sign for any specified set of operating conditions and ions. Using this program,
the information available from LASL, and the two design concepts mentioned above,
we found that it is possible to design a very modest machine which is capable of
providing ions of any mass with energy that exceeds the Coulomb barrier on any
target.

The postaccelerator design under study employs the recently developed
technology of spiral resonator RF cavities at room temperature to achieve a very
high level of performance at a modest cost. There are a number of significant
advantages to this approach:

a. Simple modular construction with many interchangable structural
elements

b. Small radial dimensions for small volume vacuum system

c. Relatively large RF field capabilities with no limits imposed by B
field

4. High shunt impedance for moderate RF power consumption

. Independence of resonant properties and electric field shaping

£. No demanding tolerances for mechanical structures or fields

g. Radial focusing by quadrupoles outside the vacuum system, independent
of RF phase

h. Good acceptance in position and phase

i. Simple continuous variation of energy from maximum down to injector
enery

5. Flexibility of trading intensity for energy in several ways

k. Multiple resonant normal modes for efficient acceleration of all ion
species.

These features have been used in a design employing 41 triple spiral resonator
accelerating elements to produce a postaccelerator which significantly increases
the energy of all particles from protons to uranium and makes possible the study
of nuclear reactions with any beam on any target in the periodic table of
elements.




Fig. 1.5-1. Overhead view of positioning of Postaccelerator in Cave 3 area of
Accelerator Tunnel.

The postac:e)erator is injected with beam from the exxstlng 3-stage tandem
accelerator after a 15° analysis by magnet M1, as shown in Fig. 1.5-1. The b
handling system uses three additional 90° magnets, M2, M3 and M4, to bend S
around a long rectangular path and back into the existing switching magnet M5 at
an angle of 15° to the normal entry. In travelling on this path, the beam passes
through two 14 meter sections of linear accelerator to be located in the Cave 3
area of the Laboratory. This cave, like the rest of the accelerator tunnel, is
e shielded but is presently used only as a storage area. The arrangement

own in Fig. 1.5-2 permits accomodation of the postaccelerator in the existing
buuding without modification, and will create only mininal interference with the
normal operation of the present 3-stage tandem facility during and after construc-
tion of the new postaccelerator.

Figure 1.5-3 shows a schematic diagram of the structure of the postaccelera-
tor. It consists of 8 groups of spiral resonator accelerating sections for a
total of 41 resonator sections, with all sections within a group being identical
in design and having the same phase velocity u, given here as a fraction of c.

The groups of resonators are labeled A through H in Fig. 1.5-3. Group A at the
exit of he postaccelerator consists of seven 40 Kil (u = .1186) resonator sections,
and group H at the entrance of the postaccelerator consists of three 20 KWl (

0539 resonator sections.

Between resonator groups C and D the postaccelerator is "folded" by the

9




M3 90° Magnet
MEP=60 GroupC  Group B Group A M4 90° Magnet

MEP = 150
#Sections 6 Sections 7 Sections
846 4=0996  p- Iig6
AL
R29Rabonches 40 kW/ Section Debiinche
’ 1
S3 Final Stripper 015 aat
Group D EP=200 @ I5!

Group E  Group F_Group G Group H

| EEm e ]| | B

M2 7Sections 5 Sections 5 Sections 4 Sect. 3 Sect.,

;%'menn #0711 420600  4=.0498 ur0406 u=.0333|
=60

s2
Auxiliary
Stripper

7
!
i

30 kW/Section 20 kW/Section 7 Rl
‘ Rebuncher

D2
Debuncher [

M5

g 3 j Switching Magnet
Fig. 1.5-2. Schematic drawing of proposed MEP = 150 @ 60°
spiral resonator postaccelerator.

D3
Debuncher

two 90° magnets M2 and M3. This fold not only saves building space but also pro-
vides a charge-state selector for the final stripper unit S3. Such charge-state
selection is required for an accelerator of this type to obtain good time and
energy resolution and to avoid multiple beams. An auxilliary stripper S2 is
located just before the first deflection magnet M1 so that this magnet acts as a
charge state selector for this stripper. The S2 st is used only in the
e atoig medk oA ol ST e e R energy from the full
postaccelerator at reduced intensity.

The beam injected from the 3-stage tandem is chopped at the operating
frequency of the postaccelerator (v 100 MHz) and bunched to about .5 ns FWHM to
=y phase acceptance of the postaccelerator. Between resonator groups D

there must be a rebunching unit R2 which preserves the time structure of
B e e beyond the exit of the postaccelerator there will be

10




a distributed debuncher system comprised -
of elements D1, D2 and D3 which converts Light Ton Performance
the excellent tine resolution of the of Proposed Spiral o

o oo
Resonlor Postaccelerator | Paeccrer
achieves optimum time resolution on tar- E
get by acting as a rebuncher.

The acceleration achieved by the
postaccelerator is determined by the

Beam Energy (MeV)

proportional to Eg2. For this reason,
power consumption imposes practical
limits on the operation of the accelera-
tor long before

able limit. T

viated by operating the accelerator in
either of two modes: (1) 100% B
tor (continuous) operation with e
%0 2.1 MV/meter and (2) 20% duty factor
operation (macro-pulsed at a frequency
of perhaps 1 KHZ) with Eg = 2.5 to 4.7
MV/neter. The latter fields are rather

il
i

5 1
Moss of Beam (AMU)

Fig. 1.5-3. Light ion performance of
proposed postaccelerator.

MV/meter) which have been achieved for

spiral resonator units of this type. Both the continuous and macro-pulsed modes
use the same RF power, but the latter results in considerably higher beam
energies. On the other hand, macro-pulsed operation reduces beam intensity by
a factor of 2 to 5 and also increases experimental problems such as pileup and
instrunental dead-time. It is possible that by operating the ion-source and
tandem in the same macro-pulsed way, it may be possible to recover some of the
lost intensity in pulsed operation.

in even more serious constraint than power requirements is, of course,
available funding. The proposed postaccelerator is uniquely able to adjust to

a spectrun of funding levels because of its highly modular construction.

could, in prinicple, be implemented at 1 levels ranging from 1 accelerating sec-
tion to all 41 accelerating sections. For the purposes of this proposal

have chosen to examine its operation at three levels of implementation which we
will call Level A, Level C, and Level H. Level A consists of the accelerator
T e R B T e 1/4 of the full
accelerator. Level C assumes that rescnator groups A, B, and C ave in operation,
about 1/2 of the full accelerator, and Level H assunes that all resonator groups,
A through H, are in operation. As mentioned previously, it is possible to
operate the proposed accelerator in either the "2-strip" or "3-strip" mode, de-
pending on how many times the beam passes through a stripper foil during accel-
eration. The 3-strip mode is only of advantage in Level H operation, and so it
will only be considered for that case. Tables 1.5-1 and 1.5-2 summarize the

1
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Level H Postaccelerator
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Level C
Postaccel-
erator

|

Energy per Nucleon (MeV/A)
5

Level H
Postaccelerator

2 (2-Strip)
| ) 2 T
2 5 10 20 EORNIoD 238
Mass of Beam (AMU)
Fig. 1.5-4. B mance of proposed postaccelerator operated in 20% duty factor
mode.

operating performance of the pmposed postaccelerator in the modes of operation
described above. Figures 1.5-3, 1.5-4 and 1.5-5 illustrate this performance for
light and heavy ions.

These tables and figures give the emergy performance of the proposed
postaccelerator, but do not address themselves to the related question of beam
intensity. This was done because, while the energy performance can be calculated
with some precision, the intensity of the beam is much less accessible to

cise analysis. The principal causes of beam loss in the proposed accelerator
arise from emittance mismatch between units of the accelerator, charge state
fractionation during stripping, bunching losses, and losses due to fractional
duty cycle macro-pulsed operation.

We have performed some crude calculations of the losses of beam due to
emittance mismatch. The only such loss which bears close scrutiny is the possible
mismatch between the beam following Stripping at the tandem terminal and the
acceptance of the high energy tandem tube.

We have come to some rather different conclusions than other groups on the
probability of severe loss of the heavier ions due to multiple scattering at the

12
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Fig. 1.5-5. Performance of the proposed postaccelerator in the 100% duty factor
mode.

stripper. Our calculations indicate that 80% or more of a 15.5 MeV 2°% beam
should be transmitted through the high energy tube after multiple scattering in
a5 pgn carbon foil stripper. Thus we have not considered multiple scattering
as an important source of beam 1oss.

In the design of the proposed accelerator system, we have always assumed
that the most probable charge state will be selected following stripping, and
have used the relations of Nikolaev and Dmitriev to estimate this. The fraction
of the beam predicted to be present in the most probable charge state, ranges
from nearly 100% for ions lighter than mass 10 to about 17% for 238U. From these
fractions we have estimated the stripping transmission factors for the two-strip
and three strip modes of operation described above

For: operation of the accelerator system with two strxgpex‘s (51 and sa) the
stripping transmission factors are 17.1% for 160, 9.4% for ¥ 6.6% for 76Ge

5.3% for 100Mo, 3.4% for 186W, and 2.9% for 238y) For operation mh all three
strippers (S1, S2, and S3), which gives higher energies for the heavier ions,

the stripgmg transmission_factors are 7.2% fop, 160, 2.9% for 48Ca, 1.6% for 76Ge,
1.3% for 100Mo, 0.64% for 186W, and 0.49% for 2

13
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Table 1.5-2.Performance of Proposed Spiral Resonator Postaccelerator in Continuous Operation.
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he efficiency of the chopper/buncher system, as discussed in Sec. 3.4
will be at least 30% and could be as high as the 77% estimated for the Unilac
buncher which is similar in design. The efficiency expected when operating in
the macro-pulsed 20% duty factor mode will be at least 20% and could become 60%
or more by employing ion source pulsing, as discussed in Sec. 2.3. Thus, if we
take the lowest estimates of buncher and 20% duty factor efficiencies, then for
DC input beam of 10 microamp from the ion source the limits of beam intemsity in
the highest and lowest intensity modes will be as follows: for 160 the beam in-
tensity should be about 513 particle-nanoamps (p-nA) in the two stripper mode
with continuous operation (2-strip; 100%) and 43 p-nA (3-strip; 20%); for the
2380 beam the intemsities should be 87 p-namp (2-strip; 100%) and 3 p-nA (3-strip;
20%). Other beams and operating modes can be calculated from the numbers given
above and will lie between these limits. These intensities, while not as large
as those quoted for larger machines, appear quite adequate for a wide variety
of experiments. We note also that most of the heavy ion experiments presently
performed with tandem accelerators use intensities which are exactly in this
range.

The enengy resolution of the £inal bean depends on stripper straggling,
broadening in the buncher, variation of the accelerating field, broadening due
+o phase stabilization, and debunching effectiveness. The dominant effect in
liniting energy resolution in the present accelerator design is the control of
electric field variations during acceleration. It is assumed that the fields
can be regulated to 0.5% whlch mpnes a BE/E of 2 x 10-3, The effectiveness of

lution is estimated to

the debuncher in to energy
give an "improvement e ot 5, which implies an energy resolution after
debunching of below 10-3. It is possible that better regulation of the electric

Field can be achieved, but even if this is the case the other sources of resolu-
tion degradation mentioned above will becone more important, so that the liniting
resolution will still be in the 10~3 to 10~* range.

Another important feature of the proposed postaccelerator is its capability
of delivering very well bunched beams to a target for time of flight measurements.
This mode is an important one for heavy ion experiments when used with a large
scattering chamber such as our 60" chamber, for it offers an excellent method of
distinguishing fecw particles of different masses which are produced in a

e debuncher system may be operated in such a way as to
further compress the by produced by the postaccelerator and
deliver it to the target with a time resolution of 20 to 50 picosec. The chopper
is capable of "weeding" the beam so that, at the expense of Lotenaltyy e Hean
bunches can be altered in repetition rate in steps of two down to very long
separation intervals without degradation of this time resolution.

1.6 of the Properties of Spiral Resonator Cavities

J.G. Cramer and D. Chamberlin

As mentioned in Sec. 1.5, we have obtained on loan from the Los Alamos
group their prototype triple rescnator cavity which had been used in their full
power tests. We have purchased several items of test equipment and have begun
a series of measurements aimed at a more complete determ)natlon of the properties
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of the properties of the cavities, parti-
cularly when they are operated on the
normal modes not studied by the Los
Alamos growp. The properties of interest
are the resonant frequencies and Q's of
the cavity in its three normal modes
the electric field profile of the cavity
in these modes, and the shunt impedances
of these modes, as obtained from the
latter measurements. Figure 1.6-1 shows
preliminary field mappings of the elec-
tric field in the three normal modes.
The signs attached to the peaks indicate
the relative sign of the field peaks, as
determined by applying extra side con-
ditions to the cavity by electrically
grounding or connecting resonator units.
These mappings were produced by the bead
A sapphire bead

phase shift vs position was plotted by
an analog plotter as the bead was pulled

strength at various points along the
cavity axis.

e now have under construction a
more flexible model cavity which should
be electrically identical to the Los
Alamos cavity, except that the various
elements are attached with screws s

o
that they can be removed, inverted, or modified.

+ Normal Mode S1 _
=136.987 MHz

A

POSITION

+ Normal Mode A2 *
$2108.743 MHz

(arbitrary units)

POSITION

Normal Mode S3

i

POSITION

Fig. 1.6-1. Field maps of electric
field in triple spiral resonator RF
cavity in all normal modes

We will be able to obtain a full

set of data on the cavity with this model, from which a better mathematical model

of the system can be deduced.




2. ION SOURCE DEVELOPMENT

2.1  The Polarized Ion Source
W.B. Ingalls, T.A. Trainor, and Staff

An extensive design program, as outlined in the Annual Report Last vear.l
has been completed. The result of this work is shown in Fig. 2.1-1

design is meant to take advantage of construction pm.nclples for a pclar)zed ion
source which have become available in the last few years and which have yielded
appreciable increases in beam intensity and polarization.

Figure 2.1-1. Polarized Ion Source.

ew positive ion source and movable decel electrode assembly, as well as
el 2 R e e e A completed and
installed. These are described below.

e first vacuum enclosure (Fig. 2.1-1) has been modified to allow instal-
Lation of the Dovable sitraction Alectiods, Tn it 0 e biG
larged to provide better access to the interior and the i et has
been altered to provide easier and more permanent alignmen

econd vacuum enclosure or crossover box is nearly complete. This
provides badly needed pumping in the 150 cm long region between the cesium and
argon change exchange cells. A manual valve is included to isolate the duo

longitudinal pair allows adjustment of the longitudinal field gradient at the
crossove

The third vacuum enclosure, or argon box, is still in the design stage.
However, the general features are as shown in the figure. A large diameter
Einzel lens, parnauy screened to improve = punping, immediately follows a
2.54 cn diam x 15.24 cm long argon cell. The argon solenoid has removable flux-
return end plates to provide a low-field region for production of temsor polar-
ized deuteron beams and to minimize the magnetic field inside the Einzel lens.
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The rotating Wien precessor is nearly completed. It is shown partially
assembled in Fig. 2.1-2. The precessor is designed to rotate the spin axis of a
1 KV deuteron beam through about 150°. The quadrupole singlet lens rotates with
the precessor and is included to minimize the astigmatic focal property of the
precessor. Ion optic calculations indicate that only a few tens of volts will
be required on the singlet for maximum precessor field strengths provided there
is a beam crossover at the center of the precessor, as provided by the Einzel
lens.

Mechanical drawings for the acceleration tube have been completed, with
the exception of the last accelerating gap, the design of which depends on mod
fications to the tandem optical system presently under consideration. The design
includes two independent focusing gaps, a movable lens element for the first gap
to provide beam steering, and a variable beam crossover aperture which may be
used to maximize the beam quality (IP2).

Figure 2.1-3 shows the movable extraction electrode. The position of the
electrode (at 1eft) is adjustable axially and transversely. The axial position
is altered by the action of two rollers squeezing a spring-loaded steel cone.
The epoxy insulator (shown with its protective cover partially removed) is
capable of withstanding at least 25 kV. The electrode itself is mounted with
dowel pins to insure reproducible replacement after cleaning. This device has
operated for about one year without servicing other than periodic cleaning of
deposited cesiun from the electrode. ustments of position are made while the
sounce is operating by means of nylon rods. ALl movable parts are supported on
teflon pads to reduce friction. Resolution of the motion is about 0.1 mm.

Figures 2.1-4 and 2.1-5 show the new duoplasmatron and movable decel
assembly with the low-mass cesium cell. In Fig. 2.1-4 the decel support plate
and eccentric mechanisms for transverse motion can be seen between the duoplasma-
tron and cesium cell. This system has a resolution of about 0.5 mn.

The cesium cell is fabricated from copper with the exception of the stain-
less steel Flare-fitting for addition of cesium and the stainless steel valve
Stem. The cell weighs about 600 g and has a capacity for 60 g of cesium (al-
though a 15 or 25 g portion is usually used). The low mass combined with a 150
watt heater and freon cooled tab (at rear) allow a response time of about 30
seconds to adjustment of the heater power. This fast response time coupled with
purchase of a commercial proportioning temperature controller provide stable
operation and easy adjustment of cesium vapor demsity while the ion source is &
high voltage.

Figure 2.1-5 shows the rear of the ducplasmatron with the gear drives for
the eccentric mechanisms. Axial position of the decel electrode is determined
by a screw, with opposing spring loading, at upper left in the figure. Also
shown is the pyrex filament holder which allows inspec £ the filament and
condition of the arc.

The new duoplasmatron presently uses a 70° cone extraction and decel geo-
metry with a 6.3 mm diameter aperture in the extraction electrode. It produces
15-20 mA proton beams and 20-25 mA deuteron beams with about 10 A arc current.
The ion source has operated without a magnetic lens following the decel electrode
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for about two years. Experience has shown that it is very difficult to achieve
consistent polarized source performance in this mode without movable electrodes
and a well regulated cesium cell such as those described here. Slight variations
in cesium density affect the space-charge distribution, and therefore the focusin
and steering, in the decel region. Further stability has been achieved by placin
a freon-cooled copper baffle between the cesium cell and extraction region.

The polarized source presently produces on-target beams of 20-40 nA for
rotons with 60-70% polarization and 40-60 nA for vector-polarized deuterons
with 70-80% of maximum (0.67) beanm polarization.

Nuclear Physics Laboratory Annual Report, University of Washington (1974),

p. 13.
2.2  The Terminal Ton Source

Roth and Staff

The terminal ion source for the injector stage of the three-stage Van de
Graaff has been completed and has been used routinely for experiments over the
past year.

ALl design objectives have been achieved with the one exception mentioned
below.

(a) The variety of beams from the injector has been greatly increased.
Beams used for experiments include protons, deuterons, oxygen, carbon and nitro-
gen ions. Additional beams common to direct extraction iom sources can be ob-
tained if requested by simply adding appropriate gas bottles in the terminal.

Protons have been observed with a maximum intensity of 8 ya and all
of the other ions have intensities of 1-5 ua. The previous injector source pro-
duced only protons and deuterons with intensities typically 0.3 to 0.5

va.

(c) Stripper efficiency for heavy ions as they pass through the tandem
terminal has been increased. For example the most probable charge state for
oxygen using the injector is about one charge higher than when using the tandem

..

(d) Reliability has been very good. Terminal sparking has caused no
failures to electronic components including the transistors in the terminal. The
only spark-related failure was a burned out source aperture due to an extraction
supply surge. This supply has now been current-limited.

s been emphasized in the design, making it

(e) Ease of operation ha
in a matter of minutes completely from the central

possible to start the source
console.

(£)
the injector maximum terminal voltage.

The design objective which has not been achieved is an increase in
It was hoped that removal of the four
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accelerator tube sections along the low energy colum would allow the machine
to achieve higher terminal voltage. These tubes were quite badly damaged from
radiation and spark tracks and limited the voltage to about 6.5 MV. Voltage now

hoped for. Dust and moisture in the tank gas appear to cause charge to leak
from the terminal. This results in unstable terminal voltage and eventually
tank sparks.

The source has operated about 1100 hours since installation in the
accelerator. A second duoplasmatron has been constructed so that ome source can
be cleaned, repaired and checked out on the source test stand while the other is
operating in the . This extra also serves as a spare
source for the tandem.

2.3  The Sputter Ion Source
G.W. Roth and Staff

A sputter ion source has been purchased by the Laboratory this past year
to increase the variety of heavy ion beams available from the tandem accelerator.
The source was a Mark VII UNIS purchased from Extrion Corporation.

Beams that have been accelerated so far are listed in Table 2.3-1. Also
Shown there are the source output intensities and the trensmissions through
‘the accelerator.

Table 2.3-1. Sputter Source Output and Accelerator Transmission

Source Accelerator
Particle Output issi
P <1ua 20%

Li 1 ua 15%

c 20 ya 15%

o 30 pa 15%

AL 0.2 ua 10%
si 2-3 ya 10%

g 1 ua 2-3%
Pb 0.5 ya <.

Extrion Corporation, Box 1226, Blackburn Industrial Park, Glouster,
Ma 01930.




Ion Source Test Stand
G.W. Roth

Tight scheduling of beam time and the growing number of ion sources in
the Laboratory have made it desirable to acquire an off-line ion source test
stand. Various equipment available for several years has been brought together
to make a general purpose test facility. The system consists of a pump tee with
a 1500 %/s diffusion pump, on which can be mounted any laboratory source except
the present helium source. The tee is followed by an analyzing magnet with out-
puts to left and right at 30°. One output is used for a Faraday cup and the other
for an emittance measuring device now under construction. Power supplies sal-
vaged from the old injector neutral ion source are used to operate the sources.
These are remotely controllable from outside a wire cage which encloses the
power supplies and ion source that operate at high voltage. A freon heat ex-
changer as well as water are available for source cooling.

A number of uses have been found for this facility. The duoplasmatron
sources for both the tandem and injector are routinely checked out after major
cleaning or repair and are known to be operating well before being installed on
the accelerator. New particle types can be tried in the duoplasmatron and ex-
periments can be planned on the basis of beam intensities achieved on the test
stand without taking up accelerator time. The purchase this year of a sputter
ion source (see Sec. 2.3) has led to use of the test stand for initial source
testing and for development of about a dozen new heavy ion beams.

Finally, new ion sources can be developed on the stand without interfering
With the experimental program.




3. INSTRUMENTATION, DETECTORS, RESEARCH TECHNIQUES

con Detectors
Shirley Kellenbarger

Our method® for making surface barrier detectors to use in "sideless"
configurations has now been modified by the addition of an HF treatment, a
sodium dichromate treatment of the face, and the use of Dow Corning 3140 RTV
silicone rubber (DC 3140) instead of p-type epoxy for edge protection of the
face. The silicon is etched as before and then is immersed in HF for one
minute. After diluting the HF with deionized water and rinsing well with more
water, the detector is mounted in the circuit board frame with DC 3140. It is
left overnight to allow the DC 3140 to cure, and is then placed under a heat
lamp for 10 minutes with the face covered with a 1% aqueous solution of sodium
dichromate. The dichromate is rinsed off with plenty of deionized water, and a
bead of DC 3140, rather than the p-type epoxy previously used, is immediately

copper-covered circuit board. Gold is later evaporated on this bead resulting
in a reliable ground.

These modifications were suggested to us by Gigane and Lundgren's recent
article.2 Prior to using the dichromate, some detectors were performing poorly
when used for heavy ions, with characteristics indicative of surface multipli-
cation.3 Since using the dichromate, the problem has disappeared. Not all
detector makers have found it advantageous to use the dichromate treatment, but
immersion of the detector in the dichromate rather than its application only to
the face may account for some of their poor results. This seems reasonable
since the theory behind the dichromate treatment involves the provision of a
p-type surface. This surface is wanted on the face side only.

Trapping problems exhibited by several detectors were remedied by
redrifting for 24 to 48 hours at 80° C with 500 volts bias. Three new detectors
needing this treatment represented about ome-fourth of the production from one
particular ingot. Two others from two other ingots had developed trapping
problems after some use.

s Nuclear Physics Laboratory Annual Report, University of Washington
(1974), p. 23.

2 J.R. Gigante and R.A. Lundgren, IEEE Trans. Nucl. Sci. #S-21 (No. 1),
395 (1974).

F.J. Walter, IEEE Trans. Nucl. Sci. NS-11 (No. 3), 232 (1964).




3.2 A Large Solid Angle Gas Cell Detector System

Y-d Chan, J.G. Cramer, K-L Liu, and B.A. Scott

I. Introduction

A gas cell-detector system with a large particle collection efficiency
has been constructed for use mainly in Heavy Ion experiments.

The major difference between this and a conventional gas cell design is
that the detectors are mounted inside instead of outside of the cell. They are
also aligned with their planes close to and parallel to the beam axis. Con-
sequences of this particular configuration are:

of the particle exit foil window that reaction products
before they reach the detectors. This is desirable
ergy loss in passing through a foil is large.

1
must otherwise pass through
for heavy ions since the en:

The detector solid angles can be made very large. Hence the design
is very suitable for experiments with small cross sections.

3. The detectors have to be operated under target gas pressure.

II. Construction

de of brass. The detectors we used

Major parts of the gas cell are ma
face barrier silicon detectors made in

are the large area rectanglar sideless sur
this laboratory.

A schenatic drawing of the gas cell and a picture of it ave shown in
Fig. 3.2-1.

Optional Gas inlet Exit
collimation window
bellow
T

R—deteCtor DOpiona)
Entrance col
window bellow

(Not to scale)

Fig. 3.2-1. Schematic drawing of the gas cell-detector system.

25




III. Method of Detection and Preliminary Test Results

wo large area, rectangular detectors (left and right) are mounted in
symnetric positions facing each other inside the cell. After an event, the
energy information of the 2-particle chamnel products are recorded by these two
detectors separately. These two signals are then summed to form a Q-spectrun
The Q-value for any particular event can be obtained from the energy conserva
tion relation

Q= (B +Ep) - Ej

c

where Ejne is the energy of the incoming beam.

With appropriate gating on the Q-spectra, one can pins a ot
channels of interest, and the following quantity can be mea:

[}

o

(Dq,m0,86 = £ (@,0,0)d080
min

Here 46
tor pair.

max - Opin and A are the geometrical angles determined by the detec-

rom kinematic relations, one can also do angular distributions for
identical products quite easily.

The gas cel;has been tested with an 160 beam and various gas targets,
including “He, 14N, 160, and A

Preliminary results (Figs.3.2-2, 3.2-3, and 3.2-4) show that contribu-
tions from background scattering of the foil and cell are quite significant
and, as one would expect, high counting rates caused pile-ups and accidentals
in our spectra even though fast-timing was use

The crucial point for this system would be the resolution in
spectrum. Due to lack of testing time, very little is known about this resolu-
tion at this time.

Further developments would involve efforts at improving the overall
resolution and possibly the addition of a y-ray coincidence detector. The use
of a differentially pumped gas target will also be considered.

1 Nuclear Physics Laboratory Annual Report, University of Washington
(1973), p. 22
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ion in the A=13 Region

3.3 Further Efforts in Heavy Ion Isotope

K-L Liu, J.G. Cramer, M.S. Zisman, Y-d Chan, B. Cuengco, and J.C. Wiborg

We report here work
done in the mass A=13 region to permit the study of transfer reactions
tandem energies.

The standard identification technique employs a solid state AE-E
counter telescope. It works well for Z separation when an ID look-up table of
4096 channels is used,l»2 but for mass separation of isotopes with the same Z,
(expecially when the low yield reaction products are obscured by the tail of
the very intense neighboring isotopes) other means had to be developed.

The transmission AE detectors available in the laboratory which are
useful for our purpose are 10.5 um, 11.2 um and 14.3 um thick. It was found
experimentally that none of these has FWHM energy resolution better than 5% for
heavy jon detection, Part of this is due to the energy straggling produced in
the 'Stochastic Region',3 and most of the rest can be explained by thickness
inhomogeneities of the thin transmission detectors. This 5% energy resolution
is poor enough to destroy any mass identification separation in the region o
interest. The range formula for the detected particle with energy E, charge Z
and mass M is given by RVEKM1-kz-2, For heavy ions where k % .67, better than
5% energy resolution is required to separate isotopes in the A=13 region.
Transmission detectors with better homogeneity are not readily available.

The time-of-flight technique was found to be more successful for mass
separation than one based on energy loss. With fast timing electronics, time
resolutions of 250 psec have been achieved between two solid state detectors.
Since MID v ET2 in the region of interest, a flight path of 25 cm is adequate to
obtain the required timing ination of this mass ination with the
conventional PID method gives extremely clean separation of both Z and M.

An example is shown in Fig. 3.3-1.
Unfortunately, there is an efficiency problem in this technique arising
i 0

from multiple scattering. For a 40 MeV A
thick silicon detector, the angular spread due to mult

the scattered particles from the AE detector. This natura:
reduces the solid angle of the telescope system by an amount depending on
particle energy. We are starting a study of multiple scattering to find out
whether we can correct for it analytically or empirically.

Kinematic coincidence requirements can be used to identify particles
in specific reactions but the range where coincidences are effective is ve:

In forward angle reactions the recoil particle does not acquire

limited.
Nevertheless, some special reactions can

enough energy to escape the target.

28

S—S——SSN



2
2adis
Up 21 21333348 o
% ettt
o
2132
YFaptily q
niddie
I | I
iz 5 3
MID (A)
Fig. 3.3-1. PID vs MID spectrum from

bombardment of 50 MeV 14N on 12¢ with
the time of flight telescope at 20°.
PID was done by table look-up and MID

.2 ALl the nunbers in the spectrum
are expressed in powers of 2

be studied if the reaction product is
particle unstable, by fotgt e
break up particles. One of the re-
actions we studied with this cechmque
is 12c(14N,13N(2,37 MeV,2s1/2)13¢C

looking at the 13N 2.37 MeV exc:ted
state which breaks up into a proton and

2¢ with 0.4 MeV breakup energy.

annular detector in front and a heavy
ion detector behind, high efficiency
coincidence detection can be achieved.
Figure 3.3-2 demonstrates how selective
this method is in choosing the reaction
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.3-2. Energy spectra for tI
120(1“»: ,120) reaction at 15° for so Mev
N beam. Spectrum (a) is ungated and

spectrum (b) has a coincidence require-
ment to gate out the 12C not coming
from the 13N(2.37 MeV) breakup. The
peak in spectrum (b) agrees with the
three body kinematic energy of this.
breakup.

products.

s hoped that some combination of these particle identification
acthcasain enable us to do highly efficient particle identification in the

mass region of interest.

1 Nuclear Physxcs Laboratory Annual Report, University of Washington
(1974), p. 24.
2. Sea Sac.. .4 of this report

C. Tschldr, Nucl. Instrum. Methods 61, 141 (1968).
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A New Concept for the Bunching of Slow Ions at High Frequencies

J.G. Cramer

The conventional method of bunching ions into a tight time pulse before
or after acceleration is to pass them through a gap across which is placed an
RF field.l The phasing of the RF is arranged so that the "slow" ions, i.e.,
those arriving at the gap too late, are accelerated while the "fast" ions
arriving too early are decelerated. The principal alternative to this method is
the Mobly magnet? in which the early ions are made to travel in a longer flight
path while the late ions travel in a shorter flight path, with the path lengths
arranged so that all ions reach a target point at about the same time.

Difficulties arise with the gap buncher scheme when the ions are slow
and the bunching frequency is fast. As an example, consider the problem of
bunching 2%8y ions with an energy of 80 keV at a bunching frequency of 100 MHZ,
as would be desirable for the postaccelerator discussed in Sec. 1.5. In this
case the ions travel only 1.3 mm in a half cycle of the bunching frequency, so
that the dimensions of the buncher drift tubes and gaps would have to be on the
order of 0.5 mm. It does not appear feasible to design a conventional gap
buncher with these dimensions, and thus the problem of bunching such beams is
difficult.

We have invented a new concept (we think) for bunching of beams in th
domain, which is based on the operation of the Wien filter, i.e. the crossed-
field electromagnetic velocity selector. Figure 3.4-1 shows such a device. Th
dashed lines in this diagram indicate the equipotential surfaces produced by th
electric field plates. Notice that a negatively charged particle entering thi
device above the center line and travelling parallel to the axis of symmetry
will be decelerated by entering a region of negative electric potential. It
will also be deflected toward the center line, since, when its velocity is
lowered the magnetic force on the particle becomes weaker than the electric
force. Similarly, a particle below the center line will be accelerated on
entering a region of more positive potential and also deflected toward the

e
e

Equipotentials

Deflector

Bunched
Beam

Wien Filter

Fig. 3.4-1. Operation of Bunching with a Wien Filter.
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center line because its velocity is higher and therefore the magnetic force
becomes stronger than the electric force.

Suppose an RF deflector is placed upstream from the Wien filter as
shown and driven with a sawtooth wave form in such a way that the ions are
swept from top to bottom across the gap of the Wien filter. If the fields and
the length are suitably chosen, the difference in transit time of the acceler-
ated and decelerated ions can be made such that they emerge from the filter at
the same time and are therefore bunched.

Notice that this device does not change the emergy of the ions, since it
is a DC device and the ions enter and exit the device at ground potential. Thus
the usual relation between time and energy phase space does not hold.
radial phase space of the beam is, however, increased by the action it is anal-
0gous to a "linear" Mobly buncher, but derives its bunching action mot from
differences in path length but from differences in velocity. However, like the
Mobly buncher it does not change the energy of the beam but requires a deflec-
tor which introduces a time-dependent angular divergence.

£ we assume that the defelection produced is such as to just fill the
83p of the Wien filter with deflected beam, then the length of the plates such
that the beam is bunched when it emerges from the device is, neg
cylindrical lens effect referred to above, L = (c/f) (2eVo/AMnyuc)l/2vo/vy =

MU, Mnuc
is the nucleon mass energy in MeV, V1 is half the potential difference between

the plates of the Wien filter, i.e., the potential of either plate with respect
to ground and ) is the spatial wavelength of the deflected beam. As an example,
with A = 238, V, = 80 keV, and V1 = 1 keV, we obtain L = 8.8 cm. Thus the
dimensions of this device are quite reasonable, and if one wished to make it
somewhat longer, say 20 cm, this could be done by using only the central 4% of
the total gap of the Wien instead of filling it.

One obvious limitation of the effectivenmess of this device is that the
deflection employed must be large compared to the diameter of the beam.

correct for the deflection produced by the upstream
f the Wien filter should be h = (V1/2V5)(LD)1/2 where
D is the distance from the deflector to the Wien filter.

If this criterion is
used, the beam will emerge

from the Wien filter as a parallel beam.

We are considering the use of this device as the low energy buncher for
use with the proposed postaccelerator. We have not yet. completely evaluated
the effect of the vertical (or horizontal if the E fiel i

angular divergence of the beam introduced by this device on the emittance, and
transmission of the beam through the tandem.




It should be noted that when this device is operated with polarized
beams, it will act to precess the spin of ions in transit unless the spin and
the B field are parallel. This effect can be corrected by properly choosing
the spin orientation of the beam so as to compensate for this precession, but
some depolarization will probably occur due to diferent transit times through
the B field.

s H.W. Lefevre, R.C. Borchers, and C.H. Poppe, Rev. Sci. Instrum. 33,
1231 (1962).

25 R.C. Mobley, Phys. Rev. 88, 360 (1952).

35S A Suggestion for the Design of a Charge-State "Enforcer" for Heavy Ion
Accelerators

J.G. Cramer

common problem among all heavy ion accelerators thus far designed is
that of chaz‘ge changing. This is usually done with a stripping foil or gas,
with the result that the incident beam of ions is fractionated into a distribu-
tion of charge states, each component of which has different acceleration pro-
perties. Since an accelerator must produce a beam with a unique energy, only
one of these charge states may be used and the others are lost. The charge
state used is chosen not to give the optimum performance from the accelerator
but to have a fairly high probability of being formed. Even if the most prob-
able charge state is used however, its fraction is not large for heavy ions,
ranging from about 41% for 160 to 17% for uranium. Clearly, this situation is
far from ideal, and what one would really like is a device which would strip all
of the beam into any desired charge state. Such a device is proposed here, and
we christen it a charge state enforcer.

Figure 3.5-1 shows the operation of this device. A beam of particles
in a very low charge state enters from the right, and enters an intense magne-
tic field of about 8 Tesla produced by a superconducting solenoid. The beam
strikes a thin stripper foil and is fractionated into charge states which are,
on the average, of much higher charge than the incident beam. Each of these
charge state groups goes into what might be called a microtron orbit,l and after
traveling in a circular path, returns to its point of impact with the stripper
foil and isstripped again. The magnetic field is adjusted so that the charge
state which is to be produced is orbited between a pair of C-shaped electric
deflection plates which parallel the orbit of the ion for a sizable portion of
its path length. The electric field produced by the plates deflects the select-
ed charge state sideways in its orbit, as shown in the top view portion of
Fig. 3.5-1. When this charge state comes around to the stripper position, it
is displaced in position enough to miss the stripper foil and pass instead into
a "super tube", i.e. a tube made of superconducting material so as to act as a
perfect shield against magnetic fields. When the selected charge state enters
the supertube, it no longer is bent in a circular orbit by the magnetic field,
but instead travels in a straight line, and exits from the device. The other
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Fig. 3.5-1. Charge State Enforcer
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ions are trapped in the field and are not allowed to exit until, after several
collisions with the stripper feil, they are stripped into the selected charge
state and are allowed to leave. even an "unpopular' charge state can,
in principle, be produced with mo\ effxcxency by this technique.

ch an ideal device could be placed at the terminal of a tandem, it
could be used to select a charge state, even a very high one, with “100% trans-
mission. At the output end of a tandem, a.charge state enforcer could reduce
the charge of the beam by a large number of charge states and send it back
through the machine for further acceleration, in the spirit of the recirculating
tandem proposed by Hortig.? At the center of a cyclotron, the device could not
only deliver a high charge state into the accelerating structure of the cyclo-
tron, but also, by applying RF to the electric deflection plates of the device,
accept DC beam and dispense it only on the proper RF phase for proper acceler-
ation in the cyclotron. In a heavy ion linac, a device of this kind could
permit several strippings to very high charge states without loss of intensity,

pole Tepgeshec Ll cles eI also average out the RF structure so that
the beam would be more

ALl of the above makes it important to understand the limitations of the
device so that its real potentialities can be accurately assessed. Its limita-
tions arise from three sources: (1) difficulty in fabrication, (2) stripper
life, and (3) degradation of beam quality. Let us take these in sequence. The
charge state enforcer, as described requires extremely large magnetic fields
and the use of superconducting technology. It could, of course, be constructed
with large iron core magnets, but these would have to be very large indeed for

Even with fields on the order of 8 Tesla, the

energetic beams of heavy ions.
dimensions of the magnetic field required may be fairly large s, it would
i i iquid helium storage capacity, and its place-

ment at a tandem terminal is problematical.
one might be able to place such a device at the terminal of a large "up-down"
tandem such as the ORNL machine currently under design, where it might also
perforn the function of providing the needed 180° deflection of the beam. The
electric field, which must produce a significant deflection in a single orbit
may also be a problem if the needed field is too large.

The life of the stripper foil is an even more serious problem. Because
the beam recirculates until it finds the correct charge state, a very lar
circulating beam will be developed if an unpopular chage state is selected,

i to circulating beam being just the
stripper charge state fraction of the charge state selected. Thus 1 uh of an
output beam with a 1% charge state fraction would require 100 uA of circulating
beam, and each particle would, on the average, strike the stripping foil 100
times before it escaped. A stripper foil under such circumstances would not be
expected to survive very long. Further, the lieating of the foil by emergy loss
from the beam might cause serious problems, since this foil is placed in cl ose
proximity to the supertube. The alternative of a gas stripper does not ap
particularly attractive due to the non-localization of the gas and the p!‘ob]ems
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Fig. 3,5-2. Modified Charge State Enforcer Design
incurred by operating superconducting devices in a poor vacuum environment.

The third problem mentioned above is the beam quality degradation. At
each collision with the stripper foil, the beam loses a somewhat uncertai |
amount of energy through straggeling, and at the same time is mutiply scattered |
‘through some small but nor-zero angle. On repeated collisions with a stripper |
foil, both of these effects will be magnified, and eventually produce a serious |
loss of beam quality. i |
number N of times the beam passes through the stripping foil before stri |
the selected charge state. To a rough approximation the degradation of
beam will be equivalent to that produced by a foil with a thickness of Nt, where

t is the actual foil thickness. We note that N = [F(Q)J-1 - 1, where F(Q) is

the charge state fraction of Q, the charge state of interest. It is clear that

when F(Q) is small, the degradation of the beam will be a serious problem. If

the emittance of the exit beam or its energy spread becomes large compared to

the acceptance of the accelerator into which it is injected, then considerable |
beam intensity or energy resolution may be lost from the final beam.

pping to
the

Figure 3.5-2 shows a slightly modified charge state enforcer which may
provide solutions to some of the above problems. The superconducting magnet is
divided into two halves, so that the beam orbits become semicircles connected
with straight lines. In this arrangement, both the stripper and the electric
deflection plates are outside the fields of the superconducting solenoids, and
both can be stretched out. This permits the use of long straight deflection
Plates for the electrostatic deflector and permits the use of a gas stripper
- The latter would still have to be pumped So that the pressure in the
vicinity of the supertube was good. The gas stripper would be thinmer than any
useable foil, and thus would produce less multiple scattering and energy strag-

geling per collision. Further, with a gas stripper, foil life would no longer
be a problem.

ﬁ



charge state enforcer is a new idea, and there are probably more
innovations which ceuld be incorporated in the Basto scheme to improve ite
performance.

is clear that the real test of the utility of this concept
would be a working model. i

P
In view of the payoff of a well working charge state
enforcer in improving accelerator performance, it would seem that the develop-
ment of such a model would justify the time, money and effort required

i V. Veksler, Compt. Rend. Acad. Sci. USSR 43, 4uh (19u44); 44, 393 (19u4);
U. Phys. (USSR) 9, 153 (1945); H.F. Kaiser and W.T. Mayes, Rev. Sci. Inst.
26, 565 (1955).

2 i

G. Hortig, Proc. of Intl. Conf. on Nucl. Reactions Induced by Heavy Ioms,
R. Bock and W.R. Hering, eds. (North-Holland, Amsterdam, 1969), p. 568
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4. THE COMPUTER AND COMPUTING

4.1  Computer System Improvements
N.R. Cheney

A. Drum Memory

A 524K word (24 bit word) drum memory has been added to the laboratory's
computing hardware. Installation of this unit increases the available drum/disc
storage to 786K words. The unit was made available to the laboratory by Valley
Computer Inc.

B. CRT Display

A model HP1311A CRT display has been installed on the laboratory's off-
line computer. This addition has made a significant improvement in data amal-
ysis capability of the off-line computer. The unit was made available to the
laboratory by Valley Computer Inc.

4.2 Updated Subroutine Library for On-Line Data Collection Programs

L.D. Knutson, R.S. Kochin, and T.A. Trainor

t was desired to develop compact subroutines for collection, storage,
and display of data that could be separately and easily called from Real-Time
FORTRAN data-collection programs. Seven updated subroutines written in SDS
assembly language SYMBOL and separately callable from Real-Time FORTRAN were
thus developed to collect singles data from the ADC's, display data on the CRT
and store data on magnetic tape.

DADC is a subroutine for collecting singles data from the ADC's. It was
revised from the MULTSINGL subroutine SSADC to make it independent of other
parts of MULTSING. Other changes have been made so that the data from each
ADC can be stored in a separate array. DADC must be called with 10 arguments
including the number of ADC's to be set-up, arrays containing the ADC numbers
and sizes, the count sum array location, and six storage array locations. Like
SSADC, up to 6 ADC's may be used. DADC has a second entry point, ONADC, which
== be called after DADC to arm the ADC interrupts specified in the arguments

or DADC.

OFADC is a short subroutine which turns off all ADC interrupts.

CLEAR is a subroutine which clears a data storage array and its assoc-
dated count sum. If a data word has its intensification bit set for the CRT
display, it remains set.

E ONCLP and OFCLP are two short subroutines for turning on and off the
CRT display 1/30 second interrupt and the light pen interrupt.

a7




DCRT is a subroutine which displays the spectra on the CRT. It is a
revised version of subroutine SHOW.2 Changes have been made so that the chan-
nel number detected by the light pen and appropriate counts for that channel are
displayed in decimal. The subroutine is further modified so that many points
may be intensified simultaneously on the display for use by peak-summing sub-
routines.

DTAPE is a subroutine for performing operations on magnetic tape with
variable-length records. It uses SDS subroutine MTAPE. Data stored on tape
takes up less tape and is recorded more quickly than can be done in FORTRAN.
DTAPE can be called with several options in order to read a record, write a
recrod, skip records, rewind a tape, skip to End of File and write a record,
or read the last record before an End of File.

The subroutines will soon be added to the UWNPL program library.

7! Nuclear Physics Laboratory Annual Report, University of Washington
(1971), p. 62.

2 J.E. Bussoletti, N.R. Cheney, R.E. Marrs, and D.L. Oberg, private
communication.

4.3 Subroutine Package for the Off-Line Display System

L. Baker, J.G. Cramer, and T.A. Trainor

A subroutine set has been prepared for use with the newly installed
display hardware for the off-line computer. The set comsists of subroutines
SETUP and SPLAT.

Subroutine SETUP converts data to a form suitable for the display hard-
ware and is called only when the display is to be modified. Calling arguments
include a raw data array, a buffer array, and scale factors and offsets for the
x and y axes specified as fractions of the total display area. In addition an
extra scale factor for the y axis is included for convenience in displaying
data blocks for which the normalization varies widely from block to block.

Subroutine SPLAT displays data from the buffer array prepared by SETUP
and is typically called from a display loop. It presents a sequence of 24 bit
words to the display hardware. i
field, and 16 discrete intensity levels are available. i
display is about 15 psec/point. Thus, a raster of 8K points can be displayed
without objectionable flicker.

b Further Development of the Particle Identification Program

K-L Liu, T.A. Trainor, and M.S. Zisman

The PID program with an exponential look-up table of 4096 words in the
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memory extension was reported last year.l It uses the range-energy formula

PID = (AE + E + B)* - (E + B)

Many different versions of this program have been developed to handle different
particle identification experiments.

rogram MAPID (Mass PID) has an additional feature for the mass identi-
fication calculation. This version is used with a separated AE - E counter
telescope system. The program accepts energy signals from the AE and the
counters and the time of flight signal (TOF) between them. From this informa-
tion PID is obtained by table lookup and MID is calculated by

MID = A(E - 8E)(TOF)?

Windows can be set in the PID and MID spectra and events sorted into energy
spectra according to the value of PID and MID. In addition, the program accepts
singles data from a monitor detector so that the beam intensity can be monitored
simultaneously.

The PID, MID, and gated emergy spectra can all be displayed on the CRT
stored on magnetic tape for later analysis, or plotted on the line printer. To
facilitate PID and MID setup, the program also allows the two-dimensional plot-
ting of PID vs E + AE, MID vs E + AE and PID vs MID.2 In addition, event-by-
evenit data recording i possible to allow further data analysis off-line.

Another version, PIDGATE, was written to handle data from a kinematic-
ally complete experiment. In an experiment where the channel of interest is
overvhelmed by elastic products from a large background, it may be necessary to
do a kinematically complete experiment, with particle identification required
for both coincident particles detected. This program emables a gate to be set
on the first particle ID spectrum to control storage of information from the
second telescope.

or the case where four telescopes are used at the same time, there
version, PID4. This program was written for polarized deuteron beam experiments
where particle identification is usually required. One pair of telescopes is
used for the reaction of interest and another pair for the helium polarimeter
The program employs routing of the energy signals
two ADC: four AE signals into one

is

to monitor beam polarization.
of four counter-telescope systems into
ADC and four E signals into the other

In this version only light-ion particle identification is required. An
ID table of 512 words is used, and has been found to provide sufficient separa-
tion. To simplify the parameter input, only one table is used for all four
telescopes. An additional feature of the program is on-line peak s:
Peak-sun windows and ID gates are set by Light pen on the CRT, which intomsifies

the corresponding data points for easy resetting and comparison.




these versions had been successfully used in various experiments and
will be condensed into one master program in the future.

i Nuclear Physics Laboratory Annual Report, University of Washington
(1974), p. 24.

2 See Sec. 3.3 of this report.

4.5

A Search Code for Heavy-Ton Optical Model Parameters

Y-d Chan
omputer program called SCHOMP (Search Code for Heavy-ion Optical
Model Parameters) has been written to run on the NPL 16K SDS 930 computer.

The basic searching control follows the Oak Ridgel method. First
derivatives of the chi-square:

exp,2

a
exp

i i
’i 2882
i T

where

total number of experimental points

weight of the i™® point

O re

Ay} are the M parameters to be changed

are calculated numerically, and the 2nd partial derivatives are formally appro-
ximated by

2.2 24342
X (X3
BAgohp AL Ohg

New parameters are obtained by solving a st order linear equation

system by matrix inversion, with built in parabolic extrapolation to locate the
best point.

A fast integration routine for solving the Schrtdinger equation is

essential to every practical search code. For the present program, HOP-IIZ,
which uses the Numerov alogrithm, is being used to do the integration, with
minor features trimmed off to trade for speed.

The convergence and speed of the search depends quite sensitively on
the input scales and search step sizes. An educated guess of initial parameters

and experience with the control of searching scales (changeable via break
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Fig. 4.5-1. Comvergence test with 48 Mol %84 + 2% data. only V and W are
changed. Nunbers on the graph give the x2 value for each point. The program
uses internal default values for scale and step sizes. ALL searches are
stopped manually after reaching a x2 <

points) can speed up the search drastically.

Optical model parameters that can be handled directly by the code
include:
Vs rys ays Wy Ty ap L, L

as well as

8 (nonlocality range parameter), Linear and quadratic energy dependence
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©of V, W etc. Other parameters can also be handled by straightforward modifica-
tions to a small number of subroutines of the program.

Due to the limitation of memory size, only up to 6 parameters can be
changed simultaneously, with less than 50 (80) data points for version G(1).

The time required for one search is approximately (M + 3)ryop_17-
Convergence test:

n example with 2 parameter search for the elastic scattering data of
R S Fig. 4.5-1

Five searches starting at random with very different starting values
can be seen to converge towards a valley.

SCHOMP has also been enlarged and modified to run on the CDC 6400
computer at the UW computer center. The enlarged version can handle much
heavier systems (or much hxgher energles) by expanding the upper limit on the
number of partial waves to

ot F.G.J. Perey and B. Buck, Oak Ridge National Laboratory Report,
Oak Ridge, TN, ONRL-3193 (1961a).
2 J.G. Cramer, Nuclear Physics Laboratory Annual Report, University of

Washington (1974), p. 26.

4.6 G.R.A Gamma Ray Analysis and Normalization Program

J. Bussoletti

In order to facilitate the analysis in the 1%C(3,y) experiment (see
Sec. 11 this report) an on-line data reduction program has been written. It
features two modes of data collection. The first involves use of the two
ND2400 analyzers to accumulate data. The data is then transferred into the
computer and is analyzed while the ND2400 analyzers accumulate the next data
set. The second data collection mode involves use of the computer itself to
accumulate data. The subroutine DADC written by Rochelle Kochin (see Sec. 4.2
this report) is used to read the ADC's.

The data are stored in 2048 word array. The lower 102 words contain
the gamma spectra and the upper 1K contains particle spectra from the polariza-
tion monitor. (See Sec. 9 of this report.) The 1K arrays are subdivided into
four 256 channel arrays which contain for the particle spectra the arrays Left
Up, Right Up, Left Down and Right Down. The gamma Spectra are subdivided into
accept and reject spectra for both spin orientations.

Up to twenty windows can be defined on the particle spectra. is
assuned in the of the that there are ten
on the Left arrays and a cumesponamg ten on the Right arrays. The windows on

42



the Left and Right spectra are defined independently, but the same window is
used for both spin orientations.

The program calculates the centroid for each peak and matches it to the
center of the window to within one channel by sliding the window. Backgrounds
are left fixed; an inhibit operation on the peak sliding is incorporated by
setting a sense switch. The charge and instrumental asymmetrics as well as the
polarization asymmetry and the total yield is computed for each peak.
time correction is

A dead
ade by including in the particle spectra a peak generated
by a pulser gated by the charge accumulator.

The gamma yields are obtained by defining window limits as a fraction

below and above the centroid. An initial guess of the location of the centroid
of the peak is made; the program calculates the centroid within the window and
uses this as a new guess of the centroid. This iteration proceeds until

Yields in the fractional channels on the

YN, =Y 4/(Lt + Rt) x F+ x DT+
M= Yy

YN Y +/(L+ + R¥) x Fé x DT+
SRS SV )

where Lt is the yield in the first window on the Left up spectrum; the defini-
tions for L+, Rt and R+ are similar.

For the ¥c(p,y) experiment (see Sec. 11
of this report) this window is on the peak corresponding to elastic scattering
at protons from 14C at an angle at 160°. DT is the dead time correction and is
computed from a pulser peak in the gamma spectrum just as in the particle spec-
tra. Fis a corrective multiplicative factor which corrects the L + R yields
for differences in the Left-Right solid angle. F is computed by assuming the
analyzing power of the second window is zero. For the L¥C(p,y) experiment this
corresponds to elastic scattering from 197Au at 160° and has A = 0. ‘hree
normalizations are possible:
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ALl three are computed.

A table of angles may be defined for an angular distribution. Each

time a run is ended the program stores the results of that analysis tnder the
appropriate angle in the table. A new entry of the same angle writes over the
old one. The table may be printed out on the line printer or punched on cards
at any time. The format of the punched cards is compatible with a Legendre -
Associated Legendre fitting program LEGALEGFIT

Data may also be stored on tape. The same on-line program has a sub-
routine which allows scanning data tapes and performs a variety of operations
on the data including both printing the results of the on-line analysis and
re-analyzing a sequence of runs.

One addition will soon be made to the program to make it more univer-
sally applicable. There will be the option of accumulating gamma ray data only
or both particle and gamma data.

.7 HOP-THREE: An Optical Model Code for Very Heavy Ion Elastic Scattering

R. Vandenbosch

HOP-TWO, an optical model program developed at this laboratory’ for
heavy ion elastic scattering, has been modified to operate on the UM CDC 400
computer. The number of partial waves has been extended from 200 to 980,
enabling caleulations for elastic scattering of Kr and Xe projectiles by heavy
targets. .The brogran hes been checked? against the Avgoms modification of the
e Pb.

code ABACUS for the elastic scattering of 500 Mev BYKp by 2

particularly important when searching for a fit to experimental data
S-matrix elements for a variable number of the lowest partial waves can be set
to zero (complete absorption). It is also possible to calculate for only every

A number of innovations have been introduced to reduce computing time,
he

the partial waves for which computation is skipped. It has been shown that
savings of more than a factor of two can be achieved with negligible loss of
accuracy.

5 J.6. Cramer, Nuclear Physics Laboratory Annual Report, University of
Washington (1974), p. 26.
2. I an indebted to A. Friedman for performing this check.




operated by the laboratory was described in last year's report. During the past
year there have been a number of modifications to this program, which is now in
version 3.2. These are listed below:

to include two types of emergy dependence for the %-cutoff parameter and two
forms of R-cutoff diffuseness. (See Sec. 10.3 of this report.)

(
Rutherford could be plotted vs the Coulomb distance of closest approach rather
than the scattering angle. Near the Coulomb barrier, this leads to an "invariant"
plot of the cross section which is semi-independent of target and projectile mass
and of energy.

radial units () rather than kr units

or to simply specify the radius as R = Ry. These options facilitate comparison
with calculations performed with other programs in which different conventions
are employed.

the scattering of identical particles of arbitrary spin, for the case where no

Extension of the Heavy Ton Optical Model Program HOP-THO

J.6. Cramer, W.G. Lynch, and J.C. Wiborg

The optical model program HOP-TWO! which cperates on the XDS 930 computers
(1) The options for 2-dependent absorption have been extensively modified

The plotting program was modified so that the cross section ratio-to-

An option was included for specifying the integration step size in
ts.

(4) An option was_included for computing the optical model radius as R =
rather than Ro[A11/3 + A21/3] as is conventional in heavy ion reactions,

(5) The identical particle option has been expanded to correctly treat

spin-orbit or spin-spin forces are present. The effect of the spin is to give an
i linear combination of sp ic and sp i ric ampli-
tudes.with the coefficients of the linear combination depending on the spins in-

27A1 on 2741, where both particles have J% =

(6)
tape after a caleulation. Tapes thereby generated can then be used with another
program HOP-PLOT to produce Calcomp plots of the data and Fits which are of a
quality suitable for publication.

same input cards but generates computer plots of the radial wave function rather
than computing cross sections. For each partial wave, the maximum of ‘the magni-
tude of the radial wave function is located, and this value is used to Find the
points which are 1/10 max, 1/100 max, 1/1000 max, etc. The plot then generated
thus has contour lines for these points, as well as the region of the nuclear
surface and the semi-classical distance of closest approach, all plotted in a
radius vs & plot. This program has proved very useful in investigating the varia-
tion in the structure of the wave function with ambiguous potentials, and the re-.
gions of sensitivity to be expected in elastic scattering and transfer reactions.

This has been used to analyze experimental data on the scattering of
5/2*.

The option has been added to write data and fit curves on magnetic

(7) A variant of HOP-TWO called RADL has been written which accepts the
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(8) In the course of developing the exact non-local optical model program
OINKI, which is based on HOP-TWO, many new techniques were devised for saving

the laboratory off-line computer system. Vandenbosch has developed a similar
variant of HOP-TWO for use on the CDC-6400 computer.

1 Nuclear Physics Laboratory Annual Report, University of Washington (1974),

2 See Sec. 4.7 of this report.

4.9  SIMILAC, A Design Program for Spiral Resonator Linear Accelerat

J.G. Cramer

s discussed in Sec. 1.5, we have comleted a preliminary desi
spiral resonator linac postaccelerator to be injected by the existing tandem.

became obvious early in this work that the repetitive nature of these
design evaluations could be greatly assisted by a computer program. Therefore

the spiral resonator accelerator design program SIMILAC was written. It traces
the acceleration of an ion through DC accelerating sections, foil or gas strippers,
and single, double and triple spiral resonator RF accelerating cavities.

Proper operation of the program requires accurate estimates of the per-
formance of various elements of the postaccelerator. The most probable charge
state and charge state fraction following gas or foil stripping ave calculated
from empirical relations given by Yntema based on the work of Nikolaev and
Dmitriev. The program mormally takes the charge state which is at the peak of the
charge state distribution to be the charge of the beam following stripping,
although it can be instructed to use other charge states if desired.

Another important quantity in the accelerator design is the tramsit time
factor, Ti(y), which is defined as the fraction of the average electric field
which is actually available for acceleration of the beam. This factor is always
less than 1 and becomes quite small if the velocity of the beam differs markedly
from the phase velocity of the cavity. We have used the analytical expressions
of Stokes and Armstrong to estimate the tramsit time factor Ti(y), with E
or 3 for the S1, A2, and S3 normal modes, respectively (see Sec. 1.5). These
expressions are based on idealized segmented sinusoid electric field profiles
which are, at best, approximations to the true field profiles in these modes.
Better approximations must await electric field mappings of the A2 and S1 normal
modes which are now in preparation. We feel that the approximation used should
be good to about 5% for the S3 mode and to about 20% for the A2 and S1 modes.

The shunt impedance of the cav).ty is also estimated empirically, based on
the experimental data of Armstrong et al., using a two segment linear fit to the
data. In the region of phase velocities larger than .085, where no data

46




Table 4.9




Table 4.9-2.
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Fig. 4.9-1. Computer generated log-log plot of Final Beam Energy vs Ion Mass.
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presently exist, we have extrapolated the linear relation to a minimun Zs
8.5 mogohms/meter, which is half of the smallest shunt impedance ever e
for a spiral resonator cavity. We feel that this procedure errs on the side of
conservatism, and that actual resonator impedances will be comewhat larger
particularly in the A2 and S1 normal modes. More detailed information on shunt
impedance values must await the field mappings in these modes.

e program SIMILAC has two modes of operation, a design mode and an
evaluatxcn mode. In the design mode, the program chooses a group of identical
cavities which ave within a specified percentage of optimum acceleration effi-
ciency, separating each cavity resonator section from the next by a drift tube
and quadrupole singlet capable of a field gradient sufficient to provide radial

i lesign beam. This process is iterated until the postaccelerator
grows" to a specified length, at which point the design phase is terminated. In

power consumption may be specified, with the of
caloulated shunt impedance of the cavity. In the design presented here we have
elected to specify power driver units in stepped power increments of 20 Ki, 30 KW
or 40 KW in the interest of unit construction.

Table 4.9-1 shows the output of the program in giving the de(a)led behavxor
of the postaccelerator for a particular accelerated ion, in this ca:
in the S3 normal mode with 3 strippers and 20% duty e operatlon.
This was the ion used in generating the design of the proposed postaccelerator.
Table 4.9-2 shows the output of the program in the condensed output format, which
5ummarlzes the performance of the accelerator for 37 ions ranging from protons

o 238y, and Fig. 4.9-1 shows a computer-generated log-log high demsity plot of
e sams information, These sumamies of perfornance made possible the rapid
comparison of alternative designs, so that the present machine design has been
truly optimized.

4.10 Modification of Calcomp Plotting Routines

J.G. Cramer

The standard programs for operating the Calcomp plotter attached to the
XDS 930 computer have been modified to include the capability of producing dashed
curves with a wide variety of line structures. To accomplish this, the sub-
routine DRAW has been altered so that it keeps account of length as a curve is
being drawn and raises the lowers the pen in specified intervals of distance.
Four arguments D1, U2, D3, and U are supplied to the program and specify dis-
tances, in 1/100 of an inch, which are to be covered before the pen is raised or
lowered. The arguments are used in the sequence 1,2,3,4,3,2,1,2,3,4,3,... so that
a symmetric dashing pattern is achieved. Zeroes for any of the argunents cause
that portion of the sequence to be omitted.

example, the arguments (20,5,5,5) will produce an alternating long

dash zo inches long and two short dashed .05 inches long which are seoarated by
blank spaces .05 inches long. The arguments (10,0,0,3) will produce a dashed
line with .10 inch segnents separated by .03 inch spaces. Figure 4.10-1 shows a
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Fig. 4.10-1. An example of dashed curves generated with the modified Calcomp
subroutines.
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comparison of a number of optical model calculations which was made using this
feature of the Calcomp package.

411 OINK:: An Exact Non-Local Optical Model Program for Heavy Ton Scattering
J.G. Cramer

There is recent evidence that heavy ion optical potentials are very
shallow and that conventional DWBA calculations may not be adequate to explain
experinental data.

0 investigate the possibility that these observations may arise from non-

local potential effects, we have written OINK!, an exact non-local optical model

program suitable for the case of heavy ion scattering. The program will handle

120 partial waves and up to 400 radial integration steps. It initializes for a
g the non-local potential, generating a Perey-Buck

generate the wave finction. The latter is then modified in the interior region
Using the local-energy approximation.® The result is taken as the starting value
of the non-local wave function.

The program then folds the wave function with the non-local potential to
generate the so-called trivially-equivalent local potential,2 which is then used
o solve the Schroedinger equation for a better approximation to the wave funow.
tion. This procedure is iterated until the S-matrix has converged to better than
0.1%. This usually requires only two or three iterations, for the method is very
stable.

The program includes options for writing various intermediate results such
as vave functions and trivially-equivalent potentials on magnetic tape so that
they can be examined in detail if desired. ~Since the non-local calculations may
be unstable for the low partial waves which contribute little to the scattering,
the partial wave loop is done in inverse order, proceeding from the maximun Lo

a failure in convergence is encowntered during the calculation,
the progran shifts modes, doing the remainder of the calculation using Perey-Buck
approximate non-localityl so that an approximate cross section can be cbtained
even under the circumstances of non-convergence of the method. This, however,
occurs only when very large non-local ranges are used.

The program, in its present form, can be used only for the Gaussian form
of non-locality suggested by Perey and Buck. However, some consideration is

being given to broadening the scope of the program so that other non-local forms
can be used. Section 10.11 discusses results of investigations with this code.

i F.B. Perey and B. Buck, Nucl. Phys. 32, 353 (1962).

2 F.B. Perey, in Direct Interactions and Nuclear Reaction Mechanisms,
E. Clemental and C. Villi, eds. (Gordon & Breach, New York, 1363).

8L N. Austern, in Direct Reaction Theories (John Wiley, New York, 1970).




5. LEVELS IN LIGHT NUCLET

5.1  On the Search for Higher Lying Levels of “He

J.G. Cramer, M.S. Zisman, Y-d Chan, and B. Cuengco

Last year we reported on the measurement of the differential cross section
of the d,a)°He reaction from which we could study the high-lying levels of
°He.l A 28 MeV state was reported in addition to the 24 MeV state which had been
observed previously. However, the asymmetric shape of this 28 MeV state indicated
that it possibly arose from other many-body breakup reactions, perhaps involving
more than one state.

A kinematically complete experiment was performed to clarify these results.
The experiment employed two_AE-E telescopes in coincidence to detect the outgoing
a particle plus one of the He breakup particles. Target contamination was mini-
mized by preparing the self-supporting /Li target immediately before the experi-
ment and by surrounding it with a liquid nitrogen trap throughout the experiment.
Data were handled with the PIDGATE program? and coincidence data were recorded

on tape and were analyzed off-line.
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Fig. 5.1-1. Kinematic locus data from detegtion of alphas and deuterons at 20 deg.
and 90 deg. respectively. The reaction is 'Li(d,(a,d)) with a 24 MeV deuteron beam.
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Figure 5.1-1 shows the observed
alpha-deuteron coincidence spectrum in
the bombardment of 7Li by deuterons.

The solid line indicates the kinematic
boundary. The projections of this coin-
cidence spectrum along and outside the
3 body kinematic boundary onto the E,
axis ave shown in Fig. 5.1-2. The f9rmer
is dominated by the state from the
7Li(d,d")Li(4.6 MeV) reaction with the
excited state of 'Li breaking up into a
and t. The absence of the 28 MeV struc-
ture in the coincidence a spectrun out-
side the kinematic boundary and in the

a spectrum in coincidence with t (Fig.
5.1-3), together with the strong /Li

(4.6 MeV) breakup state, probably mean
that the 28 MeV state we saw in the
singles spectra came from the /Li(.6 MeV)
state, rather than from a high-lying
state in SHe.

This explains the asymmetric
shape of the structure and also ex-
plains why the subtraction of a back-
ground taking only phase space into ac-
count still left an wnaccounted-for
background.

(1s1/5)%(1pg/»)2 configuration. The

first T=3/2 state is calculated to be
at an excitation of 26.1 MeV above the
ground state. It was hoped that the

reaction we used, which only allows us
to observe the
states have a sizable T=1/2 admixture.

There are a variety of theoreti-
cal predictions of high excited states
of SHe above 24 MeV.3>% So far we have

00 o EY
ALPHA ENERGY  (channels)

ig. 5.1-2. Projection of kinematic a
locus data shown in Fig. 5.1-1 on the a
channels (a) Shows data along the kine-
matic boundary and (b) shows the data
outsi

o COUNTS
3

o

50 100 150 200 250
ALPHA ENERGY  (channels)

Fig. 5.1-3. Projection of alpha and
triton coincidence data onto the alpha
axis. The alpha and triton are detected
at 20° and 90° respectively. The reac-
tion is the same as in Fig. 5.1-1.




not been able to find ex))erunental evidence for any of them. The fact that at
such high excitation SHe is very particle unstable makes for wide levels. Meas-
urement and interpretation of possible states therefore becomes very difficult.

b Laboratory Annual Report, University of Washington (1974),
2t c. 4.4 of this report.

3. .F. Fraser and B.M. Spicer, Aust. J. Physics 19, 893 (1966).

4. R.F. Wagner and C. Werntz, Phys. Rev. C 4, 1 (1971)

502 sospin Forbidden Charged Particle Decays of the Lowest T=2 States in

B8, %Li ana T2c*

+ +
E.G. Adelberger, S. Freedman', D.R. Goosman'', A.B. McDonald', A.V. Nero',
and R.G.H. Robertson’

Light nuclei form the most interesting systems in which to study isospin
forbidden decays because the large variety of open channels provides a rich
"window' on the isospin impurity which is not present in heavy nuclei (e.g., the
upper sd shell) where in effect only a few channels are open.

- We have studied the charged particle decays of the lowest T=2 G in
Be, 8Li and 12¢ at the Princeton v.vmvers;% AVE cyglotron labora tory.
levels were populated using the reactions 1Be(p,t)°Be, 10Be(p,3He) and 1“c(p,t)12c
induced by 46.1 MeV protons. The 10Be target was in the fom f BeO enriched to
94% in 10Be.l The 1%C target was nominally enriched to 94% in 14C. Outgoing t

and %He ions were detected at 6 = 26.7° in a QDDD magnetic spectrometer. The
spectrograph had a telescope in the focal plane consisting of a resistive wire
proportional counter and a plastic scintillator. Decay particles were detected

at 6 = 120° in a telescope consisting of 35 u and 1000 u surface barrier detec-
tors. Four parameter data were recorded event-by-event on magnetic tape for
subsequent playback. The parameters recorded were AE and E' in the decay counter,
a position signal from the focal plane detector and a TAC signal. Hardwired gates
were placed on the AE and E' signals of the QDDD detectors. Ordinarily the large
variation in orbits through the QDDD would cause the coincidence time resolution

to be poor. He have circumvented this by using the QDDD signal to select the

beam burst associated with the event and timing the decay telescope against the

RF beam structure. A singles QDDD position spectrun vas sccumlated similtaneously

with the coincidence data so as to reduce possibilities for systematic errors in

the branching ratios. As a test of our apparatus we measured the branching

ratios for proton decays of the 8.90 MeV 1/2 level of 13N to the ground and

first excited states of 12C. These decays must be isotropic and the two branching

ratios must sum to unity. Preliminary analysis of the 8Be data shows that the

decays are in excellent qualitative agregment with the calculations of Barker and

Kumar2 with the dominant decay being to °Li(0.0) + d. This must be considered

an outstanding success for the theory. A preliminary analysis of the °Li decays

reveals sizable branches to t+an continuum. The decays of SLi (T=2) ave inter-

esting because the Coulomb force cannot mix states in SLi with the configuration

55




(1p)* based on an inert
12C data has not yet been analyzed.

“He core because there is only one charged particle. The

* This work supported in part by the National Science Foundation.

g Permanent address: Princeton University, Princeton, New Jersey.

i+ Permanent Lawrence Livermore Laboratory, Livermore, California.
# Permanent Chalk River Nuclear Laboratories, Chalk River, Canada.
5 Permanent Michigan State University, East Lansing, Michigan.

iy D.R. Goosman, Nucl. Instrum. Meth. 116, 445 (1974).

2% F.C. Barker and N. Kumar, Phys. Lett. 308, 103 (1969).

5.3 Gamma Decays of the Lowest T = 3/2 Levels in °Be and *

adnixtures in these levels are probably on the order of 0.5% or less in amplitude.
if a comparison of the Ml gamama decays of the T = 3/2 levels to the ground

and second excited states in these nuclei (see Fig. 5.3-1) should reveal differ-

ences inconsistent with these isospin admistures, one could attribute them to

isotensor currents or failure of charge symmetry in the nuclear wave functions.

In addition to the M1 decays mentioned there are a number of El decays to other

low lying excited states and these branches have not been measured before.

The g
T = 3/2 levels in 13¢ and 13y have been

from superior gamma ray energy resolu-
tion which permitted clean separation
of the yo and y, decay components, al-
though Y and 3 were not resolved. The
most precisely measured quantity in that
experiment was the ratio

where the quantities By are the reduced
transition-strengths, 'It was found that

R=(B +8B
55

P.A. Dickey, P. Dyer, and K.A. Snover

amma ray decays of the lowest

e latter experiment benefitted

)/B %
air Mg

R=1.77 £ 0.11 for 13C and 1.83 + 0.14

for 1. This result implies a one

standard error limit of 2.1% for the

ratio of isotensor to isovector ampli- Fig. 5.3-1. Partial level schemes of
tudes Ay/A; for the favorable case in  mass 9 mirror nuclei.
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which Ap/Aj has one sign for the grownd state transition and the opposite sign
r the excited state transition.
the effect of the Ay term.

i i . Since a similar asymmetry
exists for the first excited state to ground state AT = 0 transitions for which
the isotensor interaction vanishes, and since the magnitude of the effect seems
too large to be accounted for by binding effects, the asymmetry was attributed
to failure of charge symmetry in the nuclear wave functions.

The mass 9 gamma decays have also been investigated by Cocke et al." No
isospin violating effects were seen; however, the energy resolution of their
gama ray spectrometer prec]uded a clean separation of Yo an and obscured
entirely the El decays. addition, the ratio /F was measured with a dif-
ferent detector in d)fferen( geometry from the res? e e e
these reasons we have undertaken a measurement of the mass 9 T = 3/2 y decay
rates. The experiment is in progress at this time and the results here are very
preliminary.

The experimental method is essentially the same as that used in the mass 13
experiment.3 The reactions 7Li(’He,p)%Be and 7Li(3He,n)%B were used to populate
the T = 3/2 levels and gamma rays were detected in coincidence with protons or
neutrons. Particles were detected at 0° and gamma rays gt 125°. The targe(
consisted of 200 ug/cem? of 7Li evaporated onto 200 ug/cm? Ni backings and w
transferred to the scattering chamber in vacuum. The Ni backing was a compromxss
between immunity to attack by the Li and low hydrogen contamination. For the
9Be measurement a 100 namp beam of 8 MeV JHe was ranged out in a 40 mg/cm? Au
foil. Protons correspon to the T = 3/2 level in JBe amerged with about 1.7 MeV
of energy and were detected in a AE-E telescope. The 9B measurement used a 9 MeV
beam; neutrons were detected with a 1"
thick NE 102 plastic scintillator. The
gamma ray detection system was the same
for the two measurements.

11.94 MeV (7)7

A typical gamma ray spectrum from o o
e resulting from the sorting of the 20| TLi(*He,py)
event by event data with software win-
dovs in the T = 3/2 proton group and the
appropriate channels in the time of
flight spectrun is shown in Fig. 5.3-2.
The data were collected in about 10 hours.
The background due to random coincidences
is negligible. The solid curve repre-
sents a least squares fit to the data in
which four transitions have been included.
The lineshapes were obtained from a pre-
vious measurement® of the Nal response
to 15.11 MeV gamma rays. In the fit, 50

11,59 MeV ()

14,39 MeVy)

COUNTS

o

S 1271 MeV )

200 250
PHOTON ENERGY (channels)
varied to fit the data.

Fig. 5.3-2. Gamma ray spectrun.
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After initial runs of about 10 hours for each of the reactions, the data
in Table 5.3-1 were obtained. The real to random ratio produced by 100 namps
of beamindicates that at least a factor of 3 in beam current is feasible. Run
ning at that current for 40 hours per reaction would yield statistical uncertain-
ties in the ratio R on the same order as those in the mass 13 experiment. The

EL decay branching ratio I'y,/Iyy will be much better determined than previousl
because the necessary gamy'raje can be resolve

Table 5.3-1. Mass 9 Gamma Branching Ratios

%Be 9
iy .012£.006  (.021¢,004%)
3
11052 (21951 11282 (1.39:.2)
0.15.07
e 0.165.1
Ty
3 G
1. J.C. Adloff, W.K. Lin, K.H. Sows, and P. Chevallier, Phys. Rev. C 5, 664
Qs72).
2. C.L. Cocke, J.C. Adloff, and P. Chevallier, Phys. Rev. 176, 1120 (1968).
3. R.E. Marrs, Ph. D. Thesis, University of Washington (1975)(umpublished);

also, Nuclear Physics Laboratory Annual Report, University of Washington
(1971), p. 117.
u. J.C. Adloff, K.H. Soww, and C.L. Cocke, Phys. Rev. C 3, 1808 (1971).

5.4 Isospin Purity in 1°0 Studies by “ZC(a,py) and *2c(a,ny)

E.G. Adelberger, N. Back, J. Bussoletti, and K.A. Snover

We have continued our investigation of )Ssspxn ERang o eteted
180 by comparison of resonances seen in a,pg) and 12c(a,ng).1 We have
SHtanded b exottadon fmction Bouy o e regwn S i A e
Ey = 22.72 MeV to lower energies. We have now measured the excitation function
of the 12C(a,py) reaction at a center of mass angle of 90° from Eq = 20.3 MeV in

20 o i e Vs e T el e of seeking candidates for isospin mixed
sonances. Particular attention was paid to resonances which might be corre-
lated with structure observed in the 12C(a,Yq) reaction? and the I5N(p,yo) reac-
tion.? Several candidates for both conditions were found. Most of the excita-
tion function seems to be characterized by several broad overlapping resonance.
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There are however some regions which
seem

X2C(a,55) =50

Fig. 5.4-1 we show the exci-
tation funct\on for the reactions
12¢(q,pg) at 8p = 80°, 12C(a,pg) at 6p=
50°, and 17/‘((1 ,a0) at 8, = 80° in the
16 MeV excitation energy region. In the
proton channel two resonances appear,
one at n16.38 MeV with a width of about
80 keV and one at v16.44 MeV with a
width of about 40 keV. This second
state seems to correspond with the
16.407 MeV state listed in the Ajzenberg-
Selove ¥ compilationonmass 16. Thestate
is described there as having J" = 2*;
moreover a peak in the E2 cross section LR T R D
has been observed at this energy in the Q)
12c(a,y,) reaction.

©

(e, ) 9-80°

P

22l 280"

YIELD (arbitrary units)

5

5.4-1. | Resonances seen in 12 + a.
Figure 5.4-2 shows another inter- The upper resonance seems to corre-

ssting region at excitation in mass 16.  spond uith a previously reported state

The two isolated resonances indicated  at 16.40 MeV with I = 5 MeV an

might well form an isospin mixed doublet. 2*." The arrows md;cate suggested

A definite conclusion will have toawait locations of the resonances.

the comparison with 12C(a,ng) reaction.

Figure 5.4=3 shows a resonance
which aorrelates well in position and
width with the 17.142 NeV resonance seen
in 15N(p,yq)3 and also observed in
12¢(a,yg). 2 We also note the absence of
any structure to correspond with the
structure seen in both the (a,y) and
(p,) work at Ey = 17.30 MeV.

* %G (a,p,) 8280°

os|- 4

YIELD (arbitrary units)

Finally, Fig. 5.4-4 illustrates
a region of great interest to us as an
understanding of the structure cbserved

25 28 _ay 28 2s
Ex(Mev)

e o T I i 0 Fig. 5:t=0.1Bossibla candidates fon'an
isospin mixed doublet

e preliminary neutvon data it appears
that the predominant isospin impurity in the T=2 state is the same as the isospin
of the intermediate width resonance.

We intend to complete the proton work by measuring angular distributions
on and around these resonances and then proceed with the meutron measurements.
Confirmation of our intriguing preliminary indications must await these further

ments.
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5.5  Precision Absolute Cross Section Measurement for the Lowest

Resonance in the 12C(p,v,)" N Reaction

E.G. Adelberger, R.E. Marrs, and K.A. Snover

ve remeasured the absolute yield from the lowest T=3/2 resonance in
the lZc(p,va)“N reaction near Ep = 14.2 MeV, with the purpose of increasing the
accuracy of comparison of mirror AT=1 y-decay Strengths in mass-13, and providing
a precision absolute calibration standard for high-energy y-rays.

The 2¢(p, 7o) %N resonance-yield data shown in Fig. 5.5-1 were obtained by
bombarding a 1.7 mg/cm? natural carbon target with protons from the University
of Washington FN Tandem Accelerator. Gamma rays were detected at 6y = 125° in
the large Nal spectrometer. The data show a 12% overshoot on the low-energy
edge of the yield curve due to the discontinuous (atomic) energy loss of protons
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in the target foil.l The solid curve
shown in Fig. 5.5-1 is the result of a
Monte Carlo calculation, following
Costello et al.,2 of the resonance
yield including the effects of the dis-
continuous proton energy loss.

Since the angular distribution of
the decay y rays from an isolated J=3/2
level must have the form agPg(cos ) +
a5Py(cos 6), the step in the total
thick-target res i

tained from
where Pp(cos

) vanishes. tThe absolute
photopeak efficiency of the detector was
determined for 15.1-MeV y rays using
coincidence observation of (tagged) y-
rays from the decay of the 15.1-NeVlevel
in 12, which was assumed to have Tyy/T=
(88.2 £ 2.1)%.3,% This J=1 level wad
populated in the 10B(3He,py)12C reaction
with protons detected at 0° so that the
Y-ray angular distribution was also of
the form aé?u(cos 8) + ajPy(cos 8). Th
12¢(p,y0) 13N resonance-yield measurement
and the calibration were done consecu-
tively using the same experimental
Only the target and beam
The resulting absolute

is deternined to $3.28, including 1§
from possible systematic errovs in the
gration), and 3% from the 12C efficieng

The important quantity determined

resonance yield (into 47) for an infinitely thick natural

2C(pre) N

Hz S —
Ej (MeV)

Fig. 5.5-1. Resonance yield for the
12¢(p,v9)13N reaction at 6, = 125°, In
addition to the statistical errors shom,
there is an overall systematic error
of £3% due to the Nal efficiency cali-
bration. The solid curve results from
a Monte Carlo calculation (see text).
The plateau region used to obtain the
thick-target yield is delineated by the
vertical lines. The energy scale was
determined from the nominal accelerator
calibration rather than the known reso-
8y -

calibration (vertical scale in Fig.5.5-1) 1ance energy.

2e(p, y0) measurement (such as beam inte-
y calibration.

ents is Y-Y,, the total

by these measurem
carbon target. This

quantity is the expected resonance yield in the "plateau" region which would be

observed with an infinitely thick target, and is obtained afte;
corrections to the difference in the measured
by vertical bars in Fig. 5.5-1 and the off resonance yield.

Y=Y, = (6.83 £ 0

This includes the following corrections:
get thickness (deternined by the Monte Carlo calculation),

tion for finite tary
account for the fact that

actly to a zero of Pplcos 8, . )(here we used our

T applying small

yield within the region delineated
The result is

9

.22)x 107 y's per incident proton.

(1) +0.7% due essentially to a correc-

125.3°(1ab) does not correspond ex-

8

Y

measured ap = -0.681  0.030)
from 1 to

and (3) +1.5% due to the solid angle t
mass.

ous checks were made to insure that the above result is free from

Nur
significant systematic errors.

For example, errors in dead-time corrections were

61




shown to be negligible by comparing data taken with countin
by a factor of 4.

g rates differing
Effects of hydrogen and oxygen contamination was found to be

A thin-target yield curve was measured to make
sure that we were looking at an isolated resonance on top of a flat background.

We obtain the capture strength factor Tyly /T from the following relation

where A = 1.308 fm = center-of-mass proton wave length

(27 +

o
(e et =)

£=0.989 = fraction of 12C in natural carbon

€ = dE;/dn = laboratory stopping power for carbon at E_ = 14.23 MeV
i3
(calculated from dE/dK = 30.75 + 0.31 keV/mg/cn?)S

and the factor (M, + M,)/M, converts ¢ to the center-of-mass system.® The result
is

=579 0. %
rPryD/ 5.79 £ 0.20 eV.

This value is in goc

0d_agreement with, and a factor of 4 more accurate than a
previous measurement.’

The above result should not be significantly affected by interference be-
tueen the resonance and the background since Gpes/Opack ™ 230and E1 or E2 back-
grounds cannot produce interference in aj. Our data at 125° measure ag

the resonance angular distribution was found to have a n

¢ egligible a) coefficient
(ag = -0.008 + 0.014).

We may combine this result with a previous measurement of I'y /T = 0.236 *
0.012% to obtain Iy, = 24.5 £ 1.5 eV, in agreement with the value noasured for
the 13C mirror decay of Iy (13C) = 23.3 + 2.7 eV. For a more detailed dis-

cussion of the comparison 6f mirror y-decays in mass-13, see Sec. 11.2 of th

1974 Annual Report.

i H.W. Lewis, Phys. Rev. 125, 937 (1962).

2i D.G. Costello et al., Phys. Rev. 51, 113 (1964).

& D.E. Alburger and D.H. Wilkinson, Phys. Rev. C 5, 384 (1972).

4. D.P. Balamuth, R.W. Zurmuhle, and S.L. Tabor, Phys. Rev. C 10, 975 (1974).
5. H. Bichsel in American Institute of Physics Handbook,3rd Edition (McGraw-

Hill, 1972), p. 8142 and private communication

6. K.A. Snover, Ph.D. Thesis, Stanford University (1969), unpublished.

7 F.S. Dietrich, M. Suffert, A.V. Nero, and S.S. Hanna, Phys. Rev. 168, 1169
(1968).

8.

The Legendre coefficients were determined in the center of mass system.
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G. Adelberger et al., Phys. Rev. C 7, 889 (197:
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G. Wittwer, H.G. Clerc and G.A. Beer, Phys. Lett. 30B, 634 (1969).

Measurement of the y-Decay Branches for the 16.11- and 12.71-VeV Levels
T

Adelberger, R.E. Marrs, and K.A. Snover

a study of the T=1 states in the mass 12 system by Monahan et al.l it
was pointed out that the nucleon widths for the seven lowest T=1 levels in 12C
are in satisfactory agreement with the widths for their analogs in 128,
exception of the 2% level at 16.11 MeV. This disagreement has raised a minor
controversy concerning the particle and Y widths of the 16.11-MeV level.

recent_measurement of the proton width for the 16.11-MeV level by
Anderson et al.? showed the previous value of I, to be a factor of three too
Because the 11B(p,y) resonant cross section, which directly comnects

implies that the previous
AnderSon et al. attempted to directly
measure the y-ray branching ratio for the 16.1 MeV state but were not successful.2
Instead they derived a value of (3.23 * 0.50)x 10~3 for I\/T from their measure-
ments of the 11B(p,a) and 11B(p,y) cross sections.

igure 5.6-1 shows our y-ray spectrun corresponding tg the decay of the
16.11-MeV 1evel in 12C. The spectrum was obtained from 10B(°He,py) coincidences

4o = U1 MeV using a 150 pg/cm? enviched 198 target.
detected at 0° in‘a comter g

Protons were
foil sufficient to stop the

onsisting of AE and E' detectors covered with a thin
He ions while allowing the protons of interest to
pass through. Gamma rays were detected at 125° in the 10"x10" Nal spectrometer.
Data was event-mode recorded on magnetic tape and sorted on subsequent playback.
Most of the y-decay strength goes to the 4.4l-MeV level, producing a y ray of
11.67 MeV. Spectra obtained separately at y-ray angles of 30°, 90°, and 125°
have been summed to generate the spectrum shown in Fig. 5.6-2.

The apparent weak y-ray yield at 15.11 MeV is actually in coincidence with
background under the 12C(16.11) proton group as can be seen by looking at part
(b) of the figure. A 4% backgrownd correction was made to the final 12C(16.11)
y-ray yield on the basis of Fig. 5.6-1b. The solid curve in Fig. 5.6-la results
from a least-squares fit to the data using the measured Nal lineshape.
since the number of cownts is small, the yield of 11.67-MeV y rays was obtained

by ing counts in the region of the full-energy peak rather than from the
Lineshape fit.

Since the 120(16.11) proton group appears as a well isolated peak in the
singles particle spectrun at 0°, it is possible to extract a reliable y-decay
branching ratio for the 16.11-MeV level from the yield of 11.67-MeV y rays. The
11.67-MeV (2*,1=1)+(2+,T=0) transition, since it is purely isovector, is expected
o be primarily of ML multipolarity with a small E2 admixture. The y branching
ratio was determined by fitting the data obtained at BV = 30, 90, and 125° to
the expression ajPy(cos 8) + a,P,(cos ©) + 3,P,(cos 8).
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12 (16.11) y-ray Spectrum

(a) Real events

e

151

(b) Background events
1670611~ 4.44) o

27

o o 20
CHANNEL NUMBER
Fig. 5.6-1. (a) Gamma-ray spectrun

corresponding to decay of the 16.11-MeV
level ion 12C. The solid curve is the

of the particle spectrum adjacent
to the 12¢(16.11) proton group. The
non-integral counts result from the pro-

energies are identified by the vertical

he resulting value for the y
branch of the 12c(1s 11) level is Iy/T =
(2.49 * 0.30)x 10-3, which is in e
able agreement with but more precis
than the value determined 1nd.\rectly by
Anderson et al.? This value for tl
total Y branching-ratio was detemxned
f£rom the y; branch using a value of 97%
for the fraction of the total 2C(16.11)
Y-decay branch which goes to the 4.hl-
MeV level.

Using the value of 6.7 * 0.5 keV
Xnown for the total width of the 16. 11-
eV level’ our value for I')/T implies

value of Ty, = 16.1 £ 2.3 &V for the
(16.1154. 44} transition. This result
may be compared with'the (8-16)2BME cal-

culanons of Cohen and Kurath,® which
a value of 10.7 eV for this
i

valy je Y branch of the
12 1L avigmenn a1 La e Do ateiasd
in a similar manner. A spectrum of Y
rays from the decay of the 12.71 MeV
state is shown in Fig. 5.6-2. Since the
yield of y rays was larger than that for
the 16.11-MeV level, a least-squares
lineshape fitting procedure was used in
analyzing the 12C(12.71) data. The re-
sulting value for the ground-state
branching ratio is Py/T = (1.93£0.12)%.
The data obtained at 30, 90, and 125° was
fitted to an angular distribution of the

ue for ti

12.71 Mev |

&

.0
€, (Mev)

Fig. 5.6-2. Spectrum of gamma rays in
coincidences with deuterons populating
the 12.71 MeV level of 12C. The figure
contains the spectra accepted and re-
jected by the anticoincidence shield.
The accepted spectrun has been shifted
up by 20 counts/channel. The spectrum
is not shown below 7 MeV due to the
presence of background gamma rays.




form agPy(cos ©) + apPy(cos 8) in order to derive this result. The most precise
previous measurement of this branching ratio® is Iy, o/T = (2.4 £ 0.3)%.

The importance of the *2C(12.71) branching ratio comes from its role in
e mixing between the T=1 and T=0 1* levels in 12C at 15.11 and
vely. This p!‘ob]em figh; Foen discussed recently by Ealamuth
iew the different
the charge-dependet matrix element between e o

It is 2 ossible to obtain the relative y-ray branches for decay of the
12.71-MeV level to the ground and k.- MeV levels of 12C. The spectrum shown in
Fig. 5.6-2 yields 1 branching ratio of I. = 0.150 £ 0.018 for these transi-
tions. Because tho data are not wpmsen%auve of decays from the 12.71-MeV level
below approximatels 7 MeV due to the presence of background y-rays, it is not
possible to see y-ray branches to the levels at 7.65 MeV and above in 12c. If
one assumes that these other tramsitions have zero strength, relative y-ray
branches of (13.0 + 1.4) and (87.0 * 1.4)% are obtained for the transitions to
the 4.44-MeV and ground states, respectively. These numbers may be compared
with values of (15 % 4) and (85 + 4)% obtained for the same branches by Alburger
and Wilkinson,® and with values of (17 * 3) and (83 * 3)% obtained by Reisman
et al.B who also obtained an upper limit of 10% for the branch to the 7.65-MeV
level.

iy J.E. Monahan, H.T. Fortune, C.M. Vincent, and R.E. Segal, Phys. Rev. C 3,
2192 (1971).

2 B.D. Anderson, M.R. Dwarkanath, J.S. Schweitzer, and A.V. Nero, Nutl. Phys.
4233, 286 (1974).

= F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. A114, 1 (1968).

4, R.E. Segal and M.J. Bina, Phys. Rev. 124, 814 (1961).

5 S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).

6. F.D. Reisman, P.I. Connors, and J.B. Marion, Nucl. Phys. A153, 24 (1970).

7. D.P. Balamuth, R.W. Zurmihle, and S.L. Tabor, Phys. Rev. C 10, 975 (1974).

8. D.E. Alburger and D.H. Wilkinson, Phys. Rev. C 5, 384 (1972).

5.7 The 2c(p,p ) %CH(15.1 MeV,T=3/2) Reaction £rom Ej = 18.7 to 20.0 MeV

E.G. Adelberger, P. Paul, and K.A. Snover

A distinct (I'™ 500 keV) resonance was appavent at Ep = 18.8 MeV in pre-
lxmmaz-y datal on the, 13c(p,y )LUN#(0¥,T=1) reaction at 8, = 90°. No resonance
arent in the 13C(p, vn)i"N x‘eactlon st this energy, prompting spacu_\at)sn
B s may have isospin the resonance is houl
show up strongly in the 13c(p p') 30*(}5 i Mev '=3/2) reaction, since the out-
g channel in this reaction is isospin allowed.

Measurements were made with a thin carbon-13 target. The proton beam was
obtained using the EN injector and the inelastic protons were detected at scatter-
ingle angles between 90° and 130° in a telescope of 2 silicon surface-barrier
transmission detectors of thicknesses 30u and 176u, followed by a thick reject
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detector. A coincidence was required
between the first 2 detectors, which
eliminated a substantisl background fron
noise and from meutron and y interactions.
Peaks were apparent in the particle
spectra from 13¢(p,p')1%(15.1) and, at

a lower energy, from 12¢(p,p')12c(15.1),
the latter from 12 contaminations in

the target.

0(p,p) CH(S.)

g

RELATIVE YIELD (130°)

‘/
e

H

8

]

Excitation curves for * C(p,p )

1(15.1) measured at two different &5 b
angles are shown in Fig. 5.7-1. Data £, (MeV)
were obtained down to Ep = 18.6 MeV for
the 0 = 102° angle (the points at 18.6
MeV have a large uncertainty because of
distortions in the particle spectra due
to the energy cutoff caused by the
coincidence condition). No resonance
is apparent at 18.8 MeV.

RELATIVE YIELD (102°)

Fig. 5.7-1. Yield curves for the

13C(y.p')l3c”(T 3/2) reaction. The
wrow indicates the proposed position

of the 13c(p,v )L4i#(0*,T=1) resonance.

1 P. Paul, H. M. Kuan, and E.K. Warburton, private communication.
2. A re-investigation of the 13C(p,y;)1UN reactionl has since shown the
original data to be in error.

5.8  Camnma Ray and Alpha Particle Decays of Some T=0, T=1 and T=2 Levels of 2ONe

E.G. Adelberger,

Marrs, and K.A. Snover

Introduction:

The study of y decays in 2ONe reported last year® has been completed.
Our attention was draun to this problem by some puszling features in the y decay
of the 18.43 MeV J7,T=2%,2 state in 20N& reported by a Stanford grow.? They
found that the decays cascaded via a JT,T=2%,1 state at 12,25 MeV, and that the
12.25 MeV state deexcited by gamma ray emission even though it is unbound to
particle emission by 7.52 MeV. The Ml strength of the (J",T=2%,2) (J7,T=2+,1)
transition was found to be relatively weak (0.06 W.u.). This is a sharp excep-
tion to all of the other known isovector M1 transitions involving low lying T=2
states which are notably faster. The Stanford value for the ML width of the
18.43 MeV state was obtained by assuning that the 12.25 MeV T-1 state decays 100%
by y emission to the 1.63 MeV state of 2ONe. If the branching ratio were less
than unity it would of course necessitate an increase in the value for Iy of the
18.43 MeV states. On the other hand if the 12.25 MeV state does have Ta STy and
in fact has J" = 2* the remarkably inhibited o decay would correspond to
spectacularly pure isospin for the 12.25 MeV level. ¥e have made a e
study of the 19F(3He,dy)20Ne reaction in order to determine the y-ray branching
s T energy region from 9.5 to 12.5 MeV.




Experiment:

8-1 shows singles and

and coincident spectra

emuiztedue R
detector, and the coincidence data
recorded on magnetic tape event-by-

which is very weakly populated in the
19r<3ue d) reaction.

The 2%Ne(12.25) deuteron group is
incompletely resolved from a group cor-
to a level at
12,40 MeV. which a decays to the6.13-MeV
level in 160, as shown by sorting the
event data with & windox on v Tays of
that energy. Hence the ratio of th
.coincidence and singles yields for 20“5
(12.25) was determined from only the
rightmost portion of the deuteron group,
as illustrated in Fig.

Figures 5.8-2-5 shows the coinci-
dent y-ray spectra associated with each
Of the four prominent deuteron groups

but similar spectra were obtained
at 8y = 45, 70, and 90° in order to
measure the y-ray angular distributions.
The solid curves are least-squares fits
e
lineshape (measured at E, 5.1 MeV
with the 105( e ,p1)1Zc Teaction).3s
The y-decay schemes for each of the
levels are also diagrammed in Figs.
5.8-2-5.

u

Discussion:

°F (e.dy) e _Partile Spectra ot 6,20

1123 1089
s
Bl

o
‘Y

s
[w 2
J w:

550
CHANNEL NOMBER

Mt

3%0

/
O

Fig. 5.8-1. Singles and coincident par-
ticle spectra obtained with the
19r(3e,dv)20Ne reaction at E(3He) =
15.0 MeV, 65 = 0° and 6y = 125°. The
vertical arrows correspond to levels in
ONe. The solid curves indicate the
background underlying the 9.87- and
11.59-MeV peaks, and the separation of
the 12.25-MeV contribution from the un-
resolved group of peaks at the left of
the figure. The cross-hatched region
was used in computing Iy/I for the
20Ne(12.25,T=1) level. The large peak
at approximately channel 500 in the
singles spectrum is due to the H(3He,p)
reaction. (Hydrogen is a target contami-
nant.)

Our measured absolute and relative y-ray branching ratios are presented

e y-ray branching ratio of the 12.25 MeV
This is done because a deuteron group from 160(3He,d) reaction
lies near the 12.25 MeV group in the singles spectrun.

level is listed only

By comparing our coinci

dence spectrum with the good resolution spectrum of Betts, Fortune and Middleton®
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2Ne (9.87) 2Ne (10.89)

100|
80
[z
£ s
3
8 40
20
N A e
EElatE e et o g B
Fig. 5.8-2. Coincident y-ray spectrum  Fig. 5.8-3. Coincident y-ray spectrum
at oy = 125° corresponding to the e decay  at 6y = 125 corresponding o the decay

of the 9.87-MeV level in 20Ne. of the 10.89-MeV level in 20Ne.
solid curve is a least-squares f)t used solid curve is a least-squares flt.

The v rays labeled (a) at approximately .2oi¢ 5-8-1. Snens sy rmching ratiod
j for levels jp 20tie populated with the
2.0,a0d 3.0 MeV are attributed to alevel ISy 3ni®c® B e popiated with the
in 2lNe produced via 19F(3He,p) which e At
protcn decays to low-lying levels of 20F.
The 2,0-YeV ¥ ray s also produced in
FCH i i
B (th: fi;) epmoaction and apPearS g lagt three colums list the indicated
I=DEVASD) 0 relative y branching ratios.

" 0.0, 0" w28 1 4.97,2
T B V) rr G BRI RGN
35,0 9.87%  0.82:0.27  <0.007 0.1620.03 <0.06
R 10.89 large <0.025 0.30£0.02 20.05
*,0) 11.58 1.1 0.4 <0.01 0.60£0.06 <0.10
25,1 12.25 20.23:0.10  <0.015 <0.03 <0.04

a) In addition, for 2Ne(9.87)
5.62,: 7. 2,?
ER(L 532 )"/0 09, BR(l 532 ) v 0.04
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Fig. 5.8-4. Coincident y-ray spectrum
St By = 125° corvesponding to the decay
of the 11.59-HoV. lovel in 20%e.

solid curve is a least-squares ot

LT
E, Mev)

Fig. 5.8-5. Coincident y-ray spectrum
at 6y = 125° corresponding to the decay

also taken at = 15 MeV but at 0 =  Of the 12.25- and 12.40-MeV levels in
7,50, we esuma’ée that the branching  20Ne. The 6.13- and 10.61-MeV y rays
ratio is consistent with unity. The  were Fitted separately over the regions

spin and parity assignments listed in  shown by the curves.
the table are taken primarily from Re:

5, but they are supported by the decay schemes and y-ray angular distributions
observed in the present measurement. The excitation energies listed in the table
are accurate to W0 keV and were determined from an energy calibration of the
y-ray detector.

However, there are some unexplained puzzles in our results. If the 12.25
MeV level is really a 2*,T=1 state as argued fairly persuasively in Ref.. 5, we
are faced with an enormously hindered a particle width ([yon the order of eV).
To place chs i.n perspecnve a "single particle" estimate for an a width at this
energy in 2ONe is %6 MeV. One explanation for this of course is that the level
does not in fact have natural spin and parity. However a level at Ey = 12.25 *
0.04 MeV has been seen in the 150(a,y) reaction by Pearson and Spear.® It is
tempting to associate the state they see with the 12.25 MeV "2*" state seen in
197(3He,d) since both levels decay exclusively to the 1.63 MeV state of 20Ne.
The uxdth T = 40%16 keV quoted for the 12.25 MeV level in Ref. 6 is 1ncons:stent
with the large Y branch observed in our work. However the data in Ref. 6 we
taken in 40 keV steps so the width may not be reliable. In an attempt to resolve
this point we intend to reexamine the 160(a,y;) reaction and discover if the true
width of the resonance seen in this reaction is much less than the accepted value.




Another point concerns the 12.40 MeV level which we observe to decay via
o-emission to the 6,13 MeV 3~ state of 180, Pearson and Spear® saw a level of
12.3920.04 MeV in 160(a,al gain it is tempting to associate these levels.
Howevex- Betts, Fortune an ﬁxddmonS claim the level seen in 19F(3He,d) is
1* and thus could not have been seen in Ref.

1 Nuclear Physics Laboratory Annual Report, University of Washington (1974),
p. 126,

2 H. H Ku.an G.L. Latshaw, W.J. O'Connell, D.W. Heikkinen, E.G. Adelberger,
A.V. Nero, and S.S. Hanna, Nucl. Phys. 4193, 497 (1972).

3. R.E. Marrs, Ph.D. Thesis, University of Washington (1975), unpublished.

b, Nuclear Physics Laboratory Annual Report, University of Washington (1974),
p. 117.

5. R.R Betts, H.T. Fortwe, and R. Middleton, Phys. Rev. C 11, 19 (1975).

6. J.D. Pearson and R.H. Spear, Nucl. Phys. 54, 4ok (1964).

5.9  An Attempt to Measure the Absolute Gamma-Branch of the “ Ne(3.1y MeV)T=3/2
Level
E.G. Adelberger, R.E. Marrs, and K.A. Snover
Existing data on isospin-forbidden particle decays of T=3/2 mirror le

in 1i

vels
ght nuclei suggest that grownd-state proton decay of proton-rich T=3/2 levels
is intrinsically M0 tines weaker than the ground-state neutron decay of the cor-
responding mirror T=3/2 levels.l However, the systematics for the neutron decays
are not nearly as well established as for the mirror proton decays. It was the
purpose of this experiment to measure the y-decay branching ratio Iyo/I for e
9.14 MeV 2Ne T=3/2 level. Since the ground state neutron branching Satio Tny
is kmown for this level, and Iy, is known for the mirror decay, such a measufe-
ment would pernit determination’of I and hence Tno (assuning mirror symmetry for
the y-decay). This would be an important step ina better determination of the
neutron-decay systematics.

Parti inci ve made for the “°F( 3e,pr2h
reaction, with the particles detected in a sotidustate detecton at 05 and the
y-rays at 125° in the large Nal spectrometer. necau are similar to those dis-
cussed before.? Measurements were made at Eg, MeV with both a LifF and a

BaF, target, with a combination of Ni and Al e covering the particle detector
to range out the 3He particles.

Singles and coincidence spectra ave shown in Fig. 5.9-1.
particles in coincidence with high-energy y-rays shown in Fig. 5.9-1 is consistent
with the population of the known levels except perhaps in the gei o
9.96 MeV level. However, a spectrum of e T-rays’ carvesponding
particle window on the 9.14 KeV group shows rather complicated structure e
MeV, with evidence for contributions from 15!‘(3}{9 d)20Ne(4.21 MeV) and also
19F(3He ,a)18F*.  The presence of these deuteron and alpha groups which are
unresolved from the 9.14 T=3/2 group in the particle singles spectrun makes the
singles normalization of the y-decay rate difficult. In addition, in the

The spectrum of
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coincident y-spectrun there is a broad
smear of coun om 4 to 7.5 MeV
§lioes cxtein o tnjdenlibiads Gaamas
decay measurements® of the mirror decays
in 21Na make it unlikely that this y-
yield comes from the T=3/2(9.14) decay.
The most Likely possibility is that this

published data recently obtained from
CalTech" show several nearby proton

groups of comparable )ntensxt% to the
T=3/2(9.14) group in the He ,p)
reaction measured at Eg,_ = 10 MeV and

8 = 0 a magnetic spectrograph. These
groups would be wnresolved in our data

° i

If we assume that grownd-state
y-decays come only from the T=3/2 levels
(as suggested by Fig. 5.9-1), we can
deduce a lower limit of Iyo/I = 5.3x10°%,
which yields T < 20 keV, a limit which
is not particularly significant.

Future efforts may involve a
coincidence measurement with a proton

J=1/2 spin of the 9.14 level would per-
mit such a measurement without compli-
cating the angular correlation).

T T T
- '%F +3He COINCIDENCE |
956 s4s o4 se
A i i

COUNTS PER CHANNEL

700 20 740
PROTON ENERGY (channels)

Fig. 5.9-1. Lower half: Singles parti-
cle at 0° in the region of the 9.1k T=3/:
group. Numbers with arrows indicate the
energies and expected peak locations for
protons from (°He,p) populating
levels in 2lNe. The other symbol:

dicated groups from 19F(3He, d)QONe(u a7)
and 12¢( He p)l“w? 31). er half:
Particles in coincidence with high energy
y-rays (window from E, o 9.9 MeV).
The particle energy resolution (FWHN) of
130 ke is also shown.
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6. NUCLEAR ASTROPHYSICS
6.1  The Production of LiBeB at Low Energies

D. Bodansky, W.W. Jacobs, and D.L. Oberg

Stuc
at relatively low energy has continued, extending previous analysesls>2
Slde!‘lng the contributions of both proton and a-particle induced reactions and
exanining the effests of slowing dowa of incideme particles. A fulles yesort of
this analysis has been submitted for publication, and only a sumary will be
presented here.

udy of the production of the elements Li, Be, and B in nuclear reactions
y

The relative importance of reactions involving protons and a particles
depends upon the overall nature of the energy spectra. If spectra for different
particles are characterized by the same dependence on total kinetic energy, as
is the case for a thermalized distribution, or for protons and a particles with
the same spectrum in rigidity, R = pc/z, then only proton induced reactions are
of importance, because the proton fluxes can be expected to exceed the a-particle
Fluxes by about a factor of ten. Further, to the extent-that a distinction can
be made between incident particles and targets, the reactions of interest would
be of protons incident upon heavier nuclei (C, N, and 0), because for CNO incident
upon hydrogen the energy in the center-of-mass system is a small fraction of the
incident (laboratory) energy. If, on the other hand, the spectra are character-
ized byasimilar dependence on energy per nucleon, with the a-particle flux again
1/10 that of the proton flux, then a-particle induced reactions are the ones of
primary importance at low energies, because of their lower thresholds.

Both of these possible extreme cases are considered here. For Slmbl)cltj|

terminology is used in which the CNO nuclei are treated as the targets, rath

an as pz‘ojectlles. However, for spectra in energy per nucleon it is )mmatemal
which they are, unless the relative abundances differ appreciably for the two
possibilities. Observed abundances for stellar spectra, meteorites, and cosmic
rays are sufficiently concordant that the expedient is followed here of using one
overall set of relative abundances: the 12C, 14N and 160 are taken to be in the
ratios C:N:0 of 3.5:1:5 and the 13¢/12C ratio is taken to be 1/100.

A comparison is made between the calculated product abundance ratios and
their solar system ratios, derived primarily from the tabulation of Cameron':

7/6 = 12.5, 11/10 = k.1, Li/Be = 61, and B/Be = 430. These abundances are found
from analyses of meteoritic studies. However, there is substantial evidence that
the B meteoritic abundance may not reflect the prevailing cosmic or solar system
abundances, and a comparison is also made here to a lower ratio, B/Be = 50 which
follows from the estimates given by Reeves® for the B and Be abundances: B/H
10-9%1 and Be/H = 2 x 10-11. It should be emphasized, however, that even e

and solar upper limits, and therefore the relevant B/Be ratio may turn out to be
substantially below 50

Yields for the production of LiBeB as a function of kinetic energy were
calculated using the relative abundances given above.® Ratios of these yields
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are plotted in Fig. 6.1-1 for the case where protons and a particles are compared
at the same energy. At the energies here considered, below 25 MeV, virtually the
entire yield comes from proton induced reactions.
omparison is made in Fig. 6.1-1 between the calculated abundance ratios

and the solar system values. It is seen that the isotopic abundances are ve:
well matched at a proton emergy near 16 MeV. The calculated Li/Be ratio is low
by about a factor of two at this energy, and the B/Be ratio lies between the two
reference lines. In view of the uncertainties in the elemental abundances, it

is concluded that a proton spectrum concentrated in the neighborhood of 16 MeV,

or with an effective energy near 16 MeV, could reasonably account for the pro-
duction of the stable LiBeB isotopes, as long as the B abundance is not greatly
below the meteoritic value.

While a fit at a single energy can be suggestive of the situation in a

general energy region, it is ureasanable to expect or seavch for an exact | fit

at one energy. One contribution to a distribution in emergies for inciden
particles is their loss of energy through Coulomb interactions with the eleccmns,
ions and atoms of the medium (mostly hydrogen) through which they pass. Yield
ratios as a function of monoenergetic source energy, with inclusion of suc
losses, are also plotted in Fig. 6.1-1, assuning that the incident particles come
to rest in the medium. The regions of best fit are shifted upward in initial
energy, but there is little effect on the qualitative shape of the curves.

An alternative set of yield ratios is plotted in Fig. 6.1-2 corresponding
to the case where the a-particle flux is 1/10 the proton flux at the same energy
per nucleon. Again, yield ratios are also presented for the case where the
slowing down of the particles is considered. In both cases, seemingly rsasonable
fits to the meteoritic abundances are obtained in the ne)ghbox-hoed of 9 Me
nucleon, but the discrepancies which do exist can only be corrected by Sasiasiilg
selective destruction of Li, or by making arbitrary changes in the assume

relative abundances of the interacting particles.
While the present description, particularly for spectra dependent
total kinetic energy, naturally leads to a relatively high B/Be ratio, not
very much below the meteoritic value, it is of interest to examine the extent
to which this is an unavoidable characteristic of LiBeB production at low
rgies. It is to be noted that the B/Be ratio can be reduced by increasing
the 13c/14 abundance ratio of 1/5 (about 6 times the value hitherto adopted,
the 11/10 ratio is 4.1 and the B/Be ratio is 3. A much lower B/Be ratio would
be harder to explain, but could be attained in an enviromment with little or no
Lhy, course, when the energy spectrum and the relative abundances of the
interacting nuclei are treated as free parameters, it is not surprising that a
broad variety of results can be reached. While it is of interest to note
possible implied connections, for example the possible association of low B and
low N abundances, the chief significance of such analyses is in the range of
alternatives they suggest should be kept open.
Possible sites for the low energy processes considered above include:

(1) Low energy galactic cosmic rays. Solar modulation obscures the
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PARTICLE ENERGY (MeV)

Fig. 6.1-1. Caleulated ratios of elemental and isotopic abundances for proton
and aparticle interactions. The o-particle flux is taken to be 1/10 of the
proton flux (at the same energy) and standard abundances are assumed for other
nuclel (see text). The dashed curve includes effects of slowing down of the par-
ticles in the medium, starting from the indicated particle energy. The horizental
Lines correspond to cbserved solar system abundances (Ref. 4); for B/Be an aiter.
native value for the observed ratio is also given (Ref. §).




% 3
PARTICLE ENERGY (MeV per nucleon)

Fig. 6.1-2. Calculated ratios of elemental and isotopic abundances for proton
and a-particle interactions. The a-particle flux is taken to be 1/10 the proton
Flux (at the same energy per nucleon) and standard abundances are assumed for the
other nuclei (see text). The curves are only of qualitative significance, in
view of large uncertainties in the a-particle cross sections. Between S and 12
MeV per nucleon, where the a+a cross sections are varying very rapidly, average
cross sections are used, giving somewhat smoother ratios than would be cbtained
were the actual cross sections employed. The dashed curves include effects of
slowing down of particles in the medium, starting from the indicated particle
energy. The horizontal lines correspond to the observed solar system abundances
(Ref. 4); for B/Be an alternative value for the observed ratio is also given
(Ref. 5).




E—————

pagnitude end shape of the galactic cosmic ray spectrun belod about 100 eV per
nucleon, and one can hypothesize a large low emergy component. An objection to
this mechanism is the excessive ionization of the interstellar medium which might
result from a flux of the intensity required to produce the LiBeB, but this may

not be a difficulty if these cosmic rays are confined to a region close to the
source.

( upernova shock wgves. These have been extensively discussed as a
source of the light elements.® While there are serious cbjections to the pro-
duction of deuterium in these shock waves,®9 it is not clear if there is com-
parable difficulty in producing the much less abundant LiBeBj;
clear if the destruction of BLi
inevitable in shock wave models.

likewise it is not
and 10B, occurring in some mdels,s is always

(3) Flare activity at stellar surfaces. It has been argued that there
is insufficient energy for such production in T-Tauri stars,10 but it is not
established that these arguments have similar force against production in later
stages of stellar evolution when there are nuclear emergy sources to draw upon.

us, although there are not known mechanisms for LiBeB production at low
energies which are free Gf possibly serious difficulties, there are several
mechanisms worthy of continued examination. If the mechanisms prove viable as a
source of low energy particles, the nuclear cross sections themselves are

inconsistent with such processes being the principle source of the observed
LiBeB isotopes.

I W.W. Jacobs, D. Bodansky, D. Chamberlin, and D.L. Oberg, Phys. Rev. C 9,
2134 (1974).

2 D.L. Oberg, D. Bodansky, D. Chamberlin, and W.W. Jacobs, Phys. Rev. C 11,
410 (1975).

3; D. Bodansky, W.W. Jacobs, and D.L. Oberg, submitted for publication.

u. A.G.W. Cameron, Space Sci. Rev. 15, 121 (1973).

5. H. Reeves, Ann. Rev. Astron. Astmwphys. 12, 437 (1974).

6. Cross sections for s induced reactions are from Refs. 1 and 2, and
further ited th sections for induced

reactions, including the a-a reactions, are based on Ref. 1, a literature

survey, and rough estimates of unmeasured cross sections

a: M. Meneguzzi, J. Audouze, and H. Reeves, Astren. Astrophys. 15, 337 (1971).

8. R.I. Epstein, W.D. Armett, and D.N. Schramm, Astrophys. J. Lett. 190, L13
(1974), and references therein.

9. T.A. Weaver and G.F. Chapline, Astrophys. J. Lett. 192, LS7 (1974).

10.  C. Ryter, H. Reeves, E. Gradsztajn, and J. Audouze, Astron. Astrophys.
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7. WEAK INTERACTIONS

7.1, Parity Mixing of the Grouwnd State Doublet in *°F

E.G. Adelberger, M.D. Cooper, H.E. Swanson, J.W. Tape, and T.A. Trainor

The_experiment to measure the parity mixing between the ground (1/2") ana
110 keV(1/2) states of 19F has been completed and a letter on this work has been
published.l Therefore we will give only an extremely brief description of the
main advances made since the 1974 Amnual Report.

During this period we concentrated upon understanding, reducing and
measuring all sources of possible systematic errors as well ‘as reducing our
statistical uncertainties. We developed the on-line correlation analyzer (see
Ref. 1) -- perfected a precise method of aligning our Ge(Li) counters to 0.1°
using micrometer positioning of the detectors and radioactive sources of 122 keV
(57Co) and 70 keV (201T1) gamma rays -- and discovered techniques for directly
measuring the sensitivity of our apparatus to beam energy, position, angle and
intensity modulations (see Ref. 1). We had three one-week running periods during
which we employed the on-line correlation analyzer and the precise counter align-
ment.

seems increasingly clear that the ground state dowblet of '°F forns
one of the most fruitful systems in which to make a quantitative study of parity
nixing because the nuclear physics in this case is so simple. Thus it would be
extremely valuable to improve the statistical accuracy of our data. However it
is obvious that in order to do this we must increase the beam polarization as
well as run longer since we will be facing problems due to neutron damage to the
Ge(Li) counters. Our present proton polarization is only 42% since we use the
adiabatic field reduction method in order to reduce undesired correlations of
erties with spin state,? The polarization could be doubled with a more
sophisticated spin-flip scheme.3 We are looking into the possibilities for im-

proving our experiments along these lines.

E.G. Adelberger, H.E. Swanson, M.D. Cooper, J.W. Tape, and T.A. Trainor,
Phys. Rev. Lett. 34, 402 (1975).

2] Nuclear Physics Laboratory Annual Report, University of Washington (1974),
. 73.
al J.M. Potter, J.D. Bowman, C.F. Hvang, J.L. McKibben, R.E. Mischke, D.E.

Nagle, P.A. Debrunner, H. Fraunfelder, and L.B. Sorensen, Phys. Rev.
Lett. 33, 1307 (1974).

7.2.  Papity-Mixing in “°F —- Are There Neutral Wesk Currents which Violate
Parity?*
: +
E.G. Adelberger, C.A. Bames', P.D. Ingalls', R.E. Marrs, and H. Winkler
Not one measurement of the AT=1 parity violating (PV) weak mucleon-nucleon
force has been Successful. Yet this force is extraordinarily interesting because
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it is very sensitive to possible PV neu-
tral veak currents. In the Cabibbo
(charged currents only) model of the
weak interaction, the T=1 PV force
arises from the interaction of two AT=
1/2,48 =+1 currents and is thgrefore
suppressed by a factor of sin’6, v 1/20.%
The Weinberg-Salan gauge model has, in
addition to the usual charged currents, 3724 1*0
248 =0, AT=0,1 neutral current with V,A
character. The interaction of the neu-
tral currents will give a AT=1 BV force 3135
which is not suppressed by the factor
sin? 8. and is thus about an order of
magnitude larger than that predicted by
models without PV neutral weak currents?2

4739 o1

Since the structure of the "neutral 2033
currents" has not yet been experimentally 58 %0+ Hep
elucidated it would be extremely inter- 1701 10

esting to test these ideas by searching
for the large enhancements on the AT=1
PV interaction predicted by Weinberg- 1061 030
Salam type models.?2 1042 o%1

Apparently the most promising T=4x10"sac|
apponumcy for such a measurement occurs 5

n 18F which seems ideally suited for the 110
task (see Fig. 7.2-1). There a nearly 18

degenerate doublet of J=0 levels is

fomd with a splitting of only 33 keV.

The 1042 keV J" *,1 level will only Fig. 7.2-1. A diagram of the low lying
mix with the 1081 keV J" T=0,0 level  J=0 and levels of 18F, i
wnder the action of PV weak mixing between the 1042 and 1081 MeV
force. Consider the parlty properties  levels can be detected by measuring the
of the 1081 and 1042 keV y-ray transi- circular polarization of the 1081 keV
tions. Under a AT=1 PV interaction gamma ray.

the 0% and 0" levels will mix so that

1080 = |) + e[+ [SE

where ¢ = — PL__
|2082) = [4) - |- 29ke¥

The tramsitions to the ground state, |0}, are then
CO|EL + M1[108) = E1 + € - ML E1 = o|E1|-)
where
Co|EL + M1|1042) = ML - € * EL M1 = Co|mM1|+).
The isospin forbidden E1 transition is very retarded T) o) =3 x 10 e

while the isospin favored M1 transition is very fast tjgyy = 4 X 10 -15 s
From these lifetimes we have ML~ 100 E1. The PV circular polax‘uat)on o of
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the 1081 and 1042 keV gamma rays is therefore

e Mo
OB i see 200e
E:
e
CP. w5 ge o Blay £
1042 g o0

Using shell model wave Functions Gari et al.’ predict that CPiogy = 3.6 x 10 in
the Cabbibo model, while it grows to CPj,g) = 5.7 X 10-3 in the Weinberg-Salam
model.

We are working on an experiment to measure CP1og) With a sensitivity of
~2 x 103, The CP will be determined by a pair of transmission type Compton
polarimeters viewed by 15% Ge(Li) detectors feeding two fast ADC's. Since we
have good energy resolution we are able to make a relative measurement of CPjog)
by comparing it to CPygyp which acts as a normalizer. The basic design for
eliminating systematic errors is Suite similar to that employed in the Seattle
measurement of parity mixing in 19F.% In both experiments there are 2 detectors,

2 gamma rays (one a normalizer which should have no true PV effects) and two con-
ditions between which one switches repetitively (in this case the direction of

on the polavimeters). The system is highly effective at suppressing experimental
asymnetries.

The 18 activity is induced in a thick water target by a 3.8 MeV 2He beam
using the 160(%e,p) reaction. The water circulates through the target past an
entrance window of 7.5 x 10-5 cm thick nickel foil. High beam currents (50 uA
would be ideal) are desirable in order to achieve statistical accuracy. The
water circulates in order to cool the foil, dissipate the beam power (v200 watts
at 50 pA) and carry away the B* activity which would jam our counters with in-
tense 511 keV gamma rays. Our Ge(Li) spectra taken with the flowing target
contain almose exclusively 18F gamma rays with copious production of both the
1081 and 1041 keV gammas. We also see 5 MeV gammas from 150 produced via the
180(3He ,a) reaction.

A system of automatic fast-acting vacuum and water valves plus an in-line
cold trap has been assembled. It is remarkably effective in preventing water
from reaching the vacuum pumps in event of a foil rupture. In a first trial at
the California State University at Los Angeles KN4000 Van de Graaff accelerator
our foils withstood beam currents of 5 uA but ruptured at higher intensities.
These failures were probably caused by poor epoxy comnections between the foil
and its holder. Subsequent trials using 2.0 MeV a beams from the Kellogg Labora-

Ty
more heavily ionizing particles but that the bombardment produced bubbles in the
water. The bubbles may be due to electrolysis of the water by the ionization of
the bean and may be the limiting factor in our present current handling capacity.
When we determine what intensity we can ultimately handle we can fix the optimum
length of our polarimeter magnets. The cross-over from the source-strength
limited regime to the count-rate limited regime occurs at 410 yA.

79




Supported in part by the National Science Foundation at California
Institute of Technology, Pasadena.

Permanent address: California Institute of Technology, Pasadena.
Permanent address: California Institute of Technology, Pasadena, and
California State University at Los Angeles.
E.M. Henley, Comments on Nuclear and Particle Physics 4, 206 (1970).

M. Gari and J.H. Reid, Phys. Lett. 53B, 237 (1974).

M. Gari, J.B. McGrory and R. Offerman, to be published.

E.G. Adelberger, H.E. Swanson, M.D. Cooper, J.W. Tape, and T.A. Trainor,
Phys. Rev. Lett. 34, 402 (1975).




8. SCATTERING AND REACTIONS
i G 3g 40,k .
8.1  Back-angle Excitation Functions of a + ~Kand o + ca_scatterin;

between 20 and 27 MeV.

K.A. Eberhard, T. Renner*, J.P. Schiffer#, and S. Vigdor*
40, itk

T.H. Braid#,

Detailed back-angle excitation functions for a + K and o +
elastic and inelastic scattering have been measured with the Argonne National
Laboratory FN tandem accelerator in the energy range 20 through 27 e
attempt to study the reaction mechanism of these reactions at energies and angles
where large anomalies have been observed by several previous
fluctuations are observed for all three reactions. In Fig.
functions for @ + 39K and o + 40Ca at
175°(1ab) are compared. The cross sec-
tion fluctuations are more strongly
damped for a + 39K than for o + 40
cause of the large target thickness of
39 (39:v 400 ug/em?; *0Ca: 120 pg/cm?) ol
and because of a large number of so-

workers. Statistical
8.1-1 excitation

than those for a + “4Ca, where the back-
ward rise is absent. The compound con-
tribution to the elastic scattering at
back angles in “0Ca and 3%K is a few %
of the cross section, in "#Ca the per-
centage is larger though the abso-

42@ [mo/sr]
»

in elastic alpha scattering from 40Ca
(39K) seems thus to be caused primarily

£rom a divect contribution, not from a 2l -
fluctuating compound one.
E, (lab) [MeV]
= Permanent address: Argonne
l;:;:m;i; Laboratory, Argoune, Fig. 8.1-1. Excitation functions for
i o + 39 and a + 40Ca elastic scattering

aLeli5o

8.2 Highly Tnelastic Deuteron Scattering
M. Baker, K. Ebisawa, D. Johnson®, I. Halpern, D. Hendrie', H. Wieman,
and M.S. Zisman

We have previously reported’ making measurements of inelastic deuteron
spectra over the full range of outgoing energies from the Coulomb barrier to the
elastic peak. Cross sections were obtained at a number of angles for targets
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Fig. 8.2-1. Energy spectra for deuterons emitted by 'Zr when bombarded with
45 MeV deuterons.

with masses varying from A = 27 to A = 208. Measurements were made at the Univ-
sity of Washington Van de Graaff accelerator with 22 MeV deuterons and at the
Lawrence Berkeley Laboratory using 45 MeV deuterons. Analysis of the data has
now been completed and the cross sections have been compared with a collective
model prediction.

Description of the Data
Nost of the spectra, like the °OZr spectra shown in Fig. 8.2-1, are
smooth and fairly free of prominent structure except at the lowest excitation
energies. Above 10 MeV excitation at the most forward angles measured, the
structure observed is a relatively small effect, seldom more than a 20% variation
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on an otherwise .smooth spectrun.

even smaller.
differential cross
on both excitation
is made obvious in

Aside from the 20% Fluctuations in the energy spect:

At larger angles this fractional variation is
ra the double
sections are observed to have a nearly exponential dependence
energy and scattering angle. This characteristic of the data
Fig. 8.2-2 where the cross sections have been averaged over

5 MeV intervals of excitation, thereby suppress

g the small variations due to

structure in the spectra. Shown with the measured cross sections is the least
squares fit to the data with the parameterized form
(68, )(E,Eg)
2 o 0
a%0/a0dE = ae v
where Ey is the excitation energy in the residual nucleus, and 0 is the inelastic
' angle. The parameters a, c, 60, and Eo depend on the target
e fit shown was made using the forward angle data only
Fig. 8.2-2, the full angular distribution including I

As may be observed from

H08ph
25
3>
s
55

Au
e o
r 55 1
§45°5,
_do_ 3
e | i
_mb_
(5 mev)

0% % 0 B 07520 - 30 =740, = 50
EXCITATION ENERGY  (MeV) EXCITATION ENERGY ~ (MeV)

Fig. 8.2-2. Inelastic deuteron cross sections averaged over 5 MeV of excitation.
Shown with the data is a fit to the empirical expression

(6-8)(E,

&%0/anaE




o€, 22 Mev
“Eqna5 ey

SOl s e ) Gl
by

on angle. The devmcmn ﬂ*om an expor

nential dependence on excitation energy

occurs only at the higher excitation P
energies near the Coulomb barrier cutoff  (dey)
for outgoing deuterons. . All the inelas- L e
tic data except for aluminum, the light- &
est target measured, were found to
closely conform to the simple exponen-

tial dependence on excitation energy and ol | .
scattering angle. The parameters for (MeV) S
fitting the data (shown in Fig. 8.2-3) 0o

are largely independent of target. The o

strongest A dependence is found for c A

which tends to increase with increasing
The cross sections are more strongly
affected by the banbarding enersy than Fig. 8.2-3. Parameters obtained in fit-

by the target mass with Eg having a ; . o

value such that Eq - Iy is approxinately e Loioat i e sepirical exprea-
equal to the outgoing deuteron energy. 4

The cross sections are most strongly a%o/andE =
forward peaked at large outgoing ener-
gies and become more isotropic as the

The solid points are from measurements

outgoing energy approaches zero, Fom a With 45 MeV deuterons and the = points

given target and projectile energy the :Sm::' P ente withiz? Nev o

momentum transfer decreases. The cross
sections for deeply nelastic scanemng of other projectues have sy the
same angle as

e e e
Peele? and 90 MeV alpha particle data of Chenevert3 have been parameterized in
the sane nanner as the deuteron data. The alpha particle data have been approxi-
mately corrected for the fraction due to (a,%He).} These parameters, describing
the double differential cross section for protons, deuterons and alpha particles
inelastically scattered from gold, are given in the following table.

Table 8.2-1. Pavameters required to fit inelastic scattering data for three
different projectiles on gold with the empirical expression
(

ao/anaE =
Bombarding a c o B
nergy -
(MeV)  (mb/sr MeV) (MeV deg) (deg) (V)
» 62 4.6 £1.0 (1.01%0.04)x10° 20+2 6245
d 5 0.45£0.02 (1.61£0.14)x107° 46.5%0.8 146.8£2.9
“he % 1.2 +0.05 (2.25:0.12)x10° 2852 7855
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It is clear that for a given excitation energy the alpha particle, with its
higher momentun, has an angular distribution that varies more rapidly with angle
than the deuteron and proton angular distributions.

Collective Model Prediction of Inelastic Cross Sections

We have compared our data with an isoscalar collective model estimate of
the highly inelastic cross section. The calculation is essentially the same as
that used by M.B. Lewis® to investigate inelastic proton scattering. In this
approach the theoretical double differential cross section is expressed as
DHBA

2,
a°o/andE = E F do/dny

a sun over mltipole contributions where do™"**/dny, is the output from a conven-
ional collective form factor DWBA code, such as DWUCK.S The strength function,
FL. is determined from the multipole energy-weighted sum rule and an estimate
of the miltipole energy distribution.5» use the same energy distribution as
was assuned by Lewis, that is

5 E <

Fy(E) =
[ E > Lhw

where Hb, the oscillator spacing, is assuned to be 41/a%/% and Sy is a constant
independent of E, the excitation energy. The value of Sy is determined from the
Following contintous form of the energy weighted sum rule of Ref 5

[ By BEE = L2k + 1) /2R Y/ 3h = 2282 /2uR yun/3A.
[

and A is the target mass number.

In this expression M is the nucleon mass
i 1.2 AL/3(£) giving S| = 0.145/A Mev-1.

value chosen for the target radius is R

The DWBA calculations used in the sum did not include spin and weve done
with Braithwaite's DWBA code’ which has been shown to agree with DWUCK. The sums
= 14, which, in the case of 45 MeV deuterons,
allows the calculation of cross sections for angles of 50° or less. To calculate
cross sections at larger angles requires more terms since the maximum multipole
contributions in the sum occur at angular momentun transfers approximately equal
to the target radius times the linear momentum transfer.

The results of the calculation are compared with the data in Figs. 8.2-4
and 8.2-5. Clearly the calculation gives too flat an angular distribution and
the calculated cross sections decrease too rapidly with increasing excitation
energy. However the model at least qualitatively accounts for differences ob-
served in the highly inelastic cross sections measured with other projectiles.

As noted earlier in the comparison of inelastic proton, deuteron and alpha par-
ticle scattering, the cross section varies more rapidly with angle for particles
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Fig. 8.2-4. Collective model DWBA pre- Fig. 8.2-5. Measured angular distri-

diction of inelastic deuteron spectra  butions at 15 and 25 MeV excitation

shown with data averaged over 5 MeV of  shown with cross sections calculated

excitation. with collective model DWBA. The data
have been averaged over 5 MeV of exci-

with higher momenta. Fig. 8.2-6 shows  tation.

that the isoscalar collective model DWBA

calculation qualitatively reproduce this effect. The calculated cross sections

o not, however, show as large a difference between deuteron and alpha particle
scattering as is observed in the data.

Discussion

the model calculation there is some flexibility in choosing the energy
dxscrxbutlcn of the strength function but for the higher mass targets it is not

quired to fit the data.
for the lower multipoles is already exhausted. To increase the predicted cross
section, therefore, requires increased contributions from the higher multipoles.
Increasing this contribution, however, will change the angular distribution in
the wrong direction since the high multipole parts add to the cross section most
strongly at larger angles where the momentum transfer is large.

Part of the discrepancy may be due to ambiguities in the optical model
parameters. Two optical model sets for deuterons on gold, which vary in po(ential
depth by around 30% yet give nearly equal elastic cross sections, were foun
produce variations in the inelastic prediction of about 50%. This appears to e
the largest flexibility in the calculation.

In this model only scalar excitations have been included so, in principle,
the discrepancy between the observed cross section and the prediction could in
part be due to isovector excitations. Scattering of isospin zero projectiles
can couple to isovector modes only if associated with the isovector excitation
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there is a displacement of the total

nucleon densi This is a consequence .
of nuclear force charge independence.) sof Aulp.p)
Ep =62 MeV
The coupling predicted for hydro- . E. <15 Mev
dynamic models rongly dependent on b

the details of th . In the giamt &
dipole models considered by SatchlerS '-0*/\ E
the coupling is zero for constant total
density models and largest for the g o)
Goldhaber-Teller model in which rigid dgdE Auld,d)
proton and neutron spheres oscillate (#Zv) $ Eq-45MeV
against each other. An estimate of the AL EvelS Mev
coupling potential for inelastic ex- T i
citation of the giant dipole resonance o
in 298ph by isospin zero projectiles
has been made using the proton and neu- 0
tron densities determine D. Sche: 100F- 4
et al.9 from the 208Pb(p n>¥°9mU5 i
quasielastic scattering reaction. The 50) i E
potential obtained is ~1/3 that coupling \ :
to isoscalar excitations. For lighter Aulet,o)
targets it is expected that the neutron s Eaz65Mev
radius will not extend so far beyond the E =15MeV
proton radius and consequently the 3
coupling to isovector modes will be still
smaller. It appears that the excitation
of isovector resonances is insufficient
by itself to explain the discrepancy
observed between the measured cross sec- 3
tions and the sun rule predictions for
collective scalar excitations. 26 6 C3
6 (deg)

g

os| s

We have also left out other

kinds of excitations, for example spin
excitations for incident protans. Fin- pi. g ;6. Angular distributions pre-
dicted by collective model DWBA- for 62
i e e o omieibae eV protons, 45 MeV deuterons and 65 MeV
E the srojectile movine theouch the = alpha particles inelastically scattered
Semlaiteo Ul D from Au to 15 MeV of excitation. The
nucleus. These are likely to contribute 2

i § Sute proton cross sections measured by F.E.
meve significantly to the higher excita- §ortrang and R.W. Peele were taken from
Tiome heing studied here than they 0 10 Ref. 2 and the alpha particle inelastic
dow lying exi it 1aTge MAEi- s sections measured by G. Chenevert
tude of the integrated o

were taken from Ref.

sections in itself implies a relatively
large contribution from such multiple
events.

having left out effects due to multiple

To sur ize -- we have calculated the contributions to the inelastic
Spectra and angular distributions of isoscalar shape oscillations induced by
incident projectiles and have found that the calculations account for the most
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of our cbserved (d,d!) cross-section in the lighter elements and for a substantial
portion in the heavier elements. The discrepancy between the calculations and
observations may be due in part to other types of excitations, to multiple
scatterings and to the partiaular cholce thet wss made of optical model para-
meters. To help determine the relative importance of these effects, it will be

useful to extend the comparisons we have made of scatterings studied at different
bombarding energies and with different projectiles.
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8.3  Neutron Pickup by 42 and 90 MeV Alpha Particles

+
Homeyer

D.R. Brown, I. Halpern, D.L. Hendrie¥, and
) A brief account of much of this work appears in last year's Annual Re-
port! and an extended account is given in the thesis of D.R. Brown.2 We summarize
here some of the main findings of this investigation with special emphasis on those

points not discussed in last year's report.

The most conspicuous feature in the two dimensional plot = energ)es Ed
Ep obtained in the cammdence observation of « particles and fast neutrons
a particle bombardnents of various nuclei are the peaks which correspond to the

(a,5He g.s.) Secrat g.5. stands for the ground state). These peaks are
somewhat different in_character for 12C and 103Rh targets than they are for the
main target studied, 208Pb. The peaks from carbon are sharper than the others
and we attribute this to the reduced effect on £inal a and n energies from nuclear
Coulomb fields for those breakups of SHe which happen to occur close to_the target
nucleus. The other target for which we have comparably detailed data, 0%n,
shows peaks elongated in a direction that corresponds to pickups which leave the
102py in a broad distribution of low-lying excited states. This is not unex-
pected in vxeu of the greater low-lying level density in 103Rh compared with
elther 12¢ or

Since our last account, a publication® has appeared confirming our coinci-
dence identification of the («,5He) reaction and there also have appeared two

88




calculations**® of expected cross-sections for the reaction. These calculations
share some features with DWBA calculations which we have carried out ourselves.2
Figure 8.3-1 shows the results of our calculatxuns for the expected differential

ion for SHe g.s. 208pb at both 42 and 90 MeV. The com-
Ditations wers cauidd i et ltis’ qasiond ficwiIytus GI8" BtLe Tid T i
compares favorably with our cbservations which integrate over the low-lying
states of the residual nucleus. The reason that low AL pickups are favored over
those involving higher angular momentum transfers is that the (a,5He) reaction
in the forward direction tends to involve quite small momentum changes to low
residual excitations.

In addition to the production of SHe g.s., one must expect to see the
production of higher states in for example the first excited pj/p state.
The cross-section for such states is, however, difficult to establish from the
observations because of the great width of the higher states of SHe. One needs
sharp kinematic signatures to identify a residual state when there are move than
two particles in the final state. It is for such reasons that ome might not

208ph(aSHed%) 207Pp
E =90 Mev 1

ZOBPD(;?m‘q.I.) zo1pb'
F Eq =42 Mev

i

2ty

30
(deg)

40
B1as (deq)

Fig. 8.3-1. A comparison of calculations of the angular distributions of the
(a,5He g.s.) reaction to low-lying single hole states in 207» with the observa-
tions. The to the sum o: ‘to the various
slngle-holz states and seem to agree reasonably with expectations both at 42 MeV
and 90




aipest tolece Mo sl in an Eq vs B, plot that corresponds to the reaction
(A - 2) +otnin since here there are 4 particles in the final state. Yet

we abserve clear evidence for this resction proceeding, through the sequence (A-2) +
BHe#(1.8 MeV) with the OHe®* going to SHe s. finally breaking up
into o + n. The appearance of structure inthis 4 particle final state is due to
things, first the sharpness of the SHe* state involved in the sequence and,

second, the limited phase space into which the BHe* can break up. The break-up
apparently goes through SHe, . + n rather than, say, @ + d neutron presunably
beoause of the inhibition of the latter by a A% = 2 centrifugal barrier. Moreover

are not populated because of centrifugal barrier inhibition against low energy
neutron emission. The obsetvatlons of this pickup to the 1.8 MeV state in °He
show that the ion is 1 that of the one-neutron
pickup to SHe g.s.

It should be mentioned that the one and two neutron pickup cross-sections
by o particles can be compared to the corresponding ones with protons and that
(taking into account effects of barriers, spins, the internal o
the outgoing particles, etc.) one can understand the various observed cross-
section ratios to within a factor of about two. These comparisons are discussed
in greater detail in Ref.

Finally we would call attention to the fact that the observed a,n coinci-
dence rate corresponding to SHe production accounts for a substantial portion
of the peak in the a,a' spectrum ougmauy reported by Chenevert et al.® The

of this peak ponds to the inelastic scattering excita-
‘ion of the E2 isoscalar giant resonance’ —- but the presence of the products
from (a,5He g.s.) obscures the yield associated with the E2 excitation.
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9. REACTIONS WITH POLARIZED PROTONS AND DEUTERONS

4
8.1  Vector Analyzing Power for Elastic ing of Deuterons from ‘He
N.L. Back, J.E. Bussoletti, L.D. Knutson, K-L Liu, and T.A. Trainor
In recent years there have been reports of vector-analyzing-i
ments for

ReuEs messize
d-a scattering over a broad range of energies (3-45 MeV). Phase

shifts have been determined in the emergy region 3-11.5 MeV and extrapolated to
higher energies based on measurements made near 20 MeV.1»2>% These data cmfu-m

the excellent properties of this reaction as a polarization amalyzer over th
entire energy range.

rogran has recently been initiated to develop the pclzrxzed deuteron
bean capa.bx)lf( of the Lamb-shift ion source at this Laborat is planned
to use d-a scattering as a monitor of the beam vector polarization s energies
Up to 18 MeV. A survey of the available data in the region 14-18 MeV has shown
inconsistencies of the order of 0.05 in Ay at some energies and angles. Also,
the phase:shift extrapolation mentioned above is based on data near 20 MeV for
which the overall normalization is in question by as much as a factor of two.*s6
We have therefore obtained angular-distribution data for Ay in the energy range
14-18 MeV in 0.5 MeV steps which is internally consistent.” The overall normal-
ization of the data set must be determined by comparison to a primary or second-
ary polarization standard as discussed below

A vector-polarized deuteron beam of 40-50 nA was available on target for
this experiment. Beam vector polarization P, was about 0.50. The tensor com-
ponent Py of the beam was deternined in a separate expemmem to be 0.01 or less
for typical source operating were made for
a tensor beam component.

The experiment was performed in a 152 cm diameter scattering chamber.
target and polarimeter gas cells were both 5 cm diam cylinders with 25 um tmck
polyimide film windows. Both cells contained “He gas at 1 atm pressure.

mm diam beam collimator was located 40.6 cm before the target. This cnlnmator
was insulated and served to indicate beam motion on target. A U mm diam cleanup
aperture was placed 14.6 cm before the target. Detector telescopes were placed

at a 20.3 cm radius, and the telescope collimator systems defined a 1° half-angle
acceptance.

The laboratory angular range of the target detectors was typically 35°
to 120°. The range was determined by the AE detectors avai.

telescopes were set at a 1
analyzing power.
value of Ay at 90°

able. The polarimeter
ab angle of 90° where there is a broad minimum in

Data at each energy were therefore measured relative to the

The last focusing and steering elements preceding the scattering chamber
used were about 8 m from the target. This large distance combined with the large
chanber geometry and relatively tight beam collimation greatly reduced fluctua-
tions in the data due to beam motion on target.

Relative normalizations between data sets at different emergies were
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obtained by inserting a 0.033 mm thick

rolled brass degrading foil between tar- 4

get and polarimeter gas cells. The Yol
energy loss in the foil was slightly

less than 1 MeV at the energies used.

The ratios of asymmetries measured with f

the foil in gave energy-to-energy nor-
malizations. The foil was periodically
swung out of the beam to provide checks
on data consistency. Both target and
polarimeter telescopes were at a lab
angle of 90° for these

e energy-to-energy normaliza-
tion measurements indicated that there
is no variation in the value of A, at
90° over the energy range 14-18 MeV to
within a statistical error of 0.005 in

ANALYZING POWER A,

2o g

S S
%
oaEey
~J

i 7
A tentative overall normalization -
of the entire data set is therefore i 5l
established by fixing the value of Ay 7
(30° 1ab) = -0.400 over the emergy —od)
range 14-18 MeV. This value is derived
from the data of Ohlsen et al.® at 12, 1) ] L LR
14, and 17 MeV for which a spin-filter
pe Lamb-shift source was used. As
discussed in their paper the quench-  Fig. 9.1-1. Vector analyzing power Ay
ratio method of determining the beam for the reaction “He(d,dg)"He.
polarization serves as a secondary
polarization standard. Current bast estisates of the stwor assoelated with the
quench-ratio method for a spin-filter source yield an absolute normalization
error in Ay (90° 1ab) of £.010. This error is in addition to the statistica
errors associated with the asymetry measurements reported heve.

The normalized data set is shown in Fig. 9.1-1. Smooth curves have been
drawn through the data points to guide the eye. In drawing these curves no
attempt was made to represent the deep minimum in Ay near 35° lab.

The general trend of the data shows a very smooth energy dependence at all
angles. The forward minimum at about 35° lab tends to become shallower and th
backward maximum at about 120° lab tends to increase with increasing energy up to
18 Mev. Statistical errors in Ay ave typically 0.005 to 0.008.

It is planned t ize these data by inuing phase-shift sets
e e
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9.2 Depolarization in the Elastic Scattering of 17 MeV Polarized Protons from

Baker, J.S. Blair, J.G. Cramer, J.W. Tape, T.A. Trainor, W.G.
Weltkamp, and H. Wieman

leasurements of the angular distribution of the Wolfenstein depolarization

parameter D(8) for proton-elastic scattering from %Be has continued during the
last year. As described previously,l the reaction was initiated by polarized
protons and the polarization of those protons elastically scattered by the Be
analyzed using a high-resolution, 'silicon polarimeter. The polarimeter has a

asured analyzing power of v+0.4 and an efficiency equal to % ~ 105 with 170
KoV resolution. Date has now been accamilated at angles between 70° and 120° in
10° steps with uncertainties ranging from 0.05 to 0,08 Theoretical comparisons
o the measured d angular have been made using
a multipole expansion of Shamtie scattering amplitude in terms of the amount
of angular momentw, J, transferved to the target nucleus during the scattering
process.2 The indications are that the J = 2 contribution to the proton-elastic
scattering amplitude for 9Be can yield large deviations from unity in the de-
polanzatxon parameter and thus mask the smaller depolarization effects due to
e J spin-spin) components.

Recall that the depolarization parameter, D(9), is related to directly
measurable quantities by the expression:
AG8) + p; D(8)
L )

where pg(8) is the polarization produced at the angle 6 in the elastic scattering
of an incident proton beam of polarization pi, A(6) is the analyzing power for
elastic scattering at the angle 6. Thus a determination of D requires the meas-
urement of pg, A and pj.

A schematic diagram of the experimental apparatus used for the denolarlza-
tion SAESCREIE 5 Siwn' 1 71 ig. 9.2-1. The beam polarization, pj, con-
tinuously monitored by a carbon polarimeter located upstream from the 95e target.
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“Clean-up" 100 pg/cm?

Silicon
Aperture ¢ foil

Polarimeter

Defining
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Monifor
Detector

e

6m fo quadrupole

&

Carbon Polarimeter
tector

6lcm Scattering Chamber

Fig. 9.2-1. Schematic diagram of scattenng chanber and ancillary experinental
apparatus used for depolarization measuren

The polarization produced in (pe) and the analyzing power of (A) the =lzsi
scattering reaction on 9Be was measured in the silicon polarimeter mounted o
rotatable arm in the scattering chamber. The beam passing through the target was
collected by a split Favaday cup located directly down stream. The currents from
the two halves of the cup were fed back to a regulator which controlled the
current in the bending magnet immediately upstream from the scattering chamber in
order to maintain the position of the beam on target. MNonitor detectors were
mounted at +13° and used to measure the stability of the beam position and/or
angle and to provide a check on the current integration system.

A more detailed diagram of the i silicon polarimeter
is shown in Fig. 9.2-2. This polarimeter is identical to that descaibed last
year¥ except for a minor change in the side-detector shielding. In an effort to
reduce the fast neutron flux incident upon the side detectors, a 4 cm thick Fe
shield was constructed to replace the existing 2 cm thick Pb shield. The per-
manent magnets used for electron suppression were then mounted directly on the
Fe shield.

he quantity pg was determined by comparing double-scattering events in
the Jeft and right side detectors. Since the analyzer detector was tmck enough
o stop all the single-scattered particles of interest, the quantity A

tained by comparing the "singles' elastic Scattering peak areas for the mc)denz
bean spin direction up and down.

The measured values of the depolarization parameter for proton-elastic
scattering from 9Be at V17 MeV obtained to date are given in Table 9.2-1. Al-
though the uncertainty is rather large, the result obtained at a laboratory
scattering angle of 120° represents the largest deviation from unity in the
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depolarization parameter ever observed

for proton-elastic scattering from a . INCIDENT BEAM
"heavy" nucleus.

Torget

SCATTERED BEAM

Table 9.2-1. Measured values of the
depolarization parameter for proton-
elastic scattering from 9Be at 17 MeV. Permanent

magner
o A D
/
Fe sriel
700 0.30 0.87 £ 0.06 ¢ e
80° 0.215 0.93 + 0.06 E Detector
o0 0.0 0.66 = 0.05 L g
1000 -0.003 0.92' % 0.07 Defining
Cerire
110° -0.178 1.03 £ 0.08
1200 -0.226 0.78 * 0.07

Anﬂ\YleM“f
Figure 9.2-3 shows a comparison .. ? P
s Fig. 9.2-2.° High- son
betveen the experimental data and the  ©.8- 9.2°2:" Aigh-resolution silicon
predictions for the depolarization para- b g pe -
¥ depolarization measurements.
Dster using, ssveral theoretioal models.

S e e e i e e e
of angular momentum, J, transferred to the target nucleus. (Details of the
theoretical analysis can be found in Refs. 2 and 5.) In this expansion the J = 0
tern results from the standard optical model potential and can produce no spin
£Lip (the spin-flip probability, S, is related to the depolarization parameter,
D, by the relation S = ((1--D)/2)). Only the terms in the expansion with J > 0
can produce spin flip (Jmax = 21, where I is the spin of the target) and to the
extent that such terms form an important part of the elastic scattering amplitude,
substantial spin £lip probabilities are expected.

= 1 prediction is the result of a DiBA caloglation usmg the com-

puter j2h5 SPlNSoR A standard ¢ptical model potential’ was used to generate

the distorted waves and the J = 1 spin-spin interacgion was composed Of spherical

and tensor forms. The largest reasonable estimates® for the strengths of the

spin-spin interactions have been assuned in the calculation. The data generally
1

indicate much larger departures from unity than those predicted for the
contribution.

The predictions for the J = 2 contributions to the spin-flip probability,
on the other hand, have more nearly the magnitude of what has been observed. As
discussed in more detail in Ref. 2, two methods have been developed for estimating
the role of the J = 2 terms in the elastic scattering process. Both methods

rely on a comparison of the strong inelastic scattering to the 5/2 , 2.43 MeV
state in 9Be (which involves the transfer of two units of angular momentum) to
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the J = 2 component of the elastic
scattering. L T

Be(7.5,) *Be

The essential difference between
S el el T s R
spin-flip probability for the J = 2 cons
ponent of the elastic s? sreriog, ée] 2)
In the first method 8¢)(2) is calculated
in DWBA using the compute!‘ code HELMY.  p(g,,)
The code uses a collective form-factor \/i
including a deformed spin-orbit poten- 020 :
tial of the full Thomas form, and dis-
torted waves generated from an optical |
potential which has a spherical spin-
orbit term. In the second method Sg)(2)
is determined from experimental measure-
ments of the spin-flip probability for
12¢(p,p')12c#(4.43 MeV, 2%).1

As shown in Fig. 9.2-3, both
methods of estimating the J = 2 contri- :
bution predict departures from unity
D significantly larger than those com- Bem
puted for the J = 1 component. The
second method yields depolarization pre-
dictions which more closely approximate Fig. 9.2-3. Comparison between measured

the magnitude of the experimental ob-  and calculated values of the depolariza-
servations. Also shown for comparison tion-parameter angular distribution for
are the results of a coupled-channels  proton-elastic scattering from SBe at

calculation in which the effects of the %17 MeV. Several calculational pro-

J = 2 contribution to the scattering are cedures are used to derive the curves

included. The prediction is quite |, shown as discussed in the text.

similar to that determined from the ~'C

1nelast)c data with a somewhat deeper back-angle dip. The parameters of Votava
al.12 were used for these calculations and the deformation of the spin-orbit

porennal was not included.

In summary, one can say that the J = 2 contribution to the scattering
amplitude is a much more likely mechanism than the J = 1 term for producing the
cbssrved departures from unity in the depolarization parameter. If this is the
case, then the effects of the J = 1 term are likely to be masked by the J = 2
component for all targets with spin one or greater. A careful measurement of the
depolarization parameter angular distribution for a spin 1/2 target may help
clarify the role of the J = 1 and 2 components in the elastic scattering amplitude.

In order to further test the theoretical ideas discussed here, additional
depolarization measurements on 9Be at more backward angles are plamned for the
near future.
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95 The Ankiyzing Fower fom.the Elastic Scattaving o Protons from 120
M.P. Baker, J.G. Cramer, J.S. Dunham, H.0. Meyer*, T.A. Trainor, and
W.G. Weitkamp

Last_year we reported the measurement of amalyzing power excitation func-
tions for 12C + P at three back angles between 11,5 and 17.7 MeV.l We also re-
ported the measurement of six angular distributions in.the same energy region.
After a phase shift analysis was begun on these data, it became apparent that
more data would be necessary in order to obtain reliable fits. In particular, we
found that it would not be possible to obtain good fits for regions like those
at 13.2 and 15,2 MeV without several complete angular distributions spaced
rather closely in energy throughout the entire structure.

Using the same experimental setup, we have now measured complete angular
distributions (= 12 angles) at nearly 40 emergies in the region from 11.5 to
18.0 MeV. Also, complete analyzing power excitation functions for six back
angles have been cbtained for this energy region.

The new data obtained at forward angles above 17 MeV shows a prominent ,
structure corresponding to the 17.67 MeV 1/2- state seen by LeVine and Parker.
No evidence for the 17.8 MeV 3/2+ state can be fownd in our

We are now completing the phase shift analysis, cbtaining far more satis-
factory fits than was possible with the limited amount of data available last
year.

Department of Physics, University of Basel, Basel, Switzerland.
1. Nuclear Physics Laboratory Annual Report, University of Washington (1974),

p. 88.
M.J. Levine and P.D. Parker, Phys. Rev. 186,1021 (1969).
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9.4  Analyzing Power for Elastic

N.L. Back, J.E. Bussoletti, J.G. Cramer, L.D. Knutson, and T.A. Trainor

Recent measuremeats of the D parameter for “Be(3,p0) Be’ have shown large
deviations from unity at backward angles, corresponding to a considerable spin-flip
probability. Such deviationscannot be accounted forby spin-spin forces and are sub-
Stantially larger than those predicted by the. recently.developed "quadrupole'
“pin-fiip mechanism.2 It is therefore possible that several different mechanisns,
hcluding possible compound muclear, contributions, are involved in the large ob-
served spin-£lip probability.

Because the quadrupole spin-flip mechanism cannot contribute to depolari-
zation in the case of elastic proton scattering from a spin-1/2 mucleus there
would be less ambiguity in the analysis of D-parameter measurements for such a
case. A program was therefore initiated to measure cross sections and amalyzing
powers for 13C(p,pg) as a preliminary to D-parameter measurements. The choice
of 130 seemed to be ideal since the target is relatively easily available, and
the first excited state (3.00 MeV) is well separated from the spin-1/2 ground
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ing-power excitation curves
13¢(8,80)13C from 14-18 MeV.

The latter is important because of significant energy straggling in thick
targets and broadening of elastic and inelastic peaks in the polarimeter.
cross-section and analyzing-power data are require

d in order to extract D-para-

meter values from polarimeter data and to cbtain finite-geometry corrections.

Excitation curves were obtained in 100 keV steps from 14 to 18 MeV at lab

angles of 30°, 50°, 70°,
50 steps were obtained every 250 keV in the energy range 16-17 MeV.

110°,

130°, and 150°.

Also, angular distributions in
Statistical

uncertainties are typically 0.7% for cross section data and £0.01 for analyzing

povwer

data.

ata were obtained with a 150 cm diam scattering chamber.
detector pairs with 2° acceptance angle were used.

Three symstric
The target was 100 ug/cm

100



thick, enviched to 97% 23C. The beam polarization was continuously monitored
with a e polarimeter downstream from the target.

s i ion and analyzing-pe angu-
at 16 MeV. Figure 9.4-2 shows excitation curves at

Figure 9.4-1 shows
lar distributions taken
several angles in the energy range 14-18 MeV.

The broad structures in the back angle data in Fig. 9.4-2 give evidence
for a considerable compound nuclear contribution to elastic scattering, even at
the relatively high corresponding excitation energies of 21-25 MeV in. 14N. These
data indicate, therefore, that measurements of the D parameter in this ener
range would be difficult to interpret with a direct reaction model. Alternatives
include further measurements for i
to determine whether new reaction channels have opened sufficiently to reduce the
compound elastic contribution, and investigation of other spin-1/2 nuclei which,
although less convenient, may be more appropriate for a direct reaction analysis
at tandem accelerator energies.

In contrast to the structured backward-angle excitation curves those at
forward angles are relatively structure free as seen in Fig. 9.4-2. Also, the
magnitude of the analyzing power at the forward-angle minimum (V50°) is large
(0.6-0.8) at all energies included in this work. It is planned, therefore, to
extend the present measurements to lower energies for the purpose of calibrating

as a secondary polarization analyzer. For this purpose it should prove sig-
nificantly better than 12C which has served as a popular polarization analyzer.

1. See Sec. 9.2 of this report.
75 See Sec. 9.6 of this report.

2 : B0, 2 14O, 4
9.5  Analyzing Powers in the ' Ca(p,p') ' Ca Reaction between 16.0 and 18.0 MeV

N. Back, J.S. Blair, J. Bussoletti, B. Cuengco, L. Knutson, T. Trainor,

and J. Wiborg

We have completed the analysis of the angular distributions for 17.5 MeV
polarized protons in the reactions *0Ca(3,p') and “ca(3,p')l by cbtaining optical
model fits to the elastic scattering cross section and polarization. DWBA cal-

culations,? using these optical model parameters, failed to reproduce the observed
is failure leads us to suspect

inelastic cross sections and analyzing power:
Jarge non-direct contributions to the inelastic scattering. However, previous
measurementsl of cross section excitation functions on “8Ca and %0Ca showed little
evidence for isolated resonance contributions in the emergy range of 16 MeV t
18 MeV. For this reason we have investigated the analyzing power excitation
Function of “0Ca + p in the hope that the analyzing powers might be more sensitive

to the presence of non-direct reaction mechanisms

The analyzing power excitation function of the “’ca(3,p')*’ca* reaction
was measured from E, 16.0 MeV and Ep = 18.0 MeV. The data in the 16.0 to 17.0
MeV region were obtained in 100 keV steps Vhi;e the 17.0 to 18.0 MeV region was
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measured in 50 keV steps. Left and right counters were set at laboratory angles
of 40°, 60°, and 120°. The discrepancy between the calculated and measured
analyzing powers at Ep = 17.5 MeV were most severe for these angles. 12¢
polarimeter with detectors set at 55° was used to continuously monitor the beam
polarization.
e dominant reaction mechanism we would expect a
i over a width of several MeV.
Our measurements show that this is nmot the case. For inelastic scattering to the
400a(3.737)3", the 40Ca(3.903)2*, and the “0ca(4.u91)s” states, we observe signi-
icant fluctuations with a width of several hundred keV, The results of our
measurements are shown in Fig. 9.5-1.

If direct reaction were th

These fluctuations, chserved in the analyzing power excitation functions,
icions of non-di reacti ibuti he

tend to o ion
structure in the 40(4.431)5 excitation function ave particularly suggestive of

interfering resonances at 17.2 and 17.7 MeV.
r. It would be desirable to

At present the situation is by no means clea
but our machine is limited

extend the excitation function to higher energies,
%o 18 MeV. We intend to proceed by examining the excitation function in more
lan to exanine the analyzing power excitation

Nuclear Physics Laboratory Annual Report, University of Washington (1974),

78; (1973), p. 78.
23 H. Sherif and J.S. Blair, Phys. Lett. 26B, 489 (1968); H. Sherif, Nucl.

Phys. A131, 532 (1969).

9.6 The ion of Elastically Scattered Nucleons and Spin-
Flip
M.P. Baker, J.S. Blair, and H.S. Sherif*

Stimulated by the observation in this Laboratory of large depolarization
of protons elastically scattered from 9Be,l we have re-examined the possible mech-
i i ization. The traditional approach has attributed

be related to spin dependent interactions
%o existing depolarization data can be obtained by adding spin-spin terms to the
o e much larger than

n, we then realized that there was another
which could contribute to depolarization.
two units of angular momentum to the nu-
rical) potential which contains the

Faced with this contradictior
direct mechanism, hitherto overlooked,
This mechanism involves the transfer of
cleus in the presence of a distorting (sphe:

103




usual spin-orbit coupling; it is closely related to the phenomenon of quadrupole
spin £lip seen in the inelastic excitation of 2* levels of even mass targets.
This process can, in principle, occur in any situation where I > 1/2; it will be
most important when a collective description for the et interaction is
appropriate so that the quadrupole contribution is enhance

Nunerical calculations of the depolarization parameter, D(8), (or equiv
lently, the spin-flip probability § = (1 - D)/2, have been made using several
procedures which are concrete embodiments of the quadrgpole spin-flip effect
sketched in the preceding paragraph. For the case of 9Be, 10B, and 27Al targets,
our numerical calculations approximate the observed sl s=sibnt

In the most theoretical of these calculations, the rotational model has
been adopted for the target nuclei 9Be and 10B; the strength of the deformation
parameter 8, is varied so that there is a modest fit to the inelastic scattering
cross section to the first excited state within the rotational band; the predicted
magnitudes of quadrupole contribution to the elastic scattering and the elastic
depolarization are then uniquely specified for the optical parameters chosen.

fn altemative procedure, which we feel has at lesst equal merit, makes
use o measured quadrupole spin £lip probabili

Spin-zero muclei. To establish this procedure it is advantageous first to make
an exact multipole decomposition5 of the elastic amplitudes and to explore some
of its consequences; specifically, for elastic scattering of a spin-1/2 projectile
from a nucleus with angular momentun I, the elastic amplitude may be expanded:

21
T I (xom',-m|IM)(20 + 1) )
n

/2 )
o LN

W'k "
here M and M' are the projections of I on the z axis before and after ,catcermg.

W and u' are the corresponding nucleon spin projections, J is the angular mome:
tum transferred to the nucleus and m is its projection. This decomposition en-

spin-flip probabilities owing to specific values of angular momentum transfer;
this decomposition is tailor-made for theoretical discussions of direct processes
in that the Clebsch-Gordan coefﬁment in Eq. (1) will naturally occur in a
direct-i th Litud

Particularly simple expressions for spin dependent observables result
when one chooses a coordinate system whose z axis is perpendicular to the reaction
plane. On using the Bohr theorem,® we see that there will be spin-flip; i.e.,
' # i, if and only if the values of m are odd. (The spin projection u' is now
superfluous and is thenceforth deleted.)

With this the elastic ing cross section itself may

be written

E e e P z ol @)
Jum
where use has been made of the orthogonality property of the Clebsch-Gordan
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coefficients. Similarly, the elastic spin-flip probability becomes

21 21
s = (20,,) R A oS ST stilim S )
Ju,m_odd J=1 J=:
of all readily determined observables, spin-flip
which may be attributed to the non-zero spin of
elastic cross sections, analyzing powers, and
polarizations all have monopole as well as higher multipole contributions. The
P herioal and tensor spin-spin potentials, when considered in DHBA, lead only to
32T, “Ciearly there can be J = 1 but no J = 2 spin-£lip when I = 1/2; depolari-
% with I = 1/2 and on neighboring nuclei with I > 1/2
Flip mechanism should be
= 2) components.

in the evaluation of the J = 2 spin-flip

o the last equation in the form of a

(2) 15 appreciable, there will be at

rong J = 2 excitation. Denoting
T and the inelastic differential

In order to proceed further
probabilities, it is helpful to rearrang
product of ratios. Invariably, when Oe
least one low-lying level for which there is st:
‘the angular momentun of that reference state by
cross section to that level by ojy, we may write

[C)

This form has the virtue that it involves three ratios, the first of which can be
evaluated using easily obtained experimental data. Insofar as the excitation

is direct and the excitation energy of the reference level is small compared to
the bombarding energy, the second ratio should vary only slightly with angle.

Tts value may be calculated with a specific nuclear model; for example, the rota-
tional model predicts that this is well approximated as a ratio of Clebsch-

Gordan coefficients:

(2)
o, 2
er  (I2K0|IK)° (s)

Tr (1200| TO?

7
In some cases the ratio may be deduced’ *® from measurements of elastic and inelas-
tic scattering by the nucleus in question as well as by neighboring zero-spin
nuclei.
n considering the third ratio of Eq, (&), which is conveniently termed
the intrinsic J = 2 spin-flip probability, 5(2), we come to the point 5re ve

nake use of measured inelastic quadrupole spin-flip probabilities, Sin °
specifically, our recommendation is that 8(2) be replaced by Sin(2) for a
i The basis for this substitution is that, on

neighboring zero-spin nucleus.
adopting standard collective models and assuming the scattering process to be
sudden, we can prove the theorem that &(2) = 5;,(2) for a hypothetical zero spin
nucleus whose optical model an




-zero spin nucleus in question. Provided that the actual scattering from a
using the same optical parameters, that the spins of valence nucleons play mo role
't vary much with excitation energy, then substitution
y, geason-

2) and

non
neighboring zero-spin nucleus is well approximated by this collective description,

in determining Si,(2) does n
of measured inelastic spin-flip probabilities for 3(2) should be a fairl
able procedure. We mote further that in the limit of DWBA, the ratios §
8in(2) ave independent of nuclear matrix elements.

These procedures have been applied to several examples. Application to
the measurements, carried out at this Laboratory, of depolarization with the
target nucleus 9Be is presented elsewhere in this report.l The measurements of
D with the smallest stated errors have been those made by a group at Saclay.?

For 9Be at 21.4 * 2.3 MeV they found D(81a; = 58°) = 0.940 + 0.016. Using 9Be
cross sectionslO measured at Ejg, = 21.0 MeV and the Seattle group's measurements'
of §in(2) for 12 at 20.0 MeV and that angle, 0.122, we predict that D = 0.924.
The departures of D from unity predicted by DWBA or coupled-channel calculations
are roughly half as much at this angle. For 10B at 19.8 + 1.3 MeV, the Saclay
60°) = 0.926 + 0.012; again using the measured inelastic

12¢ and cross section measurementsll at 17,95 MeV,

group finds D(61ab =
spin-flip cross sections" for
we predict D(60°) = 0.94.
Measurements of D, with somewhat greater stated uncertainty, have been
reportedl? for 9Be at Ejap, = 24.7 MeV; these are compared in Fig. 9.6-1 to
various predictions. Except for those based on Sin(2) measuredld at 26.2 MevV,
the predictions lie within the stated errors. We note that all procedures pre-

dict large depolarization at back angles.

There are some non-rotational nu-
clei for which the ratio (dg,(2)/071)
can be estimated by comparing the ob-
served elastic and inelastic cross sec-
tions of neighboring odd and even nu-

a comparison of cross sec- 098~

clei.’ Thus,
tionslS for scattering of a particles by
Fig. 9.6-1. Measurements of D(8) for os2l- e
9Be at Ejgp, = 24.7 MeV (Ref. 12) com- o
pared to predictions based on measure-
2
e gD e 088 —— 2C dota 20 Mev B

ments of Sip
(Ref. 4) or 26.2 MeV (Ref. 13), on DiBA

calculations of §(2) using the para-
meters of Ref. (1) or on coupled channel
calculations of ogp which use the para- 084 —-— DW Seattie

——— "2C data 26.2 MeV.

meters of Ref. 14 but with complex

coupling and B, = 0.90. The various i Ve,

calculations give spin-flip cross sec- s 2 ;

tions, ogp, with little angular struc- %0 8 20 160
0° Gem.

and 180°; much of the structure in D(8)
then arises from that of the measured
o
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2741 and %Hg indicates that this ratio is 0.6 for 2’Al, the reference state
being the 7/2% level at 2.21 MeV. The Saclay group? finds D(B,p, = 43°) = 0.964

+ .020 for 27A1 at Ejap = 18.0 + 0.9 MeV. Inelastic spin-flip measurements are
not available for the meighboring nuclei 26Mg and 285i near this energy; the
Values of Sin(2) for 325 at g, = 17.57 MeV are stated to bel6 only (0.04 0.015)
¢ this forward angle but rise to 0.43 at 140°. Using these and measured cross
sections at Ejgp = 17.5 MeV,17,18 ve estimate that D(43°) = 0.974 and D(140°) =

0.92.
Recent measurements'® have been reported of the depolarization of 16.5 MeV
proton scattered elastically from 14N. e s of the spin-flip
“ross sections, the values found are quite large; in the neighborhood of 60° the
spin-flip cross sections are almost o
in this range. Such large values are hard to explain with the quadrupole mech-
anisn since they require either very large values for o(2) or very large in-
trinsic J = 2 spin-flip probabilities. The first possibility seems quite un-
Tikely since, in contrast to %Be, collective descriptions have not been success-
Ful for 14N, The second possibility also seems remote; although large intrinsic
quadrupole spin-flip probabilities are calculated at back angles, we have not
n any cases where these probabilities exceed 0.2 around 60° and more typically
the values lie around or wnder 0.1. Further, the direct J = 1 contributions to
spin-flip are expected to be small; for the isospin-zero target 14y, the direct
ibution to the spil cal i ion from a pure OPEP two-nucleon
tensor interaction will vanish since that interaction is also proportional to
the isospi We speculate that the large spin-
ions in 14N reflect instead compound muclear contributions. The
520 has been explained by con-

substantial depolarization of low energy neutron:
sidering such compound nuclear contributions; it is an unwelcome thought that

such contributions may also be present at higher energies.
In concluding, we remark that there is much uncertainty in our various

predictions of the quadrupole contribution to depolarization. But, except for

the case of 14N, our estimates do i the observed depolarization.

the least they indicate that extraction of the properties of spin-spin potentials

from depolarization experiments will be very difficult to achieve in the presence

of the large quadrupole spin-flip effect.

T Sec. 9.2 of this report.
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10. HEAVY TON REACTIONS

10.1 X-ray Technique for of Heavy Ton Nuclear Charge Dis

P. Dyer, L. Graham, and R. Vandenbosch

In order to better understand the reaction mechanism for deeply inelastic
scattering of very heavy ions (see Sec. 10.10 of this report), it is of interest
to measure the nuclear charge distribution of the reaction products as a function
of angle and particle energy. The ability of conventional (dE/dx)-E counter tele-
scopes to resolve particles of adjacent nuclear charge decreases as the nuclear
charge increases. We are therefore developing a new techniquel for measuring the
nu 2

ear charge distribution of high-Z reaction products

This Z identification is based on observation of x-rays characteristic of
the nuclear charge of a particular reaction product; it consists of a radiator
foil followed by a silicon particle detector and a solid state x-ray detector
(see Fig. 10.1-1). When a high-energy, heavy ion passes through the radiator foil
(prior to being stopped in the particle detector), there is a high probability
a K electron will be knocked out of the projectile, and that the filling of
. vacancy will result in the emission of a characteristic K x-ray. Such x-rays
are observed in coincidence with the particle. With present solid-state x-ray
detectors, it is possible to resolve K x-rays of adjacent-Z elements.

This technique was first tested with a 108-MeV silver beam from the NPL
tanden, obtained with the new sputtering source. A beam of 10% particles/sec
was sent directly into the detection system. -We observed Ag K = and Ky x-rays
in coincidence with Ag particles.

A similar detection system has now been tested in a scattering geometry at
the LBL Super-HILAC. Thin lead and samarium targets were bombarded by beans of
500 and 700 MeV 8YKp. Scattered particles were observed by a detection system
consisting of a 5 mg/cm? tin radiator foil, a 200 u thick transmission-mounted
silicon detector, and a 1 cm diameter, 0.5 cm thick Si(Li) x-ray detector placed
about 10 cm from the target. A spectrum of x-rays in coincidence with particles
is shown in Fig. 10.1-2. For this
spectrum, particles were detected at an
angle of 30° from a lead target (where
jocigem heovyon beom  the Scattering is Coulomb), and the
detector system was rotated and shielded
such that the x-ray detector, could not
see x-rays from the target.

Future experimental configurations
will reflect a compromise between reso-
lution (vhich is degraded by Doppler
broadening) and high efficiency, and
will deal with background due to high
yields of target x-rays. Use of fast
timing techniques will be required for

Fig. 10.1-1. Schematic diagram of cen-

figuration for cti f x-rays in .
Syl e s 2 geometriss where the x-vay detector can see
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the target. Since a xenon beam has re-
cently become available at the Super-
HILAC, we will use this system for Z-
identification of Xe as well as Kr-
induced reactions.

1. This detection technique was
conceived in collaboration with
J. Pedersen of the Niels Bohr it !
Institute, WYLl
b3 "

g e =l

X-RAY ENERGY (V)

Fig. 10.1-2. Energy of x-rays from the
radiator foil in coincidence with par-
ticles scattered from a 500-MeV S¥kr
bean incident on a lead target. Arrows
indicate the expected positions of Kr
lines, including a calculated Doppler
shift of 1.2 keV but not including atomic
shifts due to L-shell vacancies. The
separation between K, lines of adjacent-
2 elements here is 0.73 keV.

10.2  Correlated Structure in the “Zc(*2¢,se)™% ana Mo(*c

m. )

20
sa) ey o

Reactions between 17 and 26 MeV (

K.G. Bernhardt and K.A. Eberhard

ongly correlated structures in reactions leading to the compound nucleus

24yg at ity e energies between 32 and 40 HeV have been recently cbserved by
several workers. In addition to the excitation functions for 12c<1 c,88e)160
(Ref. 1), 12c<12c a)20Ne (Ref. 2), and wa(l‘w,u)?we (Ref. 3), we have measured

angular distributions for the 12c(12c,88e)180 and 12c(12c, u)ZONe x‘eactlonu in the
energy range of interest.

The particle unstable 85 nucleus was identified through the coincident
detection of the two a-particles by which it decays. Simultaneously the
120(12¢,0)20Ne reaction was measured. Tantalum foils (V40 mg/om? thick) we
mounted in front of the detectors to prevent elastically scattered 12¢ parncles

from_entering the detector. This technique also allows ‘the measurement of the
L2¢(12c, n)2°ue and 12c(12c,88e)160 reactions at 0°. An intense 12C-beam (up to
500 nA) was available from the University of Washington FN tandem accelerator.

The most prominent structure in the 220(:2C,a)%%Ne and He( %c,%8a)10
excitation functions is observed at Ejp,(c.m.) = 18.5 MeV. In the wmlw uﬂﬂwe
and 12¢(12¢,88)180 excitation functions a correlated structure is found a
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E12 (c.m.) = 25.5 MeV, An
Rytions for the 12¢(12¢,a)?0Ne

c(12¢,88e)160 reactions i i
measured at incident energles (e.m.) of
17.75, 18.5, 22, and 25.5 MeV.

lar distri-

In Fig. 10.2-1 angular distribu-
tions for the ground state transitions
at an incident energy of 18.5 MeV (c.m.)
are shown with the square of the
Legendre polynomials P3, and P{p,
respectively.

een from Fig. 10.2-1,
the 1?c<lic uﬂoue reaction is dominated
by the £ = 10 partial wave in contrast
the 12c(12c EBe) reaction, which is
dominated by the %=12 partial wave.
This behav;or casts considerable doubt

n progress.

1 K.A. Eberhard et al., Phys. Lett.
to be published.

H.T. Fortune et al., preprint,
Argonne National Laboratory,
1975.

N. Marquardt et al., Phys. Rev.
Lett. 33, 1389 (1974).
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10,3 The Elastic Scattering Experiment 2oy,

N)

¥-d Chan, J.G. Cramer, B. Cuengco, K-L Liu, J. Wiborg, M.S. Zisman
I. Introduction

have continued our experimental elastic scattering studies of
“ﬂ(l“‘x l“x.)lfc at energies ranging from 33.0 to 46.0 MeV. One purpose of this
experiment is to investigate the presence of the elastic transfer mechanism,
which has been well recognized at lower energies. Nost of the existing elastic
transfer data can be Fitted quite well by the Linear Combination of Nuclear
Orbitals (LCNO)L method or the coherent elastic plus DWBA tramsfer method.2
There also exist attempts with f-dependent optical model and more sophist
coupled channel fits.)

ted

The LCNO method is most accurate at energies close to the Coulom barrier
where adiabatic approximations are always valid. On the other hand, DWBA cal-
culations while not limited by energy, may be limited by their first order
nature. (It has been shown3 that to first order in the exchange potential, these
two methods are essentially equivalent.) It is therefore also one of our interest
to analyze the experimental angular distributions by means of full recoil DiBA
calculations, and hence deduce some spectroscopic information. Possible contri-
butions from compound processes will also be estimated.

II. Experiment

Heasurenents at E(lab) = 33.0, 38.0, 4.0, b0, and U6.0 MeV were made
with the NPL three-stage AN tandem. The LN bean was cbtained by extracting NH
jons from the direct extraction ion source of this Laboratory. Typical beam
current during the runs was about 100 to 250 nA. Most of the data points were
collected by doing particle identification with a AE, E silicon detector telescope.
AE detectors with a thickness of 9.8 u and 10.5 u were used. In regions where
the outgoing particle energy is not high enough to pass through the A% detector,
singles detectors, with and without kinematic coincidence, were set up to com-
pensate for the telescope. The thickness of the 12C target was about JOO ug/cm?
and the particle identification was done with the on-line data collection program
PPID* and its modified version PID-SSSS. Besides integrating the beam current,

a monitor detector was mounted at 15°(lab) in the scattering plane for normaliza-
tion purposes

A sumary of the data is shown in Fig. 10.3-1. Lower energy data from
other laboratories can be found in Ref. 5. The angular distributions look quite
similar for all energies in the forward hemisphere with peaks and valleys shifting
with increasing energy toward the forward region as one would expect. However,
backward angle points are less unified and show some irregularities.




III. Data Fitting

e
I RGN NEC Elastic Dum

1. Optical Model Parameters >
4 o Sy 330 Mev B!
Optical model potential para- WA 3 1
neters were extracted by numerically VAV

searching on forvard angle points for \i
each energy. The outcome of sucl

searches in our case always i has:
a very small diffuseness ay for the
imaginary potential. This is probably o}
e to the fact that a very sharp-edged f
well is required to reproduce the strong
diffractive behavior of the data in the
forward hemisphere, as can be demon- Yo
strated by the strong a.bsox‘pnon model.
Several sets of these parameters are £
summarized in Table 10.3-1, with com- 107
paralle chi-squares.

102
2. DWBA Fits i

Simple DWBA heavy-ion calcula-
tions are notorious for always tending

x
this difficulty. The full recoil DWBA
code LOLA® was used to calculate the
transfer amplitude. The two 1py /p proton
and neutron were assumed to forf a 351
state,” and the cluster transfer approxi-

mation was used. The actual parameters t W
for the calculations are shown in Table 075 540 7= GBD, ap J120%3 = 60
10.3-1. The final differential cross 6, m (degrees)

section was calculated according to the

ollowing formula:
Elastic scattering data

Fig. -1.
for 12c(l“N 14y)12c, The solid lines
LOLA ()2 are optical model best fits for the
220 forward angle points. The dashed
curves are the coherent sum of elastic
and DWBA fits.

23,
|£,,(0)45 53 +1 WEy

o (o
= (®

where fo) is the elastic amplitude,

LOLA 55 the 62= 0 elastic transfer amplitude, and W is the appropriate Wigner
%% cient. S here denotes the spectroscopic factor. It was found that the
DRBA caleulations can roughly reproduce the angular distribution pattern but the
magnitude was smaller than that suggested by the data. Also the magnitude of
the DWBA cross section depends quite sensitively on the optical potential para-
meters used, as can be seen in Fig. 10.3-2.




Table 10.3-1. Optical model parameters used in the DWBA calculations of the
scattering of 12C by 14N (energies in MeV, length in fermis

B v T a, W o a, s
(MeV)

33.0 17.0 1.296 0.589 3.766 1.428 0.04 0.6
38.0 17.0 1.339 0.52 4.178 1421 0.178 0.6
41,0 17.0 1.35 0.48 4.552 1.406 0.173 0.6
44,0 17.0 1.35 0.48 5.646 1.404 0.207 0.
46.0 17.0 1.358 0.553 6.876 1.456 0.178 -

Calculations for the 44.0 MeV data set were done with identical para s
except for the distorted wave parameters. Even though both pavameter sets (A & B)
can fit the forward angle data, only set B can reproduce the transfer strength
with a reasonable Spectroscopic factor (S = 0.6), while the set A prediction
much too low.

At the time of this writeup, calculations on possible compound elastic
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is small. A comparison with T R ]
fits will also be done. I CIN N %C x

o440 MeV

It is our conclusion that the %o, 'F
deduction of spectroscopic information f
is difficult in this case because of the 107 4 |
sensitivity to the large angle behavior
of the optical potential. The backward 0% {

rising in the cross section camnot be
accounted for by assuming only a simple
scattering mechanism compound elastic
contribution. In other words, elastic
transfer remains the dominant mechanism
in this energy range.

40 80 R0 160
8..m, (degrees)

: i s, Fig 10,32, DA Sits for the U0
1 ;';gvf‘;ggﬁgt en, Nucl. Phys. A48, y'150(1by,14y)12¢ data. The dashed

line is calculated from set A, and the

24 C.A. McMahon and W. Tobocman, i et
Nucl. Phys. 4202, 561 (1973). e P

38 o e i () et e S o

W, Nuclear Physics Laboratory Annual Set 0.0 MeV, ry=1.204 £,ay=0.116 £
Report, University of Washington 8.3, 4V, v .116
(1974), p-

A1l bound state parameters are identical.

114




W. von Oertzen, H.G. Bohlen, preprint "Elastic transfer in heavy ion
scattering", 1975.

6. R.M. DeVries, unpublished.

¥ From the N + 2L = )i(nj + 21j) relation. The other possibility (1) was
found to be negligible by actual numerical calculation.

10.4  Elastic Scattering of %0 from 1%

K.G. Bernhardt, K.A. Eberhard*, R. Vandenbosch, M.P. Webb, and M.S. Zisman

The dramatic energy dependence of the elastic scattering differential
cross-sections observed for several heavy ion systemsi~3 has been a subject of
continued interest. Equally surprising is the variety of structures exhibited;
from narrow structures with widths on the order of 100 keV or less,l to shape
resonances characterized by widths of 2-3 MeV (c.m.).3 The investigation of the
elastic scattering of 180 from 12C which we report here was undertaken to see
which, if any, types of structure this system might exhibit, but in particular
to see if resonant behavior similar to that seen in the 12C + 160 elastic scatter-
ing at 19.7 MeV (c.m.)2 is also present in this system.

he dominant physical procéss in heavy ion interactions is that of strong
absorption of the projectile; a consequence of which is that the character of
the elastic scattering is dominated by the behavior of the grazing partial waves.
As is evidenced in the study of the 160 + 160,3 180 + 1804 and 12 + 20NeS sys-
tems, the elastic scattering is affected greatly depending on whether the direct
reaction channels are capable of carrying away the large entvance channel angular
momentum, Those systems exhibiting high lying first excited states and single
and multi-nucleon tramsfer reactions with rather large negative Q values character-
istically show strongly oscillatory elastic scattering angular distributions and
excitation functions. On the other hand, systems similar to 12¢ + 20Ne are
characteristic of the move usual strong absorption in heavy ion reactions and
exhibit rather featureless elastic scattering energy and angular dependence.
Based on the energetics of the direct reaction channels, the 180 + 12C system
should resemble the 12 + 20Ne system in its elastic scattering behavior.

Less predictable is the occurrence of intermediate sStructure which mani-
fests itself in excitation functions through the presence of peaks with widths
approxinately 500 keV which are cross correlated in angle for a given channel

cross correlated in different exit chanmels. The fact that such structure
ggpecrs almost exclusively when 12C is involved kindled our interest in the
180 + 12¢ system.

Beans of 180 from the direct extraction ion source were used to bombard
thin (1100 pg/em?) 12C targets. A kinematic coincidence measurement was performed
with an eight-detector array which allowed the simultaneous measurement of four
excitation functions. The heavy ion surface barrier detectors subtended a solid
angle of 0.01 msr with an angular acceptance of 0.2° (lab). A monitor counter
was included when measuring the angular distributions. The target thickness was
determined by low energy, forward angle elastic scattering where the cross sec-
tions were known to be Rutherford. The energy spread due to the finite target

15
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thickness was about 400 keV in the lab-
oratory system.

Elastic scattering excitation
functions at eight angles over the ener-
g range 12-25 MeV (c.m.) are shown in
Figs. 10.4-1-2 is evident, the cross
section exhibits a rapid fall off from
Rutherford scattering to fairly modest
yields, characteristic of a strongly
absorptive system as expected. After
the cross section levels off, however,
the excitation function exhibit quite
marked structure as is illustrated in
Figs. 10.4-3-4,
is plotted on a linear scale.
and 21.8 MeV there exist rather narrow
structures (widths 600 keV, FWHM)which
appear cross correlated in angle. These
structures may have origins similar to
the 19.7 MeV resonance in the 12¢ + 160
elastic scattering. The absolute magni-
tude of the cross sections are, however,
so small that it is not possible to ex-
clude a compound nucleus origin at this

the 2-values corresponding to the graz-

ing partial waves in this energy region,
the |Pp(cos 6)|2 for odd partial waves
have minima at approximately 80 and 100°
as well as at 90°, and maxima at about
85, 95, 105, and 115°. It appears,
therefore, that to the extent that the
angular distributions can be r_haracter-
ized by a single partial vave on res
ance, the elastic scattering i

lBo + 12¢ system is dominated by che odd
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Fig. 10.4-5. a) 19.0 MeV angular dis-
tribution for 180 + 12C. The solid
curve is an arbitrarily normalized \"15\

ition.
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partial waves. This behavior is not known for any other system in this mass
region.

Angular distributions of 19.0, 22.0 and 23.0 MeV (c.m.) were measured over
the angular range from 40 to 135° (c.m.). The large angle portions of the 19.0
and 22.0 MeV angular distributions are shown in Fig. 10.-5 along with the fits
from arbitrarily normalized |Pg(cos 8)|2. The periodicity of the data at 19.0
MeV (Fig. 10.4-5a) is reproduced by the Legendre polynomial with £ = 15, with
itatively inferior fits for P13 or P17 (not shown). The periodicity of the
angular distribution is consistent with a |P17|2. The above comparison
plausible to assume that the cross sections at the resonance emergies
d 21.8 MeV are dominated by a single partial wave and (since both the
target and the projectile have 0% ground states) the spin and parity of these
resonances may be assigned as 15  and 177, respectively. The angular distribu-
tion at 23.0 MeV cannot be fit with a single Pg|2. Portions of an angular dis-
rtial wave was expected to contribute

scattering for the 180 + 12C system appears to be dominated by partial waves with
0dd angular momentum.

The fact that correlated structure exists in a single channel is not in-
disputable evidence for nonstatistical intermediate structure. The enhancement
n energy for a particular exit channel may only reflect the fact that

those channels decaying throug
several reaction channels to see if Al R ey d 21.8
MeV. Figure 10.4-6 shows some initial measurements of the 17c(lﬁo 16071“c chan-
nel. It is not clear from these results that intermediate structure appears in
this reaction channel. The two neutron transfer and the alpha transfer channels
of this system both populate the same final state (i.e., 160 + 14c), the cross
section for which is a coherent sum of two amplitudes, £(8) + £(n-6). The. cross
section, being the absolute square of the above, could exhibit interference
structure.

In addition an optical model analysis has been started to determine
whether the combination of strong absorption and oscillation in the elastic
scattering can be fitted. A preliminary fit to the 19.0 MeV angular distribution
is shown in Fig. 10.4-7. These data can mot be fitted without explicitly or
implicitly including an angular momentun dependence, the function of which is to
reproduce the back angle oscillations. All fits to date have required an

value in the angular momentum form factor which is larger than the grazing &,
contrary to what was found in the fit to the 160 + 160 system.3 The optical
potential parameters shown in Fig. 10.4-7 ave characteristic of a strongly
absorptive interaction.
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10.5 Elastic Scattering of 2% from Mc
K.G. Bernhardt, K.A. Eberhard®, R. Vandenbosch, and M.P. Webb

20, 3 Studies of elastic scattering in the 16,4 28,1185+ 28 2 ana Pe +

\e? systems have shown that the direct reaction channels can play an important
role in determining the angular momentun dependence of the elastic scattering.
The proncunced structure in the elastic scattering excitation functions of the
160 + 160 system could only be reasonably reproduced with an optical model having
an explicitly i-dependent absorptive potential. The function of this potential
was to allow the grazing partial waves a greater than usual transparency." The
lack similar structure in the 180 + 180 and 12¢ + 20Ne systems demonstrdtes

that the origin of this is not a identical
bosons nor is it dependent on the angular momentum dependence of the level density
of the compound nucleus or of its decay widths. The results of all these experi.

ments may be qualitatively understood by considering the energetics of the reac-
tion channels coupled most directly to the entrance chamnel (i.e., inelastic
excitations and single and multi-nucleon transfers). Systems such as 160 + 160
Which exhibit a high lying First excited state and tramsfer chamnels with large
negative Q-values cannot carry away (through these direct reaction channels) the
large anount of orbital angular momentun brought in by grazing collxsxons Such

a systen is said to be angular momentun mismatched. The 180 and 12¢ + 20ne
systems are characterized by low lying excited states and more favnrable Q-values
in the direct reaction channels resulting in elastic scattering characteristic of
the more usual strongly absorptive heavy ion interactions.

1 4
We have initiated an investigation of the 2°0 + 1'C system which, as re-
gards 1= benavior of the direct reaction channels, is someuhat sinilar to che

60 + 160 system. Initial on the energy
of the elastic scattering. A 75 ug/cm? Nc target5 on a 200 ug/em? AL backmg
was bombarded with an 160 beam fmm the direct extraction ion source of t

University of Washington's FN tandem Van de Graaff. A kinematic comudence
measurement was made with an eight detector array allowing the simultaneous meas-
urement of four excitation functions. The details of the experimental setup are
described in Sec. 10.4 of this report.

Although a complete work-up of the experiment has not been completed at
this time, a partial analysis has revealed the following qualitative features.
In the energy region between 20 and 30 MeV (c.m.) and at center-of-mass angles
of 65, 85, 95, and 105 degrees, the excitation functions exhibit structure with
idths consistent with shape resonant behavior with peak cross-sections on the
order of 3 mb/sr. Although the structure is not as dramatic as in the 160 + 160
system, the rather large cross-section is consistent with behavior characteristic
of an angular momentum mismatched system. The angles in this initial measurement
allow the emhancement of odd over even partial waves and were chosen to compare
the 160 + LUC elastic scattering with the 180+ 12C results, a system which ex-
hibits the anomalous behavior of having its elastic scattering doninated by odd
partial waves. A more direct comparison of the 160 + 1% system with the 180
160 results can be made at those angles where the even partial waves are it
Such a measurement is planned for the near futurs
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106 Elastic Scattering of %0 on *Ne

R. Vandenbosch, M.P. Webb, and M.S. Zisman

In recent years there has been a great deal of interest in the study of
elastic scattering of heavy ions of nearly comparable mass such as 160 + 160
160 + 180, and 180 + 180.1-3 The first of these systems, 160 + 160, has shown a
clearcut need for modification of the standard optical model treatment of heavy
fon elastic scattering in order to reproduce the observedl hlﬁhlv oscillatory
angular distributions and excitation functions. The proposed! explanation for
This oscillatory behavior, as opposed to the more usual structureless angular
distributions characteristic of a strongly absorptive heavy ion interaction, is

The physical justification for the weak absorption is that few exit chan-
nels are available which can carry off the rather large entrance channel grazing
angular momentun, Lg (for which Ty, = 0.5). As pointed out by Shaw et al.,” th

12¢ + 20Ne system,® which forms the same compound nucleus as 60 +
the same excitation energy and with the same angular momentum. The data indicateS
that 12 + 20Ne is indeed strongly absorbing and verify the idea of Shaw et al.
that it is the direct reaction channels which are dominant in this case.

1€ the correlation between L-dependence and the existence of momentur-
ect reaction channels suggested by Shaw et al. holds true generally,
ome would expect no marked L-dependence in any elastic system containing the
daformed 20Ne nucleus. This is because the 2* and 4* inelastic excitations are
nearly always capable of carrying off the entrance channel grazing angular momen-
‘um, nd furthermore the cross sections to these states are particularly large
due to the collective nature of 20Ne. To test this we have investigated the
Slastic scattering of the 160 + 20Ne system. In addition, this system offers the
possibility of showing effects due to the "elastic transfer" of an a-particle,

matched dire
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4 mechanism which is uncbservable in an identical particle system such as 15 +
Unfortunately, the 20Ne(160,20Ne)160 reaction, which is indistinguishable

back angle oscillations that look very similar to the effects of an L-dependence
in the optical potential. This makes it somevhat difficult, in practice, to
determine unambiguously which mec!

as was demonstrated in a careful study of the analogous 12¢ 4 160 system under-

taken by Malmin.6

The experinent was performed with 150 beans of 45, 55, and 63 MeV incident
on a specially designed’ thin-window 20je gas cell used previously for the +
20y experiment.5 After passing through the entrance foil and target gas, the
caleuisyed energies in the center of the cell were 40.7, 51.1, and 59. MeV,
ctively. In order to cover a large angular range, the data were measured
o detector telescope consisting of an 11.2u AE and 60y E counter. By
ing a standard power law identification in the 'SDS-930 computer, both 160
o reroi1 20ye could be observed simultaneously at forward lab angles. At the
Righest enengy, this alloved us to cbtain data from 6c.m, = 36 fo 140° in 2°
steps.

Angular distributions for all three energies are shown in Fig. 10.6-1.
The solid curves represent a similtaneous fit to all data sets obtained with a
modified version of the optical model code GENOA.8 As can be seen, the predic-
tons of the standard optical model fit the data moderately well at forward
but are much too low at back angles. In an attempt to improve these fits,
gy sets were searched individually. At SL.1 MeV it was possible
%o Find a potential (dashed curve in Fig. 10.6-1) which fit the data at least
Qualitatively over the whole angular range, albeit with an imaginary diffusencss
which is probably unreasonably sharp. However, all attempts to obtain such a
fit to th 59,4 MeV data failed. This is because any potential which predic
approximately the correct magnitude at back angles greatly overpredicts the
forward angle structure.

ical model

We next investigated the data in terms of an extended op
which employed an L-dependent imaginary potential. Having argued that L-depen
fs unlikely to occur in this system, ve however show in Fig. 10.6-2 fits to the
51.1 and 50.4 MeV data using this model. The parameters for the two potentials
are given in the figure. Clearly, the overall quality of the fits is markedly
Dettor than that cbtained from a standard optical model treatment, although the
detailed behavior is still not reproduced exactly. Attempts to find an L-
dependent potential which Fits all three energies simultaneously (that is, using
 pomon real and imaginary potential and independent Lc and L parameters) have
hus Far been wnsuccessful. This failure may not be surprising if the observed
L-dependence in the potentials is merely mocking up some other effect, such as
elastic transfer.

We turn next to a consideration of the elastic a-transfer process as an
explanation for the observed back angle enhancements in the 59.4 MeV 160 + 20Ne
elastie scattering. This process has previously been suggested in the analogous
120 4 160 systen studied by von Oertzen.10 Using the distorted wave Sorn approxi-
mation (DWBA) to calculate the 20Ne(160,20Ne) part of the transition matrix gives
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solid curve is a fit to all three 160 data sets using the standard optical model.
The dashed curve is a fit to the 51.1 MeV data including the back angle
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where S, the spectroscopic factor, determines the stvength of the interference
term. Since l-nucleon transfer reactions requirell a proper finite-range treat-
ment to give the magnitude of the cross section correctly, all DWBA calculations
have been performed with the exact finite-range code LOLA.12 The bound

employed by this code is a cluster wave function. In our case a 4S wave func
bound at the appropriate a-particle separation energy, was used. The bound sta
well was of Woods-Saxon shape with R = 1.25 (161/3 + 41/3) fm and a = 0.65 fi
Insofar as other mechanisms, such as multi-step reactions, can contribute t
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— T
180 +®Ne elastic scattering J
59.4 MeV

Optical

— V:29.8 MeV g 1.36fm o 0.39 fm 4
W33 Mev  q=1.36fm  0,0.9 fm

W=

Ve

model + DWBA

Optical potentiol

Lc=239 ALz049
16.06 Mev

21.85 Mev

(03,90%)

TN OO 1 e PO i g ccotn e o )
10 20 30 40 50 €0 70éO 90 100 110 120 130 140

e, (deg)

- s to the 59.4 Mev 220 + 2%Ne data with the elastic transfer
mechanism. The dashed curve refers to the standard optical potential from Fig.
T0.6.1 and the solid curve to the L-dependent optical potential from Fig. 10.6-2.
The spectroscopic factor and phase are indicated for each curve.
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observed cross section, the relative
phase, a, between the elastic and DWBA
amplitudes is not well known and was
treated here as a free parameter in the
fit.

The results of :oherently add)ng
the elastic scattering and a-ti
amplitudes for the 53.4 MeV e
shomn in Fig. 10.6-3. For the sake of
comparison, both the L-dependent (solid
curve) and standard (dashed curve) opti-
cal potentials of Figs. 10.6-1 and 2
were used. In both cases the magnitude
of the cross section is well reproduced

with S = 0.3. This is to be compared
with the theoretical value of S = 0.21
based on a shell-model calculation.ld

The preferred phase for the L-dependent
potential was 90°, as opposed to the
phase of 0° expected from the statistics
of the exchanged OF cores. However, for
the standard optical potential the per-
iod of the predicted oscillations is not
in agreement with the data, making it
difficult to determine the appropriate
phasing. For simplicity a phase of 90°
was arbitrarily used here also.

10.6-4 shows the result of changing the
phase of the interference by 90°. For
L-dependent potential (lower dashed
curve) a phase of 0° gives a slightly
worse fit than that in Fig. 10.6-3,
While for the standard potential (upper
dashed curve) the resulting fit is
roughly equivalent to that shown in Fig.
10.6-3. Included in Fig. 10.6-4 (solid

curves) are the results of the DWBA cal-
culations with the two types of optical

of optical parameters, the structure
seen in the data is not explained by
the transfer reaction alone.

o sumary,, our:present results
indicate that the back angle emhance-

ments seen in 160 + 20Ne elasuc scat-
tering cannot be explained consistently
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10.6-4. (Dashed curves). Effect
of varying the phase shown in Fig. 10.
3. (Solid curves). -Results of DHBA
calculations ignoring the elastic
scattering amplitude,

6=

by a standard optical model calculation,

Extension of the optical model to include an L-dependent imaginary potential,
At

however, does give qualitative agreement to the 51.1 and 59.4 MeV data.
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59.4 MeV, inclusion of the elastic transfer process also gives a reasonable ex-
planation of the back angle data, and yields a spectroscopic factor in fairly
go0d agreement with theoretical expectations. The back angle structure at this
energy is reproduced most faithfully by coherently adding the elastic transfer
amplitude to the elastic scattering amplitude calculated with an L-dependent
optical potential. Further analysis, including the inelastic data to the 2+ and
4* states (obtained only at 50.4 MeV), is being carried out in order to determ
which mechanism best explains all of the observed data.
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10.7 Investigations of Elastic Scattering of % by 2%si

J.6. Cramer, M.S. Zisman, K-L Liu, Y-d Chan, B. Cuengco, and J. Wiborg

We have continued the investigation of %0 + 2%Si elastic scattering over
a range of energies, as reported in the previous Annual Report.l In a collabora-
tive experiment with the Oak Ridge group,? we have also obtained new data meas-
ured at a bombarding energy of 142.5 MeV, an
analysis of the data set. The analysis of this data set shows a strong preference
for very shallow potentials. Figure 10.7-1 illustrates this preference: the
data set is shown with two theoretical predictions, one with a potential 15 MeV
deep and one with a potential which is 50 MeV deep. Both of these potentials
are members of the same family of ambiguous potentials. As can be seen, the data
taken at lower energies are reproduced well by both potentials, but the 50 MeV
deep potential fails badly in predicting the 81 and 142.5 MeV data. We interpret
this effect to be a manifestation of the absence of nuclear rainbow scattering?
in the high energy data, which implies a shallow potential.
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Fig. 10.7-1. Comparison of predictions for =0 elastic scattering with
15 MeV potential (left) and 50 MeV potential (right). See text.




15 Me\l prenad which was used in Fig. 10.7-1is V = 15.0 MeV, W =
9.33 MeV. ol 3 £ and a = 0.640 £, i.e., a four parameter energy-independent
potential. he 50 Het potential was V = 50 MeV, W = 24.8 MeV, ro = 1.135 f, a =
0.640 £. No particular improvement in the fits was found by allowing the imaginary
potential to have a different geometry of allowing V or W to be energy dependent.
Since it is fairly well established that proton and neutron optical potentials

are about 50 MeV deep, and alpha potentials have been found to be about 120 MeV
deep from nuclear rainbow scattering effects, 2 it is very surprising that a heavy
ion potential should be so much shallower. Non-1local potential effectsd could
reduce the potential in this way, but they would also be expected to make the
potential energy dependent, which is inconsistent with the energy-independent
potential used above.

Another aspect of the global analysis was the difficulty encowntered in
fitting the oscillations observed on the back angle regions of the 50 to 66 MeV
data. It was found that the most effective way of reproducing these oscillations
was to employ f-dependent absorption. The form used is described more fully in
Sec. 10.12 of this report. As discussed there, the energy dependence of the -
cutoff parameters is such that the effects of f-dependent absorption, i.e., back
angle oscillations, are restricted to a rather limited range of energies, with no
effects at energies outside that range. In adding %-dependent absorption to the
analysis of the data set, we have fixed the V, W, rg, and a parameters to the
values given above, and cbtained a set of fL-dependence parameters which give im-
proved fits to the back-angle oscillations.
meters are 2¢ = 8.0 + (Eq,p,/9.45 MeV)? and dt
MU0 0) = WU (5o BE0E, T /10472 Shews. s niartt iy ius: to
the data set with and without the inclusion of the L-dEpendcnt absorption, as
indicated by the solid and dashed curves, respectively. As can be seen, the in-
clusion of %-dependence predicts oscillations of the correct phase, with a net
improvement in the fits. However, the oscillations predicted are too weak to
accurately reproduce the data. Attempts to increase further the back angle
oscillations result in degeneration of the forward angle fits, as is somewhat
apparent in Fig. 10.7-2. Possibly an overall search in which all parameters are
varied simultaneously would result in further improvement in the fits, but
attempts to accomplish this with the code GENOA have failed, because the program
behaves erratically when such searches are attempted. We stress however that 2-
dependent absorption provided the only means of providing even a qual)tanve
explanation of the back angle oscillations observed in the data.

These data and fits provide a unique opportunity for investigating the

gested by Satchler* and by the Brookhaven group is that of using a sharp Woods-
Saxon type cutoff (a = 0.1 £) to reduce either the extreme interior or exterior

obtained with the unperturbed potential. Figure

limits, given as the radius divided by (A;1/3 + 371/3) determined vs bombarding
energy plotted vertically. Also given for comparison are the critical radius,
defined as the semiclassical distance of closest approach for the grazing partial
wave, and the location of the nuclear surface region, defined as Rp * a.

130




160+ 285j Elastic Scattering 3

[ 50 Mev

ofo, [ 53Mev

12 142.5 MeV

absorption (dashed curve). See text.
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10.7-3. Range of semsitivity of op
¢ energy. Radial form «

that while the upper sensitivity limit is relatively constant with enengy and
parallels the critical radius, the lower sensitivity limit is strongly energy
dependent and at high energies moves well inside the nuclear suface. Thus ve
feel reinforced in our conclusion that the higher energy data are prov
fornation about the potential in the surface and interior regions of the macl
potential.

=

An alternative way of investigating this question is by )ntruducmy a
radial perturbation of "glitch" to the potential, and moving ti
through the potential while cbserving its effect on the
to experimental data. Figure 10.7-U shows the result of such a probing of the
potential. Here we have used a narrow negative derivative-Woods-Saxon g
which carves a notch out of the potential, reducing it to zero and lhcﬂ beigging
it back to its nomal value over a radial region about 0.2 f wide.
{he chijsquared of the fit is plotted vs the radial position of the glitch div
by (A1/3 "+ Ap1/3) for the highest and lowest energy members of the data set.
For the 33 ey data we see that the chi squared increases by about a factor of 6
due to the perturbation of the glitch, and is most strongly affected when the
glitch is located at the critical radius R, which was defined above. He see on
the other hand that the chi-squared for the 142.5 eV data set Lo imeresson b
almost four orders of magnitude by the glitch, and peaks well inside the critical

tch radially
chi-squared Se tholcis
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radius, approximately at the nuclear
surface. This can be understood by
realizing that the size of the glitch

is more comparable to the wave length 1210
of the wave function at the higher X
energies and thus will have a larger

effect, and that the great increase in a0

chi-squared is primarily due to large
predicted cross sections at back angles,

high energy scattering measurements

probe the potential inside the critical ¥ Epr33MeV
radius region, and are very important in X
determining the depth of the potential. 2
a5 Nuclear Physics Laboratory Annual )
t, of 5, 5
(1974), p. 108. Noctgor Srfoce >
2 D.A. Goldberg and S.M. Smith, S G T
SR 33, 500 (1972). GLITCH POSITION
3 See Sec. 10.11 of this report.

ler, Proceedings of 5

ational Conf. on Reactions Fig. 10.7-b. Dependence of x- on loca-

bemwn Complex Nuclei, Vol. 2, tion of "Glitch" in real potential, in-
Robinson, McGowan, Ball, and dicating the sensitivity of data to de-

Hamllton (North-Holland, Amster- tails of the potential in various

dam, 1974), p. 171. radial regions. The semsitivity limits

S< and S and the critical radius Re

shown in Fig. 10.7-3 are shown for

comparison.
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10.8  Comparison of the Elastic Scattering of N and 0 Ions from 2°si

J.G. Cramer, M.S. Zisman, K-L Liu, Y-d Chan, B. Cuengco, and J. Wiborg

Along with the investigation of %0 scattering described in Sec, 10.7 of
this report, we have also studied the elastic scattering of 14, 15N, 170, and
180 ions from an isotopically separated 285i target, using the techn)ques de-
scribed in Ref. 1. Comparison of these data with the 160 data permits us to in-
vestigate the question of whether the scattering of neighboring ions such'as the
N and O isotopes can be described by the same potential. This is related to the
question of whether there may be significant differences in the entrance and
exit channel potentials used in the analysis of heavy ion transfer reactions.

‘o begin this comparison we have attempted to use the potential decemmed
by nccmg the 160 + 28Si data to predict the scattering of these ions.
immediately found that the Z-dependent absorption used in the 160 potential
generated predictions with large oscillations at back angles which are not present
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Elostic. Scattering

Ty 4205
Elostic Scattering

ar distributions of . Fig. 10.8-2. Angular distributions of
14y 4+ 28Bgj elastic scattering at 43 MeV, 15y 4+ 28gj elastic scattering at 55 M
53 MeV, and 63 MeV., Solid curve is cal- and 60 MeV. -Solid curve is calculated
culation using 160 potential. using 160 potential.

Fig. 10.8-1. Angular

in the data. , However, the *°N and 1N data sets could be fairly well described
with the 160 potential when the i-dependent absorption was omitted. This is

Y llustrated in Figs. 10.8-1 and 2, It is worth noting that both data sets show
some tendency toward oscillation at back angles which might be better reproduced
if some 2-dependent absorption were included.

d that neither the 170 nor the lBO data

On the other hand, it was foun
160 potential, with or without the inclusion

could be adequately described by the
of %-dependent absorption, and i
These potentials are given in Table 10.8-1. Figures 10.8-
5 and u show the 170 and 180 data, with the solid curves produced by the fitted

i 8.1 and the dashed curve produced by the 160 poten-
el It is curious to note that the 170 data at back angles is larger than the
ms while the 180 data at back angles is smaller than the 190 predic-

tial
160 predictior
tions. This is reflected in the potentials given in Table 10.8-1 in that the
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70 +28si
Elostic Scattering

Fig. 10.8-3. Angular distribution of
170 + 28si elastic scattering at 45 MeV,
50 MeV, 55 MeV, 60 MeV, 67.3 MeV, and

Solid curves are calculated
using 170 potential and dashed curves
are calculated using 160 potential given
in Table 10.8-1.

36 MeV.
(Kansas St)

0 +29i
Elastic Scattering

Fig. 10.8-4. Ang istrib £

eV
and 69 MeV. 36 MeV data is taken from
Ref. 2. Solid curves are calculated
using 180 potential and dashed curves
are calculated using °0 potential from
Table 10.8-1.

7
175 potential has a smaller diffuseness
180

than the 160 potential while the
potential has a larger diffuseness. It
is not particularly surprising that a
projectile which has two nucleons o
side a closed shell appears more diffuse
than a closed shell projectile like 160.
It is rather surprising, however, that
70 appears less diffuse than 160. It
is possible that this is an artifact of
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Table 10.8-1. Optical potentials used to describe N and O scattering from 2854

Projectile V(MeV) W(keV) To() a(f)
1y

15.0 9.33 1.263 0.640

15.0 12.14 1.275 0.626

15.0 11.60 1.210 0.742

a contamination of the elastic peak by an inelastic scattering or transfer reac-
tion which gave an apparent increase in the cross section. However, the inelastic
excitation of the First excited state of 170 was never observed and should be

weak on theoretical grounds. Another possible explanation is that the elastic
scattering is enhanced by a projectile spin effect such as that described in

Sec. 9.6. Since the spin of 170 is 5/2*, the channel spin of the system is larg
enough to pernit the coupling into the elastic channel of an angular momentun
transfer 2 contribution which is some fraction of the inelastic scattering to

the 2+ first excited state of 28Si. At any rate, there appears to be clear evi-
dence that the optical potentials of the three oxygen isotopes are significant.
different and should not be treated as equivalent in the amalysis of transfer
reactions.

il Nuclear Physics Laboratory Annual Report, University of Washington (1974),
p. 108.

28 D.S. Gale and J.S. Eck, Phys. Rev. C 7, 1950 (1973).

10.8  Elastic Seattering of %0 from 2°°rb
R. Vandenbosch and M.P. Webb
An experiment whose aim was to look for dynamic deformation effects in the
near-barrier scattering of very heavy projectiles is discussed in Sec. 10,10 of
this report. An apparent difference in the interaction radius between 194pt ang
208pp, was observed. Although this difference was in the expected direction and
of the order of magnitude expected for dynamic deformation effects, the smallness
Of the difference prompted the suggestionlthat a control experiment with a lower-z
projectile should be performed. If the observed effect was due to the deforma-
Rion of the target nucleus by the Coulomb potential of the Kr projectile (Z = 36),
the use of a lower-Z projectile such as oxygen (Z = 8) should give a much smaller
effect, We have therefore studied the elastic scattering of oxygen from Upt
and 208pb targets.
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These experiments were performed
using 81 and 87 MeV oxygen beams from
two-stage and three-stage acceleration,
respectively. An array of four rectan-
gular surface-barrier detectors was used.
The angular resolution was either 0.36°
or 0.5° depending on the angle of ob-
servation. The first experiment was

than for 208pb,
to that obtained with Kr, was not ex-
pected if the difference in the Kr bom
bardments was due to dynamic deformation

effects. Since this experiment had been
ally hoped for, we repeated the meas-
urement at the higher bombarding energy
of 87 MeV where the distance of closest
approach and the time scale for the col-
natched the Kr bom-

radius paraneter vas again found to be

smaller for 194pt than 208b.
sults of the analysis of
ments are given in Table 1

Since the difference in the inter-
action radius parameter for the two tar-
gets is essentially the same for oxygen
and krypton projectiles, we conclude
that the effect is not likely due to
dynamic deformation effects. Ve are un-
able at the present time to suggest the
of the observation. We note

in this manner) to decrease with in-
creasing mass number.

During the course of these
fission cross sections at 81 MeV.
total fission cross section of 83 mb.

for the compound nucleus formed in the oxygen plus lead system is expected to be
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Fig. 10.9-1. Elastic scattering angu-
lar distributions (plotted as ratio of
observed cross section to Rutherford
cross section) for 87 MeV 160 incident
on 194pt and 208pb. The full curves
ave optical model fits with V = 40 MeV,
ay = 0.49, W = 60 MeV, & = 0.36 and
Ty = vy + 0.14 £. The ry values giving
the best fits shown are 1.291 for 194Pt
and 1.310 for 208pb.




Table 10.9-1. Results of quarter-point analysis of elastic scattering of 81 and
87 MeV oxygen ions. 6,y is the angle for which o/og = 1/4, Re is given by
solving sin 0, /, n/(kéc ='n) and ry is defined by R, TD(Alf/a +a,1/9).

mi 2DBF1> 19‘0‘7( QDBPb
s 12.35 12.656 12.30 12.65

near unity, and since several fission-neutron emission competitions are expected
to occur before de-excitation, the total fission cross section should nearly
equal the compound nucleus or fusion cross section. This value of 83 mb for the
Fusion cross section is to be compared with a value of 190 mb for the absorption
cross section obtained in the optical model calculation fits to the elastic
scattering. HWe therefore conclude that a good fraction of the absorption cross
section appears in direct reaction channels. Such a result has been obtained
by von Oertzen et al.2 who find an integrated direct reaction cross section of
94 mb at 82 MeV.

1, G.T. Garvey, public communication.

% W. von Oertzen, C.E. Thorn, A.Z. Schwarzschild, and J.D. Garrett, Proc.
of International Conference on Reactions between Complex Nuclei, Nashvi
Tenn. (North-Holland, Amsterdam, 1974), p. 83.

" 0
10.10 Elastic and Deeply Inelastic Scattering of “'kr from 2%®rb and
To%

Pt

T.D. Thomas*, R. Vandenbosch, and M.P. Webb

We have completed a series of experiments designed to obtain a deeper
\nderstanding of the elastic scattering, reaction mechanisms and interaction
potentials generated in collisions between very heavy ons and heavy targets.
The optical model potential required to reproduce the elastic scattering provides
o indication of the effective interaction potential and provides a test of the
henomenological potentials used in semiclassical friction models. The relative

s omplote fusion reactions in S4Kr bombardment of heavy targets marks
3 significant departure from reaction mechanisms generally observed in light par-
tiele intevactions. Compound nucleus formation represents a major fraction of
the total reaction cross section for reactions involving light ions and heavy
targets, while approximately only half of the reaction cross section goes into
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complete fusion for “CAr induced reactions. For **kr bombardment of heavy tar-
gets the total reaction cross section is dominated by the so-called "deeply
inelastic"? or "strongly damped"? collisions, characterized by a large loss of
relative kinetic energy but rather small mass transfer. These reactions have
also been labeled "quasifission” reactions. A third aspect of these collisions
involves the feasibility of measuring the dynamic deformation of a target in the
serong Coulony field of a high 2 projectile. i exeriment, the bowardment
of 208, ¥

Pb and med to address itself to each of the above.
8% beams from the Lawx‘ence Berkeley La.boratory 5, Super-HILAC accelerator
B o e ponb v S0ST00 B A ety 200, Bt i el eet spaciis

were obtained from two solid state surface barrier detectc!‘s in addition to which
a monitor counter at a fixed laboratory angle of 30° was included. The linear
signals were digitized by an analog multiplexer and single ADC and presented to
a PDP 15 computer. The angle-defining detectors subtended a solid angle of 1.4
msr with an angular acceptance of 0.75 degrees (lab). Electrons from the target
were suppressed by biasing the target and providing each detector with a magnet
and a thin Ni covering foil (4100 ug/cm?). The limiting factor in energy resolu-
tion appeared to be beam related, with typical elastic peaks exhibiting 6-8 MeV
widths (FWHM). In addition, two emergy components in the beam separated by
several MeV could normally be observed.

Our elastic scattering studies have had two goals. The first of these

was to lock for evidence for dynamic deformation effects on the radius parameter
the t The second was to determine the optical

potential for the elastic scattering of very heavy nuclei.

It was suggested some years ago® that' the repulsive, long range Coulomb
Field of the projectile might induce an cblate distortion of the tanget requiring
a smaller distance of approach to overlap the nuclear matter. Such an ef:

would result in an increase in the effective barrier against fusion for R
nuclei. MNore recent calculations’ indicated, however, that the diffuseness of

processes would suggest. These targsts were 13UPt, a transitional region nucleus
very soft with respect to the oblate distortion degree of freedom and 208Pb
doubly closed shell nucleus rather rigid with respect to distortion.

e have measured elastic scattering angular distributions at 494 (Fig.

10.10-1) and 510 MeV. To minimize problems the

taken by alternating the Pb and Pt targets at each angle. The results of both a
sharp-cutoff analysxs and an owtxcal model analysis show that the radius para-
meter, rg, where R = rp (A,1/3 21/3); is approximately 1.5% smaller for mm
than for 2nep1>v a msu)r in agmemenc with dynamic defemamon predictions.% In
a sharp-cutoff analysis such a to in quarter-

point angle of 3°, whereas we believe that we can Avterane Ehequast ectpolht
angle to better than a degree. The above results were confirmed in the 510 MeV
measurements. These results correspond to an increase in the barrier height (in
the sharp-cutoff model) of about 4 MeV (less than 23). This is considerably less
than early estimates¥ neglecting the effects of the diffuse nuclear potential,

139




Pofentials giving equivolent fit

Tolevtig Kr +29°Pb 100} 10 elosfic scattering for Kr + Pb
AL
2k 4 50 1167 0.95
ol e\ i =
e 7 075
el - MeV) [ty
n | Krs'9%pt MV 15 133 0e0
0
ol o
Wi (1ge i
1305 0.28
w
ool

70

50 120
Bc.m. (deg) L P B
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Figure w

thus tending to confirm the cancellation lar set of calculations.

process. If is not clear, however, that

the small residual effect observed can in fact be attributed to dynamic deforma-

tion effects. A "control" experiment where 160 was scattered off the same tar-

gets gave a similar difference in rg in spite of the fact that the Z of the

projectile was smaller by a factor of 4.5. These results are discussed in Sec.

10.3 of this report.

s held Fixed in this particu-

The elastic scattering data for the Pb target has been subjected to a
fairly extensive optical model analysis using the program described in Sec. 4.7
of this report. The amalysis shows that it is mecessary to use an optical poten-
tial that is somewhat transparent for the grazing partial waves. This is indi-
cated by the need to have an imaginary potential which falls off more rapidly
with distance than does the real part of the potential. The ambiguities in the
potentials which fit the elastic scattering show that it is only semsitive to the
%ail of the potential in the region where the separation is about 14 ferm.
Some examples of equivalent potentials from a preliminary analysis are shown in
Fig. 10.10-2.




Perhaps the most surprising

phenomenon arising from 84Kr induced re-

actions is the relative absence of
fon-fission events and t

E,

fus e
dominance of the reaction cross section
by deeply inelastic collisions. This
novel reaction mechanism is characteriz-
ed by: 1) a strong damping of the in-
cident kinetic energy, the outgoing
kinetic energy being consistent with the
value calculated for Coulomb repulsion
between the two fragments; 2) relatively
little mass transfer and 3) angular dis-
tributions which are strongly peaked at
angles near the grazing angle indicative
of a relatively fast reaction (not char-
acterized by a 1/sin 6 angular distribu-
tion expected for fission fragments from
a compound nucleus formed in a heavy ion
induced reaction). The above results
have stimulated classical explanations
based on a large nuclear viscosity which
generate a strong thermalization of the
incident kinetic energy during the short
interaction period of the collision.

part of our experiment we ob=
tained angular distributions for deeply
inelastic scattering at 494, 510, and
714 MeV. The deeply inelastic e
peak reduced in energy from the

angles measured except those nmear the grazing ang
nucleon transfer reactions (quasi-elastic reactions) fill in

the deeply inelastic and elastic peaks.
which shows contours of d20/dEc,p,dR.
deeply inelastic pro

energy of the deeply inelastic peak
grazing angle.
to a greater overlap of the matter de:
ing the possibility of energy loss.

for Blkr + 208Pb are presented in Fig. 10.10-4 alon,
of Wolf et al.3 The angular distributions peak at
1 begins to fall.
ainst an orbiting picture

which o/ for the elastic channe:
section of small angles argues ag

The angle integrated cross section for the deeply ine!

in Fig. 10.10-5 as a function of laborat
of the total absorption cross section c:
£it the elastic scattering data. i

accounts for virtually all of the cross
upper linit to the fusion cross section

vents mani:
8Kr elastic peak and well separated at al

cess contains quasi-
There is also evidence in Fig. 10.10-3 for a recession in
at angles both smaller and larger than the
This suggests that the tra
nsity of the projectile and target, increas-
The deeply inelasti¢ angular distributions

O / C%NTDURS oF
o
i) g (mb/Mev-sr)

76 80 90
(degrees)

Fig. 10.10-3, Contours of d°c/dEc.n,
for 494 MeV (1ab) bombardment of
8o on 208pp.

fest themselves in singles spectra as a

le where higher energy multi-
the valley between

This is illustrated in Fig. 10.10-3

The integrated cross sections for the

elastic contributions at angles very near

ctories for these angles correspond

g with the 84kr + 209Bi dat:
angles close to those for

The rapid decrease in cross
of the interaction.
lastic events are plotted
tory energy. Included is the prediction
alculated from an optical model used to

&l

section.

gave %600 mb.  This estimate was made
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Fig. 10.10-5. Angle integrated cross
sections for the deeply inelastic scat-
tering of S4kr + 208Pb as a function of
enbiy®: Ourn valusévalio. dnelide’ the
quasielastic events which fill the valley
tween the deeply inelastic and elastic
peaks at angles near the grazing angle.
The solid line is an optical model pre-
diction of the total absorption cross
section.

by assuming that the large-angle tail
seen in the 714 MeV data is due to a
1/sin 6 type angular distribution result-
ing from fusion-fission events. This
ever, does not detract
from the fact that the total reaction
cross section at 714 MeV (more than 200
.) above the barrier for head on
ollisions) is dominated by non-fusion
brocesses. At energies near 500 MeV the
large preponderance of the deeply inel
astic process relative to complete fus
can be explained by considerations based
on the highly distorted trajectories and
the density distributions at the dis-
tance of cloest approach, as illustrated
in Fig. 10.10-6. is seen that a
relatively large range of impact para-
meters, and hence a large cross section,
is associated with a rather narrow range
of distances of closest approach.
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.10-6. The lower part of the
ion of impact

The arrows connect the impact parameters
dividing these regions with the distance
of closest approach indicated at the top
of the figure. The full curves at the
top show i target and projectile

cesses. The dotted line shows the dem-
sity distribution for the distance of
closest approach for a head-on collision.

Assuning Coulomb trajectories, the impact
observed deeply inelastic cross

almost all the collisions are graz
depicted in Fig. 10.10-7.
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Fig. 10.10-7. Similar to Fig. 10.10-6,
except the bombarding energy is now 714
leV. The assumption of Coulomb trajec-
tories is a much poorer assumption at

impact parameters which should lead to
a distance of closest approach where
sufficient overlap to saturate the
nuclear density will occur.

parameters required to accownt for the

section lead to distances of closest approach
for which the nuclear density in the overlap region does not saturate.
ing collisions.
More trajectories have the necessary energy to over-

In effect,

The situation at 714 MeV is

come the strong Coulomb repulsion and overlap the matter densities to the point

where fusion might be expected to set in.

A possible explanation of the absence

of fusion may be that few if amy of the trajectories bring the centers of mass

as close together as would be required to
the compound system (if indeed there is a
22/A system)

be inside the fission saddlepoint of
barrier against fission for this high
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10.11 Effects of Non-Local Potentials in Heavy Ion Reactions

J.G. Cramer

is now fairly well established that the optical potential which describes
the interaction between a proton or neutron and a target nucleus is non-local.
This non-locality is responsible for the negative energy dependence of the effec-
tive local potential observed in the analysis on nucleon elastic scattering.l It
is also responsible for the reduction of the wave function in the nuclear inter-
ior2 which had prompted the use of radial cutoffs in DWBA calculations which did
not include non-local corrections.

Non-local potentials are functions of two radial variables rather than one.
The usual potential term in the Schroedinger equation, which has the form
V(#)¥(#), is replaced by an integral of the form [V(#,#')¥(#')d#'. Thus, since
the wave function ¥(r) usually changes rapidly compared to the potential, this
integral has the effect of averaging away some fraction of the potential term,
thereby reducing the effective potential. If the averaging interval (or nom-
local "range") becomes comparable to the wave length of the wave function, this
reduction can be sizable and the effective potential reduced by orders of magni-
tude.

Since the wave lengths characteristic of heavy ion reactions are usually
much smaller than in light ion reactions (due to the larger masses and higher
energies involved) mon-local effects for a given non-local range would be ex-
pected to be more important for heavy than Light ons. HWhether such effects are,
in fact, important remains an open question which can best be answered by experi-
ment. One must, however, understand which experimentally observable effects
would be produced by non-local heavy ion potentials. It is the purpose of this
paper to investigate this question and to test the approximations which have been
developed for calculating such effects in light ion reactions.

begin this investigation it was necessary to urite an optical model
progran e drpene non-local

equation in the heavy ion domain. The work o Perey and Buck,l based on the
assumption of a separable Gaussian form for the non-local potential, was taken
as a starting point. It was soon found that the methods presented in that work
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for computing an approximate local potential and for calculating the non-local
kernel function were divergent in some region of the heavy ion domain and alter-
native methods had to be devised. Further, it was found that their method of

nunerically solving the inhomogeneous Schroedinger equation was highly unstable
for short wave lengths, and a new mumerical procedure for solving this equation
vas necessary. These new techniques are discussed in Sec. 4.1l of this report.

A The Perey-Buck Non-Local-to-Local Potential Transformation

Perey and Buck® have suggested a transformation by means of which a non-
local potential may be transformed into an effective local potential which pro-
duces the same scattering. The transformation including Coulomb effects has the
form:

up =y, exp(ale - u)) a<l
5 (§8)
uy, = 2 anCup/u) + e az1

where o = (k8/2)%, up, = UL/Eg.m.» Wi = Ui/Ec,m.» and € = 1 - Veoul/Bc.m, Here

K = p/h is the wave number,8 is the non-local range, Uy, and Uy are the {complex)
Jocal and non-local optical potentials, Ec.m, is the kinetic energy of the system
in the center of mass System, and Vooyy is the Coulomb potential. Both of these
expressions are transcendental, and must be iterated to generate a local potential
UL, from a given non-local potential Uy.

It can be seen from the exponential form of (1) that, since Uy is normally
an attractive, i.e., negative, potential, the exponential factor will be less
than one, so that the local potential will usually be less than the non-local
potential in magnitude. Further, since E. p enters into various factors in this
relation, the reduction factor will depend on energy. Since both Ug and Vcoul
are functions of the radius, the reduction factor will also depend on radius, so
that the shape of Uy will be different from that of Uy.

To test the accuracy of the transformation for heavy ions, we have con-
sidered two types of comparisons: (1) a comparison of the elastic scattering
prediction of the transformed potential with that of an exact non-local elastic

i tion, and (2) a comparison of the potential with
the "trivially equivalent" local potential? which is the exact equivalent of a
non-local potential for a given partial wave. Comparison of elastic scattering
cross section predictions (1) shows excellent agreement in all cases tested.
Since this method of comparison is rather insensitive to the details of non-local
vave functions, and since a full non-local optical model calculation is very time
consuming, this method of comparison is rather limited in its utility.

The basis: of comparison (2) is that an equivalent potential can be defined
by Veq = [fV(r,0")¥;(r")ar'1/¥y(r). This equivalent potential is strongly -
dependent, is not well behaved, and will have cusps and poles when the wave func-
tion has minima and zerces, but it is a local potential which contains all of the
features of a non-local potential and may be directly compared with the trans-
formed potential. Figure 10.11-1 shows a comparison between the transformed
potential and the trivially equivalent potential for several different i-values.

15



For this comparison and those which fol-

from 48Ca at 48 MeV as a test case.
This system was chosen because it is
Light enough So that relatively few par-
tial waves are needed in the calcula- 00
tions, because the non-local effects are Real Potential V (R)
tested more severely with the relatively
deep potential (V = 100 MeV) used in the
elastic scattering analysis, and because
significant deviations between experi-
mental transfer data and DWBA calcula-
tions have been noted. 5 The potential
100 eV, W = 40 MeV, ro
i i comparisons
we have chosen i-values near the grazing
g-value. As can be seen, the equivalent
potentials have large excursions and
cusps, but generally average through
the transformed potential. This demon-
strated the kind of approximation which
is being used by employing the trans-
formed local potential.

10,15 2025 3035

B.  The Local Energy Approximation

As mentioned above, one of the

effects of a non-local potential is the R(f)
reduction of the wave function in the
interior of the nucleus, which is some-
times called the Perey effect.2-% The
use of an effective local potential such
as the transformed potential described
above does not reproduce this effect,
since the transformed potential only gives an approximation to the external be-
havior of the wave function. Thus an additional approximation is required to
simulate the reduction of the internal wave function produced by a non-local
potential. Such an approximation is not required for the analysis of elastic
scattering, which depends only on the behavior of the external wave function,

Fig. 10.11-1. Comparison of local equi-
valent potenual (circles) with non-local
e s fo

T6o s “Hce

ol Gl ol b W ey i sl
used on light ion reactions is called the Local Energy Approximation. Its
derivation is given in Ref. 3. It has the form:

9 L o502 -1/2
() = ¥ (DL - (G B2V /e, | T2

L
Since V,(r) is in general an attractive potential and therefore negative, the
denominator will be greater than 1 and the wave function will be reduced. Fur-
ther, since Vi (r) is complex, the approximate non-local wave function will not
only be reduced in magnitude but also shifted in phase by the transformation.
The local energy approximation gives the appearance of being energy-dependent,
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since it explicitly inyolves Ee,p,, the center of mass energy of the system.
However, since the expression is in fact independent of emergy, ex-
cept for the implicit energy dependence of the equivalent local potential VL(r).

e have tested the local energy approximation (LEA) by comparing wave
funcnons calculated with exact non-local potential calculations with wave func-
tions calculated with the effective local potential obtained from the Perey-Buck
Transformation. Figure 10.11-2 shows the result of such a comparison. In tl
upper part of the figure we see the ratio of magnitudes of the non-local F
local wave finctions, while in the lower part the phase difference is shown. The
Perey Effect is quite obvious in this figure, in that the non-local wave function
is reduced to between 80% and 50% of s predicted by the local potential
and its phase shifted by between 5% and 15°. Figure 10.11-3 shows the accuracy
to which these effects can be predicted by the local energy approximation.
upper part of the Figure shows the accuracy of the magnitude predictions of the
LEA are less than 1% until the non-local range rises above a value of 0.3 £, and
even at 0.4 £ retains an accuracy of better than 5% in the nuclear surface region.
The lower part of the Ffigure shows the accuracy in phase of the LEA is between 1°
and 5° in the nuclear surface region for the non-local ranges studied.

We conclude that the Perey-Buck transformation and the local energy approxi-
mation work surprisingly well for heavy ions for reasonable non-local ranges, and
can be employed to investigate non-local effects in heavy ion reactions an
scattering with confidence, as long as the non-local ranges are on the order of

0.4 £ or less.

i F.G. Perey and B. Buck, Nucl, Phys. 32, 353 (1962).
% F.G. in Direct Duteractions and Nuclear Reaction Mechani
E. Clemental and O. Villi, eds. (Gordon and Breach, Science Publications,
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125.
3 N. Austern, Phys. Rev. 137, B752 (1965), and

heorigs (ot Wiley and Sams, Inc. , New York, 1970), p. 11L.
! satchler, inlectures in Th 1 Physics, P.D. Kunz, D.A. Lind,
and W.E. Brittin, eds. (University of gt e CDJoradn,
1955), it 155
& rmer, G.C. Morrison, L.R. Greenwood, and R.H. Siemssen, Phys. Rev.

¢ 1, 107 (1873).

10.12 A New Form of Ener, for Angular-Momentun Dependent Absorption

J.G. Cramer

Chatwin, Eck, and Robson® have suggested that the absorptive part of the
heavy-)on nucleus optical potential should depend on angular momentum and should

Teduced as the angular momentum of the System increases beyond some critical
angular momentun value. Unfortunately, there is a problem in applying this con-
cept to most physical situations, and that is that such angular momentum dependence
is intrinsically emergy dependent in.a way that is not well understood.

Chatwin, Eck, and Robson have suggested an energy dependence of the form:
19




e = kR(1 + Q/Eq,p )1/2 and d2 = constant,
where k is the wave number, Eg,p, is the
center of mass energy of the system, R
and Q are adjustable parameters, and fc
and di are parameters defining the angu-
lar momentun dependence of the imaginary
potential as:

W(r,2) = W@)/(L + exp((2-2.)/d)).
¥alnin? has suggested an alternative
form for £, which

o + KRQL = 20/kR)M?

where 20 and R are adjustable parameters
and n = 22'e2/hV is the Sommerfeld para-
meter. Both of these forms can be sub-
suned under the more general 3-pavameter
form:

)
Eu (MeV)
A g

) ig. 10.. Pl of graz ula
c.m.) i 10.12-1. lot of graz ang Wl"

tg o4 amgular monentun cutof
605+ 2855

2o + kR(1 + Q/E

momentun
Ik T o e AL L VO E
% = 0 and to the Malmin form with Q

.m. (2n/kR) = -Z2'e?/R. These forms were chosen by those authors so that the
enorgy dependerce of £, would resemble the energy dependent behavior of the
grazing angular momentum g in a heavy ion scattering. Figure 10.12- Jon the
grazing angular momentun g for the case of 160 + 28Si scattering. ibe
seen, it is roughly parabolic in £ with the axis of the parabola paral 1161 to the
energy axis.

In measurement: elastic scattering of 2851 reported in
Sec.10.7,the angular distributions at bombarding energies of 50, 53, 55, and 66
V (1ab) showed pronounced oscillations at cross sections below 10-2 of Ruther-
ford. These oscillations proved to be quite intractible to optical model analysis
with either U-parameter or 6-parameter potentials. It was found, however, that
the inclusion of angular momentun dependence in the imaginary potential greatly
improved the agreement between the data and the calculations., An angular momen-

oscillations. Searches of individual data sets were performed, searching on ic
while holding df fixed at 2.6, 2.8, and 3.0. The same values of _ were obtained
in each set of searches, demonstrating that the two parameters d2 and L are not
strongly correlated.

The values of 2 determined in this way (Fig. 10.12-1) showed a curvature
which was opposite that of the grazing angular momentun. For this reason, they
g e reasonably fitted with the 3-parameter Chatwin-Malmin energy de-
pendence expression given above, and it was necessary to find an-alternative form
%o represent them. It appeared that what was needed was a form of energy depend-
ence which was parabolic in energy rather than 2, and so an expression of the form
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as fitted to the values of L. which had been determined.
iminated.

This led to a new 2-parameter form, |
form,1 is written £ = 2, (Eg,p,/Q0)2. This expression was fitted to the values
of 2, determined préviously, and this fit curve is shown in Fig. 10.12-1.

s noted, on employing this form of %, and seeking a best value of dg,
seemed to have a preference for lower values of dg than
This suggested that di might be dependent on energy,

of o, Various functions of energy and 1, were

or alternatively ds

was
e energy data

did the high energy data.
or alternatively on the value
investigated, but the best ones seemed to be di = AEc,p,
(L¢/27)1/2. '¥e have elected to use the latter because of its implications of a
statistical undertainty. Thus, the suggested forns of the angular momentun de-
pendence parameters are:

(2)

e

where zo,zl and § are adjustable parameters.

e have used these functions to obtain optimum fits to the

o e previoualy, keeping the other optical model parameters fixed an
using those given i1 .10.7. Fits to these data with and without %-dependent
absorption are shown in rzg, 10.7-2. The parameters used for the L-dependence

are: %o = 8.0, Q = 9.45 MeV, 2 = 2.0. Such £-dependent absorption has sometimes
been observed to produce large cross sections near 180°. We have investigated
the 180° predictions of the 2-dependent potentials employed in this analysis,

and find predicted 180° elastic cross sections which are less than 5 b/sr for

R

all energies greater than 40

1 R.A. Chatwin, J.S. Eck, and D. Robson, Phys. Rev. C I, 795 (1970).
R.E. Malmin, Ph.D. Thesis, Argonne Physics Division Imformal Report PHY-

1972F (1972, unpublished).




11. RADIATIVE CAPTURE

11.1 Direct and Semi-Direct Electric Dipole and Quadrupole Radiative Capture
of Protons

K.A. Snover and K. Ebisawa

In general, a good reaction theory for radiative proton capture in the
region of and above the giant-dipole resonance is lacking. It is commonly the
case that comparison between experiment and theory goes little beyond the point

of comparing experimentally measured total cross sections (predominantly E1)

with strength distributions calculated in a bound-state approximation. Some con-
tinuum calculations are available, mostly in light nuclei and done in the particle-
hole approximation. However, these calculations are generally quite complicated
and it is often difficult to gain physical insight into the qualitative reasons
for differences in calculated vs measured quantities. Also, theorists who do
these calculations are often unable to keep pace with the experimentalist who
produces measurements in new nuclei and of new quantities such as analyzing

powers with polarized protons.

The lack of a good reaction theory is a particularly serious drawback when
it comes to understanding E2 strength observed in radiative capture. The E:
strength shows up predominantly in its interference with the El and it is nec-
essary to understand the E1 amplitudes in order to extract the E2 strength. In
a very limited number of special cases one can do this from information gained
experimentally using polarized beams, but in general this is not possible. Thus a
a model which can help limit the complexity of the problem could be enormously
useful.

Initially we did some calculations of total cross sections for direct E:
capture, and angular distributions of direct E2 interfering with direct El, and
the results looked quite promising. It seemed most appropriate to look for a
relatively simple theoretical approach which incorporates direct and resonance
capture together in a natural way. The "semidirect theoryl~" of radiative
nucleon capture has these features, and has been developed for the calculation
of total cross sections for electric dipole capture through the Giant-Dipole
Resonance (GDR). The theory has to date been applied!=5 almost exclusively to
the calculation of sizes and shapes of neutron and proton capture total cross
sections, where it has met with reasonable success.

We have taken the "semidirect" theory of El capture and extended it to
include direct (and collective) E2 and to calculate angular distributions of
cross sections and analyzing power for radiative proton and neutron capture.
As a first step, we have applied the theory to the 1°N(p,y0)60 reaction where
we find most of the essential features of the measurements are given correctly
by the calculations.

The direct capture calculation is handled in a manmer similar to Donnelly,’
with 2 important differences. First, a fractional-parentage expansion of the
final state is carried out at the beginning. Since the electromagnetic operator
is a sun of 1-body operators, this immediately selects out those parts of the
Final state which have as parentage the target gromnd-state configuration plus a
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nucleon. This simplifies considerably the angular momentum algebra. Secondly,
the angular momentun algebra is reduced using standard Racah techniques, to
yield an expression for the differential cross section in terms of a Legendre
polynomial expansion in the angle of the emitted y-ray. This expression involves
the usual 3] and 6J symbols which come from contraction of angular momentum
coupling coefficients, and the reaction matrix elements which are proportional to
the radial matrix element

@ Xy (R)E(2) U (2
Rd. ) AL N £, et r7dr
e T T
LI£

where xyj(r) is a scattering wave function calculated in the optical model, Upy
Ugy(r) is’a bound-s ave function, and £e(r) = r< for electric capture o
multiple order £ (in the long-wave length approximation). The proportionality
factor between R and the reaction matrix element (the Sy factor of Carr an
Baglin’) involves statistical and phase space factors, angular momentum coupling
factors involving L and J, the spectroscopic factor for the final state, and a
phase factor exp(ioy) (og = Coulomb phase) corresponding to the proper asymp-
totic normalization of Xy;(r

Introduction of a collecting El resonance in the semidirect theory amounts
to replacing the direct El radial matrix element Rd above by

for £ = 1. The factor a - R represents the collective resonance amplitude which
comes from the product of formation and decay matrix elements

i wi\ 7 vl(rk = B oy P8V [ELIY

where |y) is initial scattering state of target plus projectile, lwf) the
final boiind state of the residual nucleus, |¥eo11? is the collective El Fesonance

action involving T *Ty. Several different prescriptions are available for handling
the collective E1 ampficude, all of which reduce the problem to the calculation

of a collective radial matrix element RC which is exactly the same as the expres-
sion for RY given above except that one has a collective form factor £3(r) which
replaces the direct term £¢(r) = r for El. The factor o is related to the

strength of v;.

The form of £°(r) depends on the particular theoretical prescription. Four
different prescriptions stan

(1) The simplest is that given by Brown® in the original paper on th
subject. The residual interaction is taken to be of schematic form v) r~
as in the schematic model for |¢ The result is £5(z) = v, the same a5 t?\e

direct. In this case the total Seslitude above may be written as
RL + o/ - Bp + iTg/2)
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and o is given by just the upward energy shift AE in the collective state due to
the interaction v,. Although the schematic form of v) used here has a somewhat
unrealistically long range, this approach has the advantage that it treats con-
sistently the collective state and the residual interaction.

The other approaches all deal with V) in zero-vange and treat
differently: (2) Here one assumes |yo11) = EL|¥g) which leads tod £©
rog(r) where po(r) is the grownd-state density. This result is similar to u
is obtained with a hydrodynamic model of oscillating neutron and proton flu
within a fixed sphere (the "Jensen-Steinwedel" model).

)
EE

(8) |¥aopy) is determined” from the oscillation of rigid neutron and
proton spheres, in which the deviation from sphericity occurs in the surface
Tegion (the "Goldhaber-Teller' model). Here £°(r) = -dpo(r)/dr. In (4) a har-
monic-oscillator model for |¥eo11) yields* £S(r) = pog(r) + B(-dpg(r)/dr) where
8 is specified by the model (B = 2.2 for 160). All of the above approaches as-
sume a volune Form for the isospin term in the optical potential. In (2) -(4)
the form factor is surface peaked, although of somewhat different shape. In (1)
only the tail of the bound state wave function cuts off the contribution of f
at large r. ALl of the calculations include in addition to the direct term only
the diagram which looks like

----x

x
~

in which the project k annihilates the target hole % creating a particle-hole
excitation ij which annihilates by emitting a photon (a similar diagram obtains
for closed-shell targets). Antisymmetry and exchange effects are essentially
ignored. The effect of core-polarization is small in the resonance region, but
may be significant far away from resonance (this will be dealt with explicitly
later on).

The form factor calculated in the zero-range approximations (2) -(4) is
just the tramsition density for El decay of the collective state ich may also

B

be obtained from microscopic calculations. The generalization to collective E2
states yields +r2, tr2p(r) and *(-dpg(r)/dr) for the form factor in cases (1)-
(3) above, with the + sign for an isovector excitation (in which case the strength
parameter a involves vy as in the EL case) and the - sign for isoscalar excita-
tions, which involve the central interaction vj.
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inally, one can show that for measurements with polarized protons the
caleulated coefficients of associated Legendre polynomials in the expansion of
the analyzing power are simply related to the Legendre coefficients of the cross
The calculated differential cross section involves terms of the sort
PxReSyS¥: where t and t' correspond to different reaction channels. If the beam
is partially polarized, one cah show that the cross section is given exactly
as before, except for replacing

e
# f &
RS S%, + £ P+fi B,” In 5.S;

st -
PkkeS ot i 34

xdl
where B is the polarization of the beam and A is a unit vector along k, * K .
Lt gy

The factor £ is given by

F= 0905 + 1)+ 42 +1) - 3§+ 1) - 22" + Dk + 1)
where j is the total angular momentum quantum number of the projectile. This
factor seems to differ by an overall sign from a similar expression given
Devons and Goldfarb.8 In particular, for the proton spin polarized perpen
to the reaction plane, we may write

by
dicular

y
0(8) = [o4(8) + 0#(8)1/2 = Ajf1 + | a;P;(cos )]

u
[o#(8) - 04(8)1/2p = Ay ] b;P,"(cos 6)

where P represents the polarization of the beam, and + lies along the direction
of n. Here we have restricted one multipole order to be <2.

chose the *®N(p,v0) %0 reaction for a first test of the calculations
primarily because of the extensive experimental measurements available, including
detailed measurements? with polarized beamlO from Ep = 8.7 to 15.7 MeV, and cross
section measurementsll up to 30 MeV. In Figs. 11.1-1 to 11.1-3 we display cal-
culated vs experimental quantities for this reaction in and above the Giant-
The calculated quantities include direct and collective
EL strength (calculated in approximation (1) above) and direct E2 only. The
calculations shown in the figures actually use a more exact form! for the radial
dependence of the E1 and E2 operators which yields results differing by 10% from
the long-wave length approximation.

Now there are two possible (complex) reaction amplitudes for EL, which we
label s-exp(its) and d-exp(ita) and we compare calculated vs experimental values
in Fig. 11.1-1. Here we have normalized s2 + d2 = 1 (the overall strength is not
shown). Experimental values have been extracted from the published data by our
Zanalysis, and represent the "dominant d-wave" solution.l0 The calculation predicts
d-wave dominance, but tends to underestimate the relative amount of s-wave ampli-
tude. On the other hand, the relative phase agrees very well with experiment.

Since there is a mathematical ambiguity involved in extracting s, d and
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% rom the experimental data, it
is worinumie comparing directly the
calculated and measured a, and by coef-
ficients (shown in Figs. 11.1-2 and
11.1-3), which are dominated by E1. The
a, is fit very well in the GDR region,
while the b, is underestimated by about
30%, due to the underestimate of the s-
wave amplitude.

Calculations of the EL amplitudes
for prescriptions (2) - (4) above
give very similar phase s
(within 35° of 120 urface form
factor (3) gives the same s-wave rela-
tive strength as case (1), s = 0.29,
case (2)-yields s = 0.18 and case (4)
yields s = 0.20. Thus among cases (2) -
(4) the "surface" derivative form factor
(3) works best, and gives a fit compar-
able to case (1). That the data yield
significantly higher s values than any
of these cases may indicate an explicit
inadequacy in the calculation. Absolute
strength factors a for each of the four
cases are generally compatible with a
strength of the isospin term in the
optical potential of vy = 100 MeV, where
we have chosen Ep and T empirically to
give a reasonable fit to the gross
structure in the total cross section.

2
E, (Mev)

Fig. 11.1-1. The upper curve shows th
measured total cross section for the
15N(p, o) reaction. The lower portions

Also shown in Fig. 11.1-1 are the

results of a recent coupled channels
calculationl? which extends just into
the lower side of the GDR. The results
are very similar to those of the present
calculation.

of the Figure display measured (points)
and calculated (solid curve) El reac-

from a coupled channel calculation (see

Of particular interest in Fig. 11- 23

1.2 is the region above the GDR. Now the
EL calculation does not of course reproduce the structure in the GDR total cross

least in part to the inadequacy of the Breit-Wigner approximation

nance energy denominator). In order to better understand the E2, we have em

cally adjusted the calculated El amplitudes by a real energy dependent but channel

independent normalization factor adjusted to give the correct total cross section

(above E;, = 16 HeV this factor is within 20% of unity), and the curves shown in
11°1-2 and 11.1-3 contain this renormalization.

h
decrease to 0.6 b at 30 MeV, and its effect on the angular distribution is to
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Fig. 11.1-2. Same as Fig. 11.1-1 except that here we display the measured
(points) vs calculated Legendre coefficients for the cross section.

produce a large positive aj coefficient in agreement with experiment, and a large
negative a coefficient which is much bigger than the measured values at the
higher energies. Thus direct E2 alone is more than sufficient to account for the
size of the odd a; above 15 MeV. The trend of ap toward zero from Ep = 22 to 30
MeV is not reproduced, although the calculated ap does become Slightly less nega-
tive at large E, due to the growing relative importance of E2 (about 15% of
Ototal is due to E2 direct at 30 MeV). Thus for Ep = 22-30 MeV. it is tempting
to associate the discrepancies in the measured vs calculated a and ag with the
presence of collective E2 strength.

A rough estimate shows that one can resolve these discrepancies by the
introduction of collective E2 strength at the higher energies which is about the
same cross section as the direct. Specifically a broad (4-6 MeV) E2 resonance of
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about 3/4 ub total peak cross section
situated near 30 MeV can explain these
differences. The phase of the collec-
tive amplitudes must be such that the
E2 resonance enters with a sign opposite
to- the direct capture amplitudes as
would be appropriate for an isoscalar
resonance (see above).

It is to
these results in the GDR region where
there is evidence for a Giant
Resonance. e see the calculation does
quite well for the aj and by but not so
well for the by and ag. It is interest-
ing to note that the data at 14.5 and .

15.7 MeV differ from the calculation 03~ e . 1l
only in the by and by coefficients. Now .
the b is excluded in the data amalysis e
which resultedld in the experimental bz

determination of 3.4 ub in this re ol 2
e e R Rl ol

E2 direct cross section of 0.7 yb. Thus 3)
the larger E2 cross section deduced from Ol St
the data appears to hinge on the non- ,
zero by, coefficients of order 0.03 at Ol [by]
these energies. At lower energies dif- Tl SRR P P U
ferences appear mainly in ag and ay. 8 0 3 4 [
Attempts to understand the "giant" E2 Ep (MeV)

cross sectionl0 in terms of the semi -
direct theory have met with emcouraging Fig: 11.1-3. Same as Figs. 11.1-1 and

s Mioiatie Dol ves duance ot 1112 except that here ve display the
E, = 13 MeV with T ~ 4 MeV iated Legendre fi for
At e T e the analyzing pover.

strength factor that may be reasonable

if the resonance is isoscalar. The p/f ratio, which is found experimentally to
be of order unity, is calculated here to be 10.2-0.1, depending on the form
factor. The E2 resonance is more sensitive to the form factor than is the El.
For example, using dpy(r)/dr for the form factor, an increase of 0.5 fm in rg
increases p/f to 0.6. The EL-E2 phase differences which can in principle yield
valuable information about the resonance properties, including the isospin, are
in our analysis of the data not sufficiently well-determined to allow informa-
tion to be extracted. We will Soon attempt fits to the aj and b; by varying the
resonance parameters.

We should point out that a variety of checks have been made to insure that
the results presented here are not strongly sensitive to small changes in para-
meters that are not well known. The above results were calculated using optical
potentials detemmedlﬁ from p + 160 elastic scattering -- they differ by S 10%
from calculations performed with the Watsonl¥ potentials. Long wave length ap-
proximations vs a more exact radial dependence for the EX operators has a similar
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small effect. The odd aj are again changed by S 10% in a calculation in which
the s-wave amplitude is artificially boosted to yield better agreement with ex-
periment.

The successes observed here stimulate us to explore in more detail the
introduction of collective E2 strength into the semi-direct theory. Our experi-
mental results on 1*C(3,y)15N (see Sec. 11.4) which are quite similar to those
observed in 15N(p,y)160 clearly indicate the success observed with our calcula-
tions is not pestricted to an isolated case. Calculations of direct El and E2
capture into 20f indicate we may expect similar success in heavy nuclei.

The radial integral calculations were done using a modified version of

is currently being constructed which will handle all of the different forn fac-
tors and will permit the of several whos
can be easily changed.

We are indebted to I. Halpern for bringing the semidirect theory to our
attention.

1L, G.E. Brown, Nucl. Phys. 57, 339 (1964).

B C.F. Clement, A.M. Lane, and J.R. Rook, Nucl. Phys. 66, 273 (1965); 66,
293 (1965).

3. G. Longo and F. Saporetti, Nucl. Phys. 4199, 530 (1973).

u. J. Zimanyi, I. Halpern, and V.A. Madsen, Phys. Lett. 33B, 205 (1970), and
to be published.

i M. Potokar, Phys. Lett. 468, 346 (1973), and M. Potokan et al.

6. T.W. Donnelly, Ph.D. Thesis, University of British Columbia, 1969,
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i . Carr and J.E.E. Baglin, Nucl. Data Tables 10, 143 (1971).

8. S. Devons and L.J.B. Goldferb, Handbuch der Physik, Vol. 42 (Springer-
Verlag, 1957) 362.
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10.  S.S. Hanna et al., Phys. Rev. Lett. 32, 114 (1974), and Conference om
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1.  P. Paul, K.A. Snover, and E.K. Warburton, Sec. 11.5 of this report, and to
be published.
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11.2 Measurement of T-matrix Elements by (p,y) Reactions with E1, M1 and E2
Radiation

J. Bussoletti

The form of the T-matrix describing the (p,Y) reaction is particularly
simple for the two cases of: 1) a spin zero target and a spin 1/2 final state;
and 2) a spin 1/2 target and a spin zero final state. For the particular case
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of E1 and E2 radiation a (3,y) reaction is characterized by an angular distribu-
tion of the for

¥(6) = c Ajl1 + ZaPlcesS)v;-ﬁ EbP'(ccse)]-
9 ratl gaafl n

# is a unit vector perpendicular to the scattering plane and p is the beam polari-
zation. The angular distribution contains in general 9 independent coefficients
while only 7 quantities are needed to specify the two complex amplitudes in the
T-matrix for each of the two modes of decay.

If M1 radiation is also present, the angular distribution has the same
complexity but the T matrix now requires eleven numbers to specify it. The (p,y)

elements. This unfortunately means that all analyses of (3,y) reactions are sub-
ject to the assumption that there is no M1 mode of decay. A consistency check
can be made by omitting the aj and b) coefficients (those most sensitive to the
presence of M1 amplitudes) from a matrix element determination and checking that
the a) and by parameters are well reproduced by the first. This is however only
a sufficiency condition; in no way does it eliminate the possibility of the
presence of M1 radiation. Moreover, admixtures of M1 radiation could well have
a large effect on the size of the E2 cross section deduced from (3,y) measure-
ments.

For these reasons, an inquiry into what measurements would constitute a
determination of the T-matrix for the more complex case of El, E2 and M1 radia-
tion was made. It was hoped that by combining measurements of polarized proton
capture with measurements of the plane polarization of gamma radiation following
capture of an unpolarized proton would determine a large enough set of parameters
to completely specify the T-matrix elements.

The angular distribution of plane polarized photons from a (p,y) reaction
uith unpolarized protons was calculated from relations given in Devons an
Goldfarb.l Assuming E2 is the highest multipolarity the angular distribution is
given by

¥(8) = c A

y y
2

+ ] aP(cos @) +ecos2y] cP (cos 0)

oLyt L, UL

where ¢ is the analyzing efficiency of the plane polarimeter and ¥ is an azimuthal
angle about an axis defined by the outoing photon momentum.

There are a total of 12 coefficients thus determined, 5 a's, 4 b's, and
2 c's, but not all of them are Lndapendent since

Thus there are only 10 independent quantities in terms of which the matrix
elements must be computed, leaving one matrix element parameter unspecified.




This means that in order to measure enough parameters one must measure the
plane polarization of outgoing photons produced in the capture of a polarized
proton. At this time this seems experimentally unfeasible.

1. 5. Devons and L.J.B. Goldfarb, Handbuch der Physik, Vol. 42 (Springer-
Verlag, 1957) 362.

11.3 A Survey of the “*C(a,y0) %0 Reaction

E.G. Adelberger, A.B. McDonald¥, K. Ebisawa, and Snover
We have undertaken a survey of the 'C(a,y0) %0 reaction from E, = 8.5 to
23.0 MeV (Ex = 13 to 24 MeV) with the main purpose of comparing these results
with the detailed 12C(a,yp)160 measurements made in this Laboratory.l The data
were taken with a target consisting of about 340 ug/cm? of 14C deposited upon a
3 mg/cm? gold backing. Data were taken with a LiCO3-paraffin absorber between
the target and the y-ray spectrometer to suppress the strong background from the
1hc(q,n)170 peaction. The yield was measured at 6y = 130°, an angle where both
EL and E2 radiation contribute, and where the neutron background was relatively
low. The buildup of carbon on the target was monitored during the course of the
run and was found to contribute a negligible amount to the measured Yo yield ex-
cept in the region 18.2-19.0 MeV where a correction was applied to the data. The
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Fig. 11.3-1. Excitation curve for ~'C(a,yo) 0 at 6, = 130°. The absolute cross
section scale on the right is accurate to :40%.
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resulting yield curve is
was

shown in Fig. 11 3-1. The absolute cross section scale

by to 12c(a,y()160, using the nominal lic
target thickness quoted above. and is believed to be accurate within +40%. Angu-
lar distributions measured at E, = 8.85, 15.1 and 18.0 MeV indicate the radiation
is predominantly E1, with 210-20% E2 contribution.

One of the most striking features of these data is the absence of any
measurable yield in the Giant-Dipole Resonance region (Ex = 21-24 MeV, Eq = 19-23
MeV), in spite of the fact that population of the T=1 component of the GDR is
isospin allowed. The cross section here is S .03 ub/sr (at 130°), compared to
typical (p,y) GDR cross sections of v6 ub/sr at a comparable angle, indicating

a strong nuclear structure inhibition of a-decay of the GDR. This is consistent
with (a,y) measurements in the 2sld shell which do not show a GDR shape, and have
been interpreted as proceeding v100% by compound nucleus formation (which should
be relatively unimportant in the case of 180). In fact, the suggestion of Ref. 3
that a significant non-statistical contribution to GDR a-decay may exist (in
ﬁﬂma‘m)%re) is not supported by the present results. Thus the absence of the
GDR in 12¢(a,y()160 is probably not gcvemed much by its isospin purity.

The average cross section for 1'C(a,yo) for Eq = 10-20 MeV is about a fac-
tor of 3 bigger rhar for 12¢(a,yg), and falls Faster with increasing Eq, becoming
smaller than the 12C cross section for Eq = 19-23 MeV. . For these 'compound"

resonances with J" = 1 = 1, one would expect the a-partial widths to be
much larger in 14C(a,yo) Co“par‘ed with 12C(a,yq) since only the former reaction
is isospin allowed. However the number of open channels at a given a-energy is
gnificantly greater in 18D compared to 160, and this will act to increase the
resonance total widths and depress the 1"c(a»m) cross sections. These expecta-
tions are qualitatively in accord with the results. One would also expect the
number of open channels to increase more rapidly with increasing Eq in 180 com-
pared to 10, and this accounts qualitatively for the more rapid fall off of
cross sections with increasing E_ in the 14C(a,yo) reaction.

3

It is interesting to ask whether the E2 strength seen in (a,y), which is
predominantly isoscalar, shows a sinilar dependence on the number of open chamnels.
The limited evidence we have from the 3 angular distributions in the 1%c(a,yo)
resction suggests, thet the E2 cross section is on the average roughly comparable
to that seen in 12C(a,yp). The results of a survey* of (a,y) reactions for 24 <
A= 60 show evidence for a similar behavior in the comparison of (a,y) E2 cross
sections on T, = 0 vs T, = 1 targets. Thus the E2 cross section is probably
associated with doorway configurations in either the entrance or exit channels.
We note that in the region By v 22-24 MeV (E v 21-23 KeV) the upper Linit on the
E2 cross section in 14C(a,yp) is at least an order of magnitude less than tl
cross section for the "giant quadrupole resonance" observed in (p,y) into 150,

* Visitor from AECL Chalk River, Ontario, July 1974,

1l Nuclear Physics Laboratory Annual Report, University of Washington (1974),
135. See also K.A. Snover et al.,Phys. Rev. Lett. 32, 1061 (1974).

| Meyer-Schutzmeister, Z. Vager, R.E. Segal, and P.P. Singh, Nucl. Phys.

4108, 180 (1968); G.S. Foote, D. Branford, D.C. Weisser, N. Shikazono and

F.C.P. Huang, J. Phys. A 7, 64 (1974).
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G.S. Foote, D. Branford, R.A.I. Bell, and R.B. Watson, Nucl. Phys. 3

505 (1974).

(% S.S. Hamna, contribution to Amsterdam Conference on Nuclear Spectroscopy,
Amsterdam, 1974,

5 S.S. Hanna et al., Phys. Rev. Lett. 32,114 (1974).

1.4 The %¢(3,y) Reaction through the Giant Dipole Resonance at “N

E.G. Adelberger, J.E. Bussoletti, K. Ebisawa, A.D. McDonald, K.A. Snover,

and T.A. Trainor

There is a great deal of interest presently in searching for giant quadru-
pole resonances in nuclei, in analogy with the giant dipole state. Resonances
of the E2 mode have been found in certain nuclei, but the systematics of these
structures are not yet sufficiently well established to indicate that the struc-
ture is as general a property of nuclear forces as the giant dipole resonance is.
The main difficulty in studying these high-lying resonances is the problem of
obtaining a unique multipolarity decomposition of the observed structures. One
fruitful approach has been the use of reactions with a photon in one of the
entrance or exit chanmels to limit the multipolarity. Even here, the multipoles
can be separated only in a few cases, one of which is the reaction (B,y) on a
target with spin 0 leading to a final state with spin 1/2. (See however Sec. 11.2
of this report.)

are presently investigating the reaction “'(3,y)'°N. Measurements of
angular distributions of both cross section and analyzing power have been com-
Pleted at Ep = 11.0, 12.37, 13.7, 14,5, 15.4 and 16.3 HeV; a prelininary analysis
of these data has been completed, and preliminary values for the Legendre expan-
sion coefficients and the deduced matrix elements have been obtained.

data were obtained under a variety of experimental conditions. ‘The
11.0, 12.37 and 13.7 MeV data were taken by sequentially recording data in each
spin orientation. The 14.5, 15.4 and 16.3 MeV data were taken using the device
for fast spin £lip of the polarized beam constructed by H. Swanson et al.
yields of the gamma rays were normalized to accumulated charge for the 11.0 and
13.7 MeV data, while those of the 12.37, 14.5, 15.4, and 16.3 MeV runs were nor-
malized to the yields of protons elastically scattered from 14C to an angle of
160°. Beam polarizations were measured in the 11.0 and 13.7 MeV runs by switching
the beam to a helium polarimeter located in another beam line; a continuous
monitor at the beam polavization was made in the other runs by measuring the
asymmetry of protons elastically scattered from 14C at 160

Some of the data suffered from problems with the particle normalizations.
These problems are understood and we believe their effects have been removed by
our present analysis. However, further measurements will include checks to
assure us that these results are free from systematic errors.

ical gamma ray spectrun is shown in Fig. 11.4-1. The gamma ray yields
were analyzed by the procedure explained in Sec. 4.6 of this report. v
istributions consisted of of gamma ray yields at angles of 43°, 559,
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75°, 90°, 110°, 125° and 137° with
respect to the beam direction. TMC (o) 'IN *

Table 11.4-1 and Fig. 1L.4-2
the extracted Legendre polynomial coef-
ficients are presented for both the cross
section and analyzing power (see Sec. .
11.1 for definitions). The non-zero ag L (e
and by coefficients establishes unambig-
uously the presence of E2 radiation.

The variations in the ap and by coeffi-
cients indicates significant structure
in the El amplitudes as well.

The reaction process for El and

E2 capture is completely specified in
this case by four camplex reaction
amplitudes: s)/, and gy, for EL capture 2l 44
and py/p and f5/p St e ety e R it 4
ture. ' These matrix elements were ex- % ne
tracted by performing a x2 fit to the
extracted Legendre coefficients. ALL
nine coefficients were used to obtain vio %
the seven parameter matrix element fit; GHANNEL NUMBER
reasonable x2 were obtained assuming no
¥l radiation was present.

NUMBER OF COUNTS

Fig. 11,4-1. Gamma ray spectrum from
the 14C(p,y)I5N reaction at Ep = 16.3
MeV, 0 = 75°, spin *.

In Table 11.4-2 we listed the
matrix elements we obtain from the fit.
The errors on the matrix elements do not
include the covariance terms of the Legendre fit; these can have a serious effect
errors as our Legendre fit coefficients are strong:
correlated. The errors listed in the table are based on the statistical variance
of the Legendre coefficients; a more detailed error analysis is in progress. Two
solutions have been obtained at each energy for the matrix element fit; one cor-
ZespOEN O e TVye st oo Eolmee ey e eie L of
the non-linearity of the equations defining the matrix elements, there may

other solutions for the matrix elements, though a cursory search has not e
any others for the 3-equation fits.

1y

e compare in Fig. 11.4-3 the 90° cross section obtained by M. Harakeh

et al.2 with the partial wave contributions to the cross section. In the follow-
ing we will discuss only solution 1 (essentially all theoretical models predict
d-wave dominance in the GDR); the conclusions are essentially the same for solu-
tion 2 if we interchange s and d. We assume no crossing of solutions as a function
of energy. The structures of 11.0 and 13.7 MeV are associated with an increase
in the d-wave amplitude and are thus to be identified as j 3/2 structures. The
plateau at 14.5 MeV arises from an increase in the s-wave amplitude and thus
indicates a J = 1/2 structure. At 12.37 MeV we see a slight change in the relative
contributions of the two partial cross sections and at 16.3 MeV the peak seems to
be due to an increase in both the s-wave and d-wave cross sections. This
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Fig. 11.4-2. Legendre polynomial expansion coefficients of the cross section and
analyzing power as a function of energy for the 14C(p,y)L5N reaction.

illustrates the power of the measurement with polarized protons in separating out
the contributions to the reaction process of different electric multipoles and of
different spin components of each multipole. The assumption of no crossing of

t to experimental verification -- this will require measure-
ments in finer energy steps. It is interesting to note that the average per-
centage of s2 in El capture over th gy range is quite large, @ 1/5. This
may be compared to the result of recent 2h-1lp calculations? of the GDR absorption
strength which indicate 1/3 of the total dipole strength built on the 1/2

ground state of 15N is spin 1/2* (the rest is 3/2+). However, it must be noted
that most of the 1/2% strength calculated in Ref. 2 must be due to configurations
of the sort [dp~2];- 1/2, which will not have a simple overlap with the 1% groun
state plus a proton. On the other hand, these configurations are just the sort
that will couple to the proton channel via the isovector particle hole interaction
between the proton projectile and the target nucleons such as is treated macro-
scopically in the model calculations of Sec. 11.1, and it may well be that this
latter effect is the dominant one. There is also the interesting feature in the
data that the average percentage of s in the cross section increases significantly
at the higher energies. Although this is getting into the region where T = 3/2
strength is expected to be predominant, there is no indication from the Harakeh
calculations that the fraction of spin 1/2 strength is different for the T = 3/2
and T = 1/2 components. It will also require more data to make sure that this
effect is not due just to local structure.

3
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These results bear a rather close quantitative similarity with those ob-

tained3 in the 15N(p,v)160 reaction, at least for the E1 amplitudes, indicating
that, although the shape of the total cross section is quite different, the

relative properties (s/d and ¢q - ¢5) are quite similar. This similarity should
follow quite naturally in the semi-direct calculations where the only differences
in the 2 cases come from changes in reaction matrix elements due to small differ-

ences in potentials and binding energies (we are now in the process of making

such calculations).

h section shows a gradual increase from 11.0 MeV to 15.4 MeV and
begins to decrease at 16.3 MeV. At the higher energies the cross section is quite’
a bit larger than that calculated for direct E2 capture (1-1.5 ub), and hence in-
dicates a significant presence at collective E2 strength. In order to establish
the decrease in the E2 strength additional measurements at higher enmergies will

e E2 cross

be undertaken.
Nuclear Physics Laboratory Annual Report, University of Washington (1974),

i

P
M. Harakeh, Ph.D. Thesxs, SUNY, Stony Brook, N.Y., 1974, unpublished.
Hanna et al., Phys. Rev. Lett. 32, 114 (1974).

11,5 The *N(p,v0) % Reaction above the Giant-Dipole Resonance

P. Paw’, K.A. Snover, and E.K. Warburton

We report here the results of measurements of radiative proton capture into
160 made at Brookhaven National Laboratory. The measurements were made from Ep
18 to 30 MeV (corresponding to Ex = 29 to 40 MeV) using the proton beam from the
Brookhaven Double Emperor facility and detecting the capture y-rays in a large
Nal spectrometer. The target consisted of a cylindrical gas cell 30 cm long,
with Kapton entrance and exit foils. The y-detector was collimated so that it
could not see y-rays produced in the entrance and exit foils. Angular distribu-
red in steps of 2 MeV, and consisted of 4 or 5 points VT B

tions were measu
Measured angular distributions were corrected f

angles of 45° and 135°.
tended geometry effects and fit to a Legendre polynomial expansion with =3
The statistical accuracy and angular range of the data were not SR
determine an a, coefficient.

The data

The results are shom in Fig. 11.2-2 of Sec. 11.2 of this report.
below Ep = 18 MeV arve taken from Refs. 1 and 2, and the data above 18 MeV con-
stitute’the present mesults. Most notable is the smooth behavior of the angular
distribution coefficients with increasing Ep, and the smooth decrease in the
total cross section. Thus there is no evidence in these data for resonance
structure in either the El or E2 amplitudes in this energy range,
culations3 which predict an isoscalar E2 resonance near Ey = 22 MeV,
region where a large amount of stmngch is seen? in (p,y), predict a concentration
of isovector strength in the Ex = 30-35 MeV region, in contrast with the present
results. However, the calculations of Kuo and Osnes" illustrate the large dif-
ferences in predicted collective energies obtained using harmonic oscillator
single-particle energies (2 hu = 28 MeV) as compared with empirical single par-
ticle (s.p.) energies. The empirical s.p. energies are significantly greater
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than the harmonic oscillator values -- for example, the unperturbed nf7/2 1;;;,/2
is 137 MeV based on empirical s.p. energies.* The net effect of the higher s.
energies in the calculations of Ref. U is to shift the isovector collective
strength up into the E, = 40-50 MeV region and to spread it out. However, in the
process the isoscalar E2 strength gets shifted to v30 MeV and remains concen-
trated. Thus the theoretical expectations for the presence or absence of E2
resonance strength in this energy range are still not clear.

In Sec. 11.1 these data ave discussed in light of model calculations in-
cluding divect E2, where it is found that the introduction of a modest amount of
collective E2 strength at the highest energies (in addition to the direct E2) is
sufficient to explain the data.

, Finally it is worth noting that similar measurenents® of (p,y) made on 1B
N targets bear a striking quantitative similarity to the results presented
here for 15N(p,y)160.

i Permanent address: State University of New York at Stony Brook.
+ Permanent address: Brookhaven National Laboratory, Upton, L.I., N.Y.
1 W.J. O'Connell, Ph.D. Thesis, Stanford University, 1967, unpublished.
2 S.S. Hanna et al., Phys. Rev. Lett. 32, 114 (1974).
3, S. Krewald and J. Speth, Phys. Lett. 52B, 295 (1974); S. Krewald, Amand

Faessler and J. Speth, preprint.
4. T.T.S. Kuo and E. Osnes, Nucl. Phys. 4205, 1 (1973).
5. P. Paul, K.A. Snover and E.K. Warburton, to be published.
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11.6 Radiative Proton Capture on ° T2

K. Ebisawa, K.A. Snover, and J. Bussoletti

In the last few years several experimental observations of broad collective
resonances associated with electromagnetic-multipoles have been reported. Among
them, collective E2 have been in inelastic
electrons,l protons,2 Heliun-3 and Helium-4,3 and in radiative proton capture.
However, very little evidence has been found for ‘the Isovector Giant Quadrupole
Resonance (GQR) above the Giant Dipole Resonance (GDR) which is expected at an
excitation energy of about 120-130 A-1/3 MeV.5 It is important to search for the
GOR systematically in a wide range of nuclei since, if it exists, it should be
expected to be a general feature of nuclei

The present report is part of the continuing study of the isovector GOR

fative proton capture. Here we present results of a study of the reaction
20574(p,y)206Pb. If we consider the capture gamma rays to the ground state of
206ph to be either electric dipole or electric quadrupole, the angular distribu-
tion of these gamma rays can be written




u
W(e) = [ APy(cos 0)
i=0

where

2
Ao 2. (pyy)" + (Rgp) 4 (dy )" ¢ (a5,

* * &
2.449(pY /5 dy5) + 2.546(p3/, dgp) * 0-34Epyp dy /)

2 - 4 2 *
= -0.5(pgyp)? + 0.5(dy )% + 0.57Mag ) - 1.U1(py /, Pyyp)

#
+0.350(dy ) dg )

B B »
= -1.131(py ), dg)-2-0(p) 1y dgp)-2:078(p 1 dyy)

*
= -0.572(dg )-2.799(dy 1, g p)-

Here p1/2» P32, and dgjp, ds/p represent the reaction amplitudes associated with

EL and F2 radiation respectively. The interference between El and E2 appears

only in the Aj and Ag coefficients, and these coefficients will generally have
contributions from both resonance and direct capture. The A, coefficient involves
the E2 amplitudes only, and we neglect it compared with the Ag term. The four
complex matrix elements on which the A coefficients depend can be completely
determined from radiative capture measurements using a polarized proton beam;
i.e., seven pavameters may be determined from the measured five Aj and four Bj
coefficients.’ For the capture gamma rays to other states, e.g., those feeding
the First excited state, the angular distribution coefficients are more compli-
cated and individual reaction matrix elements cannot be uniquely determined from
them. However even here the odd Legendre coefficients still arise only from the
interference between El and E2. The following quantities are defined from the

i fon with A; coefficient:

o = umh, = 21[H(55°) + W(125°)]
A = [W(55°) - W(125°)1/2P)(cos 55°) = A; - 0.68 Ay

and

a= AA,

where we have neglected the A, coefficient.

The present measurements were performed with the proton beam from the
three stage FN tandem Van de Graaff accelerator. A collimated beam passing
through 6.4 mm diameter double collimators struck a 3.2 mg/cm? 205T2 target which
had been evaporated onto a 20 ug/cm? carbon backing foil.
lined with lead shielding to prevent background reactions due to scattered beam.
Gamma rays were detected by the 25 cm x 25 cm Nal detector® with its plastic
anti-coincidence shield. Typical running conditions with the 205T target
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involved about 8x10* pulses per second
in the Nal above E, & 250 keV, which re- 2057| (p,y) 295Pb
sulted in a detectbr resolution slightly 20 e
Worse than the 3.14 which had been deter- 3
mined at low count ra 15.1
MeV usmg the 12C(p,p" y)l?c reactxon.

As shown in Fig. 11.6-1, the statistics
were not good enough to separate the
transition gamma rays to the ground
state (yo) from those to excited states
(12s72+ 2+ yetc.). 1In this report the
total yield W(8) was obtained by simply
summing counts from the ground state
energy to 1.5 MeV above the ground state
in each energy spectrun. This method of
analysis introduces an energy dependent
efficiency into the yield estimates
shich depends on the v)/1g ratio. This
effect should be small (+10-20%)
e
analysis by making line shape fits to

the data. Gamma-ray spectra were taken E, (channels)
at 55° and 125° with respect to the
proton bean at energles from Ep = 7.0 ig. 11.6-1. Typical spectra from the

F:
MeV to 23 MeV. Absolute cross sections 4

were estimated using the nominal target iif;iip.vl ZZobugeaﬁiiig{n renntcy
thickness determined by weighting, along “C HDOPiC >

with a count: xng efﬁmency estimated by P .

comparison to 89Y(p,y)90:

excitation function of Ay in Fig. 11.6-2 shows that the cross-section
for 205T1(p,y7 is rather small throughout the entire energy reg: The Giant
Dipole Resonance which peaks at Ey & 13 MeV in total photcahscrptlon measurements
is not apparent in the figure because of strong suppression by the Coulomb
barrier for the incoming protons. The Coulomb penetrability for the protons in-

creases by a factor of 10 from E, MeV to E, = 15 HeV. From 7 to 15 MeV the
total cross section 4 Ag increases smoothly due to increasing penetrability ex-
cept around 13 MeV where there is structure due to isobaric analog resonances.

At higher enebgy the total cross section decreases by a factor of 3 up to Ep =
23 MeV

The asymmetry factor A) which arises from the interference between E1 and

E2, has a very broad peak around Ep v 16 MeV (Ey v 23 MeV). The width of this
peak appears to be much broader than that seen in 208Pb(p,y)2098i.* In fact, mo

peak is evident in the fractional asymmetry a. The smoothly increasing asym-
metry a has been observed in various radiative proton capture reactions, and may
be due in large part to the interference of du‘ect E2 with E1.9 Detailed quantum
mechanical calculations including direct capture are necessary to deduce the
effects of a collective E2 resonance. Initial catinates of the. anount of direct
E2 in the 208Pb(p,y)209Bi reaction show that it is responsible for a large frac-
tion of the measured asymmetry.
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Fig. 11.6-2. Excitation functions for E, (lab) (MeV)
The 2087 (o} )208Pb, reaction for Ygry- 2
Fig. 11.6-3. Excitation functions for

Following the discussion of Ref.
4 (see also 1974 Annual Report, p. 145)
one can show that well above the region
of structure in the El amplitudes, the
quantity a2A, is less sensitive to variations in the El amplitudes, and involves
the E2 amplitudes quadratically. This quantity is also shown in Fig. 11.6-2 and
exhibits a broad peak at Ey “ 24 MeV. Particularly notable is the absence of a
3-4 MeV wide resonance such as was seenl in 208Pb(p,y)209Bi. The slower enemv
variation seen here may be due at least in part to direct contributions —-
must await the result of detailed calculations to determine this.

2057 (n Y)206Pb reaction from Ep, = 12.0
to Ep = 13.1 MeV.
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Finally we discuss the sharp peaks in the region Ep = 12.to 13 MeV.
Figure 11.6-3 shows the excitation function from Ep = 12.3 MeV to 13.1 MeV taken
in 100 keV steps. Since isobaric amalog states (IAS) are seen in 2057¢(p,p)20°Ty
and 205T2(p,p' )205Te* reactionsll in this energy region, it is likely that the
narrow resonances seen in (p,y) are due to IAS.

Based on the work of Erskine.12
the low-lying parent states of 2067y 300 ——T—T—T—T—T— T
which have [sy/,(p)-1 23(n)-1]5 are
Spread over thAfirst 800 keV Of excita- 2057} (p,) 298P
tion energy, and show considerable J-
splitting. The [s1/2(p)-1 gg/p(n)~tl o
doublet lieg at 2.59 Mev, and its analdg
is seen in 20°Te(p,p)205Ty at Ej = 14.73
Mev.1l On this basis, one expects the
pa/2-1(17) at Ep = 12.9 MeV, the fg/p~t
() and p, ,Q-l’fz ) at E, = 12.8 MeV and
the P13 LU42) and fg/p-L(27) at 12.4 Me

Ep=18.0 MeV
x2=03
a,=1.25:0.14
0,=0.63£0.41
03=0.09:0.38
0,=0.16 £038

(Here e.g. pg/p “(17) stands for
[s1/2(p)-1 p3/2(m)~11;-). In this re-
gion only very weak structure is seen
in 205T¢(p,p)205Ty at about 12.6 MeV,
which may be the 172~ doublet (in fact
one would predict 12.6 MeV for this
doublet if one based the energy estimate
on Ep = 14.9 MeV for the go/p configura
tion as found in other nuclei near 208Pb). o
In the (p,yo + v1) @ resonance is clearly
seen at Bp = 13.0 HeV which nay involye
(17) and possibly the fg/pL
(37) and py/p~1(27) as well. The first

RELATIVE YIELD
3
3

160

30 80 120
ANGLE  (deg)

The data show the intensities of yo and Fig. 11.6-4. Typical angular distribu-
Y1 roughly equal at this energy as op-  tion of the gamma rays. Solid line shows
posed to Ep % 12.2 MeV where yg is the least squares fit to a Legendre

dominant. 'At 12.3 and 12.6 MeV the expansion.
oation is significantly Targer tham SE djacent energles;

(psyo + ¥1) cross
perhaps due to additional IAR. It is particularly surprising that the strongest

(p,y) vescnance is apparently not seen at all in (p,p).

18 M. Nagao and Y. Torizuka, Phys. Rev. Lett. 30, 1068 (1973); S. Fukuda and
Y. Torizuka, Phys. Rev. Lett.. 29, 1109 (1973).

2 M.B. Lewis, F.E. Bertrand, and D.J. Horen, Phys. Rev. C &, 398 (1973).

s J.M. Moss et al., Phys. Rev. Lett. 34, 748 (1975); S. Moalem et al., Phys.
Rev. Lett. 31, 482 (1973).

u. K.A. Snover et al., Phys. Rev. Lett. 32, 317 (1974); S.S. Hanna et al.,
Phys. Rev. Lett. 32, 114 (1974).

5. A. Bohr and B.R. Nottelson, Nuclear Structure, Vol. II (to be published).
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6. Nuclear Physics Laboratory Annual Report, University of Washington (1974),
pp. 142 and 145.

i S. Devons and L.J.B. Goldfarb, Encyclopedia of Physics, Vol. XLII
(Springer-Verlag, 1957), p. 362

8. M. Hasinoff o al., Nucl. Instrum. Method 117, 375 (1974).

9. For a classical discussion of this effect, see I. Halpern, Proc. Int. Conf.
on Photonuclear Reaction and Appucatms, Asilomar, CA (Lawrence Liver-
more Laboratory 1973), p. 675

0.  See Sec. 11.1 of this report

11.  Nuclear Physics Laboratory Annual Report, University of Washington (1969),

p. 79.
12.  J.R. Evskine, Phys. Rev. 138, B8S1 (1965).

11.7 Radiative Capture of 14 MeV Neutrons
E.D. Arthur#, D.M. Drake*, and I. Halpern

year we reported some preliminary measurements on radiative capture
cross-sections for 14 MeV neutrons. The front-to-back asymmetry in these angular
distributions provides a measure of the interference between electric dxgole and
electric quadrupole amplitudes, i.e., it measures the product (ApSP +

(AgSP + AQC) where the A's are capture amplitudes and D, Q, SP and C stand for
dipole, quadrupole, single particle and collective respectively. It was pointed
out that ASP for neutrons is many times smaller than it is for protons and that

the measured product therefore provides considerably better information about the
interesting amplitude AQC than the corresponding product in proton radiative
capture.

Our data provided some confirmation of these gemeral conclusions in that
they showed (for 3 of the 4 light targets studied) much smaller values of the
amplitude product than had been observed in comparable studies with protons.
This is interpreted to mean that one is observing the captures at excitations
where AqC does not dominate and the large values of the amplitude product for
protons ‘are to be attributed to the rather energy-independent amplitude AqS®
which is large for protons and very small for neutrons.

One puzzling result was the sizable and negative value of the amplitude
product obse!‘ved for 12C(n1y,vp). The yield ratio (Y(55°)-Y(125°))/(Y(55°)+¥(125°))
had the value -0.150.06. The excitation energy involved here is about 18 MeV, a
few MeV below the giant dipole resonance in carbon. One must interpret the large
value of the observed interference as an indication of the presence of a large
amount of collective capture at the excitation energy in 13C reached in this
experiment. The sign of the interference is however something of a puzzle. One
can show that below the giant dipole resonance, isoscalar quadrupole capture
would give a positive interference product and isovector quadrupole capture would
give a negative one. It is expected that the giant isoscalar quadrupole lies
below the dipole giant resonance while the isovector quadrupole rescnance lies
above it. Hence one expects a positive interference product. One is driven to
conclude that in 13C the isoscalar and isovector strengths are not neatly
separated into distinct resonances but are broad and overlapping and e
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therefore happen to be picking up a piece of the isovector strength far from the
centroid of this strength. This view is consistent with other studies of
radiative capture in light nuclei, some of them discussed elsewhere in this
section of the Annual Report, which show that in light nuclei the quadrupole
strengths are more widely distributed than in heavy nuclei. It would be inter-
esting to study other nuclei in this mass region and to see how rapidly the ob-
served backward folding of the angular distribution in 12C(n,y) changes with
incident neutron energy in the neighborhood of 14 MeV.

# Permanent address: Los Alamos Scientific Laboratory, Los Alamos, NM.




12. FISSION

from

12.1.  Determination of J" = 1” Fission Barrier
Cross Secti i 380 _and Z32Th

P. Dickey

he selectivity with which photons excite 1~ states in an even-even
compound nucleus makes them an ideal probe for stidying the fission of nuclei
through transition states of a single spin and parity. The parameterization
of the shape of the fission barriers as a function of deformation in terms of
smoothly joined parabolas (see Fig. 12.1-1) allows an exact calculation of the
quantum mechanical penetrability through
these barriers. The comparison of cal-
culated penetrabilities with penetra- BARRIER BARRIER
bilities inferred from photofission
cross sections yields information about
the heights and thicknesses of the .com-
ponents of the double humped fission
barrier. Such an analysis has been
made for new photofission data obtained
at the University of Illinois brems-
strahlung monochomator facility.

WELL WELL
T T

o)

The photofission cross sections’
were obtained last year at Illinois by
measuring the yield of fission neutrons
produced when targets of ThOp and U03
were irradiated with the bremsstrahl
photon beam produced by the supercon-
ducting electron linac.2 Tagged photons
with about 1.5% energy resolution
between 5 and 8 MeV were defined by
concident detectionof the post brems-
strahlung electrons and the fission
neutrons.

TYPICAL VALUES

;
g A1 5-6Mev
, £ oo
Ex 2Mev

fw S5-I MeV.

RELATIVE POTENTIAL ENERGY

The fission transmission (or Fig. 12.1-1. Double humped fission

barrier penetrability) and the photo-  barrier.
fission cross section are related by
™
¥ £
Og(B) = 0 () s—5—7
£ty en

vhere o_(E) is the total photon absorption cross section, Tg is the sun of bar-
Pier peletrabilities for participating Fission channels, and Ty and Tn are effec-
tive gamma ray and neutron transmissions. At energies not higher than 600 keV
ove the photoneutron threshold, the photon interaction cross section was
assumed equal to that predicted by extrapolating the giant resonance. At higher
nergies, measured values for the fission plus photoneutron cross section from
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the Tllinois experiment were used for 0y(E). The gamma ray transmission was
taken_from Huizenga and Vandenbosch 4 The total neutron transmission was calcu-
latedS by summing optical model transmission coefficients® to known states in
the residual nuclei P3950 ana 231

The model calculations were performed on the SDS-930 off-line computer
using a modified version of a computer program by Ron Aley based on work of
Bang and Wong.” The fission barrier model parameters are defined in Fig. 12.1-1.
The xmpnr(ant - lying 1~ fission barriers in even-even nuclei are expected to
have K = 0 and K = 1 (corresponding to the octupole and bending collective
states), whex‘e initng angular momentum projection along the nuclear symmetry
axis. Initial values for the barrier heights were based on results of direct
Teaction fission studies® which predicted parameters for the 0% fission barriers
The parameters were adjusted to give agreement with the fis-
sion transmission data, as shown in Fig. 12.1-2. A Gaussian spreading function
was folded over the calculated penetra-
LELL e eotni e dampu\ It was
found that in 238U two 1~ channels
(presumably K = 0 B needed

previous photofxss)on angular distribu-
tion data in .9 Unfortunately, ang:
ular dxstmbuncns of similar quality do T,
not exist for 232Th. The calculated
transmissions seem to reproduce the data
quite we

The barrier o umcn
yield the curves in Fig
Yicted in Table 12.10: The parameters o
of the lowest 1~ state in each nucleus
are determined fairly well by the data;
estimated error limits on the barrier
heights are about 100 keV. These
errors do not allow for the effect on
the calculated Tf of uncertainties in
the photon absorption cross section and T
the competing transmissions Ty and Tn. |
Parameters of the K = 1 barriers are L
less well determined, particularly in

he

probably known to about £100 keV. ST )

e barrier shapes deduced from

and 0% barriers at the second maximum of .
: or 20 2
the barriers because of the softness of ‘or® foF U and
the nucleus to octupole distortions at

10 : .
d10 near-degeneracy of the octupol. i Plsish Trensnisaion task
321,
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Table 12.1-1. Fission Barrier Parameters
(Energies given in MeV!

Spreading
K e T ) B Width
229y ot o sigi“0i " HEa 1.0 0.9
170 Oa Bt d 15 4B - 1.0 0.9 0.6 .23
P 6.7  2.55 6.6 120: 7097 * 03 .25
Ak O'4f00 % w<B.5¢ (UBH0) ( ¥OsL 0.9 15 0.5
yiiiganiaig geiaiaiaint gy 0.9 0.45 .16
E by g R 0.9 1.0 0.5 .20

that quadrupole deformation. In both nuclei the fission cross sections are
adequately described by one or two channels up to about 7 MeV, at which excita-
tion a rapid rise in fission probabilty indicates the probable availability of
two quasi particle states at the barrier.

Although structure has been seen before in photofission cross sections,11
a fit to the cross section based on double humped fission barriers has not been
previously made. This analysis shows that the subthreshold structures can be
interpreted as fission resonances. In addition, the smoothness of the experimen-
tal barrier penetrabilities at neutron threshold implies that structure in the
fission cross section at that energy results from competition between fission
and neutron enission.

i P.A. Dickey, thesis, University of Illinois, 1975, (unpublished).

2 A.0. Hanson, J.R. Harlan, R.A. Hoffswell, D. Jammik, and L.M. Young
Proc. of the 9th Int'l. Conf. on High Energy Accelerators, 1974 National
Technical Information Service, Dept. of Commerce, TID 4500, 60th edition.

3. A. Veyssieri, H. Beil, R. Bergere, P. Carlos, A. Lepretre, and K.
Kernbath, Nucl. Phys. 4199, 45 (1973).

(3 R. Vandenbosch and J.R. Huizenga, Nuclear Fission, Academic Press, New
York (1973), p. 122.

5y H.C. Britt, private communication, 1974.

5. L. Rosen, J.C. Berg, and A.S. Goldhaber, Ann. Phys. 34, 96 (1965).

7. C.Y. Vong and J. Bang, Phys. Lett. 298, 143 (1%69).

8. B.B. Back, Oley Hamsen, H.C. Britt, and J.D. Garrett, Phys. Rev. (9,
1924 (1974).

9 J.W. Knowles, A.M. Khan, and W.G. Cross, Izv. Akad. Nauk SSSR, Ser. Fiz.
34, 1627 (1970).

lo0. P. Moller and J.R. Nix, Proc. IAEA Sym. on Physics and Chemistry of
Fission SM-174/202, Rochester (1973), p. 103.

1. J.W. Knowles and A.M. Khan, Nucl. Phys. A179, 333 (1972).




13. ATOMIC PHYSICS

1.1 gearch for Electron Capture in the Alpha Decay of *%F0

Burch and P. Dyer

The radioactive nucleus 2-0Po decays with the emission of a single 5.3-MeV
alpha particle. As the emitted alpha particle penetrates the successive atomic
shells of the daughter atom, Pb, there is some probability that vacancies will be
produced in the K, L, and M shells. The interaction is similar to 'one-half"
of an atomic collision at zero impact parameter. These probabilities have been
measured by several groups and are: 7 x 10-6, Py, = 7.7 x 10-4, and Py =
8 x 10-2, The vacancy p i interp: ically as direct

the continuum; the agreement with experiment has been fairly good,
having been attributed to imations in th ulations as
opposed to the vacancy production mechanism itself.

ak
ionization to

Recently, however, Fischbeck and Freednan performed an experiment unique
they used a high-resolution magnetic spectrometer which was
he He ion and, in a second experiment, deduced
They found that

L

in two ways: first,
sensitive to the charge state Of tl
Py, from coincidences between x-rays and knock-out electrons.
the number of Het* ions which had undergone an energy loss corresponding to
shell ionization did agree with the number of electrons knocked out of the L
shell, but the value of Py, implied by both of these data was only 35% of the
value obtained from the ratio of L x-rays to alpha particles as measured in the
i As they pointed out, these data indicate that 65% of the L

urs by electron capture forming Het and mot by ionization,
i.e., neither the electron nor the He'* ion would be present although the L x-ray
would be, and experiments insensitive to the charge state could mot distinguish

these events.

Although the evidence for this process is strong, it remains indirect
until the Het ions are observed in the predicted ratio. Since the implications
of this work have a profound influence on inner-shell vacancy production in

atomic collisions, we have begun work on an experiment designed to detect the

Het ions and thus verify this important result.
A schematic diagram of the experiment is shown in Fig. 13.1-1. He dons
emitted from a fractional monolayer source deposited on 0.5-mil Be ave tightly
collimated before entering a magnetic field of 8 kG, 4 inches long, and detected
with a position sensitive detector. The ions are detected in coincidence with
L x-rays detected behind the source with a thin Nal crystal. To protect the
source from contamination which could strip off the He®, the vacuum is maintained
with an oil-free system at 1 x 10-8 Torr. The x-ray, alpha, and coincidence
i ion of the magnet system are consistent with
‘he design values, but progress on the actual measurement was interrupted by an
mexpected problem. The Po source appears to "creep! readily along the source




holder and collimator system, and after 20 MAGHEIIC
one week the chamber was contaminated. e
This produced a position background in l
the particle detector high enough to
prohibit any realistic search for the & \l 2
small He* component. AT He
u \— et
We feel that this problem can be
solved with a redesign of the collimator NoI Poaifion-senitive
section of the chamber, and work on this  X-RAY detector portice detecior

is in progress

t—— comcnomc:J

H.J. Fischbeck and M.S. Freedman,

Phys. Rev. Lett. 34, 173 (1975).
Fig. 13.1-1. Schematic diagram of the
experiment to measure coincidences be-

tween Het and L x-rays in the decay of
210po,

13.2  Recoil Effects on the Impact Parameter of X-ray Production

D. Burch and Knud Taulbjergh

impact parameter dependence of inner-shell ionization can be deter-
nined by messuring coincidences between x rays and projectile ions as a function
of scattering angle. When solid targets -- even very thin ones -- are used, there
a possibility that x-ray production in the target-recoil interaction will
artificially increase the observed probability at small igpact parameters.
unexpected rise of this type was reported by Stein et al.l for
n I + Te collisions. This

An

L x-ray production
effect is of further interest in regard to coincidence
studies of united-atom x-ray Spectra which may be influenced by recoil contribu-
tions.

The probability for x-ray production in the recoil interaction for a
projectile at scattering angle 8, detected at the azimuthal angle ¢ after trans-
ferring an energy Eg to the recoil is given b

™ 2TTo(65,6)/T,

Pp(8,4,Ep) = é ar g ax No_(E(x;Ep)), )

vhere og is the x-ray production cross section in a collision between two target
atoms and N is the number density of the target. In Eq. (1) we have averaged
over the position of the primary collision and integrated the x-ray production
cross section along the path of the recoil, assumed to be a straight line. The
Tecoil path length for  prinary collision in the center of a foil of thickness
T, positioned at the angle Oy with respect to the beam axis is given by




—

Sec by Sec 6,

TTan~6, = Tan 5 Cos 41" £

The energy E of the recoil after traversing a distance x in the target is deter-
mined by the stopping power S(E), taken here from LSS theory:

Tp(Bgst)

R
IS S (B R= (3)
E

In measurements similar to those of Stein et al. employing a ring detector
which observes all azimithal angles for a given scattering angle, the recoil cor-
rection Eq. (1) must be averaged over the azimuthal angles:

ci0a 2T (0,6) :
3 e / &

PR(8,E) = o 0[ ol & No GOL - o) )
where here the integral over the position of the primary collision has been
evaluated. The integral over ¢ may also

be evaluated, but the resulting expres-

sion is cumbersome; the remaining inte-

gral must be evaluated numerically.

An example of the results is
shown in Fig. 13.2-1 for Al K x-ray pro-
duction. This case was chosen since
0s(x) is known from threshold up to 40
MeV. Note that PR is independent of the
projectile character depending only upon
the maximm energy transfer and the
center of mass scattering angle. Ex-
rimental data are ot available for
direct comparison in this case, but
rough estimates show that the recoil
contribution is comparable to the primar
probability for incident Al projectiles
scattered to back angles in the geometry
indicated in the caption to Fig. 13.2-1.

Fig. 13.2-1. Probability for Al K x-ray
production in the recoil-target inter-

=
action as a function of the center of lo 0 20 30
mass scattering angle. The target angle CENTER OF MASS SCATTERING ANGLE
is 45° and the target thickness is 20 e.m. (radian)

ug/cm?. Results are shown for maximum
energy transfers of 0.25 to 40 MeV. To
First order the recoil probability is
proportional to the target thickness.




Full details of this work are presented elsewhere;’ numerical results for
the collisions studied by Stein et al. resented, and it is shown that under
certain circumstances this effect could account for the anomalous rise they

reported.
* Permanent address: University of Aarhus, Denmark. |
1% H.J. Stein, H.0. Lutz, P.H. Mokler, and P. Armbruster, Phys. Rev. A 5,

2126 (1972).

Nuclear Physics Laboratory Annual Report, University of Washington (1974),

p. 161
3 D. Burch and K. Taulbjerg, Phys. Rev. A, to be published August (1975).

13.3 End-point Energies of Molecular-Orbital X-ray Spectra

D. Burch and B. Miiller

Although molecular-orbital (MO) x-ray spectra have been studied extensively
by many groups now, there has been little attempt made to relate the observed
shape and, in particular, the cut-off or end-point energy of the photon dx$tnbu-
tion to the correlation diagram of the collision system. We have worked on
simple method for making this comparison which yields end-point emergy predictions
in closed form for arbitrary collisions. Below we outline briefly this procedure
for L-shell tramsitions (2pm - 3d6), using atomic units throughout.

The MO energy levels as a function of internuclear separation R (the cor-
relation diagram) are represented by a model shape which has the correct values
for small and large R and also the hydrogenic R? dependence at smal

E, (0) - E (=)

(Rl D T
m ng P
1+ R/R,

(¢8)

Here R = 0 and = represent the united-atom (UA) and separated-aton (SA) limits,
respectively. Rng is a scaling parameter which depends on the collision system
and represents the value of R at which the M0 level has reached v1/2 of its UA

value. The SA energies are those of the higher Z collision partner.
e hydrogenic result at small R where the emergy levels are
approximated by the addition of a quadrupole term:

Cnim Enl(u) i klm Zni.

evaluated in the UA limit and can be evaluated
The

Equation (2) is valid for R << (n)
the kg are

analytically using screened
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which combined with the evaluation of Eq. (2) yields
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For small R, Eq. (1) can be rewritten as
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or, comparing Egs. (4) and (5), yields
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Equations (1) and () provide a correlation diagram for the nt-th level at all R
for any collision. We note that this formulation is not applicable to the 1s o
level.

In the static limit the end-point energy of the spectrum is given by

S @
ep = Pun
where
2p'_(ﬂ) - EBdS(O)’ (8)
and
E, (0) - E, (=)
be = 22 BB = fuu(0). ©)
1+RK /R
20/ Fnin

Rpin is the distance of closest approach in a head-on collision which, for the
show collisions considered here, must be evaluated using screened interatomic
potentials.

In collisions, however, the static limit is only a first approximation
since the energy levels are changing with time along the trajectory of the col-
lision which introduces a broadening of the end-point energy as a result of the
incertainty principle.

Macek and Briggs® have pointed out that the MO x-ray frequency distribu-
tion should be proportional to the square of the following amplitude:




wt-

D (w) = /wdt a(t)d () e 5 (10)

d(t) is the dipole matrix element between the molecular orbitals which we have
approximated as a constant, an

W) = wy + bu(t), (11)
where ug is the SA transition energy. bu is given by Eq. (9) with Re;, replaced
by R2 = b2 + v2t2, i.e., a straight-line, constant-velocity approximation at

impact parameter b. The resulting integral is complicated but can be evaluated
analytically. The result is proportional to a Whittaker function divided by a
gamma function; for the present work, however, we care only about the shape of
this function for w > ug. In this asymptotic region the intensity can be written
as

~(w-w )/T
I(w) = e 5 (12)
where
2 2 ,-1/2
T = 2v(Ry + Rygn) (13)

is a measure of the spectral broadening above the static limit which is found to
be proportional to the collision velocity. We then get the following simple
expression for L transition end-point energies

€ _=E, -8+l aw
ep = Fua

Equation (14) has been compared to the data of Bissinger and Feldman® for
cop measured in 200-keV Z) + Si collisions with Z; = 16 to 22. The model calcula-
tions reproduce the data very well for the lower Zj collisions but overestimate
cep by 136 at 73 = 22. This discrepancy is significant considering the linited
reBge of possible values which can be established from even simpler models. If
we assume that the model shape given in Eq. (1) is appropriate, then these results
indicate that Eq. (6) underestimates the dependence of R, on E, in thatR,
should decrease faster with increasing E, . D P P

We feel the major purpose of this analysis has been achieved since the
reproduction of the data is definitely sensitive to the shape of the correlation
iagram. For example, an assumed pure R2 dependence of the energy levels for all
R values sampled in the experiment yields a Z) dependence of cep distinctly
different from the data. Work is now in progress toward improving the scaling
law of Eq. (6) which should provide a better test for the overall analysis.

i J.H. Macek and J.S. Briggs, J. Phys. B 7, 1312 (1974).
2. G. Bissinger and L. Feldman, Phys. Rev. Lett. 33, 1 (1974).
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13.4  Multiple Scattering of Heavy Tons in Thick Absorbers

D. Burch and K. Green

ultiple scattering of heavy ions is important to both atomic and nuclear
experiments with energetic heavy ions. Besides its practical importance, e.g.,
in strippers in heavy-ion accelerators, it also can be used to provide basic
information on inter-atomic potentials. Recent experimental work,l for a variety
of heavy ions and targets at MeV energies has shown that the Meyer theory? re
produces the half angle at half maximum, 0, /5, of the multiple scattering distri-
butions to within $20%. Scattering distributions have also been calculated by
Sigmund and Winterbon? for a wider range of target thicknesses using several

interatomic potentials. The theoretical results are tabulated.?s
We have found that the following very simple semi-empirical formula
reproduces the available experimental data to within 120"

2084 @

o
1505
0 /p(Pad) = —FE—x 0.347 ¢

where a = 0.8853 ay(23/% + 237372 and t = ma’lx, with N the particle density
nd x the thickness of the target. Other formulas have also been developed
which reproduce the theoretical curves to within £2%.
isting data are for relatively small energy losses (the theory
all energy loss) typical of targets for nuclear experi We have b
measurenents to extend these data to thick targets with up to 75% energy loss.
The thick target data are useful for the analysis of detection efficiencies in
particle telescope systems employing time of flight measurement since the second
Getector is well separated from the first transmission detector which is effec-
tively a thick target. The thick target data are also important to experiments
involving the channeling of heavy ions in crystals.
a low intensity beam collimated to

neglects
egun

The experiment is relatively simple:
a very small angular divergence is incident directly onto a position semsitive
detector, and spectra are accumulated with and without the insertion of the
absorber under study. The primary concern is the production of an adequately
collimated beam without excessive energy straggling from slit edges. Geometrical
corrections to the spectra are required to account for the azimuthal variation

of the position signal for a given scattering angle.

The spectrun for 30-MeV O ions passing through 10 ym of Si is shown in
Fig. 13.4-1. compared with several theoretical curves as explained in the caption.
The data indicate two rather surprising results: first, the semi-empirical for-
mula, the Gaussian curve B using Eq. (1), which works well for low emergy losses
is also a good approximation to this thick target data using the incident energy.
This may be fortuitous; if the result persists for other systems It must be
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Fig. 13.4-1. Multiple scattering dis- 10
tribution for 30-MeV O ions in 10 ym

(2.33 mg/cm?) of Si in a random orienta-

tion. The open points are experimental.

Curve A is from Ref. 3 using the inci-

dent energy 30 MeV, curve D is the same o
result using the exit energy 11.0 MeV, o
and curve C uses the average energy in 3
the target, 20.5 MeV. Curve B is a 05
Gaussian of the fi 5 g
£(8) = exp[-In(2)(8/01/)°], where 61/2 &
is determined from Eq. (1). " o
o
3
considered purely empirical. Secondly,
the calculations of Sigmund and
Winterbon,3 using the average energy in
the foil, reproduces the data nearly [ T B 3
identically. SCATTERING ANGLE (deg

A systematic study is required to
test these first results, and this work

is in progress. We currently have data 5

for 15 to 30 MeV oxygen ions at 5-HeV steps for 1 to 3 mg/cm” targets of A, Ni
and Au. Both the energy straggling and the multiple scattering data are being
analyzed.

P.P. Kane, Nucl. Instrum. Methods 124, 29

1 B.W. Hooten, J.M. Freeman, and
(1975) and G. Spahn and K.0. Groencveld, Nucl. Instrum. Methods 123, 425
(1975).

2 L. Meyer, Phys. State. Sol. 44, 253 (1971).

3. P. Sigmmd and K.B. Winterbon, Nucl. Instrum. Methods 115, 54l (1974).

13.5 Search for Coherent Excitation of X-ray Tramsitions in Channeled Ions

D. Burch, J.A. Caims*, and A.D. Marwick*

In 1973 Okorokov et al.’ reported a resonance-like emhancement of 10% in
the incident energy dependence of the n=1 to n=t (51 eV) excitation of He* ions
channeled through thin Ag crystals at an energy of 570 keV. The effect was

along the channel since the resomance energy corresponded to a frequency of col
lisions (ion velocity/interatomic spacing) very nearly equal to the characteristic
Frequency of the n=4 tramsition (AE/h), This type of coherent excitation was,
indeed, predicted by Okorokov in 1965.1 The experiment was repeated by Gaillard
et al.3 using thin Au crystals and the resonance, even more pronounced, was again
observed at the corresponding energy for the {110) axis of Au, 280 keV.

Recently, however, Berry and Gemmell et al.’and Gibson et al.tmm
attempt to reproduce the Au measurements found no indication of a resonance; and
Sibsequently Gaillard e al. have also reported that they are wnable to reproduce
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their earlier results.3 Although the
proposed excitation mechanism is cer-
tainly possible in principle, the major
argument against such an excitation of
He* inside a Au crystal is the =
extent of the n=4 level, 2n) i
conpared to the, inner dinensions St
Au channel, Under these circun-
stances the excited electron would be
lost almost immediately leaving a He'*
ion to emerge from the channel. The
measured charge-state ra Hett/Het,
however, also showed no enhancement in
the region of the expected resonance. "
It has been concluded that, if present
at all, this process is very weak for He
excitation in A

%

We have attempted a similar meas-
urement of the n=1 to n=2 excitation of
c5* jons channeled along the {110) axis
of Au. In contrast to the Het example,

CK (Au) Relative

CK (Al) Relative

X-RAY PRODUCTION CROSS SECTION (x10™"®cm?)

genic C, 2n) = 1A, are compatible
with the size of the Au channe:

20 22 24 26 28
CARBON-ION ENERGY (MeV)
Prelininary neasurenents were m
made at the University of Washington to
investigate the feasibility of observing p; s

1 1 b g. 13.5-1. X-re roduction cross
the 1s + 2p excitation by divectly view- (81, 52 UF zn‘s’ R O e el
P The top three curves are for the target

T emission with experimental uncertainties
amorphous Au are shown in Fig. 13.5-1 i :
compared with C and AL tangsts. It was Of,2i0% The botton buo curves are
found that the Au M x rays (v2 keV) com- o S\ P 700 ™ o ey Tayers
pletely swamped the low yield of C K x oo oW 1ot o0 &
rays, (1280 eV) in the proportional il
counter spectrum and the relative C yield became even worse at higher enmergies.

urement. If this approach is to be pursued it is mandatory that C build-up be
completely suppressed.

her measurements were carried out at the Harwell tandem using their
existing channeling facilities. The intention of the e
the rescnance in the ls + 25 excitation of a metastable state and cbserve this
excitation by motional electric field quenching of the a ?sl/Q state as developed
in earlier Lamb shift studies.5 Cross sectiong for the 1s > 25 excitation could
be crudely estimated from low-energy Het data;® it was found that He' (1s > 2s)
was, at the maximum in the cross section, “2 orders of magnitude lower than 25
formation by electron capture into He'*. Scaling this result to C accord)ng to
the (1s + 2s) M1 tramsition rate, «z10, and the electron capture rate, =Z.
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GAS FLOW.
PROPORTIONAL

reduces the 2 orders of magnitude factor
to something on the order of 1. The
present measurements were carried out at
30 to 40 MeV, an energy range near the
broad maximum in both the capture an
excitation cross sections. In this
energy range Kugel et al.5 found n2% of
the CP* capture, in a near-equilibrium-
thickness Ar gas, was to the 2s state.
From the above comments we could very
roughly expect a comparable intensity
for the direct excitation of C* inside THIN Au
a Au channel. CRYSTAL

The Au crystals used were produc-
ed at Bell Laboratories,’ the final meas-
urement was for a 1700 & crystal
oriented along the {110) axis at 35.2°, Fig. 13,5-2. Schematic diagram of the
or an effective thickness of 400 yg/cn? setup (mot to scale) in the experiment
(V720 atomic layers). The stopping to look for the ls + 2s tramsition in
power for charge state q+ inside the C5* passing through a gold crystal.
channel can be roughly estimated from
related measurements® as
@v3@?s [¢D)

Schannel! Z’ random’

The 1s > 2s energy for C' is OE = 367 eV which combined with the {1100 spacing,
d= 2.884 A, implies a resonance energy of 40.7 MeV. The resonance energy can
be expressed as

Eq(MeV) = 3.03 x 107° x m(ama) x A2(R) x BE2(eV).  (2)

The energy loss in the channel is therefore expected to be v200 keV which might
be considered a First order estimate of the minimun resonance width. The reso-
nance width will also be affected by the thermal motion of the crystal atoms.
For Au at room temperature the vibration amplitude is uj = 0.087 4,9 (3% of d)
which from Eq. (2) suggests a maximum width of 6% of Ep or 12.5 MeV. We could
than, very roughly, expect a resonance width between 0.2 and 2.5 MeV.

s, Te experimental arrangement is shown schematically in Fig. 13.5-2. The

¢** beam was collimated to £0.04° with two 1-mm apertures separated by 1.3 m.

A third collimator after the Au crystal accepted only the well channeled beam.

The channeling half angle® y;/p = 0.41°. Since the multiple scattering half

anglel0 is 0.18°, no enhancement of beam intensity transmitted through this aper-

| ture was observed when the crystal was oriented along the (110) axis. An electro-
magnet was located 25 cm from the crystal and operated at 6 kG with 2.5-cm diameter
pole pieces separated by 2.5 cm. The lifetime of C5*(2s) is 2.6 usec (66 m at
40 MeV) so there was no loss of intensity by double photon emission.

v Loss of intensity does come about from collisional quenching and by Stark
mixing in the fringe field of the magnet. The magnetic field was not optimized
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in this regard. The field was approxi-
mately Gaussian with a FWHM of 7 cm;
only the central 3 cm was viewed by the
x-ray detector with a solid angle of
20.2% of Un and a detection efficiency
of v5% at 367 eV. The fringe field of
the magnet deteriorated the resolution
of the proportional counter, but the
quenched 2s intensity could still be
easily extracted from the spectra. The

o

>

C3*(25) RELATIVE YIELD

was typically 7 to 1. The Au M x rays
from the first detector were also ac-
cumulated at each point.

c37 35 35 40 4 a2 45
The chamber pressure was 5 x 10-6 CARBON ION ENERGY (MeV)
Torr, and the crystal was completely i
surrounded by a LN cooled shield. Al- Fig. 13.5-3. Relative yield of C™(25)
though no carbon build up could be from C beams incident along the {110}
detected visually, this pressure range axis of Au. The open circles are for
is still perhaps marginal for this type incident 5+ ions and the closed points
of measurement. For example, at 5 x  are for 6+ ions which presumably reach
10-5 Torr essentially all of the 2s pro- the same equilibrium distribution as the
duction was collisionally quenched be- 5+ beam just after entering the crystal.

fore reaching the magnetic -field. The yield from the 6+ beams was 120%
higher than from incident 5+ beams and
The crystal was oviented using  these data have been normalized as shown.

the Au M x-ray production. A 40% dip  The fluctuations in the data are outside
(Xmin ) was observed at the {110}  of the statistical variation but were
axis. Although this is not a large not reproducible, and their origin is
effect relative to the limits set by the uncertain.

the thermal motion, this result is not

surprising since the average impact parameter for M x-ray production in this
collision is larger than the critical impact parameter for channeling.

x-ray production might be tested by channeling measurements in similar heavy ion
collisions. The shape of the channeling dip did mot change throughout the dura-
tion of the measurements which amounted to a total dose of V10 uC of integrated
bean.

ure 13.5-3 shows the incident energy dependence of the 2s production.
At 36 MeV, 3500 C5* K x rays were observed per 0.1 uC of integrated beam current. |
Using the indicated detection efficiency and an assumed beam composition of 75% |
6+ and 25% 5+ yields an absolute production efficiency for ¢5%(2s) of 10.1%.
This result has very large uncertainties but is consistent with the estimates
since the losses mentioned above are not taken into account.

The data show no indication of a resonance in the expected region. This
result must be considered preliminary and does not at all exclude the possibility
of observing a coherent excitation in this collision if the experiment is refined.
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* Permanent address: Metallurgy Division, A.E.R.E. Harwell, Didcot, U.K.

515 V.V. Okorokov et al., Phys. Lett. 434, 485 (1973) and JETP Letters 16,
415 (1972); see also V.V. Okorokov, Sov. J. Nucl. Phys. 2, 719 (1966) and
JETP Letters 2, 111 (1965).

or M.J. Gaillard et al., Phys. Lett. 454, 306 (1973).

3. H.G. Berry et al., Phys. Lett. 494, 123 (1974).

4. W.M. Gibson et al., private communication.

5. H.W. Kugel, M. Leventhal, and D.E. Murnick, Phys. Rev. A 6, 1306 (1972).

6. M.B. Shah and H.B. Gilbody, J. Phys. B 7, L122 (1974).

s We thank W.M. Gibson for providing us with these crystals and for extensive
helpful discussions relating to this experiment.

8. C.D. Moak et al., Phys. Rev. B, to be published.

9. D.S. Gemmell, Rev. Mod. Phys. 46, 129 (1974).

10.  See Sec. 13.4 Of this report.
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13.6  Search for the Double Photon Decay of Pb'(ls

D. Burch and J. Bussoletti

The two-photon decay mode of the 2s » ls transition in hydrogenic ions has
been observed for Z S 18 using beam foil spectroscopy.l The lack of dipole

(2p » 1s) competition and the long lifetime of the excited 2s electron results in
very clean spectra which facilitates these low count rate measurements.
transition rates and the photon energy distribution (measured only for Het) agree
well with the hydrogenic calculations.

1 Double photon decay has thus far mot been observed in singly ionized
(1571) atoms. Recent theoretical work2>3 has shown that the emergy distribution
of the photons, which is not semsitive to the details of the calculations, should
be distinctly different from hydrogen as shown in Fig. 13.6-1. Also on general
grounds, since the oscillator strength for any electron is primarily concentrated
in the continuum spectrun, we can expect that the inhibition of this rate is an
atom (relative to a hydrogenic ion) due to Pauli blocking will not be excessive.

The 2s + 1s transition rate for a double E decay has been calculated by
Freund.2 His result, after some manipulation and integration over the angular
distribution, can be expressed as

E (6]

S  10-38 3
rwkev) 9.37 x 107 (eV) ™ Eg” 8y 8, Iy

e il ey Ee S Eis - Eooi(mots, Bopi(a/N)E % 13,6 01) and T
is the integral over the energy spectrum shown in Fig. 13.6-1 which, in our
formulation, depends on the ratio of binding energies, o
(total) oscillator strengths gny are related to the photoabsorption cross section
For the nith electron. Equation (1) can be compared to the hydrogenic value
which includes virtual transitions through empty bound states:

GG o @)

o _(eV)
¥
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two-photon decay of (1s ) states is
hindered by the presence of the much
more mtense one-photon decay. The
ratio FY is typically 10-6 for llght
e heavy atons.
though the intensity is low, fast coin-
cidence electronics combined with "event-
record" data acquisition appears to make
‘these measurements feasible.

@

)

>

x(1-x)>
We have combined x-rx coincidence
techniques developed earlier* with the
computer program SCOSINDHAPS to cbtain
an upper linit on the two photon decay
of a K vacancy in Pb* created in the
radioactive decay of a 207pi source. X-

RELATIVE YIELD [£(x)x103]

180° geometry using two planar Ge(Li) x=Ey/Eq

single-photon decay, by requiring the  Pig. 13.6-1. The calculated energy

summed energy of the two photons in spectrun of the double photon decay of

true coincidence to be equal to Eg?* the 2s + 1s tramsition in Pb¥(1s~1).

the detector resolution. We find for  The photon energy E is normalized to the

Pbt(1s-1), from a total of 3 x 10 transition energy Eg and is compared to
the hydrogenic distribution and to a

E3(Eq - E)3 distribution characteristic

r o5 of double-photon decay in nuclear transi-

TS (1.5 % 0.3)x 107, (3) tioms.

3

This value is a factor of 2 lower than the hydrogenic value, Eq. (2), but is
still a factor of 2 higher than predicted by Eq. (1). We should note that in
evaluating Eq. (1), we evaluated I, numerically and determined the g, from the
Thomas-Reiche-Kuhn sum rule and the discrete oscillator strengths obtained from
published x-ray transition rates.

The experimental sensitivity was limited by the 180° Compton scattering
of Kyp. With a revised geometry which completely eliminates Compton coincidences,
we expect to increase the sensitivity by about a factor of 100 with a comparable
number of singles events. If successful the energy distribution of Fig. 13.6-1
could be tested.

1k R. Marrus and R.W. Schmieder, Phys. Rev. A 5, 1160 (1972).

7 I. Freund, Phys. Rev. A 7, 1849 (1973).

Bl J, Eichler, Phys. Rev. A 9, 1762 (1974).

u. Burch, W.B. Ingalls, H. Wieman, and R. Vandembosch, Phys. Rev. A 10,

uus (1974).
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13.7 Auger-Electron and X-Ray Production in 50- to 2000-keV Ne + Ne Collision:

5. Aagrad®, E. Béving?, D. Burch, B. Fastrup, D. Schneider’, and
N. Stolterfohtt

n and x-ray measurements carried out partially at the University
of Washington Nuclear Physics Laboratory but primarily at the Hahn-Meitner-
Institute in Berlin and the Institute of Physics of the University of Aarhus
have been combined into a comprehensive study of inner and outer shell excita-
tion in Ne + Ne collisions. This work is described in detail else-
where.

The production of vacancies in the inner and outer shells of the target
and projectile have been studied in Nei* + Ne collisions in the incident energy

Data are compared for incident charge states i = 0, 1, and 2. Parameters nec-
essary for the analysis of collision kinematics were extracted from previous

data and used to investigate these effects on the observed Auger spectra. The
centroid energies and average energy widths of the Auger groups from the target
and projectile, together with absolute intensities, are reported as a fnction

of the Ne* energy and electron emission angle. After kinematic corrections, it
is found that target and projectile Auger electron emission are isotropic to
within +10% and that the K vacancy created is equally shared (+10%) between the
target and projectile when observed as an average over the various states of
miltiple L-shell ionization produced. For 500-keV Ne*, the target Auger spectrun
was measured with a resolution of 2.6 eV FWHM and compared to similar measurements
for other projectiles and energies. The kinematic emergy broadening in the Ne
collisions is shown to cbscure the peak_structure characteristic of the multiple
jonization states. The average number i Of electrons removed from the L shell
simultaneous with the K vacancy production is estimated from the centroid Auger
electron energies and, independently, from previously measured probabilities for
producing final charge states. It is found that 1 increases with Ne ion energy
From 72.5 to 3.5 over the energy range studied. Absolute cross sections for x-ray
and Auger electron production are reported with an accuracy of 20% and mean
Fluorescence yields increase with incident Ne-ion energy and are consistent with
the n data. Total K vacancy production cross sections agree well with available
calculations below 200 keV, but the theoretical results underestimate the cross
sections at higher emergies. This reflects a breakdown of the two-state approxi-
mation and a neglect of vacancy sharing at higher velocities. Information re-
garding the vacancy sharing in the entrance channel is extracted from relative
cross sections for projectiles with different incident charge states.

Permanent address: University of Aarhus, Demmark.

Permanent address: Hahn-Meitner-Institute, Berlin.

N. Stolterfoht, D. Schneider, D. Burch, B. Aagaard, E. Bgving, and
B. Fastrup, Phys. Rev. A, to be published.
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13.8  Applications of Inner-Shell I by Heavy Tons to Other Areas of
Physics and Technology
|
D. Burch

A technical report’ is in prepavation which outlines the applications of
inner-shell ionization by heavy ions to other aveas of physics and technology.
The report is specifically limited to recent research carried out in nuclear
physics laboratories.

The topics covered, in varying degrees of detail, include: multiple ioni-
zation as related to atomic structure calculations and ion source development,
deternination of charge states in solids, inner-shell transition rates for
cation by x rays, heavy-
ion beam energy monitors from electron loss, radiative electron capture, or cap-
ture to the continuum, the relationship of fluorescence yields of multiply
ionized atoms to x-ray lasers, heavy-ion induced optical emission or electron
on as a time pick-off device, use of proton beans as a nornalization for
heavy ion s, applications of molecu x rays, ion-x-raj
coincidence studies of metals diffusion, and the enhancement of chemical ettacts
on x ray spectra produced by heavy ions.

i To be submitted to the Ad Hoc Committee on Accelerator-related Atomic
Physics Research, B. Crasemann, Chairman.

Heavy Ions

13.9  Excitation of Aut tion States in He by Energeti

J. Bolger*, D. Burch, and C.F. Moore*

A high resolution measurement of the electron spectrum ejected at 90° from
30-MeV 05+ + He collisions has revealed that this collision is an efficient means
o producing dowbly excited states in He. Eleven states were observed, five of

ich ave members of the (2p np) 1D series mot produced by previously used excita-
fion methods, i.e., photoabsorption, electron or proton impact, or low-energy
heavy ion impact. Doubly excited states of He are very important to atomic
structure theory because of the strong influence of electron-electron correlation
on the state description.

Results of this study are presented elsewhere.l The excitation was found
to be nearly independent of the projectile charge state and energy. A two-step
excitation mechanism was proposed to account for the oxvgen excitation and also
conpared to the quite different results for U-MeV proton excitation.

Permanent address: University of Texas at Aust
1. D. Burch, J. Bolger and C.F. Moore, Phys. Rev. Let. 34, 1067 (175).




13.10 Search for Charge-Changing Electrons fron Ag™"

* 4 ¢ (Foil)

J. Bolger*, D. Burch, B. Johnson*,

and C.F. Moore*

It is well known that the average equilibrium charge state of a heavy ion
after passage though a thin foil is much higher than that established after

penetration through a gas.
in
ence is about 6 charge wnits.

The effect can be quite large and is a major concern
heavy-ion accelerator design; in the case of 40 to 60-MeV Ag ions the differ-

Although it is a property difficult to specify precisely, it has been
proposed that the equilibrium charge state inside a solid is, with regard to
several types of atomic interactions, effectively the same as that created in a

gas.
equilibriun

Tt is argued that the difference between gas and solid penetration is the
excitation state of the remaining electrons and, more specifically,
that the high frequency of close collisions in a solid results in

an_equilibrium

presence of inner-shell vacancies which subsequently undergo the highly ionizing

process of Auger cascade at the exit surface of the fo
of indirect experimental evidence supporting this model.
4 5

il. There is a large amount

A direct confirmation

of this process, however, would b
electrons at the exit surface.

We have looked for these electrons
10 pg/cm? carbon foils.
at 45° in botl
shown in Fig. 13.10-1.
might expect from the process under

investigation; we must however conclude
that this is not the expected peak and,

spectrun shown is mot corrected for the
£-1 dependence of the analyzer trans-

mission. After this corvection is made,
only a shoulder at 1200 eV is observed,

sponding to an electron velocity equal
to that of the projectile, this electron
intensity can be identified as electron

loss! from the incident Agll* ion as
Spposed to electron emissi rom an
excited (Agn*)* ion distribution.

At 60 MeV the shoulder moves t¢

sion would be k:

lower energies. It was also found that

the reflection-mode spectra has the

£ these " " Auger

in 40 to 60-HeV Agl¥ collisions with

The electron spectra were measured at 90° with the target
h a "transmission" and "reflection" mode. i

A typical spectrum is

The apparent large peak is nearly identical to what one
d

i 40 Mev Ag''* + C-foil
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=
gy
£
5
EH]
g2
g
o=
o
& —
56510001500 2000
ELECTRON ENERGY (ev)
Fig. 13.10-1. Electron spectra at 90°

from 40-MeV Agll* ions incident on a
carbon foil. The yield shown is propor-
tional to the cross section for electron
production times the electron emergy.




jdentical shape as in transmission and, further, that the reflection-mode inten-

sity was consistently about a factor of 2 higher -- a result in the opposite
direction expected for emission from excited states produced inside the foil.

It appears that the electron-loss process. will considerably hinder the
observation of charge-changing electrons in nearly all tandem-energy heavy-ion
Cnteractions. Noting that the gas-target average equilibrium charge state of a
4oV Ag ion is, Fortuitously, also equal to v+, together with the extremely
high yield from electron loss reported here, it is tempting to speculate that
elocton 1oss from excited states may play a more important role than previously
aseuned in accoumnting For the gas-solid effects in charge-changing processes.

* Permanent address: University of Texas at Austin

D. Burch, H. Wieman, and W.B. Ingalls, Phys. Rev. Lett. 30, 823 (1973).

ate Distributions for 0.1-1.0 MeV Ne' + Ne Collisions Usin

13.11 Charge St:
K X-ray Weasurements

Burch, R.J. Fortner#, B. Johnson', D.L. Matthews*, and C.F. Moore'

ments of K x-vay intensities are combined with
t fluorescence

i Deduced charge state distributions
determined from inelastic scattering studies and are used to set limits on the
probability of having an electron in an excited state at the time of x-ray
emission.

e measurements were carried out at the University of Texas and are

described elsewhere.l

Lawrence Livermore Laboratory, Livermore, California.

# Permanent address:
+ Permanent address: University of Texas at Austin.
o D.L. Matthews, R.J. Fortner, D. Burch, B. Johnson, and C.F. Moore, Phys.

Letters 504, 44l (1975).

ilation of Inner-Shell Ionization by Electrons

13.12 Survey and Data C:

D. Burch and K. Green
Knowledge of the cross sections for inner shell-ionization by incident
electrons is necessary for various applied areas of physi
pretation of atomic collisions in solids. This source of imer-shell vacancy
Production may also be important in gas-target collisions of heavy ions possess-
ing many electrons.
ey and compilation of data relating to inner-

We have carried out a surve
emi-empirical formula to

shell ionization by electrons and are working on a s
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reproduce these data. Approximately 35 references have been located presenting

K or L-shell data for over 50 elements. The data have been extracted and compiled
according to element and incident energy relative to the binding energy. Cor-
rections are being made for recent values of the fluorescence yields which,
rather generally, are used inconsistently or inaccurately.

Approximately 10 semi-empirical formulas have appeared, most of which can
be reduced to or rewritten in the Bethe form:

(Inke Iy

where N is the number of electrons in the shell being ionized which has a binding
energy U, and € is the incident electron energy relative to the binding energy,

¢ = Eg/U. a, is the Bohr radius, 0.529 &, and U, is the Rydberg energy,13.6 eV.
b and K are empirical functions of the binding energy. Our preliminary results
indicate

0.55

Although Egs. (1) and (2) are still preliminary and are not valid in the
extreme relativistic region, they do provide a first estimate of the cross
section which is more accurate and universal than previous formulas. The result
Will be improved as the data evaluation is completed. It is interesting to note
that the non-relativistic binary encounter approximation result of Gryzinskil
is very nearly equivalent to Eq. (1) with b =

78

1 M. Gryzinski, Phys. Rev. 1384, 336 (1965).

13.13 Excitation of Outer-shell Electrons to Bound States in Ne' + Ne
Ision

Burch

The number and distribution of electrons removed from the L shell simul-
taneously with K vacancy production in Ne - Ne collisions is fairly well
established now over a large energy range.l It is not however known what fraction
Of these are fully ionized as opposed to promoted or excited to bound states.

This information could provide a sensitive test of the overall ion-atom inter-
action and is directly related to vacancy sharing in the exit channel of slow
collisions. Excited electrons will also alter the K-shell fluorescence yield.

The purpose of this work is twofold: First, to relate the charge state
distributions observed in x-ray spectral to the final charge states produced
after Auger decay using the fraction of L electrons in excited states as a
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parameter. The final charge states have been measured by several groups. This
analysis is straightforvard in principle, but is tedious in practice.

result can be expressed in closed form depending upon an assumption about the
fate of the promoted K electron, i.e., it goes to the incident ion whicl
initially had one L vacancy, or to the initially meutral target atom, or to the
continuum.

The results of this method, which are not completed, can be compared to
a second determination which has been completed. In this approach, measured
inelastic energy losses for specific final charge-state pairs are compared with
Hartree-Fock calculations of the emergy loss as a function of charge state.
(Somewhat surprisingly this analysis has not been carried out in the past.) The
energy loss for excitation to the M shell in Ne is approximately equal to the
energy necessary for ionization, and therefore the difference in the observed
charge states and the calculated ones is a measure of the excitation to bound
states. It is important to note that the actual charge state measurements were
made 120 ns after the collision, which is longer than typical radiative lifetimes
for single electron excitation.

Some results are presented in Table 13.13-1. The results are found to be

Table 13.13-1. Comparison of present calculations with previous measurements of
the inelastic energy losses in Net - Ne collisions. N is the number of electrons
liberated per collision producing charge states m and n. The data are for ¢

incident energies at fixed scattering angles and do not include K excitations.

) i
- N
N (m,n) (e iy . s
100 keV, 10°
3 2,2 305 + 25 203 2.8 0.3
Y 258 390 + 25 222 Fieos
5 2,4 510 + 40 249 2.7% 0.3
5 3,3 475 + 25 242 2.4 £ 0.2
6 3,4 575 + 25 249 2.8% 0.3
150 keV, 10°
5 38 510 + 40 277 2.7 0.3
6 3 610 + 35 284 2:55 003
i e 770 £ 45 350 2,74 0.8
200 keV, 8°
8 5,4 770 + 100 227 70T
7 5,3 710 + 80 260 2.3 £ 0.6
6 4,3 670 + 50 au 3.0 £ 0.4

a)  Q.C. Kessel, Case Studies in Atomic Physics 1, 399 (1969).




consistent and indicate v1.3 electrons, AN/2, as the average number excited to
the M shell § of the electrons removed from the L shell
are 1 Preliminary re-
Sults show that the First method supports this conclusion, but in the present
formulation of the First method the results are not unique.

for

3. See Secs. 13.7 and 13.11 of this

report.




14. MEDIUM ENERGY PHYSICS

14.1  Pion-Nucleus Total Cross Section

M.D. Cooper, I. Halpern, L.D. Knutson, and R.E. Marrs*

During the past year, we had our first run at LAMPF on an experiment to
measure pion-nucleus total cross sections. In this report we present some pre-
liminary results which were obtained during this run.

ince the total elastic scattering cross section for charged particles i
infinite, we must define more carefully the quantity which has been measured.
write the pion-nucleus scattering amplitude, £(8), as a sum of Coulomb and nuclear
terms:

s
e

£(8) = £,(0) + £y (0).

The total cross section is then defined to be

2
+ [1£,]° ar
RN
2
g((han el

wheve o is the total reaction cross section. Since |f|? rathe: s
One tries to

actualll measured, one must rely on calculation to extract |fyl
introduce the necessary calculation in a self consistent way.
Experimentally, the quantity

op(e) + f 1£12 a0
o

is determined for a series of angles 8;. Here op(6j) includes all reactions ex-
cept those for which emitted charged particles emerge at angles smaller than O
A schematic diagram of the experimental arrangement is shown in Fig. 14.1-1.

The pion beam is defined geometrically by a pair of timing scintillators. Inc
dent particles are identified as pions either by time of flightl or by the DISC,
which measures the cone angle of Cerenkov radiation produced by a passing partic

le.

angles greater than 0 wi
"partial total cross section", 0(83).
Coulomb scattering and for Coulomb-nuclear interference (both on the basis of
some calculation), one extrapolates them to 85 = 0. This is the now standard?
way to determine total cross sections as they have been defined above. For
measurements presented in this report, the Coulomb-nuclear interference correc-
tion has not yet been made. It remains fairly small for light nuclei.

T ——————————en e
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Fig. 14.1-1. Schematic diagram of the arrangement of apparatus in the pion
total cross section experiment.

A typical extrapolation curve is
shown in Fig: 14.1-3. The measurements
are for negative pions on 12C at 85 MeV.
The extrapolation curve was obtained by oo} 3
fitting a quadratic polynomial to the
measurenents for the five largest

counters. 500)

In Figure 14.1-3 we present the

Fig. 14.1-2. A typical solid angle ex-
trapolation curve. The measurements are
for negative pions on 12C at 85 MeV. The
extrapolated total cross section is 580 3
12 mb. The Coulomb-nuclear interference SOLID ANGLE  (sr)
correction has not been included.




PION-NUCLEUS CROSS SECTIONS
af 85 MeV

EJ 100
Ep (MeV) 30 o) 130, 100

Fig. 14.1-3. Total cross sections for
positive and negative pions on “He as a

: g Fig. Lh.l-4. Av =
Foctind of thel ofon DombEodTiE, Fe N EAL G St [YREE LOTEL P88 DEC

tions for 85 MeV pions as a function
of target mass number. The calculated

measured total cross sections for posi-  curve was obtained by assuming that the
tive and negative pions on “He. One nucleus is a perfect absorber with a
notes that the m cross section is con- radius of 1.25 AL/3 fm

sistently larger than the 7t cross sec-

tion. This difference results, in part, from the Coulomb-nuclear interference
which increases the 7 cross section and decreases the 1’ cross section. —Coulomb
distortion of the incident pion wave function also contributes to the T* -
Qifference. For negative pions the Coulomb force is attractive and tends to draw
more pions into the nucleus, thus increasing the probability that a nuclear inter-
action will occur, whereas, for positive pions the effect of the Coulomb distor-
tion is to decrease the cross section.

Figure 14.1-4 shows our measurements of the average total cross section,
5 = 1/2(c* + o7 ), as a function of target mass number for 85 MeV pions. The curve
in Fig. 14.1-4 was calculated by assuming that all pions which penetrate into the
nucleus are absorbed. For a perfect absorber, the total cross section is simply
twice the projected area of the nucleus. The curve was obtained by taking the
nuclear radius to be 1.25 AL/3 fm. The prediction of this simple model is seen
to be in good agreement with the measurements for intermediate and heavy nuclei,
but overestimates the cross section for light nuclei. These deviations can be
explained, in part, in terms of the effects of the (3,3) resonance on the cross
sections for the lighter elements. HWe also have data for many of our targets at
several other energies up to 200 MeV.

g the first data taking run, a special emphasis was placed on
studymg how the total cross sections increase when one adds a few neutrons o
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In Table 14.1-1 we present the measured cross section differences
The values given in the Table are

any target.
One notes,

for isotopes of carbon, oxygen and calci
the averages of measurements cbtained at 85, 120, 145 and 170 MeV.
First of all, that the cross section increase resulting from an individual neu-
‘tron is much larger for the light nuclei than for the calcium isotopes. Second,
Wwe note that the cross section increase is greater for negative pions than for
This is to be expected since the T*-neutron cross section is
smaller than the 7 -neutron cross section near the (3,3) resonance. It is hoped
that by improving the accuracy of these measurements, one can obtain useful in-
formation about the density distribution of neutrons and protons at the nuclear

surface.
Table 1.1-1. Energy-averaged total cross section differences for isotopes
n, oxygen, and calciun. (Preliminary Data)
Comparison so(rh) po(n7)
(mb) (mb)

el 3829 72410

4% 105212 16013

at0a 6415 38420

$90q Hieg 21219 6522

We are now getting ready for our second run. We hope in this run to re-
move some residual uncertainties in our earlier work. The main emphasis in the
coming run (scheduled for Fall '75) will once again be isotope comparisons and
also lower energy pion cross-sections. In the meantime we ave continuing with

the analysis and interpretation of our earlier data.

R.E. Marrs is now at the California Institute of Technology, and M.D.
Cooper is at LASL. Our other collaborators on this experiment include

M. Jakobson and R. Jeppesen (U. of Montama), J. Calarco (Stanford),

G. Burleson and K. Johnson (New Mexico State U), D. Hagerman and R. Red-
wine (LASL) and H.O. Meyer (University of Basel, Switzerland).

Nuclear Physics Laboratory Annual Report, University of Washington (1974),

1.
p. 175.

2. F. Binon et al., Nucl. Phys. 17, 168 (1970); C. Wilkin et al., Nucl. Phys.
B62, 61 (1973); A.S. Clough et al., Nucl. Phys. B76, 15 (1974).




ion of Giant by Pion Inelastic

D. Chiang, I. Halpern, and L.D. Knutson*

Recently the subject of possible giant resonances in nuclei has received
considerable attention. resonance-like structure which appears at an excita-
tion energy of about 63 A-1/3 MeV has been observed in variety of nuclei with
A= 40 and has been studied extensively through the inelastic scattering of
§ He and alpha particles. It is generally believed
that this structure is primarily a T=0 giant quadrupole resonance (GQR). During
the past year we have undertaken an experiment to study excitation of the GQR by
pion inelastic scattering.

Pions have some advantages over the heavier projectiles, because they
interact with a relatively low orbital angular momentum. This means that the
interesting features in the angular distributions (i.e., the first maximum and
First minimum) occur at relatively large angles which are consequently easy to

determine experimentally. In addition, the low pion angular momentum insures
that nuclear excitations of high multipola

pion scattering. This fact ma out
to be important, since much of the "back-

rity will not readily occur in inelastic

ground" observed in the region of the Lot
GOR corresponds to_excitation of these Quadrupole
higher multipoles. LEP.

The initial run on this experi-
ment (which amounted to 24 hours of beam
time) was designed as a feasibility eou‘w

study, during which we' investigated
counting rates and the properties of
various spectra. A schematic diagram of
the experimental setup is shown in Fig.
14.2-1. Positive pions with an energy
of 60 MeV were incident on a natural Zr
Scattered particles were count-
ed by a pair of 1.5 cm thick intrinsic
germaniun detectors® which were used as

Detector (expanded

\ BZIAM

Target
~2 g/cm?

a particle identification telescope. S
For each event observed, a particle Betscios 1y
identification value was calculated from Monitor
the formula (sciiltion
Telescope
P = crz + 2027 - @) P2
\ Rotatable
where E1 and E2 are the energies de- 8\_, Detector
Support

posited in the first and second detectors
The germanium counters

sbe el om0 the  pig. 1u.2-1. Schematic diagram of the
telescope from the side, and reject par- bl o
i o iy oo o LR
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to pass through both germanium counters.

In the following paragraphs, we will describe briefly what was learned
during the feasibility study. In Fig. 14.2-2 we present a sample PID spectrum
for pion scattering from Zr at an angle of 100°. We observe that the contamina-
tion of the inelastic pion spectrum by background events such as nuclear inter-
actions in the detectors and events caused by protons, muons and electrons is
insignificant. i d on the assumption that contaminant
events would produce a broad background in the PID spectrun. For the spectrum
elastically scattered pions were sufficiently energetic to pass through

e veto scintillator. Thus the

both germaniunm detectors and were rejected by 1l
peak in the PID spectrum arises entirely from inelastic pions. Note that in the
Tegion of the pion peak, the background from all contaminant events is less than

n addition we have learned that the detector telescope effectively dis-

108

tinguishes pions from muons. At angles where the muon intensity was appreciable,
a clean separation between the muon and pion peaks in the PID spectrum was
obtained.

It was also determined that contaminant low emergy pions in the primary

plentiful enough to produce significant background in the spectrum.
y was

The num-

bean are not
conclusion was reached by means of a run in which the beam intensit
reduced to permit moving the germaniun detector into the primary bear

ber of detected pions which had energies from 5 to 20 MeV below that of the
nominal beam energy was found to be a sma n (0.5%) of the total number

of pions.
10¢ T T T
80|
60
COUNTS 2
40 L~
80
PID

Fig. 14.2-2. Spectrun of PID values for inelastic scattering of 60 MeV positive
pions from Zr at © = 100°. The peaks corresponding to electrons, muons, pions,
and protons are identified.




The energy resolution obtained in the run was essentially that of the
incident pion beam (v2 MeV). This was confirmed by passing the scattered pions
hrough an absorber to bring the elastic pions into the detector range. The
width of this degraded elastic peak was about 2.5 MeV. By varying the absorber
thickness, we confirmed that the detector resolution and efficiency are uniform
throughout the energy region of interest.

inally, we observed that the counting rate of inelastically scattered
pions is sufficiently high that one should be able to see any significant struc-
‘ture in the region of the giant resonances. From the observed rate, it is cal-
culated that with the expected ten-fold increase in beam intensity, we should
collect 2-3 counts per minute per MeV of excitation energy. Beam time sufficient
carry out a meaningful inelastic scattering experiment has therefore been

to
requested.

g9

Our collaborators in this work includ Amann, P. Barmes, S. Dytman,
Th

R. Eisenstein and J. Penkrot of Carnegie-Mellon University, A. Thompson
of Lawrence Berkeley Laboratory, and M. Cooper, E. Flynn and J. Sherman
of Los Alamos.

iy G.R. Satchler, Physics Reports 14¢, 98 (1974).

o M.B. Lewis, Phys. Rev. C 9, 1878 (1974).

The germanium detectors were provided by the Carnegie-Mellon group.




15.  ENERGY STUDIES

15.1  Energy Studies
D. Bodansky and

H. Schmidt

Our energy study program, which was begun in the spring of 1973, con-
tinued during the past year with the major emphasis directed toward preparation
of an extensive article, or a small book. In order to devote our full attention
%o this project, we dropped the seminars which ve had inaugurated the previous
sunmer.

The early objectives of our studies were to gain overall views of the
VEnergy Crisis" via an uwnderstanding of the various resource issues, to be fol-
lowed by technical assessments of the so=called alternatives to the presently
deployed energy sources.

Although we did not initially believe that nuclear fission energy was of
great importance in the "logical equation, we now consider the probability that
7y other alternatives will prove feasible for major contributions to man's needs
is remote. Thus, as our studies progressed, we found ourselves devoting more and
hore time to the technical and social aspects of fission energy, and especially
to those issues generally surrounding the "Nuclear Controversy".

our work has brought us into more and more contact with other disciplines
on the University campus, such as Geology, Environmental Studies, Economics,
Nuclear Engineering, and others. In addition, we have established commnication
with grows and individuals in the general commuity such as conservationists,
environmentalists, the news media, and laymen. A portion of our time
Gevoted toward commmity education or service via talks given to business and
other clubs.

An important aspect of our own study has been our attendance at a variety
of wide-ranging seminars, colloquia, speeches, and meetings, including the
cymposia sponsored by The American Physical Society at Chicago, Pittsburgh,
Anaheim, and Washington, D.C.

As stated earlier, our chief preoccupation this past year was the prepara-
tion of an extensive article. We are now seeking a suitable publisher. As an
interin measure, we prepared 300 copies, most of which have been distributed to
the physics and other scientifi iti The abstract, elow,
indicates the wide ranging direction of our studies.

The Energy Controversy: _The Role of Nuclear Power

Abstract

The objective of this paper is to show that nuclear fission power is the
best, and may be the cnly, altemative source of energy. It is written for a wide
rangs of readers, including non-scientists and scientists who are not particularly
informed on the issues involved.
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The First question concerns man's need for energy; it is concluded that
conservation measures alone camnot suffice. Next, the earth's emergy sources
are examined, and the extent of each is estimated in the simple context of the
Jength of time it could last at present use rates. Only nuclear fission, nuclear
Fusion, and solar energy can provide for future time scales commensurate Wit
man's historic past, while avoiding the possibility of catastrophic social up-
heaval.

Fusion and solar energy are rejected on technological grounds because
the world energy problem is so pressing that one cannot gamble on hopes for
future technological breakthroughs. Thus, only nuclear fission meets the twin
criteria of technological feasibility and adequate resource base.

Each of the controversial issues surrounding nuclear fission energy is
examined in some detail. The conclusion is reached that none is serious, and
that nuclear fission offers by far the best energy source from emvironmental,
economic, longevity, and overall safety standpoints.



16. RESEARCH BY USERS AND VISITORS

16.1  Fast Neutron Beam Radi - Medical Radiation Physics*

7. Eenmaa, H. Bichsel’, K. Weaver!, R. Seymour',and P. Wootton'

The Division of Medical Radiation Physics has participated in and has

ets of the fast neutron beam therapy program at ‘the
—inch cyclotron during the past year. These activities
(1) Acquisition of basic neutron dosimetry data.
(2 Dosimetry intercomparisons with other neutron therapy facilities. (3) Theo-
retical studies of neutron dosimetry. (4) Installation
computer-control and data acquisition systems. (S) Design and development of
special patient handling devices and setup procedures. (6)

25d continued development of the patient therapy facility. (7) Support of
Sherapy operations, including actual patient therapy. (8) Support of radio-
biologi and i 1 ical studies and of other, non-clinical,
These activities are described in

outside users of the fast meutron beam.
greater detail below.

Acquisition of basic neutron dosimetry data. The physicists at the
h:

1)
three centers iIn the United States engaged in fast neutron beam therapy have
agreed to express depth-doses, for purposes of patient therapy, in tissue-
“guivalent (TE) liquid phantoms of density 1.07 g/cc, and of muscle-equivalent
composition.l Tissue-equivalent liquid of this density and composition has been
prepared and measurements of build-up curves, central-axis percentage depth dose
Pieeributions, transverse beam profiles, etc., for the range of field sizes and
Field configurations utilized in patient treatments, are under way. The effects
of phantom density and phantom size on these quantities is being investigated.

Part of the dose delivered by a fast-neutron therapy beam is unavoidably
due to photans. Most of the photon contamination is produced by neutron
inelastic-scattering and absorption reactions in shields, collimators, and
especially the patient's body. The photon dose fraction varies with field size,
Gepth in tissue, and distance from the beam axis. A separation of the total dose
into meutron and photon components is desirable for a number of reasons. Since
the bislogical effectiveness of photons is much smaller (by about a factor of 3)
than that of neutrons, the variance in the photon dose fraction with position in
the irradiated volume should be known. In addition, some patients are treated
with both the neutron beam and a pure photon beam; the need to sum neutron and
Photon dose fractions separately makes knowledge of the photon contamination of

i imetry data interchanged with other
eutron therapy centers are often expressed as neutron doses rather than total
Joses. For these reasons a reliable technique for separating neutron and photon

doses is needed.

our technique for determining dose components involves the use of a
+issue-equivalent proportional counter (TEPC). With this device, energy deposi-
tion by single ionizing particles travelling through small TE gas volumes can be
reconded, and a distribution of dose as a function of energy absorbed per ionizing
event, Fig. 16.1-1, can be determined. An integral over this distribution yields
the total dose. On the average, neutron-induced events result in larger energy
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ig. 16.1-1. A dose distribution measured in a meutron radiotherapy beam. The
abscissa is the energy deposition in the counter divided by the effective
sensitive-volume diameter (in this case, 2u). The abscissa is plotted on a
logarithmic scale to show detail over a large range of event sizes; to preserve
‘the relationship of area to dose in this case, the product of dose and event size
was plotted as the ordinate.

depositions than do photon-induced events; however, the portion of the dose
Aistribution due to photons and the portion due to neutrons overlap. By separating
and integrating individually the neutron and photon components of the total-dose
distribution, we obtain dose fractions due to each type of radiation. The separa-
tion technique involves measuring dose distributions for pure photon sources and
normalizing the spectral shapes so obtained to the neutron-plus-photon distribu-
tion at points where neutron events are negligible. Work is under way to measure
the variation in photon dose fraction with field size and position inside and
adjacent to an irradiated tissue-like volume. Preliminary results are shown in
Table 16.1-1. This table also presents the relative fraction of the total dose
that is due to recoil protons, and the part that is due to a's and heavy recoils.

(2) Dosimetry intercomparisons with other neutron therapy facilities.

Dosimetry intercomparison measurements have taken place between physicists from
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the M.D. Anderson Hospital -- TAMVEC, the Naval Research Laboratory, the MRC
Cyclotron at Hammersmith Hospital in London, England, and the University of
Washington. The parameters that are compared are: tissue kerma in air, build-up
curves in phantom, tissue dose at depth of dose maximim, relatlve central axis
depth dose, beam profiles, neutron/gamma ratios in air and in phantom

photon calibrations of ionization chambers. Other parameters that are compared
ave values of W, stopping power ratios Sy, kerma corrections, and calculations
that lead to the statement of tumor doses for patients.

e results of these inten:emparisons to data show that the statement of
foeaial (n + y) dose agrees to three per cent among the United States institu-
However, it is recognized by all the fast neutron groups that the present
dwmm-y may eventually be modified by several per cent when accurate spectral
and cross-section data have been cbtained on all of the beams. Meanwhile, a com-
parison of the clinical results from each institution can be made with the know-
ledge of the agreements and disagreements of the dosimetry between the institu-
tions.

(3) Theoretical aspects of neutron dosimetry with gas ionization

chanbers. The fonizatlon In a T¢ lonization chamber is produced by a large
R species of charged particles (p, d, a, Be, B, C, N, 0, etc.) with a

wide range Of energies. The relevant values of W (energy per ion pair) and
stopping power ratios Sp, are particle and energy dependent. Calculations have
been performed to obtain appropriate average values of W and Sy for a few particles
so far. Since the input data are not well known, much further work remains to be
done.

(4) Installation and development of computer-control and data acquls)t)on
systems. The Raytheon 708 computer System is being expanded to improve
patient treatment. The computer will aid in record keeping, machine secnngs,
and treatment monitoring. The use of a dedicated computer will allow continuous
surveillance of the treatment environment and quality, and data which might be
lost or overlooked will be recorded automatically at all times. Programmed
interaction with the operator will maintain full flexibility of operation with
the additional safeguard of preplanned regimens of operation.

To organize and use the data being recorded during the therapy sessions,
a small data bank system is being worked up for the computer. This will allow
the physicians to review a patient's past treatments to aid in the planning of
future therapy. Statistical data based on the entire patient populsnon will
also be available, although not as an on-line feature at fi

(5) Design and development of special patient handling devices and
setup procedures. A motorized treatment Couch has been designed and a contract
Tet for its construction. This couch will have beam iso-centric positioning
capability and can operate either as a chair, table, or stand-up support for
various treatment configurations. Although its initial intent is to provide a
method of better patient setup through metrification of position, it will also
ease and speed up the setup operation for the clinicians. The couch will
eventually be connected to the monitoring minicomputer, first to provide z'ecordxng
capability for the setup, and then to provide a means for external control,
the computer to bring the patient to his treatment position automatically. This
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Table 16.1-1.

% Contribution to Total Dose

Variation in the relative fraction of the total dose that is
to photons, recoil protons, and a's and heavy recoils with field size and posi-
tion inside and adjacent to an irradiated tissue-like phanto

Field size at Detector
150 cn S5 Position s
Y heavy recoil| _protons
beam axis - air 5 1 ”
2 cn deep in fluid 85 .5 ”
2% 10 cm deep in fluid 13 13 "
2 cm
edge of field - air 9 13 8
shiclded area - air B8l e 63
beam axis - air 4 16 8
3 2 cn deep in fluid 6 15 ]
1Ben 10 cn deep in fluid 8 15 7
X 20 cn ceep in fluid " i 7
13cn
10 e in fluid - field edge 16 12.5 n.s
bean axis - air 4 1 80
S 2 cn deep in fluid 7 1 ]
i
cn deep in flu 4
o 10 cn deep in fluid 8 1 e
edge of field - air 6 16 .




feature will allow utilization of the three-minute "cool-down" period following
each exposure, when the residual backgrownd radiation levels in the treatment
area keep the technicians from entering the treatment area to set up the patient's
next field. By minimizing between-treatment time lag, a larger number of patients
can be treated within a given time period.

(6) Routine maintenance and continued development of the patient
therapy facility. Approximately thirty-five borated e polyester
Tesin (BWEP) neutron beam collimators, in a range of circular, square and
rectangular sizes, have been constructed for dosimetry measurements and patient
treatment. These can be modified by B WEP inserts for specific field configura-
tions. External blocking (20 cm steel) is utilized for treatment situations in
which internal shimming of collimators is not feasible and for "on-the-spot'
field modifications.

7)  Support of therapy operations. A physicist is on site and assists
in routine therapy operations. These activities include personnel dosimetry
monitoring, patient dosimetry calculations, setup of collimators, external blocks
and wedges, and settings of dosimetry moniforing instrumentation.

Support of non-clinical operations. These include support of

radiobiological and experimental oncological studies, and of other, non-clinical
ut sxde users of the fast neutron beam Rodney Withers and Dr. David Hussey

M.D. Anderson Hospital in Texas, Mr. Medhi Sohrabi from Georgia Institute
of ']echnology and Dr. H.B. Knowles from Washington State University.

ed by the National Cancer Institute, Grant No. CA 1244l.
Dibiaton of Hedical Ratiation Physics, Department of Radiology,
University of Washington.

i N.A. Frigerio et al., Phys. Med. Biol. 17, 792 '(1972).

16.2  Fast Neutron Beam Radiotherapy -- Experimental Oncology*

Janet S.R. Nelsonl

search in the Division of Radiation Oncology is supportive of the
o beam therapy progran which is currently treating cancer patients with
neutr: is research program is concerned principally with the response of
marine thmore 4n yive md tumcr calls £1 DEET0 to Revtrous md ta 250 Kip X-rays.
The principal areas of investigation during the past year and at present are:
(1) the response of C3HBA mammary tumors and mouse skin to fractionated neutrons
or X-rays and to mxed neutron-photon fractionation schemes; (2) the mechanisms
underlying reduced growth rate in C3HBA tumors recurring after X-rays or neutrons;
(3) the effectiveness of neutrons compared to X-rays used as preoperative radia-
tion of the C3HBA mammary tumor; (4) in vitro response of the EMT6 tumor cell
Tine to neutron md Koirvadiation; and (5) the response of the EMT6 mamary tunor
in vivo to mixed ph fractionated i




Each project is described in more detail below.

1. The response of mouse foot skin and the C3HBA mammary adenucammoma
of the C3H mouse to 250 kVp X-rays and cyclotron-produced neutrons (8 MeV m

energy) has been studied. Neutrons or X-rays were given in single fractions (Fx):
2 £x 24 hours apart; 2 fx 96 hours apart; and 5 fx in 5 days. Two fx of newtrens
+ 3 £x of X-rays in 5 days also were given in the sequence n-n-x-x-x

n-x-x-x-n.  When neutron-only schemes were compared to X-ray-only schemes, RBE'sl
for early skin damage and foot deformity at 6 months postirradiation increased
with increasing number of fractions. The RBE for 2 fx of neutrons + 3 fx of X-
rays (total dose of neutrons + X-rays) relative to 5 fx of X-rays was 1.3 for
both mixed fraction sequences. Tumor growth delay following single and frac-
tionated X-rays suggested an hypoxic fraction of cells which undergoes extensive

fractions ranged from 1.6 to 1.8 depending on dose level while TGF's for frac

tionated neutrons varied from 0.73 for 2 £x 24 hours apart to 0.96 for 5 fx in

5 days. For both the n-n-x-x-x and n-x-x-x-n fractionation schemes, a TGF of 1.1
suggests that the mixed fractionation schemes may be slightly better than neutron-
only schemes in this tumor system.

2. C3HBA mammary tumors were irradiated with 3000 rads of 250 kVp X-rays
or 1000 rads of 8 MeV neutrons, doses of radiation matched for producing equal
growth delay. At 14 days postirradiation, tumors were regrowing at a reduced
Tate relative to controls. Cell kinetic parameters were examined using per cent
labeled mitoses techniques, and blood vessel spacing and tumor architecture were
examined histologically to determine if the mechanisms underlying growth rate
changes were the same after neutrons as after photon irradiation.

e tunor volume doubling time (Tq) at 14 days posttreatment is similar
in both irradiated groups (Tq = 117 hours for neutron irradiated tumors, 132.4
hours for X-irradiated tumors) and is approximately twice as long as the Tq of

61.4 hours in control tumors in the same size range. Both control and X-irradiated
tumors have similar median cell cycle durations of 19.3 and 18.5 hours respectively;
the more slowly growing X-irradiated tumors have a reduced growth fraction (GF)

and increased cell loss factor ($). Regrowing neutron irradiated tumors have a
longer median of T, of 27.2 hours, with GF and ¢ values intermediate between

those for control and X-irradiated tumors.

The average distance from tunor parenchymal interphase cells to the
nearest blood vessel is nearly identical in the two irradiated groups and for
both groups is significantly greater than interphase to vessel distance in con-
trols. This average distance in irradiated tumors approaches the maximum distance
of 0p diffusion in mouse adenocarcinomas of a corded structure surrounding a
central blood vessel. Both neutron and X-irradiated tumors contain more necrosis
and less viable-appearing parenchymal cell than do control tumors of the

size. The similar growth rate and growth delay in this tumor after 3000 rads of

i RBE = relative biological effectiveness, = dose of X-rays necessary to
produce a specified effect/dose of test irradiation necessary to produce
same effect.
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X-rays or 1000 rads of neutrons occurs in the face of different cell cycle

and increased cell loss leading to necrosis, indicating oxygen or nutrient
deprivation.

3. Experiments using single fractions of radiative are underway to

determine the effects of preoperative X- or neutron irradiation on the recurrence
f a primary C3HBA mammary tumor surgically excised after exposure. The number

size of lung metastases is also being studied and related to the response of
the primary tumor. Determination of the 50% curative dose for this tumor with
both types of radiation is being undertaken to establish a point of comparison
between the curative doss mnd effective doses OF precperative meutrons tad X-rays.
The lung metastases study is of special interest due to the Scatter and leakage
radiation received by the animals when the primary tumor is locally irradiated
with neutrons, a situation not encountered with the X-ray facilities. Several
published reports show that X-irradiation to tumor-free organs can emhance their
susceptability to metastatic tumor growth. (This study is being conducted by
Tore Straume, a M.S. candidate in Radiological Sciences.)

4. EMT6 mouse mammary tumor cells have been irradiated in vitro with
X-rays or neutrons to determine RBE's for cell killing and for mitotic delay.
For 250 kVp X-rays, the Do' = 165 rads; for cyclotron neutrons the D, = 115 rads.
BE for cell killing at different survival levels, is as follows:

Surviving X-r Equivalent
Fraction Dose, Rads Neutron Dose, Rads RBE
0.5 350 180 1.9
0.1 625 415 245
0.01 1000 675 1.5
0.005 s 755 1.5
Ratio of D, values: D, X-rays o5
b, meutrons - 115 ~ -
The RBE for mitotic delay also varies with dose.
Mitotic X-ray Equivalent Neutron
Delay, firs. Dose, Rads Neutron Dose, Rads RBE
6 330 50 6.6
8 625 250 2.5
10 900 450 2.0
12 1325 650 2.0




he RBE for mitotic delay is higher than the RBE for cell survival,
factor which must be considered in interpreting the results of experiments com-
paring the response of EMT6 solid tumors to X-rays and neutrons, particularly if
one or two initial neutron fractions are used in a mixed fractionation scheme.

Experiments are now underway examining the response of EMT6 solid
tunors to 1 fx, 2 fx or 5 £x of X-rays, given at 24 hour intervals, 1 or 5 £x
of neutrons, and mixed neutron-photon fractionation schemes, in which 2 fx of
neutrons + 3 fx of X-rays are given in 5 days, in the sequence n-n-x-x-x,

-n. The results obtained with these treatment patterns will be cempared
to similar experiments done with the C3HBA tumors, described previously.

* Supported by the National Cancer Institute, Grant No. CA-1244
t Division of Radiation Oncology, Department of Radiology, University of
e et

16.3  Radiobiological ization of Radiotherapy Fast Neutron Bea

3.P. Geraci®, K.L. Jackson®, and G.M. Christensen’

e major objective of this program is to obtain data which will permit
safe and more effective application of fast neutrons in radiotherapy using the
University of Washington cyclotron. For this purpose the RBE of cyclotron neu-
trons for esophagus and lung damage was measured. Mice die from esophagus damage
between 10 and 50 days post-exposure. The LDsg/so gay With X-rays was 2840 (1955-
3293) rad and the neutron RBE was 1.9. Death from lung damage occurred between
tWo and six months post-exposure. The LD50/6 month for lung damage with neutrons
was 930 (755-1129) rad. The LDsg/g month With X-rays was 1485 (1223-1802) rad,
yielding an RBE of 1.6.

A study also was carried out to determine if there is a difference in the
rate of cell repopulation and short term recovery in (hymus, spleen, small intes-
tine and testes following neutron as compared to X-irradiation. Based on changes
in organ DNA content, no differences in rate of repepulanen were observed in
these tissues following single doses of X-rays or neutrons. The rate of short-
erm recovery following X-irradiation or neutron-irradiation did not differ in
spleen, thymus or testes. However, in the small intestine there was a lag in the
recovery process with neutrons, but equal recovery occurred with X-rays or neu-
trons by 16 hours.

Decrease in mouse testes DNA 28 days after exposure also was used to
measure RBE at various positions in the fast neutron treatment facility. The
neutron RBE for testes damage was found to be independent of depth in a tissue
equivalent absorber along the central axis of the primary beam. However, the RBE
increased with decreasing field size and was greater in the penumbra as compared
to the central axis of the primary beam.

The rad dose in the shielded region of the facility was 2.8% Of the
prinary beam central axis dose with a patient phantom in the primary beam. Under
these conditions the average RBE for testes damage in the shielded area was 4.9 as

216




compared with 3.0 in the primary beam. Measurement of sodium activation at
depth in an absorber indicated that the neutrons in the shielded region are fairly
penetrating.

* Supported by the National Cancer Institute, Grant No. CA-12u4l.

t Division of Radiation Biology, Department of Radiology, University of
Washington.

16.4  Fast Neutron Beam Radiotherapy-Clinical Program*

R.G. Parker', A.J. Gerdes', and H.C. Berry'

The ultimate objective of this project is the clinical evaluation of the
treatment of human cancers with fast neutron beams. Theoretically, fast neutrons
may be more effective than X-ray or gamma photons in killing cancer cells because
of: less dependence on full physiologic oxygenation at the time or irradiation;
less variations in responsiveness to radiation throughout the cell replication
cycle; and less capacity for repair of cellular damage.

The first patient was treated on 10 September 1973. Since that time, 94
patients have been treated including: glioblastoma multiforme 27; carcinoma
avising in the head and neck 49; metastatic adenopathy in the meck 12; epidermoid
carcinona of the thoracic esophagus 23 Pancoast tumor 4

To date, the objectives of the study have been: (1) to develop treatment
techniques; (2) to observe responses of selected tumors; and (3) to study normal
tissue tolerances.

Techniques for the treatment of head and neck tumors have been developed.
A versatile chair-couch for patients has been designed and is under construction.
This device will facilitate the treatment of tumors in the chest, i.e., cancer

of the esophagus and pelvis, i.e., cancer of the cer

Conclusions to date are: (1) short-term patient tolerance of fast neu-
tron beam radiation therapy is comparable to that of conventional photon treat-
ment; (2) nearly all cancers respond although the extent of those treated so
far precludes a high rate of long-term control.

Within the next few months, patients with glioblastoma multiforme and
certain head and neck cancers will be treated according to a protocol develop
and shared with investigators at the M i
Texas) -- TAMVEC —- and the MANTA (Washington, D.C.) program.

Supported by the National Cancer Institute, Grant No. CA 1244l.
+ Division of Radiation Oncology, Department of Radiology, University of
Washington.




Fast Neutron Production System at the Universit:
Graaff for Delayed Neutron Studies®

=
G.W. Eccleston', W.R. Sloan', and G.L. Woodruff'

of Washington Van de

The ener%y spectra of delayed neutrons associated with the fast fission
of 232Th, 233U 35U, 23%u isotopes is presently being measured.l The Univer-
ity of Washington Van de Graaff is used to produce the neutron source via the
"wp n)9B reaction. This source is representative of a degraded fission

spectrum.

Delayed neutron measurements were initially being conducted at the
University of Washington Cyclotron facility.3 ever, these studies were
jected to excessive gamma ray fluxes and were located in close proximity to a
concrete wall backed by water which produced undesirable room return effects.
Both of these difficulties were considerably reduced by moving the experiment to
the Van de Graaff facility.

Veasurements at the Van de Graaff were preceded by the design and con-
struction of new beam control equipment, a target system, and an isotope-detector
positioning mechanism.

equipment was interfaced to a beam port at the malyzing magnet in

Cave 3. At this position the beam passes straight through the tandem accelerator
and onto the target without going through the corona regulator system. The
advantage of this location is that electrostatic deflection of the proton beam
can be accomplished at the low energy cup without interference from the corona

regulator. Location of the experimental setup and the beam deflection module is
shon in Fig. 16.5-1.

Delayed neutron measurements require sample irradiations followed by a
counting cycle with the irradiation source removed. The neutron source is pro-
duced by impinging a 10 MeV proton beam onto a thick (80 mil) beryllium target.
Bean strengths from 1 ua to 10 ua are selected and occupy a somewhat circular
areaof 0.5 cm? at the center of the target. On-off beam control is accomplished
using logic signals supplied from the experimental equipment. Beam deflection
arises when a switched high voltage supply places 3000 volts onto the two chopper
s located near the low energy cup. On-off beam times less than 10 milli
cond:

8

are achieved.

Work supported by U.S. Atomic Energy Commission, Contract No.
Department of Nuclear Engineering, University of Washington.
See Sec. 16.7 of this report

P. Porter, Masters Thesis, University of Washingt
Engineering, Feb. 1975.

3 Nuclear Physics Laboratory Annual Report, Univers

p. 18k,
e Sec. 16.6 of this report.

on, Department of Nuclear

ty of Washington (1974),
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16.6

Neutron Spectra Measurements from the “Be(p,n)’Be Reaction*
P. Porter'

» G.W. Eccleston', and G.L. Woodruff'

Delayed neutron measurements currently in progress® at the University of
Washington Tandem Accelerator ave using the thick target ﬁwp n)B reaction to
generate a neutron source for the production of delayed neutrons.? This source ;
is intended to be representative of the neutron spectra in fast reactor systems.

Measurcments of the neutron spectra from 0.3 MeV to 8 MeV have-been col-
lected for the 9Be(p,n)9B reaction at proton beam energies of 8 MeV and 10 MeV
The energy range from 0.3 MeV to 1.5 MeV was collected using a 5 atm methane
filled proportional counter. This low energy range is presently being corrected
for downscatter effect The neutron energy range from
1 MeV to 8 Me! scintillator i
in Fig. 16.6 The 12 MeV reference spectrum is listed in Ref.

801 g
£
SOLTESE 8 12 MV reference soectrum
SRR
1 © 8 MeV experimental results
B 10 MeV experiental resutls
s
201
1 2 3 4 5 6 7
Neutron Enargy (Mev)
16 leutron spectra from protons on thick beryllium.
# Work supported by AEC Contract AT(45-1)- 22 Agreement 31.
+ Department of Nuclear g, Univer i
1 See Sec. 16.7 of thic report.




2 See Sec. 16.5 of this report.

a. "Delayed Neutron Spectra from Fast Fission",G.L. Woodruff, W.R. Sloan, and
.W. Eccleston, Renewal Proposal submitted to Division of Research, USAEC.

4. P.H. Porter, Masters Thesis, University of Washington, 1975.

5. E. Tochilin and G.D. Kohler, Health Physics 1, 332 (1958).

16.7  Mea of Delayed Neutron Spectra Resulting from Fast Fission of

235,

G.W. Eccleston', W.R. Sloan', and G.L. Woodruff

Delayed neutron spectra from 2>y have been obtained by placing
the sample in close proximity to a fast neutron source. The source was produced
by the 9Be(p,n)9B reaction using a 10 MeV proton beam from the University of
Washington Tandem Accelerator.l The beam was focused onto a thick (80 mil)
beryllium target and electrostatically deflected in a repetitive cycle
irradiate the isotope and then count the delayed neutrons.’ Beam strengths from
1 ya to 10 ua were selected based on cownt rate limitations in the nuclear
electronics.

urements were collected from 20 to 1500 keV using hydrogen and methane
filled pmport)onal counters connected to a two-parameter proton-recoil spect:
metry system.3 The memory unit of the spectrometer, a Nova 1220 computer consist-
iglof 4 kicmelVity 18P Eijarts, {2 capabia of comtaining 7 fulliniot of
data. This equipment has been and control
i e e e PRale s e e
in Fig. 16.7-1, for specified irradiation and

repetitive sequence,as shown

RS a7 S b A e AT ] “'
—n To =+ Tor —Hegt— Tes —t Tes =+ Tes —+ Tee —HTert T —
| (i) | 1 | [ :

o (w7,
Ty e Irradiation tiee
Ty = Delay from end of frradtation o start of counting
- Tgy = Counting times for block 1 to block 7
T, = Wait tine from end of counting to start of next cycle
T, Total tiae of one comlete cycle
Fig. 16.7-1. The m'® irradiati —wait cycle of a using

seven counting periods.




counting times.

To date, measurements on the
the two cycles of Table 16.7-1.

2%% isotope have been completed fo

The objective of measuring successive blocks in
time is to permit an assignment of half-lives to the delayed meutron energy peaks

Table 16.7-1.

Cyclical irradiation and counting time for delayed neutron measw
ments from the short (<1 sec) and medium (1-3 sec) life precursors.

ENERGY

Cycle# Times (Sec)
Irradiation Delay Count Block Wait
R SR By

Short 1.0 0.1 0.1 0.10.10.10.10.10.1 0.0
Medium 5.0 1.0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.0
* Refer to Fig. 16.7-1 for general cycle diagram.
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Delayed neutron spectra for the 7th cownting block of the 2°°U medium
cycle is shown in Fig. 16.7-2. Approximately 48 hours were required to complete
a full energy range measurement with 7 blocks of data. Presently, software
prograns to locate peaks in the spectra, integrate them and assign half-lives
are in the developmental stage.

Recent arrival of a 2 curie Am-Li source has enabled the continuance of
system diagnostics; such as, measurements of the Am-Li source, in the absence of
&l cisaionabla {sotops) while cycling the Van d Graaff bean on and off, This

ation, although preliminary, indicates possible problems are occurring in
the collection of pulsed source data. Until Further measurements are completed
and an in depth analysis performed, these results should be used with caution.

.(45-1)-2225.
ity of Washington.

Work supported by AEC Contract # A.
D of Nuclear Engi: ing, Univer
See Sec. 16.6 of this report.

i1

2. e Sec. 16.5 of this report.

3 "Delayed Neutron Spectra from Fast Fission",G.L. Woodruff, W.R. Sloan,
and G.W. Eccleston, Renewal Proposal submitted to Division of Research,
USAEC.
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16.8  Radiative Proton Capture by ~°C
D. aerghefew*, M.

R. Helme -

D.F. Moasdy r

EnTs

Last year in this repor
sented a number of new measu
the ganna yield for the reaction
12¢(p,y)13N and 12C(p,p y) LR
"]"')cu]ar‘ we gave ‘th

fon coeffic

90° yield for the inelast

Y12.71 ad 35,13 from E
We have since completed heasurenents of L i)
the angular distributions in some deta 4

throughout the region, and
ured the 90° yield to verif;
in certain regions.

Figure 16.8-1
distribution coefficients of the Yo fiite (i
according to the expansion I¥ S e

(o) = A1 + I a, py(cos

Fig. 16.8-1.
or

Angular distribution co-
efficients 12¢(p,

This figure includes the previ
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6.8-2. Angular distribution co- ERRISIENERCYVION NG ilae.
eff)ments for the 12C(p,p'yy5, 17) |
gamma-ray yield.

Fig. 16.8-3. Angular distribution co-
reported 'dips" in the reglon 10-14 HeV. S iclents forithe sCiDiony )
No dramatic structure is seen, although E™a-Tay yield.
the ay does appear to reach a minimun

near Ep = 18 MeV. The aj coefficient steadily rises, reaching the quite lange
value 10.8 near 23 MeV.

1770

Figures 16.8-2 and -3 show the angular distribution coefficients for the
inelasti Y1501 84 Y12.71. The ap coefficient for the vy 1, is peaked near
the E, = 19.5'MeV resonance. A value of ap more negative than 0.5 is not
easily exblained by scattering from a single compound nuclear state, endiiig im
most likely an interference effect. No dramatic structure is seen in
coefficient for the 1171, although a peak shape nean 23 eV secns neiy debinea.

Earlier results indicated a small bump in the 90° v yield at Ey = 9.0MHev.
In a careful measurement, the presence of this slight peak was verified. The
height of the peak was about three standard deviations above the broad resonant
backgronnd. No evidence was found for structure near Ep = 14 eV in the yo yield

We also compared our cross-section calibration to the results of A

ot al.2 Amos measured the integrated proton cross-section for 120(p,p" )12c4»
(12.71) at 22.3 MeV. Using a branching ratio I'y/T = 0.025 for the 1

state, our yield calibration was found to be in excellent agreement with Amos.



Wle further plan to study the 2C(p,yo)'°N reaction using polarized
protons in the region of the dips

Department of Physics, University of British Columbia, Vancouver, B.C.,
anada.

uclear Physics Laboratory Annual Report, University of Washington (1974),
p-

97.
2} K.A. Amos et al., Phys. Lett. 52B, 138 (1974).

6.9 The %®¥(p,1)%%r Reaction below the Giant Dipole Resonance
D. Berghofer*, M. Hasinoff*, R. Helmer*, B. Lim*, D. Measday*, and
T. Trainor

Tnelastic electron and proton scattering from many nuclei have shown the
existence of strong states located below the Giant Dipole Resonance (GD!
Analysis of the electron data indicates an EO or E2 assignment for these states.
while the (p,p') results are interpreted as giant isoscalar E2 resonances.l
particular, a state has been excited below the GDR in 90Zr by both inelastic
electron? and inelastic proton® scattering.

Hars wg reportthe zasultsiof investigation of the radiative capture
of protons by 99 Ep = 2.5 to 7.0 MeV (Eyx = 10.8 - 15.3 MeV) which corre-

sponds to the poslnon of the broad state seen in the 90Zr(e,e') reaction, which,
if E2, exhausts v56% of the energy weighted sum rule.?

he target was a self-supporting foil of 5% with a thickness of 4.2mg/cn’
and the gamma rays were detected in a 10"x10" NaI detector with a plastic anti-
coincidence shield.4 The resolution (FWHM) of the detection system was abou

3.5%, which is ample to separate the ground state gamna ray Yo from other transi-
tions seen in the spectra, but it is doubtful whether the other gammas can be
analyzed sepavately; more likely, they can be treated as a group, as was done,
for examle, in Ref. 5. The statistical error of Yo for each spectrun was less
than 23.

Detailed angular distributions were measured at twelve energies over the
region of interest, with spectra taken at 10° intervals from 0° to 130°. An ex-
ample of an angular distribution is shown in Fig. 16.9-1.

To date, four energies have been analyzed and the Yo intensities fitted
to a Legendre polynomial expansion. The angular distribution coefficients ob-
tained are shown in Fig. 16.9-2.

The dominant A, coefficient arises mainly from the E capture process,
while non-zero odd coefficients indicate an interfering level of opposite parity
The inclusion of an A, cosfFicient, while it vould unambiguously define the
presence of E2 capture, was not required to adequately fit the dat:

On the basis of the present analysis, assuming the phases of the con-
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The assumption of equal phases
can be removed by measuring the analyz-
ing power of the reaction, since the
information gained from such a study is physically imdependent of the informa
from the study of the unpolarized reaction. A measurement has been made else-
where at E, Bl by G Reesa o limit to the E2 strength of about 2%
of the E1 streng[h was obtained.5 Measurements with a polarized proton beam are
currently underway at this La.boracory St ditaieraraias’ f2vthdldana Tayice ils-
cussed above to remove the assumption about the phases, and to further restrict
the estimate of the E2 strength.

* Department of Physics, University of British Columbia, Vancouver, B.C.
Canada.

ST M.B. Lewis and F.E. Bertrand, Nucl. Phys. A196, 337 (1972).

2 S. Fukuda and Y. Torizuka, Phys. Rev. Letters 29, 1109 (1972).

2 G.R. Satchler, Com. Nucl. Part. Phys. 5, 145 (1972).

b, Nuclear Physics Laboratory Annual Report, University of Washington (1973),
p. 19.

5 Nudear Physics Laboratory Annual Report, University of Washington (1974),

6. b Hanna. Int. Conf. on Photonuclear Reactions and Applications (March

1973), p. 429.

g . 29
16.10 Radiative Proton Capture Into the Giant Dipole Resonance of °'P

and D. Measday*

Berghofer®, K. Ebisawa, M. Hasinoff¥, R. Helmer, S.T. Li

28

Ganma yield measurements on the 2°5i(p,yg)2’P reaction’ have been extended
to a lover proton bean energy of 7.30 HeV. A strong resenance (Fig. 16.10:1) of
width approximately 130 keV has been cbserved at E, = 7.45 MeV by using a 285:
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rrors shown in Fig. 16.10-1 are uncer-
Taintics in unfolding the expevinental
ganma spectrum. The 90° differential
cross section on the resonance is (13:4)
yb/sr. Angular distribution measurements
on and off the resonance (Fig. 16.10-2)
strongly indicate a dipole gamma transi-
tion (pg/, to 51 /p)-

It has been observed prevxous)y
that the yield from the 285i(p,y5)?
(3.15 MeV) reaction is significant o
proton beam energies between 16.50 MeV
and 24.0 MeV. Since the intrinsic
resolution of the 10"x10" Nal spectro-
meter was not good enough to resolve
Yy from Ys (Fig. 16.10-3), it was nec-
essary to unfold the experimental gamma
spectrum in terms of standard line-
shapes keeping the separations between
the line-shapes fixed throughout the
least chi-square fitting process. These
separations were based on the known ex-
citations of the low-lying states in
29 and careful energy calibration of
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Fig. 16.10-3. Experimental gamma spec-
trun and computer fit.

2
the spectrum. The excitation function for the 2°Si(p,v5)?°P reaction =
in Fig. 16.10-b. The Yy yields obtained from the fitting process throughout the
same energy range were always relatively small (20% or less of ~,51.

asurements in

lysis of angular distribution e giant dipole
1 ess.

resonance region are in proc
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16.11 Alpha Particle Injection into Reactor Materials

K.R. Gars

Alpha-particle irradiations of fast-reactor cladding and structural
material candidates are being carried out under a program at Atonics International
sponsored by ERDA-RRD called "Proton-Bonbardment-Alloy Development Progr:
Task 17, Contract A.T.(0-3)-824, using the University of Washington's cyclotron.




The cyclotron provides a fast and convenient method of introducing large concen-
trations of helium uniformly into specimens prior to proton irradiation.

This program investigates the variables, flux, fluence, temperature, micro-
structure, and helium concentration, on the formation of voids in a number of
alloys that have potential use in liquid-metal-cooled-fast reactors. The cyclo-
tron is used to implant helium in the alloys in a uniform manner at a low tempera-
ture. This is followed by accelerator proton irradiation to produce voids in
the alloy. Electron microscopy is then used to ascertain the effects of the
above mentioned variables on the size and distribution of the produced voids.

n connection with the above program, samples of a special Fe-Cr-Ni alloy
were alpha-particle irradiated and distributed to several other laboratories for
subsequent irradiation with either electrons or charged ions. This experiment
is being conducted to investigate the effects of the different particles on void
formation relative to each other so that a better comparison of void data can be
made.

Atomics International, Canoga Park, California.

16.12 Optical Properties of the Alkali Halides

P. Carlson®

M.J. Intlekofer*, and

We have been using the University of Washington cyclotron in our investi-
gation of some of the optical properties of the alkali halides. When alkali
halide crystals are subjected to crystal lattice danage, color centers are formed
which exhibit pol tion sensitive cs. In addition,
the color centers are re-orientable, which provides a means For the writing and
non-destructive reading of stored information. This makes them useful as i
masks in coherent optical processing systems, as the sensitive medium in B
graphy, and as the propagating medium in thin film optics.

We have found that alpha particle bombardment in the cyclotron provides
the optical density and penetration necessary for our work, and in addition, the
unifornity and persistence of the coloration is excellent. In a typical exper:
mental session, a single crystal or an evaporated thin film of KCL is exposed to
a diffuse bean of high energy alpha particles. The sample is then scanned with a
spe and i ion and studies are

work is being undertaken with the support of the U.S. Navy, under
Comtract #a0014-57-A-0105-0024, Task Order IR 350

Department of Electrical Engineering, University of Washington.




3-Acetate as an Adrenal

16.13 Supporting Data for "18F-21-Fluorop:
Scanning Agent”

R. Eng,* G. Hinn,* and L. Spitznagle*

Recent work in this laboratory has been concerned with the development
of methods for preparing 1Er-labe)ed steroids for use as adrenal scanning
of 18F vas a water target, we were limited in our

inati § P4\ Serlugios tia bt ieomtura ehggaatan indilineer

silver fluoride as an agent for fluorinating iodinated steroids. Tannhauser,
et al.l reported 63% yields of 21-fluoropregnenolone-3-acetate when an
aqueous solution of AgF was reacted with 21-iodopregnenolone-3-acetate. In our
hands, the yields were not quite as good. However, we were successful in pre-
paring 21-fluoropregnenolone-3-acetate in this manner.

Attempts to label Ag'°F by exchange in the solution obtained from the
cyclotron were unsuccessful. We were, however, able to synthesize AglSF from
AgoC03 by reacting AgpCO3 with the HLBF present in the water from the cyclotron.

Experiments in this laboratory show that the water from the cyclotron
contains HIBF accounting gor from 5.106 of the 18F activity. Attempts to
increase the amount of HI8F by exchange with HF were unsuccessful. Using the
Agl8F prepared as described above we were able to synthesize 21-18F-fluoro-
te 3-acetate. The synthesis
rsquxrcd four hours and resulted in about 700 microcuries of 21-18F_£1uoro-

r an overall 1 yield of 1.6%. Efforts to
improve the yield of Sl require the o e e
prepare HISF directly or Agl®F by exchange.

The commercial availability of 1,,7,10,13,26-hexsoxacyclooctadacane
(18-Crown-6)2 and the report by Liotta and HarrisS on the succes
use of 18-Crown-6 and potassium fluoride as a fJuonnann,; e Lrompted us
e R e L e P e e st e ce e

Carrier potassium fluoride was added to the water from the cyclotron
and the solution evaporated to dryness. Acetonitrile and 18-Crown-6 were added
to the flask to dissolve the K18F. 21-Iodopregnenolone-3-Acetate was added to
the solution and the reaction refluxed for 1.5 hr. The resulting 21-18F-fluoro-
pregnenolone-3-acetate (5 millicuries) represented an overall radiochemical
yield of 15%. This reaction has been repeated twice with similar success.

185 £1uoropregnen-

Preliminary attempts to study the distribution of 21
olone-3-acetate failed because the rats died from the L.v. injection of 0.5
ml of 95% ethanol in which the 18F-labeled steroid was olved. A distribu-
tion study was made possible by dissolving the 18F-: la.belsd stero)d in 1 ml of
a solution of 95% ethanol, water and propylene glycol (1:1:2) and injecting the
solution over a 1 min. period. Three animals were sacrificed at each of ¢

The results,

tissue were averaged and are presented in Fig. 16.13-1. We believe that these
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results are very pronising, particularly when compared to those reported by
Atkins reported obtaining § Dose/g concentrations of 0.13%/g in the
adrenal meauua, 0.03%/g in the adrenal cortex, 0.02%/g in the kidney and
0.015%/g in the liver using carrier free llc-Dopamine. When carrier Dopamine
was added, the adrenal medulla concentration dropped 6.5 times to 0.02%/g.
Future attenpts to increase the adrenal concentration of B aceivity

will be based or - removing unreacted iodinated steroid from the 18F-labeled
steroid: 2. usmg a gas target to increase the yields of KI8F; and 3. using
the free alcohol instead of the acetate esther of 21-18F-fluoropregnenolone.
Counsell and IceS reported the 19-Iodocholesterol when administered i.v. reaches
a concentration about 300 times that of 19-Todocholesterol acetate; the same may
be true for pregnenolone and its derivatives.

mary, 21-* r-uuomrregnenolom 3-acetate has been prepared

an

overall rad)ochemcal of 15% from KI8F. Initial distribution studies in

rats indicate that the compound may A e scanning agen

* Department of Pharmaceutical Sciences, University of Washington.

1 P. Tannhauser, R.J. Pratt, and E.V. Jensen, J. Am. Chem. Soc. 78, 2658
(1956).

24 Crown Ethers, PCR Report, May 1974, PCR Incorporated, Gainesville, FL.

3 C.L. Liotta and H.P. Harris, J. Am. Chem. Soc. 96, 2250 (1974).

u. H.L. Atkins, BNL #18052 (1973), presented at the American Nuclear Society

Meeting, June 1973, Chicago, Illinois.
R.E. Counsell and R.D. Ice, The Design of Organ Imaging Radiopharmaceu-
ticals, The University of Michigan, 1973.

16.14 of Bone Mass in Osteoporosis by Cyclotron Techni -
Recent Advances and Previous Results

C.H. Chesnut, ITI, W.B. Nelp, T.K. Lewellen, R. Murano, and G. Hinn
Knowledge of the pathophysiology and treatment of osteoporousis and
other metabolic bone disease is enhanced by accurate measurement of bone
mineral mass and precise estimation of bone mass change. Bone mass quantita-
tion by radiographic techniques has been highly subjective and prone to error,
although newer radiographic modifications (such as the femoral trabecular
pattern index of Singh) may provide more meaningful information. The recently
developed technique of total body calcium (TBC) determination by neutron activa-
NAA) however provides e (% 5.2%) and precise (x 28)
assessment of total bone mineral mass and net bone mass change. in addition
photon densitometry techniques provide px‘ecxse (£ 3%) quantitation of regional
bone mass (RBM), primarily appendicular.

To date 364 NAA procedures have been performed in our laboratory in
134 patients with metabolic bone disease including 60 patients with osteoporosis.
In addition TBC has been quantitated in a population study of 50 normal indivi-
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duals (age and sex distributed) providing comparative data for osteopenic
patients as well as information regarding age related bone loss. TBC-NAA has
proven to be a most valuable parameter for assessing response to therapy in

1 is. Five females treated with intra-
venous calcium infusion experienced an average 6% loss in TEC over an average
14-22 month follow-up period, indicating a lack of beneficial effect of this
form of therapy. ouble-blind controlled study in 26 postmenopausal osteo-
porotic females of the synthetic anabolic steroid methandrostenolone revealed
a 2% TBC gain and a 3% TBC loss over 26 months in treated and placebo groups
respectively, suggesting efficacy of this form of therapy.

Although photon densitometry techniques may precisely quantitate regional
bone mass of the radius, ulna, and calcaneous, the relationship of this measure-
ment to total bone mass, and more importantly to vertebral column bone mass,

In our laboratory correlation of TBC to RBM (radius) in 14

remains unclear.
+ 60 grams)

osteoporotic patients was high (r = .94) but the 8% error (S.E.E.
noted in predicting TEC from RBM suggents that photon densitometry techniques
may be of limited value in defining the degree of osteopenia, and in assessing
response to therapy, in osteoporosis.

Other methods currently under investigation for quantitating bone mass

include the dual isotope photon demsitometry techniques, partial body NAA, and
NAA with Argon-37 quantitation in expired air. These ‘techniques have had to
date little clinical application; the 37Ar methodology developed in our labora-

nal bone mass, with the latter measurement of obvious

the assessment of osteoporosis. The 37Ar technique will be applied to

the problem of space flight related bone loss; data from recent Skylab missions
predicts significant calcium ( one mass) loss in long term zero gravity

space travel. The degree and site of loss may be defined by the 374r technique.

Division of Nuclear Medicine, University of Washington.

16.15 Hyperfine Interaction Constants in the Py State of *lca® and %5ca

B. Geelhood* and M. McDermott*

Work has been completed on measurements of the hyperfine structure of
the 53p) state in two cadmium isotopes, 49-min 111Cam and 55-min 105¢d. The
measurements have been carried out by detecting the change in the angular dis-

cadmiun.
the hyperfine multiplets are made to cross by the application of an external
magnetic field. Two measured crossings in each isotope were used to extract
values of the hyperfine interaction constants A(lllm) = -696.888 (3) Mz,

= -1,025.433 (), and B(105) = -103.92 (8) MHz.

B(11lm) = 202.9% (8) MHz, A(105) =




The precisely determined magnetic dipole interaction strengths can be
used to determine features of the distribution of magnetism in the two nuclei
if equally precise values of their magnetic dipole moments are available.
order to measure these moments further production of 111cd™ and 10504 is b, g
carried out at the cyclotron by (a, xn) reactions on natural palladium targets.
Once separated from the target the nuclei will be oriented by a circularly
polarized photon bean and their nmr frequency measured in a known magnetie
field. The narrow resonances which result from the small spin relaxation rate
should lead to measured momerts with a precision of a few parts per million.

Department of Physics, University of Washington.
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17.2  Advanced Degrees Granted, Academic Year 1974-1975

Michael P. Baker: Ph.D. "Depolarization in the Elastic Scattering of
17 MeV Polarized Protons from 9Be"
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Douglas R. Brown: Ph.D. '"Neutron Pickup by Alpha Particles to Unbound
States"

Roscoe E. Marrs: Ph.

D. "Decays of T
Levels in Mass 20"

= 3/2 Levels in Mass 13 and T = 2

William Q. Sumer: Ph.D. "Alpha Scattering and the Nuclear Surface"

Howard Wieman: Ph.D. "Highly Inelastic Scattering of Medium Energy
Deuterons
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