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INTRODUCTION

This Annual Report describes activities at our Laboratory for the period
from Spring 1976 to Spring 1977.

The Laboratory continues to pursue an active program in many areas of
nuclear science. There has been continued emphasis on the studies of funda-
mental symmetries in nuclei and on radiative capture. Another field of major
interest is heavy ion reactions. These reactions ave being studied using both
beams from our own Van de Graaff and from accelerators at other laboratories such
as the SuperHILAC. We also have an on-going program in medium-energy physics
utilizing the LAMPF facilities. The continuing upgrading of our polarized ion
source has facilitated a large number of reaction and structure experiments. We
continue investigations in astrophysics and atomic physics.

In last year's report we discussed in some detail a preliminary design
for a postaccelerator based on spiral resonator cavities. We have completed
this stage of design and submitted a proposal for construction of such a device.
We are also continuing a modest prototype cavity development project.

e close this introduction with the standard reminder that the articles
in this report describe work in progress and are not to be regarded as publica-
tions nor quoted without permission of the investigators. The names of the
investigators on each article have been listed alphabetically but where appro-
priate the name of the person primarily responsible for the report has been
underlined.

As alvays, we welcome applications from outsiders for the use of our
facilities. As a handy reference for potential users we 1i =t n the table o the
following page the vital statistics of our accelerators. For further informa-
tion please write or telephone Dr. W. G. Weitkamp, Technican Director, Nuclear
Physics Laboratory, University of Washington, Seattle, WA 98195; (206) 543-4080.




Completed:
Funding:

THREE STAGE TANDEM VAN DE GRAAFF ACCELERATOR
(A High Voltage Engineering Corp. Model FN)
1967

Purchased with NSF funds; maintained by ERDA funds and some
funds from the State of Washington.

Beams currently available: (See also W.G. Weitkamp and F.H. Schmidt "The

niversity of Washington Three Stage Van de Graaff Accelerator'
Nucl. Instrum. Methods 122, 65 (1974).

Ion

Fam

Typ.Current ~ Max.Practical  Typ.Current  Max.Practical
2 stage(vA)  Energy 2 Stage 3 stage(wh)  Emergy 3 Stage
(Hev) (tev)
p.d 15 18 10 25
polarized p,d 0.1 18
3, hye 3 27
6,7Li 0.5 36 - -
a 2 63 1 70
N 2 72 q 79
0 10 81 3 88
si 0.2 90 = T
c1 0.2 117 0.2 124
Ni 0.5 17
Br 0.1 125
Ag 0.01 125
CYCLOTRON
(A 60-inch fixed energy machine)
Completed: 1952
Funding:

Constructed primarily with State funds and subsequently
supported by AEC funds. Now sustained by funds from outside
users.

Beams currently available:

Typical Current (vA) Maximum Practical
Energy (MeV)
100 1

150 22
30 42
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NUCLEAR ASTROPHYSICS AND COSMOLOGY

2 Cross Sectior

Relevant to Gamma-Ray

onomy

- Bodansky, D. Chiang, and P. Dyer

Measurements of gamna-ray production cross sections to complement
astrophysical observations of nuclear gamma-ray lines are continuing. Indicat-
ions of gamma-ray lines have been observed from astrophysical sites sych as sol-
ar flares, the galactic center, and the radiogalaxy Centaurus A. 152:3 At such
sites, enen articles collide with nuclei in the ambient mediun to yield
reactions such as 12C(p,p')12C(k. 44 MeV) ana 160(5.13
teV) and 160(p,p )1%(6,13 MeV). Observation of these gamma rays with spectro-
meters mounted in balloons and satellites makes it possible in principle to
obtain information on the energy spectrum of the interacting particles, the
relative abundances of nuclei in the ambient medium, and the directions of the
projectiles. These investigations require accurate knowledge of nuclear cross
sections and of gamma-ray lineshapes.

nuclear gama rays

We have measured total cross
y

ections Toductior
by protons of 2 25

sec for, of gamma rays
cident of 14, 20ne, 2%Mg 5

, and Survey
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£ 100 1.37-MeV gamma rays
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Fig. 1.1-1, Cross sections for production of 1.37-MeV ga'msa rays fx;gm the
24Mg(p,p')2%Mg reaction and 1.63-MeV gamma rays from the 2“Mg(p,pa)20Ne
reaction.



measurements have been made for 12C and
targets. These nuclei ave the
most abundant of the heavier isotopes
in the universe. Two large Ge(Li)
detectors were placed on a new
angular distribution table 20 cm from
the target at 30.5° and 109.9 from
the beam axis, where the fourth onder
Legendre polynomial is zero.
geometry allows deterioration of the
total cross section from measure-
ments at two angles, as long as the
ey mulupolar)ty order is 2 or
ess. Mg and S5Fe t: tangets were
elemental and 1sctoplc, the 2851 target
was elemental and natural, and the
14N and 20Ne targets were composed
of natural gases enclosed inlls with
nickel entrance and exit windows.
Target thicknesses were in the range
of 0.5 to 3 mg/cm?. Energies were in-
cremented in steps equal to the size
of the energy loss in the target up
to about 14 MeV, after which larger
steps were taken, since the cross
sections were not changing rapidly.

Transitions from the first excited
state to the ground state following
the (p,p') reaction were generally the
most intense observed, but in some
cases other transitions following the
p,p') reaction or transitions follow-
ing a different reaction were observed.
Examples are L4N(p,p')14N(3.945 MeV),
giving a 1.632-MeV ganma ray in a cas-
cade through the first cxc)ted state,
Q“ME(D,P‘)QONE(J 634 MeV) a

Fe(p.n?se’e(p,n)ssco(n 975 Mev)
giving a 0.812-MeV gamma ray in a
cascade through the first excited state.

The 56Fe(p,p')56Fe and S6Fe(p,n)S6co
reactions may provide a means for de-

physically acceierated particles
independent of the absolute mumbers of
these particles. The astrophysically

8000}

COUNTS
Yy
8
S

430 340 350
GAMMA-RAY ENERGY (MeV)

Fig. 1.1-2. Dopplez‘-bl‘cadened line-
shapes of 4.4l4-MeV g rays from the

12c(p,p')”c reamon. measured at 90°
for three different incident energies.

observed ratio of the nuber of 0.812-eV gama rays from (pn) will depend

on the shape of the proton ener;

spectrum. If

exponentially falling s

P
run is assuned, N(E)dE<E-SdE, then a 30% change in the exponent s would g:

about a 10% change o (near s=3).
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The gamna ray line at 1.63 MeV, which has perhaps been observed in

Centaurus A, will be a difficult line to interpret, since there are at least

three different sources of gamma rays of this energy. The emergies of the

second excited to first excned state transition in 14N and the first excited

to ground state transition in 2ONe are the same to within 2 keV. In addition,

the 20Ne state is populated above 15 MeV by the ?“Mé(p,pu)?ﬂwe reaction as well
Ore reaction. The 2ig(p,p')2Mg and 2WMe(p sa)20Ne oxcitation

functions for production of 1.37 and 1.63-MeV gamma rays, respectively, are

illustrated in Fig. 1.1-1. The cross section scale has not yet been determined

better than 25%.

irections of accelerated particles in astrophysical environments may be
deter’mzned through Doppler shift measurements if high resolution Ge(Ll) detectors

we used in space.* We have be
for the 12¢(p,p')12C(4.44 MeV) reaction as a function of proton energy and gamma-
ray angle. Camma-ray spectra at 90° for three proton bombarding energies are
shown in Fig. 1.1-2. With increasing energy, there is a progression from a bell-
ahaped peak to a flat- topped peak, to a double peak, arising from the increasing
Dopple: and 1 lation of magnetic substates that
T sp;.n-allp probabilities.

. E.L. Chupp, D.J. Forest, P.R. Higbie, A.N. Suri, C. Tsai, and P.P. Dunphy,
Nature 241, 333 (1973).
2 R.C. Haymes, G.D. Walraven, C.A. Meegan, R.D. Hall, F.T. Djuth, and
D.H. Shelton, Ap. J. 201, 593 (1975).
3. R.D. Hall, C.A. Meegan, G.D. Walraven, F.T. Djuth, and R.C. Haymes,
Ap. J. 210, 631 (1976).
4. R. Ramaty and C.J. Crannell, Ap. J. 203, 766 (1976).
1.2 An ﬁ)erunenlal Test of.the WheslerFeynnan Absarber Theory. for
Neutrino
J.G. Cramer and A. Seamster

In 1945 J.A. Wheeler and R.P. Feynman published a description of the
mechanism of electromagnetic radiation which intimately involves the interaction
between radiator and absorber, which has since come to be called "Absorbe
Theory".l The predictions of this approach to radiation phenomena are in almost
all cases identical to those of conventional radiation theories. There has been
only one experimental test of this theory which employed radio waves and which
has yielded an inconclusive result.

One of the corollaries of Absorber Theory is that a necessary condition
for the emission of radiation is that the radiation be eventually absorbed, i.e.,
that there is a one-to-one correspondence between emission and absorption. If we
apply this principle exclusively to electromagnetic radiation it is essentially
impossible to test experimentally, since the probability of eventual absorption
of any electromagnetic radiation emitted in any direction is essentially 1.0. On
the other hand, we may adopt a more general view of the emission-absorption
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correspondence principle: that it is ot a statement about the electromagnetic
nteraction but about any process of radiation (perhaps even the emission o
Jeptons and baryons.) If we consider possible tests of this generalized radia-
tion correspondence principle, ve should seek a kind of radiation which is (2)
very easy to produce and (b) very weakly absorbed. Clearly, the outstanding
exanple of such a radiation is the neutrino, which is readily produced by radio-
Secive sourees but has an extrenely small absorption probability. We have thus
designed an experinent to test the emitter-absorber correspondence principle as
it may apply to neutrino emission.

Despite the relative ease with which neutrino emission can be produced
with a kecapture or beta-decay radioactive source, it is relatively difficult
Yo determine the divection in which the neutrino was emitted. Basically, there
ave two methods for doing this: (1) detect the direction of nuclear recoil follow-
and (2) employ the strong electron neutrino angular corre-
hich is present for certain types of beta decay processes and detect the
of the beta particle. Although method (1) above gives the
of the neutrino emission angle, the recoil emergy of
ng nucleus is typically only a few eV, making measurements very diffi-
Therefore, we have elected to use method (2), cbserving the direction of
beta emission and inferring the neutrino emission direction from this.

For a pure Fermi beta transition, the beta-neutrino angular correlation
is given by:

P(8ey) = [1 + BCos(9,)] with B = Ve/e (6]

1f there is some anisotropy in the probability of meutrino emission §, arising
From u deficiency of absorption in some direction, the folding of the neutrino
spatial anisotropy into a spatial anisotropy for the beta particles, the beta

i 9.

from both g* and - sources with pure Fermi and Gamow-Teller transitions. The
ounces to be used are 66Ga(9.4 hr) Fermi B+, 159Eu(15.2 d) Fermi 87, 68Ge(275 a)
SomowTelier B+, and L00Ru(367 4) Gamow-Teller 8”. The last of these can b

o owed: £rom ORIL while the other three mist be produced by cyclotron bombardments
Srelininary cyclotron runs for source production indicate that all of these are
quite feasible, but the Eu and Ce sources will probably require radiochemical
sepavation after production.

Fig. 1.2-1 shows a photograph of the anisotropy counters mounted on a
#polar mouns! stand. The latter has been assembled by combining parts from an
P telovision camera dolly and a surplus divider head. The counters themelves
are NE-102 plastic scintillators with re-entvant backscatter wells mounted on
RCA 8575 photomultiplier tubes. The beta decay source is mounted between the

A ntiliasors and is collimated so that the betas illuminate only the central
region of the crystals. This apparatus is just being assembled.




Fig. 1.2-1. Photograph of neutrino asymmetry apparatus, consisting of a pair
of shielded scintillation counters mounted on a support with three variable angles.

i11 operate it by establishing some fixed polar angle with S s

We
celestial north and allowing the symmetry axis of the counter to sweep out some
el b R o will accumulate pairs of beta spectt‘a at
hour intervals over a period of several days or weeks, changing sources,
e e i e o siderial correlations in the counting rate
asymetries between the two counters. For the present we will use only one
pair of counters, but may later Shcim(15Ts. datatetmitanschaly onlalFamtifan
Gamow-Teller source. We anticipate a_sensitivity to spatial anisotropies in
neutrino emission on the order of 10-5 or better. This should be sufficient
test simple cosmological models which account for meutrino emission-absorption
and predict effects of 10~ or larger. In the (likely) event that no anisotropies

i itivity i 8 region, which is probably the best one
can achieve with the present technique.

J.A. Wheeler and R.P. Feynman, Rev. Mod. Physics 17, 157 (1945);
Rev. Mod. Physics 21, 425 (1949); also Phys. Rev. 59, 683 (19u1).

R.B. Partridge, Nature 244, 263 (1973).




A Possible Photon-Detection Method for Distinguishing between
3 Galaxies Composed of Matter and Antimatter

Stars an D
B
J. G. Cramer and W. J. Braithwaite

It would seem at First sight that the symmetry of the physical pro-
cesses in stars composed of matter and of antimatter would make them observa-
fionally identical so that no way could be found of distinguishing betwech
them. However, there is one excepti i
from the non-con:
symnetry.l The
he mydregen cycle, the carbon cycle, or nucleosynthesis of heavier elements
o pon peak, systematically convert protons into neutrons. This con-
P roiom takes place at least partly through the weak interaction, thereby

When these positrons are slowed
‘o produce bremsstrahlung. The helicity of the
positrons will be transferrgd to the bremsstrahlung, making them preferential
Pight civeularly polarized.” In other words, the bremsstrahlung helicity 1
thot of positrons will be such that the spin will tend to be aligned along
the photon line of flight.

Another energy loss mechanisn for the polarized positrons is am
hilation in Flight in which the energetic positron strikes an electron at vest,
producing two photons, one along the Line of Flight of the positron and one
P the opposite direction. This process is not unlikely since there avd Y
Utarget" electrons available in a stellar plasma. The forward-going annihila-
tion photon, which carvies mosg of the energy, will preferentially have the
same helicity as the positron. Thus, both bremsstrahlung and amnihilation
in flight will give rise to energetic right-circularly polarized gamna rays.

If we considen antimatter stars, exactly the same processes will take

place except that the burning processes convert antiprotons iote antineutrons,

P SGidies th I nife-y slsctons, he.a comenwnes of (R ST

o thein spins aligned against their line of flight and
e o onyung and forward in-flight amihilation radistion produced will

be left ecircularly polavized.l Thus the secondary emergetic photons produced

by Thermonuclear processes in matter and antinatter stars wiL tent to be

B \arized with cpposite helicities. Hence, a non-symmetry exists hetuest mat-
B S antinarter which;'in principle, allowsions fo distinguish betuesn

the two without the necessity of annihilation between them.

g

£ the occurrance of novae is that they may be
produced in binary stars having one member which is 2 white dwarf. Hydrogen-
DO oocenial is transferred fro the other member of the binary system to the
T ite dwarf until its surface suddenly ignites in a thernonuclear explosion,
broducing the nova. In this scenario it is clear that a able quantity of

Positrons, and hence circularly polarized energetic photons, should be produced

One explanation o




at or near the stellar surface where these photons could readily escape without
much degradation or depolarization.

Another possibility for direct observation of the matter/antimatter
helicity is a type II.supernova. It is believed that this type of stellar
explosion takes place when the fusion process in a massive star has terminated
with the production of a large quantity of *°Ni. This decays by HISSE A cop

o 56Fe.! This description ascribes a large fraction of the
el L L e
the probability of directly observing the polarized radiation produced by the
positrons in the °Co decay in supemovae should be enhanced. As a bench-
mark for the difficulty of these measurements, however, it should be pointed
out that even the direct gamma ray transitions accompanying the 56Ni and 56Co
decays in supernovae have not yet been observed.

The next step in our work on this problem will be a more detailed
look at the problems of expected helicities and intensities and of polarimeter
design, with specific attention to the detection of the helicity of x-rays

and gamma rays in the energy range of interest. In particular, we will study the
feasibility of constructing a space-mounted polarimeter array which would be

able to make the determination of the helicity of the radiation from stars and

to answer the question of whether there are antimatter stars and galaxies in

our neighborhood of the universe.

ermancnt address: Department of Physics, University of Texas at Austin,
Austin, Texas 78712

C.S. Wu and S.A. Moszkowski, Beta Decay (John Wiley & Sons, 1966),
pp. 149 £f.

25 M. aber, L. Grodzins, and A.W. Sunyar, Phys. Rev. 106, 826
(1957); C. Fronsdal and H. Uberall, Phys. Rev. 111, 580 (1958).

3 L.A. Page, Phys. Rev. 106, 394 (1957); [Note: This paper uses a
polarization convention which is opposite Basel convention used in
the present work.]

4. D.D. Clayten, Proc. of Conf. on Explosive Nucleosynthesis, ed. by
D.N. Schramm and W.D. Arnett (University Unlverslty—Lof exas Press, 1973).




2. TUNDAMENTAL SYMMETRIES IN NUCLEI

2.1 Parity Mixing in *op*

E.G. Adelberger, C.A. Barnes', J. Davidson®, M.L. Lowry®, R.E. Marrs®,
F.B. Morinigo'™, and H.E. Swanson

The parity mixing of the 1081 keV 0+ T = 0 and the 1042 keV 0* T = 1
levels of 18F provides one of the very few opportunities to measure directly the
AL = 1 parity violating N-N force. We ave,in collaboration with physicists from
the California Institute of Technology and California State University at Los
Angeles (CSULA), trying to measure the parity violating circular polarization of
the 1081 keV photons. The experiment is being performed at the high current
KN400O accelerator at CSULA. Since the motivation for this experiment and many
of the experimental details are given in previous annual reports ,1 we shall
restrict this discussion to some of the changes which have evolved over the last
year.

An improved, precision digital period genevator has been constructed
in Seattle and used at CSULA for -1 year. This unit is based on a crysta:
oscillator and supplies signals for the polarimeter magnet supply, the routing
of the digitized Ge(Li) signals and a "gate off" pulse that stops data acqui-
sition during the polarimeter switching transients.

(2) Improved circuitry has been developed in Seattle for the polarimeter
magnet supply and used for -1 year at CSULA. The new circuitry greatly reduces
magnetization correlated peak shifts in the Ge(Li) spectra. Such effects, which
can lead to spurious asymmetries, were present in our first version of the

electronics and were traced to ground loops involving the polarimeter supply.

(3) A new data acquisition facility for this experiment has been designed
and constructed in Seattle and has been working successfully at CSULA for over
half a year. The system is based on two independent, fast (100Miz ADC, " 2.5 usec
cycle time) ND2400 pulse height analysers and a PERTEC magnetic tape unit. The
analysers ave under the control of an automatic sequencer. In one complete cycle
the sequencer starts the PHA's at the beginning of a polarimeter cycle, then upon
receiving a pulse indicating a desired, elapsed time, stops the PHA's at the end
of the next polarimeter cycle, increments a mag tape tagword by one, writes the

the display interrupts, and also introduced correlations between the dead times
in the two ADC's. No such difficulties are observed using the new system which
is functionally equivalent to the extensively tested system used at Seattle for
the 19F parity mixing experiment.

(4) In an attempt to improve the lifetime of the 7500A thick Ni entrance
foils NiOH was added to the distilled water used as the target. We observed that
the (y-ray counts)(microcoulonb of integrated charge) increases as a foil is bon-
barded. This suggests that the foil becomes thinner due to erosion (which raises
the effective 3He energy and thus the counting rate) before finally rupturing.

8
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On the basis of limited statistics the addition of NiOH seems to improve the foil
lifetime.

A redundant vacuum safety system consisting of a second fast-acting
valve and trigger circuitry has been added to prevent foil ruptures from tripping
the accelerator vacuun interlocks.

Our present statistical errors on the circular polarization of the 1081
keV y-ray ave approximately half the 0.6% value predicted using a Weinberg-
Salam model of the weak interaction.? The data for this y-ray along with the
937 keV E2 transition from the 937 keV state (which is expected to have a negli-
gible circular polarization) are distributed statistically. However the data on
the 1042 keV M1 y-ray from the decay of the 0%, T = 1 state show monstatistical
fluctuations which ave not yet understood.

* Supported in part by National Science Foundation (California Institute
of Technology, California State University of California and the
State of California.
+ California Institute of Technology, Pasadena, California.
+t Gl iy University at Los Angeles, Los Angeles, Cahfornxa
it E.G. Adelberger, C.A. Barnes, M.L. Lowry, R.E. Marrs, F.B. Morinigo,

wanson and H. Winkler, Nuclear Physics Laboratory Annual Report,
Unxversxty of Washington, (1976) p. S4.
2 M. Gari, J.B. McGrory and J. Offerman, Phys. Lett. 558, 277 (1975).

2.2 Parity Mixing in 197
E.G. Adelberger, Z. Igbal, H.E. Swanson, T.A. Trainor and R. VonLintig

We are preparing an improved experiment to measure the y mixing
between the ground (1/2+) and 110 keV excited (1/2-) states of 5 our previous
measurement! did not have small enough errors to reliably distinguish between
theories where the weak N-N force is due only to charged currents and those which
include parity violating neutral currents as well. The new version of the experi-
ment differs in the following ways from the first:

(1) the polarized ion source has been rebuilt to employ a "spin filter"
and the Los Alamos-style fast-flip scheme.? This gives us 3 advantages:

the proton polarization is increased from 42% to 77% which is
equivalent to a fourfold increase in counting statistics.

b) spin correlated modulations of the beam emittance and intemsity are
greatly reduced. This diminishes the most important sources of systematic errors.

c) the spin can be flipped at much higher frequencies (reversal delays $
10 psec) which permits us to run at frequencies well above the noisy region of
the accelerator noise spectrun.



d works extremely well

the project has been completed, tested an

this part of
(see Sec. 12.3 of this report).

(2) A new U counter polarization monitor has beey constructed.® The

polavimeter contains a thin target consisting of *5 a
Do 20 ug/cm2 of C. Protons seattered at by, = 52° are detected in 4 counters
spread equally around the aximuth.
scattering peaks from Au and C. The o
2 sets of scalers according The 16 counting rates
2 e eontinuously monitored by the on-line computer which determines the magnitude
e Simection of the proton spin in each spin state, the bean charge collected in
i e o atatistical ervors in the above quantities. Apparatus
o beon constructed to allow the computer to rotate the Wein precessor so as to
keep the proton spin "locked int axis. This apparatus has been
teoped and works successfully. So far a digh roton
Spin direction has not proved necessary because the spin direction from the
Shproved ion source appears to be stable enough.

(3) A new mechanical systen for aligament of the gas cell, proton
polarimeter, and the Ge(Li) counters has been designed and constructed. Refine-
D% have been made to our technique of Ge(Li) alignment using radioactive
D roen. These changes greatly facilitate accurate aligment.

ALL the appavatus for our experiment has been constructed and we are
ready to take data.

il .6, Adelberger, H.E. Swanson, H.D. Cooper, J.W. Tape and T.A. Trainor,
Phys. Rev. Lett. 34, 402 (1975).

" comparison of Sona and Spin-Filter Polarization Schemes for a Lamb-
chife Polanized Ton Source", T.A. Trainor, H.B. Ingalls, H.E. Swanson,
o E.C. Adelberger, Proc. of the 1977 Particle Accelerator Conference,
hicago (1977), to be published in IEEE Transactions on Nuclear Science.

3. e Relberger and H.E. Swanson, Nuclear Physics Laboratory Annual
Report, University of Washington, (1976), p. 36.

2.3 Lifetime of the 10u2-keV State in 18

E. Marrs, E.C. Adelberger, A.B. McDonald and K.A. Snover:

1 state at 1042 keV in 18F decays by a fast isovector ML

The lowest T =
tragsition to the %‘l‘ound state. Its lifetime has previously been measured to be
T e wsing the 180(p,n)18F(1042) reaction and the Doppler shift attenuation
nt because of

method.l) A more accurate measurement of this lifetime is importa:
its role in a separate measurement of the parity-yiolating matrix element
Bao. and 1081-keV states in 16F.2) In addition, the strength of
o eovector Ml transition from the 10k2-keV state may be compared with the

2° 6N and 187, A comparison with shell-model predictions of

alogous 8 decays Of

an
e 18F(1042) 1ifetime vould also be interesting.
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are atrompting to detemine the 18:(1042) Llifetime £rom a coincidence
study of (he 160(3e,py)18F reaction at 5.0 MeV 3He emergy. Preliminary runs
were done at the Kellogg Radiation Lab at the California Institute of Technology,
and the main data run to date was done at the University of Washington. Protons
were detected in an annular counter at -170°, and Doppler-shifted rays were
detected at 0° in a 15% Ge(Li) detector. The targets used were Tap0s (short
slowing-down time) and ice (long slowing-down time). Although the 18F recoil
energy is -10 times higher in the present measurement than in the previous
180(p,n) measurement, the 16-keV Doppler shift of the 1042-keV yray is attenuated
by only 13 for the Tay0 target. The experiment is further complicated by the
instability of our ice targets, which recrystalized during bombardment. This
changes the effective target thickness, which in turn changes the 18F recoil
velocity. In our data analysis, we ave attempting to correct for this effect by
Using the widths and eontroids OF groups in the proton spectra.

1 A.E. Blaugrund, D.H. Youngblood, G.C. Morrison, and R.E. Segel, Phys.
Rev. 158, 893 (1967)

23 See Sec. 2.1 of this report.

2.4 Isospin Forbidden Decays of T = 2 States in A = in Nuclei

E.G. Adelberger

3/2 leyels in A = in+ 1
1,2,3 These

Recent work on the isospin forbidden decays of T
nuclei has revealed several striking and unexpected regularities.
include a pronounced oscmanon in the reduced widths for po decay of the

=-1/2 iscbars: A 1 nuclei with n odd have systematically larger
decay widths than the moc1oh within aven. ! (ses Fig. 2.5.1) ‘This perioddesty is
apparently not present in the py decays, or in the ng decays of the T, = +1/2
isobars. These phenomena have as yet not been explained. In oxder o explore
what physics may be responsible for the regularities we have undertaken
of the isospin forbidden decays of the T = 2 states of %
T; = 0 nuclei. The program is based on rescnance Loy s ey perfcrmed
in Seattle and coincidence measurements at the Princeton University Cyclotron.
The Seattle based resonance studies are chosen to complement resonance experiments
at Chalk River done by A.B. McDonald and collaborators. A sumary of the known
reduced width for p,d and @ decays of T = 2 states is shown in Fig, 2.4-2. The
1lowing articles report on our studies of T = 2 in specific A = n nuclei.

systematic study




|ISOSPIN FORBIDDEN DECAY WIDTHS OF THE
LOWEST T=% LEVELS OF A=4n +| NUCLEI

1079

2

1079

wL

Vel

107

074 é o
I

L s |

p-decays Ase

7l
i {j ]

values for some of these wis

07}

I” 2 46 10 20 4060K

MASS NUMBER A

ss reduced widths for isospin forbidden decays of the
1s of the A = bn + 1 nuclei (taken from Ref. 2, more recent
dths can be found in Ref. 3).




1079

107
1074 1074}
o3 o3
= ¥ G
1078 0% |
) |
x |
[ |
" o )
0 %0 50100 "5 1020 so00 "5
A A

10 20 50 100
A

nsionless reduced widths for isospin forb
2 levels of the A = 4n muclei.

en decays of the

. Trainor, T.B. Clegg and W.J. Thompson, Phys. Rev. Lett. 33, 229
(1’3 4).
E.G. Adelberger, Proceedings Int. Conf. on Nucl. Structure and Spectro-
scopy, Amsterdam, 1974, ed. by H.P. Blok and A.G.L. Dieperink, Scholars
Press, Amsterdam, 1974, p. 64l.

P.G. Ikossi, W.J. Thompson, T.B. Clegg, W.W. Jacobs and E.J. Ludwig,
Phys. Rev. Lett. 36, 1357 (1976).
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2.5 Charged Particle and Neutron Decays of the Lowest T = 2 Level in 160

E.G. Adelberger, §.J. Freednan', A.B, McDonald'', M.A. Oothondt',
R.G.H. Robertson', and F.J. Zutavern!

We have used coincidence techniques to study the decays of the lowest
T = 2 state in 160 (see 1976 Annual Reportl). The level was produced in the
180(p,t) reaction at ‘E 42 MeV. Tritons were detected with a resolution of
25 keV FWNM at 67, = 22° in a QDDD spectrometer. Charged decay particles were
detected at 61, = 90° and 6[, = 120° in solid state detector telescopes. Decay
neutrons were detected in a 5 cm thick by 12 cm diameter plastic scintillator at
a flight path of 0.7 m. A triton position spectrum, a TAC spectrum and spectra

of protons and a's from the decay of the T = 2 state are shown in Fig. 2.5-1 and
2.5-2. From such spectra we obtain branching ratios (%) of p =7
py+pa=11%2,p3=5%2 u=21*12u,,=1., 27, 4= 1.9 £0.7,

G = 14 %2,mp <15 andny +ne 15, Oun values for 4, and @, branching

retios aze in excellent grement ith) previous resonance vorkl (ag 22.0 ¥ 0.6%

15 £ 5 %) but our result for p, is significantly smaller than a legs precise
S e po 25 + 6% obtained from’a previous coincidence measurement.® Within
the large errors of the neutron measurements there is no evidence for a charge
asymmetry in the corresponding neutron and proton decays.

18o(T=2)— 2C+ @

% (p,1) '°0
Ep = 42.4 MeV
50| TAC SPECTRUM|
@
g E
z a
- - o
s g
e
@ 2
= z
E 180(7=2) 3
8 | ap® FocAL 8
PLANE POSITION
SPECTRUM
100
=500 1500 2500 3500 5 0 15
CHANNEL NUMBER DECAY PARTICLE ENERGY (MeV)
Fig. 2.5-1. Spectra of triton position Fig. 2.5-2. Spectra of decay parti-

and TAC pulses for the 180(p,tx) reaction. cles in coincidence with tritons popu-
lating the lowest T = 2 state of
n the 180(p,t) reaction.

1t




+ Princeton University, Princeton, N.J.

+ Chalk River Laboratories, Chalk River, Canada.
1 E.G. Adelberger et al., Nuclear Physics Laboratory Annual Report,
University of Washington (1976) p. 72.
2t A.V. Nero, R.G. Pixley and E.G. Adelberger, Phys. Rev. Cf, 679 (1972).
N.E. Davison and J.M. Nelson, Phys. Rev. c7 50 (1973).

i T.K. Koh, W.R. Falk,

2.6 Decay Widths of the Lowest T = 2 State in 20Ne

E.G. Adelberger, A.B. McDonald, K.A. Snover, and R. Von Lintig
The, 2 level in 20Ne has been studied previously as a
resonancels2 in 19F + p reactions. The ground-state proton branch oo/r has been
determined from elastic proton scattering.l OF particular interest to us is the

a, decay branch to the excited O* level at 6.06 MeV in 160, and the possibility
that the OFT = 2 level xignt ahow o streng o ddcay ford (predominantly) lp-th
residual state, as does® the OF, T = 2 state in 160. The unresolved a; + ap

branch (35 * 12%) is kneun“ to be much stronger than the a, decay branch

(<6 = 53). In principle, one should be able to extract reasonably unique values
for the (p,a,) and (p,a}) resonance strengths (and hence obtain o decay uidths)
from resonance data, the intrinsic spin sequence is simple for thes

reaction channels. Our data confirm the previous observation? that the (p.(xl + ap)
resonance anomaly is dominated at back angles by the o, yield. However, the .
branch may still be very important, since the nonresonant background (and fasich
the expected absolute size of the resonance anomaly for a given partial width)

for a) is much smaller than for a,. Data analysis is in progr

lowest OFT =
19,

iy R. Bloch, R.E. Pixley and P. Trual, Phys. Lett. 258, 2 (1967).
2. H.M. Kuan, D.W. Heikkinen, K.A. Snover, F. Riess and S.S. Hamna,

Phys. Lett. 25B, 217 (1557)

4. RoL. MeGraih, J. Cernyy it Hardy, G. Goth and A. Arima, Phys. Rev.
184 (1970).
2.7 Width of the Lowest T = 2 State in 24y

J.L. Osborme, K.A. Snover

E.G. Adelberger,

From extrapolations of the known widths of the lowest T = 2 levels in
880, 150 and 20Ne ome expects the total width of the lowest T = 2 level in 24ig
to be T ~ 1 keV. Previous experimental workl has established an upper limit of
T'<2 keV. 'Vl have attempted & direct messurement of T by stulying the A
a 23Na(p,Y) resonance at ? 3.906 MeV. The width of the T = 2 state we
inferred from the shape of thick-target yields. This method is pracncal only
if the energy resolution function of the beam and target are well known and 5 to
the level width. To insure good beam energy resolution the full widths of the
object and image slits of the 90° analyzing magnet were set to 0.76mm,
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1 o

the NMR and the NMR frequency was contin-
\ously monitored by our on-line computer.

low stripper gas pressure). The beam
2 :

experimentally using a narrow 27a1(p,Y)
resonance at Ep = 3.671 MeV. Excitation
functions of 10 MeV Y-rays obsgrved from
‘the bombardment of a 120 wg/cm® AL target
are shown in Fig. 2.7-1. Note that the
leading edge of resonance rises from

1/4 to 3/4 of the plateau value in only
380 ev. The smooth curves in Fig. 2.7-1 oLt
are yields calculated by taking account 365"
of the discontinuous nature of the proton

energy loss mechanism. The overshoot on

the leading edge is known as the "Lewis

g
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COUNTS/ 100 4C
g

d
ago in very beautiful work at from the 3.67 MeV 2

i described in the text.
program RESONANCE YIELD3 written by

Marrs. The data is well fitted by

Jatter process gives a gaussian
spread. (calculated according to Ref. )
S this case, our data rules out larger values o

gaussian as one moves avay from the resonance:

conductivity and does not alloy with Na. Targets wers transferred

rder to minimize target contamination. Resom

16

NCY (KHz)

e
Typical conditions were an injected beam l
of 15 yA and 0.5 A on target (the

small transmission was due to the very a sl

ALlp,

o an
e different targets. Excitation functions obtained witl

2A1 (pY)

§=—gro 35 3680 3885
NOMINAL PROTON ENERGY (MeV)

2.7-1.  Yield of 10 HeV rays
man; ars ) resonance.
e nr(seasRafe2)wiaTher caloninted —The gnooth Gurme is calculated as

sian beam energy spread B = 550 ev and a
00 ov. It is interesting to note that the beam energy
ibuti + only from the bean resolution of the tandem but

Having measured and understood our resolution function we then proceeded
to study the 23Na(p,y) resonance. Targets were prepared by evaporating metallic Na
o e Fehick well cleaned W backings which were mounted airectly onto a water cooled
o lock,  Backings were made of W, and were selected because W has good thermal

1620

h 3 of these




targets ave shown in Fig. 2.7-2. The
amooth curves were calculated as MR FREQUENGY (KH)
described above, and correspond to T :
T cp = 550 ev and B = 550 ev. We demon-
strated that our results are not

o0

§

in the first pass we increased the energy

in small steps; in the second we

decreased the energy. The good agree-

ment of these two passes establishes

that the targets did not deteriorate in Y

the course of our measurements. Several 2500} J“"CE; 2 . 4
sowrwerd poss |

COUNTS/6004C COUNTS/420 sC

5 ‘V
i
it

resonance rises.5 Because we cannot be g
completely sure that our best Na targets € .| q

4 mot contain "lumpy" contaminants gy f Y 1
which would give an additional broaden- fumd P
ing to our resolution function we quote O
our result as an upper limit § dl

r 5 550 ev

Fig. 2.7-2. Yield of 10 MeV rays

1 F. Riess, W.J. 0'Connell, from the E_ = 3.91 MeV 23Na(p,y)
D.v. Heikicinen, H.M. Kum aud... zesonance Borresponding to the s
S.S. Hanna, Phys. Rev. Lett. 19 = 2 state in 1°0. Data are show
Eon bosbaidadut of thoss dleferant
2 targets. The smooth curves are calcu-
lated as described in the text.
(196») and references therein.
3 R.E. Mares, E.G. Adelberger and K-A. Snover, submitted to Phys.'Rev. C.
b P. Hinterberger ot fucl. Phys. 4253, 125 (1975).
5. e eborme and £.G. Adelberger, Bull. Am. Phys. Soc. 21, 965 (1976).
2.8 Width of the Lowest T = 2 State in 28si

E.G. Adelberger, A.B. McDonald®, J.L. Osborne and K.A. Snover

Based on systematics of the known widths of other T = 2 levels, we expect
the width of the T = 2 state in 28Si will be too small to measure (T v 0.1 keV)
by the methods used in 2ONe and 2%Mg. Previous experimental work! has escabhsh»
o an upper limit of T € 2 keV. Instead we chose to employ a method based o
Z“Mg(u o) scattering. The basic idea is easily understood by considering an
jsolated resonance. On resonance the cross section is




and the yield from a thin target is

Y(Bp) =

T,

=2 Hr
2

when Ny is the number of Mg atoms in the target. Now if one has an energy
e liion (beam + targst) R >> I the number Ny refers only to those target
Deeos which the beam passes while it has an energy within I of Ep. S
eEE
N e L
&

vhen dE/dNp is the energyloss per Mg aton. Note that if the target has contan-
e e eneray loss is the fotal enevgyloss (due to contaminants as well as
Mg) per Mg atom. In this case
2
R i
° T2 ang
the Einite energy resolution causes the observed width of the resomence { to be

We Ny &
T g

Note that the area under the resonance curve is

r2
i
i

and that A does not depend on knowing dE/dNT.

n our experiment we employed § counters. Excitation functions for
5.92 € Ep € 6.25 MeV were taken with a pair of counters at Opap = * 165°, a pair
p = * 145°, and a single counter at 914D = 125°. Symmetric pairs of
ts of any beam position and angle
A target of 2.0 ug/cn? of enriched iyg
ich in turn was evaporated into thin
in the vicinity of theT-=2 resonance was repeated with a
imitar tanget with a thickness of an 0.49 ug/cm of 24Hg, The number of 2'Mg
atoms Ny was determined from data at By 3.191 and E, = 3.687 MeV when the cross
S on was assumed to be Rutherford. Our excitation functions (obtained from
he program VOYEUR?) are shown in Fig. 2.8-1. The T = 2 state is seen as a weak
in the midst of several much stronger (T allowed) resonances. It is
271650 a very deep valley occurs between these stronger

at 6 y
Zounters were employed to cancel the effect

1od large contaminants or were quite "lumpy". This demonsttates the importance

of an analysis which does

not depend on a knowledge of dE/dNT.
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Mg (a.a0)

6, =125°

CROSS SECTION (mb/sr)

—aw e sl o
BEAM ENERGY (MeV)

Fig. 2.8-1. Excitation function for elastic @ scattering from a 2.0 ng/em2
2yg target. The insets show a magnified view of the cross section in the

vicinity of the resonance corresponding to the lowest T = 2 state of 285i.
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In order to determine the background phase shifts angular distributions
£rom 35° € 0 < 165° were taken at Ef, = 6.097, 6.080, 6,146 and 6.129 MeV.
Analysis of this data is still in progress.

+ Sumer Visitor. Present Addvess: Chalk River Laboratory, Chalk River,

Canada.
K.A, Snover, D.W. Heikkinen, F. Riess, H.M. Kuan and S.S. Hamna, Phys.

Rev. Lett. 22,239 (1969).
2 See Sec. 14.11 of this report.

2.9 28yg Beta Decay and Isospin Mixing in 28p1

P.A. Dickey, J.E. Bussoletti, and E.G. Adelberger

Isospin forbidden Fermi beta decays provide one of the most direct sources
of information on isospin mixing in nuclei. In " > g%, AT = 1 beta decays with
J 8 - y circular polarization measurement is necessary to separate the
isospin allowed axial vector and forbidden vector contributions. In contrast,

the 0t » Ot, AT = 1 transitions ave strictly isospin forbidden in the absence of
charge dependent terms in the Hamiltonian, and thus the transition r
oo tveator) decays is related to the magnitude of the isospin impurities
in the nuclear levels. These impurities can arise from the Coulomb force or from

a charge dependence of the nuclear force.

A particularly lange isospin forbidden decay branch is expected between a
parent stave and its anti-analog. Since the Ferni operator is just the isospin
Pevering operator T, all of the Ferni decay strength of a paremt stzte 1
in its analog |A) to which beta decay is energetically impossible. The analog
|Ay and anti-analog |&)_states are admixed into each other by charge dependent
fohces. In gemeral A, A mixing is expected to be relatively strong because of

tate The pavent state |P) can then decay
to the anti-analog |A) through the admixture of [A). The 0+ 0% g~ decay of

1 we assume two state mixing with amplitude g between the analog and
anti-analog, then we can write the nuclear states as

1
Iay= - alr=1y + @-a2|r=2
s )
lay = - 22 jr=1y + alt=2
where the analog and pavent states are related by

T anda [

18y = — for T, T (2)
AT F T T -1, +1) z =




For a pure Fermi transition:

A T ol |
inwhich K = 75 21 1n 2,

(3)

is the dimensionless vector coupling constant, and the Fermi matrix

element MK is given by

Moo= (F|T_|4)
= a /2T

A value of K/G,? = 6177# is determined
from ft values of allowed Of,

0%, T = 1 Fermi decaysl for which

Mg = /2. The mixing amplitude a between
states separated by an energy AE is
related to the matrix element of the
charge dependent Hamiltonian (|Hep|) by
the expression

fobbidden’ transition’ 18 measured, then
(|Hcp]) can be deduced from cquatxons
(5), (4), and (3) which yie:

1/2
e

Only a few cases of anti-analog-
analog mixing have been studied by
looking at isospin forbidden Fermi beta
decays, In the decays of 6YGa and 66Ga
a factor of three difference in the
Values of ({Hn ) was feund (39.6 keV for
6ReV for 660a).2 If shell
s S s R
analog and anti-analog states,. (|Hcp|)
can be expressed in terms of a difference
in Coulomb energies for shell model
orbitals.3 That approach predicts
EeE R et i et enet Stga
and 66Ga, in conflict experiment.

No isospin mixing matrix elements

(|Heo|y = AE

= a (a|T.

AE+5020 ke

=,
Siig
200

1. Level schemes for mass 28
mvolved in 28Mg beta decay

greater than about 50 keV have been seen Dashed arrow indicates isospin forbidden
in beta decay experiments; however, much

21

oy

=1 de

ecay of interest.




larger matrix elements have been found by other methods in 8Be(150 kev)* and
12¢(110 * 30 keV).5 At the present time there is insufficient data for a
systematic understanding of these results

We have chosen to study the isospin forbidden 0*+0* 87 decay of 2
because the analog-anti-analog mixing in 28A1 has never been measured.
allowed decays were studied by AlburgerS, but the experiment was not sensitive
enough to detect a = 1% branch to the 0.9 MeV 0% state, roughly the size
expected for the forbidden decay. As seen in Fig. 2.9-1 the forbidden decay
branch is the most energetic and is therefore favored by the phase space factor.
Although 28A1 is B unstable, its 2.3 minute half life allows selection of the
28Mg decays by a fast B-y coincidence.

25M§ has a 21 hour half life. The sources were made by

26ug(180, 160)28Mg reaction in one scattenn& ghanber and et Y e
for counting. A 500-700 na beam of 54 MeV 1805% jons bombarded a water cooled

1 mg/cm? 26Mg foil for typically 24 hours before the foils in the scattering and
counting chambers were interchanged and a new source made while the fresh source
was counted.

he experinental arrangement is shown in Fig. 2. Electrons were
Gadicked Hith o b 1T e S I L Rk e 5.
coincidence with 30 keV gamna rays in a 7mn thick planar Ge(Li). The thin Ge(Li)
is about 70% cient at 30 keV with 1 keV resolution, but is relatively
insensitive to the higher energy gamma rays emitted in 28Mg decay. A precise
sSubtraction of other gamma rays was done by placing windows above the 30 keV peak.

®

.o
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Fig. 2.9-2. i 1 and simplified electronics for 28Mg beta

dechy experinent.




e
in the plnnar Ge(Li). For a

transition no angular i exist,
and so the B and y detectors were placed

at right angles to one another to [
ninimize crosstalk from scattered elec-
trons.

3

Data from a preliminary 24 hour
run indicated a 1% upper limit for the
ot + of brﬁrc“nnr ratio’, corresponding
to [Hepl 0 keV. Some improvements
were made in the apparatus, and the
results of a recent run with the new
setup are presented below.

3
8

CGOUNTS (thousands)

The high energy portion of the o
electron spectrun in coincidence with CHANNEL

attributed to 940 keV or 1340 keV gamma Fig. 2.9-3. Gamma ray spectrum from
vays interacting in the telescope. The 20Mg source viewed by 7mn planar Ge(Li).
gamma ray contribution was measured by
accumulating a spectrum with the AE-E
coincidence requirement turned off. That
spectrum, Fig. 2.9-5, was normalized to
the electron coincidence spectrun by
comparing the number of events above 866
keV, where no electrons are expected.

The solid curve in Fig. 2.9-4

; ENERGY (MeV)
sketch of the gamma ray spectrum to be 28Mg B DECAY
subtracted. ‘=Y COINCIDENCES

e electron detector response

forbidden events protrude beyond 466 keV.
Taking the detector response into account
the excess counts above 466 keV represent
a branching ratio of = (2.121.2)x0” 3 or
a mixing matrix element of 17.07%:2 keV.

A check on the apparatus is pro-
vided by the allowed 0* + 1% branch
shown in Fig. 2.9-6. The curves are
calculations of the high energy portion .
BERast g. 2.9-4. High energy porti
of the allowed beta spectrum with differ—()f 700 HIEh ener@ portion of
ent detector response functions. The . o@PTIO CUFCOR SPeCtIUY 4
normalization of the calculations to the % t3 M0 ke gamma ways. Soll curvetx.
data is absolute, based on the measwred pietCH O L8 TSSTTE] Bama ray contris

G
CHANNEL
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detector efficiency at 1 MeV. Below
about 300 keV the efficiency falls

rapidly because electrons do not pene- Epouoiu b ABLUANE Sudot7lecs

measurement, only the 100u AE detector 24
was used in order to lower the telescope
energy threshold. The change in
efficiency at .5 MeV due to removal of
the 200u AE detector was measured to be
less than 108.) We have confidence that

trate the E detector. (For this J

10%, an insignificant error compared to
the statistical error in the branching
ratio.

i S. Raman, T.A. Walkiewicz, and
H. Behrens, Atomic Data and
Nuclear Data Tables 16, 451

280
AE-E COINC. OFF

CHANNEL.

(1975). Fig. 2.9-5. Spectrun in electron
2 S.K. Bhattacherjee, S.K. Mitra, detector with E-E coincidence off.
and H.C. Padhi, Nucl. Phys. A96, Above 466 keV (channel 52) all the events
81 (1967). ave from gamma rays.
3 George F. Bertsch and Aram
Mekjian, Ann. Rev. Nucl. Sci. 25
25 (1972).
u. F.C. Barker, Nucl. Phys. 83, ENERCY.MV)iss
418 (1966). Lo

E.G. Adelberger, R.E. Marrs,
K.A. Snover, and J.E. Bussoletti,
Phys. Rev. C15, 484 (1977).
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2.10 Camtoe Sl e 3/2 Level in %Be and a Search for a
ble New State in UBe neav 3 WeV

P.A. Dickey, P. Dyer, K.A. Snover, and E.G. Adelberger

In last year's annual reportl we descmbed a measurement of the gamma
decays of the lowest T = 3/2 levels in 9Be and 9B. During this past year we
attemted: to eagsesthe sebomd b ray branch of the second T = 3/2
state in 9Be, a 1/2- level at 16.98 MeV. Since the ground state radiative
width Ty, of %Be(16.98) is known to be 11.5:1.4 eV from electron scattering,? a
measurement of the branching ratio Iy,/T would determine the total width T. At
present only an upper limit of 470 ¥°is known from 7Li(d,Y) resonance capture.?

The 16.98 MeV T = 3/2 state was populated by the 7Li(3He,p)%Be reaction
at an incident 3He energy of 13 MeV.

AE-E telescope behind Au and Ni foils whicl
ions. The NPL 10" x10"

NaI spectrometer detected gamma rays at 90

in coinci-
dence with protons populating the T

ltaneous particle singles
ence spectra were recorded
through the same ADC at several particle
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Fig. 2.10-1.  Portion of singles and il i ‘
coingidence particle spectra from 70 80 190 200 20"
7Li(3He,p)%Be (16.98) + y + %Be(g.s.), in CHANNEL
which particles were detected at 12°.

Arrow indicates expected location of
= 3/2 group. Dashed

Fig. 2.10-2. Slngles and coincidence
hmu: for the peak.

curve is an upper particle spectra at 350
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the 16.98 MeV state were readily identified in coincidence spectra, the T = 3/2
group could not be seen in the singles proton spectrun at any angle. Figs. 2.10-1
and 2.10-2 show portions of singles and coincidence particle spectra taken at 12°
and 35°; the arrow indicates the expected location of the T = 3/2 group. In the
12° data the solid line is a possible background and the dashed line is an
estimate of the upper Limit for a peak of the proper width as determined from the
coincidence spectra. This singles peak area along with the measured coincidence
yield gives a lower limit for I'yo/T of 2 0.7%. If I'y; = 11.5 ev, then our upper
limit for I is 1.7 keV, a value nearly four times the known upper limit. It is
clearly necessary to identify the T = 3/2 group in a singles spectrun in order to
improve our value

We have normalized our T = 3/2_gamma ray coincidence yield at Egy = 13 MeV,
[ 12° to the unresolved 7L1(3He.po)gB and 7Li(%He,do)®Be singles yields so
hetlistefrn high resolution singles measurement of the 7Li(3He,p)9Be*(16.98)
yield relative to py + do could determine Iyo/T. Such an experiment would be
relatively easy to do with a magnetic spectrometer. The expression for determin-
ing Tyo/T in the singles experiment is

200402 oiif21 8 £10E6)s xx1058mex b Fo +ido. o T
I, T = 3/2 singles (12°)

The gamma ray decay spectrum of the lowest T = 3/2 level in 9Be presented
in last year's progress reportl strongly suggested branching to a previously
unknown state at 3.2 MeV excitation. Subsequent measurementl of the neutron
decay of this excitation-region revealed a continuum of neutrons inconsistent
with the decay modes of known states at 3.06 and 2.8 MeV whose primary breakup
directly into the 8Be(0) + n channel would yield peaks not seen in the meutron
time of flight spectrun. In searching the literature for evidence of any other
reaction populating a state at 3.2 MeV_only one possible candmace was found. A

magnetic spectrograph spectrun® from 11B(d,u) at Eq = 7 MeV, 84 = 60° had a dis-
cernable SHeuldex‘ near the proper energy. We decided to try tc repmduce that
spectrum and to measure in coincidence with alpha particles the decay neutrons in

order to compare theu‘ spectrum with that which we had observed in 7Li(3He,pwm).

A 100 ug/cm? self supporting 11B target was bombarded with 7 MeV deuterons.
Alpha particles were detected at 60° in a 100 u thick surface barrier transmission
detector backed by a Si(Li) veto counter. The neutron detector, a 5" dia x 2
thick cylinder of NEL02 plastic viewed by a single RCA 4522 photomultiplier, was
placed one meter from the target at an angle of 115°. Neutron-alpha coincidences
were recorded event by event with the new data acquisition program RALPH

ig. 2:10-3 shows the singles a spectrum at 60°. The broad peak at channel
250 arises from population of the 3.06 MeV £' level in 9Be whose natural widtl
is 292 keV. There is no evidence for excitation Of a state at 3.2 MeV; the
shoulder that appears in the spectrum of Bockelman et al’ is absent in our data.
If the shoulder did not come from !!B(d,a), then it would not have to appeap at
the same place in the spectrograph and the counter data.
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Fig. 2.10-3.

High energy portion of alpha spectrum from 11B(d,d)%e.

The coincidence data were analyzed by generating two dimensional plots of
neutron flight time versus a particle energy. The kinematic loci for decay via
9Be* + BBe(o) + n and 9Be* *a + o + n were evident as curved bands with enhance-
ments at the o energies corresponding to the 3.06 and 2.43 MeV excited states of
9Be. e events within the 2 body and 3 body kinematic bands were summed and
projected onto the a energy axis to give the spectra in Fig. 2.10-k.

As expected the 2.43 MeV state is strongest in the 3 body spectrum since
it has In /T = 6.43.5 The 3.06 MeV state branchesS(87 * 13)% to ®Be(o) + n and
is quite prominent in both 2 body and 3 body spectra. One would not necessarily
expect the 2 and 3 body yields to be in the ratio of 87:13 because the effects of
angular correlations, center of mass to lab conversion, and energy dependence of
the neutron detector efficiency have not been removed. There is no evidence for
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that in the 2 body spectrum. Thus the
3.06 MeV state seems to account for all
of the yield.

We conclude that the
11p(d, n)%e* reaction gives no evldence

a peak at 3.2 MeV in the 3 body decay
spectrun. When background is subtracted
from under the hold peak in the 3 body
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DECAYS
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3.2 MeV
323 MeV, 306 eV
i Nuclear Physics Laboratory 3 BODY 2,43 Mev
Report, University of Washington, DECAYS it
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NUCLEAR STRUCTURE

83 Narrow Resonance Shapes in 27A1 + p Reactions

K.A. Snover and P. Dyer

The purpose of these measurements is to study the feasibility of cbserv-
ing explicit effects of K-shell atomic electron excitation on the nuclear
reaction process. The motivation stems from the possibility of cbserving nucle-
ar reaction delay effects on the atomic ionization or x-ray production
cross sections. Although the most feasible experiment appears to be coincidence
detection of x-rays and nuclear scattered particles (Sec. 3.2 of this report),
such an experiment suffers from low counting rates and high backgrownd in the
ideal case, and appears impractical for isolated resonances. On the other hand,
one might be able to see such effects in singles in the case of isolated narrow
resonances. Ideally one would see a resonance yield curve with a satellite peak
displaced upward from the main resonance peak by about the K-shell binding

of 1/2 P, (0) times the intensity of the main peak,
lity of making a K-shell vacancy at zero impact para-
nuclear physics would arise in situations

energy and with an intens.
where P, (0) is the probabi
meter. The interesting atomic an
where the displaced resonance overlaps the main resonance or a separate reso-
e to look for effects due to interfering nuclear amplitudes

nance,, allowing ons
at different "bombarding" energ

To look for such effects on isolated resonances, one needs B, the K-
shell binding energy, large compared with the beam spread and the reSonance
natural width. Now B increases with target Z whereas P,(0) rapidly decreases;
thus one's strategy should be to choose Z (and hence B, ) as small as is toler-
able in order to maximize P, (0) and hence the size of the effect. Reactions
initiated by 27A1 + p appeas to be a good compromise, with B, v 1.6 keV, 1/2
P(0) ~ 1072; and narrow nuclear resonances are available.

Two resonances were examined, the first of wl
(T = 150 eV) 27A1 (p,a) 2%Mg resonance at E_ = 1647 keV. Measurements were
made at 6 = 15° using a thin 20u detector tB eliminate elastic pile-up inter-
ference. “Thick target (20ug/cm?, AE ~ 2.6 keV) yield curves showed a beam
spread of © 750 eV from the 1/8 - 7/8 rise. However, thin target (1.3 - 2.6ug/
cm?) yield curves showed substantial high emergy tails, much larger than could
be accounted for in terms of straggling caculations. The 1.3ug/cm? yield curve
i FWHM of 750 eV is equal to the beam spread deduced
from the thick target, and the low energy side of the yield curve is consistent
with a gaussian shape down to 10% of the maximum yield, but with a larger tail
at lower emergies. Fig. also shows a thin target yield curve over the
strong (p,y2) resonance at Ep = 3.671 MeV for 6y = 90°. It is clear that to
detect a satellite peak requires reduction of the high energy tail in either
case. This tail may be due to target non-uniformities or to a low energy tail
on the proton beam as a result of upstream slit scattering. Straggling or
energy broadening in the gas stripper due to failure to contain the gas within
the terminal may contribute also (measurements with a 3ug/cm? C stripper foil
showed larger tails). In the case of the (p,y,) resonance, the nonresomant
background makes a substantial contribution.

hich was the strong narrow
7

)
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Fig. 3.1-2. "Calculated” satellite

Fig. 3.1-1. Upper curve and scale:  effect above the (p,ag) resonance
The 27A1 (p,ag) 2*Mg reaction near (see text). AE =E -E___. The

E_ = 1647 keV, Lower curve and yield on P P rZ88nance is 150
P gcale: the 27AL (p,yz) 28Si reac- (relative units).

tion near E = 3671 keV.

Fig. 3.1-2 shows the result of an idealized calculation (including
straggling) of the effect above the 1647 keV resonance, assuming a 2ug/cm” tar-
get and a 500 eV gaussian beam spread. The figure depicts the region % 1.6 kev
B ove the main peak. The solid curve represents the calculated tail of the main
peak; the dashed curve, a 1% satellite peak added on with the same shape as the
Pain peak; and the dotted curve, the best smooth curve with a shape similar to
‘the main peak tail. With very good statistics one might be able to tell the
4iffevence between the dotted and dashed curves near the leading edge of the
atellite peak. However, any broadening of the leading edge, as one might ex-
act from a spread in K-shell excitation emergies, would wash out this
aifference.




K-Shell Ionization and Time Delays in Nuclear Reactions

J.S. Blair, P. Dyer, K.A. Snover, and T.A. Trainor

A new means of studying time delay in a compound nuclear reaction is
being investigated. As a nuclear particle is scattered, an atomic K-shell
vacancy may be created (in the same atom) by the incoming particle or by the
outgoing particle. The incoming and outgoing amplitudes for this process inter-
fere quantun mechanically, and the probability for the simultaneous nuclear-
atomic event depends on the nuclear delay time through the phase difference.

£ the vacancy is created by the incoming particle, that particle loses
an amount of energy equal to the sum of the K-shell binding energy and the
kinetic energy of the ejected electron. When the nuclear resonance width and
the beam energy resolution are comparable to or less than the K-shell binding
energy, this energy loss gives rise to a double-vesonance structure in the
atomic-nuclear excitation function. If A(klm) and B(klm) are the amplitudes
for the atomic vacancy creation by the incoming and outgoing particles, re-
gpectively, and £4,(5,E) is the miclear scattering amplitude, then the proba-
that there’Ss sunultancnugly a nuclear scattenng and a K vacancy crea-
cmn may be calculated with time- theory to be

\Amm 0 (8,E-Tw) + E(klm)f 00 )|

where k.1, and m are the wave number, angular nomcntun and angular-momentun
projection of the ejected electron, E is the energy of the incoming particle,
0 is the scattering angle, fu is the energy transferred to the electron, and
a and B synbolize a set of muclear quantun numbers describing the initial and
final states, respectively. Suns and averages over the appropriate quantum

numbers and the electron kinetic energy must be perforned to-cbtain the cross
section. Specifically, the quantity we are measuring is the correlation be-
tween nuclear amplitudes at two different energies. The effects due to "time
delay" ave xncoruoraced In the energy dependence of the reaction amplitudes,

ith the H

This technique is being tested by measuring the atomic-nuclear proba-
bility as a function of bombarding energy for the case of the S8Ni(p,p) SONi
reaction. At 3.1 MeV there is a large, isolated s-wave resonance (interfering
with Coulomb scattering) of width 5.6 keV. The K-shell binding energy is 8.3
keV. This resonance is thus a case for which the nuclear resonance width
and the K-shell binding energy are comparable. A target composed of 9 ug/cm?
8Ni evaporated onto a 10 ug/cn? carbon backing was bombarded by a proton beam.
The beam energy resolution was about 1 keV, and the energy loss in the target
was 0.6 keV. A Si(Li) x-ray detector and a Si(Li) particle detector we
placed at 90° with respect to the beam direction. The x-ray detector Smtended
a solid angle of 0.38 sr; the particle detector, 1.2 sv, with a spread in 8 of

 20°. With fast-tining techniques, coincidences between elastically scattered
protons and Ni K x-rays were measured at four bombarding energies. Because of
the small zero-impact-parameter ionization probability (PK(D)NO 003) and the
high singles x-ray and particle counting rates, there is a high background of
random events, and the statistical errors are 1.




The proton singles excitation
finction, shouing the s-wve zescnaze
at 3.14 MeV, is illustrated in
The measured number of coinei-
dences are shown in Fig. 3.2-1b. For
this test case, all quantities in the
above formula are known except the phase
difference between the two atomic ampli-
tudes. The three curves in Fig.3.2-1b
are calculated for atomic phase differ-
ences of A¢= 0°, +90°, and -90°, for the
specxfu: case of monopole excitation
1=n=0) for which A=B* and A=
-‘A/B The curves have been normal-
iad tbtens average value of the two
data points at 3.125 and 3.175 MeV. It
can be seen that in addition to testing
the concept of measuring nuclear time
delays by this type of experiment, a
precise experiment may be able to deter- g o Lo o
nmine the atomic phase difference A¢. 2B PROTON ENERGY - (MeV)
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We are now preparing to repeat
these measurements with a Na(T1) x-ray
detector. With larger solid angles,
possibly better time resolution, and
longer counting times, we should be able
o make much more precise measurements.

Fig. 3.2-1. a) Excitation function
for elastic scatterxng of protons from

Ni of Ni K x-rays in
Ghintidence with elastically scattared
rotons. Calculated curves for thre
atomic phase shifts ave also shown
(see text).

3.3 Search for Superheayy Elements
D. Burch, J.G. Cramer, P. Dyer

e have searched for superheavy elements in four samples by detecting
characteristic x-rays induced by protons.

The first sample was a monazite mineral from Idaho.! Evidence for pri-
mordial superheavy elements in monazite inglusions showing giant halo formation
in mica has been reported by Gentry et al.” The segond sample was a piece of
the Allende meteorite which fell in Mexico in 1969.° Anomalous abundances of
the xenon isotopes 131, 132, 134 and 136 have been observed in this meteorite,
and superheavy elements have been suggested as the progenitors of these iso-
topes.” The third sample was coral extracted from the Bikini thermonuclear
bomb crater,® ‘a poss)ble source of man-made superheavy elements. The fourth
sample was glass used o of
D omaon this giase had shown a few unexplained tracks from long-range alpha
particles.




The samples were finely ground, slurried onto carbon backing foils, and
bombarded with 2-MeV protons. X-rays were detected with an intrinsic germanium
detector.

An x-ray spectrum for the monazite sample is shown in Fig. 3.3-1. K x-
rays from Ce, La, and other rave earth elements are easily observed. Unfortu-
nately, in the region where superheavy L x-rays would be observed, there is a

R
2-MeV protons + monazite

3 35
X-RAY ENERGY (keV)

Fig. 3.3-1. Spectrum of x-rays induced in a monazite
sample by 2-MeV protons. The solid line is a fit to
the data. Positions of Ky lines for the 2Z's used in
the £it and of a few Lol

are indicated.

heavy region can be accounted for by K x-rays or Ge K
escape peaks from the rare earth elements.

large background from the Ge I escape peaks of the rare earth lines (about 10
keV below the full-energy peaks). The peak at 26.3 keV is from Sb K x-rays. A
£it to the data is shown, for which the intemsities of K x-rays of elements
2Z=46 and a constan are free p L ave gaussian
with exponential tails. The positions and relative intensities of 6 components
of the K x-ray line are fixed at their known values; the widths, the parameters
describing the exponential tail, and the intensity ratios of the Ge,K and K
escape peaks to full-energy peaks are determined from measured lineshapes of
several K x-rays in the region of interest. It can be seen, for example, that
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the ratio of Z=126 Ly] x-rays to cerium K] x-rays is less than § x ozt
sensitivity is several times greater than that of the experiment of Gentry et
al.;2 however, our monazite sample was a bulk sample rather than a giant halo
inclusion, so our limit is not of great interest.

No superheavy elements were detected in any of the four samples at levels
of a few parts per million

s Provided by Prof. B.W. Evans, Geology Department, University of
Washington.

2. R.V. Gentry, T.A. Cahill, N.R. Fletcher, H.C. Kaufman, L.R. Medsker,
J.W. Nelson, and R.G. Flocchini, Phys. Rev. Lett. 37, 11 (1976).

Ch Provided by Dr. D. Brownlee, Astronomy Department, University of
Washington.

4. J.H. Reynolds and G. Turmer, J. Geophys. Res. 69, 3263 (1964); R.S.

Lewis, B. Scrinivasan, and E. Anders, Science 190, 1251 (1975); E.
Anders, H. Higuchi, J. Gros, H. Takahashi, and J.W. Morgan, Science
190, 1262 (1975).

5. Provided by Dr. Wm. Schell, Department of Fisheries, University of
Washington.

6. Provided by Dr. J. Lord, Physics Department, University of Washington.

3.4 Search for M1 States in 20%Pb below Neutron Threshold

P.A. Dickey, J.E. Bussoletti, E.G. Adelberger

It has been reported recently! that the lower member of the 7.06-7.08
MeV spin 1 doublet in 29%Pb may have positive parity. If the claim is correct,
that state would be the lowest known 1+ state in 08P}, and the only one below
neutron threshold. Magnetic dipole states are of particular interest in doubly
magic 298Pb because the shall closure leaves unpaired the i11/2 - 113/2
neutron and h 9/2 - h 11/2 proton spin orbit partners, the only ohu one particle
--one hole shell model configurations which can couple to 1+. Shell model cal-
culations of the spectrum of 1+ states have been performed within a lp-1h ofw +
s basis (i 11/2 g 9/2-! neutrons and j 13/2 h 11/2"! neutrons included),?>3
and very recently with the inclusion of 2p-2h excitations.' The results are
onsitive fo the basis and to the details of the residual interaction. This

2’2 eV would be of such importance, and because the results of Ref. 1 are not
definitive, we have decided to try to repeat that measurement with better sta-
tistics and to make some further investigations.

Gifferent for excitation of 1+ and 1- states. DWBA calculations ave used to
predict spin-flip probabilities for particular experimental conditions.
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e general form c-f the gamma ray angular distribution for J=10
tter

o
transitions can be wri

(0,4)= (al +a2) (1 + cos”e) + 200 sin’®

+ 2aja ) sin’ cos(8-24)

where the angles 8 and ¢ are defined by the coordinate system of Fig,
are the amplitudes for populating the mth magnetic substate of the
excitdd J=1 state, and § is the relative
phase between the m = 41 amplitudes o
The spin £lip (SF) and non spin Flip
(NSF) probabilities are related to the
population of specific substates by the
Bohr theorem which follows from
reflection symmetry through the reac-
tion plane (parity conservation). The
results can be summarized as follows:

3.4-1,

for excitation of 1+ states poiir
4 PR

SF populates m = &
NSF populates m = 0

for excitation of 1- states

SF populates m =
NSF populates m =
Fig. 3.4-1, Coordinate system for
the (p,p”y) angular correlation.

tion of the angular correlation re
quires knowledge of the reaction mechanism.

is expected that at forward angles the excitation of 1+ states by
(psp”) will proceed mainly by L = 0 transfer.! L = 0 transfer is assumed,
it can be shown that the aja ) interference tern vanishes because a particular
projectile spin flip sequefica excites a unique target substate. Furthermore,
if spin- or:m aistortion 1szr‘cgler‘ted (u will be smallest at forward angles),
the p probability a, + . Under these assumptions, the It - Ot

gamma ray yleld is isotropic.

Electric dipole 1~ states can be excited only by L=1 transfer. In
general 2»1 ~aja_, interference does not vanish for L=1. The spin flip proba-
bility A7 is'expected to be small for 1- states. The in plane to out of plame

ratio thus becomes

2
ol ¥+ 0%

Vo> ST = a2

Fig. 3.4-2 shows the W, /W, ratio for 1* and 1- states as a function of the




spin £lip probability.

The experiment entails measur-

rm.
several angles to check that the corre-
lation has the expected form. No data
inconsistent with the predicted form

has been found. For the preliminary run
reported here we used a Si(Li) detector
for the protons and were unable to re-
solve the 7.06-7.08 MeV doublet. We

have now obtained a 2 mm thick surface
barrier transmission detector with much
better resolution and we hope to

resolve the doublet in future runs.

The NPL 10" x 10" Nal spectrometer
served as the y detector. The entire
scattering chamber was rotated 90° around
of plane measurement.

It is advantageous to run at as
high a proton bonbarding energy and as
forward a proton scattering angle as
The Princeton experiment!

possible.
was performed at E_ = 24 MeV with ¢ . =
450, At that enerfy we are still

Fig. 3.4-3 our results are compare
with
sets of results are completely consist-

energy an
justifies our effort to improve the
proton resolution.

In a preliminary run with the
new proton detector we failed to achieve
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adsdidte ehery resolufion ot the. Reeted, coumting geid hecaise of ine ‘erenendons
elastic scattering at forward angles. It is clear that we must seek a maximun
e e s e S e
necessary to verify the validity of the L transfer and spin flip assumptions.

We plan one additional experi to t ion da
Data from (p,p”) near the d3/, analog resonance® indicate that the 7.06 MeV state
may be enhanced on resonance. Such behavior would be unlikely for a 1" state be-
cause a d3/p neutron cannot couple with an available hole to give J" = J The

experiment should be repeated with the gamma ray coincidence to be certain that
the states involved are the same.

1 S.J. Freedman, C.A. Gagliardi, G.T. Garvey, M.A. Oothoudt, and B.
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3.5 Hoavy Lon Induced Reactions as a Tool for Stulying Nuclear Quadmipole
Moments of usec Isomers by Recoil I

K.G. Bernhardt, H. Bohn, Y-d Chan, B. Cuengco, K. Green, R. Sielemann

+ has been shown recently that accurate time-differential measurements
St gttt upole interactions can be made
and psec-halflives by recoil-implantation into different metallic
mateices ! a-particle induced reactions were used in connection with evapor-
ated multi-layered sandwich targets! and also a 12C beam? on a two-layer target.
Using heavier ion beams at higher energies, this technique should be an extreme-
1y useful tool for measuring E2 moment: articularly for high-spin isomeric
states which occur in great abundance throughout the periodic system. The re-
coil implantation technique allows one to choose the best possible environment,
which has been found to be s-p electron-type metals like Cd, = and sn. A
high accuracy (1-2%) can be achieved by measuring relat: o
particular element in the same environment.

Energy and beam current considerations for our FN tandem show that
(Heavy ion, xn)-reactions are favorable for *=3 and 4 on medium weight nuclei.
The Klystron-Buncher is capable of bunching the light heavy ion projectiles 12C,
14N, 180, and 180 to packets of a few nanoseconds.




In a first experiment we excited a I 27 state with Ty/p = 6 usec
in 115Tc via the reactions 1°°Pd(12C,3n) and 10%Ru(1€0,3n). Both reactions
populate the state strongly enough to perform an implantation experiment. As
the state is rather long lived, the 102Ru + 180 reaction is advantageous because
the 160 beam is intense emough to be chopped with a very small duty cycle. Both
experiments were made on natural targets. Enriched targets must be used for the
implantation experiments because of the high background from the stopping metal
used for the quadrupole interaction.

Our interest in the 11/2” state of !15Te is motivated by the recent
measurement of E2 moments of 11/2” states in Sn.* These 11/2° states are
largely of hyy/; neutron single particle character, the properties of these
States can be successfully described by the variation of occupation probabili-
ties in different shells by pairing interaction. This is also true for the hyj/p
neutron state in 115Te, but the quadrupole interaction of Te in Sn showed an
enormous decrease of move than one order of magnitude compared to the interaction
of the Sn states in Cd.5 It is presently not clear at all, whether the addition
of two protons to the magic Z=50 shell causes a large drop in nuclear deforma-
tion, but large changes in nuclear shapes might be expected near major shell
closures. Another possible explanation might be a strong decrease of the Sn
electric field gradient on the introduction of the Te atom in the Sn lattice.
Implantation into suitable host lattices should clarify this point and help to
devermine whether a strong change in nuclear shape takes place between 2=50 and
=52,
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Wichert, Z. Physik 221, 131 (1975).
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Semmler, R. Sielemann, and Th. Wichert, International Meeting on Hyper-
Fine Interactions, Leuven, 1975 (unpublished).

32 See section 12.7 of this report.

4. F. Dimmling, D. Riegel, K.-G. Rensfelt, and C.-J. Herrlander, FPhys.
Lett. 55B, 293 (1975).

5. E. Ivanov, W. Leitz, E. Recknagel, E. Schlodder, M. Iomescu-Bujor, A.
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3.6 Isomeric Quasiparticle States in !7*HE

H. Bohn,T Y-d Chan, H. Ejiri,'! and R. Sielemann

Last year! we reported results of a search for isomeric quasiparticle
ctates in the even-even deformed nucleus !7%HE. Ve used the reaction 1755y
(p,2n)174HE at bombarding energies 12-, li-, and 16-MeV induced by a chopped
proton beam. We found evidence for three isomeric states betyeen 1.5~ and 2-
MeV excitation energy with half-lives of 0.18-, 1.4-, and 2.1 psec. The 0.18
usec halflife could be ascribed to a JTK (6%6) bandhead at 1549 keV which de-
cays by K- forbidden transitions to be 6*,4% members of the ground state
rotational band. We could ascribe £life to a state at 1902 keV

e the 1.4 ysec half
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decaying m1o the (6%6) state via a 353 keV transition. The 2.1 usec halflife
was carried by a 188 keV transition which is known to connect the first excited
state and thr‘ ground state of the band built on the (6%6) state at 1549 keV

In addition to the delayed y-rays a strong prompt component was visible.

Our subsequent data analysis of the low emergy y-rays revealed a line
at 60 keV between the K, and Kg x-rays of Hf with the halflife of the 188 keV
transition (2.1 usec). The x-rays clearly show a composite decay curve due to
contributions from the different isomeric states. In addition, a weak line at

h i e s, the same life time
of both the 188- and 60 keV transitions. This is likely to be the direct
transition from the isomeric state to the (6%6) state. We place this isomeric
state with Ty/p = 2.1 usec at 1797 keV. Additional confirmation for this
assignment comes from conversion electron data. Intensity balance shows that
the 60 keV line is only weakly converted, therefore it should be a highly re
tarded E1 transition. Analogy with !’SHE indicates that the isomeric state is
probably the expected (8-8) band head.

We note several features of particular interest:

The hindrance factor for the fourtimes-forbidden transition (6+6)(4%0)
(assuming E2 transxnan as in neighboring nuclei) is an_order of magnitude
smaller compared w: e corresponding transition in 176Hf and even more so
compared with ”*Yb. This is strongly correlated with the amount of the two
proton content of the wave function (almost pure [pp] in 1745, almost pure
[nn] in 17%Yb, strongly mixed in 176HF).3

In contrast to neighboring HE isotopes which generally have two iso-
meric states under 2 MeV excitation energy, we observe three. The .4 ysec
state at 1902 keV has no observable

branches to either the 1797 keV state
or the first excited state (7'6) based
on the 1549 keV state band. One reason
might be that similar to the 1549 keV
state the other isomeric states are
high purity [pp] or [nn] bands so that
interband transitions are additionally
inhibited between different particle-
type bands.
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Toyonaka, Osaka, Japan. meric quasiparticle states.
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3.7 Search for a Shape Isemeric State in 325

K.G. Bernhardt, H. Bohn, Y-d Chan, K. Green, and R. Vandenbosch

The existence of a secondary minimum in the potential energy surface of
325 has been theoretically predicted in a number of independent calculations, =3
Although there is some disagreement on the numerical values, the consensus
suggests a prolate isomeric minimum with deformation €~0.6 at 4 to 9 MeV above
the ground state. It is not feasible to directly measure the lifetime of such

a state as it is anticipated to be too short for conventional methods. Extrapo-
Jation of lifetimes from measurements on spontaneous fission isomers support
‘this assumption. We are instead attempting to measwre the alpha

branching ratio (I(a)/T(y)) of states in the region 7-12 MeV in the hope of
detecting anomolies indicative of possible shape isomerism. Preliminary parti-
cle spectra have been taken via the 24yg(12c,a)325%(a)2%51 reaction, the analy-

sis of which is still in progess.

i3 P.K. Sheline, I. Ragnarsson and S.G. Nilsson, Phys. Lett. 41B, 115-121
(1972).
£ P.G. Zint and U. Mosel, Phys. Lett. 588, 269-272 (1975).
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4. RADIATIVE CAPTURE

Ambiguities in the ion of Quadrupole Strength from (3,Yn)
Studies

J. Bussoletti, K. Ebisawa, K. Snover, T. Trainor

Continuation of our studies (Ref 1) of ¢ (p,v()!5N has revealed infor-
mation which suggests that these types of experiments suffer from some amb)glutxes
which weaken the realiability of the "model-independent" determination of ti
quadrupole (E2) capture cross section.

Shown in Fig. 4.1-1 is the
excitation function of the E2 cross sec-

el 1) N

least squares fit which begins with ai
avbitrory starting guessi\] Ivo- solutions
are found with identical E2 cross sec-
tions; the solutions differ in the ratio
of s-wave to d-wave dipole (E1) capture
probability. Since the search procedure
is a non-linear one, there is no
assurance that other solutions do not
exist.

R

We have investigated the possi- Ep (MeV)

ble existence of additional solutions by

the following technique. The size of

the E2 cross section is fixed at an ig. 4.1-1. E2 total cross sections

arbitrary value. The best fit to the  deduced from measurements of the
Lh4c(p,y0)L5N reaction. Solid points are
from a nonlinear least squares fit with
an arbitrary starting guess for the
solution. Open points are additional
solutions discovered by the search pro-
cedure described in the text. The solid
curve shows the calculated direct cap-
ture cross section.

shown in Fig. w2,

ALl curves show a pair of solutions at "low" E2 strength (E2 < 5%)

A5 the E2 strength increases the surfaces corresponding to the two solutions
(dominant s-wave and dominant d-wave) separate as shown in the curves for 10.4 MeV
and 12.37 HeV bonbarding energy.  In some cases (as ot 11,0 or 13.7 HeV) an
additional minimum appears after the curves have separated, though the minimum is
at such a large value of chi-square that it can be excluded at some reasonable
confidence level (13 for both 11.0 MeV and 13.7 MeV). However, additional cases
occur as at 10.4, 12.37, 17.0 and 18.0 MeV where the additional solution cammot
be excluded on statistical grounds and in fact is occasionally the preferred

[




Fig. 4.1-2, Projections of the multi-
dinensional chi-square surface EEG
E2 strength axis. Note indications
multiple branches of the surface

(Ep = 12.37 and Ep = 10.4 MeV). The
Solutions in all Gases are dowbl
degenerate at the minimun indicated by
he arrow. The 1% confidence Limit

(CL) value for the chi-square is indi-
cated by the straight horizontal line in
each gr:

solution in the sense that it provides
the smallest value of chi-squ

(17.0 and 18.0 MeV). Fig. 4.1-1 shows
the excitation function of deduced E2
strength including the effects of multi-
ple solutions. All solutions whose chi-
squares satisfy 1% confidence limits are
shown.

e the ajand b; vary rather
smoothly R o e

We will investigate this
possibility by examining the x2 plots
corresponding to different data subsets
at the same energy. We will also exam—
ine the possibility that double minima
are a general consequence of the non-
Linear nature of the problem by seeing
if different choices of startin
parameters will bring out the secondary
minima at energies where we have found
only one minimum

Our final understanding of this
problem must await these further tests.

results bias us toward the small opp
solution since (a) these solutions
appear at every energy at a statistically
Speniabia lapel, Mispsani el e cE2
solutions do not (indeed, a

energies the large o2 Serir Ay
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spond to unacceptably poor x2, indicating they must not be the physical solution)
and (b) the smooth variation of the aj and bj with energy would result naturally
from a smooth variation in ofp (corvesponding to the small solution everywhere)
but would be peculiar if oy, varies strongly with energy.

It is clear in any case that the ambiguities discussed above make it
difficult to make a definitive "model independent" statement about oE2. This

problem would be compounded by possible M1 effects which ave ignored in the above
nt.

treatme
e strongest statement that one can make at this point about the capture
process is a model dependent one, based on comparisons of direct-semidirect (DSD)
calculations with experiment. As shown in Ref. 1, the measured aj and bi ave in
reasonably good agreement with a calculation of direct E2 interfering with direct
plus resonance EL, and the calculated direct oy (Fig. 4.1-1) is in reasonable
agreement with the small solution values extracted in the analysis described

above.

i K.A. Snover, J.E. Bussoletti, K. Ebisawa, T. Trainor, Phys. Rev. Lett. 37
273 (1976). Also see Nuclear Physics Laboratory Annual Report, University

of Washington (1976), p. 8L.

4.2 EL and E2 Strength in 15N(3,v0)160

E.G. Adelberger, J.E. Bussoletti, K. Ebisawa, R.G. Helmer, K.A. Snover

and T.A. Trainor

The results of our measurementsl of 1"c<3,y0)15u seemed to indicate that

the E2 strength distribution in 15N is qualitatively different than the E2
strength distribution in 160 as reported by Stanford? in their measurements
15N(3,v,)160. No strong evidence for a peak in the E2 strength was evident
93, 1o)L5N measurements; the deduced strength was consistent with direct
capture only, and exhausted less than 10% of the isoscaler (IS) energy weighted
sum rule. Stanford reported from measurements on 15N that ~35% of the IS E2 sum
rule vas exhausted by the proton chamnel in 160. Their results suggest a peak
in the E2 strength at about 24 MeV excitation energy. They attributed this peak
Since both of these measurements deter-

of
in

ought to exhibit similar behavior.
indicated that either this phenomenon is not as universal as supposed or that 1l
Strength is spread out over a much greater avea in excitation in 19N than in 1%
Thus we have performed measurements of the 15N(3,10)160 reaction to attempt to

corroborate the Stanford results and define more clearly the problems of inter-

pretation.




ur measurements followed the general scheme already described for our
previous studies in 15N (Ref. 1). At each bombardment energy four separate
measurements were made of the yield and polarization asymmetry angular distribu-
tions of gamma rays emitted in the 15N(p,Y()160 reaction. The target was a gas
cell filled with 15N gas. A single large area kapton foil served as both the
entrance and exit window. Two AE-E telescopes of silicon detectors at $160°
were used to continuously monitor the beam polarization and target thickness.

A composite peak consisting of elastic scattering of protons fmm the 15N in the
cell and the 12¢, 1N and 160 in the front and rear kapton foil was used t
determine the beam polarization. (The analyzing power of the composite peak was
measured in a separate experinent. ) The reaction 15N(p,a9l2C was used to monitor
the thickness of the 1N target; the detector telescopes allowed a separation of
the alpha reactions from the proton reactions. The collimation system for the
charged particle detectors was designed so that the detectors vieved the same
interaction volume in the gas cell as did the Nal crystal.

The four separate measurements of "spin-up" and "spin-down" yields at
each angle were averaged together to provide an average yield to be used in a
least squares analysis to determine the Legendre polynomial expansion coefficients
2t jadch energy..) The | Syereging process rather cloasly, raseablea a cne’ paramster

™

£it to a set of four he for "fits" of
the yield and polarization asymmetry to their average quanntles are shown in
Fig. 4.2-1, along with the expected chi-square distribution for three degrees of

S8 LirEs Riia chas BNV Wi R o o e o ol hatievion of the datal

The Legendre coefficients determined from the average yields are used in
a non-linear least squares analysis to determine the capture amplitudes.

onder to guarantee that the capture amplitudes which provide the best fit to the
Legendre coefficients are the same set of numbers which provide the best fit to
the original yield measurements, it is essential that the nonlinear fit be per-
formed with a non-diagonal weight matrix. It can be proven that the appropriate
weight matrix is the normal matrix for the fit that determines the Legendre
coefficients. This fact seems not to have been appreciated in previous analyses.

n our analysis presented here we include all Legendre coefficients to
deternine the capture aplitudes. While omission of the aj and by coefficients
as done by Stanford? allows in principle some consistency test for the presence
of ML radiation, it places the burden of the extraction of the small E2 strength
more upon those coefficients whlch depend on the E2 amplitudes in second order.
This creates larger errors in the determined E2 strength. Noreover the non-linean
fit becomes a problem with zero degrees of freedom when any pair of Legendre

tude to determine statistically significant solutions. In addition, omission of
the aj and b; coefficients makes the minima in the chi-square surface extremely
narrow; thus it may be easy to miss multiple solutions. To allow direct compari-
son with the results of Stanford we have nonetheless performed an analysis of our

data in which we also exclude the a) and b; parameters from the fit. Preliminary
analysis shows that some of our 160 data exhibit the same, mulngh.cities of solu-
tions at a given energy that we have observed in our Lie(p N data, though
there presently ave fewer energies where ambiguities have heen found which are
statistically significant. (See Section 4.1 of this report).
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Fig. 4.2-1.

Distributions of the x2 for the measured yields and
asymmetrics compared to the mean (at each angle). The curves repre-
sent the expected x2 distribution for 3 degrees of freedom.

The excitation functions for the Legendre coefficients are shown in
Fig. 4.2-2, along with the predictions of the values of the coefficients fror
direct- sem)dlrect (DSD) model calculationsl»3. Again we find as in the measure-

ments of 14C(p,y)l5N that the Legendre coefFicients are reasonably consistent
with divect capture alone.

e E1 parameters are shown in Fig. 4.2-3. The generally featureless
dependence on excitation energy of the ¢q—bs phase difference is in agreement
with the results reported by Stanfordl, as is the fluctuation in the relative
magnitudes of s-wave and d-wave capture. The E2 amplitude ratio P/ and phase
differences are shown in Fig. 4.2-4. ig. 4.2-5, the solid points show the
E strength determined from the analysis which begins with the same arbitrary
starting guess for the solutions and includes all Legendre coefficients. The
open circles in Fig. 4.2-5 show the E2 strengths deduc»e by omitting the aj and
b, coefficients. The presence of more than one s int at several energies
indicates statistically acceptable "second" solutions (see the preceding
4c(p,y) discussion). This analysis, including searches of our data for addition
al solutions has not yet been compl

nterpretation of these results is similar to the preceeding discus-
sion regarding the 14C(3,y)15N reaction. The existence of second solutions at
Ps o)
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Fig. 4.2-3. El amplitudes and phase
difference (dominant d-wave solutions)
for the analys)s of the results of

Fig. 4.2-2. Angular distribution Fig. 4.2

coefficients for 15N($,v0)180 versus 1ab

bombarding energy. The solid curves

here and in the following figures are

from a DSD calculation (see text).

some energies, and the possible contributions of ML complicate attempts at a
""model-independent" analysis of the data. At most energies the fits excluding
a; and by tend to give larger og, (and larger errors). e are currently investi-

resonance E1) is comparable with one 14C(3,Yo) case. From the analysis involving
all coefficients, there is little evidence for a strong GQR, as reported
previously2, although there appears to be somewhat of an excess E2 cross section
(relative to direct capture) near Ep = 9 MeV and 13.5 MeV.
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Fig. 4.2-5. Total E2 cross section (so:

curve-calculated direct E2 capture).

K.A. Snover, J.E. Bussoletti, K. Ebisawa and T.A. Trainor, Phys. Rev.
Letters, 37,273 (1976). Also see Nuclear Physics Laboratory Annual
Report, University of Washington (1976) p. 81 and Sec. 4.1 this report.
S.S. Hanna et al., Phys. Rev. Letters, 42,114 (1974) and Proc. of

ional Cont. on Nuclear Structure, Amsterdam (1974) Vol. 2, p. 249.

4.3 Radiative Proton Capture by Carbon-12

er’, K.A. Snover and

J.E. Bussoletti, M.D. Hasinoff',
T.A. Trainor

We have continued the program of studying (3,y) reactions on spin O nuclei
with a survey of 126(3,y, )1 from B3 = 10 MeV to 17 MeV in order to assess the
nature and strength of any E2 radiation present.

e target was an isotopically emriched stack of carbon-12 foils, with

total thickness approximately Img/cm?. It was hoped that the pure target would
reduce some of the small background in the y-ray spectra which was appeaving in
addition to the cosmic ray background above yo when a single-foil natural carbon

itrogen, oxygen and fluorine. Peaks due
to elastic scattering from these nuclei were observed in a pair of particle
detectors located at 160° to the beam direction. The final results are not very
sensitive to the manner in which this background is treated.

The spectra were analyzed as described in last year's Annual Report.l
It has been fou

und more satisfactory to normalize the gamma ray yields to the
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total charge collected rather than to the elastically scatteved protons because
of problems encountered in the last run with the dead time corrections to the
particle yields.

The data were fitted to the expression

o(8) = Ac{1 + H [a;P;(cos ©) +pbiPy d(con 0)1},
where p = B.A, p = beam polarization and
the (unit) normal to the reaction
plins e Dian potentaarlons [iivacl E, (MevV)
tained From analyzing pow 1 13 5
of proton elastic scat(erlny on 12¢ in +4 =
the target and on “He in a separate 2} q - |

scattering chamber. The two measure-
ments agreed within 2% in all cases.
The extracted a and b coefficients are i
shown in Fig. 4.3-1. These results have

been corrected for finite geometry and
centre-of-mass motion effects.

B
One of the advantages of study-
ing a reaction with a simple spin 0T T LT
sequence such as 12C(B,yo)1%N is that it~ 3 B =

is possible to make discrete decomposi-
tion of the multipoles taking part,

assuning that no Ml radiation is present. P s
The nine angular distribution coeffi- or 0.&——!—;—!—1—4—1—
four

+2F
oF -
by
22l
+2 o LR ST ¥ Y oo
b R =
o
The extracted E2 cross section is shown P
in Fig. 4.3-4, along wlth the total cross +05[ ’/L—i-‘/ 1
section derived from the of ol A
Measday et al.2 A more ccmplate data
analysis which explores x2 as a function _gg
of op, and hence the possibility of
+.051
i i
Fig. 4.3-1. Angular distribution coef- L n 3
12 14 6

ficients for 12¢(p,y)13N. The solid
curves are from a first attempt to E'%2 (Mev)
calculate the coefficients with a DSD 2

model (see text).
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Fig. 4.3-3. The E2 amplitude ratio
Fig. 4.3-2. The EL amplitudes and and relative phases.

relative phase. The dots and crosses

represent two different solutions at

each energy.

other statistically acceptable solutions (see Sec 4.1) is in progress.

The S0lid line in all the figures is a Eirat e Fitting the re-
sults with a di (DSD) model shape of the total
(ED cross section was parameterized by anludmg a r-esonant ampncuds corres-
ponding to the main giant-dipole resonance near Ey = 22 MeV, along wit!

second resonance amplitude with parameters adjusted to mock up the "pigmy"
resonance near Ey = 13 MeV. The very large magnitude needed for the collective
form factor to generate the pigny resonance amplitude indicates that it cammor
be a (homogenous) collective fragment of the GDR. Indeed, the experimental
d3/2-s1/ phase diffenence (Fig. 4.3-2) shows a resonance-like energy dependence
mot given by the model, indicating that perhaps only one of the El reaction
amplitudes participates in the pigmy resonance. In fact, this resonance behav-

Nevertheless, the calculation provides a reasonable rough parameterization of
the E1 amplitudes and phases and the addition of direct (but no collective) E2
radiation provides a good description of the angular distribution coefficients
as well as the extracted E2 cross section.




Efforts are currently under way t

refine our theoretical description of sl

the capture process in this energy (R s 40N e -y
region.

The energy wevhced )nteg‘ral of
£o from 10 MeV to 17 M

fo‘_z( o)) 0.7%003 yb/Mey

representing 144 6% of the isoscalar sum

rule.
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a Fig. 4.3-4. The total cross section
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b4 The 13¢(3He, v)1% Reaction

K. Ebisawa and K.A. Snover

ur primary motivation in studying the radiative capture of composite
particles is to see if one can leave about E2 stremgth in nuclei through such
measurements. Of interest also is an understanding of the reaction mechanism for
the capture process, and indeed such an understanding is necessary if onme is to
learn about nuclear E2 strength. Radiative capture of SHe has been previously
measured in several light nuclei at low e energies where compound nuclear
contributions are important.

e bave nessured ths 13(®he,1,)160 reaction at 6, = 90° from

18 MeV, with an angular distribution measurement at Egye = 10 M
Thetarget used was a 450 mg/cn? self-supporting carbon foil enriched to 9
The data collection was count-rate limited by intense Y-ray
transfer reactions populating excited states, with a strong 15.1 MeV Y-ray line
f£rom (3He,) and a variety of lines below " 10.7 MeV (neutron background in the
spectrum was relatively weak). The results for the 90° cross sectjon are shown
in Fig. 4.4-1, along with previous measurements at lower energies.l The sharp
resonance behavior of the cross section, with steep Falloff at higher energics,
indicates the reaction is dominated by compound-like processes. Angular distri-

leV,
75 13
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butions below Ey, '3He = 10 MeV (E =30.9 MeV.
generally show! negative a2 cneffxciants
(30.15) which fluctuate in our
results at Egye = 10 MeV ar

B +0.14 £ 0.11 and a = -OABQ + 0.22,

For comparison the upper half of
Fig. 4.4-1 shows the total cross section
for 15N(p,v,)160 (Ref. 2). Little

correlation is seen in the structure in

the idea that (p,Yo) is dominated by
direct-semidirect capture and (3He,Yo)
by compound capture. Of particular in-
terest is the apparent flattening out of
the (3He,Y,) cross sections near
Ey = 36 MeV (EgHe = 16 MeV). Calcula-
tions are in progress to see whether
this could be due to a direct-semidirect
component..

The nonzero a; coefficients

indicate the presence of E2/M1 radiation,
and the fluctuating sign indicates rapid
phase variations which would resul

The E2/M1 cross section can be crudely
estimated to be v10~2 times smaller
than O, in (p,Y,) from a comparison of
Ag and 3y coetlatdnta fon the 2 reac-
tions. Since ogp in (p,Y) is very
roughly 2% of the E2 sum rule per MeV
in the giant-dipole-resonance region,
0gp in (3He,Yo) is quite small indeed.

)
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to Radiative

Direct, Semi-direct and Compound Nuclear
Alpha Particle Capture

J.E. Bussoletti, K. Ebisawa, and K.A. Snover

An issue of outstanding interest in nuclear physics is the understanding
of the relation between inelastic alpha scattering and radiative alpha particle
10-30 MeV excitation energy in light nuclei, where
collective isoscalar E2 strength is expected. A compact isoscalar GQR is
observed in (a, a”) in nuclei near mass 40 and heavier.l In a number of light
nuclei, 1nﬁludmg 160 and 20Ne, recent (a, a”) studies at Ea~150 MeV show
evidence?> for a GOR with A30% of the sum rule, although earlier (a,a

capture in the region of

trations.
for L2 strength spread out below the GOR region, there is little evidence in
general from such studies for a compact GGR.

n order to better understand the relationship between (a,a”) and (a,y),
ound contributions to the (a,y) cap-

particle. This amplitude is

closely related to the amplitude calculated in DWBA for (a,a”) excitation of the
same collective resonance as a final state, the main difference being that in the
latter case the initial and final aparticle states are in the continuum at high

energies.
re we report such caleulations
for E2 radmcmn in 12¢(a,Y,)160 and
160(a,Y0)20Ne and for EL and E2 radia-
,Y0)180, and compare with

2¢ (o, %) "0

(ub)

5

E2 CROSS SECTION
8

scattering.”

WJ‘ ’
LN
2 g £
Recently we measured the cross Ex (MeV)
section for the 160(a,Yo)20Ne reaction

f£rom E 8 to 25 MeV using a 930 Mg/cm?

Tag05 target and the 10 in x 10 in. Na(I) Fig. 4.5-1. Total E2 cross section
detector with anti-coincidence shield.  for 12C(a,Yo)60 from Ref. 1.
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For Ex 10-14 MeV the gamna rays from inelastic scattering pile up into the Yo energy
region. In addition to the 90° yield which was reported in the 1974 Annual

Report (page 141) we have measured three-point angular distributions at a number
of energys and extracted El, E2 cross sections and the relative phase as shown

in Fig. 4.5-2. The energy spacing of the data points is so coarse that we don't
get much information about possible narrow structure. It is apparent that the

E2 cross section is ~0.2 lbarn for E, = 17-25 MeV.

The DSD calculations were performed in a manner similar to that described
for proton capture.5 Optical potentials derived from the work of Goldberg8 were
used to generate bound state and scattering state wave functions. For the bound
state the node number N was determined from the relation

n
2+ L=j (2
=1

where the sun is over the last 2 protons and 2 neutrons, yielding for the (L=0)
ground state N = 2 for 160 and N = 4 for 20Ne. The spe e
0.23 for both 160 and 2Ne.
process is assuned to be proportional to dV(r)/dr where V(r) is the real central
potential.
The compound E2 cross section can be written as
e

5 +
o(ay) = An o) ————L— (E—X) (Lo
(Ex-ER)? + I2/u VER r

uhere B(a,) is the statistical decay pmbamlny into the oo channel calculated
numerically by a computer code. spreading width of the doorway state
and 1§ is the doorway radiation umm et A Eg. For Ey S 21

12¢ afd 160 the statistical decay is determined mainly by the emp)r)ca) level
densities of the residual nuclei; at higher energies formulas for th

level
densitiesll were employed with parameters adjusted to provide a match to the
empirical densities at lower energies. The ratio I''/T has been set equal to
unity for simplicity (see below).

(1) The 12¢(a,¥0)*%0 Reaction

‘or demonstration purposes, we have calculated the effect of a GQR at
230He wiihiu AT Miith T Ly eV ad 1508 of thasum mule. LEigs 4 sSadbabons
calculations of each process. The semidirect amplitude strongly interfercs with
the direct one producing a maximum of =0.02 ¥ barn near Ex = 23 MeV. The compound
process on the other hand dominates the total cross section from 13 to 26 MeV and
reaches as large as 0.2 ubarn, which agrees with the experimental magnitude
around 20~24 MeV. It is no i

section between 13 to 20 MeV (Fig. 4.5-1) can not be explained by the present
simple Breight-Wigner approximation, If one takes the maximun E2 strength
between 18-28 MeV as determined in (a,a”) (Ref. 3) and assume compound prosses
only, one obtains an improved (a,Yo) yield as shown by the heavy solid line in
Fig. 4.5-3. Thus compound nuclear formation can be considered to be a major
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process, and is one order of magnitude
larger than the DSD cross section. It
also should be noted that 17% of the sum
rule for Ex = 12 to 28 MeV in the o,
channel! is equivalent to 1003 of the
sum rule in all chamnels if the decays
ave statistical. Along with 25% of the

strength decays with an enhanced o decay
probability.

(2) 1%0(a,¥0)20Ne

Here we illustrate the effects
of GQR in 2Ne and 24 MeV with 4 MeV
width and 50° of the sum rule (Fig.
4.5-4). The factor direct cross section
here is a factor of 2 large than in the
160 case, slightly increasing in the
caleulated region. Here the semidirect

somewhat different optical potential
(Ref. 3) gives quite similar results,
with a magnitude difference of 20%. The
compound cross section here is reduced
by factor of 4 compared to 60 due to
the increased number of open channels,
with the result that it is comparable
to the DSD process. The over-all cross

(Fig. 4.5-2). This would appear that
the E2 strength in this region must
decay with an enhanced a, decay proba-
bility.

Since the %C target is not a self conjugate nuclei, the E component of
the GDR can in principle be excited in (a,Y). The differential cross section at
one angle has been measured and reported previously.l? As seen in Fig. 4.5-5 there
is no prominent yield in the GDR region, Eq=18-23 MeV as contrasted with (p,y),
which typically has a peak cross section of %10 barn. The semidirect process
for (a,y) does not contribute to the GDR, since the isovector El form factor is
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Fig. 4.5-3. Calculated E2 cross sec-
tions Dash-dot: direct E2, fine-solid:
semidirect E2, dashed: direct + s
direct E2, dotted: compound (.
Wigner), heavy solid: compound (derived
(3) Ldc(a,v0) b0 oy
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derived from the )Sospl -dependent part
of the projectile-target interaction
(the optical potentlal) wl-uch vanishes T
for the @ particle. The other Egsaises
such as direct E1, direct E2, and s
Sitect £2 (508 pum ruls) ere caladsted
and give about 0.06 barn to the total
cross section near the GDR. (see

Fig. 4.5-5) The actual DSD cross sec-
tions are likely to be smaller since the
results illustrated in Pig. 4.5-6 are
for the spectroscopic factor S = 1.
Thus the DSD process alone fails to
provide much yield for MeV.

For the compound process, E2 capture is
negligible, as shown, whereas E1 capture
(ass\mi:\g the GDR is at 23 MeV with

T = 4 MeV) is apparently overestimated
by Bt Toast s facir crn e

180(wt, %) 2°Ne ]|

)
T
|

(ub)

mply that
the probability for compound decay of the
GDR (taken to be unity to obtain the
pesults shown in the figures) must be
T4/T £ 0.05, a limit that is not unrea-

E2 CROSS SECTION

tation of El strength. The secondary
peak near Eq = 8 MeV in the compound
curves (Fig. 4.5-6) is an artifact of
the energy dependence of the compound
branching ratio.

161z TE05TIGR4Y .T25 32
e major thrust of this work is E, (MeV)

The
the discovery that the direct-semidirect
process plays a very minor role in

A P Fig. 4.5-4, Calculated E2 cross sec-
contrasted with (p,Y), where it is the t1onseondlbo(a, 0). 20NEaMsade Faotatiof

dominant process in the giant resonance 4
> 5 Fig. 4. + that h

region. A previous attemt to caleulate 35 FiE: 4:5-3 except that heawy solid

these processes for (a,Y) near A = ity i

g s jogpe Wared i g potoit o] depth as ambiguous and chose a shallow depth
as to best reproduce (a,Y) data, whereas we have done calculations with dee
patenuals (Vo115 MeV) chossn to Fit high energy scattering data, It will be
interesting to see if our potentials imply small DSD (a,Y) cross sections in this

higher mass region.
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Fig. 4.5-5. Excitation curve for c(a,v0)2% at 6, = 130°. The absolute
cross section scale on the right is accurate to 40%! The solid curve is a
calculated cross section mainly due to the compound GDR (see text)s

In any case the compound calculation can be used only to set upper
linits on E2 strength concentrations, since similar cross sections may be obtain-
ed if one has less E2 strength which decays with an enhanced to rate.
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5. REACTIONS WITH POLARIZED PROTONS AND DEUTERONS

5.1  Excitation Function of the Analyzing Power in the Reaction
ZBNi(p,p")SONL(2 +, 1.U5 NeV)

J.S. Blair, B. Cuengeo, and T. Trainor

In a recent publication Throop, et al.,! reported measurements of the
analyzing power for 15 MeV golarxzed protons which inelastically excited the low-
lying collective states of ONi, and 4Zn. These data were then compared
with direct-: !‘eactlon calculations, and a number of conclusions were drawn from
these comparisor

On reading this paper, we became apprehensive that the reaction mechanism
might not be purely direct for protons of this energy bombarding such targets and
that comparison between the data and calculations might, at best, have only quall-
tative significance. Previously we had studied? the analyzing power of 1
MeV protons which excited levels in 40Ca and had found considerable sttuctux‘e in
the excitation functions, even for the collective octupole vibration at 3.73 MeV.

Fearing that there might also be significant non-direct comtributions to
the data of Ref. 1, we have measured the energy dependence of the analyzing power

m 14.6 to 15.3 MeV. Excitation functions were obtained at the forward angles
25°, 35°, 55°, 65°, where one might expect a direct-reaction mechanism to b
dominant. Structure was observed at all angles and was most pronounced in the
excitation function at 65°, shown in Fig. 5.1-1; inspection of the excitation
functions indicates that the coherence widths are as small as 5 keV.

Angular distributions of the
analyzing power were measured at selected
energies over the range 20° - 80°; those
obtained at 14.7 and 15.03 MeV are shown
in Fig. 5.1-2, where it is seen that
there is a qualitative difference in
their appearance. To avoid cluttering
this figure, we have not shown the
angular distribution obtained at 14.994
MeV; it is fair to say, however, that
this is very much closer to that found
at 14.7 MeV than that at 15.03 MeV, only
3 keV higher in incident energy. e P

ONi(3,9) (2* 1.454 Mev).
oo

Excitation functions and angular
distributions were similarly obtained  Fig. 5.1-l. Analyzing power at 0;=65°
for the elastic analyzing pover. Again, for excitation of the first 2+ level of
structure was found in the excitation Ni as a function of incident proton
functions but, unlike the case for energy. The lines are drawn merely to
inelastic scattering, this did not lead guide the eye.
to any qualitative change in the angular
distributions.




When the inelastic angular dis-
tributions of Fig. 5.1-2 are compared to
Figure 1 of Ref. 1, it is seen that

there is not much point in applying E

direct interaction calculations to the 2 S Bl T MY
data obtained at incident energies near o E_*15.03 Mev
15 MeV. The differences between the
data at differing enevgies are as large
as the differences between contending
theoretical calculations and between N

standard DWBA calculations: the observed,
nearly flat, forward angular distribution

at 14.7 MeV does not emerge from any of .4
the calculations.

20 40 60
It is possible that the energy Bc.m.(deg)
variations we have observed for S8Ni
and 40Ca are peculiar to only a few -
: Fig. 5.1-2. Analyzing power angular
target nuclei, at or near shell closure.
e el ol distributions at forward angles for

e 7 ;
believe it is advisable to verify fivet lDelastic sxcitationofthe first 2+
e Prigr S Py level of Ni at Ef, = 14.70 MeV (open

that the variation in inelastic analyz- - St T 3
ing power with incident, energy ds slow  Oircles) and Ey - 15,03 MeV (close:

2 I circles). The lines ave drawn merely
for any intermediate mass target under
foniyeint to guide the eye. Due to nearby contam-
investigation, when Ef, < 20 MeV, before 3
3 & ® inant peaks the uncertainty in the
interpreting the results of such experi- g At
ments purely in terms of direct-reaction e
bl larger than the statistical errors

shown in the figure

i H.J. Throop,;Y.T., Cheng, D.K- McDaniels, D.M. Stupin, L.W. Swenson,
N. Jarnie, J.H. Jett, P.A. Lovoi, G.G. Ohlsen, and G.C. Salzman.
Phys. Rev. Lett. 35, 16 (1975).

2 Nuclear Physics Laboratory Annual Report, University of Washington (1875),
p. 10L.

5.2

Analyzing Power in the 207Pb(3,p,)207Pb Reaction Near the 3Py/p Isobaric
Analog Resonance

N.L. Back, J.G. Cramer, W.G. Lynch, and T.A. Trainor

Recent calculations based on S-matrix theoryl predict that the parameters
an isobaric analog resonance (IAR) satisfy the following inequality:

rzzmgrc )

o
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where T is the total width of the IAR, and Te and ¢, are the partial width and
resonance nixing phase, respectiyely, 'of the IAR in the chamel . In the case
of the ground state (0+) IAR in 208Bi, the pubnshed valuesz ©of T and Tc are such
that this inequality can he satisfied only if Z3; 3

‘o determine the actual value of ¢y (the resonance mixlng phase in the
elastic channel) the analyzing power in the veaction 207Ph(p, Po) has been
measured. The experimental results were reported in last year's Annual Report,3
along with a preliminary analysis of the data

One problem with the preliminary analysxs was that the optical-model
parameters which were used did not give an adequate fit to the non-resonant
background. To correct this problem, cross- gy analyzing-power angular
B e ol Ep = 10 MeV and 13 MeV and were analyzed with the
optical model search code GENDA. The program was modified to take into account
the effect of for the O+ and the

5= (Eg = 14.70 MeV) resonances were used. The optical model parameters were
varied to obtain the best fit to all the angular distribution data (81ah > 60°)s

with greater weight being given to the analyzing power-data. The resulting para-
meter set is given in Table 5.2-1. The angular distributions ave shown in

Table 5.2-1. Optical model used in analysis of 207Pb(3,po) data
u = 65.54 - .59 * Ep
g = 1.256

= 0.667

-7.00 + 1.80 * Ep

Ho 20 40

vy =.1.288
a; = 0.3u3
U 5.81
80,
Toae=4s1:13)
s%0.

a .= 0.651
r = 1.190
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Fig. 5.2-1, Off-resonance cross section and analyzing power angular distributions

£or 207Pb(3,p0).

Fig. 5.2-1, where the curves represent the best fit.

o assist in finding the resgnance paramsters, the program RESFIT was
o ey

power excitation functions in the vicinity of the resonance. The total width I
was fixed at a value determined from analysis of the inelastic scattering cross
sections.2 In addition, the 5= IAR was included; the parameters are those of
Ramavatram et al.,5 except that ¢p was taken to be 0° rather than 15°. All data
between Eg - ' and Eg + I' were used in the search. The resulting set of reso-
e is given in Table 5.2-2; the analyzing power excitation functions

= 105°, 120°, and 135° are shown in Fig. 5.2-2, with the curves represent-
u\g tﬁg best fit. The reduced X2 of the Fit was 1.034 the probability of exceed-
ing this X2 is 39

he errors quoted for the resonance parameters deserve some comment.

Potential sources of error include: (a) systematic errors in the data, (b) statis-
tical errors in the data, (c) uncertainty in the background parameterization, and
(d) other known errovs. (a) An analysis of overlap points, including some potnts
that were measured in two different runs one month apart, indicates that th
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(v)

Table 5.2-2. Resonance parameters for 207Pb(p,po). Pavameters denoted b;
were varied by fitting routine

0+ (p 1/2) resonance:
Eg (c.m.) = 11.458 * .006 MeV  (v)

ol = 51.6 * 1.7 keV )
r =231 % 6 keV
Y = -u.60 ¥ 2,10 )

g 9/2) resonance

Eg (c.m.) = 14.70 MeV.
Tp = 17 keV
o = 196 keV

= 0°

scatter in the analyzing power data is purely statistical; this is also susgested
by the value of x2. Therefore systematic errors were not consideved. (b) Th
statistical error in the resonance depends on the statistical error in
the data points, the number of data points used, and the curvature o

x2-] hypersurface near the minimm. The procedure used to determine the errors is
given by g effect of nting each parameter by its
statistical error is to increase the total x2 by ome.
the following test was made. The analyzing power dai

separately, and the resulting parameter sets agreed with each other and with the
"overall" set to within the statistical error. (c) The errors due to the back-
ground are difficult = de:emm& What was done was to generate different
optical model sets, which gave small but noticeable degradations in the fit to
the anguler distributions, and to Find the optimn resonance paraneters with
Tespect to these sets. Typically, the shifts in Ip were negligible, and the

e to the statistical errors. (d) The error in

this experiment is sensitive only to the ratio Ip/T. The errors given in
Table 5.2-2 include contributions from all of these sources.

The value of Tp is considerably lower than previously published Values
Consequently, the actual values of the inelastic partial widths Ip’ are higher
than the published values, since inelastic scattering cross aections i
only the product Iplp”. If we start with the values for Ip and Ip” given in
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* 4.0 kev
and Tp“(pa/y) = 66.5 % 4.6 keV. Consid-
ering only' these three chamnels, we get

I/2ET, = 0.78 £ 0.04. The inequality
(1) Gah then be satisfied only if

|2¢¢| = 38.7° * 3.7°. But this experi-
ment shows that 26g = -9.2° * 4.2°. The
inequality is clearly violated.

27pb B.py)
LR

The snequality (1) is equivalent
to tement that the spreading
e il e Y
escape width I'4. 1In Ref. 1 this state-
ment follows from the assumption that
the widths T) of all the fine structure
resonances that make up the IAR are much
smaller than the energy interval over
which the S-matrix is averaged. But for
an IAR it is not obvious that this is a
valid assumption. In fact, if the
coupling between the isobaric analo
sta‘ce (IAS) and the surrounding T< states
i oG,
for containing the TAS. This state will +o6f s
then have a large width. Indeed, this
is one of the characteristic features of
the IAR: because the T> and T< states
are coupled only through the residual

avavzne rower
A

<

£3

g

]

expect on the basis of the density of
states. v

1 P. von Brentano in Proceedings

Fig. 5.2-2. Analyzing roue excitation
Processes in Nuclear Reactions, functions for 207eb(,p,)
ed., N. Cindro (Sprmger—‘ierlag‘ vicinity of he ges. (03) TAR:
New York, 1973), p.26'
2 E.C. Booth and B.S. Madsen
Nuclear Phys. A206, 293 (1973)
Nuclear Physics Laboratory Annual Report, University of Washington (1976),
p. 102.

See Sec. 14.4 of this repert,

5 K. Ramavataram, S. Ramavataram, W.G. Davies, A.J. Ferguson, and
3.S. Fisher, Phys. Rev. C10, 632 (1974).

6 Data Reduction and Error Analysis for the Physical Sciences by Philip R.
Bevington (McGraw-Hill Book Company, New York, 1969) p. 222
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Analyzing Powers for the Continuum Portions of Particle Emission Spectra

H. Bhang, I. Halpern, K-L. Liu, W. Lynch, and T.A. Trainor

This study involves measurement of analyzing powers for particle emis-
sion to highly-excited residual nuclei with a polarized proton beam.
particle-emission spectra can be roughly divided into a statistical emissio
region, a so-called '"pre-equilibrium" region and a direct region characterized
by the resolvability of individual levels. The excitation mechanisms leadin;
to the direct region are fairly well understood at this time, and ‘they have been
extensively studied with polarized projectiles. The statistical emission re-
tion has also been studied extensively, but only with unpolarized beams. The
reaction mechanisms responsible for the intermediate or "pre-equilibriun" portion
i ittle
experimental attention, although polarization effects are reasonably large there.
Our experimental emphasis is placed on techniques leading to an understanding
of the last two regions.

A general description of the experimental setup was given in last year's
Annual Report.l uring the past year our major efforts have been concentrated
on refining experimental techniques and reducing statistical and systematic

errors for the very small analyzing powers observed in the statistical-emission
egion.

Significant progress in reduction of systematic errors has been achieved
by installation of a spin-filter and rapid spin-reversal system on the polarized
don source (see Sec. 12.3 of this report). This installation has reduced
systematic errors in analyzing power measurements below the 10~° level, far

better than our requirements (i.e., the expected statistical accuracy of the
present study).

In addition we have written a particle-identification program which cal-
culates analyzing powers and instrumental asymetries on-line and makes system
dead-time corrections for separate particle telescopes and spin orientations.

An example of the gain matching and impurity-peak stripping technique
which we have developed is shown in Fig. 5.3-1. Here is shown the instrumental
asymmetry calculated from spectra obtained for 53Cu(p,p)®3Cu in a region of the
spectrun surrounding the 4.43 MeV level from carbon contamination of the target.
The sequence of three different segments corresponds to three different offsets

0, -0.5 channels) between left and right telescope spectra. The center
spectrun segment corresponds to proper matching of the left and right spectra.
Simultaneous matching of several sharp lines in the spectra, such as carbon
(4.43 MeV) and various elastic and other inelastic groups allows gain matching
between spectra to at least second order in the channel number.

This technique also gives us a sensitive method for stripping impurity
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groups resulting from carbon and oxygen
contamination. Left and right spectra
are purposely shifted by several chan-
nels and dispersion shapes, as in

Fig. 5.3-1, appear in the 1nstxlumental

PROTON

0250

in the yeild spectrum. An impurity
spectrun (e.g., carbon target) is
then subtracted, with the relative
yield (e.g., carbon/copper) as an ad
justable parameter. This parameter is
varied until there is no significant
departure from a uniform instrumental
asymmetry in the region of the contam-
ination peak. When impurities have
been removed as described above the
stripped spectra of interest are re- Fig. 5.3-1. Instrunental asymetry
stored to proper correspondence, spectra for 53Cu(p,p')53Cu in the
smoothed with a several-channel wide region of the 120(p,p!)12C(4,43 MeV)
gaussian function, and final channel-by- impunity group corresponding to dif-
channel analyzing powers and instrumen-  ferent pelative channel shifts between
tal asymmetries are calculated. TyPical lafr and pight telescope spectra.

A

I
0125 0000 0125

25, 315, 205, 315, 255, 315,
oL

Fig. 5.3-2. The analyzing power for a
portion of the proton spectrum is shown on an enlarged scale in Fig. 5.3-3.

major emphasis to date has been on the study of particle emission
from S“Zn (oS0 target) which has a high yield to the statistical region for
both proton and a-particle spectra. The statistical uncertainty/MeV for the
proton spectra is of order 2x10 * at present. Preliminary data have been ac-
quired also with targets of °“Zn and Ag, but statistical errors for these
targets are still only of order 10™3/MeV.

Analyzing powers in the evaporation region are of the order of the
statistical uncertainty in the ®3Cu study and are just becoming discernable.
Analyzing powers in the pre-equilibrium region are larger and fluctuate with
residual excitation energy.

We plan to establish upper hm.\ts on the analyzing power in the evapora-
tion region, or measure it should it prove to be large enough. ~Since the analyz-
ing powers in the pre-equilibriun reglon of the proton spectrun are of on

1072 - 107! it is easy to determine their values, and it is possible to te c
proposed models for the emission process. One approach which we are considering
involves calculation of polarization effects due to a statistical distribution
of levels of various spins and parities appropriate to the residual nucleus and
excitation in question

We also intend to accumulate data with ®“Zn and heavier targets such as
Ag until statlstlcal errors compax‘ahle to those for 53Cu ar are achieved, This
will provide furthe of po effects on
sy e
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i Nuclear Physics Laboratory Annual Report, University of Washington (1976),
p. 105.

5.4 Deuteron Beam Tensor Polarimeter

N.L. Back, W.B. Ingalls, L.D. Knutson, W. Lynch, Trainor and W.G.
amp

Weitkas

t year we reported the construction and calibration of a tensor polar-
imeter based on the %He(d,p)"He reaction.! This polarimeter consists of a
beam-defining aperture, 3He gas cell, electron suppressor and an array of five
8i(Li) detectors. The S.\(Lx) detectors detect outgoing protons at lab angles of
0° and 20°. The four 20° detectors are equally spaced about the azimuth: left
right, up and down.

Because of the large positive Q value of the analyzer reaction the pro-
tons must be slowed considerably in stainless steel foils placed between the =
cell and detectors so that they will lose a large fraction of their energy i
the detectors. Different combinations of slowing foils must be used to cover
different incident deuteron beam energy ranges.

is desirable to minimize the number of slowing-foil changes required,
and this depends directly on the quality of the proton spectra. Peaks in the

the region of the peak of interest the efficiency of the polarimeter is reduced.
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We observe a large background in the low-energy portion of the proton spectra
which falls off exponentially with energy and which is not associated with real
proton events. The peak-to-background ratio can be improved by changing slmung
foils to move the proton peak to higher energy or by eliminating the backgroun

b The latter is preferred because it
extends the useful energy range of each slowing foil combination by several MeV
and therefore reduces the number of scattering-chamber openings.

During the past year we haye a i counter
which fits 1mmedlately behind the 3He gas cell in the pclarm\eter\ This detector
is meant to provide common coincidence signals for each of the five Si(Li)
detectors in order to select only valid proton events and thereby eliminate the
background events noted above.

An exploded view of the detector is shown in Fig. 5.4-1. The detector
case and cover plate are
constructed of brass. Gos In————
The center electrode con-
sists of five equally
spaced parallel wires
spot-welded on a stain- High Valtage
less steel annulus. T s s Feed mwuqh‘
wive diameter is 1 m gl
it e with
isolated from the case Five 1-mil Wires

Gos Out

2 KV without breakdown.
Brass Case

gas mixture
is 10% methane-90% argon
at one atmosphere. En-
trance and exit windows
are 1 mil stainless
steel foils soldered to o By
the brass case and cover \-‘-r—r‘-r—‘r"i i Nt uer P
plate. The vacuum
seal is provided by a
1/16" o-ring in the Fig. 4 Exp),oded view of deuteron polarimeter
cover plate. proport)onal counter.

Epnly Electrode Housing

Teflon Retainer Ring

active diameter of the detector is 1-3/8". The uniformity of the
detector response over this diameter was checked with a collimated a source and
0.1 mil aluminun entrance window. The detector response was found to be uniform
to 1% over this diameter.
pical proportional counter proton spectrum is shown in Fig. 5.4-2.

The dececmn bias is 1850 volts, and the multiplication factor at this bias is
slightly greater than 100. The peak in the spectrum corresponds to a proton
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the proportional comter and all five  spectra with and without coincidence
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typical spectrun for one of
the 20° Sx(Lx) detectors is shown in Fig. 5.4-3. The solid curve is obtained
with no coincidence requirement between proportional counter and Si(Li) detector
while the dashed curve is cbtained with a coincidence requirement. These spectra
illustrate nicely the elimination of the large, low-energy background component
by the coincidence requirement. This extends the useful energy range for this
particular slowing-foil arrangement by several MeV. Because of the poor timing
quality of the proportional counter signal at large bias voltage the coinci-
dence was done with slow timing signals (0.8 uS resolution)-

Unfortunately, the improved spectrum quality which we cbserve is
accompanied by an undesired effect. The count rate in the proportional counter
is 50-100 kHz for reasonable rates in the Si(Li) detectors. At these high rates
we observe a significant rate-dependent gain shift in the proportional counter
spectrun. This is equivalent to a rate or beam-intensity dependence in the
efficiency of the polarimeter because some valid events do not pass the lower-
level discriminator in the propostional counter system. The result is intro-
duction of a random error in the beam polarization inferred from the Si(Li)
detector yields comparable to or greater than the reduction in error correspond-
ing to the reduced spectrum background.
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Although there are several approaches which we could take to solve t

his
not now be adequately compensated
by the anticipated improvement in operation. Therefore, we plan to operate the
polarimeter in the singles mode in the future

o Nuclear Physics Laboratory Annual Report, University of Washington
(1976), p. 9.

Depolarization Coefficients and Phase Shifts for p + 3He Elastic
Scattering

W.G. Weitkamp

Measurements of the depolarization coefficients for the elastic scacter-
ing of protons from 3He below 11 MeV were completed recently.! These
ments were motivated by the fact that the depolarization coefficients are
functions of phase shifts, mathematically independent of other observables such
as the cross section and analyzing power, so that depolarization coefficient
data might be helpful in reducing ambiguities in phase shifts extracted from

data. A computer code has now been completed which calculates depolarization
coefficients from available phase shift sets.

meas:

The depolarization coefficient is defined formally as?

+
K (gy < Tr Moy toy-1
€ (8) _._J_' )
Te MM
where o represents a Pauli spin matrix, j and k represent the directions x, y,
or z, and the primes indicate the spin direction of the scattering particle.
The M matrix in eq. (1) can be written in terms of products of Paul spin matrices
as

M= A+ Bogl+Clog. + Dooy. + Eoy0y- + Fop0y. + Goyog. + Hogozs  (2)
The M matrix in this form can be related to phase shifts through the channel
spin form of the M matrix. (See for example ref. 3). In those cases where
phase shifts ave coupled because two channels lead to the same value of total
angular momentum, the coupling scheme of ref. 4 can be used

he depolarization coefficients measured in ref. 1 are related to the
coefficients of eq. (2) by the following expressions

1812 + [8]% + |2 + [p|2 - [E[2 - |F|2 - fe[2 - |u]2

2= [Al2 - [8l2 + [el? - [o2 + |

IE|2 + |6|? - [u]2

DX’ = ~21m (ARB + CHD) + 2Re (E¥F + GRH)

It should be noted that the DX calculated here are not the same as the
sk calculated in ref. 2. The D's, depolarization coefficients, relate the
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polarization of the incident particle to the polarization of the outgoing
elastically scattered particle, whereas the K's, spin transfer coefficients,
relate the polarization of the incident particle to the polarization of the
recoil particle.

The published sets of p + JHe phase shifts from which the depolariza-
tion coefficients can be calculated fall into two categories, phase shifts
calculated from theoretical studies of the p + “He interaction, and phase shifts
extracted from data, normally cross section and analyzing power measurements
and in some cases measurements of recoil analyzing power and spin correlation.
Fig. 5.5-1(a) shows the predictions of the depolarization coefficients from the

; E,10.77 MeV
1.0 = T T
Iy (a) =y 1 Bi(p)
y \0)
i 1y
osf- N
i
0
Dl' \\
5
&
3
B Vo) R b E W— T
30 60 90 120 150
Bc.m.
Fig. 5.5-1. ison of measured depolari coefficients with those
from ref. 6,

calculated from phase shifts: (2) from ref. s. (b) solid line,
dashed line, set SL from ref. 7.

theovetical study of p + 3He scattering by Heiss and Hackenbroich.5 These phase
shifts were obtained in a calculation of p- 3He scattering states starting with
a suft cw‘e nucleon-nucleon potent)al. Fig. 5. 5 1(b) shows a comparison of the
nts with value: lculated from two sets of
empu-xca].l.y detex‘mxned phase s)ufts.” These phase shift sets differ rather
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markedly, e.g., the 'P; and 391 coupling parameters differ by nearly 70°. Al-
though the data and calculations from both sets of phase shifts are in qualita-
tive agreement, it is clear that phase shifts extracted from data including
these measurements might be expected to have substantially smaller uncertainties.
It is, of course, unfortunate that the angular region 0> 90°, where the largest
cuffarence in observables calculated from the phase shift sets appear, is
inaccessible to the type of measurement described in ref.

ws Weitkamp, W. Griiebler, V. Kénig, P.A. Schmelzbach, R. Risler, and

2
B. Jemny, Proceedings of the Fourth International Symposium on Polar-
ization Phenomena in Nuclear Reactions, eds. W. Grllebler and V. Kenig,
Bivkhauser Verlag, Zrich, 1975, p.
2: G.G. Ohlsen, Rep. Prog. Phys. 35, 717 GGora).
3. R.G. Seyler, Nucl Phys. A124, 253 (1969).
4. R. Darves-Blanc, Nguyen Van Sen, J. Arviewr, J.C. Gondrand, A. Fiore,
d G. Perrin, Nucl, Phys. 4191, 353 (1972).
(3 P. Heiss and H.H. Hackembroich, Nucl. Phys. A782, 522 (1972).
6. D.H. McSherry and §.D. Baker, Phys. Rev. C 1, 888 (1970).
Z C.0. Blyth, O. Karban, W.G. Powell and S. Roman, Nucl. Phys. 4246, 1
(2975).
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6. HEAVY ION ELASTIC AND INELASTIC SCATTERING
Classical Model he Chance for Multiple ing within
Nucleus to the Total Inelastic Cross-Section

i
e

H. Wieman® and I. Halpern

We report here some of the basic features of a classical model for

estimating the magnitudes of the partial inelastic cross-sections, op. Here n
gives the number of separate inelastic interactions that an inelastic:

The original

cross-sections can sometimes be as large as half the geometric cross-section
and that consequently the relative probability for multiple (i.e., n 2)
scatterings must in such cases, also be expected to be large. In pa

We set out to find some quantitative connection between the multiple ieartion
probability and the observed total imelastic cross-section.

We first describe the classical model for this problem and then relate
some attempts to apply the model to data of our own and of others.

Each particle incident on a mucleus is assumed to move in a straight
line trajectory through the nucleus until it leaves or is absor! This in-
cludes particles which suffer energy-loss collisions on the way through. The
nucleus is assumed to be spherical with particle densny p(r) and the projec-

d 1y, are taken proportion-

tile's interaction coefficients per unit length, ug an
Here us s the reciprocal of the mean “free path for a scattering
or,

al to o(r).

involving energy loss and g is the quantity for

destruction of the rojectiie. Given the Panction 0(r), one can sum the his-
i i incident beam to find out how many

only once in the nucleus, how many twice and so It is easy to show that the
cross-section for survival after n energy-loss collisions is
n
-uL
2np anl¥st) eV @
5

Here b is the projectile impact parameter and L (which depands on b) is the
integral J’a/peds along the projectile path through the nucleu& The quantity M
is ugtuy g and 1, being Fixed constants which specify the mean free paths at
the central density, p,. It follows from (1) that the total inelastic scattering

cross-section
“L:] )

op = $o, = f2mb :n,l}‘ ol
n=t
o evaluate the integral in-(2) one must specify o(r) in order to
determine L(b). A particularly convenient form for p(r
o) = Agpy(ere ¥ )
2
O The constants

where Py is the polynomial giving the first N terms of e
Ay and oy ave set by the values of the total number of particles in the nucleus
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Fig. 6.1-1. The connection between the ratio of multiple to single scattering,
on the way through a nucleus, to the size of the total inelastic scattering cross-
section. These quantities depend, in the model described, on only the two para-
meters shown in the figure: IR is the ratio of the nuclear radius to the mean
free path for removal from the elastic channel. lg/u is the ratio of this mean
free path to one for scattering rather than destruction of the projectile in an
encounter inside the nucleus.
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and by their root mean square radius, R. Measured densxty distributions for
light nuclei are closely reproduced by (3) with N = 2 or 3. For rather heavy
nuclei N is about 7.

Figure 6.1-1 is a way of represennng some of the implications of this
model for a medium weight ( nu The ordinate gives the ratio of
multiple (n32) to single ing probabilities for inelastically scattered
particles. The abscissa is the total inelastic cross-section in units of m
times the mean square radius of the nucleons in the nucleus. The values of
ordinate and abscissa depend in the model on just two quantities, the value of
MR for the nucleus and the value of the ratio us/m. Curves of comstant uR and
Ws/u ave shown in the figure.

Values of 4R for various projectiles which are consistent with the
imaginary potentials in optical models range from “1/2 to %3. The values of
us/u (i.e., of the reianve chance for a scattering rather than an absorption
in a collision) are not known and it is, in fact, a main point of the present
discussion to suggest that ug/u values can be detemxned from measured values of
the total inelastic cross-section. i een from the figure that this
cross-section (normalized to RZ) depends essentxally on the value of “s/“ alone
in the range of common uR values. It is not sensitive to the values of
within this range. One can see why qualitatively. Suppose one increases u, in
some nucleus. This reduces the total scattering cross-section since fewer
projectiles survive passage through the nucleus. One can restore the cross-
section by increasing us. Thus an increase of both ugand u, means a small change

in oy, a small change in ps/u and a large change in i

nce one has determined a value of us/u from the total cross-section,
even a rough value for uR allows one to make useful estimates of the partial
scattering cross-sections, on. The figure shows how the ratio hE /Gl depends
on s/u and on UR. It is seen how a measurement of oy can leadt in estimate
of this ratio, an estimate which improves as ones knowledge of uR improves.

e model just described should be most applicable at moderately high
incident energies--say 200 MeV protons--but we have been unable to find suffi-
ciently comprehensive sets of data to permit us to determine the total inelastic
cross-section.

We have instead applied the model to lower energy scattering of protons,
deuterons and a particles. Here the assumption of straight line trajectories
is clearly invalid. To include the effects of Coulomb and other distortions,
of elastically scattered particles were deter-

the classical model to e
to %. With this association, it easy to show that equations (1) and (2)
translate to

On=1 = wX2(2031)48(sn[n, |2) [, |2
i

e wng(ziﬂ) Ing 2€1= X201, |2 (2a)
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From (2a) one can determine the value for ug/u that (together with optical model
values of the [ng|2) gives the measured value of op. Listed in Table 6.1-1 are
the values of g/l so determined for a number of bombardments.

W
Table 6.1-1. Relative Probabilities, 4, for Scattering
In Nuclear Collisions

Projectile Energy Measuwred o7 g to, /o,
Target Proj Ref (MeV) (mb) 8 n>2
278y al 62 43040 95,06 .79%.07
89y P 62 61015 .72£.01  1.04%.03
197py P 62 640+ 3 .63£.01  1.15%.01
670 a 2 22 35515 +07£.03  .06%.03
22, 22 32t 6 +06£.01  .05%.01
107ag a 22 32411 06,02 .04%.02
27ps a 2 45 11040 +25%.08  .21%.09
90zp. a 45 100£40 19£.07 174,07
197y a 45 10020 .16%,03  .12:.03
208pp, d 45 140430 +20£.03  .16%.04
208py, e 3 75 23060 865,06 .35£.09
P RO N 65 330£50 .62£.04  .80.10

t is seen that the values for ug/u in any one type of bombardment are
not very dependent upon the size of the nucleus involved. This is as it should
be and is an encouraging support for the validity of the model. It is also seen
that protons, He's and a particles exhibit relatively high scattering probabi-
lities whereas deuterons (especially lower energy deuterons) are much more likely
to be destroyed instead.

the measured oy but do not correct for any knock-ons in the inelastic spectrum.
This neglect can be justified for deuterons, ’He and “He particles,2>3 but may
not be so reasonable for protons especially in light nuclei like aluminum. It
should be pointed out here that our estimate for gp/0) for scattering of 62 MeV
protons from gold is very close to that recently obtained by Tamura et al. for
62 MeV protons on bismuth in an analysis very different from the present one.
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Our result is 0.57 for 0,/0). The corresponding value deduced from the paper of
Tamura et al. is 0.64 for bismth."

Clearly, the model we have discussed here needs more critical examination
and refinenent before it can be safely relied on to supply multiple scattering
probabilities. Yet it may represent a reasonable begimning on a question where
even order of magnitude estimates have been unavailable.

i Now at Lawrence Berkeley Laboratory, Berkeley, California.
i F.E. Bertrand and R.W. Peelle, Phys. Rev. C§, 1045 (1973).

2 H. Wieman, Ph.D. Thesis, University of Washington (1975).

a. G. Chenevert, Ph.D. Thesis, University of Washington (1969)

b T Tamura, T. Udagawa, D.H. Feng and K.-k. Kan (private commmication).

6.2 The Elastic Scattering of 0 by !“c
K.G. Bermhardt,’ K.A. Eberhardt,’ R. and M.P. Webb't

In addition to the excuacion functions presented in the previous Annual
Report, we have measured angular distributions at Eg p, = 21.6 and 23.2 MeV,
using the setup described pnekusly, The results aré given in Fig. 6.2-1.
general rise in cross sections beyond Oc,m. = 90° is probably due to two-proton

lley ratio of the excitation functions is to
the 160 + 160 case, as shown in Fig. 6.2-1. The structures match in energy
It has been suggested previously that the observation of the large, oscillatory
150 4+ 160 system is a consequence of the lack of
channels which are able to carry away the grazing angular momentum.
Since the first excited states in the %C + 160 system are equally high

and the Q-values for direct reaction channels are only slightly more favorable,
a similar behavior can be expected. This view is supported by our data.

extensive optical model searches, and Hauser-Feshback calculations
and DWBA calculations of the two-proton elastic transfer are planned.
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Fig. 6.2-2. Comparisons of the
elastic cross sections of lc + 160
(top) and 160 + 180 (bottom) at 6, g,
69.8°. Note the different scales.

+ Now at Sektion Physik der
Universitiit Hunchen, D-8046
Garching, G Y .

it Now at Oak Ridge National Lab-

B

Th G A bW e % %

Ocm Washington (1976), p. 125.
2 R.H. Siemssen et al., Phys. Rev.
Lett. 19, 369 (1967).
Fig. 6.2-1. Angular dxstm.butxon et s R. Vandenbosch, W.N. Reisdarf,
elastic scattering of 160 from lC at and P.H. Lau, Nucl. Phys. 4230,
Ec.m. = 21.6 and 23.2 Hev 59 (1974).

6.3 Measurements of the Elastic Scattering of '2¢ from 28si at 131.5 MeV
i I i on

and 186.4 MeV in the Rainbow Scattering Regior

J. G. Cramer, R.M. DeVries,T D.A. Goldberg,tt and M.S. Zisman®tt

In prevmus 1nvest1gatxuns we have establxshed that when data from near-
Cou the strong absorption region,
B S smunaneouely janalyzed with a global
energy-independent Woods-Saxon pitentxal for 2851 system, a "unique"
optical potential is determined.” This Dotennal is very shallow, with a real
depth of only 10 MeV. A similar approach applied to the analysis of the “He +
285§ system leads to potentials with real well depths of about 135 MeV.? The
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principal difference between the data from these two systems is the presence of
a pronounced back angle "rainbow" enhancement of the cross section in the high
energy 'He scattering data and the absence of the same type of emhancement in
the 1%0 scattering data, Thus there is a qualitative difference between the
scattering of “He and 285i which bears further investigation.

In the present work we have pushed into the "gap" region between these
two projectiles by investigating the rainbow scattering of 1°C (and SLi as dis-
cussed in section 6.4 below). This work has been performed in collaborative
experiments: at 131.5 MeV with the ORIC cyclotron at ORNL in collaboration with
R. G. Stokstad, and at 186.4 MeV using the 88" cyclotron at LBL in collaboration
with J. A. Watson. These data are shown in Fig. 6.3-1. Also shown are optical
model il with itials H9
and L6 given in Table 6.3-1. As can be "

seen the calculations with potential HI, g
which has a central depth of 10 MeV,
gives a qualitatively better fit than
that calculated with the 100 MeV deep 1
potential L6. Low energy data (not

shown here) is also in much poorer agree-
ment with L6 than with H9.

e
Elostic Scattering

hus we conclude that the situa-
tion for the scattering of 12C from 28si
is much the same as for 180 scattering
Erom the same target, i.e., a global fit Ofy
to high and low energy data leads to a i
very shallow potential which is a reflec- o
tion of the absence of prominent rainbow
scattering at back angles in the high
energy scattering measurements. In 107
other words, '2C and 160 are qualita-
tively similar in their scattering pro-
perties, and both are qualitatively 2
different in this respect from “He; C 10
and 0 are heavy ions while “He is a
1ight ion.

Potential HO.
- Potential L6

Fig. 6,3-1. Elastic scattering of 1%
from 2851 at 131.5 MeV and 186.4 MeV.
Curves are optical model fits with
potentials K9 (Vo=10 MeV) and L6
(Vo=100 Mev).




Table 6.3-1. Potentials for 12¢ + 285i Scattering

Potential Vo

Tr an W ri ai
(Mev) (£m) (£m) (Mev) (£m) (£m)
H9 10.0 1.329  0.6285  28.33 1.175  0.5390
16 100.0  0.8628  0.8600 37.19 L1l o0.7194
+ NSRL, University of Rochester, Rochester, NY 14627.
+ Dept. of Physics and Astronomy, University of Maryland, College Park,
Md. 20742,
1t Lawrence Berkeley Laboratory, Berkeley, CA 94720.
fis J.G. Cramer, et al., Phys. Rev. C14, 2158 (1976).
b: D.A. Coldberg and S.M. Smith, Phys. Rev. Lett. 29, 500 (1972).
D.A. Goldberg, S.M. Smith, and G.F. Burdzik, Phys. Rev. C10, 1367 (1974).
6.4

Measurements of the Elastic Scatt

of fLi from 2851 at 135 MeV in
the Rainbow Scattering Region

J.G. Cramer, R.M. DeVries,® D.A. Goldverg,'t M.S. Zisman,''t and J.a.
WatsonTTTT

As mentioned in Sec. 6.3 above, we are embarked on a rogram of studying
elastic scattering in the rainbow region for projectiles in the "gap" region
between “He and 180, to determine where the transition occ
tentials which characterize “He scatterin% and the shallow potentials which
characterize the scattering of 1%0,! and 12, (as discussed in Sec. 6.3). f¥e
have therefore investigated the elastic scattering of SLi from 28i at the high-
est energy available, which was the 135 MeV SLi3* beam from the LBL 88" cyclo-
tron. We are grateful to the scientific staff of the 88" cyclotron for providing
running time for this experiment.

urs between deep po-

. 6.4-1 shows the data which was obtained on two runs, one performed
with the magnetic spectrograph and the other performed with an array of solid
state detectors. In the analysis of these data we find that any potential depth
larger than about 100 MeV can lead to satisfactory fits. The solid line shown
in the figure is calculated with potential R20 which is given in the caption.
This potential has a central depth of 150 MeV and is very similar in geometry
and in V/W ratio to potentials which have been used to fit “He scattering data
in the rainbow region. This potential gives about the same x? value as several
other "deep" potentials which we have investigated, but it is presented here in
preference because the fit looks better to the eye.

Thus we conclude that the scattering of °Li in the rainbow region is
qualitatively similar to “He scattering, and if done at somewhat higher energies
than that used here would probably lead to a unique determination of the poten-
tial. Therefore the transition from shallow to deep potentials has been
narrowed from somewhere between “He and !60 to somewhere between Li and 12¢.
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We plan further studies in the coming
year to investigate the scattering of
Be and 198 ions.

SLi+ Psi
Elastic Scattering

NSRL, University of Rochester,

Rochester, NY 14627.

tt Dept. of Physics and Astronomy,
University of Maryland, College
Park, MD 20742.

+tt  Lawrence Berkeley Laboratory,
Berkeley, CA 94720

+Ht  Dept. of Physics, Unlvex'sn:y of
California at Davis, Davis
95616

1L J.G. Cramer, et al., Phys. Rev.
c14, 2158 (1976).

Fig. 6,4-1. Elastic scattering of °Li
f£rom 285i at 135 MeV. Curve is an
optical model calculation with poten-
tial R20 which has the parameters:
V=150.0 MeV, ro=0.7079 fm, a=0.9062 fm,
W=38.53 MeV, r;=0.9510 fm, and a

1.012 #n. Hers Rer(61/3+281/3), volune
ahsorption is used and the Coulomb
radjus is taken as equal to the real
radius.

6.5 Further of 160 + 28si Flastic

at Tandem Energles

J. C. Wiborg, J.G. Cramer, Y.D. Chan, K-L. Liu, and H.H. Bohn

In our recent publication of a "unique" optical potential derived fmm an
analysis of ‘Gc + 285 scattering at laboratory energies between 33 MeV ar
215.2 MeV, we have noted that at energies between 50 MeV and 81 MeV the back

oscillations with other potentials has been largely unsuccessful, in that "re-
Flective” potentials which produce oscillations tend to make stronger oscilla-
‘tions as the bombarding energy is increased, while the experimental data indi-
cates that the strength of the oscillations tends to decrease with energy.?




The oscillations are thus an un-
explained phenomenon which is deserving
of further investigation. We have
therefore devoted further experimental
effort to studying these back angle os-
cillations and measured elastic differ-
ential cross sections as far back in
angle as is feasible at laboratory bom-
barding energies of 40 MeV, 45 MeV, 55
MeV, 72 MeV, and 76 MeV. At all of
these energies, back-angle oscillations
are observed in these data, which extend
out to C.M. angles as large as 120°.

Recently, Braun-Munzinger, et
al.,? have studied the elastic scatter-
ing of this system at 35 MeV (CM), i.e.,
at an equivalent energy to E(160)= 55
MeV, all the way back to 180° and have
found increasing oscillations at back
angles which have a |Ppg(cos8)|2 shape
from about 140° to 180°. They have ob-
tained a fairly good reproduction of
these data by combining the scattering
matrix predictions of our E18 global
potentiall with an explicit Regge pole
term in the S-matrix of the form:

 iD(1) exp(2ie)
S+ SR0 + i R

with D(2) = Do(1 - [sP]) 5 )

T(2) = T - [sg]).

Because of the success of this

The results ave shown in Fig. 6.5-1.
The dashed curve in this figure shows

single Regge pole of the form given in
equation (1) above. In this analysis,

Fig. 6.5-1. 60 + 285i Elastic scatter-
ing data with fits by optical model and
optical model + Regge pole.
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we restricted the parameters of the Regge pole to the values used by Braun-
.8, To=6.0, and ¢ = 0.0. Only the Regge pole parameter %,
was taken as adjusiabie and ailowed to vary with energy. These fits, while not
of the highest quality, give some credence to the model. Table 6.5-1 gives the
values of the %, parameter used at the various emergies, along with the grazing
artial wave % as taken from the optical model calculations. We find that the
quantity 2,(% + 1) falls on a straight line given by

Egy ¥ 12.5 MeV + 0.0395 MeV %5(io + 1) (2)

Table 6.5-1. Regge pole parameters used in analysis of 160 + 28si
Elastic Scattering Data

Elab | EcM | 2g(E18) %o 2o(%o + 1)
40 25.5 17.2 a7l 309.5
45 28.6 20.2 19.5 399.8
55 35.0 25.1 24.5 624.8
72 45.8 31.5 28.4 832.6
76 48.4 32.8 29.3 886.6

We also mote that in Table 6.4-1, the Regge pole position approximates
the grazing partial wave at the lower energies, but at the higher energios it
becomes several units less than the grazing partial wave. This has the effect,
as seen in the data, of reducing the oscillations with increasing energy because
the Regge term is multiplied by si, which becomes very close to zero for partial
waves which are less than the grazing partial wave.

espite the success of the approach described above, we find it rather
unsansfactory for the following reasons: (1) The ad hoc introduction of a

55
section but it:does not provide wave functions which can be used for other kinds
of calculations, e.g., inelastic scattering and transfer reaction analysis; and
(2) the shallow E18 petent)al does not have a "pocket" in the effective poten-
tial for partial waves around the grazing wave, and thus camnot produce the
kind of onmi that the presence of a Regge pole suggest. Thus we are not
merely "helping" the potential to provide orbiting, but introducing a phenomenon
With which he potential itself is inconsistent. We intend to Investigate the
oscillation further, both i 11 ;
We plan to obtain more data and to seek a potential description of the phenome-
non which includes the needed orbiting without the necessity of employing Regge
poles explicitly in the S-matrix.
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6.6 Klein-Gordon Coulomb Effects in Heavy Ton ing and Reactions

J.G. Cramer, W.G. Lynch, and J.G. Wills'

As discussed in Sections 14.5, 14.6, 14.7 and 9.4, the Coulomb wave
functions and Coulomb phase shifts derived from the Coulomb Klein-Gordon equa-
tion are different from those derived from the Schrédinger Coulomb equation in
that the effective angular momemtum value A is no longer an integer, but is
given by:

A= 4802 - (2210 B - @

where £ is the orbital angular momentum, ZZ' is the product of charges for the
projectile and target, and o is the fine structure constant or about 1/137. It
would be expected that for heavy ions at energies below 10 MeV/nucleon such
relativistic effects would not be important because the velocities of the ions
ave low. However, we note in equation (1) that the modification of the effec-
tive angular momentum by the factor ZZ' is independent of energy but is stvong-
1y dependent on the charge of the system. Further, when Z2'>137/2, A wi

become a complex number for the lower partial waves, and this could have ob-
servable in heavy ion ing and reacti Thus it might be
possible to cbserve effects in heavy ion scattering and reactions which are the
consequence of a relativistically invariant wave equation, perhaps even at non-
relativistic energies.

As described in Sections 14.5, 14.6, 14.7, we have written a group of

cross section for these cases, and further that the deviations from Schrddinger-
Rutherford scattering increase with energy. The phase differences between the
relativistic and non-relativistic amplitudes, moreover, may become very large,
particularly for the lower partial waves, so that observable effects in Coulomb-
nuclear interference situations are to be expected above the Coulomb barrier.

We have investigated both the effects on the absolute cross section and
the effect on the interference pattern in identical particle scattering. The
latter appears as an angle-shift in the interference oscillations at angles
away from 90°.

e have made preliminary measurements for sub-Coulomb scattering of 18g
+ 208pp in order to test these predicted effects, at bombarding energies in the
vicinity of 40 MeV. Here a deviation in the back angle cross section of a few
pencent is expected. Predictions of similar deviations from Rutherford scatter-
ing can be found in the literature, arising from molecular potentials,!”
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electron vacuun polarization,® and nuclear polarization from Coulomb excitation.
The contemplated experiment will thus require a careful design to observe un-
ambiguous effects of this order and to distinguish between the various effects
which might contribute to observed deviations. .,

+ Department of Physics, Indiana University, Bloomington, IN 4740l.

1. J. Rafelski, B. Miller, and W. Greiner, Lettere al Nuovo Cimento 4,469
(1872).

7 B. Miller, J. Rafelski, and W. Greiner, Physics Letters 47B,5 (1973).

3. J. Rafelski and A. Klein, Phys. Rev. C9,9 (1974).
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7. HEAVY ION DEEPLY INELASTIC AND
FUSION REACTIONS

7:1 Angular Momentun Transfer in the Deeply Inelastic ing of
610-tev 8xp by 2%

P. Dyer, R. J. Puigh, T. D. Thomas', R. Vandenbosch, and M. S. Zisman'®

e reaction cross section for 610-MeV 8kr + 2098i is dominated by
the deeply inelastic scattering process, which is chavacterized by strong
damping of the initial kinetic energy, little net charge or mass transfer,
and angular distributions peaked near the grazing angle.l>? In classical
descriptions of the reaction mechanism, phenomenological viscous friction forces,
with radial and tangential components, are used to describe the dissipation
of initial kinetic energy and angular momentum into internal degrees of freedom.
We are studying the angulap momentum transfer in order to determine the strength
of the tangential friction. This is done by measuring angular correlations
of fragments from fissioning heavy reaction products relative to the recoil axis.

The geometry of the experi-
ment is shown in Fig. 7.1-1. Fission
fragments were detected in coincidence
with the projectile-like reaction pro-
duct, and correlations in and out of
‘the reaction plane were measured. A
610-MeV 86Kr beam from the LBL Super-
HILAC was incident on a target consist-
ing of 300 pg/cn? 2981 on a 50 ug/cm?

oy

conductor counter telescope fixed at IN-PLANE CORRELATION
40° 1lab, where the deeply inelastic
scattering cross section is at a maxi-
mum. Two single counters detected
fission fragments, one of which was e
mounted on an arm that could be moved
to various out-of-plane angles. Tim-
ing signals from each detector were
fed into time-to-amplitude converters
(TAC's), so that each event was chara-
cterized by four linear signals, AE,
E+AE, fission fragment energy, and TAC, e

vhich were digitized and recorded event-

by-event. In a two-dimensional array of OUT-OF -PLANE CORRELATION
counts versus telescope energy and fis-

sion fragment energy (after a subtract- pjo g 3. Geometry of the expert:
ion of random events), the events of s

interest were easily separable from

other events.

The angular distribution, with respect to a space-fixed z axis, of
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Fission fragnents from a nucleus having quantun numbers J, M, and K is given by
W (o) = 23 d © |?
Wi 2

leus, ¥ is the
where J is the intrinsic angular momentum of the fissioning nucleus,

, K is the projection of J gn the nuclear symmetry
pmje“mn Df S aiistaeRatnit Faxie, and the 2 (6) are rotational wave

B e e To caloulate a fanily of angular cobelation curves which

tion over J, M, and K with the appropriate weighting functions. The K distri-
bution depends only on the propettles of the fissioning nucleus, and is taken
from previous experiments. and M distributions depend on the reaction
mechanisn; these are to be detemlned from the present experiment. The out-
of-plane correlation is more sensitive
to the J distribution; the in-plane, to
the M distribution. In the limit of b
M=J (that of equatorial collisions in meb sonilills st oo

i

i

i

i

i

the classical limit) the in-plane cor-
relation would be isotropic and the
out-of-plane correlation would be £
anisotropic, with the anisotropy in-

creasing with increasing J.

610 MeV *°kr +2°8i

By

the J distribution, we
take P(J)ﬂ(QJU) up to some maximum

30
OUT-OF - PLAN
A Gaussian distribution of K CORRELATION
values is assumed. The parameter ¥ | 40
Ko2 characterizing the width of the o )
distribution is taken from previous 295k Y 50
of fragment = | &
from fissioning compound nuclei.3-® a !
We use Ko?=132. No further asswmptions = | ™
about the properties of the fissioning & i
nucleus are required = 4
of S
i
|
|
i

Inax, where there is a sharp cutoff.
This form follows from a model in IN-PLANE CORRELATION

which all partial waves up to some max- i

imun 2 give rise to particles scattered Y525 0 26 40 e 80
to about 40° lab (an assumption support- 4. deq)

ed by the sharply peaked differential
cross section) and in which the fract- ———

ion of orbital angular momentum trans- Fig. 7.1-2. Fission angular correla-
ferred into intrinsic angular momentun tions measured in and out of the reac-
is the same for all partial waves (an tion plame. The family of solid curves
ssunption which holds in the rolling are caleulated fus the out-of-plan

or sticking friction limits). case with M=J, The e
curve is with 58 and
The measured in and out-of- with contnbuuons foon MaJ Toee text).

plane fission correlations are shown in
Fig. 7.1-2. Lab angles and cross




sections have been converted to those of the 209Bi center-of-mass coordinate

Kso shom fonthalaut-criplanalease are g andly of ourves calculated
=132, d varying J;_.. The large e anisotropy is

direct indication of sizesble aneilar momentum trensten with the resuiting

intrinsic angular momentun bemg predoniamtly orented perpendicular to the re-
with the model just

action plane. C
deacwibed Seads: coem xmnal est].mate fi ‘the angular momentum transfer’red to

the recoil of 55 M.

Wo corrections to this result are presently being estimated. ¥e
believe the anisotropy in the in-plane correlation arises from interactions
(such as those of non-equatorial collisions) that lead to angular momentum

quar
= siccdinnossfe8x comfl vt net ontegsheus i gz oAy d eenibut
data to the family of curves in
Another

ed.
Fig. 7.1-2 then et 2 undevestinate of Jpgy by 15 to 20 units.
effect that must be considered is that partial waves of small £ may not contri-
bute to the observed deeply inelastic cross section. Considering upper limits
on the fusion cross section, we see that such an effect could lower our
estinate of the maximum angular momentun transfer by 10 to 15 units. The dashed
curves in Fig. 7.1-2 are from a preliminary calculation taking these factors
into account, with Jnax=58 and Jnin=18. The angular momentum vectors were
assuned to lie in the plane perpendicular to the recoil axis with a Gaussian
(6=27°) distribution of angles with respect to the z axis.

We thus conclude that the maximum angular momentum transferred to the
Beavy reaction product is between 50 and 70 4. This is higher than the value
of 39 £ expected in the limit of rolling friction, and is less than but consistent
with the value of 68 & expected in the sticking limit. The result implies that
the tangential friction component is very important. The only calculation that
has been performed for this particular system and bombarding energy is a friction
model of Gross et al.,’ who obtain a total loss (that going into both fragments)
of orbital angular momentun of 38 4. This calculation thus undevestimates the
tangential component.

Sinilar data has also been acquired for the 730-HeV *’kz + 2% reaction

in a search for the instantaneous ﬁsssen predicted by Deubler and Dxetpxche
These data are presently under analysi:

+Oregon State University, Corvallis, Oreg
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752 Energ; of Energy Loss in the ions of 86kr with
139,

La

P. Dyer, R. J. Puigh, T. D. Thomas', R.

At

and M. S. Zisman

orevious studies’ of the
Ko +La system at 710 MeV have been
extended to lower bombarding energies.
The primary motivation of this
extension was to see how the double=
peaked energy spectra observed at
the higher energy change in char-
We

test the presumed dependence of th
energy loss on th relative velocity of
the two reactan

We have made new measurements

at 610 MeV and 505 MeV. The energy

spectra obtained at 610 MeV exhibit
o components at certain angles

although not as prominently as at

710 MeV. The overall features of

the dependence of energy loss on angle

at 610 MeV and 505 MeV are shown in

Figs. 7.2-1 and 2.

Vandenbosch, M. P. Webb'®

610 Mev %6Kr »“’La

it

m. TOTAL KINETIC ENERGY (MeV)

£ o

7
aeg)

Fig, 7.2-1. Contours of dowble differ-
ential gross sectimn &g

b MeV L deg-l. a0

The ordinate is the total kinetic ener-
gy in the exit chamnel derived from the
light-particle kinetic energy with the
assumption of no net mass transfer.

R eorrections for meutron enission
have been made.
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Fig. 7.2-2. Contours of double differential cross section as in Fig. 7.2-1.

At the lover bombarding energies the quasi-elastic ridge running down in emergy
from the entrance channel energy does not move forward in angle as rapidly as

it did at the higher bombarding emergy. It also merges more quickly with the
fully damped events. The indication at the higher emergy that the fully

damped events originated from negative deflection angles is less clear.

A deflection function giving the nuclear rainbow at a small (<10°) positive

or negative angle could be cansistent with the cbservations. The two possibil-
ities would lead to ridge lines in a contour plot given by either the dashed

or full curves in Fig. 7.2-3.

In order to understand the processes responsible for the energy loss in

these reactions we have undertaken some calculations of the emergy 1oss asso-

ciated with one-body dissipation. Swiatecki? has derived a simple "window"
rmula from which one can calculate the emergy 10ss due to tramsfer of nucleons
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between two nuglei moving with a rela- -
tive velocity f. Randrup® has recently
generalized this using a proxi:

model to obtain the dependence e
dissipation on the separation between
the nuclei. The model takes into
account the radius of curvature of

the two nuclei, the surface diffusi-
vity, and the transparency of the
"window" between the two nuclei to
particle transfer. We have integrated —90° o 500
‘the dissipation predicted by the result- 8

ing dissipation function along various ..

claselohl £38)actE o¥heing the b oo Ll e g
trajectory progran described in sec- G L e el e
e O e e toa. section countour diagran.

jectory caleulations performed thus

Far have neglected the effect of emergy loss and orbital angular momentun loss
on the trajectories. Sample calculations indicate these corrections largely
cancel for the relatively small energy losses for which the generalized window
treatment might be expected to be vali

ENERGY

TOTAL KINETIC

The caloulstions sre quite sensitive to the conservative potential

i e tra we have used the proximity
potent;a]_.‘i et partial test of Gremityt e ol R L o B
Fied our optical model code so as to replace the usual Woods-Saxon real potential
with the proximity potential. With the imaginary potential retained from pre-
vious fits to the elastic data, use of the proxinity potential with the suggest-
ed parameters gave a satisfactory fit to the elastic scattering, and witl
slight adjustment of the radius parameter (by an anownt consistent with g
uncertainty in the absolute bombarding energy) gave essentially as good a fit as
the three-paraneter Woods-Saxon veal potential.

e results of some of the calculations are given in Fig. 7.2-4.
The experimental energy losses are cbtained from the dependgace of the most
probable energy loss on angle using the deflection function obtained with the
proxinity potential. The apparent energy losses have been corrected for neutron
emission assuming the excitation energy is divided according to the masses of
the products. The calculations seem to underestimate the energy loss by about
a factor or two.
in this calculation. The d
(or 2) and on the bombarding emergy seems to be qualitatively correct.

A more test of the imp of one-body dxsslpat)on
via nuclear transfer can be performed by deducing the number of part
transferred from the variance of the experimental charge it el
particular energy loss. From the number of particles transferred and the known
relative velocity the expected emergy transfer can be calculated and compared
with the measured energy loss. If neutrons and protons are tramsferred indepen=
dently and if the total number of particles transferred is A/Z times the number




‘stributians.
measured 0z as a function of energy
loss in the. QGKx« + 13903 system. A
comparison of the calculated to experi-
mental energy losses for the 710 MeV
bombardment is given in Fig. 7.2-5.

The theory again accounts for less than
half of the observed loss, in agree-
ment with our previous calculations.

We emphasize that the latter compari-
son employing the variances of the
charge distribution is independent of
actor

influence of the conservative potential
on the trajectory. (For larger energy
losses than considered here one would
have to worry about nuclear deformations
and their effect on the Coulomb
interaction potential and hence the
relative velocity of the nuclei in

the interaction region). We conclude
from the comparison given here that the
transfer component of one-body dissi-
ation is incapable of explaining the
energy loss. Whether other one-body
effects such as energy exchange gener-
ated by the deformation of the poten-
tial walls during the collision or
two-body mechanisms are responsible
for the energy loss is not clear.

160 86y, L 139 o
20
2
=
L one-body
dissipation
40
@
8
g 260 270 280
>
&
& E,_ =610 MeV
Gizo
5 xporiment
S0l
58
=
ol
220 230 240 250
ORBITAL ANGULAR MOMENTUM
Fig. 7.2-4. Comparison of observed

energy loss (corrected for neutron
emission) with that calculated using
one-body proximity friction at two bom-
barding energies.
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Fig. 7.2-5. Dependence of the ratio
of calculated to experimental energy
Zoss as a function of observed energy
loss for 710 MeV 86kr + 139
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7.3 Deeply Inelastic of ~Xe b sn

A. Seamster, T. D. Thomas', R. Vandenbosch, M. P. Webb'™ and M.s.
Zisman

An experiment to measure the characteristics of deeply inelastic scat-

o peleirrem s Frewals iating o iflie s conpomad muclags

in progress. Of particular interest would be to see what differences
L the Fuslon crogp sectigy are cbtained. _fe report heve prelininary
results for the + 12057 entrance channel. The near-symmetry of this
YR Nl A M ot i s (ot acest ks alenind
tions of the dynamics havg been rostricted thus far to symmetric systems.

e data for the 86kr + 179y entrance chamnel has yet to be analyzed.

In Figure 7.3-1 we show contours of the double differential cross.
section for deeply inelastic scattering as a function of c.m. chamnel energy and
angle. The data have been transfamed

s e R
be particularly valid in this near-

symetric situation. No corrections 500| g o
have been made for particle emission Xe + 2°5n
from the fragments. The quasi-elastic E #1120 Mev

events are strongly pea.ked at an angle U I
slightly forward of the qumex-pemt oo .osg\JJ
5

angle for elastic scattering.
quasielastic ridge bends snghcly for-
ward for larger energy losses, chara-
cteristic of smaller-impact trajector- 300k1v NN,
3 30 o
ive nuclear potential. The flatter 5
plateau for the lowest kinetic energies ¢ 05
extending to more backward angles may hi
be due to either fully damped deeply 2
inelastic events or to fission fragments. 20 o5
We have yet to analyze Z-distribution " /-m
data which may shed some light on this 05 _/
problem, although it will be difficult 100 ol
to distinguish between the two kinds of e e
events in this near-symmetric situation. Contours of o2 (7b)

Mo integration of the angular
distribution over the angular region be-
tween 9° and 25° in the laboratroy sys-
tem (or approxinately 23° to 70° in the
c.m. system) yields an integrated cross
section of 2,000 %400 mb. AN UPPET  pig. 7.3.1. Contours of double differ-
it io ha Eusion flasicn st ential cross section as a function of
section is obtained from the more Dacks Toras aviy shamel Hinetic onersy and
ward angles dominated by low energy e
events which could be either

%40 6 80
Be.m. (deg)




fusion-Eission or fully damped events if one assumes a 1/sin © angular distri-

bution for the fusion-fision events. A better upper limit for the fusion-
Fission events can be obtained by subtracting the cross section for partially
damped events from the total reaction cross section calculated from an optical
model fit to the elastic scattering cross sections which were also measured.
The latter cross sections were well fit by the optical potential obtained in

a previous study L of Xe + Pb elastic scattering, giving an absorption cross
section of 2700 mb.  Subtracting 1600 mb of partially damped events gives an

imi: i ission of 1100 mb. Nix and Sierk, Bredict a fusion

evoss section of less than 50 mb for the similar 124Sn + 12%Sn system. We hope
to be able to set a more accurate limit after examining the Z-distributions.

¥ Oregon State University, Corvallis, Oregon
++ Present address: Oak Ridge National Laboratory, TN

R. Vandembosch, M. P. Webb, T. D. Thomas, and M. S. Zisman, Nucl.
Phys. A269 210 (1976).

J. R. Nix and A. J. Sierk, submitted to Phys. Rev. C




Doss the “tie + 2“Mg Fusion Cross Section Exhibit Oscillations like
that of 12¢ + %02

K. G. Bernhardt, H. Bohn, Y-d Chan, J. G. Cramer, K. C. Green

Sielemann, R. Weisfield and R. Vandenbosch
The recent observation'>? of oscillations in the fusion cross section

for the 12¢ +160 system at energies well in excess of the barrier is as yet not

e can envision two general kinds of effects which might be operative.
One of these would be an entrance channel effect where the dynamics of fusi
affected by the parity associated with the entrance channel partial wave.
Such an effet might arise, for example, from an alpha exchange mechanism.

It has beep shom that alpha exchange can lead to a parity-dependent effective
potential.

n is

her type of effect which might limit the fusion cross section
would be an inability of the compound nucleus to accomodate all of the entrance
channel angular momentum. Such an effect might occur if the yrast levels of
odd spin and parity were higher in energy than for even spin and parity.

If this effect were operative the fusion cross section for other [
channels leading to the same compound nucleus might show similar oscillations
if the grazing angular momenta were the same at bombarding energies which
matched the compound nucleus excitation energy.

In order to try to distinguish between entrance chamnel effect:

compound nuclear yrast level effects we have attempted to look for fluctuations
in the fusion cross section for another system which leads to the same compound
nucleus. A plot of the-grazing angular momentum (taken here to be that angular
momentun for which the optical model transmission coaffxc}ent xs equal to % )
versus compound nuclear excitation energy for the 12¢ + 150 g
entrance channels shows that the grazing angular SR equal when the c.m.
entrance channel energy for the former chamel is 14.5 MeV and is 21.3 MeV

for the latter channel. Thus if the origin of the oscillations were due to

a compound nuclear effect cne might expect to see oscillations in the ‘*He 3 24
fusion cross sections correlated in compound nuclear excnanon energy w:

those of the 12C + 160 system for energies in the vicinity of the mazchmg pomt.
Since the alpha exit channel of the compound nucleus showed move dramatically
the fluctuation in the fusion cross section, we have measured excitation fun-
ctions associated with this chapnel. Two approaches have been taken. In one
approach the yield of the 2*> 0" and 42 transitions in 2"Mg have been meas\med
in a manmer similar to that used in our studies of the 12C + 160 system

There is some concern about this approach in that these transitions can arise mot
only following compound nuclear alpha decays but also following direct in-
elastic excitations. The dependence of the latter effect on bombarding energy
might then overshadow possible compound nucleus effects. The direct cross
Ssection might even exhibit oscillations out of phase with the compound nuclear
cross section if the total absorption cross section varies smoothly with energy.
Divect contributions should be less important for processes leading to the
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4t 5 5* gama transition than for 2* » 0 transition. To minimize the effect
i Sesi have also measured the yield of alpha particles to
n

discrete states i at backward direction where direct contributions are
mininized. To suppress the effect of fusion functions we have averaged over a
range of angles and Final states. Ericson fluctions were taken at approx-
imately 5° intervals between 80° and 175°. The angular distributions were
consistent with expectations for compound nuclear processes, rising at
backyard angles. Ve have sumed the yields to all states at or below 6.4

in 2yg.

The results obtained thus far are shown in Fig. 7.i-1. Here ve compare
Jhe ex%tatmn guncnﬂ;ﬂs For the 4+ » 2* transition in 2*Mg for both the
g + 0 entrance chan-
nels. Also shown are the results of
Sperr et. al. for the total fusion cross
section for the 12¢ + 160 system.
The measurements of the y - yields for
the YHe + 24Mg entrance channel was

terminated prematurely due to acceler- [or g, 6
ator failure and does not cover all of g2t 5 &5 Sperr et
the desired energy range. Finally we S o @ 3334 44 Rasaae 7|
compare the trend-reduced angle: Log) 2

state-integrated cross sections for the .

(a,0') reaction to the lowest 6 AL B pon

states of 24Mg. We find no evidence Eiof , * o ae
for a correlation between the cxcita- Sosfs © 3 )
‘tion functions,for the 12¢ +160 system - 249 4t 2"
and the Utie + 2Mg systems. We there- PRy

fore conclude that we have no evidence 2 “He + 2Mg
that compound nuclear yrast level limit- 2 10F ®o® foo % 24y ate 2]
ations ave likely to be causing the Sos| o 9
observed oscillations in the 12c + 180 I3 a

fusion cross section. The origin of 212

the structure in the angle-and-state Gl °°

integrated cross sections for the Mg Eosl (o875

(a,a") veaction is not clear. It may

reflect a lack of cgmplete dc“_wping 5 S

of Ericson fluctuations. An integra- Eq . (MeV) IZCQ"D CHANNEL

tion over a larger number of states
would be desirable.

Fig. 7.4-1. Comparison of trend-reduced
fusion or reaction channel exc)tstmn
functions for the 12¢ and ‘e +
2lyg systems as a func:mn of the 12¢ +
160 c.m. channel energy.




2 P. Sperr, S. Vigdor, Y. Eisen, W. Hemning, D. G. Kovar, T. R. Ophal,
and B. Zeidman, Phys. Rev. Lett. 36, 405 (1976).

25 Nuclear Physics Laboratory Annual Report, University of Washington
(1976); p. 139.

g R. C. Fullerand K. W. McVoy, Phys. Lett. 418, 257 (1972).

[ H. Yoshida, Nucl. Phys. A257, 348 (1976).

7i5 On the Observation of Gross Structures in the Gamma Ray Yields

following the i lQC Reaction

K. G. Bernhardt, H. Bohn, Y-d Chan, J. G. Cramer, L. Green, R. Sielemam
and R. Vandenbosch

A series of measurements intended to study the fine scale energy depen-
dence of the fusion cross-section for reactions between 15ht heavy-ions by
gama spectroscopy are in progress. In particular, the 165 4 12¢ reaction
has been studied in greater detail between Eg p, = 6.2 and 26.5 Hev, The ex-
perinental procedure and some of the Tesults have been reported in last
year's Annual Reportl. Quite prominent structures with widths between 1 to
2 HeV in the center of mass were observed in the gxcitation function for some
314 e discrete gamma transitions, of which the *'Mg (2*0%) 1368 keV and the
Hg( 22%) 2758 keV lines are the most significant. The location in energy
of the two strongest peaks (14 and 16 MeV) in the excitation function for
these transitions seegs to agree with those reported from the particle measure-
ment of Sperr et. al.”. A third peak at Eq,p, = 11.5 MeV as shown in Fig,
13.3-2 of ref. 1 also agrees with a later measurement of Frohlich et. al.’
Measurements similar to ours, but covering different energies, are also report-
ed in ref. 10,11.

order to check our normalization and beam integration system
ggother mdependent measurement of the same reaction, but with an unbacked
C (100ug/cm?) target, has been performed from Eyy = 20-45 MeV, with 0.5
MeV step size. A well-shielded Faraday cup, located 6 meters away from the
target, was used to collect the total charge in this case. Data analysis
has been completed and is sumarized inthe following sections.

Excitation functions for gama transitions following the %0 + 12
reaction are sumapized in Figure 7.5-1. At low bombarding enez‘gles, oo
(27A1) and alpha (”Hg) channels are the strongest. As energy goes
transitions from 2%Ne and 23Na become important. At still higher mcomm
endrgy the yield cross-section is completely dominated by the 20Ne +aa channel.
This is in general agreement with what one would expect from particle evapor-
ation.

In order to extract the absolute cross section, the overall detection
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Fig. 7.5-1. Strong_ discrete gamma transitions cbserved following the 160 +

12 peaction. The 18lTa(9/2% - 7/2*) 136.3 keV Coulomb excitation line and
spectra sun of gamma rays with energy between 0.7 to about 8 MeV (dotted line)
are also plotted in (d) for comparison. Average beam energy loss due to target
thickness has been accounted for. Only statistical errors are shown.

efficiency of the Ge(Li) detector has to be determined. In our case, the relative
efficiency for Ey = 800 keV to 3.5 MeV was measured by a 56Co source prepared
using our cyclotron, and the absolute efficiency was determined by standard
calibrated gamma spectroscopy sources. In obtaining the cross section, we have
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also made the approximation that all gamma rays ave emitted isotropically.

According to our ggta the most prominent structures are observed in the
a+244g channel. From the *'Mg(2'-0*) 1368 keV and 24 Mg (4¥-2+)2754 keV tran-
sitions, peaks are formed at E, p, = 11.5, 14.0, 16.0 and 17.5 MeV, (Fig.
7.5-1, d), even though the exact energy centroid of each peak is less certain
due to the wide spacing of the data points. Among these peaks, the one at
14.0 MeV is the strongest and may be related to the well known 1.7 MeV(9™)
resonance reported by Halbert et. al.! Tramsitions from the p+ 274 channel
also displayed 'some structure but are less pronounced than for the a case.

Ecp, 2 18 MeV, transitions from the oa channel dominate the total
yield. Even “tRough the energy spacing for our data points are quite large in
this region, three broad structures S Sl e be
tentatively assigned. Unfortunately, the very strong 20ya(2%-0%) 1633.8
keV transition can be contaminated by ’(ha 23Na(7/2*-5/2*) 1636.5 keV transition.
This causes uncertainty in the extracted oa channel-cross section. a1l
the other transitions the are less or the
are much smaller. The result from the
unbacked target measurement agrees with By ST
03~ §) 1636
BN ¥) 440
24Mg(2*-0%) 1368
26Mg(2*-0*) 1809
a1(3%-5%) 417

ening of peakshapes, only several well
separated transitions have been o2k
analyzed to compare with the hacked tar-

get data. The vesults are shown i

Fig. 7.5-2. Besides the e
that are present in the previous re-

sult, finer energy steps of this later (43 3

measurement enables one to see possible B

fine structures imbedded in the gross & ool gona specrom

envelopes. 5 o (brrory )
10%F 4

To compare with the particle
measurement of refs. 2 and 3, a total
18 gamna transitions (listed in
Tab. 7.5-1) that branch to the various il

ground states were summed. The summed
cross-section, after multiplication
by bn, is shown in Fig. 7.5-3. Both
partxcle and gamma data show maxima at

- 220

"2C + 180  (Unbacked forget)

Ee.m, = 11.5, 14.0, and 16.0 MeV, which Som o ope g edmn el
ave'3lso the energies at which strong- e

est peaks appeared for the 24g(2+ -0%)
1368 keV transition. For other re-

elds from the

gions, the agreement is only fair. FigrrEe] egaercs
Actually at about 19.5 MeV, these two  ynhacked 12C target. Solid curve is
data sets behave quite Gifferently.  tne total gama cpectra sum.

The fusion cross-section de-
duced from the gamna data is about
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20% smaller than the particle result.
The following factors could cause
this discrepanc
a) anisotropic gamma emission
(due _to aligament of the
angular momentun vectors in
the initial reaction).

b) direct population of ground
states by particle eva-
poration.

©) the fact that only a limited
number of lines are sumed,
even though they should
carry almost all the
strength.

d) efficiency calibration and
peak extraction uncsx‘ta)n-
ties, especially for t!
20Ne channel which dominates
at higher energies.

The total number of gamma rays
registered by the Ge(Li) detector with
energy between 0.7 to about 8 MeV is
also plotted as a function of Eg, . in
Fig. 7.5-1(d). Similar structur Fig. 7.5-3. Fusion cross-section
can also be seen from this plot, wh)ch deduced from the sum of 18 transitions
indicates that the information is (listed in Tab. 7.5-1). The results
being carried in both d.\screta and from refs. 2,3, and 12 are also plotted
continuum transitions. Howeve for comparison. uR k.
T e I )l G T Bl
gives us more information on the optxcal model calculatlcns using para-
relative importance of various resi-  meters from ref. 5.
dual channels.

In order to see if the general featux'es of the dxstnbutlon ef ylelds

ition model c:

GROGI'Z. This code allows cnmpetltAOn
between y, ny p and o enissions at each stage of the de-excitation process,
with the daughter-pavent population related by the usual Hauser-Feshbach
formula. Initial population, transm: mission coefficients, Q-values and stmcﬁu‘bal
level density pavameters are required as inputs for the calculations. In o

e, a rigid body moment of inertia (rg=1.2 fm) was used for all the nuc1e1
The level density parameters a, were taken from ref. 6.

between exit channels can be g

involved.
e initial spin population was calculated usxng opncal model parameters
0.4 , W=0.4 + 0.12 E, Do= 1034, ay = ay = 0.5

The
from ref. 7 (V=7.5 + 0.4Ec n o
Reaction channel transmission coefficients ans c?alnulsted ‘with parameters
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R, 2. &

quoted in ref. 12. Different de-
excitation paths that lead to the same T T saamass

The calculation was found to be quite
sensitive to the input level density
paraneters and for the calculation
shown, the "a" value for 2/Al has been

ratios by putting in more empirical
structural parameters.

1so plotted in Fig. 7.5-3
is the optical model reaction cross-
section using parameters from ref. 7-
This potential belongs to a class
of potentials which has the property
that if one formally separates og into

(o) i IR DT | | " n
og(e) and og(®), denoting the contri. b e

bution to the reaction cross-section B )
from the evep end odd paptial waves, e

then both og(®) and op(o) display
some moderate oscillatory-like struct-

e. However the relative behavior of Fig. 7-5.4. Results from statistical
the even and odd part is such that the calculations. The reaction channel
sum of the two is a smooth monotonous and sequence of particle emission ave
curve. This suggests that a parity  indicated for each curve. See text for
dependent mechanism (e.g. core-ex- the explanation of parameters used.
change effects®, odd-even yrast level
effectsd, etc.) could cause these broad structures. A comparison with the

seems to suggest that the even contributions are somehow suppressed. This
indication is dependent on the details of the optical model potential. Since
this potential predicts a smaller total absorption cross-section than the ex-
perimental? fusion cross-section at low energies, caution must be exercised.
More quantitative studies are underway.

b Nuclear Physics Laboratory Annual Report, University of Washington
(1976) p. 139.

2 P. Sperr et al. Phys. Rev. Lett. 36,405 (1976).

Fréhlich et al. Phys. Lett. 645,408 (1976).




u. . Halbert et al. Phys. Rev. 162,899 (1967).
5. GROGI2 by J. Gilat, BNLSO24(T-580).

6. A Gilbert and A. Cameron, Can. J. Phys. 43,1446 (1965).
i R, E. Malmin thesis, ANL PHY-1972F (1972), p. 112.

8. H. Yoshida, Nucl. Phys. A257,348 (1976).

9. See section 7.4 of this report.

10. J.J. Kolata et al. Phys. Lett. 655,333 (1976).

. E. Switkowski et al., Phys. Rev. C. 15,449 (1977).
12. A. Weidinger et al., Nucl. Phys. 263,551 (1976).

Table 7.5-1. List of 18 discrete transitions that are summed to form the

sion cross-section. (Backed 12C target).

Wucleus | Tramsitions (37 - f) Ey(keV)

2081 K2 - S92y780; P2 - S2yese; (M2 - Sh2yores
27y M - Soyeuns o - Spztnions; (P2 - Sjzyzei0; ¢F2 - *P2)soo
26 (a*-o%)es0; (3*-5%Hu17

26 (2*-0")1800

25, /2t _Sjoyses; (32-"2)975

by (2*-0*)1368

2y Ch2 - ¥

2Na Gl - %iayumo

22y, w*-g*ye01

2o (2*-0*)1275

2% @*-ohiem Puallt - F2)1636)




7.6 Further Studies on Gamma Ray Yields Following the %0 + ¢
l60 i 13(: and 150 b 285i React i

ns

K. G. Bernhardt, H. Bohn, Y-d Chan, J. G. Cramer, L. Green, W. Lynch,
R. Sielemann and R. Vandenbosch

he 2% + 2 ana 1% + 1% Reactions

Ganma ray yields following the u induce reactions on 12¢ have been
measured to compare with results from + 12C experiment,! According to
the particle measurement of Sperr et al 2, no campax‘abla structure to that seen
in 180 + 12¢ was observed in the fusion cross-section in this case. The system-
atic trend is not understood. It is therefore interesting to compare gamma
esults, which give move specific information about different exit channels.

Both backed! and unbacked 12C targets were used in the experiment.
The details of the backed target run has been described in ref. 1 and will not
be reported here. For the unbacked 12C target measurement, in addition to the
Ge(Li) detector, a 10" x 10" Nal crystal’was also set up to detect gamma rays

ing energy. Actually the excitation function of the higher energy gammas seem
to display an even larger peak to valley ratio than the lower energy ones. It
is therefore desirable to look into the high energy region of the gamma specta,
and the Nal detector was chosen because of its better efficiency for high
energy gamma rays.

The time of flight technique was applied to reduce neutron-: 1nduced gamma
backgmund since we were interested in the total spectrum sun. A bun

180 beam was used. A flight path of 58cm, which is the maximum one can have due
to present geometrical constraints for the NPL 10" x 10" NaI system, was used
to separate the prompt gamma rays from the neutron-induced ones. The time
resolution was about 8-13 ns depending on the buncher tuning. By gating the
gamna energy spectra by the prompt part of the TAC peak, the neutron-induced
background was reduced by more than 50%. This could be much improved if a
longer flight path was available. In order not to cause severe deadtime
problems for the Ge(Li) detection system due to the pulsed beam, the beam
current was limited to below 50 nA. The detection solid angle was also reduced
by a factor of 4 compared to the previous measurements.

As expected with an unbacked tavget the peakshapes are very much Doppler
broadened and only lines that were well separated from each other were analyzed.
Excitation functions for discrete transitions ave shown in Fig. 7.6-1.
Excltat)on funcnms for the total gamma spectrum sum are also shown for both
18 d 180 + 12C, The general behavior of the transition lines, neither
the dxscrete transition nor the the total gamma yield for 180 + 12c indicates
any structure of comparable str2ngth to that for 160. This result supports

the observations of Sperr et al.?




has been suggested in ref.
3 the absence of structure in 180 +
12¢ could be due to the two extra T T T T T

neutrons that 180 has. These neutrons 180+ 2C (Unbacked torget)

might help to form strong doorways

£6r fusion and conceivably damp away Wy

any similar structure. This idea ok Wai2*-0 6 |

an be tested from another point of i st

view by adding P EEe the 12¢ £ e (2t-071275

core instead, e.g. +13¢, 160 + s

¢, etc. An experxment has been g

plamned to study the gama yields £ ol Bug- 3es7 3

following the 160 + 13C reaction and B3

a pre]iminary run has been perform = Tagr-§h2z0

1ab=40.5 MeV. The presence iy G (5

T contamination in the target causes ol ) 4

an additional uncertainty in extract- = 'Sit* -2 2037

ing the yields. H 8 201 % ttol gomma yld
The 160 + 285i Reaction g I p——
This experiment was an attempt

to extend our fusion gamma ray study

to targets belonging to the s-d shell,

where extensive optical model studies Glemmadlaaadb e s e

have been made.5 The measurement E._ (Mev)
of fusion cross-sections would provide o
information to compliment that

from elastic data.
Fig. 7.6-1. Discrete transition gamma

Experimental set-up and ray yields for the 180 + 12 reaction.
procedures were very similar to the Also shoun are the total gama spectrum
previous ones. The target was made unt sum yields for 180 + 12c (solid
by evaporating Sionto a thick mrvadend 100+ 12 (Gashed curvelt

tantalun backing. Measurements at
Ey = 30,85,60,70, 80 eV have been completed and 2 ty‘p.\cal spectounm with identi-
#1288 transitions coming from 285i is shom in Fig. mma spectra are
more complex than the lighter target case but i transitions are well
separated. The predominent channels are 2p(#2ca), 3p(“lx<), ap(39K) and
app(38Ar) etc. Part of the analyzed lines are shown in Fig. 7.6-3 tozether with
results of the optical model calculation using parameters from ref. 5. en
aps with the work of Dauk et al.6 In order to look for
Finer step measurements will be pursued.

gy range partly overl:
possible structures,
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L Nuclear Physics Laboratory
Annual Report, University of
Washington (1976) p. 139. 104

A P. Sperr et al., Phys. Rev. &
Lett. 37, 321(1976).

3 Sum of oll residual
3 M. Hasinoff et al., Nucl. Instr. chonnels shown
Methods 117, 375 (1974).

u. J. Schiffer, pre-print.

5. Nuclear Physics Laboratory
Annual Report, University of
Washington (1975) p. 128 and
section 6.5 of this report

5 d. ot al., lucl. Phys.
A241 170 (1975).

Fig. 7.6-3. Gamma ray yield cross-
section for 1°0 + 2851." The solid
curve is the predicted optical model
reaction cross_section using parameters

G1id lines are drawn
e o

7.7  X-Ray Technique for Measurement of Compound Nuclear Lifetimes

D. Burch, P. Dyer

Tnvestigations of a new technique for measuring copownd nuclear Life-

times in the 10-16 to 10~18 sec ramge have continued.l If a compound nucleus
d an atomic K vacancy are created similtaneously, a measurement of how

often the excited nucleus decays before the atomic excited state decays can

detemmine the wnknown muclear lifetine relative to the known atomic lifetime.

e measure tic K x-rays in with a product of the com-

pound nuclear decay. If the compound mucleus decays first, the K x-ray is char-

acteristic of the residual nucleus; if the atomic vacancy is filled first, the

%-ray is characteristic of the compound e
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e

Targets of 2°°pb, %"y and 28174 have been bombarded by 22¢ and 26
beams. In the case of 87-MeV 160 + 208Ph, for example, the incident 160 par-

Fig. 7.7-1 shows a spectrum of x-rays in coincidence with alpha parti-
The x-rays were detected by an intrinst Ge detector placed at 90°,
Particles were detected by a counter tele-
scope at 90°, which separated alplias and protons. Heavy particles were stopped
by a nickel foil. X-rays of 2=88 are observed; however, most of these come
internal conversion of low-lying nuclear states of the residual nucleus.
of 2290 are not observed. The semsitivity of the experiment is limited by the
large constant background of coincidences which probably avises from Compton tails
of ganma rays from decaying residual nuclei. An upper limit on the number of
2290 x-rays (with a knowledge of the number of alpha particles measured and of
the x-ray detection efficiency) yields an upper limit on the compound nuclear
lifetime of the order of 10717 sec. Elimination of background by a technique

1000) 1
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o
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soo LA 5 Vgt
[Fpeteton’ B O i WYy
85 E3

% % 05 05 fio
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Fig.7.7-1. Energy spectun of x rays coincident with al i

3 pha particles £rom the
reaction 67-Mev 10073 208pp Ofpn Ty eolneldent with of the’ Compoma (5003
and residual (2<88) nuclei are indicated. The peak at 84 key o x gamma ray,

probably from a Z=88 nucleus.




such as use of anticoincidence shielding will be required before compound
nuclear x-rays can be observed and more useful limits placed on the compound
nuclear lifetime.

L Nuclear Physics Laboratory Annual Report, University of Washington
(1976), p. 137.




8. HEAVY ION TRAN

The 2%5i + 14N Stripping and Picks

ISFER REACTIONS

up Reaction

Y-d Chan, J.G. Cramer, B. Cuengco,

ince an anomalous angular distri
l3n)13cb1/2 reaction,! other sfes
vestigate the range of applicability of ti
class of reactions apy

s-d shell nuclei, par
momentun transfer AL

o] < a2
having the transferred particle going int
equal to the orbital angular momentum of
acting partner, thus only one single AL i
only ground states are involved in these
tions should be expected compared with
the 12c(14N,13N)130o5 /o reaction where
excitation of the residual nuclei was
required to produce the unique ¢ trens-
fer condition.

the orbital angular

he reactions 28si(1%N,15N)28g,

and 2951(1"N 150)3% were chosen’ for
this study. A self-supported 29si
target was bombarded with a 53.5 MeV
14N beam. A time-of-flight counter
telescope was employed for separation
of isotopes. The elastic scattering
differential cross sections were meas-

d down to about 10-% of Rutherford,
and computer code Genoa was used to
search for the optimum optical s
tial parameters. These data and t
optiontlnodall £1t acelabo 1o Fig
8.1-1. With these parameters, the DWBA
code LOLA was used to calculate the
transfer angular distribution. A
comparison of the data and the DWBA
predictions is shown in Fig. 8.1-2.

This comparison shows some
evidence for an anomaly in the angular

range DWBA is adequate in describing
the stripping reaction indicates the
parameters chosen for the calculation

KL Liu, W. Lynch, and J. Wiborg

bution was reported in the 12c(1%N,
r reactions have been studied to in-
he finite-range distorted wave Born
propriate for this study is transfer
ticularly in the s subshell
is restricted by the condition

Since

< Mty

o an s-orbit (1 or L2 = 0) limits A%
the transferred particle in the inter-
s allowed for each reaction. Since
transfer reactions, larger cross sec-

F N + 2Si
E=53.5 Mev

1ok

e
/gl

ol

00l
0001

Fig. Angular distribution for

the 295;(“u 10235 scattering. The
Solid line is the result of the optical
model calculation with Vg, = 100 MeV,

Vo 61.5 MeV r = 1,02fm and a
0.69fm
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are reasonable. Other arbitrarily
chosen parameters also fail to produce
an anomaly in the stripping reaction.

his gzt co;nc;des with the
finding fmm the Ca reaction,?
where DWBA was found St
in describing the stripping reaction,
but not the pick-up reaction. In that
case coupled chamnel calculztions in
dicated that in the 13C + *0Ca tranfer
reaction multi-step processes via the
3~ and 5-states were the probable cause
of the discrepancy.

Although CCBA calculations have
not been undertaken in our study,
sinilar criteria exist here to make
multi i
the pick-uy
(Thy, 153285,
first melastically excited, the bind-
ing energy for the transferred neutron
would be smaller than if 2%Si is in its
ground state. Since the tail region of
the wave function of the transferred

dramatically enhance the stripping
reaction cross section.

7 the other hand, the excita-
tion of Z"s, will not affec

‘transferred proton in the ’95;(“‘10.‘303“? reaction.

BN — PP+ %
100} )
— sis BN
o Ejap = 53.5 MeV. &l
Ppgs. y5+
B0k -
5
ey q
g
N
3 DWBA
.
1ol ¥ e
L)
E i 25i gs. ¥z
i " ruearey i
% %5 &
Fig. 8.1-2. Experimental transfer

angular distributions, for 2955.(14N,
13¢ and 298 (‘“N,‘SN)ZBSI i
and corresponding EFR DWBA calculd-
tions

5.

As a result, multi-step

effects should not be important for the stripping reaction.

e R.M. DeVries et al., Phys. Rev. Lett.
Phys. Rev. Lett. 36, 300 (1976).

2 P.D. Bond et al.,

32, 680 (1974,

8.2

The Study of Anomalous Angular Di

tributions with !SN-Induced Reactions

Y-d Chan, J.G. Cramer, B. Cuengco, L. Green, K-L Liu, and W. Lynch

The
13,130y

 anonalous angular distribution of 126N 13N)”c25u7 and 12¢(l4y,
Ng1/2 at 53.5 MeV was reported in the last annual report.l The
pose of this study of transfer reactions at low energy is

pur-
to explore the extent

of the anomaly which had been found in the angular distribution of !3c(1%N,13N)

13




#
13c51/2 reaction at 100 MeV.2 Although a similar anomaly was also found at
lower energies,! the very small cross sections there were obscured by sources
of contamination of the direct reaction mechanisms, such as effect of inter-
mediate compound nucleus formation, which can dominate the low energy spectra.

this report, similar transfer reactions initiated by a !N beam were
scudiea, ance the 15N and 1N bombarding pmmles differ principally by the
presence of an extra neutron in the 1k shell in !5N, and since in direct
Teaction theory the cross section depends principally on the configuration of
the transferred particles when bound to the two cores, we should expect s)mllar
angular distributions, ‘Zc(‘5u,1"c)‘3u251/2 and 12c( 3y 30BN, .
e T e R ol e

he experimental set up is the same as the 12C(1*N,13N)13¢ study.! A
53.5 MeV ‘5N beam was used to bombard a self-supporting 12 target. A time-of-
flight telescope was used to separate the detected particles.

astic
ey, ‘SN)“c dxffersntxal cross
section shown i1 %

Sinile to the 12c( i “'N)‘Zc e
ing.! The optical potential parameters
were obtained from the 1N scattering

18N 4126
Elastic Scattering
=53.5 MoV ]

in the 15N 10"
nucleus. There has been a suggestion
that the anomaly in the angular distri-
bution can be removed by changing the
optical parameters in the outgoing
channels, the rationale being that the
exit channels have different inter-
acting particles from the entrance 0
channels. The similarity betyeen the
distorted waves for !°N and N
scattering shows this hardly to be the
case.

astic scattering of

Nc(‘su 15N)‘Zc at 53.5 MeV with
optical model calculation

angular distribution of
the ‘Zcﬂf'u 18¢)13Ny 1 /5 is shown in
Fig. 8.2-2. The solid curve is the A
DWBA calculation for the unique %=1 = 145 MeV 1y = .925fm ap = .816fm
transfer reaction, which is performed
by assuming a binding energy of 0.1
MeV for the unbound state. The
validity of this approximation has been verified for other reactions.

= 35.3 MeV ry = 1.30fm a; = .178fm

The dotted curve indicates the result of a finite-range DWBA calcula-
tion using the radius of the imaginary part of the exit chanmel potential
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different from that obtained from the
elastic scattering as prescribed by
Kubo. For the reaction studied here,
the T-matrix for the proton stripping
reaction is not sensitive to variation
of this parameter. Thus modifying the
exit inaginary radius parameters does
nothing to shift the phase of the
oscillation of the DWBA calculation.

On the contrary, the dashed
curve, corresponding to the forbidden
A%=0 transfer DWBA calculation, again
gives a better chi square for fitting
the experimental results. In conclu-
sion, it is shown that DWBA calcula-
tions fail to produce the fine
structures of the angular distribu-
tions, for a variety of transfer
reactions in the region of energies

hannel
imaginary radius does mot permit fits
to the data.

i Nuclear Physics Laboratory
Annual Report, University of
Washington (1976), p. 149.

2. R.M. DeVries et al., Phys.
Rev. Lett. 32, 680 (1974).

o

CBNIC) PNagyy -
53.5 MeV

Experimental observed
angular distribution for the 12c(1°N,
14¢)13N,g1 /7 reaction at 53.5 MeV and
The solid curve is
the EFR DWBA calculation with the
arameters obtained from elastic

Fig. 8.2-2.

DWBA calculation.

scattering. The dotted curve is the
result using a modified imaginary
radius in the exit chamnel. The
dashed curve is the forbidden A2=0
transfer calculation.

8.3 Interference of the 2n and  Transfer Channels in the !80+1%c system

k.. Bernhandt, t H. Bohn,t K.A. Eberhard,® R. Vandenbosch, and

M.P. Webbtt

have measured angular distributions for the 2n-a transfer channel of

Ve
the 180+12¢ system at Ec
a DWBA analysis of the results.
the hypothysxs‘

ances in the elastic scattering of 1%

tial absorption of even partial waves into the 2n-a channel.

6.6, 19.8, 20.4 and 21.8 MeV and have carried out
This program was undertaken in order to test

that the dominance of odd spin, intermediate structure reson-
0 from 12C might be caused by the preferen-

Since both 2n and

o transfer in this system produce the same final state (180+1%C), the reaction
amplitude is a coherent sum of the amplitudes for both processes

£0) =) [£7(0) + (-)'E3(e)]
H

s
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If the 2n and o amplitudes were of similar magnitude and phase, contributions

chanpel. DYBA analysis allowed an investigation of the magnitude and phase
of £3(6) and £7(8) as a fuction of £.

DWBA calculations were done for both the 2n and @ transfer and the re-
sults coherently added. The coherent addition of the two amplitudes was made
with the option of including an arbitrary scale factor (n) and phase angle (4),
ie

L W#%0) + neet 0|2

The optical model pavameters used to generate the distorted waves in the
entvance and exit channels are given in reference 2). The cluster spprexina-
tion was used to obtain the bound state wave functions.

Fig. 8.3-1 shows an example of the results obtained at 19.0 MeV. Part
) shows the calculated reaction amplitudes for the 2n and & processes separate-
1y, and part b) shows the coherent sum with n and ¢ values which produced the
maximunm cancellation of the odd & contributions. Unfortunately, at these

narrow angular region (v10°) about 90°, Qualitatively, it appeared that the
use of n and ¢ values which produced the maximm amount of cancellation of the

odd 8 contributions fit the data a little better near 90°. It can be seen from
the figure that even without arbitrary adjustment of n and ¢ there is a signi-

ficant cancellation of the amplitudes for the odd partial waves.

was also found that a decrease in the a bound state radius (to ro =
1.05 fm) gelatlve to. that of the 2n bound state chan; d ‘the magnitude and phase
of the £3(8) such that they were in phase with the (6) The coherent

addition of these reaction amplitudes required that §=0 For the best Fit, In
addition, the absolute magnitude of the cross section depended very semsitively
on the choice of the bound state radii. The optical model parameters were not
varied in these studies.

Estimates of the possible effect of this channel on the elastic channel
(by comparing the angle integrated cross section for the 2R-a process to th
total cross section for the relavent partlai wave and by calold8Cion f the
S-matrix elements) showed that the pn-a chamnel accounted for only 3-4% of the
flux for a given partial wave. However, optical model calculations made with
the inclusion of a party-dependent surface term in the imaginary potential
showed that significant enhancements in the back angle elastic cross section
could be obtained with a surface term which increased the absorption of the even

volume absorption only. Thus it appeared as if a small parity-dependent change
in the absorption had a significant effect on the elastic scattering at back

angles (>90°).
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G Present address: Sektion Physik, Universitit Munich, Munich, Germany.

+* Present address: Physics Division, Oak Ridge National Lab, Oak Ridge,
Tn. 37831

L M.P. Webb et al., Phys. Rev. Lett. 36, 779 (1976).

58 M.P. Webb, Ph.D. Thesis, University of Washington, 1977.

8.4 The 2¢ + 180 + 88e + 22Ne Reaction

K.G. Bernhardt,’ H. Bohn,'* K.A. Eberhard,’ R. Sielemann, R.
Vandenbosch, and M.P. Webbttt

The system 12C + 180 for bombarding energies above the Coulomb barrier
exhibits remarkably different behavior in several exit channels. The elastic
scattering seems to be dominated by odd partial waves,! there is evidence that
this is also true for the a + 26Mg exit channel.! Both channels shnw nonstatis-
tical intermediate structure resonances at 16.6, 19.0, and 21.8 M
structures seem to be dominated by a single odd partial wave as revealed in
angular distributions of the elasncany scattered particles at the resonance
energies. In contrast, the 180 + 1%C exit channel shows structure in the angula!‘
distribution at 16.6 and 19.0 HeV consistent with large contributions from e
partial waves.

obtain more information on the 12C + 180 system from a different exit
channsl we stamed an investigation of the ®Be + 22Ne outgoing particles by
measuring excitation functions and angular distributions. Data for the o +
26g channel were simultaneously recorded.

sed an B-detector array in which the particle-unstable ®Be nucleus
vab thdatieica through the coincident detection of the two a-particles b which
it decays. The excitation functions were measured between Ecpy = 15 MeV.

22,1 NeV. in ACep = 200 K& ateps. The angular Tange covered was Siap = 7.5°
03750 for 88¢ and 6LAR = 5° to 40° for “He, both in steps of 5°.

In the 12¢(180,8Be)22Ne reaction we can extract cross sections for the
(0%, g.s.) and the two lowest excited states ((2*, 1.27 MeV) and (4%, 3.36 MeV))
quigs esstly, | Fig 8L shis the excitation fnctlong for these thres states
e. The cross section for the ground state in the measured angular- an
energx terval is up to one order of magnitude smaller compared to the ‘zc(‘ﬁo.
Ne reaction to the ground state.? This is consistent with the ground
$yate alpha exit chamnel cross sections of the tWo systems, where again the
C + 180 system exhibits much smaller cross sections. These results are con-
sistent with the greater number of open chamnels in the 12¢ + 180
3 25”5 exit channel we can extract the cross sections for the
two lowest s Mg ((0*,g.s.)and (2+,1.81 MeV)) and sometimes also for
the second excited state (2F, 2.9 MeV). Visual inspection of the excitation
functions shows evidence for angle- and state-correlated resomance structures
at 16.6 and 19.0 MeV. Poor statistics make it difficult to extract informa-
tion at 21.8 MeV.
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Fig. 8.4-1. Excitation functions of the 12¢(180, 8Be)22Ne
reaction to the three lowest states in 22Ne.
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A detailed correlation analysis for both exit channels and analysis of

angular distribution data ave in progress

+ Present address: Universitdt Minchen, Sektion Physik, D-8046 Garching,
Ge

ermany.
t Present address: Institut fiir Kernphysik und Nukleare Festkdrperphysik,

R
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Technische Univ. Mlinchen, D-8046 Carching, Germany.
Present address: Oak Ridge National Laboratory, Oak Ridge, TN. 37831.
M.P. Webb, R. Vandenbosch, K.A. Eberhard, K.G. Bernhardt, and M.S.
Zisman, Phys. Rev. Lett. 36, 779 (1976).

M.P. Webb, Ph.D. Thesis, University of Washington, 1976.

Nuclear Physics Laboratory Annual Report, University of Washington
(1976), p. 152.




9. MEDIUM ENERGY PHYSICS

9.1 Total i with Plus and Minus Pions

I. Halpern and L.D. Knutson*

We completed our runs in this investigation late last spring and have,
since then, been analyzing our data. The portion of this analysis that deals
with the calcium isotopes has been submitted as a Letter! and will be reported
b

e have emphasized in prevmus Deporta, U total cxose section
e perforned as iffe;
between pairs of isotopes. In Hiia way one reduces the efact of systematic

ions which are similarly free from perturbations due to irrelevancies.

9.1-1 shows the results for
the pion cross-section differences for
“4ca compared with *Ca and for “8ca
again compax‘ed with “0Ca. The results
for both 7* and 7~ are shown. The solid

best reproduce the data. These two
quantities are the assumed rms radius
differences in *ca (or in ““ca) com-
pared with “0Ca for the meutrons and the
protons respectively. The dotted and

assumed radius diffevences. The dotted Fig. 9.1-1. A comparison of measured

curve gives the optical model predic-  pion total cross-section differences
tion for a 0.1fn increase in Arp from  with calculations with a Kisslinger
the optimum. Such a change increases  optical model. The heavy line gives
the - total cross section difference by the calculation for the optimal choice
about 50 mb, and that for 7t by only for Arp and Arp the assumed difference
%10 mb. The ratio of these changes of neutron and proton RUS radii for
reflects the much greater semsitivity  the nuclear potentials. The dashed

of the negative pions to the neutrons curves show what happens to me calcu-
A change in the assumed value of Ar, lated cross-sections if Ary is in-

has a similar effect (dashed line) with creased by ome tenth fermi. “The dotted
the effect larger this time for the curves are the same for an equal in-
positive pions. crease in bry.

The calcium isotopes (in particular “0Ca and “8ca) have been among those
favored by theorists in their attempts to account for nuclear shapes and sizes
in terms of the known forces between nucleons. There have been a number of
Hartree-Fock calculations for the calcium isotopes and the main interest in

total pion cross-section data, at present, is in their implications with regard
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to those things that the Hartree-Fock calculations predict.

Since a total cross-section is but one number, it is clear that it can-
not provide us with much detail about the nuclear size and shape. Moreover,
even to obtain the information that it does in principle provide, one must un-
fold the effects of the strength and range of the probe-nucleon interaction.
More crisply put, the Hartree-Fock calculations make predictions about neutron
and proton density distributions. The pion-nucleus cross-sections on the other
hand can be used to map out aspects of nuclear potential distributions. To con-
front the theory one therefore has to make the connection somehow between the
effective optical model potentials and the actual distributions of the nucleons
that give rise to these potentials.

In order to minimize the uncertainties connected with this problem, we
have restricted the data examined in the present analysis to the (3,3) reso-
nance region (v100 to 250 MeV) although we have also taken data below this
region. The reason for the restriction is that in the resonance region the
absorption is strong and the connection between particle density distribution
and the potential distribution becomes rather independent of the particular
optical model that ome uses. This independence of the cross-section on the
analysis model at pion energies above
150 MeV is seen in Fig. 9.1-2a where
calculated 1~ votal cross-section dif- “coe T
ferences (*8Ca-*0Ca) have been plotted. (b
It is also seen that below 150 MeV the =
predicted cross-section is subject to
appreciable model dependence.

WO0DS-SAXON
HARTREE-FOCK|

Since total cross-sections pro-
vide but a single number, one might be
concerned that a change in rms radius
could be compensated by a change in the
general shape of the particle distribu-
tion when one calculates a predicted
cross-section. This turns out not to  Fig. 9.1-2. a) Results of calcula-
be the case. If the total number of tions of total cross-section differ-
nucleons and their rms radius is fixed  ences with various models. Above
and, in addition, one specifies that 150 MeV there is very little differ-

ence between the various models for
given values for Ary and Arp.
b) Results of calculations of total
cross-section differences for differ-
ent reasonable shapes of nucleon dis-
tributions having the same total
nunber of nucleons and the same rms

T, (MeV)

be "reasonable" (any commonly assumed
parameterization is reasonable) then
one finds that the total cross-section
is quite well determined. This is
shown in Fig. 9.1-2b. ALl told, one
therefore has some confidence in the
comparison of radius differences of radius. There is little difference
optical models matched to pion cross- in the predictions of the various
section data wi same differences  shapes.

obtained in Fock calculations

for nucleon distributions.




he present measurements give Arp = ~0,06 % 0.07fm for "“ca-“%a which
overlaps the electron scattering measurements,? Arp v 0.0lfm. For-Arp
measurenents give 0.14 + 0.05fm. lere there are of couse no i
radii. The Hartree-Fock predictions® for Ar; are typically near 0.25 fm, some-
what larger than the experimental result. In support of our experimental value
We can cite two recent measurements, ome With a particles and the other with
high energy protons.

o particles* Ary = 0.08 + 0.08 fm

1 GeV protons® bry = 0.16 + 0.02 fm

Although both these probes are, like the pions, strong interaction probes and
involve some sort of unfolding to obtain density parameters from potential
parameters, the fact that all three results are in substantial agreement despite
their different character suggests, e difficulties remain in
the Hartree-Fock calculations. It should be mentioned, however, that there may
be another way out. In all of the expemmentaj fits the potential distributions

1y large, but these possibilities may deserve some further looking into.

# Now at the University of Wisconsin. Our collaborators on this project
include G.R. Burleson, J.R. Calarco, M.D. Cooper, D.C. Hagerman, R.H.
Elchies Johnson, M.J. Jakobson, R.E. Marrs, H.0. Meyer and R.A.

Redwis
23 Submitead to Phys. Rev. Lette
2. R.F. Frosch et al., Phys. Rev, 174, 1380 (1968), R.D. Ehelich, Phys.

Rev. 173, 1088 (1968). See also W. Bertozzi et al., Phys. Lett. 41B,
408 (1972) for a correction to these papers for effects of nucleon size.

3 Reviewed in R.C. Barrett, Rep. Prog. Phys. 37, 1 (1974). Se also J.W.
Negele and D. Vautherin, Phys. Rev. C5, 1472 (1972).

4. G.M. Lerner et al., Phys. Rev. C12, 778 (1975).

L G.D. Alkhazov et al., Nucl. Phys. 4274, 443 (1976).

9.2 Inelastic ing of Pions to the Continuum

D. Chiang, I. Halpern, L. Knutson,t G.A. Miller, and Collaborators*

have pointed out in earlier reports that inelastically scattered
pions have the advantage (as probes for giant resonances) over other strongly
interacting particles that they are lighter and therefore excite fewer multi-
poles in any given excitation region. Late last fall we had a first run on the
7,1 Peaction to continuum excitations. The run was carried out in collabora-
tion with the Carnegie-Mellon group and they provided the intrinsic germanium
detector telescope used in these measurements.! Positive pions of 60 MeV were
incident on a large area target (typical thickness v 1 gm/cm?) viewed by a
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£

Fig. 8.2-2. The output of the
particle-identifier in a typical run
for particles passed by the wire-

Fig. 9.2-1
ai

i
R e
the scattering plane.

chambers as having come from the
target. Elastic pmns do not contri-
bute to this spectr

vetoed by the sc)ntlllatox‘ behxnd ‘the

telescope. The incident pion energy
system (Fig. 9.2-1) consisting of wire  %as 60 MeV and the telescope was at
chambers (to restrict accepted parti-  40°. It is seen that the pion and
et hopelEoui St iosab T i et muon peaks are adequately separated.

and a telescope that could identify

pions of energies between 138 MeV and
2 MeV. This corresponds to excitation energxas ranging from 8 to 22 MeV. A
typical particle-identification spectrum is shown in Fig. 9.2-2. It is seen

s, the most e contaminant, are quite distin-
i At forward angles the upper limit for muon contamina-
tion in the pion spectrum is about 10%. It is smaller at backward angles.

targets of Ni, Zr, Sn and Pb at most of the

Spectra were taken for
following angles: 40°, 70°, 90°, and 120°. The results are shown in Fig.
9.2-3. The statistical accuracy of the data shown there is not quite good

enough to permit one to reliably identify any bumps in the spectra.

One of the more striking features seen in Fig. 9.2-3 is the strong
backward peaking of the inelastic spectra integrated over the observed energy
We had done some DWIA calculations of expected spectra before the
sing both Kisslinger and local Laplacian optical models with para-

i These integrated spectra
This

interval.
first run, u
meters derived from free pion-nucleon scattering.
showed a fairly symmetric minimum at 90° instead of a backward peak.
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Fig. 9.2-3. Spectra of inelastically scattered positive pions cbserved in our
first un. The incident pion emergy was 60 MeV. Typical statistical
accuracies ave v10% per MeV interval.
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i between ion and ion reminded us of a similar dis-
crepancy that had been cbserved in elastic scattering of low energy pions.2
There it had been found that the observed first minimum in the angular distri-
bution was shifted forward in angle from its position calculated with optical
potentials based on so-called free-particle parameters. A similar shift for the
inelastic spectrum would convert a minimum at 90° to a backward peaking angular
distribution. In other words, the discrepancy between observation and calcula-
tion for the inelastic pions is possibly due only to the use of a poor optical
potential to describe the distortions of the incident and emerging pion waves.

We therefore used an empirical optical model, i.e., one of the standard
forms but with pavameters obtained from fits to the elastic scattering of low
energy pions from medium weight nuclei. (To apply them to our work these para-
meters had to be extrapolated in Z and N and slightly in pion energy.) The
result of the extrapolation is shown for 60 MeV pions on 9Zr in Fig. 9.2-4
along with our data. In interpreting
this figure, one must note that calcu-

the very same thing. The calculations o
done so far include only isoscalar modes

and the experiment obviously includes K
all modes. On the other hand, experi-

ment only covers a 14 MeV interval of 4f spacirum)

the excitation spectrum whereas calcula- s
tion (based on sun-rules) presumably 2

covers the full inelastic spectrum. 5 o
hus, one cannot expect very good agree- 3 3| ey
ment on the absolute cross-sections. = 5
In the Figure the vertical scales were s 5
therefore adjusted to display the 2 4
relative shapes of calculated and 3 2
observed angular distributions. Be- s
cause of the substantial widths of the

resonances, one would expect these U

shapes to resemble each other despite !
the aforementioned differences between

the calculated and measured cross- x n L
sections. It is seen from the figure g 2100 e 802t 0

that they do. 8 (degrees)

Thus our preliminary inelastic  Fig. 9.2-4. A comparison of the
results seem to be in qualitative shapes of observed and calculated
accord with the finding that folding-  angular distributions for inelastic
model optical potentials using free- pions from zirconium. (See text for
particle parameters are not valid for  cautions in interpreting this figure.)
low energy pions. A fairly large The calculated angular distribution
number of reasons have been offered for was dome with a Kisslinger optical
this failing and there have been many  model using parameters obtained from
suggestions for correction terms to add a it to elastic scattering on iron
‘the free-particle parameter optical rather than from free pion-nucleon
potentials reflecting these reasons. cross-sections.
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Caleulations done with these correction terms often result in improved agreement
e st distributions. It is not yet clear, however, which of
the suggested terms are both valid and large enough to consider. One possible
correction to the free-particle parameter optical models that occurs to us is
connected to the steep increase with pion energy of the free T*p scattering
cross-section. Such a dependence would seem to favor backward scatterings when
the momentun distribution of nuclear nucleons is taken into account.

In future runs on these ,1” experiments we will not only be looking for
clearer evidences for structure in the spectra, but will be trying to understand
better the general shapes of the observed spectra, their angular distributions
and their dependence on nuclear A and Z

+ Now at the University of Wisconsin

* M.D. Cooper, Los Alamos Scientific Laboratory; J.F. Amann, P.D. Barnes,
M. Doss, R. Eisenstein, S.A. Dytman, J. Sherman, and W. Wharton, all
from Carnegie-Mellon University.

e J.F. Amann et al., Nucl. Inst. and Meth. 126, 193 (1975).

2. J.F. Amamn et al., Phys. Rev. Lett. 35, 426 (1975).

9.3 Ratios of llc ivati Induced by Pions on Various Targets

E.D. Arthur,t D. Chiang, and I. Halpern

As we pointed out last year, one can often measure the ratio of excita-
tion functions for some particular activation, induced in different targets, with
much greater precision than one can measure the individual excitation functions

themselves. This comes about because one can, in a comparison measurement,
eliminate some of the major systematic errors that limit the accuracy of the
measurement of a single excitation function. xample, one exposes the com-

single detector, switching the samples in a regular time pattern

t spring we were able to parasite on our total cross-section run at
LAMPF (Expt #2) to obtain some results on the ratio of 11C activity induced by
positive pions in targets of 13C and 12C at a number of incident energies. These
results are shown in Fig. 9.3-1. They have not been uniformly corrected for
effects of the (p,pn) reaction produced by protons in the beam and should be
regarded as preliminary. We believe, on the basis of these results, that we
should be able to measure such ratios to about 1% accuracy with our counting
system. An appllcatum for running time at LAMPF, to do a series of such com-
parisons, has been approved and we are now ready to do a careful measurement of
the ratio studied in the parasite run (Fig, 9.3-1). If this goes well we would
expect to look at other targets using the 'IC as well as other final activities.!

As we mentioned last year, an accurate curve for the ratio of excitation
Functions can allow us to compare shapes and positions of the (3,3) resonance
for different reactions, and it can also provide evidence for any intermediate
structure in this resonance.




+ Los Alamos Scientific Labora-

ory.
N.P. Jacob Jr. and S.S.
Markowitz, Phys. Rev. 13C,
754 (1976).

They should be regarded as preliminary.

9.4 ivistic Coulomb Effects in Pion

J.G. Cramer, W.J. Lynch, and J.G. Willst
e Coulomb wave functions and Coulomb phase shifts normally employed in

the analysis of the scattering of charged particles are solutions of the Coul-
omb Schrédinger equation. However, in the analysis of the scattering of pions

is relativistically invariant.

Klein-Gordon equation, we obtain relativistic Coulomb functions which are the

same as the more familiar Coulomb functions with two exceptions: 1) the p and

n values used must be characteristic of relativistic kinematics, and 2) the

effective angular momentum value A is no longer an iniegez‘, but is given by:
A=t B2 - @z - ?

where £ is the orbital angular momentun, ZZ' is the product of charges for the
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projectile and target, and a is the fine structure constant or about 1/137

The origin of cms modified angular momentun is in the term in the Klein-Gordon
equation which is the square of the Coulomb potential, i.e., a 1/r? potential.
This g R S centrifugal potential and A is the
effective angular momentum which characterizes the net centrifugal potential.
We should also note that when 22'>137/2, the £=0 value of A becomes a complex
number. This will occur for wt scattering from targets with 2269, i.e., thuli-
un or heavier.

is

Ve have investigated the numerical problems presented by these relativ-
istic Coulomb functions, and have prepared mumerical subroutines for 1) comput-
ing Coulomb phase shifts of non-integer and complex angular momentum values
(see Sec. 14.6), 2) computing Coulomb wave functions of non-integer and complex
angular momentum values (see Sec. 14.8), and 3) computing the Rutherford ampl)'—
tude which is characteristic of the relativistic Coulomb wave equation (se
Sec. 14.7). Fig. 9.4-1 shows the Rutherford scattering cross section i

s with the equation and the Klein-
j Gordon equation for 70 meV (CM) 7+ on 208Pb, For
| 774298 the latter we have treated phase shift b

analytically continuing the Coulomb phase shift to
complex angular momentum but using only the real
part of the phase shift in the calculation. Other
procedures are possible which give somewhat dif-
ferent predictions.

ot Rutherford Scatering
70

We ave presently preparing an optical
model program for pion scattering employing these
relativistic Coulomb functions in collaboration

with G.A. Miller and M.D. Cooper. This will allow
the investigation of these relativistic Coulomb

effects in the presence of the nuclear force, with
correct treatment of nuclear-Coulomb interference.

+ Indiana University, Bloomington, Indiana
Fig. 9-4-1, Rutherford 47401, U.S.A.
scattering cdm'garison for
70 MeV wH
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10. ATOMIC PHYSICS

10.1  Branching Ratio for the Two Photon Decay of the Atomic 208Ph K-shell
Tacancy <

D. Burch and

Bussoletti

data from previous measurements! have been completely reanalyzed in
an effort todetermine the best e linit on the branching ratio for two photon
decay of the (1S)7! state of the Pb-atom. The measurements were performed
with two planar Ge(Li) detectors sega.tated by a lead shield in a 90° geometry.
9783 radioactive source. Coincident pulses
from the Ge(Li) detectors were event-recorded along with a signal indicating
the re]anve time difference between the pulses from each detector. The ve-
analysis consists of imposing a series of constraints on the event-recorded data
Hhmh should be satisfied only by two-photon decay signals. The reanalysis is
necessary because a large background is present in the previous spectrum
generated by the choice of constraints which maximize the efficiency of detect-
ing the two-photon signals. A different choice of constraints lowers the
efficiency of detecting the two-photon signals but also decreases the effects
of the background. The intent of the further analysis is to try to maximize the
two photon signal to background ratio.

ectrun consisting of the sum of pulse heights from the Ge(Li) de-
tectors which were in prompt coincidence with one another is shown in Fig.
10.1-1. The arrow indicates the expected position of a peak corresponding to
two-photon events. The expected line shape of the peak is shown in Fig. 10.1-1.
The background is due to Compton scattering of high energy nuclear gamma rays
which ave in prompt coincidence with one another. (The detectors are mot thick
enough to collect with significant probability all of the energy of high energy
photons, i.e., E > 200 keV.) Under the asswmption that the distribution of

rectangular, @.e., random), the background in the sum spectrum is expected to
be triangular. The location of the peak of the triangle depends on the con-
straints which have been imposed on the energy signals which make up the sum
spectrum. For example, if events Ey and Ep are zandon variables on an interval
(0,1) then the event Eg= Ey+ Epsuch that Elgy € Ep,Ep € Bpigh will be distri-
buted with a triangular distribution whose peak Wil ocoun AE Ky + Enign and
whose base will extend from 2 x Ejgy t0 2 X Enign.

triangle centered at the expected location is fit to each sum spectrum
which is generated by a particular choice of constraints on the energy signals.
Channels in the region of the expected two-photon peak are excluded from the
it. The chi-square for each fit is given in Fig. 10.1-1. The expected loca-
tion of the two-photon peak is indicated by an arrow in the same Figure.

A line shape for 75 keV photons was extracted £rom a spectrun of singles
data whxch was collected with the
data.2 This line shape was broadened by /' to account for the effects of adding

two events from distributions of finite but equal widths. The resultant peak
shape was normalized to unit area. This line shape defines the expected peak
shape for the two-photon signals.
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The spectrun resulting from the
subtraction of the best fit triangular
background from the sum spectrun is
illustrated in Fig. 10.1-2. The peak
shape for two-photon events was fit to
this residuals spectrum. Both a "best-
£it" and a one per cent confidence level
£it were extracted from these spectra.
Fig. 10.1-3a shows the extracted "best-
£it" yields divided by the calculated

measurements, the effects of subtrac-
tion of a random background from the
coincident energy signals and the
effects of the subtraction of the
triangular background.

e results from each choice of
constraint have been averaged together
to obtain the best estimate for the
two-photon yield. As most "best-fit!
yields are consistent with zero, we
interpret our results to provide an
upper limit for the two photon branch-
ing ratio at a one per cent confidence
level. The two-photon branching ratio
is given by:

i

Iy o L
€an €AE

L
T © N
where

Ng is the number of K vacancies
created,

€ is the solid angle efficiency,

Fig. 10.1-1. Sum spectra of two Ge(Li)
detectors. The arrow indicated the ex-

Th ~square shown is for a fit of a
triangle to the back-ground in the
spectrum.
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0.1-2. Spectra of residuals after

and
L 45 plotted in Fig. 10.1-3b
= 1.8 x 10'!
epp = 6 x 107

We obtain the Tesult that, with a 1
confidence lev

T
Py o g x 1078
FL 1<ugfix 1075
The "best-fit" yields indicate that
T oy etinats
L= (33)x1076,

This "best fit" value is one order of
gnitude lower than the hydrogenic
=t this ratio.
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Fig. 10.1-3. Yields extracted from a) "best-fit" values for a peak in the loca-
tion wheve two-photon signals ave expected and b) one per cent confidence limit
values (chi-squave distnibution with six degrees of freedom) for a similarly
placed peak.
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a Nuclear Physics Laboratory Annual Report, University of Washington
(1976) p. 47,

2} Nuclear Physics Laboratory Annual Report, University of Washington
(1974) p. 29.

10.2 2 Dependence of K-Shell Ionization of Pb

R. Bangert,” D. Burch, and P. Dyer

The simplest model for K-shell ionization in relatively fast ion-atom
collisions predicts an ionization crosg section proportional to the square of
the projectile nuclear charge: oy = 23. The basic assumptions here ave: bare
projectile nuclei, straight-line projectile trajectories, and unperturbed atomic
orbitals described non-relativistically. The breakdown of any or each of these
approximations results in a deviation from Zj scaling. Various aspects of this
feature of collision data have been studied using light ions, typically by
measuring O OF Oy_pay as a function of 2 at fixed collision velocity. In
general, howevgr, it is snu “dteriowrt 15 1denn.fy a specific cause for the
breakdown of 2] scaling in a particular set of data since the observed cross
section for inner-shell ionization may depend upon the ionic state of the pro-
jectile, the thickness of the target used, and the degree of outer-shell exci-
tation produced -- and all of these extrancous effects can also depend upon 7
in an unknown manne;

Here we present data unique to this study in that the colhsmn systems
are heavy enough that relativistic effects are strong, the range of Z is much
larger than previously used, and both oy and the mmzanon pmhamhty at zero
impact parameter, Py(0), are measured. Use of a high-Z, target (Pb) reduces
the extraneous effects mentioned above but may not eliminate them completely.
The method of the measurements is described elsewhere.! The data are presented
in Fig. 10.2-1, the breakdown of Zj scaling is illustrated in Fig. 10.2-2, and
the oy/Pg ratios are shown in Fig. 10.2-3.

&

There are no ab initio calculations available for ionization in the
complex systems considered here, but the data may be described semi-empirically?
on the basis of oversimplified models. We ave using this approach as a means
of estimating the relativistic effects on the cross sections. For collision
velocities low compared to the bound electron velocities (at 1.38 MeV/amu, vion

0.1 vpp K e]ecm,n). the ionization B predominantly at impact parameters
AT TR e K-shell radius, and it is reasonable to consider the
effective electron bindxng ey e iner F Ehe vaieen atom, Uyp, which we
crudely approximate as (Z; + Rydbergs. Likewise, the dominant impact para-
meter is taken to be the adxa.batu: radius of the united atom, Ryy = WVion/Upn;
These values can then be used to re-evaluate the various correction factors
(effectively all maximized by this assumption) and the excess cross section
attributed, as a first estimate, to relativistic effects. The main analytical
point we will wish to emphasize with this data is that to the extent the pres-
ence of 7] increases the binding emergy (which reduces o), the relativistic
effects (which increase o) must also be increased. This point may account for
the large overestimate of the "binding correction'!>2 when applied to heavy
collision systems.
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Fig. 10.2-1, Cross sections and ioniza-
tion probabilities for the K-shell of Pb

through the data points, the normalized
dashed curve indicates one possxble way
to describe the scaling. Dy is a de-
flection term which depends e .

ratio of the collision diameter to the
adiabatic radius of the united atom.

The cross on the Py curve is an inter-
polated value used “in Figs. 2 and 3.
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proton cross section.
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Fig. 10.2-3. Ratio of cross section to
ionization probability compared with a
scaled, low-velocity prediction (see
Ref. 1). Several inadequacies of the
oversimplified model cancel in this
comparison, but the numerical agreement
shown is at least partially accidental.

Present address: Universitdt zu Kbln, Institut fir Kernphysik, Ksln,

Germany.
D. Burch, W.B. Ingalls, H. Wieman, and R. Vandenbosch, Phys. Rev. A0,

1254 (1974).
R. Anholt and W.E. Meyerhof, Phys. Rev. A, to be published (paper IIT

of a IV part series).




11. RESEARCH - USERS AND VISITORS

*
1.1 Fast Neutron Beam Radi Modical Radiation Physics

+
H. Bischsel’, J. Eenmaa’, R. Seymour®, K. Weaver', and P. Wootton'

s in previous years, the activities of the Medical Radiation Physics
Division during the past year at the Nuclear Physics Laboratory can be
grouped into five major categories. These are: 1) measurement and analysis
of basic dosimetry data, 2) design and installation of new equipment and
systems, 3) repair and maintenance of existing equipment, 4) support of rou-
tine therapy operations, and 5) support of other users.

Dosimetry: In onder to reduce errors in radiation therapy to an
acceptable limit, an uncertainty in absorbed neutvon dose of no more than
2% is permissible.

For absolute dose determination, the Bragg-Gray principle is not use-
ful at this level of accuracy. HWe are therefore investigating in detail the
energy deposition in finite spherical cavities. At present, the primary
charged particle spectra produced by monoenergetic neutrons are obtained
for various composite materials (e.g., Shonka plastic), then emergy de-
position and ionization in a gas filling the cavity are calculated. A major
problem is the uncertainty in our knowledge of stopping power. In particular,
solids and gases of the same composition do not have the same stopping powers.
In addition, neutron differential cross sections for charged particle production
are not well known in the energy region above 8 MeV (except for 14 MeV).
Préliminary results have been obtained. The dose calculation code is also
valid for stopping pions.

The Fricke chemical dosimeter has been compared to standard ioniza-
tion chamber methods for absolute dose determination for neutron beams and
g00d correspondence has been obtained between the two technigues. Agreement
o better than 2% has been obtained between predicted and measured G-values
for the cyclotron neutron beam. This agreement could possibly be improved
even more with more accurate determinations of the neutron spectrum.

Specification of tumor dose for neutron radiotherapy is complic-ted
by oblique beam incidence, details of patient contour, tissue inhomage-
neities in the beam, and the presence of external field-shaping devices. An
adequate accounting of these dose-modifying effects must be included in treat-
ment planning. To this end, measurements have been made of effects of tissue
inhomogeneities (bone, lung, fat), and phantom geometry and density on
neutron dose. Methods of correcting for these effects in treatment planning
programs have been investigated. Since neutron beams have a large component
of scattered radiation an imation technique for calculating dose changes
due to off-axis scattering has been developed.

Prelimin: i P af
D, gas target on the Van de Graff accelerator have been completed. The measured
dose rate for a 10 x 10 cm field in air at 125 cm SSD was 1.44 ¥ 0.01
rads/min/ua. Dose buildup measurements indicate a maximum dose at 3.5 mm depth.
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Measurements of beam flatness, photon dose fraction, and
biological effectiveness are planned.

New equipment and systems: An automated dosimetry scanning system
has been purchased and will be installed for rapid accumulation of dosimetry
data for clinical applications.

The Raytheon 704 computer system has been expanded. A multi-featured
disc-based file management and text editing system has been

Automated setting of patient treatment pavameters has been
A Versatec Printer-Plotter and Graf-Pen

data storage has been expanded with the
storage capability. A simple data base
and procesding of patient data has been

installed.
implemented.
digitizer have been installed.
implementation of a second disc
management system for random access
installed.

Patient

T neutron treatment simulation with x-rays, a chair capable of simula-

ting the motions of the therapy chair has been constructed and installed at
the University Hospital.

Therapy: Support of therapy operations on a four days per week schedule
has continued without interruption during the past year. During alternate
weeks the cyclotron is shared with the Division of Nuclear Medicine and the
changeover to cancer therapy operations has functioned smoothly.

Intercomparisons: Dosimetry intercomparisons have been conducted
with visiting scientists from the National i

(N.I.R.S.) and from the University of Tokyo, Japan. o
has visited these institutions in Japan. Measurements conducted on the 60Co
beam and on the different neutron beams indicate that the agreement in speci:

Also, one of us (H.B.)

D
fication of absolute physical dose is at the 1-2% level. Some discrepancies
remain to be resolved in depth-dose determinations.

*

Supported by NCI Grant No. POL-CA-12441.

Division of Medical Radiation Physics, Department of Radiology,
University of Washington




11.2  Fast Neutron Beam - Radiation Biology*

3. P. Geract®, K, L. Jackson®, G. . Christensen, ?. D. Throver", and
Marinela Mariano

he biology portion of the meutron beam-therapy project has mvolved
determination of the neutron RBE for normal tissue damage in mice.
emphasis of these studies has been on late radiation effects rather than Srte
effects since late mormal tissue injury rather than acute injury is usually
the dose limiting factor in cancer radiotherapy. Furthermore, late effects
are the least understood, and have been a problem of neutron radiotherapy in
the past.

During the past year we have extended our late spinal cord injury stud-
ies by employing 10 fractions of x-rays or neutrons. The biology endpoint
used in these studies was the length of the latency period (the time interval

between irradiation and paralysis). The results ave presented in Fig. 11.2-1.
i he curve is complete. However, the animals exposed to

develeped paralysis. The results indi- —
te that the neutron RBE for spinal

cord mjury may be as high as 4.0 in

the range of doses per fraction

(100-200 rad) used in neutron therapy.

Another normal tissue that is
of concern to the radiotherapist
is the kidney. There exists no infor-
mation on the neutron RBE for late
kidney damage to guide the therapist
in the treatment of cancers where the
kidney is the normal tissue at risk.
As a result, during the past year
we initiated studies to measure late
Kidney damage using kidney atrophy,
as measured by decrease in kidney

: ; o FRACTIONS =

Waake

following single dose of x-rays

or neutrons are shown in Fig. u 2-2.
The numbers in parentheses are e
number of animals used for each polnt.
The results show a shoulder on the
neutron and x-ray dose reSponse curves.
However the neutron curve has a smaller 3§ i A
ol Ve iee 1 6 i e A b AOSE L S B s P00 Sollowing
‘than the corresponding x-ray curve, oo mOnzay




resulting in a neutron RBE of 1.7 at
a neutron dose of 1000 rad. Further

fraction to get a clinically relevant
REE for late kidney damage.

A conspicuous late effect of
systenic radiation in man and animals
is carcinogenesis. Attempts to
quant)tate the relative carcinogenic
risk from the low doses of radiation
delxvered in the shielded area of

a neutron and 50Co facility would
require a large number of animals and
considerable cost and time. One way
to circumvent this problem is to study
radiation-induced transformation of
normal cells to cancer cells in vitro.
During the past year pilot experiments
have been carried out using the C3H
10T 1/2 CL8 cell line to determine B e h L 22 D e
‘the RBE of the primary neutron beam idney weight dos:

for cell transformation. Preliminary S

results (Table 11.2-1) show an increased

frequency of transformed cells with increased neutron and x-ray doses. Neutrons,
however, are clearly more efficient per rad than x-rays for cell transformation.

Kidney Weight(grame)

Dose(rad)

Table 11.2-1
Cell i Following Neutron or i iati in Vitro
Dose Number of colonies Transformed Transformation

(rad)  Radiation counted colonies (percent)
0 i 10,315 0 0.00
100 x-ray 5,710 7 0.12
200 x-ray 5,810 16 0.28
300 x-ray 6,384 20 0.31
25 Neutron 5,720 3 05
50 Neutron 8,160 9 0.11
75 Neutron 4,260 12 0.28
100 Neutron 5,060 18 0.36

R. S. Stone, Neutron Therapy and Specific Tonization. Amer. J.
Roentgenol. 59, 771 (1948).

25 D. H. Hussey, G. H. Fletcher, and J. B. Cordurea, Experience with
Fast Neutron Therapy using the Texas A & M Variable Energy
Cyclotron. Cancer 34, 65 (1974)

140




®
11.3  Fast Neutron Beam Radiotherapy -- Experimental Oncology

J. S. Rasey'

The research program in experimental oncology is supportive of the neu-
tron bean therapy project which is currently treating cancer patients with the

neutron beam from the University of Washington cyclotron. rogram attempts
to answer clinically relevant questions in the neutron radiobiology of tumors
and selected normal tissues.

Projects completed, continued, or initiated in the past year include

the following:

A. The response of the EMT-6 solid tumor growing in the BALB/c mouse
to x-rays or neutrons has been examined using several endpoints as well a
variety of fractionation schenes.

Tunors have been treated with single doses of x-rays or neutrons and
RBE's** determined for 3 different endpoints: a) local tumor control at 120
days; b) growth delay, and c) clonogenic cell survival, using an in vitro
colony-forming assay.

of 2.3 to 2.4 was observed for the growth delay endpoint; this
is not statistically significantly different from RBE's for other endpoin
of response.

The neutron REE for clonogemc cell survival in the exponential regior
of the survival curve -- s signifivantly higher than that for local con-
trol -- 1

The whole body radiation dose received during localized tumor treatment
is greater during neutron irradiation (3.5 to 7% of the tumor dose) than during
x-ray therapy (0.2% of the tumor dose). This dose of whole body neutron
radiation appears to suppress host immune response

tumor, requiring a greater tumor cell kill by neutrons to achieve cure.
is consistent with the lower neutron RBE for local control relative to that for

o this moderately antigenic
This

clonogenic cell survival.
Local control of EMI-6 tumors was assessed following Eoextuexy with
5 fractions of x-rays in 5 days or 5 fractions of neutrons in 5 days

Mixed neutron-photon radiation also was used, in which 3 fractions of

x-rays plus 2 fractions of neutrons were given in 5 days. in the sequence
n-n-x-x-x op n-x-x-x-n. In the mixed fractionation scheme studies, the x-ray

o
dose/fraction was held constant at 690 rad, which is 1/5 of the TCD-50 value

determined in the 5 fractions x-ray The neutr was
varied over a wide range, and a TCD-50 for this test aASeton Avas ertthad

# RBE = relative biological effectiveness = dose of x-rays to produce a given

level of damage/dose of neutrons to produce the same damage.
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RBE's for neutrons or combined neutron and photon radiation were deter-
mined from TCD-50 ratios. The results are summarized in Table 1.
- Sublethal and potentially lethal damage repair following x-
or neutron irradiation was studied using EMT-6 cells growing in vitro. -
lethal damage repair was defined as the re-appearance of a full shoulder on the
cell survival curve 6 hours after a priming dose which reduced cell survival to
= 0.1.
Sublethal damage repair was examined with all permutations of x- and
neutron irradiation, i.e. x-x, n-n, and n-x.
There was partial or complete recovery from sublethal damage with all
the above permutations of x- and neutron radiation.

otentially lethal damage (PLD) repair is seen after both x-rays and
neutrons. In cultures plated after the 6-hour delay, there is a substantial
increase in absolute survival level at a given dose relative to what occurs
with immediate subculture.

In one day old exponentially growing cultures of EMT-6 cells, there is
little or no capacity for PLD repair after either x-rays or neutrons.

c. he response of mouse intestinal epithelium to mixed neutron-photon
fractionated irradiation, as well as fractionated x-rays only and neutrons only
was examined. LD50/4TTdays was used as the endpoint of response following whole
body irradiation. Deaths were tallied 4 days from the midpoint of the 5-day
fractionated treatment. The LU50 for 5 fractions of x-rays only or 5 fractions
or neutrons only given in 5 days was determined first (Table 2)

I d mice were i: i uith mixed
fractionated radiation, in the sequence n-n-x

action was held constant 427 rad, 1/5 of the “’so/u day determined in
5 fraction x-ray The neutron on those days uhen neu-
trons were given, was varied. The total mixed beam dose required to kill 50%
Of the mice was determined for both mixed fractionation schemes. From these
values the effective neutron dose per fraction at the 50% survival level was
extracted. For both mixed schemes the dose per fraction is mot significantly
different from the neutron dose/fraction in the experiment using 5 fractions of

" x-ray dose/

neutrons only (Table 2)
As. part of the U.S,-Japan Cooperative Cancer Research program, stud-

ies were beg\m in the past year to biologically characterize several neutro:

ams at cancer treatment facilities in both countries. The response of mouse
foot skin to irradiation was the test system used, The University of Washington
Neutron beam was compared to three different energy beams at the Texas AGM
University variable energy cyclotron (TAMVEC), and to neutron beams at the
Rational Institute of Radiological Sciences i ba-shi, Japan, and at the

) o
P50/u day is the dose of whole body radiation lethal to 50% of the mice four
days after the midpoint of the fractionated treatment.
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Institute of Medical Scienges of Tokyo University, Japan. ALl neutron beams
3

tested are produced by a d' > Be reaction.

The preliminary results are given in Table 3 and are expeessed as a
relative beam potency, with the University of Washington neutron beam design-
ated as potency = 1.0, The radiation doses required to produce an average
skin response has, as a maximum reaction, breakdown and moist desquamation of
1/4 to 1/2 of the skin of the irradiated foot by days 17 to 21 post-treatment
This is followed by complete or virtually complete healing by day 35 post-

irradiation.
¥ Supported by the Natlonal Cancer Institute, Grant No. CA-IZHA1
+ Division of Radiation Oncology, Department of Radiology,

University of Washington
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Table 11,3-3

Relative potencies of neutron beams at cancer treatment facilities

determined using mouse skin as a biological dosimeter:

TAMVEC NIRS uw TAMVEC IMs
35 MeV 30 MV 22 MeV 16 Mev 16 Mev
0.99 1.0 1.20¢

0.97 1.0 1,18

Abbreviations used are:
TAMVEC - Texas AM University Variable Energy Cyclotron

NIRS - National Institute of Radiological Sciences, Chiba-shi, Japan
IMS - Institute of Medical Sciences, Tokyo

The energies of the deutreron beams are given below the name of each
facility. Neutrons were in all cases produced by a d* + Be reaction,

Each line in the table is a separate experiment.




11.4  Total Body Calcium by Neutron Activation

C. H. Chesnut, G. M. Hinn, T. K. Lewellen, R, Murano, W. B. Nelp

Division of Nuclear Medicine is continuing its measurements of
total body calcium by means of whole-body meutron activation and whole-
body counting. The cyclotron is used as the meutron source, and the 3.1 MeV
gamna ray of 8.7 minute 3Ca is counted.

Two therapy regimes are being tested for the control of post menopausal
osteoporosis. 25 patients are being treated with Calcitonin, while 25 more
ave used as controls. Both treated and control groups are women over 50 years
who show several signs of osteoporosis, including a history of fractures.
Treatment is continued for a two year period, with 5 meutron activation measure-
ments. A number of other tests are made on these patients, including bloo
and urine chemistries, photon transmission densitometry of the arm bones, and
bone biopsies with tetracycline labeling to measure new bone growth on the
microscopic level. A similar group of patients and controls is being studied
for the effects of the drug Winstral (Winthrop Laboratories).
More normal subjects were measured, Our mormal series now includes
5 males and 5 females in each decade of age from 20 to 80, and a few over 80.
A second system of neutron activation for total body calcium measurement
is being developed using the reaction "Ca(nya)37Ar,2  This new system is
being calibrated by comparision to the the Ca systen. 10 nomal and 3
osteoporotic subzec(a were measured by both systems, The yield of 37Ar divided
by(g);e yield of #9ca is approximately constant, with a standard diviation of
53(3),

Nuclear Physu:s Laboratory Annual Reports, University of Washington,

g
1968-197

2 H.E. Palmer, Journal of Nuclear Medicine 14, 522 (1973); T. K. Lewellen,
C. H. Chesnut, W. B. Nelp, H. E. Palmer, R. Murano, G. M. Hi
Journal of Nuclear Medicine 16, 672 (1975).

& K. Lewellen, W. B. Nelp, R. Murano, G. M. Hinn, C. H. Chesnut,

Journal of Nuclear Medicine, in press.
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11.5  Equilibrium Delayed Neutron Spectra

6. W. Bccleston® and G. L. Woodruff*

Directly measured near-equilibrium delayed neutron energy spect
associated with fast-neutron-induced fissions of 232Th, 233y, 235y, 238u and.

239y have recently been completed.l These data weve obtained using a cyclical
sequence consisting of a 1.0-sec irradiation, 0.08-sec delay, 1.0-sec count

and a wait of 0.02-sec. This cycle prevented a significant fraction of the |
shorter half-life delayed neutron precursors from being measured,?

Comparison of these data with spectra measured by others show general
agreement at energies in excess of about 250 keV, However, significant
differences below this energy exist with our data showing a large fraction
of delayed neutrons to exist at the low energies. Measurements of essentially |
true equilibriun delayed neutron spectra were recently reported by Evans and [
Kpick. Their spectra are also harder than our measured near-equilibrium
spectra and it has been suggested that the inclusion in their measurements |
of more of the shorter half-life precursors, whz.ch may have higher mean energies,
may partially explain the softer shape of our dat:

Modifications to our experimental system have been completed to enable
a shorter cycle time to be used to provide equilibrium data,% The new cycle
consists of 0.l-sec irradiation, 0.02-sec delay, 0.l-sec count and a 0.02-sec
wait. A comparison of the delayed neutron group yields between the two second
cycle, this new short cycle and the one used by Evans is listed in Table
1.5-1

Table 11.5-1. Comparison Between Delayed Neutron Yields for an
Equilibrium Cycle and the Cycles Used in Measurements

Evans Two Sec
Group Equilibrium Cycle Cycle New Short

Yields? (Ref 3) (Ref 1) Cycle
j ;¥ 0.038 0.038 0.004 0.038
| 2 0.213 0.213 0.224 0.213
| 3 0.188 0.188 0.197 0.188
| 4 0.407 0.407 0.421 0.407
% 5 0.128 0.126 0.108 0.128
| 6 0.026 0.025 0.010 0.025

a
Equilibrium yield values from Keepin fast fission data, Reference 5, page 86.
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A Delayed neutron spectral data produced from cyclical irradiation of the
U sample using the new short cycle have been collected, This spectrum,

shown in Fig. 11.5-1, has a significant fraction of delayed neutrons below

100 keV and is similar in overall shape to the near-equilibrium data collected

with the two-second cycle.

RELATIVE NEUTRON DENSITY

0.0 I M osrrlal T
Ss78s 2 3 4 55788 T.s
100

ENERGY (KEV)

Fig. 11.5-1. Equilibrium 2°°U Delayed Neutron Spectrum.

* Work supported by AEC Contract AT(45-1)-2225

+ Department of Nuclear Engineering, University of Washington

il G. W. Eccleston and G. L. Woodruff, Nucl, Sci. Eng, 62, 636 (1977).

23 Nuclear Physics Laboratory Annual Report, University of Washington,
p. 171 (1976).

i A. E. Evans and M. S. Krick, Nucl. Sci. Eng., 62, 652 (1977).

W. Eccleston and G. L. Woodruff, Progress Report submitted to the

.
e Physical Research, ERDA, August (1976).

5. G. R. Keepin, Physics of Nuclear Kinetics, Addison-Wesley,
Reading, Mass.  (1965).
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1.6 ioi Production for Lung Imaging in Nuclear Medicine

G. M. Himn, W. B. Nelp, W. G. Weitkamp, T: L. Lewellen and R. Murano

The productton of “Mr (t. 13 sec) for lung imaging in Nuclear Med-
icine is currently being investigatld. kgypton-6ln has been produced on the
cyelotron using the reaction 79Br(a,2n) °!Rb to produce the parent rubidium-81
(tl/Q = 4.7 hr) which decays to its daughter krypton-8lm.

The parent and daughter are easily separated when the target material
(NaBr) is dissolved in water and air is bubbled through the solution. The
pavent can also be adsorbed on a cation exchange colum and the inert gas daugh-
ter, eluted with air.

minary results mdxcate a yield of 2.1 mCi/uA-hr at the end of
bombardment of rubidium-81. compares with other yields reported in the
literature as follows:

MCR Hammersith, London 2.0 mCi/WA-hr 30 MeV alphas
University of Washington 2.1 mCi/uA-he 42 MeV alphas
Cyclotron
University of California, 2.9 mCi/uA-hr 50 MeV alphas
Berkeley

is hoped that enough krypton-8lm can be produced to supply several
hespxtals in the Seattle area. Current plans include tooling up for higher
production as well as construction of proper hot target handling devices.

i T. Jones, J. C. Clark, J. M. Hughes, and'D. Y. Rosenzweg, J. Nucl,
Med. 11, 118 (1970).

2 L Yano, J. McRae, H. 0. Anger, J. Nucl, Med. 11, 674 (1970).

11.7  Simulation of In-Reactor Creep
P. L. Hendrick®

Materials placed under stress and subjected to the elevated neutron fluxes
of both breeder and fusion reactors will exhibit a form of accelerated defoma—
tion termed irradiation-induced creep. Due to the difficulty, cost, and t

required in making precise in- e il measurenents, there is world-wide
interest in 1 materials of interest with
energetic light ions under ShitlRuce e e S experiments could
enhance our understanding of the operating creep mechanisms and permit screen-
ing of potential reactor alloys. Several early experiments have demonstrated
the ability to simulate irradiation-induced creep and have generated a limited
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anount of creep datal '

The Radiation Effects on Metals program supported by the Division of
Physical Research/Energy Research and Development Administration at Battelle
Northyest has recently initiated a creep simulation program using the Tandem
Van de Graaff accelevator at the Nuclear Physics Laboratory. Development of
an apparatus located on the straight-ahead line in Cave III, is now underway.

The appparatus features a helium circulating system for removing the irradiation-
induced heat from the test specimen. The specimen is heated and its temperature
controlled by direct ohmic heating. Temperature is redundantly semsed by mea-
suring the specimen electrical resistance, emitted infrared radiation, and ther-
mocouple output. Strss is applied uniaxially by a remotely-driven tensioning
spring. Specimen elongation (i.e. creep strain) is continously monitored by

a non-contacting laser extensometer.

Early experiments will test the creep response of high purity nickel
bombarded with 18 MeV deuterons. Specimens will be stressed to between
3 and 340 MPa (5,000 to 50,000 psi), heated to between 100 and 300° C
(212 to 5729F) at ion fluxes between 1 and 10 pa/cm?. Creep rates will be
measured as a function of stress, temperature, and flux. This data will be
compared with electron microscopy data obtained from the irradiated test
specimens to elucidate operating creep mechanisms.

S. D. Harkness, F. L. Yagee, and F. V. Nolfi, Jr. ANL-7883, Argonne
National Laboratory, 1972.

2 P. L. Hendrick, A. L. Bement, Jr. and 0. K. Harling, Nucl. Instr and
Methods, 124, 389 (1975). |

3 R. J. McElroy, J. A. Hudson, and R. S. Nelson, Proceedings of the
Int'l Conf on Radiation Effects and Tritium Technology for Fusion
Reactors (CONF -750989, Vol. II), 1975.

b P. L. Hendrick, D. J. Michel, A. G. Pieper, and R. E. Surratt,
J. of Nuclear Materials, 59, 229 (1976).

*Battelle Northwest, Richland,Washington

1.8  Radiation imlation - M ical Properties

R. H. Jones’, D. L. Styris *

The use of pemetrating light ions to produce displacement damage in
materials offers a degree of control over irradiation parameters not attainable
with any neutron source. The long term objective for the ion irradiation for
mechanical properties program is the devel t of an ion irradiation system
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with sufficient flexibility to perform a variety of mechanical property exper-
iments while the short term cbjective is a correlation between the microstructure
and mechanical properties of light ion and neutron irradiated materials.

To make the irvadiations a high vacuun (5 x 1072 torn) irradiation
chanber with helium cooling gas pumping and purifying system was mated to the
30° beam line (cave 1) of the tandem Van de Graaff accelerator at the University
of Washington. The beam line envircnment is isolated from the irradiation cham-
ber by a 6350 ym thick Havar window. Multiple irradiations of wire tensile
test samples (0.125 to 0.254 mm diameter) can be made during any one irradiation.
Present experiments use 16 MeV protons to produce damage throughout the gage
section of these samples.

Installation of the irradiation chamber began October, 1976. The system
is still being conditioned and checked out. Several beam diagnostic runs and
one sample irradiation have been completed.

* st h
Supported by the Energy Research and Development Administration,
Division of Magnetic Fusion Energy

*Battelle Pacific Northwest Laboratories




12, ACCELERATOR AND ION

12.1  Van de Graaff Accelerator Operations and Improvements

staff

Major improvements and innovations to the three stage tandem Van de
Graaff accelerator this year include rebuilding of the low energy end of the
tandem, described below, installation and operation of the spin filter on the
polarized ion source, described in Sec. 12.3, achievement of the best bean re-
solution observed to date, described in Sec. 2.7, and successful use of the
buncher for heavy ions, described in Sec. 12.7.

tatistics of accelerator operations are given in Table 12.1-1. The
X was opened 6 times during the year, the tandem 11 times, mostly
g

injector tan)
enings to replace the chargin

o veplace stripper foils, but including two op
belt after holes had developed in the fabric.

For several years, a sevies of problems had been accumulating at the
low energy end of the tandem. Examples of these problems are the following:
it was determined that several optical elements were not optimally designed
(see Sec. 12.4). An accretion of aging components made frequent maintenance
necessary, but difficult because of poor accessibility to the components. The
lithiun charge exchange source housing sat astride the beam line leading to the
‘tandem from all other ion sources so that it was necessary to shut down the
entire accelerator while performing the frequently necessary maintenance on this

sounce. And, there was no port at which to permanently install the sputter
ur

source.

sult, it was decided in late 1976 to remove all the components

and to replace the lithium charge-exchange source housing with
d be installed on the

n Fig. 12.1-1. The electro-

s a
in this region
a switching magnet so that additional ion sources
accelerator. The revised configuration is shown
static quadrupole (Sec. 12.4) was installed.

The ion pump was relocated so as

Direct Extractidn
Ton Source Beam Tube.

LE lon Pump Gote Vabve /
Sputter Sourde

Gate Valve.
Sputter

LE lon Pump.
Source/

Fig. 12.1-1, Component configuration at the tandem low energy tank base.
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Table 12.1-1. of Van do Graaff Operation fron April 16, 1076
© Agml 15, 197
1. Division of time among activities Time (Hrs)  Per Cent
Normal operations®) 6075 69
Scheduled maintenance 1020 12
B T e 69 1
Unrequested t. 1596 18
Tota1P) 8760 00
2. Division of bean time among particles
a. Tvo stage operation
1306 22
Polarized protons 1277 22
Deuterons 342 6
3He 256 y
“He 708 12
L 253 4
i, st 1
| SeN 121 2
Sk, 372 6
18 335 6
| el a1 o
SEre 7 <1
798p 27 <1
8lpr 20 <1
107pg 1 <1
Subtotal 5133 87
b. Three stage operation
Pro 365 6
Deuterans 57 il
1%c 47 1
iy 9% i
£20) 194 3
iy 10 <1
Subtotal 769 13
TOTAL BEAM TIME 5902 100
| 3. Division of normal operation among activities
University of Washington Nuclear
Physics Laboratory 5575 92
‘ University of British Columbia 196 3
Unlvers)ty of Washington Department
| ar Engineering % 2
pat e et est Laboratories 160 3
University of Washington Cancer
Therapy Group 48 Ae)
Total 5075 100

a) Includes all the time the accelerator
was under the control of an experimenter.
b) This is the number of hours in a year.
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to improve pumping on the low energy beam tube, and a second ion pump was in-
stalled near the switching magnet. A stand was built for the sputter source,
and the source and its electronics were located permanently at the switching

magnet. Revised beam diagnostic components were installed in this region. The
rather large amount of rewiring required to bring the sputter source in to
operation was completed and The £ all the

in this region together with the realignment of 511 upstream bean handling
components  was accomplished with the 1oss of only 10 working days of accelera-
tor time.

he new configuration has displayed a number of advantages. The trans-
mission of the beam from the polarized ion source has increased. The sputter
source has produced usable beams of heavy ions, and tuning of the beam at the
Low energy end of the tandem has been simplified. Maintenance on all the
systems has been improved. The ome e new
that the lithium charge-exchange source cannot be installed on the Caim
without substantial modification of the source housing. Because the polarized
ion source has proven capable of producing larger beams of helium ions than the
lithium source, it has become the primary source of these ions, and there has
been no particular motivation for modifying the lithium source now.

In addition to the major revision at the low emergy end of the tandem,
a number of other projects have been carried out to improve accelerator opera-
tions

1. A new beam line with beam stop, scanner and air cooled exit foil has
been installed on the straight through port of the 90° analyzing magnet for use
in the Battelle radiation-induced creep measurements (see Sec. 11.7).

2. A new beam line has been installed on the 30° left port of the
switching magnet in Cave 1 for use in the Battelle radiation environment
simultation measurement (see Sec. 11.8

3. Su.bstantml rewiring of both tandem and 1n]ectc!‘ has been carried
ing

it and improve
e compliance, Sh1 incresss reliability.
igital monitors have been installed to warn experimenter of shifts

in the regulating level of the tandem voltage when running with heavy ions.

5. Algorithms have been devised to permit rapid calculation of magnet,
lens and steerer setting, when setting up nmew beams.

6. Vacuum systems of 45° right, 30° right, and 45° left beam lines
have been extensively reworked to provide better vacuum and eliminate chronic
maintenance probler
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12.2  Cyclotron and

J.H. Orth and Staff

The cyclotron was used predominently for medical research as in the past
few years. Statistics of cyclotron operation are given in Table 12.2-1.

Table 12.2-1. ics of Cyclotron ions from April 16, 1976 to
AExv 115, 1977
1. Division of time among activities Time (hrs)  Per Cent
Normal operation 1664 89
Scheduled maintenance 104 6
Unscheduled maintenance 94 5
Total 1862 00
2. Division of beam time among projectiles
| Alpha particles i 1
Protons u <1
| Deuterons 956 %8
Total 78 100
3. Division of normal operating time among users
University of Washington Cancer Therapy Group
a. Therapy 848 51
b. Physics 154 9
c. Biology 88 5
d. Experimental Oncology 87 5
University of Washington Nuclear Medicine By 2
University of Washington Nuclear Pharmacy 8 <1
University of Washington Nuclear Physics
Laboratory 35 2
Total Teew 100
The most serious trouble with the machine was a problem that prevented
the main magnet M.G. set motor starter from latching. This was finally tracked
down to wear in the latching mechanism. A new shaft and a readjustment of the
linkage and timing finally solved the problem. However, this entire starter
as well as the M.G. set is showing a good deal of wear and is sure to give
trouble in the near future.

Another. area that my give trouble yas discovered during a septum
There is en diameter hole melted through the top of the west dee.
Fortunately it is be tween two water lines and as long as it doesn't enlarge too
much probably won't affect cyclotron performance. If it should enlarge into a
water line the dee would have to be replaced. (There is a 27 year old spare

spinning on hand for just such an eventuality.

change.
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A step toward updating the cyclotron was taken this year. The recti-
fiers in the oscillator power supply were changed from mercury vapor tubes to
solid state rectifiers. The 857B tubes and filament transformers were replaced
by 6-10 amp 20 kV diodes (IRC-3HVIOMIOA). Incorporated into the change was a
protective circuit of G.E. Varistors which, hopefully, will prevent diode
damage from transients.

12.3  Polarized Ion Source

E.G. Adelberger, W.B. Ingalls, H.E. Swanson, and T.A. Trainor

he major polarized ion source improvement during the past year has been
the installation of a spin-filter system and associated apparatus for spin-
veversal at 1000 Hz. Spin-filter construction and installation required about
10 months at a total cost of about $15,000. Down time during installation was
about three weeks.

The ion source now has three operating modes which can be chosen depend-
ing on experimental requirements. The original (Sona) source operation is still
available with target proton or deuteron currents in the 100-200 nA range and
proton beam polarization of 75%. Spin-filter operation with "slow" spin rever-
sal (reversal time > 1 sec) provides proton beams of 50-60 nA on target with
83% polarization and the capability to determine the beam polarization accurate-
1y by the quench-ratio method without the need for a separate analyzer. The
spin filter with rapid spin reversal (reversal time > 10is) allows reversal
rates up to 1 Kiiz with spin-correlated beam motion less than 10~° radians and
107° cm on target. These figures correspond to false asymmetries less than
for typical target-detector geometries. For either spin-filter mode the effect-
ive deuteron-bean tensor polarization has been increased threefold over the Sona
polarization scheme and the vector polarization has increased by 5
This system has been described in some detail at a recent conference

The present ion source configuration is shown in Fig. 12.3-1. This
Figure does not include the Wien processor or acceleration tybe immediately
downstrean, which are discussed in a previous annual report

The spin-filter solenoid is shown in Fig. 12.3-2. The solenoid contains
1.6 GHz rf cavity and four-element electrostatic deflection plates. The
solenoid bobbin and container have been treated with a "black oxidizing" rust
preventive process.

The transverse field coils for the rapid spin-reversal system are shown
in Fig. 12.3-3. The coils and associated compensating electric-field plates
are mounted on an epoxy flange which allows arbitrary orientation at the tvans-
verse fields about the beam axis. The coil forms are split at one end t
reduce eddy currents during rapid spin reversal.

Proper adjustment of the compensating electric field reduces to zero
the average spin-correlated Lorentz force experienced by charged particles
passing through the rapid reversal region. Spin-dependent quenching of
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Beam Current Modulation
vs
Net Transverse Field

B,=5.46
v =3x10%m/s
2

Xg, =16

L

L L L
.0 05 00 -05 -I0
Fig. 12.3-3. Transverse-field coils. Er=v By (v/em)

metastable beam passing through this Fig. 12.3-4.
BEIeaN srerilafeinat tea Tl enliite ot
transverse field and therefore camnot
be reduced to zero to the extent that
the fields are non-uniform over the beam diameter. The quadratic dependence is
illustrated in Fig. 12.3-4. These data correspond to a transverse magnetic field
four times larger than normal to enmhance sensitivity to spin-correlated effects.

The quadratic fit indicates a beam-current modulation less than 10~" at proper
field values.

Spin-correlated bean-
current modulation.

A schematic
in Fig. 12.3-5. The spin

of the rapid 1 process is shown
equation of motion in the laboratory system is given by
e Bo(t)xE

with @o(MHz) = 8.8B(t)(Gauss). The atomic spins see a time-dependent field B(t)
as they pass through the spin-reversal region at a speed v 3x10%m/s. This

field can be described in the reversal region as having a nearly constant magni-
tude and rotating at a uniform rate w. In a coordinate system rotating with the
magnetic field the atomic spins satisfy the equation of motion

$ = @)
where B35

is a nearly constant vector about which the
precession.

spin § executes simple
This motion is represented in Fig. 12.3-5.

The transverse and
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SPIN ROTATION
IN
ROTATING B -FIELD

Fig. 12.3-5. Spin precession in the rapid spin-reversal region.

axial fields in the reversal region must be adjusted so that § executes one com-

undergoes a diabatic reversal and the atomic spin is undisturbed.

Measurement of the beam polarization (% component of the spin) as a
function of the transverse-field strength is shown in Fig. 12.3-6. As the trans-
verse coil is turned on and off the polarization alternates between -0.75 and
+0.80. This spin reversal can be accomplished at rates greater than 1 kHz.

The great reduction in sp)n-coz‘x‘elated beam munen repcmed above now
makes possible the described
In Sec: 2.2 of this veport with the e b iy asymetries are no
longer a possible limiting factor in the experiment.

connection with the 19F experiment ve have successfully developed
computer-controlled rotation of the ion-source Wien precessor. The angular
position of the precessor is now determined by the position of the polarization
vector on target as determined by a "quad polarimeter.” The computer, polar-
imeter and precessor form a feedback loop which maintains the polarization
vector in the scattering plane to a few tenths of a degree accuracy.




her improvements have included , . < 2 L
Beom Polarization

Field
Rnplﬂ Soin- Revaral Sysem

with spin-filter installations, in-
stallation of a digital voltmeter and o

mote
control panels wmch s T oo
spin-filter contro

Beam Polarization P
°
8

-02)
Light-pipe failure in the remote-
control system has been a chronic prob- —o4
lem in the past. This system was re-
worked during the spin-filter installa- el

in certain light-pipe channels dating
from the original installation.

next major improvement t
the polarized ion source that ve foresee Fig. 12.3-6. Beam polamzauon vs.
is installation of a cryogenic pumping  transverse magnetic field in the
systen for the argon charge-exchange rapid reversal region.
cell. This recently introduced tech-
nology provides almost complete local-
ization of angon charge-exchange gas in the ion source, and eliminates charge
exchange in unvanted aveas. The result is enhanced beam polarization and beam

rent, More important is elimination of charge exchange in the rapid spin-
reverssl region with Further reduction of spin-correlated beam motion.

L T.A. Trainor, W.B. Ingalls, H.E. Swanson, and E.G. Adelberger, Proceed-
inge of the Particle Accelerator Conference, Chicago (1977), to be
published in IEEE transactions on Nuclear Science.

v Nuclear Physics Laboratory Annual Report, University of Washington
(1975), p. 18.

12.4  Tandem Beam ission Calculations and Improvements

P.J. Grant and W.G. Weitkamp

t is important to minimize the beam lost during acceleration in a
dem accelerator, especially for beams which are difficult to produce with reason-
able intensity from the ion source, such as polarized beams or some heavy ior
R R e e e e
transnission, and have tested some possible improvements.
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Bean Tube Optics:

The principals of bean tube optics have been known for a long tine and
recent review articles are available.! For present purposes we shall be con-
cerned only with the low energy beam tube of the tandem because most beam losses
occur there; with proper steering elements in the terminal, essentially all of
the stripped beam is transmitted by the high energy beam tube. A schematic

iagran of the low energy beam tube (or the beam tube of a single stage Al
erator) is shown in Fig. 12.4-1. The rapidly varying electric field at t
| entrance to the beam tube acts as a strong converging lens, the entrance Zens,
which' focuses the entering beam into
the stripper aperture in the terminal
omce oymce e of the accelerator. In order for

the entrance pupil. This pupil is the
image of the stripper aperture that
would be formed by the entrance lens
if the beam traveled backwards down
Fig. 12.4-1. Schematic diagram of a  the beam tube. The entrance pupil is
tandem low energy beam tube. not fixed in space; instead both the

i position and diameter of the pupil de-
1 nd on the terminal voltage, the con-
figuration of electrodes at the entrance to the beam tube, and the energy of
the ions from the ion source.

It is the function of the external lenses to take the beam emitted by
the ion source and focus it into the entrance pupil, The fraction of the beam
transmitted by the beam tube depends on how well this can be done. The fraction
transmitted also depends on the angular divergence of the beam at the entrance
pupil. Obviously, particles with large angular divergence strike the edge of
the entrance lens and ave lost. For this reason, we must examine the acceptance
of the beam tube, a quantity characterizing both spacial extent and angular

pass completely through the beam tube. The area of this closed figure in the

| v:y! plane is called the vertical acceptance of the beam tube. The area of a
similar figure in the x,x' plane gives the horizontal acceptance. The accept-
e Rt e e given point along the tra-
jectory is an invarient, , it is independent of position along the beam
Libe, "Thia Follows from Liowille's theorem. Note that only the area of the
acceptance Figure is invarient; the shape of this figure may change considerably
along the trajectory.

Acceptance is a particularly useful concept when compared to the emit-
tance n source. The emittance of an ion source is defined in analogy
with acceptance as the area of a figure in either the x,x' or the y,y plane
enclosing all trajectories of particles emitted by the ion source. complete-
1y transmit a beam from an ion source through a beam tube, two SR
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be satisfied: first, the emittance of the ion source must be less than or equal
to the acceptance of the beam tube, and second, the external lenses must focus

the beam from the ion source So the diameter of the beam at the entrance pupil

is smaller than or equal the diameter of the entrance pupil. These two conditions
can be combined into a more general condition: the emittance figure must fit in-
side the acceptance Figure at any point along the trajectory.

Computer Codes:

The calculations described below were made with a modified version of
TUBE.? This first order code takes into account the effects of the inclined
fields in beam tubes, but uses an approximation to calculate the strength of the
entrance lens. To check this approximation, we calculated a typical case with a
more exact (but more time consuming) code CYSYM.3 We find that TUBE overestimated
the strength of the lens by about 20 percent. This error is assumed to be com-
parable to uncertainties in the calculation such as the effects of spherical

aberration, and ignored.

Caleulation of the Entrance Pupil:

The First calculation was a study of the position and diameter of the
entrance pupil as a function of terminal voltage and incident energy for the
normal beam tube geometry. Fig. 12.4-2 shows the results. Note that at 50 keV
incident ion energy the entrance pupil
moves more than 80 cm as the terminal

also that increasing the incident ion
energy moves the entrance pupil further
from the end of the bean tube and in-
creases the range of motion. Fig.
12.4-2 illustrates an important problem
in designing the external lenses. The
entrance pupil has a small diameter
when it is close to the end of the beam
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of the entrance pupil, but because the 35 o5
i ENTRANCE PUPIL POSITION (cm)

object distance (the fixed distance
£rom ion source to lens) the image is
langer when it is further from the lens.

This is just the opposite of what is
required to put the image inside the function of terminal potential (left

entrance pupil. As a result, a single  hand scale). The dashed curve plots

i mum the pupil diameter (right hand scale)
as a function of pupil position. Dis-
tances are measured from the end of
the beam tube.

Fig. 12.4-2. Position and diameter
of the entrance pupil of a beam tube.
Solid curves plot the position as a

transmission for a wide range of terminal
voltages; a pair of lenses is required
and these must be properly adjusted

\
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to give maximum transmission, with the upstream lens strong for low terminal
voltage and the downstream lens strong for high terminal voltage.

Effecte of the tube biasing:

A nunber of techniques have been utilized to reduce the strong depend-
ence of entrance pupil position on terminal voltage. The most common technique
is to weaken the entrance lens by installing a wive grid across the end of the
bean tube. This has a number of obvious disadvantages. We have investigated
the opposite approach, artificially strengthening the entrance lens. This can
De accomplished by biasing the second active electrode from the entrance of
the tube with a fixed high voltage. That such biasing tends to stabilize the
position of the entrance pupil can be seen in Fig. 12.4-3, where results of
caleulations made with this configura-
tion are shown. In this figure the
dotted line indicates the position of
the entrance pupil and potential of the
second active electrode for an unbiased

ube. It is readily apparent that
whereas for a normal beam tube the
entrance pupil moves about 80 cm as the

8
8

VOLTAGE ON SECOND ACTIVE
ELECTRODE (kV)
3
8

50 700
ENTRANCE PUPIL POSITION (cm)

i We Fig. 12.4-3. Entrance pupil position
as a function of bias voltage on the
but have been unseccessful so far in second active electrode. The dashed
obtaining a suitable 100 kV feed-through curve indicates pupil position and
in the tank base wall. second electrode potential for an un-
biased tube.

Bean tube acceptance:

The acceptance of the beam tube as a function of terminal voltage V and
incident ion emergy Ej has been calculated. This acceptance may be expressed

A = KA

where k = 2.7 cm mr in the vertical plane and 7.8 cm mr in the horizontal plane
if V and Ej ave in the same units. The acceptance is determined by the strip-
per aperture and the aperture of the tube electrodes. In the vertical case,

the 1imiting trajectories just graze the electrodes about twenty to thirty
electrodes from the entrance of the tube. The much larger acceptance in the
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hovizontal plane is the result of the slotted apertures in the electrodes of a
standard inclined-field beam tube.

™ bean tube is inversely proportional in the square root
of the incident ion energy. A common misconception among tandem users is that
since the emittance of an ion source varies inversely as the square root of the
on energy, one can increase the transmission of a beam through an accelerator
autonaticaily by raising the acceleration potential of the ion source. Since the
acceptance of the tandem varies in exactly the same way with ion energy, nothing
can be gained this way. However, raising the ion source accelerating voltage
may, in some cases, increase transmission because the image of the ion source
more nearly coincides with the entrance pupil, because higher energy beams are

le to deflection by stray magnetic or electric fields, or because
s with residual gas in the

e acceptance of a

less susceptib:
of a decreased probability of loss in the collision
beam tube.

We have measured the emittance of our sputter source to be about 50 cm
mr for 12C at 20 keV, in agreement with other measurements.” This means we
should expect complete transmission of sputter source beams for terminal volt-
ages above about 7 MV. Actual transmission has been substantially poorer than
this. The direct extraction ion source has an emittance factor of 10 smaller
than a sputter source” so beams from it should be transmitted fully over a wide

range of terminal voltages. We have observed this.

Revision of the tandem ion optics:
he calculations described above suggested several possible improvements

to the ion optics of our tandem. Prior to the rearrangement of the low ene:
the external lens system consisted

end described in Sec. 12.1 of this report,
of two einzel lenses, a large 13 cm diameter lems 240 cm for the end of the beam

tube and a small 5 om diameter lems 190 cm further upstream. The small lens had
not proven particularly useful in previous tests, possibly because of spherical

aberration, so was mot in general use.

The first improvement suggested by the calculations was to reactivate
the small lens and study its effects, particularly at low terminal voltages, and
to replace it with a larger aperture lens, if it proved effective, so as to get
rid of spherical aberration.

The very small diameter of the entrance pupil at high terminal voltages
suggested that it was important to have the downstream lens close to the end of
the beam tube to properly demagnify the image of the ion source to fit into the
entrance pupil.

The much larger acceptance of the beam tube in the horizontal plane
suggested that one might be able to increase total transmission by using a lens
with different focal properties in the vertical and horizontal planes, e.g.,

a quadrupole, instead of a cylindrically symetric einzel lems.

To test all of these suggested improvements, we installed a makeshift
electrostatic quadrupole doublet 80 cm downstream from the large einzel lems.

The quadrupole had 2.9 cm radius cylindrical electrodes 15 cm long, 2.5 cm from
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the axis of symetry. The proton beam from the polarized ion source was used to
compare the transmission using the large einzel lens alone with the transmission
using the quadrupole alone or, at low energies, using the quadrupole and the
reactivated small einzel lens but w)tl‘out the large einzel lens. The polarized
source was chosen for these comp: n because its issi ac
B ] D i T

he results of the comparison at four terminal voltages is given in
Table 12t Tt is, of course, difficult to measure transmission accurately

Table 12.4-1. Comparison of print on transmission with various lenses

Terninal Voltage Transmission usin Transnission using
) large einzel lems alone  electrostatic quadrupole
L1 0.12 0.17%
222 0.40 0.77%
5.0 0.56 0.71
8.1 0.51 0.66

# small einzel lens optomized.

since rather minor triddeling of the settings o scmetimes cause major changes
in transmission. However, the satisfying trends shown by this table appeared
quite real and were cbserved on two separate occasions. We found that the
quadrupole doublet gave best transmission when the upstream lens focused in the
vertical plane. Reversing the polarity caused a decrease of about 30% in trans-
mission. Typical voltages on this lens were 400V,

s discussed in Sec. 12.1 of the report, a permanent quadrupole has
o SR TR e T RO i e T s
stantially improved transmission of the polarized ion source beam has e
future efforts will center around improving sputter source heavy ion beam
transmission.

s J.D. Larson, Nucl. Instr. and Meth. 122, 53 (1974).

2. J.G. Cramer, Nucl. Instr. and Meth. 62, 205 (1968).

3. Nuclear Physics Laboratory Annual Report, University of Washington
(1972) p. 40.

y G. Doucas, T.J.L. Greenway, H.R. McK. Hyder and A.B. Knox, IEEE Trans.

Nucl. Sci. NS-23, 1155 (1976).




12.5  Prototype Spiral Resonator Cavity Construction

D. Chamberlin and J.G. Cramer

The components of the prototype cavity structure described in last year's
report! have been machined, have undergone preliminary checks as an assemblage,
and have been electroplated with OFHC copper. The vacuum integrity of the hatch
seal and the moving seals has been demonstrated. Final polishing is currently
underway and will be followed by assembly and low power tests.

The major deviation from the previous description is the substitution of
round for square tubing in the spirals allowing a tighter geometric form for the
spirals. This change was made after prelininary checks of the original structure
showed the two lower frequency modes t«

creased the capacitance of the spirals
to various elements and has removed the
degeneracy.

The accompanying photograp
shows the assemblage at an intermediate
stage of plating and polishing. The
compensator plate has been omitted as
indications from other researchers are
that a set of spheres placed relatively
close to the spirals will be more
effective as a frequency tuning device.
The 3" coaxial tramsmission line fit-
tings may be seen extending out from
the top of the cavity at the position
of the rotatable, water cooled co
loop.3 The close tolerance fit of
hatch into the tank is not evident
the photo. Not shown and only par-
tially machined are the three alternate
hatches with their differing spiral and
drift tube configurations corresponding
to differing resonant modes and particle
phase velocities.

1 Nuclear Physics Laboratory
Annual Report, University of
Washington (1976), p. 13.

% A. Schempp and H. Klein, 1976 ¥
Linear Accel. Conf., Chalk River. Fig. 12.5-1. ‘rotctyv& Spiral
a; E. Jaeschke, private commnication. Resonator Cav:




12.6

Vacuun tests of Liquid Stripper Foils

Cramer and R. Roddenberg

We have continued our investigations of the properties of thin films
produced at the edge of a rapidly spinning sharpened wheel which is partially
immersed in Doy-Comning 200/50 vacuum lubricant, s reported in last year's

| Annual Report.! We have reconstructed the apparatus so that it can be operated
in S and have tested it in a vacuum test chamber, at pressures on the order
of 107"

We find that the thin films become even more stable under vacuum condi-
tions, presymably because of the absence of turbulent entrained air which is
always present when the apparatus is operated at atmospheric pressure. Thus the
method looks very promising as a means of producing "indestructable thin self-
supporting films for stripping and target applications. We plan to run hea

ion beams through these films to study the charge state structure of the stripped
ions. These measurements will probably be performed with the magnetic spectro-
graph in the near futur

| 2 Nuclear Physics Laboratory Annual Report, University of Washington
(1976), p. 18.

12.7  Performance of the Klystron-buncher with Beams of Light- and Heavy-Ions

Y¥-d. Chan, J.G. Cramer, B. Cuengco, H. Fauska, and R. Sielemann

e have checked the bunehing performance of the existing Klystron-
buncher! mh protons, d 180-ions. To determine the smallest possible
packet-width the et scattermg of protons between 8- and 11 MeV from a C
and Co target was measured with a 700um thick silicon detector. Fast timing
electronics was used to measure the time difference between the cooled and over-
biased silicon detector? and a signal derived from the buncher driver rf. The
three-gap buncher at the low energy end of the tandem was tuned to the extrac-
tion voltage of 45 kV. Optimizing the buncher parameters (and the associated
chorres width) resulted in a best time resolution of (0.8 £ 0.1)nsec (FWHMN).
think that the detector contribution to this value is negligible. An even
| e performance could possibly be obtained if the beam burst timing signal
were to be generated from the beam close to the target.

Measurement of the time resolution using a NE 102 plastic scintillator
for gamma rays around 500 keV showed a time resolution of (1.1  0.1)nsec (FWHM),
the difference compared to the particle detector possibly due to timing contri-
butions from the plastic scintillator.

f buncher frequency limitations the bunching of 160 had to be
perforned ChmeelERElEe e e T
voltage of 57 kV we obtained for a beam of 180 at 35 MeV energy time resolu-
tions of 3-4nsec (FWHM), measured between the buncher driving frequency and a
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NE 102
Y-ray

lastic scintillator mokmg at
from a thin C target

Bunching of 180 on the third
harmonic required more than 60 kV
extraction voltage. This could not be
stably obtained. We therefore bunched
on the fifth harmonic at 3% kV extrac-
tion voltage, leading to rather poor

ansmission of 180 through the tandem.
Time resolution measured in the same
way as before showed that we still ob-

tained a resolution of 7 to 8nsec

1 auska, N.G. Ward, J.
Lilley, and C.F. Williamson,
Nucl. Inst. Meth. 63, 93 (1968).
o) Nuclear Physics Laboratory

Annual Report, University of
Washington (1976), p. 31.

j=—1I0 nsec—=|

12.7-1. Time resolution of the
Klystron-buncher-si

system for 8 MeV

scattered by a




13. INSTRUMENTATION, DETECTORS, RESEARCH TECHNIQUES

13.1 A Silicon Surface Barrier Detector Telescope for Electrons

i, E.G. Adelb

P.A. Dickey, J.E.

e 28Mg beta decay experiment described in Sec. 2.8 required an electron

detectﬂr suth high detection efficiency for 0.5 to 1 MeV electrons, low sensitiv-

ity to gamma rays, and good time resolution. We have found these criteria to be

met with a simple telescope of silicon surface barrier detectors. In this report
we will briefly describe the design and performance of the system.

Design and Operation
The basic teleggope consists of three detector elements as shown in
Fig. 13.1-1 (for the “"Mg experiment a fourth detector was added behind the tele-
scope to increase the total thickness of silicon for high energy electrons).

SURFACE BARRIER
TRANSMISSION

D2 D3

COPPER BRAID
TO PELTIER

L 20004 x 200 mm COOLER
2004 x 300 mm?
1004 x 200 mm?

Sketch of the physical arrangement of the detector telescope.

e
SOURCE ~ — —|

Fig. 13.1-1.

The front elements D)(100u) and Dy(200u) ave thin cempax-ed to element D4(2000u);
the combined 2.3 m Of silicon staps 1 MeV electrons. In operation, the elec-
tronic logic of Fig. 13.1-2 requires a threefold coincidence DyD,Dy to announce a
valid electron event. Most electrons of 1/2 to 1 MeV produce pulses in all three
detectors, and are detected with nearly 100% intrinsic efficiency. Gamma rays ,
which must Compton scatter in the front detector Dy in order to be detected, are
effectively discriminated against because D; is very thin. A two element tele-
scope D1D3 would reject gamna rays as effectively as the three element array were
it not for the fact that the emergy pulses from electrons passing through the
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tector noise.
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A slow coincidence is used for
the electron identification because the

able integration. The slow bipolar out-
puts of the TC205 amplifiers ave fed
into constant fraction SCA's. The RC
shaping time is 2usec and the coinci-
dence resolving time is about lusec.

For high counting rate experiments these
times could be optimized to reduce ran-
dom coincidences.

Response to Monoenergetic electrons

Monoenergetic electx‘ens of known
intensity were obtained from
source, which has internally converted £
transitions between levels with AE =
0.569, 1.063, and 1.77 MeV. Only the v
electrons from the two lower energy (and 5
strongest intensity) transitions stop in 625 40 %0 80 100 %0 Ko
the 2.3 mm detector. The relative in- CHANNEL
tensities from the 1/2 and 1 MeV K con-
versions are known! to be 1000 and
14605 + 138 respecpvely. A spectrum of Fig. 13.1-3.

L -ELECTRON ID OFF
+<ELECTRON 1D ON

& Ssectrum of conversion
electrons from “"'Bi taken with a two  electrons from 2°/Bi viewed by a tele-
element telescope (D,D,) is shown in scope with elements DoD,.

Fig. 13.1-3. The conversion electrons

from the 1/2 and 1 MeV transxtmns can
be separated by electrons in coinci with unconverted gamma rays

from the other branch of the cascade. The coihcidence spectra of Fig. 13.1-4
show that the detector response consists of a peak with about 18 kev FWHM resolu-
tion plus a flat tail. If the tail is extrapolated hemzoncany to zero energy
it represents 1.8 times the peak area; the peak»ta area ratio is not notice-
ably energy dependent between 1/2 and 1 M

BBries at 1/2 and 1 MeV can be obtained from
‘the known response function and the i spectrum of Fig. 13.1-3. (The ?D7Bi
source was calibrated by measumng he K - Xray intensity with a 7mm plana
Ge(Li). The intensity was normalized to the 60 kev line from a calibraced 2*Lan
source standard ) Table 1 lists the measured intrinsic efficiencies for three
element (D)D,D,;) and two element (D,D) telescopes; the efficiency was calculated
by suming obe? the entire response’function-extrapolated to zero energy and
dividing by the geometric efficiency based on the nominal 200mm detector avea.
Devxatxon from unit efficiency occurs because multiple scattering in detectors
Dy and D, deflects some electrons sufficiently that they do not reach

The absolute intrinsic effici
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Fig. 13.1-4. Spectra of 297Bi conversion electrons in coincidence
with 1.06 MeV garma rays (upper) and .569 MeV gamma rays (lower).

The expected shape for a beta

spectrum in the telescope is calculated Table 1
by folding the raw beta spectrum with
the electron detector response function.
Fig. 13.1-5 shows measux-ed and_calcula-
ted beta spectra for

Absolute Intrinsic Electron Efficiency

ource; ) DyPy
the detector connguranon was Dz“a"w o T
1Mev  0.98%.05 05
sponse to Gamma Rays
5 28 1/2 MeV 0.76£.05 0.88£.05
In the 284g experiment, or

wherever a small beta branch is measure
thelrafpeRlisline e e o S cmcml.
nust be small and accurately known. We have measured the gamma ray efficiency by
deflecting away the 207Bi conversion electrons with a permanent magnet and look-
ing at the remaining gamma rays in the telescope.

The gamma ray detection efficiency
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Gamma rays of 1/2 to 2 MeV inter-
act in silicon by Compton scattering
with a distribution strongly forward

{ peaked and therefore enhanced at low
electron energies; no full energy peak

is seen. Since it is the higher energy
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comrs

ENERGY (V)
more than 1/2 eV in the counters is b 0P o [
1.8 x 1072 when the AE-E coincidence is 2 SOHORRC P ED
off and 17 times smaller when it is on. i
Thus Nyy /o (MeV) = 1.0 x 10-3.
define the gamna ray rejection as the
ratio of probabilities for detecting

Fig. 13.1-5. Beta spectrum from “Sr-
electrons and gamna rays with ¥ source obtained with three element
e e i
particle, we find

ated spectrun based on theoretical beta
R TR QN spectrun shape folded with telescope
Rz Nei/2\" MeV)'_ g3p response function
Nyp/o(1 MeV)

Since this number is energy dependent, it should be measured at energies near
those expected for electrons and gamma rays.

F.T. Avignone, Nucl. Inst. and Meth. 116, 521 (1974).

Construction of a Target Heating System for In-Beam t at
Elevated Temperatures

B.A. Scott and R. Sielemann

For certain types of experiments it is desirable to have the possibility
of keeping a target at elevated temperatures. We have constructed an inset for
the small T-shaped scattering chambers which is essennally a resxstancemeaeed
target holder. Small thick targets can be inserted in a BN rod which

W wire wound on its outside. This rod inturn is inserted into an Alurzna

tube which has metallic reflectors on the outside. Ta or C apertures prevent
the beam from hitting non-target areas. Target temperatures up to 800°C can be
easily achieved, an upper linit is presently given by the tolerable heating of
the brass chamber. The temperature is measured by two independent thermocouples.
An easily interchangeable inset is made for larger targets at lower temperatures
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An exising target cooler with liquid nitrogen can be connected to our target
holder A making temperature-dependent experiments possible between -70° C and

+800° C.

1. Nuclear Physics Laboratory Annual Report, University of Washington (1976),
p. 3.

13.3  Design and Construction of ics Equipment

H. Fauska and R. Stowell
Electronics projects for use on the tandem accelerator or ion sources:

Two digital readout of the injector and tandem terminal potentials weve
designed, constructed and installed. The units provide a digitally
selected window of terminal voltage operation. If the terminal voltage
falls out of the operating window a digital gate signal is generated to
turn off the experiment control.

2% Two power supplies were designed, constructed, and installed in the ana-
lyzing and switching magnet power supplies to allow the use of the full
range of the respective regulator.

One 10MHZ reference unit was designed and constructed for the HP. 5254 A/C
freq. meter to provide for its use on the polarized ion source.

(3 One switching magnet degaussing supply was constructed and installed.

The remote control of the number two ion source magnet was constructed
and installed. The chassis includes a degaussing power supply for the
magnet

6. New logarithmic pre-amplifiers for the image slit pre-amplifiers have
been designed and constructed and are going through final testing.

Other electronics projects:

i An alpha counter which is power line operated and runs as a continuous
radiation monitor was designed and constructed.

2 One five channel scaler unit was constructed. Each channel is one decade
and allows cascading.

An overflow scaler was designed and constructed.

b A scaler was designed and constructed for use in experimental setup at
the control console.




A scaler routing system used in fast flip experiments was constructed
and is being tested. The unit will provide data switching for 10 chan-
nels.

A digitally selected frequency stabilizer with crystal reference was
designed and constructed for use in testing the spiral resonator.

A standing-wave ratio meter was constructed for testing the spiral
resonator.

The series power transistor bank of the cyclotron magnet were changed to
silicon transistors.

The field regulator for the cyclotron magnet was redesigned and built.

A beam intensity controller for use in the Battelle radiation induced

creep i was designed and . It uses the chopper on
a time domain regulator principle. The low energy chopper is driven b
a variable length pulse so as to repeditively remove a controlled frac-
tion of the beam and maintain a precisely constant average output beam.

A high precision analog divider and multiplier circuit was designed and
constructed to provide the Battelle radiation creep measurement a signal
proportional to target heater current and target heater power.




14, THE COMPUTER AND COMPUTING

14.1  Computer Hardware Improvements

N.R. Cheney

A lite pen has been incorporated into the display hardware used with the
laboratory's off line computer. Software development is presently underway to
include this capability in off line data analysis programs.

Construction of an interface to allow the laboratory's on line computer
to access data from up to 16 ADC's (Tracor Northern model TN1213) is over 90%
complete. This project has taken longer than originally anticipated i

n our
funding proposal due to several post proposal suggestions made by experimenters.

14.2  RALPH/EDNA: Data Collection/Analysis Programs for Multiple Parameter
Coincidence Experiments

J. Bussoletti, P. Dickey, J. Sanislo

These two programs expand the capabilities for collecting multiple
pavameter coincidence data beyond those offered by SCOSINDHAP/SCOSINEAP. The
new more powerful programs can replace SCOSINDHAP/SCOSINEAP in all applications.
The data tape formats are not compatible, but a conversion program exists.

RALPH is the on-line data collection program and offers the following
important features:

1) Up to four coincident parameters may be processed by the program.

2) Simultaneous collection of coincidence and singles data through the
same ADC in the manner of SCOSINDHAP.

Two different coincidence event formats may be defined simultaneously
through the use of event validity conditioms.

On-line collection and display of up to eight spectra. These spectra
ay be one dimensional, two dimensional or particle identification

spectra. Any combination of spectra types may be in operation
simultaneously.

Up to four digital gate conditions may be applied to each spectrum.

Ability to replay data tapes during a temporary halt in data
collection.

Tape handling has been simplified from that used by SCOSINDHAP so
that no load point markers are needed.




| 8) Minimum processing time for a simple three parameter coincidence
is about 800 usec.

is the off-line program for analyzing data tapes written by RALPH.
S).gnxfu:ant features of EDNA are

‘ 1) Use of the disk as temporary storage space to minimize the number of
| tape reads required for sorting.

2) Sorting can be performed into one dimensional or two dimensional
spectra of parameters or functions of one or more parameters.

3) Up to four gate conditions may be set on each spectrum and these
gates may be defined by a single parameter or a function of parameters.

‘ 4) Ability to both one dimensional and two dimensional
spectra.

5) Facilities for dumping spectrum and/or event information to tape for
i ing with specialized itten programs.

Each of these programs and their operation is completely described in
separate user's manuals.

14.3  HOPFLUX: Modification of HOPTHREE to Generate Optical Model Particle
Fluxes for Heavy Ion Reactions

M.B. Tsang and R. Vandenbosch

In order to visualize the refractive, reflective and absorptive effect

| of complex potentials in heavy ion scattering, it is useful to be able to
exanine the flux trajectories in the angle-distance plane.

Subroutine NUMEROV of the optical model program HOPTWO! has been modified

University of Washington. On the latter computer HOPTHREEZ (a modification of

HOPTWO capable of handling up to 1,000 partial waves) was used. The program con-

sists of two parts. HOPFLUX calculates the wave functions and writes them on a

, tape which is read by another FORTRAN program FLUX that gives particle fluxes,

| a function of distance and angle. The fluxes calculated for 18 MeV alphas
on argon were checked aga)nst ‘those reported by I.E. McCarthy®. They were in

excellent agreenent.

5 J.G. Cramer, Nuclear Physics Laboratory Annual Report, University of
Washington (1874), p. 26.

2 R. Vandenbosch, Nuclear Physics Laboratory Annual Report, University of
Washington (1975), p. Uk,
| e I.E. McCarthy, Nuclear Phys. 10, 583 (1959).




14.4 RESFIT: An Optical Model Plus Resonance Fitting Program

N. L. Back

The program RESFIT, which generates elastic scattering cross section and
analyzing power excitation functions for low-energy protons®, has been revised.
The new version 2.1, like the old one, includes both direct (optical model) and

of the capabilities and limitations of the program are: (a) it is written for
the Laboratory's SDS 930 computer, (b) up to three excitation functions can be
caleulated, each with up to 55 energies, (c) up to seven resonances can be
included, (4) up to 10 parameters can be varied, (e) only 16 partial waves are
allowed, (£) the user can decide whether or not to use the fitting routine, and
whether to fit to cross section data, analyzing power data, or both, and (g) the
data and final calculations are printed out, but are not plotted.

12 Nuclear Physics Laboratory Annual Report, University of Washington (1973),

14.5 Classical Trajectory Program

R. Vanderbosch and R. Weisfield

This program calculates classical trajectories for a particle moving in
a central pontential. The trajectory is numerically integrated from infinity
to the classical turning point (distance of closest approach) and then is
reflected about this point back to infinity. The asymptotic scattering angle is
printed, along with the distance of closest approach and the scattering angle
obtained for a purely Coulomb potential. The calculation can be repeated over
integral steps of angular momentum, all of whose orbits can be plotted on the
Calcomp plotter.

The calculation uses the real part of an optical model potential,
composed of an attractive Woods-Saxon nuclear part, and repulsive Coulomb and
centrifugal parts. A recent addition to the program optionally calculates
the time the projectile takes to reach the turning point from a previously
specified starting distance. The time is printed as a function of decreasing
distance, whose decrement can be varied to the system of interest.

An example of trajectories calculated for the 86kr + 13%9La system is
shown in Fig. 14.5-1. These calculations, which as yet do not take into account
nergy and angular momentun loss along the trajectory, nevertheless reproduce

some of the qualitative features of the experimental data. There is a con-

centration of the largest % waves near the grazing angle. These trajectories

partially damped events.

smaller angles or orbiting around to negative angles. Experimentally, events
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KRGS + LAI33 ELAB = 710 MEV V= 189 MEV.

60 50 -4 -3 -2 -0 0

20 RS0 40 B0 60

Fig. 14.5-1. Example of a trajectory for the 86kr + 1392 system at Eg=710 MevV.
The nuclear potential used is one of a family which reproduces the elastic
scattering, and has a central depth consistent with adiabatic merging of thetar-
get and projectile into a single sphere ot normal density.

with larger energy loss are found to be primarily forward peaked, but also
extend to larger angles. It would be desirable to include energy and angular
momentum losses in a future version of this program.

14.6 KGPHASE: A Subroutine for Calculating Coulomb Phase Shifts for Non-
Integer and Complex Angular Momentum L-values

John G. Cramer

When a relativistically-invariant wave equation such as the Klein-Gordon
equasion is used to describe the scattering of spinless particles, as discussed in
Sections 6.6 and 9.4 the effective angular momentum values which must be used in
the evaluation of -Coulomb wave functions become used in the evaluation of Cou-
lomb phase shifts and Coulomb wave functions become non-integers. For cases
where the product of charges Zz' is greater than 68.5 there will arise an even
ituation in which the effective angular momentum value
For this case the Coulomb phases and wave functions are
undefined,! and if one is mot to abandon the usual treatment of the Coulomb-
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nuclear scattering problem altogether, a model is required for dealing with this
catastrophe. This is discussed further in Section 6.7

The Coulomb phase shifts are defined by the equation:

; Nt
2ioy(n) | T O4lvin) i
T (r1-in)
where n is the Somerfeld parameter and ) is the effective angular momentum
value, and these are given by the equations:

n

2z1e¥hy = 22'0/8 and) = [(1+1/2)%-(22'0) 202172
where a is the fine structure constant and B is the velocxty relative to

As long as A is real, the numerator and denominator of (1) are equal in magnitude
so the Coulomb phase will be real. However, when A becomes a complex quantity,
if we take (1) literally then its numerator and denominator magnitudes will be
unequal and Ul(n) must also become complex, its imaginary part being the
logarithm of the magnitude ratio. This is effectively an analytic continuation
of the definition of the Coulomb phase shift into the complex L-plane.

have written a subroutine to evaluate the real and imaginary parts of
the analytically continued Coulomb phase, using the extended Stxrl)n% approxim-
. 6.1.41 of the Handbook of Mathematical Functions

e z-value to be complex and using separate expansions to evaluate
the real and imaginary parts.

The subroutine call is:

CALL KGPHASE(ETA,ALR,ALI,CPR,CPT)

whee ETA is the Sommerfeld parameter, ALR and ALI are the real and imaginary
parts of the effective angular momentum A, and CPR and CPI are the real and
inaginary parts of the Coulomb phase shift which is calculated.

jote that the usual procedure of evaluating a Coulomb phase of large £
and recurring downward will not work for the relativistic case because the
A-values are neither integers nor evenly spaced in A. Thus each Coulomb phase
must be calculated individually in a relativistic Coulomb scattering calculation.

1 N.F. Mott and H.S.W. Massey, The Theory of Atomic Collisions, pp. 40-ul,

Oxford at the Clarendon Press (1949).

24 M. Abramowitz and I.A. Stegun, Handbook of Mathematical Functioms, p. 257
U.S. Government Printing Office, Washington, D.C. (1964).




14.7 KGRUTH: A Program for Calculating the Rutherford Scattering Amplitude

for the Klein-Gordon Equation
John G. Cramer and John G. Wills*

As discussed in Sec. 14.6 above and in Sec. 6.6 below, Coulomb scatter-
ing with a relativistic wave equation such as the Klein-Gordon cannot be
calculated with the usual Rutherford scattering formula. In fact, no closed
expression is known for the evaluation of relativistic Rutherford scattering.
Nevertheless, the conventional treatment of the Coulomb-nuclear scattering
problem requires that the Rutherford amplitude be factored out of the partial-
wave sun so that the radial integration can be terminated when the nuclear
potential cuts off at Rmax and so that the partial wave sum can be truncated at
approximately £ = kRpax

The Rutherford cross section calculated.with the Klein-Gordon wave
equation is also interesting in itself, in £t there wikiibe, i some: cases,
experimentally cbservable et and K

derived Rutherford cross seccmns Ty possible to experimentally test
the form of the wave equatior

these reasons, we have written a program to calculate the Klein-
G e R amplitude by means of a partial wave sum, ~The basic
expression for the Rutherford amplitude is:

R k Pt ¥
foon = Tk E\21+1)P1(c0507(ex;(2:[ax(n) + m(2-1)/21} - 1} @
where the effective angular momentum value for the Coulomb phase is given by:
A= Syt @a?- 2 @

Here n is the Sommerfeld parameter 7Z'e2/hv and a is the fine structure constant.
Unfortunately, the series given in (1) does not cut off at finite values of %,
but one can add and subtract the non-relativistic amplitude fnye given by:

n (i 8y-2-2in 2ic
oA &*1%(3)

Fruthes b?kl J2a+D2 (cost)expl21ay (m] - 1

Equation (1) then becomes:
1

6

ruth f!‘IM:h

+ (2041)P (cos8)expl2i0,(n)]

x {exp{2ilo, (n) - o (n) +n2-2)/2]} - 1}. (1)

Clear]y the second exponential factor approaches 1 as A% so the series con-
erges, but this happens relatively slowly, and requires a summation of
thiousecia or pos dilyaved el very heavy ions. This situation can be improved
by a slight modification of equation (4) in which instead of using fpytn and
g(n) for the actual n-value, we use a slightly modified value n' given by:

iy n2g? -1 n 1 T L
nt == 2L 7an (m)' e - PN - 1/CLe2)) (5)




_

where L is the angular momentum value at which we wish to truncate the series.
With this procedure we can calculate fK3,, with a few hundred partial waves and
use this for Rutherford scattering prediStions and for optical model
calculations.

For the case where ZZ'>68 the effective angular momentun ) will become
complex for the low partial waves. When this happens, there is mo "correct’
procedure for evaluating the Coulomb phase shifts and Rutherford amplitude,
since, strictly speaking, both are undefinedl. In the program KGRUTH, we have
provided three alternative procedures for dealing with this problem, which may
De taken as models. These are: (1) use only the real part of A when it becomes
complex, so thatA =-1/2; (2) use only the real part of the analytically
continued Coulomb phase shift oA(n); and (3) use the full complex value of the
analytically continued Coulomb phase shift oj(n). The analytic continuation
procedure employed in (2) and (3) is discussed in Sec. 14.6 above. It is not
at present clear which of these procedures (if any) is most successful in deal-
ing with the Coulomb catastrophe which occurs for Z2'>68. Our present feeling
is that procedure (2) is probably best in that it gives the smoothest transition
between the questionable low partial waves and those for which this problem

does not arise.

The program KGRUTH employs complete fully relativistic reaction kinema-
tics and is capable of dealing with identical or non-identical particles. It
employs the subroutine KGPHASE2 to evaluate the Coulomb phase shifts and can
handle partial wave sums with up to 1600 partial waves. It compares the normal
and Klein-Gordon amplitudes and cross sections and produces a high-density plot
of both.

We plan to incorporate this program in a pair of new optical model
prograns, one for pion scattering and one for heavy ion scattering which use
the Klein-Gordon as their wave equation and treat the Coulomb part of the
problem as accurately as possible.

# Permanent address: Physics Dept., Indiana University, Bloomington,
Indiana.

. N.F. Mott and H.S.W. Massey, The Theory of Atomic Collisions, pp. ¥0-41
Oxford at the Clarendon Press, (1949). =

24 See Sec. 14.6 of this report.

14.8  KGCOU: A Subroutime for Calculating Coulomb Wave Functions and their

Derivatives for Non-integer Angular Momentum L-values

John G. Cramer

When a relativistically invariant wave equation such as the Klein-Gordon
equation is used to describe the scattering of spinless particles, as discussed
in Sec. 6.7, the effective angular momentum values which must be used in the
evaluation of Coulomb wave functions are not integers. Ti

procedures for evaluation of Coulomb wave functions,
unit steps in angular momentum, camnot be used. It is therefore necessary to
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devise a new procedure for the evaluation of Coulomb wave functions of arbitrary,
and in particular fractional, angular momentum values.

Fortunately, the Manchester group has recently published a descri] iption®

£ a computer program for caloulating Coulomb wave functions which employs a
continued fraction procedure which does not depend on recursion relations or

on the integer character of the angular momentum values. We have written the
subroutine KGCOU based on the Manchester program which calculates the regular
and irregular Coulomb wave functions Fy(p,n) and Gy(p,n) and their derivatives
with vespect to p,F}(p,n) and G} (p,n). The calling cequence of this program

CALL KGCOU(RHO,ETA,AL, FC,FCP,GC,GCP)

where RHO and ETA are the p and n values, AL is the value of the effective
angular momentum, and FC, FCP, GC, and GCP are the output quantities Fy, Fj,
Gy, and Gf . Note that the program must be called separately for each Valie
of AL rather than in the usual way of filling an array in a single call. Note
also that the program does not calculate Coulomb phase shifts, which are
calculated with the subroutine KGPHASE described in Sec. 14.6 above

subroutine KGCOU calculates the Coulomb wave functions very rapidly
as long as AL is less than the cutoff L-value defined by:

L =/o(p - 2n) + 1/i

1/2 (6]

If AL is larger than this value, the program employs a Runge-Kutta integration
procedure to integrate inward from a larger value. This urocedure is quite

ge
evaluate than the lowes AL values: Fortunately, in a Eypléal caloulstion only
a few of the largest AL values fall in this region.

This program will be employed in two new optical model programs, one for
pion scattering and one for heavy ion scattering, which will employ the Kelin-
Gordon equation as their wave equation. This program does not deal with the
problem of complex effective angular momentun values, as discussed in Sec. 14.7.
Hovever, e pecomend sthat for this casethe Couloub fuctions be evalusted for

and the resulting G+iF Coulomb Hankel function be multiplied by the phase
faccor oo [21(0) - 0., )]. This procedure is consistent with those described

in Sec. 14.7 abo

1 A.R. Barnett, D.H. Feng, J.W. Steed, and L.J.B. Goldfarb, Computer
Physics Communications e 377 (om).

14.9 . AUTOPEAK: An Automatic Peak Search Program with Least Squares Fitting

K. Green

In conjunction with the 2*Mg(a,a') experiment described in section 7.4
of this report, an automated analysis program was developed o handle the large
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amounts of data in a consistant manner. It is designed to function without
operator intervention, requiring only a tape drive and the line printer.

AUTOPEAK reads standard MULTSING data tapes and scans deswnaccd B
for peaks by a method similar to that of Blok, DeLange and Schotmanl.
method is sensitive to multiplets and will operate with :ampletely arburary

peak shapes. Peaks located in this mannmer are then fit with Bevington's CURFIT2,
using a fitting function consisting of up to 4 peaks on a quadrative background.

The width, height and centroid of each peak is variable, peaks which fail to
converge are discarded.

Output consists of a brief line printer plot for each peak, giving the
source data, fit and background. The centroid, RMS width, background subtracted
area and statistical error of each peak is also printed.

T

.7, Biok, J.C. Delange and J.W. Schotman, Nuclear Instruments and
Methods, 128, 545-556 (1975).

Philip R. Bevington, Data Reduction and Error Analysis for the Physical
Sciences (McGraw=Hill, 1369), pp. 237-239:

2

14.10 PRECESS: A Program to Calculate Spin Precession in a Time-varying
Fagnetic Field

R. Von Lintig and T.A. Trainor

This program was written in connection w
reversal system recently installed in the
of this report).

the design of the rapid s

4 ion source (see S
Computer similation of this systen is desirable because proper
operation depends critically on magnetic fields generated by six separate coils
in the rapid-reversal region of the ion source, and because trial-and-er:
adjustment of the system would require a significant amount of et

The program integrates the spin equations of motion

L) . 3e) x Bw)
where h(t)

=ug B(t) and B(¢) is the magnetic field in the rest frame of the spin.
The spin is that of a neutral hydrogen atom moving at 3x10% m/s through a

region of varying magnetic field which is static in the laboratory system.

Transverse and axial magnetic field values are entered as data or
generated internally with appropriate analytic expressions. The transverse
and axial Fields can be separately normalized and/or shifted with respect

one another along the atomic-beam axis prior to integration
motion.

to
the equations of

The program calculates three spin components as functions of po:
along the beam axis. It also calculates the final z component

s
= Function of either Field-normalization parameter or the relative d)splacemeﬂt
of axial and transverse fields.




14.11 VOYEUR: Automatic Analysis of Function Spectra

J. Osborne

VOYEUR is an off-line analysis program, for use on our 930 computer.
Detailed instructions for use of gran are available from the VOYEUR
self-loading tapes. VOYEUR is designed to automatically produce excitation

listed on the line printer, plotted on the line printer, or plotted by the
Calcomp plotter in a form suitable for publication.

In the calculation of yields, VOYEUR automatically normalizes to a
current integrator scaler and corrects for ADC dead time. Up to 40 peaks at
50 energies can be calculated in one pass. The windows defining the peaks can
be defined so that they automatically track changes in the calculated centroid
of the peak. Background subtraction, which is also optional, is accomplished
using a stra)ght line interpolation between user-defined high and low back-
regions. The files are read back into the computer, and the user

can then define a weighted sum of the yields. This allows him to add or sub-
tract peaks and to convert yields to cross-sections. The user can also define
the yield of one peak to be divided by the yield of another, for the purpose
of normalization or comparison of yields.




15. ENERGY STUDIES

15.1 Energy Studies
D. Bodansky and F.H. Schmidt

The book discussed in last year's report; The Energy Controversy
The Fight Over Nuclear Power was published in September. TSTE(ATRLon Fublfsh-
Tig oo, San Francises). About a dozen newspapers carried a six-part condensed
version of the book during the fall of 1976. In view of the rapidly changing
national energy situation, at the present time we are considering a revision
to bring the book up-to-date.

Another part of our work, also mentioned in last year's report,
led to the preparation of a chapter entitled "Safety Aspects of Nuclear Energy"

which has now appered in The Nuclear Power Controversy, edited by Arthur
_Hall, October,

eiage the American Assembly, Colwbia University (Prentic

In addition to the above writing, we have given a mumber of seminars
and colloquia on diverse aspects of the emergy problem in various departments
of our . own and other Universities, have made presentations before government
bodies, and have spoken to a broad range of general audiences. Some of our
comments have been published as letters-to-the-editor

h members of the Nuclear

In recent months, in collaboration w
Engineering Department, we have begun more intensive study of one of the most
important issues on the national energ the connection between nuclear
power plant operation and weapons proliferation. A contributed talk on this
subject will be presented at the Washington, D.C. meeting of the American
Physical Society, in April, 1977.

In March 1977 one of us served as a Moder
by the Alr Force Academy in Colorado Syrings. These yearly asse
the pattern of the American Assemblies and are sponsored jointly by the A
and Columbia University. The three days of sessions br
of about eighty students selected from Universities dcrsss Sy
about fifteen specialists in diverse fields of e om Univers:
National Laboratories, and Government Agencies

d from those

objectives of our stud

The overa: 2
to evaluate as best we can the energy problem as

mentioned previously
whole, and to communicate our evaluations.

1. Nuclear thslcs Laboratory Annual Report, University of Washington,

p. 163, (197
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16.1  Nuclear Physics Laboratory Personnel
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Eric G. Adelberger, Professor
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John S. Blair, Professor
David Bodansky, Professor, Chairman, Department of Physics
David F. Burch, Research Assistant Professor
John G. Cramer, Professor
Klaus A. Eberhard, Visiting Associate Professor
George W. Farwell, Professor
I. Halpern, Professor
Donald R. Maxon, Visiting Professor
Fred H. Schmidt, Professor
Kurt A. Snover, Research Assistant Professor

omas A. Trainor, Research Assistant Professor
Robert Vandenbosch, Professor
William G. Weitkamp, Research Associate Professor;

Technical Director, Nuclear Physics Laboratory

2

3

Research Staff

Konrad Aniol, Research Associate
Hans-Holger Bohn, Research Associate"
Philip A. Dickey, Research Associate
Peggy L. Dyer, Research Associate

Lynn D. Knutson, Research Associate®
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Klaus G. Bernhardt?
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William B. Ingalls, Research Engineer
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o On leave from the Department of Physics, University of Pittsburgh,
Pittsburgh, PA 15260.
2. Present address: University of Miinchen, Sektion Physik D-8046, Garching,
Germany.
3. On leave from the Department of Physics, Brown University, Providence
RI 02912.
[t Present address: Institute flir Kernphysik and Nukleare l’estkﬁrper—
physik, Technische Univ. Minchen, D-8046 Garching, Germa
5 Present address: Department of Physics, University of Wiseonsia-Hadison,
Madison WI 53706.
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Berlin 39, Germany.
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16.2  Advanced Degree Granted, Academic Year 1976-1977
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presented at the Chicago APS Annual Meeting, Bull. Am. Phys. Soc. 22, es “Gar.

"Radiative Proton Capture and Direct-Semidirect Model," K.A. Snover, Informal
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Weitkamp, presented at 1976 Symposium of Northeastern Accelerator Persomnel,
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