





THE COVER

ar we endeavor to find a cover picture which has int:
sicist and non-physicist, and which might be classed a
ique to our laboratory.

This year we settled on our high pressure gas cyli
the nitrogen and carbon dioxide mixture used for insula
tential terminals of the two Van de Graaff machines.

The architect of our building nanaged to turn the Kno
of vhere to put the cylinders into an architectual conversation

form & mooup of towers which Epont on the Van de Grasff buil
and have aroused considerable local interest and curiousit

The reader can best appreciate the design by opening both front and
back covers. The visitor can best observe lying on the grass
and gazing at the yellow colored tanks against a blue sky background.




INTRODUCTIO!

work described in this report was performed
boratory of the University of Washington during the year
was directed and executed by faculty and graduate

D istry, by the sta

visitor groups from both within and outside the Unive

he principal facilities of the Laboratory are a three-stage Model
Van de Gra celerator, construted by the High Voltage Engineer;
and com 7, and a conventional cyclotron -- the "Sixty-Inch"-—
d by laboratory persomnel, and completed in 1952, The three-stage

aff accelerator direct t beam of protons with energies
eron, alpha particle, and heavy
protons, deuterons, and alpha par:

s of 11, 22, and 44 MeV, respectively.

. The cyclotro
essentially fixed en:

he Atomic Energy Commission under
E elotron

user groups. A National Science
accelerator, a portion of
the comstruction costs of the laboratory buildi
unds came from State source

purchase
d

The research in the Laboratory involves a wide range of current problems
in the study of nuclear structure and nuclear reactions. Within the limitations
imposed by facilities and time, we encourage individuals and groups to pursue
any avenue of research appropriate to nuclear physic

ch individual report is i
or developments which in some cases are i
s of work describe earlier Annual Re ovu.
insure that enough background material is

reader. The appear

d should not be quoted
listed in alphabetical

and are
£1y their responsib i  their training.
of writing encourages one to focus upon objectives, and the completed sum

orts have been

y. We regar




of reports provides excellent intra-laboratory communication. therefore be-
Lieve our amnual report has an intrinsic value beyond letting the agencies know
ve've tried hard, Tt even allows those who write introductions
captivated by their own rhetoric.

onentarily to be

This year, in recognition of the logic that all good e
st begin with good equipment, we have inverted our usual subjec

nental work

t onder by
placing the instrunentation sections at the beginning. However, it should mot be
gonstrued that order denotes importance or even always logic. For example, the
high regard ve hold for our staff is not reflected in the fact that our gEOUD

picture, also an innovation this year, appears at the end of the report.

Section 12 of this report contains brief descri;
of research projec:

the Laboratory.

ptions of a wide variety
conducted at The Sixty-Inch Cyclotron by groups from outside
These visitor groups, which come from other organizations within
he \University, from other wiversities and colleges, and from industeiel oegenic
fations, have provided the mterial contained in this section, and ve appreciate
their contributions. Because of ‘the abvious benefits of this werk both Lo tha
iaboratory, md to the  scientific commnity in general, such groups willl Gomeinie
To be welcomed here to the fullest extent possible within the limitations.

time, maintenance, and safety.
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ACCELERATOR RESEARCH AND DEVELOP

sl Van_de Graaff Accelerator Improvements and Operatio

jor emphasis in Van de Graaff accelerator developrent this g' v has
been duction of sew ion beans. During the summer o bot

ues used to cbtain

rt. ddition, the direct e

g of proton,
deuteron and 160 beans his source large mcwh cup t of oxygen ions
that it W poss E in 607t, can be accelerat-
ed to an 2 The direct extraction source has also freed the
charge
has greatly simplified sccalsratar operatio
e exchange source from hydrogen to heliun

The stati of accelerator operat
list of tank opening for both the tan
and 1 The ignificant maintenanc
in T s e e g
n ition the tanden tank was opened eight times during the year to
pair leaks in the sylphon that is part of a rotary motion feedthrough for the
rminal foil changing mechanism. After nearly two years of ~ rvice,
porosity developed in the solder joints at the ends of this sylph A nuber of
repai but the poro: h few v n each
case. A feedthrough involving no solder j T B st A
d the problem.

In addition e improvements and mal ned above, or de-
in Secs. 1.3,1.6,1.7, and 1.8, the n/l,\Om\ng were also accomplished dur-
the year.

agnet power supply cooling water was changed from
condensate water systen to eliminate sweating in the transister bank.

b. Blower type mechanical pumps in the injector vacuum modu
by vane type pumps to improve reliability.

A network of multiple conductor cables was installed to provide
additional wiring capacity between the control room and the caves and accelerator
tunnel.

Safety interlocks were improved.

dravings were brought up to date.

aling, and W.G. Weitkanp)




E: Table 1.1-1. Statistics of Van de Graaff operation during the period from
Til 1 1970 T

1969 to_Apr:
i it Division of time among activities:
Time (Hrs)
Normal operation® 6618 76
Accelerator testing 105 1
ERlETE e e il 907 10
Unscheduled maintenance 792 9
Ueadmatod timed 338 4
Tota1? 8760 100
2 Division of beam-on time among particles

Two-stage operation

Protons 1175 24
Deuterons 260 5
3 409 8
3 4 522 un
169 251 5
4 86 2
L 614 138 3
: Total 2841 58
b. Three-stage operation

Protons 1327

Deuterons 753

Total 2080

b TOTAL BEAM TIME 4921

a Includes all time accelerator was under control of an experimentor.
i b Includes time machine is idle on account of these acti
g c. Includes legal holidays if the machine was mot run.

a This equals the number of hours in one year.




placed

ixed terninal ripple remover, re-installed down charge
creen, replaced foils, replaced corona needles.

ozen alternator beari Replaced alternator, greased
drive motor.
Adjusted screens, re-tensioned belt, repaired terminal
ripple remover.
Removed leaking
Installed new foil s
Repaired terminal ripple remover.

Calibrated upper drive motor

new

Repaired u
wheel mechan

Replaced foil wheel sy

Replaced
corona head.




year for

Table 1.1-3. The injector tank has been opened 5 times during the past
the_following reasons:

- Filled adder gas bottle.

il

21 - Replaced drivemotor, greased alternator.

a4 9-20-69 ~ Repaired broken Septier lens, realigned injector.

4. 11-19-69 - Replaced a loose spring on colum. Removed extra
saddle which was shorting out colum insulator.

g 11-24-69 - Repaired loose spring on back-biasing at midsection.

o Direct Extraction Ton Source

i 1 :
n ion source’ has been completed and is now in use.
e injector after

The direct extract
The source was installed between the negative ion source and th
having been set up and tested outside of the accelerator area.

The source was_installed primarily to provide a beam suitable for use
with the beam buncher.? Fomentum variation of the protons from the charge ex-
change type source limits its usefulness
momentun variation places a lower limit on the pulse width of 5 nsec.

The secondary purpose was to decrease down time when switch
type of ion to another. There is only one location for the charge
tive ion source, the alpha source, and the lithium source, so considerable time
was spent removing and installing ion sources. The DEIS, a completely independ-
ent system, cuts down on the number of source exchanges since it replaces the

charge exchange negative ion source.

ng from one
exchange nega-

th the DEIS has delivered 200 nA of protons on target
This is 1/3 the minimum width

The buncher used
with a pulse width at half maximum of 1.8 nsec.
attainable using the charge exchange negative ion source.

With 45 KV extraction voltage, proton beams from the source have exceeded

With an input into the tandem of 40 uA, 12 A have been measured at the
with lower intensities and an output of

So far there has been no attempt

40 uA
output. The transmission is improved
5 ua has been cbserved for an input of 7 uA.
o put beams of this size on target.

oxygen emitted from the barium oxide coating on the filament is suf-
Gt provide 16 uA of oxygen beam. This beam has made it mszble to get
300 nA of charge state 7% on target at an emergy of 70 MeV

The portion of the focus
The geo-

The source uses an ORTEC 358 duoplasmatron.
electrode that faces the duoplasmatron was also purchased from ORTEC.
metry of the source is shown in Fig. 1.2-1.




DIRECT EXTRACTION
ALUMINA INSULATING COLLARS
[FORTEC 358 DUOPLASMATRON ION SOURCE
| Focus eLectrooe

apeture focys

shedtroge

INSOLATOR SHIELD AND
MAGNETIC FLUX RETURN | L insi aToR swieLo

GROUND ELECTRODE

Side view of direct extrac- F)g. 1.2-2. Block diagram of direct ex-
ion ion source.

1.2-2 the focus supply, arc supply, filament supply,
mst float at the extraction potential. Control

ich must also be elevated in
These rods are turned with 0.67
control room or the ion source

own in Fij
and bottle magnet supply
se supplies and the source gas needle valve »
potential is accomplished by using lucite rods.
hat can be operated from either th

arallel with a 12 kV spark gap
excess voltage in the event the focus electrode sparks

to labor: (ary ground e e supplies do not have as great an over vol-
cblem since t fny currents resulting fron
coarics elSEIEERENGe ok A RRAeRE o a 111 (ForyE P  cyecla e
ply diodes. However, voltage regulator tubes have been installed parallel to the
supplies to prevent possible damage to the meters due to tramsients.

The focLa voltage power supply is

The arc voltage supply has two parallel
with the load to protect against runaway arc

L s s in ser
1

arc current much

5 UK high voltage supply is used to provide the ex-
resistance filter that limits 60 cycle
t for this supply which uses

A Voltronics Ban-70
traction potential. It has a capacitive
ripple to less than 0.13. A regulator was b




saturable reactors to control the ac imput. This regulator prevents slow voltage
fluctuations caused by line voltage variation and changes in loading. As long as
the arc current is not changed radically, thus changing the loading on the ex-
traction supply, the long range stability of the extraction voltage is better
than 0.01%/hr at 45 kV.

A 60 volt 60 cycle ripple was introduced on the extraction voltage by
capacitive coupling across the isolation transformer used to provide ac power to
the floating power supplies. This ripple was decreased by bucking it with a sig-
nal generated from the floating ac power. A phase shifting circuit of two var-
iable resistors and a capacitor was used to generate the signal. The null set-
ting of the bucking circuit turned out to be somewhat dependent on the loading of
the ac power. However, under normal operating conditions with 45 kV of extrac-
tion voltage, the ripple is less than 30 volts.

The source is cooled with liquid freon 113 which is circulated through a
heat exchanger freon pump is a 5-stage centrifugal pump constructed from a
Teal submersible deep well pump. The Teal pump uses separate cast plastic stages.
The stages may be stacked together as needed to obtain the required pressure.
The pump is imersed in the freon reservoir and the pump motor is above, thereby
avoiding the necessity of a moving freon seal. Due to the poor lubricating
properties of freon, teflon was used in the bearing that supports the drive shaft.

Substantial interlock protection has been built into the source system.
£ the pressure monitored with an ion gauge becomes excessive all source pover
supplies are turned off. Hork is currently being done to integrate this ion
gauge monitor into the accelerator interlock system so that when the ion gauge
trips the automatic beam line, valves will isolate the ion source from the rest
of the vacuun system.

None of the source power supplies can be on without the freon circula-
tion pump on. A thermostat on the duoplasmatron provides further protection
against overheating. If the temperature of the duoplasmatron exceeds 150°F, it
turns off.

There are flow switches in the freon and water lines of the heat ex-
changer 5o that once the heat exchanger is on, a loss of either water or freon
f£low turns off the water and freon pump. This prevents overheating due to water
failure and protects against freon loss and pump damage in the event of a freon
leak.

The doors on the high voltage protection cages are interlocked so that
all power supplies are turned off if the doors are opemed.

The extraction pover supply is interlocked so that the voltage control
ob must be turned to zero in order to turn the supply on.

A vecuum system has been adapted to make possible the baking out of
replacement filaments. Filaments can be baked out in containers mounted on the
vacuum system. These containers can then be sealed off, filled with argon, and
stored until needed.




alled to provide an entrance

ching magnet was in

path into the

beam 1i The magnet also provides an entrance path on the oppo-
site si ough ine which will eventually be used for the
polarize e /‘onﬂnuc.uu by Alpha Scientific according
to our ry needs mof design were
ntly large to allow the source to be
switching magnet. This was necessary because
ce was limited.
b. horizontal focusing.
length, that is, as large a path length in the field
as economically feasible.
An air gap large enough to permit good pumping
an Alpha 45-30. This supply was altered so
that it from two locations, the ol room and

interlock prevents control transfer when the magne
ch in the magnet cooling water line prevents oper
man)

Laboratory Annual Report, University of Wash

pnnual Report, University of Wash:

e Lamb-shift polarized ion source

ons truct:
has now been virtually completed..

energy aolx g
a polarized ion beam one of
induced to decay via th
short lived 2Py state. The method used is ~h= sare as th
et al.2>3 and Is shown schema lly in Fij

beam of me: able deuts
change in cesium vapor, travels through
gauss, wher - § zeeman split hyperfine component o
tate is to decay the
rrangement and a magne
certain field distribution along the beam axis one can cbtain different degrees
of polarization’ or of deuterium a different degree of mixing be-
tween tensor and vector polarization. The remai: e
ionized in an argon gas cellS to produce a neg:
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Fig. 1.3-1. Diagram of Lamb-shift source as used during bench testing.

tandem Van de Graaff accelerator.
high polariza-

The ion source had to satisfy several requirements: (a)
varia-

tion and large beam output, (b) good reliability and serviceability, (3)
bility of polarization and spin orientation.
To achieve a large beam output it was mecessary to replace the RF ign

with a duoplasmatron of the type used in the Los Alamos ion source.” Th
ertures

source®
source current output was found to be relatively high so that various a
had to be imstalled to eliminate the unwanted beam and reduce the contamination

a
of the quenching plates and the argon gas cell.

ven so, a significant buildup of contamination occurred, making the op-
eration of the source very wreliable. Replacing the solid brass surface of the
quenching plates by a baffled wire grid surface solved this problem to a great
xtent. The construction of the argon gas cell was altered so that it could be
heated while in position as well as readily removed to be cleaned. Oil deposi-
tion from the diffusion pumps, which were specified to run without additional
bafflinf, c 4 to be a problem but vas reduced by using higher quality oil
for both the diffusion pumps and the backing pu

The source output and beam profile were studied using a neutral beam de-
tector and phosphorous screens at various points along the beam line. In this
way the size of the collimating apertures as well as the geometry of the accelera-
ting beam tube and the Einzel lens behind the argon cell were optimized. Further-
more to optimize the operation of the source it became necessary to rebuild the
source box itself with the duoplasmatron and the extraction assembly separately
mounted on a detachable optical bench. The arc and beam-plasma profile could be
monitored through viewing ports.

The tensor polarization of a douwble quenched deuterium beam served as
guide to the performance of the source. Typically we obtained a polarization of

622 £ .000 with -.740 & .018 the most favorable result compared to the theo-

retically expected value of -1.0. The beam output after acceleration to 125 KV
was typically between 60 nA and 100 nA, with 130 nA the highest output obtained.




pect that the lower than expected value of polarization is due to
the fact that the cesium and argon are mot localized in the respective gas-vapor
cells but do cause an appreciable amount of charge exchange outside of that r
glon. It is hop t a clean system and an improved geometry of the
nal a higher polarization can be obtained.

onths the operation of the source has proved to be
operation of the Wien filter and the associated beam
ore final installation of the polarized ion source
Michel, L. Page, E. Preikschat, and G. Roth)

Over the e
quite reliable

RiCS erford, P

Retl s. Rev. 79, 549 (1950).
hel, and K. Corrigan, Nucl. In

str. and Meth. 62, 203

, Nucl. Instr. and Meth. 63,

Plattner, and W. Haeberl

, 295 (1967).

, 439 (1965).
versity of Washington

Donnally and W. Sawyer,
cs Laboratory

, G.G. Ohlsen, and J.L. McKibben, Phys. Letters 26B, 594
969). We are indebted to Los Alamos Scientific Research Laboratory
supplying us with plans for the construction of the duoplasmatron and
extraction assembly.

Lithium Source

x the tandem Van de Graaff was successfully tested
in June 1969 briefly delivering 70 na of analyzed °Li™** beam.
increasing the stability and dependa-
source. During the most recent use of the source in January 1970,
proximately 300 na of ELi*t" on target continuously
The output of the source was low
g achieved stability of the source, we are
cations to increase its output. Following is a list of steps we
have taken and are taking.

The major stability problems s
un cell, the exchange canal, et

nal must be heated

provide reasonable lithium vapor demsities in the canal. Lithium
reactive especially when re it was necessary for the cell and
canal to be made of stainless steel to reduce corrosion. a cylinder
5 in. long with an outer
1/2 in. diameter opening at the ends which steps down to a 3/16 in.
opening in the center. The cell and canal heaters have separate power supplies
and controls. The original heaters were composed of nichrome heater wound
tween two boron nitride sleeves arouwnd the cell and 1l
readily analgamated with stray lithium and proved unreliable.
these old heaters with coaxial heater cable? wl
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Fig. 1.4-1. Schematic of the lithium source

The Kj bean is extracted from the
duoplasmatron.

the boron nitride insulatior

he coaxial cable has increased the heating effi-
ciency for the cell and tha canal and has radueed e cooling ments for
the rest of the source. A heat reflector was also installed on the support for
the exchange canal.

Originally we used small 2.9 ohms/ft coaxial heater cable with a 0.062 in.
outer diameter. The cell and canal float at the voltage of the exchange camal

(- 40 kV) and when excessive sparking to ground occurred the delicate heater
cable exploded, We covered the heater cable with tantalum shielding but this did
not completely solve the problem. We believe the sparking caused current surges
in the coaxial cable which caused it to explode. We changed to larger
cable 0.73 ohms/ft with 0.125 in. outer diameter and

coaxial
the problen vanished.

Recent revisions have been made to the optics of the source to improve
its output. The OLi~ coming out of the exchange canal have an energy dis-
tribution ghich is unknown. Previously the optics of the source have been such
that only °Li~ ions emerging from the exchange canal with an energy of about 12
keV were comegtly focused into the bean transport system. like to be
able to focus CLi- of any energy. the ground
exchan| s at the end

We woul
To accomplish this we have moved
e canal and have placed an Einzel 1

electrode closer to the
of the source (see Fig. 1.4-1).

A photograph of the source is shown in Fig. L.4-2. This new configura-
focus BLi~

ions with any energy larger than 7.5 keV (w

.W. Eddson}

nd K.G. Nair).

Nuclear Physics Laboratory A
(1
Purchased £rom American Standard, Aero Research Div., 9000 King Street,
Franklin Park, Illinois 60137

Pernanent address: University of Missouri at St.

nual Report, University of Washington

Louis, Missouri.
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1.4-2. Photograph of the lithium source in the upside-down position.

1.5 Acceleration

Previous acceleration of 00 in this laboratory was carried out on the |

tandem Van de Graaff accelerator, following the directions of the manufacturer,

by bleeding a source gas mixture of H, and Op into the duoplasmatron ion source.
fum wire mesh filament was used in the duoplast

The operation of the fon source under these conditions was often unstable and u

satisfactory. iculer, the aperture through wiich the lons are extracted
roded or welded shut. Because of this

ent coating contributed to the 160

on.

instability and because the oxide ions in
the plasma, we sought a different method for 180 accelerat
Following a suggestion by ‘onbrello, e simply used enriched %0 vater
vapor as the source gas a le wire tungsten filament. Ten grams of 50%
emuched 180 water was pi ,arased about half this anount was used for the fabri-
of 18 targets. remaining 5 grams was placed in a stainless steel
rlinder closed with & needle valve. This cylinder was immersed in a dry ice-

acetone mixture and the air pumped out. The cylinder was then connected to the
e needle valve was adjusted

ion source through small-diameter copper tubing.
to achieve the empirically correct gas flow, comresponding to about 300 microns
Hg in the connecting tubing, which was monitore ttached thermocouple
gauge.

n




i 8 ! e
A a preliminary to the 20 acceleration, the connecting tubing was

purged with pure H, and the duoplasmatron run on a hydrogen arc for an hour or
so. This procedure cleaned the system of adsorbed atmospheric oxygen.

Ions from the tandem megative ion source are momentum selected by two
gnets: the first is located immediately after the ion source and bends the
ions through 20° into the main accelerator tube; the second, 90° magnet, is on
the high energy end of the accelerator, and momentum and charge selects the fully
accelerated ions. In practice we set up the accelerator on 180 (always the larger
beam) and then turned up the magnets an appropriate amount, at which point the
183 bean appeared beyond the 90° magnet. Running at terminal voltages between
7-8 MV and using carbon foil stripping at the terminal to the st charge state,
180 beams of several hundred nA were attained.

Vhen running on %, especially during an excitation function, one must
keep very close watch on magnet currents, the terminal voltage, and the ion
ean,

source extraction voltage to prevent slipping onto an 160 b

The cost of 50% 180 water is approximately $100/gram. Although this
water evaporates

appears extrenely expensive, it must be remembered that 1 gra
%o a volune of more than 1 liter (S.T.P.). The rated consumption of the tandem
negative ion source is about 2 cmd/hour; in practice it runs somewhat higher.

(R. Shaw)

il High Voltage Engineering, Burlington, Mass.
2 T.4. Tombrello (private commumication)

8 Biorad, Richmond, California.

1.6 N.M.R. Frequency Calibration

n energy calibration of the 90° magnet N.M.
two-stage Van de Graaff. A gas stripper was used with hydrogen beams from

duoplasmatren negative ion source.

R. was carried out with the

s 4 i
A window set on the elastic protons from the reaction ~C(p,p) measure
the resonance near 15 MeV. The proton counter was at 165° in the laboratory.
The target was 30 pg/cm” carbon.

One excitation function was measured with an object slit width of 0.050
inage S1it width of 0.030 in., and a second with object and image slit
The N.M.R. was field locked.

n. ar
widths of 0.020 and 0.010 in., respectively.

The first measurement located the resonance at an N.M.R. frequency of
22,905 G with a Full width at half maximm of 1.1 keV. The second measurement
Tosated a 1.3 keV wide resonance at 22,907 G. (The frequency to energy ratio is
0,81 KeV/C in this region.) Deviation from the previous calibration (3/11/68)
was smaller than the energy uncertainty at the resonance frequency due to the
uncertainty in the previously derived magnet calibration constant.
Tesner.

(P.A. Russo and J
Aol e SRS EIT T LG VIR

12

S




COLLECTOR RING

SHIELD RING

BEAM DIRECTION

nsitive to currents near the
ut of the source.

y s
outp

ATER COOLING TUBING

fem
—

electrons from ot
tube by an outer
tire unit is water

Fig. 1.7-1. Cross section through neu-
monitor.

way
t at.l

to

Wittkower
t that the atomic beam h




1.8 Terninal Ripple Remover

Work on the terminal ripple remover has continued at a re pace this
year due to the priority of other projects and limited access to the Van de Graaff:
terminal.

Last year a system was designed and built to sense an ¢ signal from
the image slits and apply a correction voltage to the terminal r.l This

the slit signal into a voltage to frequency converter, appl

transistor switch, and turning a klystron on for four micro-
econd bursts at a frequency corresponding to the slit sig icrowave
pulses were received at the terninal by a diode, amplified and ed to pro-
1 proportional to the terminal ripple but 160° out Of phase
with it. This signal voltage was then amplified to about 10 kV and applied to

al.

Testing began this year in the terminal and it was discovered that the
microwave diode is destroyed during tank sparks. Also integrated circuit chips
could not stand the R.F. produced by a spark. Discrete transistors for the most
part were not ai The operational amplifier integrated circuits were r
placed by discrete transistors and a passive integrator.

Tests were conducted to determine how to preserve the diode. Filters
were installed in the waveguide preceding the diode but to no avail. Measurements
showed that the noise spectrum above 6000 Mhz in a tank spark was too small to
destroy a diode at the tank walls. Pickup in the wiring was suspec
tensive shielding and bypassing had mo effect. Then a diode with
wiring was mounted and Successfully preserved.

us, at this writing, an entirely new electronics package for the ter-
ing designed which is battery-povered and can be mounted directly on
the diode holder. This £ of pickup and improve
isolation. Also, concurrently, a gallium arsen iode-phototransistor systen
is being studied which may replace the klystron-: diods paip: (G. Rot

minal is be

1 uclear Physics Laboratory Annual Report, University of Washington
(1969), p. 152.
1.9 Injector Accident
0n Septenber 20, 1969, a glass-to-netal seal in the bean tube of the
injector rank parted, venting high pressure insulating gas into the acc

ng damage, which was substantially less
expected for this accident, caused the injector to be out of comr
for a total of 39 days, and has been repaired at a cost of about $10,000.
report will describe the injector beam tube, the events leading up to the
dent, and the damage, and W11 discuss possible causes and repair and preventative
ion t

vacuum system.

han might
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en.

tube is of

eription of the injector bean tube. The injector bea
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+ of damage to differential pumping tube diffusion pump.

1.9-2
he tank which would in any way affect the area where the accident was to occur.
i £ Septenber 19 and the tank

was evacuated from the tank during the night

The air
morning of September 20, 1969.

was repressurized on th

f£rom vacuum to 190 psi in a little
The accelerator was started in the normal mamner and by early
fternoon was running with 4 MV on the terminal. Beginning at 1:00 pm the barium
pump was opened For about an hour and a half to aid in conditioning the mach
igher voltage. The machine ran well at about 5 UV throughout the rest of the
“ttermoon and evening. At 8:58 pm the barium pump was opened again. The pressure
% the differential pumping tube reacted normally to the opening valve.

The pressurization was routine, going

over three hours.

», at 9:00 pm, the vacuum systems of the injector and the
automatically, indicating that sorething was wrong
About 30 seconds later the tandem drive motor and
acuum Systens automatically shut off. The crew attempted to restart the vacuum
ithout success. Then at about 9:03 pm the crew heard a miffled explosion
oa1owed by a lour roaring sound coming from the accelerator. The crew investi-
nmediately and found that insulating gas from the injector tank was being
into the room through tWo pressure relief valves in the beam tube outside
k through an opening created in the bellows which usually conne
g tube to its diffusion pump. This diffusion pump was
floor, and water £rom a severed cooling line was spray-

o ninutes la
injector drive motor shut
with the bean tube vacuum.

systems ¥

the pump

gas displacing the normal
elding door

are of the personnel hazard caused by t
ult, the crew immediately opened a large sh

he accelerator Ve
rnitted the tank g




Fig. 1.9-3. View of damage to the

of the damage. T
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lens of about
3/4 in. each. les protrud-
ing beyond the glass insulators on the top a and

not jammed up tight against the support str
bounced after it hit the support structure.
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in the upper ins
glass of tube section number 2. The chips were about 1/4 i
%o 2 in. long. Each chip had a thin dark line at the center of t
direction of the axis of the beam tube. Originally these chips

v by the accident, since they had not been observed

e been
It appears more likely, however, that this chipping was associa
i ‘ube, and probably represents a degenerative effect which appears in
normal operation of the machine.

4. Discussion of the accident. From the evidence at hand, the events
that took place during the accident are fairly clear. The accident began with
a crack in the glass-to-metal seal in the Septic
caused this crack is, however, not clear, and will be discussed i
The crack was immediately enlarged by tension exerted on the Septier lens by
adjoining bellows. Once large amounts of gas began rushing down the two parts of
the beam tube, aerodynanic drag on the beam tube walls tended to widen the crack
even further.

As soon as the pressure in the neutral tube diffusion p
e, the pumps and the inje
automatically. In addition, valves automatically closed
‘he beam tube from the rest of the accelerator vacuum system.
the beam tube continued to rise until it exceeded atmospheric pre
point pressure relief valves at each end of the beam tube ope
fank gas into the accelerator room, and preventing further pressur h
end of the beam tube outside the tamk is conmected to an expensive accelerator
neutral source at the neutral tube end, and the negative ion source
o pres-

energy tube diffusion pump began to
shut

rise. Ea

component;
ot the high energy end. It was therefore particularly fortunate tha
Sure was vented at these locations since extensive damage to these components
might othervise have resulted.

™ the differential pumping tube as soon as the

Septier lens cracked. ere was no pressure relief valve, and the

S seure simply increased until it pushed over the diffusion purp, rupturing th

Peslows comnecting the pump to the tube. The rupturing bellows caused the ex-
sound heard by the crew.

ssure al

losive

The question to be answered in this accident, then, is what caused the
crack in the Septier le initiated these events? There are several poss
bilities, none tirely reasonable. One possibility is that the
by themal or mechanical stress produced by the tank pressuriza-

his is unlikely because the tank has been
manner many times before. Furthermore, the lens held
that mor

3
°
o
8
o!

the opening of the barium pump valve. This is a
more than coincidental that the barium pump was opened only two
e accident were observed. But, there are
was opened about.
specifically ob-
ed.

Friculties with this hypothesis. First, the barium pum
arlier without incident. Second, the accelerator CI
ng tube as the pump valve was oper

8 hours
served the vacuum in the differential pu




o
S e

ge seen in this vacuum as the valve opened implies strongly that
n addition, the barium pump is located

om the Septier lens that it is difficult to imagine how a thermal

1 shock sufficient to crack the lens could have been transmitted to

The normal cha
the bariun pu
far enough ©
or mechan!
the lems.

Aside from the possibilities mentioned above, investigation has not re-
vealed any other clue as to what caused the lens to crack. Perhaps a flaw had
been pres: the lens for a long time and at this particular time a small vi-
bration, possibly associated with the actuation of the barium pump valve, had

converted the £1

w into a crack.

Althoug! not clear what caused the lens to crack, it is clear that
a design error in the bellows located just upstream from the lens played a si
nificant role in converting this crack into the large opening seen in Fig. 9.

As mentioned above, this bellows exerts a tenmsile force on the lens, and this
force opened up the crack. As may be seen from Fig. 9.1-1, the colvolutions of
the bellows have a larger diameter than the tube to which the bellows is attached.
This means that when the outside of the bellows is pressurized, the convolutions

g on in structures to which the bellows is
connected. This tension is about 1,000 lbs. when the tamk is fully pressurized.
Because of the uncertain nature of the ultimate temsile strength of glass, e
ially glass-to-metal seals, it is good enmgineering practice to put glass under
compression rather than tension. s practice was followed in the design of
other glass components of the accelerator, such as the colums, but was not fol-
lowed in the design of the terminal components shown in Fig. 1.9-1.

£
1-3.

tend to contract, setting up

5. Repair and preventative action taken. The repair of the injector
was carried out as expeditiously as possible because of the large demand for ex-
perimental use of the accelerator. The two most time-consuning repair activities
were realigning and leak chasing the beam tube. Tube sections 2 and 3, which had
been jammed against support structures, were inspected and tested carefully for
soundness. Neither tube section had to be replaced, a fact which reduced the
cost of repair by a factor of 2 or 3. Repair of the injector was completed by
October 29, 1969, a loss of 39 days of operation.

Preventative action centered around two considerations:
the probability of such an aceident occurring again, and how to minimize ¢
damage if it did. Since the cause of the crack in the lens is not
not possible to completely prevent reoccurrence. However, the probability of re-
occurrence can be significantly reduced by eliminating all tensile forces on
glass components. The preferred way to do this would be to replace all the bel-
Tows with bellows having convolutions of smaller diameter than the connecting
tubes. Such bellows would exert compressive rather than temsile forces on adjac-
ent tubes when pressurized. However, bellows of this type were not available
when the repair was carried out. Instead, the flanges at each end of the bellows
were braced by compressed springs; the compression was adjusted to slightly ex-
ceed the tension exerted by the bellows when the tank is pressurized. This
arrangement insures that components connected to the bellows are in compression
rather than tension.

how to reduce
h

is
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Fron a safety standpoint, the ideal way to minimize the damage in the
rrence of this accident would be to install large high-pressure
just outside the tamk in the beam tubes and the differential tube.
Hese valves, closed automatically in the event of a vacuum accident, would con-
tain the tank gas and would prevent the displacement of the beam tubes caused by
gas rushing through the tubes. However, such valves are difficult to install
Boeause of a lack of space between the tank and other components in the bean line.
Much simpler, and nearly as effective, are the pressure relief valves mentioned
Thess valves consist of a plate covering a 6 in. diameter or larger hole
Instead of being bolted to the tube, the plate is held by light
If the pressure in the tube exceeds atmospheric pres-
he O-ring, and the gas in the tube is
4 at all locations in the accelerator where
ent .

springs against an O-ring.
sure, the plate is forced away from tl
vented. Such valves are now installe
2 pressure rise might conceivably ocour in the event of an ac

By way of conclusion, it should be pointed out that a.
is the only Model FN injector in existence, and although the
pointed out that such accidents are exceedingly rare, nevertheless the possibility
D% such an accident exists in a number of accelerators of this general type now
n use. Furthermore, had this accident produced damage to ion sources or bean

a factor of five larger. It i
have resulted. The experience at th
Seboratory should point up the advisability of checking other machines of this
type and installing such equi] i inimize the probability of
the occurrence of such an accident, and minimizing th
(C.E. Linder, J.W. Orth, G.J. Rohrbaugh, G.E. Saling, F.H. Schmidt

, and W.G.

Weitkamp)
£ g S R TR
1.10  The Hle Gas Recovery System

A nechanical system has been built to collect the ehaust gas from the
Large punp that backs the tanden ion source diffusion pump. The exhaust side of
e P anical pump has been sealed and connected to a small hand pump which is
e Mo force gas EFrom the pump reservoir into a gas bottle. Hand pumping is
O ved anoe evary 12 to 2 hours and the ultinate bottle pressure easily reached
Ted e 10 atmospheres. The gas thus collected is later processed through a Ly
oo1ed Zeolite trap to rid it of gases other than “He.

This recovery system separates the collection and the processing of re-
covered source gas. This can conceivably be an adyantage when recovering rare
gases, but for a source gas as frequently used as He it is a mylsance. This
until our copy of the Stanford ‘He recovery sys-
e %c comleted. This system will directly recirculate the gas from the pum
through a LN, cooled Zeolite trap, back into the ion source as source

exhaust,

gas. uses o much analler specially sealed fore pump which can be connected at

B end of the run to a ballast storage tank whose volume greatly exceeds that of

the pump reservoir thereby eliminating the need for a compressor hand pump. The
special-order

£ this system is held up pending the delivery of owr

completion of
W.J. Braithwaite and D.R. Brown)

pump.  (H.J




voltage rundown.
bridge,
oscillator tube.
ference, a di
amplifier and relay, now runs A il
ceeded.

part of the decking. (B. Lewellen, C.E. Linder, J.W. Orth, G
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enance activities involved repai:
fireproof;

=

rovements and Operations

Inprovements to the cyclotron includ

d installation of an automatic plate
s of two fixed resistors and two thermistors i
et and one in the water outlet of
The unbalance SEEE bridge is a measure of temperature ate-
ect indication of plate power dissipation. This signal, via an
ver maximum rating is ex-

Stat:

stics of cyclotron operation are given

Table 1.11-1. Major main-
r of a leaking duct seal in the water room and
g of the wooden decking on the balcony after a small fire destro

d

Saling, an

W.G. Weitkamp

Table 1.11-1. Statistics of Cyclotron Operation During the Period from
April 16, 1969 to :’\Em 15, 1970

1. Division of Time Among Activities®

Normal Operation
Scheduled Maintenance
Unscheduled Maintenance
Unrequested Time

Total”
Division of Beam-on Time Among Particles

Alpha Particles

1998 83
Deuterons 351 b
Protons =3
Total 100

Division of Normal Operation Time Among Users
University of Washington Nuclear Physics

Labor: 2022 63
Umvemty °oF Washington Department of

e Medicine 660 2
Atomics International 227 7
Unlvers)ty of California at Berkeley 153 s
General Electric 47 1
Oregon State University 35 1
Simon Fraser University 33 1
Unz.versny of Washington Physics

ment

Dattests Nostimest
Western Washington State College
University of Oregon

otal 3212 1
These categories we defined in .he Same way as those in Table 1.1-1

This nutber equals 52 5-day weeks at 17 hours per day.




INSTRUMENTATION

2.1 Installation of the 90 cm Broad Range Spectrograph

The installation of the 90 cm Browne-Buechner type magie
graph described previouslyl is now comlete except for final testing
Pration. The most recently completed components include the magnet current reg-
ulator! and the beam line to the tanden.

To produce a sufficiently small beam spot to match the resolution of

the spectrograph, it has been necessary to place the beam line quadrupole lens
ing chamber, resultir a distance of

10 meters fron the tandem image slits to the lems. This means th order to
use an available 2 inch aperture quadrupole in this beam line i
reduce the emittance of the accelerator so as to avoid
beam hitting the inside of the beam tube in the quadrupole lens.
emittance of course means that beam mist be thrown away, but calculations indic-
ated that the remaining beam will be adequate for nearly all ant
ments. An aperture of variable size has been constructed and wi
Just upstrean from the entrance to the tandem analyzing magnet. This aperture
Will enable the emittance to be reduced as desired without introdu a signif-
Ycant low energy, slit-scattered component to the beam. (J.G. Cramer, H. Fauska,
D. Gough, C. Linder, J. Orth, and W.G. Weitkamp)

il Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 124

22 Spectrometer Magnet Nuclear Magnetic Reson

jagnet regulators used for controlling magnetic fields usually employ
a stable reference voltage which is comared to the voltage across a Fixed resis-
fon in series with the power supply. This type of regulator does not correct for
hysteresis effects, changes due to temperature shifts, or external fields. Such
offocts can decrease the resolution of a magnetic spectrometer. We therefore de-
signed and constructed a nuclear magnetic resonance regulator wh
ment the current regulator to correct such errors.

Fig. 2.2-1 is a block diagran of the system. Integrated circuits were
employed where possible. The regulation signal is digital until the last stage;
Thus one does not need the amplitude stability required of many stages in the
usual phase lock system.

The marginal oscillator is a low noise field effect circuit. Tuning
s accomplished through a remote motor control and the use of a solid state diode
for fine tuning. The oscillation frequency is read by a digital frequency meter,
dviven by a decoupled oscillator output signal. The circuit does not require a
; adjustment over the range from 4 to 32 MHz.

marginali

The oscillator coil and sample are swept by a 60 Hz modulation signal
(which is also used to provide timing reference).
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ram of NMR Regulator

Audio absorption signals are derived across a resistor in ser
the fet drain in the marginal oscillator. These au m the reso
ance crossing are filtered and selectively amplified by operational amplifiers
with tunable twin tee filters in the negative feed:
used as the vertical sigml for os cilloscope displ
er shaped and used to

Timing detection is
nodulation sine wave is phase shi
signal for the data input of the £l
plied to the flip-flop i

cessive absorption signals are equally spaced (1/120 sec. apart) and the
flop output is a square vave with equal positive and negative excursion t

1op, while the shaped audio signal is sup-
When the system is correctly adjusted suc-

vith selectable ti two constant curren
ositive at twice the current of the other which is negative.
alternatly by- ve current

ative excursions,
hifte in tine with mespect to the

modulation reference a positive or negative error signal is developed.

A meter is provided to indicate balance of the system. The full scale
range is + 0.5 Gauss which provides aid in adjusting the regulator.

The system has been bench tested with a small permanent magnet of about
2 Kilogauss. The stability is excellent over a six hour period even in the in-
homogenous field p d by the permanent magnet. The sensiti
the systen will develope an error signal due to the influence of a si
nmagnetic object 30 inches from the magnet which produces a total field disturb-

i i =
R




ance of 1/20 of a Gauss. (H. Fauska)

2.3 A Beam Focusing Monitor

To properly aim and focus the Van de Graaff beam onto a target requires
the prec;se adjustment of a number of operational parameters. A common technique
ew the beam spot on, for example, a quartz target by means of a closed
i i 8 e e e e e
ingly, we have developed a system consisting of a four-quadrant insulated aper-
ture which can be inserted remotely just upstrean from the target. The current
to each guadrant is sultably anplified and alsplayed on an escilloscope.
oscilloscope trace is circular when no current is reaching any one of the aper-

The magnitude of the "bump' is proportional to the current. The trace thus pro=
vides a quick means of informing the operator what beam alignment adjustment
must be made.

Fig. 2.3-1 shows a block diagram of the system. The four-quadrant
pickup aperture is located on the beam centerline in the 60 inch scattering cham-
ber. Each quadrant is connected to an electrometer with x»enomy selectable
ranges of 3, 10, or 100 nA. Each quadrant is automatically shorted to ground if
power fails on the electrometers in order to prevent charge build-up on the quad=
rant sensors.

=

Fig. 2.3-1. Block Diagram of the Beam Focusing Monitor

e output signals of the electrometers are transmitted via coaxial
cables to the control room. Summing amplifiers provide a reading of total cur—
rent and feed signals to a decoupled "chopping" network. One of the vertical
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and one of the horizontal signals is inverted. Each vertical signal is then
coupled into a sumning smplifier along with a phase shifted
£rom a fixed 400 cycle oscillator.

ne wave signal
similar circuit is used for the horizontal

signa

The 400 cycle oscillator is used to provide a circular sweep on an os-
cilloscope, and by phase shifting, to create proper signal switching as the cir-
cular sweep reaches each position corresponding to the spacial location of each
quadrant,

The device has
in test operations

ed for routine use.
Schmidt)
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A _System to Facilitate Ion
sOum Metering Across an Elevated Vol-

The need for a closed circuit
television to read out metering at the
elevated voltage of an ion source is
both costly and involves setup time.
The system described will replace the
closed circuit television and provide
panel metering at the remote operating
console.

Fig. 2.4-1 is a block diagram
of the system constructed and tested.
The initiating information for both vol-
tage and current circuits is a shunt re—
55 sistor developing 0-100 millivolts for
B e e eatnt e A
B et e e Y e E A crod! i Tha B ignal laeens oo 1
Eeitotidow and et glofenete R lomn ot by a voltage-to-Frequency conver-
Off center high and right. Lower right: ¢ et ey
Beam centered but focus bad. and nmv)des shaped signals with a rep-
ion rate of 0-50,000 pulses per sec-
ond. The shaped pulses then Fire a photo emitéing diode which 16 Sutiesthy cons
Pled to a8 or 16 in. lucite Light pipe. The other end of the Lighy pies te
sensed by a phototransistor and drives a count rate metering circuit. The use
of the lucite for insulating the signals from high voltage allows the output me-
tering to be at a ground reference.

pical beam centering

The parts involved cost little more than two meters,

The system was tested with more than two
to noise problems.
areas which is of

eet of lucite with no signal
The system is basically dlgl(al at any possible noise pickup
le

. The 8 inch lucite

in nois




provides sufficient insulation for our

auska and K.H. Lee)
P purposes. (H. Favska and K.H. Lee

Fig. 2.4-1. Block Diagram of High Vol-
tage Isolation Metering System.

2t Design and Construction of Electronic Equipment

Major electronic projects are discussed in sections 2.2, 2.3, and 2.4
of this report. Additional projects carried out during the last year include:

saturable reactor control system for regulating the 70 kilovolt
supply for piln s il designed and installed.

Provision was made to control remotely from the operation console
the extraction voltage and the 30° bending magnet of the direct extraction ion
source.

The two bending magnets in the ion source area mist at times be
returned to a residual magnetic flux of less than one Gauss to prevent inter-
ference with the beam optics for other sources. To sense the residual field
two hall probe units with remote readout at the console were designed and con-
structed.

. To provide metering in the control room of the vacuun systems for
newly constructed ion sources, three remote range selection and readout solid
state ion gauge controllers were designed and constructed.

To allow the possibility of using the cyclotron bean chopper for
pulsing at every £ifth period of the cyclotron frequency, a one to two and one
half frequency divider was constructed.

f£. The original charge exchange negative ion source used a voltage
mode regulator for the exchange voltage. Such a system had poor line frequency
correction when remoted due to the long time constants in the reference pickoff
divider resistor string. A current mode solid state regulator was designed and
constructed to replace the original regulator and eliminate the correction prob—
lem.

2




o W]'en filter of the polarized ion source requires tracking be-
tween an tic field and a magnetic field. (See Sec.1.3.) A power sup-
ply to pro‘udv pegulation and a selectable tracking ratio was designed and const-

ructed.

The polarized ion source requires an electrometer elevated to =160
Kilovolts to test the polarization. (See Sec. 1.3.) A small solid state batter-
y operated unit was designed and constructed.

i. One audio alert system for a laboratory radiation monitor was con-
structed. The system is designed so that the clicking sound of the monitor is
barely audible when the monitor is only counting background, but increases to an
irpitating volume when the monitor detects radiation above background level
is capable of up to thirty watts of output at high counting rates.

The system
j. One dual three-channel mixer system for the mixing of linear sig-
nals was constructed.
k. One gama neutron discriminator circuit was constructed.
1. One dual channel linear pulse adder for particle identification
was constructed.

Items purchased during the past year include:

1 - Hewlett Packard Calculator Printer
1 - CANBERRA No. 1411 Double Delay Line Timing Amplifier
1 - Used Packard-Bell Closed Circuit Television Camera

1 - Used 21 inch Television Monitor

1 - E.G.6G. T105/N Dual Discriminator

1 pr. - Heath Kit GW21-2 Transceivers

1 - ORTEC 437A Time—to-Pulse Height Converter

1 - Used exact Model 505 Function Generator

1 - E.G.6G. TR204 Updating Descriminator

1 - E.G.6G. C-102 Dual Two-fold Coincidence Unit

. Dumning, H. Fauska, K.H. Lee, R.E. Stowell, and N.G. Ward)

2.6 Preparation of 180 Targets
It is possible to prepare very thin, strong and uniform self-supporting
targets of AL,0, by anodizing Al foil in a dilute aquecus electrolyte 2. One
ek e Thickness by varying the voltage across the electrolytic
1. Briefly, one anodizes the foil and produces an Al,0,-Al-Al,03 sandwich.
The 1,05 layer on one side and the AL are etched avay by NaoH and 2 solution of
CuCly in’HCL respectively. A self-supporting layer of Aly0y remains.

Accordingly, a simple small volume glass cell with a platinum cathode
and replaceable aluminun foil anodes was assembled. Approximately 5 cm® of 50%
enriched 180 water were mixed with citric acid to a 3% solution and placed in the

27
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cell. The voltage across the cell was raised slowly both to insure uniform oxi-
dation of the foil and to prevent significant evaporation of electrolyte caused by
b

power dissipated in the cell. The cell was also cooled in an ice-water

e targets thus prepared were quite strong and uniforn. Target 1 was
una o T scattering study and checked repeatedly for changes in

thickness. There were no discernible changes.

noticed that there is a practical limit to the thickness of targets
prepared in this way. Above 200 volts, sparking occurs between the liquid sur-
face and the unsubmerged part of the anode, and pieces of blackish material ap-
pear in the electrolyte. Perhaps if thicker targets were desired, this problem
could be avoided with a larger volume of material and different cell geometry.

inal cell voltages and resulting target thicknesses are given in Tab-
le 2.6-1. Target thicknesses were determined by elastic oxygen scattering below
the oxygen-oxygen Coulomb barrier. Targets 1 and 5, those used for data collec-
tion, were measured in steps of 1 MeV from 15 to 20 MeV and in steps of 0.5 MeV
£rom 17 to 20 MeV. These excitation functions were then fit to the appropriate
Mott and nal on energy, and the target
et m o leulated Hott and scattering
cross sections. Alpha particle range measurements were consistent with these

Shaw

results. (R.

ncti

Table 2.6-1. Cell Voltages and Target Thicknesses

Target Voltage 18 (ug/en?)
1 200 HL.2%0.5
2 100 27
u 100 30
s 50 20.9

R. Vandenbosch (private commnication).
W.A. Sherwood and R.E. Hester, UCRL 6722, 1961 (unpublished)

2.7 Target Preparation
During the past year approximately 110 targets were prepared.
ority of these targets were self-supporting £ilns of isotopically enviched e
ranging in tmckness from 3-5000 ug/cm? but generally between 300 an
v, when self-supporting films ave not feasible, i.e. when f)lms of
thin deposits of U UL R TS 5oy e ivedy B Bbicable
This backing mist be thin, strong and cause minimal inter—
In general the most suitable

The maj—

ug/cn’
R e
backing is necessary.
ference with the nuclear reaction being studied.
and therefore the most widely sed backing is carbon. Carbon has additional ad-
g0od vacuun prop easy availabil-
kings. Since it is mot unusu-

vantages such as
ity and filns as _thin as 3-5 ug/cm are used as bac}
al for 3-5 ug/cm2/hr of carbon to build up on a target (cracked pump 0il) during
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ALl lithium-drifted silicon detectors used in the laboratory continue to
A method used at Lawrence Radiation Laboratory in Berkeleyl for
“k (3 mm and up) detectors in a heliun-oxygen mixture after heating
in ethanol is being tried.

Surface barrier fission fragent detectors are being
sulation or edge protection. They are mounted in the same
drifted detectors. A stainless steel pin held in place by a
positive contact and a washer made of an electrically conductiv
Seal 1212, Chomerics, Inc., Arlington, Mass.) between the fa
Qetector case grounds the p side of the detector. Usually the
d with a thermoslectric cooler during use to reduce the
ase of manufacture, the use o
We also are making

Ta03

detectors are

coo
Virtues of these detectors are
available, and satisfactory lifeti
Fission fragment detectors for use in siall angle mult
(S. Kellenbarger)

tor arrays

19413 (1969) .

i Robert P. Lothrop, UCRL

3.2 Direct-Coupled Low Noise Time Pick-Off An
New fast rising, low noise time pick-off amplifi
ing signals from Si(Li) detectors being used with charge

have been developed.
and combining a preanplifi
G. Roddick, and A.J. Metz.

£s were developed by slightly modi
ifier designed by I.S. Sher

The circuit diagram
ier (such as an ORTEC 109A) is in parallel w
er stage of the time pick-off through a 150 wH inductor.

he charge transfer to the slow system and is large enough to essentia
Sllow full voltage amplitude at the input to the fast preamplifier before the
e decays as the chavge transfers to the sloq preamplifier.

o in Fig. 3.2-1. The output to the slow pre-
th the input of the fast pre-—

This inductor

The resistor RL in Fig. 3.
at about 10 mA or less. The 243
15 mA/volt or more at this current.

The basic operation and theory of the time pick-off are discus:
The differences betveen the time pick-offs developed here and
elimination of two trim capacitors, changing the

:d putting the fast preamplifier and insertion
box 4" x 1 3/4" x 7/8".

Sherm
tors to less expensive types,
ifier into a single aluminu

ight time pick-offs were built. These were tested by con-

A total of
st pulse generator to

g a 3 mm Si(Li) detector

he detector input, a
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thin a linited
ability of less
new detector

plier drift problem is to select a very stable tube and operate
count rate range. The RCA 8575 phototube has a guaranteed g

than 1% shift for up to 104 counts per second. For this reaso
system using an RCA 8575 and an ORTEC 265 base has been_constru
tem has been tested with a C source and has been found to have only 2.5% gain
shift at 2 x 10% counts per second, which does not vary with time. This per-

Formance is a, significant improvement over the old (Amperex K¥1031) photomulti-

plier system.

sensitive to neutrons which

Neutron Background. The Nal(T1) detector i o
can give background pulses heights up to the region of 9-11 K is desirable
to be able to examine the high emergy gamma ray spectrum to as lo an energy as
possible without competing with neutron background; hence some method of neutron
Temoval is needed. A plug made of 11 inches of polyethylene and 2 inches of
Li5C05 has been placed between the target and detector to shield from the neu-
trons produced by the target. This has the effect of attenuating neutrons more
than gama rays. With the plug in place the total count rate from a typical ex-
periment drops a factor of four, mostly for low energy events. One can then
beam current to suitable level and actually take less time to collect
e nunber of high energy events.

raise
the sar

A test of detailed effects of the neutron plug indicates that while it
effective in reducing the low pulse height background there still remains a sig-
nificant amount in the region up to 9-11 MeV. With 10 MeV protons on 2731 about
10% of the events in this region were due to neutron. OF these neutron events,
about 1/4 to 1/3 could not be filtered out by putting more material directly
betueen the target and detector.

round subtrac-

If accurate spectra below 9-11 MeV are desired then back
the time-of-flight technique must be employed.
pern and D.L. Johnson)

Nuclear Physics Laboratory Annual Report, University of Washington (1969),
1

2.
8)

clear Physics Laboratory Annual Report, University of Washington (19
5

3.4 5" Diameter by 4" Long Gamma Detector Assembly Efficiency Measurements

A new gamma-ray detector assembly employing a 5" x ¥ T2) crystal
coupled to an RCA 4522 photomultiplier tube has been completed and is current
used in particle-gamma angular correlation studies.l Figure 3.4-1 shows
tage divider network used for the dynodes. Zener d
the photocathode and focusing electrode to maintain a constant voltage diff
of 660 volts despite possible current variations in the voltage divider network.
the tube is used in vacuum, the zeners are encased in epoxy to provide a

wattage, wirewound resistors ave used to provide sufficient
e absence of convective cooling.

seal, and high
ipation in

The tube has good gain-shift stability for rapid changes in the counting
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rate, showing a maximun gain shift of about 3% for a counting
2500 counts/sec to 30,000 counts/sec. The resolution of the
measured to be 8.3% for the 662 keV line from a 137
Shielded from external megnetic fields by means of Neti

ing, supplied by the Magnetic Shield Division of Perfection-li

out-of-plane
re of the in-

seam spot, and
gle of 4.5° out

New lead shields have been constructed for in-plane
particle-gamma angular correlation measurements. The lead apert
Plane shield is designed to view a 1/b in. x 1/4 in. rectan
B btonds a half-angle of 5.5° in the reaction plane and a half-
of the reaction plane.

gamma-ray ener-
bed

The efficiency of the detector for 1.17 MeV and 1.
been determined for the in-plane shield. The method
carlier? and is essentially the coincidence technique descr!

O umements at 1.37 MeV were carried out with a Za sour
bonbarding 23Na (in the form of Nalog) in the cyclotron ta

gies h:

ately 25 microamperes of deuterons for ¥5 mimutes. The 1
were carried out with a commercially available 60co source. e following quan

ive solid angle
787 + 0.000523

ities were determined: (1) the product of efficiency and effet

T e mits abovel aRout x =150 keVs for Eyi = 1il7/HeV, cw(x) = 0

for Ey = 1.37 MeV, cu(x) = 0.02675 .l he apes for the

a0 ganma mays above 50 keV., (3) | The ifraction curves for the above gamma
i T Tl of the number of counts above an emergy  to the total

(These fraction curves are normalized to 1

chmidt,

00
R

ber of counts in the spectrum.
) (J. Eenmaa, T. Lewellen, D.M. Patterson, F.H.

s Sections 6.1 - 6.5 of this Report.

21y N leon Physics Laboratory Annual Report, University of Washington (1964,
p. St

3 A.C.G. Mitchell, in Beta-

rth Holland Publishing

£ a Compton Suppression Sp
e Ganma Rays Using a Ge(Li) Detector

nary Conpton suppression

In this report we discuss a test of a prel!
) proton capture

ter for the detection of high energy (about 8-10 MeV
with a 20 cc Ge(Li) detector. The two most probable energy -loss
v incident gamma rays of these energies are Compton scattering and

h.  F i ely that both annihilation

pair production a 20 cc detector, it is mest Li
B an will escape the crystal following pair production. Therefore, since the
Suces @ continuous pulse height distribution, the dominant

For the reaction of interestl

Compton process produce

ctrengths cbserved are the two quanta escape pedks.
the Comton background beneath the double escape peaks is 2oyt twice as large
the peak aveas themselves. Therefore it is desirable to eliminate as much of
background as possible-

measure only

hnique to achieve this Compton suppression is

one tec




R i

ted with t
it aSge

scape peak; that is, to detect
o annihilation quanta.

those primary ever
the incident gamms

For the reasons ibed below, we sought to detect only one of these
escape qu: c ence with the primary gamma ray. Ve used two 3" x 3"
NaI(T2) crysta mounted on an RCA 8050 photomultiplier tube to detect

.511 escape quanta. The NaI(T2) dete encl. in lead shielding
viewed the Ge(Li) detector at right an Note S
angle geometry precludes detecting bof simultaneously, sin
these ys must necessarily leave the Ge(Li) crystal in almost
directio other in the laboratory system. We chose this geometry
to increase the coincidence solid angle

ics setup
preamp was taken froma leading ed
for a tine to amplitude converter
phototubes were u

stop the TAC. (
with the other.)
0.511 MeV photo peaks
on the Ge(Li) dete

signal
signals from the

ed a few nsec to be
dow discriminators set on the
Nal detectors and by a single level d
tor adjusted to observe the prinary peaks of interest.

lem Van de Graaff accelerator.
the double and
ciated with the gammas from

The protons smesa upon a self-suy
single escape as well as the fu rgy peaks
the firet axolted atate of L2C were shesrved.

The time spectrum cbserved from the ga
and 13 nsec width at 0.1 maximum. The Cor
from the Ge(Li) detector showed an
by only a

d TAC signals was 5.5 nsec

on-suppressed energy spectrum
in the peak ratio
by a factor of 15

The

ammas was investigated, but not
was too low for the detection

e Compton background had been com-
ons referred to here are about 10-20

pletelv eliniaated: (The Lt ok O

yb/sr.) nation of the NaI(T4) singles ra showed the scintillators vere
accepting 2 . large background under the 0. gamma peaks.
s background might hielding of

e Ge(Li) det:

bean tube or Compton r
servations of the Nal(T2) s hen the Ge(Li) vas shielded from the target
ndicated that both processes contributed to this background. The maximum tota
NaI(T2) count rate was only about 1000 cps.

is concluded from this study that to obtain a visble Compton s
sion device for the purposes described above one must increase the coin
efficiency drastical hus one must use an
NaI(T2) which would enclose the Ge(Li) detector.

be split into halves or quarters so that one could independentl
annihilation gammas simitaneously, thus significantly reducing the
through" background described above. The problem of adequately shieldi
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large suppression detector from the beam tube may be non-tr in the pr
context, however, since this could entail moving the Ge(Li) tor too far
back from the target -- to make room for the shielding -- thus further reducing
the already small count rate. He have no plans at this time for building such a
device, (D.R. Brown, J.R. Calarco, R, Heffner, and Derek W. Storm)

For a description of the particular experiment referre re see
Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 70.

3.6 utron Detector Characteristics

A neutron detector system has been developed and in several experi-
ments in the laboratory. It consists of an NE 213 scintillator (5" x 1") opti:
cally coupled to an RCA 4522 photomiltiplier tube via a 1" lucite light pipe.
The photomultiplier is connected to an ORTEC 271 constant fraction discrimina-
tion tube base. The efficiency as a function of neutron energy and other charac-
teristics of this system have been measured and are reported below.

The efficiency of the neutron scintillator system was measured by the
T(p,n)He associated particle method, using incident protons ranging from 3.375
MeV to 6.5 MeV. The target, provided by ORNL, consisted of tritium absorbed in a
layer of titanium (100 ug/em?) on a copper backing (v1 mg/a A 25-u surface
barrier detector was used to detect the SHe; since protons of more than 1.3 MeV
pass through the counter the oHe pezk in most cases was free from serious back-
ground problems. A tight aperture system was used to limit kinematic broadening.
The angles of the SHe and neutron counters were dictated by the desired neutron
energy. The neutron counter was placed at a distance from the target such that
the kinematically allowed neutron cone did not exceed 3/4" in dimension. The
signals provided start pulses for a TAC and the stops were fumished by the neu-
trons. The efficiency of the scintillator is then the ratio of neutron counts in
the time spectrum, after s of accidentals, to He counts in the par-
ticle spectrum. The efficiency profile across the scintillator surface was also
measured; the profile is £lat over about 60% of the diameter. Profiles measured
at neutron energies of 1.4 MeV and 1.8 MeV exhibit the same shape within counting
statistics. An average efficiency was extracted by integrating over the effi-
ciency profile and dividing by the total area. The average efficiency was found
o be about 10% less than that at the center. Figure 3.6-1 shows the average
efficiency plotted ageinst neutron energy.

The ORTEC constant fraction discrimination base enabled the detector to
be used for accurate time-of-flight experiments. In particular the constant
fraction timing technique i igned to reduce time walk dve to variations in
pulse heights. During an (a,n) experiment on the cyclotron, de-excitation gammas
From induced reactions in the target were observed in the time of flight spectru
with a tine dispersion of the order of 1 nsec FWHM. This includes the intrinsie
time width of the cyclotron bean pulse.

An additional feature of the neutron detector system is its ability to
sh between neutrons and gamna rays when used with the appropriate

distin

8
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i Kuchnir and F.J. Lynch, IEEE Trans.

(1968)..
o Mass Identification by Time of Flight #

Last year we reported our initial successes at charged par
ht mass identification using the 42 MeV al; am £rom our fixed
60 in. cyclotron. The mass resolut
and .5 amu (FWHM) in the region of mass 12 when the particle counter is placed
at approximately 60 cn from the target (see Fig. 3.7-1).

» where
rom the

expression M =
flight

Mass is caleul
is the particle's energv and
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4. COMPUTER SYSTEM IMPROVEM

NTS AND PROGRAMY

4.1  Computer Expansion

In late 1969 the Laboratory received an AEC grant to expand the existing
computer system to the configuration shown in Fig. 4.1-1. The purpose of this
expanded system is to allow Vi

tentially f d/foreground ular importance s
Laboratory is the fact that the system will allow off-line computation
data reduction,
L e DR R B e
taking place in the other.

s can be seen in Fig. 4.1-1, the system is quite symmetrical in structure
and will make full use of the existing peripherals. A drum storage unit is in-
cluded in the expansion to perform several functions will provide storage
for the software system, serve as general purpose memory, and buffer the communi-
cations between the two arithmetic/control units and the card punch and printer
pevipherals. This last function is necessary in order to eliminate competition
between the 2 A/Cs for the use of these 2 peripherals, and insure that hard copy
and punched cards are generated in a job-by-job sequence.

To date mechanical design and fabrication of the logic chassis in which
the additional memory and arithmetic/control unit are mechanized have been com-
pleted. The wire list for the memory is finished and the unit is now being wired.
Work is still being done on the arithmetic/control wire list.

Layout of the printed circuitry for the 56 types of circuit board modules
used in the memory, arithmetic/control unit, and peripheral interfaces has been
completed. Approximately 90% of the 450 modules required by these three areas
of the computer expansion project have been etched, cut, and drilled.

1ist of the transistors, diodes, resistors, capacitors, etc., required
ot e LSS toded mohiTed HEd B compiled and is being readied for
bids. (N.R. Cheney, J. George, P. Rabinovitch, E. Schnellman, and F. Weiss)

4.2 Interrupt System Modification

The logical design of the computer's Interrupt System has been modified
to overcome some undesirable handling characteristics of the Basic and Priority
Interrupts. The original system configuration gave the Basic Interrupts (prima-
rily 1/0) precedence of execution over the Priority Interrupts (data collection,
outside world). The modification allows this order of execution to be reversed
or operate as originally designed. The option is controlled manually by a switch
located on the computer control console. (N.R. Cheney)
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4.3 System Class EOM Expansion

A device has been designed and built to improve the computer's external
conmnication capability. The hardware consists of a matrix to decode 132 of the
4096 possible System Class EOH's, a 2 bit holding register, and 8 f lops for
general purpose comunication. Data is transferred to the 34 bit holding regis-
ter by executing the appropriate EOM/POT instructions. The 8 general purpose
£1ip-Flops each have a pair of set/reset EOMs assigned for their control. The
outputs of the 24 bit holding register and the 8 general purpose flip-flops are
buffered through line drivers for use outside the computer.

The decode matrix is readily expandable to make available as many of the
remaining System Class EOMs as might be neede
(N.R. Cheney, J.C. Cramer, and E. Schnellman)

4.4 Card Reader Improvements

Due to the requirements of our computer expansion project, the Laboratory
is building an additional card reader. Some changes are being incorporate

the design Of this reader to improve its performance over that of the reader the
Laboratory built previously.l In particular, 2 areas are being modified: the
reading scheme, and the pickerknife clutch/brake P

In the original reader, filament lamps and photodiodes were used as the
ngut source and reading elements; they are being replaced by infrared emitting
um arsenide diodes and phototransistors, respectively. ~These new elements
have an improved life expectancy over that of the old (although there have been
no failures in the filament lamps and photodiodes), and will simplify the reading
electronics.

The clutch/brake mechanism that controls pickerknife action in the pre-
sent reader uses a magnetic particle clutch to drive the pickerknife, and a mech-
anical brake to stop it. This brake wears out quite rapidly, and is the weakest
part of the present reader. It will be replaced by a unit identical to the cluteh
and will be made to function as a brake by holding its input pulley
stationary. This change is expected to improve the reliability of the new reader,
and increase its reading rate.

The machine shop has started fabrication of the new reader.
(N.R. Cheney, N. Ward)

4.5 Reduction of Computer Dead Time for On Line Data Collection’

Work on a hardware device to reduce computer dead time while collecting
data via the multiplexer and ADCs has been discontinued temporarily due to the
workload of the higher priority computer expansion project (see Sec. 4.1). Be-
fore work was stopped several Jogic modifications were installed in the arithme-
tic/control section of the computer, and a test fixture was designed and built
+o proof our approach to the dead time problem. Included in the test fixture
are provisions to add a manually set computer memory base address to a 12 bit

13




operand from the ADCs, plus timing u\nd control. logie for transferving the result-
ing sum to the computer 1 be tied into the comuter system
and the proofing exercise will be aeme, as’ e oL permits. (N.R. Cheney)

Nuclear Pnys;c, Laboratory Annual Report, University of Washington
(1969) , 9.

4.6 Multiparameter Data Acquisition Using a De-Randomizing Buffer

Several miltiparameter data collection prograns have been written which

before processing. Such a tempora er region allows some separation o
collection part of the program from the processing part.

region in core memory is allocated by a Real Time Fortran Program
to accept the simultancous conversions from up to 6 ADCs: This buffer array
logically separated into blocks of 7 words: one word for each of the 6 poss
ADC_conversions and one word to act as a "table of contents" (the format =
ter) indicating which of the ADCs successfully converted, The filling o
buffer array is the only task of the interrupt portion of the program.

le

AL processing of this raw information is done in the main part of the
g for the next interrupt to occur heralding the arrival of a
new Aata gip:  The comuten will Tmneaiately 18avaRe MERRESEREs  or the
e slies e SRR e e b s e
g where it left off. The data processing does not tie up the computer as

e o e interrupt routine which reads it in were also to process
it. There is no dead time so long as the time for processing data is less than
the average time between arriving groups of data.

Buffering the ADC input has obvious advantages fop high counting rate
multiparameter applications such as the single counter Et? and/or E-a particle
identification. Nevertheless, it is a’convenient and flexible method of data
taking that it is preferable even for low counting rates. Since the method
allows processing outside of the interrupt routine, Fortran statements can be
incorporated into the data reduction without the nuisance of "SAVE-RELEASE" pre-
cautions. Even more important, the movice can write his own multiparamster code
by just taking his information directly from the core memory and without
quiring any knowledge of how to read data in from the hardvare.

Since the processing portion of the program operates completely independ
ently of whether the buffer is filled directly from the ADC's or from raw event
by-event data stored on magnetic tape, the method lends itself particularly well
to re-analysis of stored'data using the same processing program. Moreover, pro-
cessing programs can be easily debugged and checked after modification, using
previously collected data stored on magnetic tape to £ill the buffer.

(M.P. Baker and W.J. Braithwaite)




4.7 An On-Line Program for Collecting Particle-Gamma Correlation Data Usin
5 Particle Detectors

An on-line data collection program has been written for use with multi
detector experiments. The program is written for the Laboratory's SDS 930 com-
puter in a combination of FORTRAN and SYMBOL. This program differs from other
data collection programs in use at this Laboratory in that incoming data may be
analyzed on-line using the light pen data analysis package.! The program re-
quires 50 usec to process each event and this time is not affected by the data
analysis.

Data may be collected on-line from up to 6 independent ADC's, any or all
of which may be routed. The program in its present form will accept up to ten
256 channel spectra. The values of parameters which are required for the on-line

puter when the program is initialized. Other pavameters, such as peak areas and
integrated incident charge, are obtained by the computer when they are needed as
data is being collected. The light pen is used in conjunction with the live CRT
data display to specify the start and end channels of peaks, to request that in-
formation about specific peaks be displayed on the CRT screen, to indicate which
peaks are to be used in special calculations, and to specify selected regions of
‘he data for expanded display. The basic analysis program calculates peak areas
corrected for background, peak cross sections corrected for ADC dead time, and

the statistical errors of the above. The results of the various calculations

analyses usually agree with post-run hand analyses to better than several per
cent with differences being due mainly to overestimating the background in the
computer analyses. Thus the statistical errors calculated on-line are usually
Slightly larger and the peak areas slightly smaller than those obtained by hand
analyses.

This program has been used for the past year to cbtain particle-gamma
correlation data.? 5 ADC's were used to collect the particle singles spectra and
1 ADC with routing was used to collect the 5 gated time (or particle) spectra.

particle-gamma coincidences and the experimental correlation values. It was
Found most useful to be able to monitor the quantities of specific interest, i.e.,
the correlation and its statistical error, rather than just the number of counts
in a peak or in a spectra, and to have a reasonably accurate preliminary data
analysis available as soon as a data run was finished. (D.M. Patterson)

1 Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 142

2 Sections 6.1 through 6.5 of this report.

4.8 Magnetic Tape Input/Output Program Package

A subroutine package has been written to allow binary magnetic tape
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input/output operations to be performed while the computer is being used for on-
line data collection. The subroutines in the package ave written in assembly
language (Symbol) and may be used in either a Fortran or a Real Time Fortran
operating environment by making slight modifications to some of the subrouti
Information is written on tape in the same format used by the SDS binary tape
1/0 routines supplied with the computer.

The primary design criterion was for the tape writing process to have th
smallest possible effect on the rate at which data could be collected on-line.
This made it desirable to allow the System interrupts, which are used for data
collection, to have priority over the 1/0 interrupts. Since this is not the
normal interrupt prio: configuration, a mdification was made to the interrupt
hardware that allows the selection of the relative priovity of the System and
1/0 interrupts by a toggle switch on the computer control console.l One of the
‘two Time-Multiplexed Communication Channels with interlace, which is part of the
1/0 system of the Nuclear Physics Laboratory's SDS 930 computer, is used to
trol the actual 1/0 process. Once the 1/0 operation is initialized the channel
operates essentially independently of the central processor, thus alloiing the
computer to perforn other operations while the I/O is in process. The channel
requires at most 3.5 ysec of every 67 ysec of central processor time fo transfer
data to or from memory. At the end of the I/0 operation the chamnel sets an
interrupt so that the validity of the transmission can be checked and, if de-
sived, a new transmission started.

e

Subroutines that ave entered by Fortran CALL statements have been written
for the following tape operations: read tape binary, write tape binary, write
‘tape end-of-file mark, scan forward/reverse for a specified number of tape end-
of-file marks, scan for a specified binary record which follows a tape end-of-
File mark, and rewind tape. The binary read/write routines are slightly restric-
tive in that they must be called for each block of data. However, the only
restriction on the allowed size of a data block is that it camnot exceed the size
of the computer memory. (D.M. Patterson)

1 Section 4.2 of this report.

4.9 A 3-Body Relativistic Kinematics Program for Reaction Studies Using
Energy-Energy ov Energy-T0

A fully relativistic three-dimensional three-body kinematics program has
been written which calculates permitted kinematic loci and related kinematic
paraneters for two-comnter 3-body reaction studies where either energy vs energy
or energy vs time-of-flight (T0F) is studied. In the latter case provision is
made for either TOF measured with respect to a timing pulse from a cyclotron
oscillator or beam buncher, or with respect to the arrival time of the other
coincident particle.

The progran allows both counters and the beam direction to be positioned
at any pair of polar and azimithal angles (0,¢) in the three-dimensional coordi-
nate system. The arbitrary specification of the beam direction permits calcula-
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tions of the kinematics of 4-body reactions in the spe
action may be sequentially described by a two-body Teaction followed by ghr
body breakup of a recoiling nucleus, e.g., the reaction 124gn(3He ,n 7\7712‘5\1 as
discussed in Sec. 11.6. In this case the recoil angles of the rec
the 2-body reaction become the "beam" direction for the 3-body s cinetionk

Basically, the progran uses energy and momentun conservation,

and

=l (Rt T e
Here the subscript 1 refers to the compound beam + target system, 2 and 3 refer
to the detected breakup particles, and 4 refers to the undetected breakqp par-
€ b is momentun in MeV/c; A is mass, W is total energy, and T is kinetic
energy, all in units of MeV.

If we solve Eq. (1) for p, and square, we obtain

z 1 Qi G
- 21, Cyp + 2Py Oy = 2PgPy Oy

where

cos 6.)
i 3

)

fere ¢, is the standard azuvukha' angle, measured with respect to the
normal baam a,%ecncn, and 0 on-standard polar angle defined as 6
8polar SO o caian plane, sad is positive above and negd
below the Uil plane, Thus 63 [N is the standard beam directi
and pavticles which lie in the median plane have © = 0° This non-standard .
Jar sonvention was established to simplify the punching of data cards for the
progran.

00 -

From Eq. (2) and (4) we can obtain
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) +HEATEERE!

(4) leads to

+ B,

2P5 &

12 y

2(p, Gy3 = Py G-

(11) and again using Eq. (4) leads to

LAl It
S)py" + S,py + 5,

Since B) , and 1,2%1,2,3%1,2,3° 1,20 P12
we may solve Eq. (13), a quadratic equation, for pg, where the * indicate
two roots Of the equation. The remaining STC TR0 e te caloul
from Egs. (2) and (4). The angles of particle 4

, and

1,2,3 @1l involve only p.

where

o8 4, cos B, = Py, cos ¢g cos b,

) - P, <08 ¢, sin 8, - Py, cos ¢ sin 6y

Z, = py sin ¢

(21)

sin ¢, - Dy, sin ¢,

The relative energy between particles j and k, for a 3-body final state involvi
particles i, j, and k i

(22)
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where

5 2 -
Py’ - 20,p; Gy + 03 (25)

Fa. (W) is used to caleulate the kinetic energies r,. a
If time of fl

where t; is the flight time of particle i in nanoseconds, Ly is the flight path
in inches, c = 11.802854 inches/nsec is the velocity of light. If
time between particles 2 and 3 is the quantity measured experimental
tive time is:

, the rela-

The program lists Tp,Tgy,Tuy T3 ,Tu-,E23,E) 34E12+5E13-E12-,03+ and dg3y
for a specified range of T, and also pists on the 1ine Peinten all the othor
energy v les as functions of T,, using the multi-variable high-density plot-

ting routine GRAPHIC. For time meaSurements t, or t ) is substituted for T,.

Typical graphical output from the program is illustrated in
for the reaction °Li(d,pn). (W.J. Braithwaite and J.G. Cramer)

4.10  Zeros of the Reduced Rotation Matrix dJin(6)

The simplifications in the angular dependence of particle-gamma angular
correlations which make possible straightforvard measurements of nuclear polari-
zatignl and spin mp in 2% » 0% transitions arise from the occurrence of zero:
in d3) at 0°,30°, and 180° and in d8; at 0° and 180°. i
T i e e s exploited to measure nuclear polar-
ization.

The recent work on particle-conversion electron angular correlations de-
scribed in Sec. 6.6 has brought about a renewed interest in the zeros of the
rotation matrix, particularly for half-integer spins. We have generated polar
plots of the rotation matrix elements of order 2 and smaller. These are shown in
Fig. 4.10-1. We have also combined the previously written function subprogram
DS for calculating rotation matrix elements by an extension of the method of
Wills% with ROOT, a program for finding the real roots of an equation numerically,
and have generated a table of the zeros of integer and half integer reduced ot
tion matrices. The results of this calculation, up to j = 8, are given in
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Zeros of the Reduced Rotation Matrix dJ (o)




Table 4.10-1. These values are in good agreement with those seen in Table A.5
of Ref. 1, which were calculated by hand. (W.J. Braithvaite and J.G. Cramer)

l J.G. Cramer and W.W. Eidson, Nucl. Phys. 55, 593 (1964).

2l .H. Schmidt, R.E. Brown, J.B. Gerhart, and W.A. Kolasinski, Nucl. Phys.
52, 353 (1964).

at R.A. Lasalle, J.G. Cramer, and W.W. Eidson, Phys. Letters 5, 170 (1963);
R.A. Lasalle, Ph.D. Thesis, Indiana University, 1964 (unpublished).

b John G. Wills, "Numerical Evaluation of Clebsch-Gordon and Racah

Coefficients", ORNL-TM-1949 (1967)(unpublished).

4.11  Subroutines for Gamma Functions and Confluent and Gauss Hypergeometric

Functions of Complex Argurent

The FORTRAN subroutines described here have been written in connection

functions of lex argument.l The conversion electron matrix elements
(]f\u\m depend on radial integrals which in the point-nucleus unscreened ap-
proximation are representable as sums of Gauss hypergeometric functions.2 More-
over to obtain convergence, DiBA calculations involving the formation of unbound
states require special radial integration techniques using integration in complex
radial space3 of Coulomb wave functions with complex values of p, which are spe-
clal cases of confluent hypergeometric functions of complex argument.

ALl of the subroutines described here have a comon feature which is
worth mentioning. They are written as FORTRAN functions, although they operate
as subroutines. The value retumed by the function call is an error test indi-
cator which is positive for normal functioning and zero or negatlve for abnormal
conditions. Thus a subroutine call should be of the form:

150 1F(HYPERM(AR,AI,BR,BI ,ZR,21,FR,FI)) 500,500,160

where statement 160 is the normal continuation and 500 is an error trap. Thus
the subroutine is called and tested by the same FORTRAN statement.

LGAMMA(ZR,21 ,FR,F1): Logarithm of Gamma Function of Complex Avgument.
This subroutine uses Aandbook of Mathematical Functions,* (HMF) Eq. 6.1.41 to
caleulate in T(2). The series approximation was extended to include powers of z

wp to 2"
i 1(z) = ln/ﬁv(z—%) mz il
miitiEe i e B0 -12 -1
z z

it z z
- 20 - T+ 55 - g * Tew - 1188 T Se0se/eST T 1%

),

A test is made to determine if |z|2 > 100. If so, the series is used directly.
If not, the recursion relation




1

I(z) = =T(z +1)

dition on |z|? is satisfied. The sub-
ther than using the complex arith
code may be used on machines for whic
thmetic is not available.

is used to recur z upward until the c
routine does complex arithmetic
metic features of FORTRAN IV
FORTRAN IV complex ar

The logarithm of I(z) is eva)\zmtﬂd rather thap I'(z) itself because the
logarithm series goes in powers of rather than z 1, and because I(z) becon
incre: z. Usually the quantity of interest is a

ng
ctions, and computer word overflows can be avoided by taking
the difference of in I' before exponentiation, i.e.,

T(z,)).

Function of
power series in z for calch]]un ey

i fas nypmcmmc
s HIF B as the ba

2
i az , a(a+l)z d(avm(a+ 2224,
LA e S s S b e G 5D

However, for Re(2a) > Re(b) or for
and transformations must be employed.

> 30 convergence of this series is poor,
For Re(2a) > Re(b) we use HHF Eq.

M(a,b,z)

e%M(b - a,b,-2), (5)

which makes 2Re(a') = 2Re(b - a) < Re(b') and so puts the parameters in a more
favorable region for convergence.

For > 30 the transformation to U(a,b,z), the irregular confluent
hypergeometric functions (see (6) below) which converge better for large |zl.
From HYF Eqns. 13.1.3,13.1.9, and 6.1.17 ve obtain:

! in
a2 = DB) Uasb,z) T(u}rel(bb; a,b,ze'™)
S1 TR R 2 ()

For special cases of poles or
pole, H(a,b,0)
cedures are used.

D simplifications, e.g., n = integer, H(a
, M(0,b,2) = 1, M(a,a,z) = e%, ete., special evalua




Mol il B e
ine uses ? the basic
mction:

n of Comples Argun
T o caxwatmg the

(a)(a+1-b)  alatl)(a+tl-b)a+2-b)
+
17 (- 2)

U(a,b,2) = 2°[1 + o
21 (- 2)

aa+V@+D@+rl-ba+t2-HE+t3=b ... (g
3t (- z)

4

z| < 30 convergence of this semes Ls poor.
For Re(b) > 1 we use HMF Eq. 13.1.

However, for Re(b) > 1 or for
and transformations must be employed.

U(a,b,2) = 2® UCa + 1-b,2 - b,2) (8)

which makes Re(b') = Re(2 - b) < 1 and so improves the convergence of the series.

For |z| < 30 we use the transformation to the regular confluent hypergeo-
metric function M(a,b,z) discussed above, which converges well for small |z|.
From HMF Eqs. 13.1.3 and 6.1.17 ve obtain:

rQa - a) l/(a,h 2) T -1)Ma+l-b,2-b,z) @
T(a b) 27 12y #

U(a,b,z)

For special cases of poles and special values, e.g., Ula,b,0) = pole, U(0,b,2) =
1, U(a,a + 1,2) = 1, etc., special evaluation procedures are used.

HYPER F(AR,AI,BR,BI,CR,CI,ZR, 21 ,FR,F1): Gauss Hypergeometric Function of
Comples Arguments,  Thi Uses HF Bq. 15.1.1 as the basic power series

in z for calculat

g the functi

ES ala + 1b(b + 1)

= JLRAEE 0 B fh)18 Z_
Fa,bses2) = 1+ =35 + FETER) 5

a0
ydat et G+ D2 D) z b

cle + Dle +

However, the series diverges for Re(a + b) > Re(c + 1) and for |z| > 1,
only conditionally convergent for Re(c) < Re(a + b) < Re(c + 1) and ~ransfoma-
oye:

tions must be emple

For Re(a + b) 2 Re(c + 1) we use HMF Eq. 15.3.3:
Fabsesn) = (1 - 2°P72 F(e - a,e - bsesz) an

ich makes Re(c) > Re(a' + b') if Re(c) < Re(a + b) and so puts the arguments
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in the convergent region.

For Re(c) s Re(a + b) < Re(c + 1) we must recur upward in c using
Eq. 15,2.12:

F(a,bsc32) 2erloaob) rapie + 12

p2lerl-a)c+1-b)
(1 -7z)c(ec + 1)

(12)

F(a,bsc + 2;2)

hich insures that Re(c') > Re(a + b).

For |a| > 1 we must use the reciprocal transformation, H

I(e) (b - &) (_ 2

Flabicia) = HEHe—=2

F(a,a+1-cia+1-bd)

PHD By e

which puts z in a convergent region. Note that this transformation does not
alter the quantity (a + b -

Special cases are handled by special evaluation procedures, e.g.,

I(c) I(c - a - b)

Flab,e,l) = e Te ooz by,

F(a,bsbsz)i= 1 - z)™°

(14)

Testing. The testing of these subroutines have thus far been confined
to reproducing tabulations, and to consistency checks. In particular, HMF Table
13.1 has been reproduced, using HYPER M. However more stringent testing pro-

necessary. A program now being prepared will accomplish this by
generating randon complex arguments in specified regions and testing to make sure
that selected recurrence relation: is, it i
hoped, will solve the problem of testing wathematxcal function subroutines
many-dimensional parameter spaces. (J.G. Crar

A% M.E. Rose, Phys. Rev. 51, 484 (1837).

o8 M.E. Rose, G.H. Goertzel, B.I. Spinrad, J. Harr, and P. Strong,
Rev. 83, 79 (1951).

&5 R. Huby and J.R. Mines, Rev. Mod. Phys. 37, 406 (1965); T. Fortune
(private communication)

4. Handbook of Mathematical Functions, National Bureau of Standards Applied

Mathematics Series, 55(M. Abrahamowitz and I.A. Stegun, Editors) U.S.

Government Printing Office, Washington, D.C. (1364).




5. LIGHT NUCLI

US STUDIES

54 Proton-Proton Brem:

ahlung at 20 MeV

The proton-proton bremsstrahlung (PPB) experiment described
year's Annual Reportl has been

Scribed in that report to take additional data with outgoing proton angles near
25° on either side of the beam. red the cross section for outgoing
proton angles near 30°. The resulting values for do/dijdip, averaged over the
angular acceptances of the counters, are .60 * r2 for both protons at
25° and .61 * .07 ub/sr2 for bx After folding in an estimate
for the azimuthal angular dependence of the cross section (based on the calcula-
tions of Drechsel laximon2), we determined coplanar cross sec

.07 yb/sr? and .69 + .07 ub/sr? for those two cases, respectively
are consistent with published theoretical calculations?
proton potentials to calculate the PPB cross section

in las
mental Lec‘).uoue" de-

We also mea:

ich use various proton

We will describe the ewperimental techniques only
been reported elsewhere.l>? gas target was desig
miltiply scattered in the entrance foil from hitting
counter system; such particles can scatter into
ground of the same energy as PPB protons
three detectors. The PPB protons stopped in the second, while the third stopped
the elastically scattered protons. A fast anticoincidence was formed between
the signals from the second and third detector, so an output would result only
fron particles not entering the third counter. This anticoincidence output
started or stopped a TAC. The high count rate (2.5 x 10% counts/sec) of elas
ally scattered protons would cause dis plifiers; conse
quently we canceled the analog signals from the £irst two detectors with the sig-
nel from €

ird, thereby maintaining good energy resolution (v 75 keV) in
spite of the high count rate.

efly, as they have
o prevent particles

; the front slits of the

the counters, creating a back-
Each of the two counters consisted of

The TAC signal and the signals from the first two detectors (with the
elastic proton signals canceled) in each counter were fed into the SDS 930 com-
puter for each coincidence. Using the computer we were able to identify the
product of the mass and the square of the charge for each particle, from the
energies in the two detectors of each counter. About half the events were elim-
inated because at least one particle was not a proton leaving all its emergy in
the first two counters.

h the computer we also were able to correct the TAC
output for energy dependent time walk and were able to cbtain about 5 msec co
cidence resolving times, instead of the 20
tion,

nsec obtaine

before time walk correc-

obtal

We had three successful runs this year, with most of the emphasis on
ng data at equal proton angles of 25 deg. Due » of the
automatic counter angle readout on the 60 in. scattering chamber, one of the runs
had one counter at 27.50° while the other was at 25°. Since theoretical predic-
tions? indicate that the cross section should not change rapidly with proton

angle, we have included the data from this run with the other data taken with
both counters at 25°.

of accidental coinc:

The combined data gives us 183 counts (after subtraction
dences) for the 25° case and 97 counts for 30°.

In the first
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Fig. 5.1-1. Some raw spectra. Each spectrun shown is the result of an en
run. The top two panels show spectra of corresponding prompt and delayed coin
cidence spectra. The botto panels show prompt coincidence spectra. In all th
prompt spectra the events from PPB as well as from 2H(p,2p)n show clearly above
the background, which is almost entirely due to accidental coincidences. The

delayed coincidence spectrum is typical, and it shows that the accidental back-
ground varies slowly with the energy of the detected protons.
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overall true-to-accidental rat

me vaw spectra are shown in Fig. 5.1

accidental coincidence events for a much L

idence events (%5 nsec), the delayed coincidence spectrum contains m

counts than the ccrre;psndvn, prompt spectrum. Of course, the delayed coil
to be multiplied by the ratio of time acceptance interval:

cidental coincidence spectrun to be subtracted. Figure 5.1-2 s

coincidence spectra.

probable photon angle from the two pro-
i vent. The re-

g

TR}
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hsel and Haximon?
he photon angular d
o case ,and

o
£

re = 7

€ //

inportant results o 2 /

perinent are the $ )

10,, obtained by summing all the 3 i

\

1
at each pair of angles
A

tons To:
» average over the 2
cceptances. Drechsel =
e calculated the azim- Do o
thal angular dependence of do/d2;dfly £ 2 o
ber of incident energies and out- < 4;/
and it ppears trat S
¥ 7
3 o

\

0, (Gagees)

_ Fig. 5.1-3. Histograns of pt
lar distributions, averaged

proton counters' angular acc
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our measured average value. There is about a 10% correction necessary and the

average and coplanar values appear in Table 5.1-1.

Table 5.1-1. Values of do/da,do,

2 (d:/j&ld“?)ccpkdnar

Proton Angles do/df ;e

250 .60 £ .06 ub/sr .68 % .07 yb/sr?

300 .61 ¢ .07 ub/sr? .69 £ .07 yb/er

The 30° value agrees with .75 ub/sr, the value determined from graphs of
Ref. 2. On the basis of an extrapolation of the results of Ref. 2 we expect
do/da)df,, for .5 and .6 ub/sr? (although
Maxinon is presen for that case). We thus find

both results comsistent with available potential model calculations.
K.G. Nair, P.A. Russo, and D.W. Storm)

(D.R. Brown, I. Halpern, R.H. Heffner,

Laboratory Annual Report, University of Washington

il Nuclear Physics
(1969), p. L.

24 el phys, Rev. 177, 1498 (1969); D. Drechsel and L.C. Maximon,
Ann. Phys .) 49, 403 (1968); D. Marker and P. Signell, Phys. Rev.
185, 1286 uea D

3. D.W. Storm, Ph.D. Thesis, University of Washington, 1970 (unpublished).

il i
Search for a State in ‘He via the Reaction d tp +p

5.2

There has been considerable work done looking for evidence of excite:
states in the three-nucleon system; however, mo states have yet been definitely
identified. Niiler et al.l have reported a measurement of the excitation func-
tion for the reaction d + p » &% + p (where a p-n system of small relative
energy). Their results show a bump in the excitation function at about 10.5 MeV

incident_proton energy, correspondkng to a possible resonance at 12.5 MeV excita-
the excitation function only for one angle, and
it

tion in 3He. They have measured
that angle did not correspond to a fixed c.m. angle for the outgoing d¥, bu
rather was a fixed d% laboratory angle of 30 deg. Comsequently, we have measured
the excitation function for this reaction from 7 to 14.5 eV incident proton
energy at two angles. In this experiment the laboratory angle of each detector
was varied with incident energy so that the outgoing p-n system, with zero rela-
tive energy, would be at 30 or 90 deg in the c.m. d no structure in the
excitation functions for either angle.

Since the a4 4 p systen in the final state consists of three particles,
it is necessary to detect two of them to determine all the kinematical varisbles
of the final State. We detected both protons, at angles hosen to include the
case of zero relative energy between the neutron and one of the protons. The
Kinematical relationships in the final state can be understood readily by con-

sidering the center of mass system for the proton and neutron that comprise the
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Kinematics for P-D Breakup

EpneziOMeV |

GO

+
£, (MeV)

5.2-1. Kinematics p-d breakup at proton angles chosen to include

final state. The subscripts 1 and 2 vefer to the proton coning fr
the other proton in the final state, respectively. The vertical m
-E, curve indicate the points corresponding to d# excitations for 1

If we consider the di's with zero to a few hundred keV excitation energ
be leaving the reaction at an angle 0y, then the recoil proton angle 0, is
fairly well defined. (For any particllar excitation of the d*, 6, is defined
exactly, and it changes slowly over a few hundred keV range of di excitation

incident proton energy is several MeV.) If we detect the scattered
n place a second counter at 6gs, We can simultaneously dete
the proton which comes from the decay of the zero excitation d¥.

“within 4 cone centered along the direction of mtion o
t's c.m. system. The tangent of the angle at the apex of the cone is equal to
the w]wuy of £

energy is

must 1ie becomes narrower.
i o ih s sal liit o
of the proton fron the d*, Ep is the energy of the other proton.

how a strong enhancement for of proton energies corres-
o low (less than 200 keV) excitation energy. To determine the
citation function for the production of d*'s, one must subtract the bacl
to other three body breakup processes, one must set a limit on the relati
excitation energy of the p-n system that is to be considered a d¥, and one mu
for the losses of df protons if the d%'s proton detector is smaller
the cone allowed to these protons. ler et al. have carried out these pro-
cedures, and report an apparent resonance in the excitation function. Since the
three-body breakup background in the energy region corresponding to the d




Time Specira in P-D Breakup Projection of Dlp:2p)n Data on the E; Axis

the Region of the p.n Final Site feraction

E

TAC CHANNEL
€ (channels)

5.2-2. Time spectra from the two
sets of proton angles corresponding to
c.m, & angles of 90 and 30 deg, or,
equivalently, proton number 2 c.m. anglesg
of 90 or 120 deg. The small arrovs indi
cate the acceptance intervals used to
deternine prompt and accidental coinci-
dences.

Fig. 5.2-3. E) spectra for the two sets
of proton angles. The small arrows il
dicate excitation of 100 keV in the d¥
system.

small, and since the geometrical efficiency correction factor is monotonically
decreasing with increasing incident energy, any resonances should appear as bumps
in the data before these corrections are made.

In the present experiment a deuterated polyethylene target was bombarded
with protons from the Van de Graaff accelerator. The ; protons were de-
tected in two Si(Li) detectors. These were set at angles corresponding to out-
go c.m. angles of 30 and 90 deg. Time signals corresponding to the zero
crossing of doubly differentiated pulses started or stopped a time-to-amplitude
converter (TAC). The two energy signals and the TAC signal were zhgiuzed and
read into the SDS 930 computer. Using the computer, we were able to vary the ac-
ceptable TAC values corresponding to prompt coincidences to suit the appropri
energy region and thus were able to obtain time resolutions of about 20 nsec for
the events of interest. This resolving time was adequate to el
cidental coincidence background. Figure 5.2-2 shows typical time spectra taken
fron the E-E, region corresponding to the dt.

ear in Fig. 5.2-3. e have projected the ap-
ional energy spectra onto the E) axis. The

parent in the peak.
tation energy, and the

Typical energy spectra
propriate region of the two dim
effect of the p-n dinal state interaction enhancemen

The peak center corresponds very nearly to zero d¥ e
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E) corresponding to d* excitations of 100 keV

the arross and comparing with the nuber of count

tted versus incident energy for the ang’ea corny
ponding to the df at 30 deg and
ponding to the d* at 90 deg. T

Evctatin Frcons for the Ds2in Reccien o structure , and the excitation
Summed fian O fo 100 keV d* Excitation

tions are rather flat.
additional manipulations to obta
excitation function for the

the only important effect is the d
tection efficiency, which is a fa
which decreases mc')c\:m]call‘,’ wi
creasing incident energy

no evidence for resonances in the e
System with this reaction, and o
tainties (about 56) are such tha
should see any_bumps of the magn:
those reportedl from the experimen
d* lab angle of 30 deg.
(W.J. Braithwaite, J.M.
Storm, and T. Tombrello)

< o)

meron ,

xcitation functions for e 1
sections, do/dRdR,, corres- 1+ [HAs Niller, W. von Witsch, 2

ke o 2 Phillips, Bull. An. Phys. Soc. 1,
is no evidence of stru deazf1009).
tation function

ce Scattering in the p+ d > p + p + n Reaction

We have undertaken a study of the energy dependence of the quasifree
ng of an incident proton by one of the mucleons in the deuteron in
h a group from UCLA r work includes p-p and p-n quasifree
proton energies cf 11,14,17,20, and 23 MeV. The UCLA
quasifree scattering at 36, 41, and 46 MeV. The experi
ilar; we will only report on the details of the experi
We have attempted to fit the data with an expression for

o 2 (
T, = letq)| (do/d@)g . x (phase space factor). a)

In this form

9(q,) is the momentun vave function for the neutron in the deu-
teron, as deternined from the parameterization of the Hulthén wave functio:
(40/d2) £1.c, is the free nucleon-nucleon scattering cross section at the
momentum transfer and c.

. energy as those of the two nucleons in the final

6l




Two counters were placed at e

engles 0 on ither side of the bean
v 43 deg (for the p-p par
or the angles varied from 38 to 43 deg, chosen s

£ the exper:
e
quasifree scattering) could be at rest.
...gular resolution was.

isted of dowble dela aping anpl. junct:

Ciming single channel amalysere. e Bero cressing time signals started
or stopped a TAC, and the two 4, two E and the TAC signals wer
read into the SDS 930 computer.
were extracted in the computer.

digitized and
True coincidence two parameter proton spectra

The neutron t
signal derived from
signal, the proton's & and E
nal, and a signal derived e
tion system (see Sec. 3.6

meter spectra for ne
the computer.

t was determined,
ng edge of the proton's
scintill:
pulse shape discrimination neutron-gamma separa-
.6) were digitized and read into the computer. Two-para-
on time-of-Flight versus proton energy were extracted in

06,29

200V <
H a3-az ! 2
i NF=018 { %
] -
e 3
G :
34 <

L £ M)
£ v

.3-2. Projected spectra for dtpupt
lpw quasifree p-n scattering at 20

t energy, along with theoreti-
cal peak shapes. The solid curve results
fron the caleulation with no cutoff ra-
dius. The dashed curve corresponds to a
cutoff of 4.5 Fm.

inciaent lenceay, along with theore-
tical peak shape
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By projecting the appropriate (corresponding to p-d breakup) region
the tuo parameier spectra on a proton energy axis, we obtained spectra su
show -1 and 5.3-2. Also shown in Figs. 5.3-1 and 2 are theoret
chapes for the quasifree scattering process, as determined from Eq. (1). Th
theory has been normalized to the experimental data at the top of the quas:

peak. Note that for the p-p quasifree scattering, the data form a peak narr
than predicted by the theory, while for the p-n case, the shapes are similar

N EoumALENT

theoretical peak) vers cident energy.
Note that the nornalization factors are
significantly different for p-p and p-n
free scattering, althou Joth
cases the factor increases with energy.
Other p-n experirents have shown similar
results.

o

The results of these measure-
ments confirm that at these low energies
the impulse approximation mist be modi-
fied to take account of the increasing
DeBroglie wavelength of the incoming g
proton. Attempts have been made to do

this by including a cutoff radius. It
is found that a cutoff radius of about
3 Fn greatly improves the ratio of the
theoretical to experimental peak height.
At the same time the predicted width o
the enhancement is decreased as is also
Tequired to fit the data. However, it
11 puzzling that the p-n and p-p
heir ratio to the pre-
ions so markedly. It
would be interesting to see if a more
complete treatment of the processes can
account for these differences.
Braithwaite, J.R. Calarco, J.M.
meron, and D.H. Storm)

s

2

RATIO (EXPERIMENT/ THEORY)

3 e 3
LABORATORY BOMBARDING ENERGY (Mel)

Fig. 5.3-3. Ratio of the measured quas
free cross section at the maximum of
the peak to the theoretical predicti
plotted versus incident energy.

i D.J. Margaziotis, G. Paic, J.G. Rogers, J.H. Verba, and J.C. Young,
private comunication.
L. Petersen, R. E
Phys. Letters 31B, 25 Cas70),

Theus,

0. Bondelid, A.G. Pieper, and




Determination of Nuc:

Lengths Using the Rea
3He(a,tp) H and H(a

energy elastic scattering
e
t be used to determine the low
energy elastic scattering parameters. information about the n-n scat-
tering length, three body final states, two of v neutrons, must be
To extract accurate n-n parameters one must choose experimental condi-
ey interactions,or one must be able to
some manner. accurate
R S ann, have been made using the = + d

+
2n reaction,l in which there is little interaction betueen the two neutrons and

Measurements of the p-p, n-|
inportant for studying charge ind
ing are not yet possible,and

asure-

the photon.  This experiment yields a result for anp Of -18.42 * 1,53 Fm. Pro-
cesses in which there are more than two y interacting particles in the
kes use of a comparison

final statg may be useful in dete
4

interactions should be measured and analyzed under
ment of predictions of some model with well established values of pp and np para-
meters allows ome to have confidence in the value of the nn parameters extracted.

We have initiated a study of the reactions

a+%e >t +prop,

d¢[»3he¢nvn.

Some preliminary measurements have been
made on tritium targets. The JHe targets
were detected in a counter telescope con-
sisting of a 35y AE and a 2m £ detector.
The neutrons were detected in a NE 213
liquid scintiallator described in Sec.
3.6 of this report. The neutron tim
£light was determined relative to that
of the charged particle. Five para-
eters for

from the AE and E detectors, scintilla-
tor pulse height, pulse shape discrimi-
nator signal derived from the scintilla-
tor, and time of flight signal) were fed
via analog to digital converters to the
SDS 930 computer. A program was used
which performed particle identification % + + +
it R the Netn Tima—ofFigh —=
identification signal for each

T T T
3ob d+ %= Heanen
of By 40"

Counts/Channe!

event and then displayed the e energy 3
versus neutron flight
event.

3
.4-1. Spectrum for d+H > Hetnin
ected on the neutron time of flij
The peak is due to the n-n fina

time for each

Preliminary measurements were



£ ts. The best results yere obtained with one
1 500 ugn/cm? Ti on a 2 mg/cm? Pt backing; this targe
d that a very e e o
and lead shielding around the neutron

> 3e + n + n reaction is shown in
light axis. The enhancement due to the fi
was guishable as shown in Fig. 5.4-1. Furth
measurements on both reactions are plamed for the near future.

(W.J. Braithvaite, J.R. J.M. Cameron, W.W. Jacobs, and D.H. Storm)
1. David Nygren, Ph.D. Thesis, University of Washington,
2.  W.T.H. Van Oers and I. Slaus, Phys. Rev. 160, 853 (1967).

3 + i ;
5.5 A Search for the Second 2" T = 1 State in A = 6 Nuclei

Predictios of the energies and wave fungtions of T = 1 lewels fn the

n made by Barker,l oyarkina,® and Cohen and Kurath.® The:
calculations use a basis set of either LS coupled or 3j coupled states for t
o 1p shell miclecns perturbed by  two-body. interaction with exchange 22 v
as a one body spin orbit term.

S scheme, two 1p nucleons in a T = 1 state can have spins coupled
To maintain overall antisymmetry, S = 0 requires the orbita
angular momenta (2 = 1) to couple to L = 0 or 2 (J" = 0%,2%); these space sy

metric states are expected to lie lowest in energy due to the shor

of the nuclear force, At higher excitation, there are three states with T
of, 1*, 2F). Introduction of the residual i
the multiplets to be Split and those members of the two multiplets wi
total angular monentum to be mixed.

range nature
-1,

Barker! chose paraneters for the residual interaction by fitting the love
states in mass 6 (J 0, 30, 01, 20 and 21); he predicts the second 2* T =1
level (21#) to be 4.24 MeV above the Ji state. Cohen and Kurath® carried

out a fit of the general two-body matrix elements to the lp shell data frc
to A = 16. Orly moderate agreement is obtained with the spacings of tl
levels for A = 6. The 21 state is predicted to lie 7.94 MeV above the Ol state
Boyarkina's calculations® are similar to those of Barker in that

of the residual i ion are obtained by optimizing agreement with
levels in the A = 6 nuclei. However Boyarkina chooses a fixed (Rosenfeld) ex-
change mixture. Agreement with experiment is much better than Cohen and Kurath
obtain although the energy of the first 21 level is somewhat overestim

position of the 21! predicted to be 7.0 MeV above the 01 level. Both
Cohen and Kurath's and Boyarkina's wave functions show much less mixing than
those of Barker, being much closer to pure LS coupled states.

e experinental work up to 1966 pertaiping to the A = 6 nuclei has been
summarized by Lauritsen and I\Jzenberg -Selove. ' They found no direct eviden
confirming the xhtencv of e: ed states above the first 21 level. Since
then Batty et al.® and ‘«ake{)eld and Macefield® have reported evidence for an
excited state in OBe at 3.0 - 3.5 MeV excitation in the reaction °Li(p,n)°Be
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Somewhat conflicting data has been obtained ious other reactions.”-9

made estimates for the

Using the various shell-model predic
relative cross sections of the two 21 states for nucleon pickup reactions such
s 7Li(p,d)®Li%* and two nucleon stripping reactions such as “He(3He,p) )
prsmc\ed ratio of cross sections, o(21%)/0(21), is app nately 0.25 et
tron pickup and 0.50 for two-nucleon stripping using Barker's wave func
Using Boyarkina's and Cohen and Kurath's wave functions, the calculations indi-
cate 0(21%)/0(21) v 0.05 for two-nucleon stripping and v 0.01 for neutron pickup.

Thus the best reaction to use in a search for the 21% state appears to be
two nucleon stripping. Since Barker was able to available mass 6 data well
and since his wave functions predict strong two nucleon transfer it is of inter-
est to see if the 21% state can be observed at the energy and with roughly the
strength predicted by results. A seagch was therefore made for state
using the reactions “He(a,n)®Be, He(a,p)°Li and SH(a,p)®He with the hope that
the reactions would proceed via the transfer of two nucleons from the target to
the incident projectile,

The three reactions were carried out using the 42 NeV alpha particle ean
from the 60" cyclotron. In the %He(a,n)®Be reaction the bean impinged on a
gas cell. Neutrons were detected in a 5 in. X £ 213 1iquid scintillator
coupled to an RCA 4522 photomultiplier. Neutron energies were determined by
tine-of-flight using a flight path of 4m. at 45° in the laboratory. The inhevent
system time resolution including the duration of the beam pulse was ob
be of the order of 1 nsec. Gama rays were rejected using pul
nation (see Sec. 3.6 of this report). The results are shown in
um. the available time between beam bursts (87 nsec) limits the region of ob-
servable excitation energy to below about
5 MeV. No structure was observed in the
region corresponding to 3.5 MeV excita-
tion energy Be where a state has

been previously reported.>:® A(ditiunal
Tuns at 45° using a 3m flight path and
s e e
be able to search at higher excitation
energies .

T

He (o) ®Be
Eqrd2 MoV,

ase

The ne(u.p) Li reaction was car- £
ried out using the same gas cell. Pro- 32
tons were detected and identified using S |

and 45°. Typical results are shown in
Fig. 5.5-2. Identification of levels
above the First 21 states was found to ™ CHANNEL NUMBER
be impossible due to the bac(ground s

duced by the opening of channe 3-
and 4-body final states.

Fig. 5.5-1. Neutron time of flight sp

L .. trun from the reaction He(a,n)°Be at
The most promising reaction with oo
which to locate the 21* level appears il




e
§ et v

CHANNEL " NUMBER

Fig. 5.5-3. Proton spectrum fro
action 3(a,p)®He at 75°.

smaller fac or:

cle final states is expected to be les
he alphas bombarded a target of tpitiated titanium (v 50
evaporated onto a platinum backing (v 2 mg/cm2). A AE-E-Anti 3-counter tele-
used to detect the reaction products. Energetic particles were reje
(Anti) counter before particle identification was made.
were taken at large angles in the laboratory (70°-90°) which comrespond to
ward angles in the c.m. in which the triton is considered as the p:
tile. If, indeed, the reaction does proceed by two-nucleon stripping,
section is expected to be largest at forward angles. The data taken at 75
shown in Fig. 5.5-3. The ground state and First excited state of CHe stand ou
arply. Unfortunately the difficulty in extracting evidence for higher stat:
is increased by the large background due to the target backing material.
of a suitable target easurements has prevented further
a target has been ordered and additional runs are planned.

In sumary, no evidence has yet been found in the reactions st
existence of excited T = 1 levels in mass b aove the first 2F, T = 1 state.
. Baker, J.R. Calarco, J.M. Cameron, and Chant

rker, Nucl. Phys. 83, 418 (1966).
oyarkina, Bull. Acad. Sci.
Cohen and D. Kurath, Nucl. Phy
Lauritsen & F. Ajzenberg-Selove, Nucl. Phys. 78, 1 (1366).
., Nucl. Phys. 297 (1968).
E.F. Macefield, Nucl. Phys. A114, 561 (1968).
oc. Phys. Soc. 75, 913 (1960).

28, 255 (1964).
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Rad. 24, 983 (1
4110, 321 (1968)

d. Linck et al., J. Phys.
C.L. Cocke, Nucl. Phys.

5.6 The

Structure of High Lying Leve

s in the uclei

The investigation of high lying levels in the A = 5 nuclei re
s1yls2 has been extended by use of the PLi(3He,a)5Li reaction. experi-
nt was performed using 25.5 MeV SHe ions from the Van de Graaff to bmma!‘d
500 wg/em? OLi foil of 99.9% purity. The em particles were identifie
using a AE-E counter telescope and an ORTEC identifier unit, as described in de-
elsewhere.3

pre-

An energy spectrum for the °Li(%He,0)’Li reaction at a laborator

£ 35° is shown in Fig. 5.6-1. In addition to thc = state and the
]eve) at 16.7 MeV there are two broad peaks cente 9.8 and 22.8 MeV ex-
In - 5.6-2 the alsha particle energies correspond:

the two broad peal plotted against angle; the kinema
or a level in the “oﬁle 149150 remrtionts inciudhd fon compan

angle
2t

g to the cen-
tical variation

he data for the 'Li(d,a)’He reaction at an incident deut
24 UeV has been

ron energy of
rther analyzed; an energy spectrum for this reaction taken at

T
2} SLiCHe,0)%Li
E3,,2255 MoV
e 1S00He 8170(23 MeV)
L o ¥ 1
3
et excess nsove H
PHRSE SPAGE 3
o
n )
= a3 E3
8,(degrees)

5.6-1, The energy spectrun for the Fig. 5.6-2. The angular variation of the
6Li(%He,a)5Li reaction at 35° e of the broad peaks observed in
i(%He,a)’Li reaction me solid

nes are the results of atic cal-
eitations of 19,8 and




«— Excitation energy in MeV in *He
2 22 20

e 1 e

EXCESS ABOVE
PHASE SPACE

w18
Channel —>

Fig. 5.6-3. energy spectrum for the 'Li(d,a)’Hie reaction at 40°.

a laboratory angle of 40° is shown in Fig. 5.6-3. Again, in addition to the
ground and 16.7 MeV levels, there are two broad peaks at 19.8 and 23.8 Me
citation. Of the remaining peaks in the spectra all were identified as grou
arising from the 160(d, o1 reaction with the exception of one group in the
vicinity of 25 MeV excitation in SHe. This group is however most probabl
to the alpha decay of states about 16.7 MeV excitation in “Be excited in
Li(d,n)8Be*. In Fig. 5.6-4 the alpha enmergies corresponding to tl
centers of the broad groups are plotted against angle.

g

the comparison o the resuits obtained for these two reactions, taking into
sideration the different selection rules involved, will allow some concl:
to be made about the various levels at excitations above 20 MeV in the A
system.

(M.P. Baker, J.M. Cameron, N.S. Chant, N.F. Mangelson, and D.H. Storm)
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Chant, N.

q Storm, Proceedings of the Inter
S50 N5 e national Conference on Propertics
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2 of Nuclear States, Montveal, 1969.
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B, (degre

6-4. The angular variation of
the energy of the broad peaks observed

e "Li(d,a)%He reaction. The solid
lines are the result of kinematic cal-
for excitations of 19.9 and

the Deuteron in the ®Li(d,pn)®Li% Reaction

tation

Inelastic E:

The reaction °Li(d,pn)’Li* (g.s., 2.18 eV and 3.56 MeV) has been studied
by detecting the neutron in coincidence with the proton. The experiment was per-
formed using 21 MeV deuterons e bom-
bard a self-supporting PLi foi. em?. The protons were identified using
a 4E-E telescope, the (aey ol T el in the SDS 930 com-
puter. The neutrons were detected in a liquid scintillator counter system which
gave the n-Y separation shown in Fig. 5.7-1.

el teea s tornal in 8o o enaasceripey o sp s MEUREIE IR e

e as (Tp-Ty) vs Ep. An example of this two-paraneter data is shown in
solid Lines show the allowed kinematic regions for the (d,pn)
reactions leading to the grownd and first 4 excited states of °Li. (The calcula-
tion of kinematic loci for these reactions is discussed elsewhere is re-
port.l) The data is also shown in Fig. 5.7-2 for those channels where the count
population was larger than 15.

The °Li(4,d') angular distributions to the gromd and 2.18 MeV states for
jpcident deuterons of 21 MeV is shown in Fig. 5.7-3. An angular distribution for
7Li(a,d') is available? t deuterons of 23 MeV. The elastic shapes for
5Li and 7Li are quite similar and what small differences show up between thel
also show up between the SLi and "Li elastic at 11.8 MeV.® In addition the
excited state data at our higher energies (21 and 23 MeV) are quite similar in
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using pulse shape discrininatio;

shape to the 11.8 MeV data fo
and 7Li

il

These observations strongl;
gest that the reaction mechan
Li(d,d') is direct and if (d,d
direct it would not be surprising
(d,pn) is also direct near the
Epn = 0. If the (d,pn) mechani:
compound nuclear the p and n wo
likely be emitted sequentially.
would be substantial time betwe
sions and they would likely leave
nucleus from markedly di:
locations. Thus the proton
would not have an opportunity
inal state interaction
enhancenent is seen that can only
about due to a FSI this would be
evidence for the direct mechanism

The yields from the ground, 2
and 3.56 MeV states have each be

7




i Grond state
Al SLi(d,d)°Li ' o
100 Eg=2100m
il 20}
52 ! o
2 o J il
g £
39 1 3
8
o 1 :
s Excies Sl Secgng e sre
o ™) 4
I
Bk 2o v

5.7-3. Elastic and inelastic deu-
oL

+ +
scattering from €, (Mev) —

jected onto the proton axis. These re-
s shown in Fig. 5.7-4. A stron

il i i A seronH vield orn“cctmn«- to the
enhancement can be seen on the plot cor- b e
g ing ol e e s (T =1) bt 2

n the region 0. (An amon marks for the

each case where o This enhance-
ment is aLlrlbuAec to t‘m pn final state
interaction which, near Epy = 0, strongly

favors the 1S, (T = 1). The 15) final state can populate the 3.56 MeV (T = 1)
state but is isospin forbidden to populate either the ground (T = 0) or the 2.18
MeV (T = 0) states. Braithwaite, J.M. Cameron, J.G. Cramer, and C Rudy)

Section 4.9 of this report.
Section 5.8 of this report.
cke et al, Nucl. Phys. A109, 676 (1968).

Analysis of Some Proton and Deuteron Induced React

ons on

Angular distribut: w for several reactions induced by bombarding isotop
cally enriched targe ith 23 MeV protons and deuterons have been meas
ured as previously reporth. The reaction products were detected with a AF
telescope So that data for “everal reactions could be cbtained simultaneously.

These reactions fall naturally into three categories: a) Reactions which lea
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to states in the mass A = 6 nuclei, b)
e ons, and ¢) In-

8o 2%

1lap
am on target.
o the

ular distributions for the d,
.36 HeV) ,7Li(p,d)PLL (B, = 0.0,2.

xc = 0.0 and 1.80 MeV) reactions hav
T*“Ihe data have been more carefully
160 contaminants subtracted from the
e because spectra were recorded at the a
Absolute differential cross sec
data after the target thicknesses were obtained.

forma T =1 isobaric triad as shown in Fig
d the 3.56 MeV second excited state of

. There are higher-lying levels in °Li w
analogs have yet to be found in SHe and ©

unknown,
probably

reactions which proceed from a given ini
mental test of the charge indgpende
his are the 7Li(d,%He)PHe - /Li(d,t)°L
He#(1.80 MeV) - ’Li(d,t)SL:

or these reactions the differential cross sections are rel

ollowing



e e el

£ a single nucleon and if the
nuclear states involved he transitions have interac-
tion conserves isospin, s e amplitudes is given by

where the isospin coupling coefficients
involved are those which couple the in-
deuteron and the residual nucleu
transferred nucleon. Sincs the
ratio of ky/kg, is .997, the (d,%

AT Tl
F o oL@ e g5
+7Li (d;) Li* (3.56 MeV)

:)f 2.006 over the (d,t) reaction.
does not take into account changes in
the matrix elements due to different en-
ergies and Coulomb effects in the exit - il 4
channels. Absolute cross section meas-

urenents of the 7Li(d,t)OLi%* (3.56 MeV) B

nd 71i(d,3He)Oke transitions are pre-

sented in Fig. 5.8-2. The (d,3He) dif-
cross sections have been multi-
plied by a factor of .997/2 as di~ ssed
above. The comparison is very good

through the first oscillation in the dif-
rential cross sections and acceptable
over the remainder of the angular range
if one consid
mental arrangements were used for the two 98 [ +
measurements . ’

(e he\)
ributions do not compare L3
as favorably and the data are being re- .
analyzed. However, there is no compel-
ling reason to believe the data are in
error.  Thus, it may be that the 5.36
MeV level in not a pure T = 1
ate, but has some admixture of other 20 40 60 80
T = 0 states. Cerny and Pehl* have shown CHAD

that only small admixtures of T # 1

states need by assuned to cause rela-
tively large deviations from unity in (ho_'lg e
predicted ratio of the integrated cross (a,4)5L40[3. 56 HeV,0%,T = 1] and
sections for (p,t)-(p,He) analog transi- m(d il e
tions. It is also possible that at this ;gng; the latter have been multip
somewhat lower center-of-mass excitation by’ udg
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Fig. 5.8-3. p + 'Li elastic scatter-
ing angular distribution.

energy (v 11.5 MeV), the effect of inter-
ference between compound mucleus and dir-
ect reaction contributions to the transi-
tions becomes larger.

con-

Elastio Scattering. A DWBA
puter code which includes Gaussian
finite-range corrections has been written
in order to extract spectroscopic fac-
tors for the single nucleon transfer re-
actions leading to mass A = 6 discussed
above.® Entrance and exit channel opti-
cal model parameters ave needed in order
to carry out such an analysis.

Absolute &

differential cross sections have
¢ scattering
protons and deuterons on Li so that en-
trance channel optical model paran
could be obtained. The ratios
cross sections to the Rutherford
tering cross sections are presen
Figs. 5.8-3 and 5.8-4
especially careful analysis wa
at the laboratory angles forwa
because of large contributions to the
elastic peak from the 12C and 16
taminants.

Theoretical fits to the elastic
attering data are currently
culated using an opt w] mod
computer program wr: ¥
S e
University of Washington 6400
puter.

The optical model parameters for
the exit channel in the (d,t) and _
¢, 3!!e7 reactions are available fr
3He +

i elastic sc._(temrn data

The 6Li

ecke et al.

RuHeRrono

)

5.8-4. The
ng angular distribu

ig
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* TLi(pp) TLi* (0478 MeV)
+7Lilpp) Li* (4.63 Mev)

the 7',i(p,r )7Lk (
V) reactions.

action data obtai

ZInelas:
determined for the
(478 MeV)

trated in Fig. 5.8-
cross section data ape T
contributions from

® Sliifie
alliRte i
20 40 60 80
Bem.

8-5. Angular distributions for

.478 and 4.63

‘exc ©

d with

ic Seattering,
Li(p,p") L
reactions. The

not
il

Either

a microscoj

Baker,

light target nuc}

el =s
1asti& proton and
5.6-6 respectively.

pic or
A code mentioned above to obtain theoretical fits to these inelastic scatter-
ing angular distributions.

r distrib
(.u78

tion for
MeV) react

model parameters necessary for the Di
calculations of the (p,d) naml ions
re not readily avail

ble.

M b
20 MeV are required. The
ion to this seems to be the
+ BLi elastic scattering data of the
ieidelberg growp at_an
energy of 11.8 Mev.”

found it necessary
optical model parameters in order to ob-
tain reasonalbe DWBA Fits to (p,d) re-

best

approxim:

incident deuteron

rential cross
4.63

sections have been
eV) and 7Li(d,d’

deutegon cross, sec
7L

i )
inal form in that a more el i o

must be mad

Analysis of the

7Li(d,d")7Li%* (4.63 MeV) reaction data is still in progress but has not as yet

colle
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eport, University of Washington
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e SHafLi
e

_In conjunction
(°He ,)°Li measuvements,l energy spectra
v the elastic and inelastic scattering “asn
25.5 MeV SHe particles were obtained uiisCHE
t laboratory angl 60 S
degrees in 5 degree steps. The target
sed was an isotopically enricl 1
supporting foil 584 + 24 ug/cm? thick.
he thickness was determined by weighing

Enrzns e

COUNTS/CHANNEL x10-2

ntaminants of 1
served in the spectra. An energy spec-
trum of Je particles detected at a lab- = =

oratory angle of 45° is shown in Fig

e Fig. 5.9-1. J};e epergy spectrun for the
reaction CLi(%e,He)PLi at g laboratory
angle of 45°. The incident ‘He energy
was 25.5 MeV. There are sna
tions to the spectra due to
contaminants in the region of 4 to 6
excitation energy in the residual °L

% energy spectra
ons which leave the
ground and 2.18 MeV
first excited state have the highest
yields. Angular distributions have been
extracted for these reactions and are
presented in

obtained
residual

o Peaks due to ‘He inelastic scatteri
°Li in its 8. 57, and 5.36 MeV excited states ave also present in all
spectra. The yields for these transitions are more difficult to deternine be-
Snuum contributions to the energy spectra from multiple par
e residual OLi nucleus. °Li is unstable to particle decay at
excitation energies above 1.43 MeV. Excited states significantly above this ex-
ation will have larger widths than the ground state because of their particle
instability (except, OF course, the 3.56 MeV, T = 1 second excited st
whose only energetically allosable decay toa+ d is isospin forbidden). Thus am
th a transition to one of these excited states may have is spread out over

g reactions which leave the residual
he

hannels in an energy spectrum. To obtain enough events to determine re-
liable differential cross sections therefore becomes time consuming. Using a
Trelatively thick target approximately one hour was required to obtain the spec-
trum in Fig. 5.9-1.
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ANGULAR CORRELATIONS

il 12 58yi(p,p'y) In-PL

ne Angular Correlations at 20 MeV

he in-plane p-y angular correlations on L2C and “Ni have been measured
IEl R oo ot vatart ioucy -

cross sections of the 2¥ first excited state of these nuclei if the z-axis (
1ip) correlation has also been measured. The results of the spin-flip corr
‘tions has been described elsewhere.l=%

The correlation function was measured by detecting the inelastically
scattered protons in coincidence the de-excitation y rays. The protons were
nitrogen (1‘.,2) cooled 5-detector array.

and a half angle of v 3 The detectors were mounted 10° apart o
was attached to a LN, dewar. The brass block allows the
Zo cireutate behind each detector. The dewar and LNp supply system is descr
I etected with a 4" x 4" NaI(T2) coupled to an
Fast tining signals were devived from the proton de
ast preamplifiers as described in Sec. 3.2 of this report.
n detected with a standard fast-slow coincidence cir-
cuit. Time to amplitude converters (TACs) were used to detect the fast coi
dences. The time spectra from the TACs were gated by the inelastic protons and
the de-excitation y rays with energies over 0.511 MeV. The full-width at half
maximun of the coincidence peaks in the gated time spectra was typically 2
or less. The fast-s time (peak base width) was {50 e
The data were taken on computer. Five time and five pro;
spectra, each spectrun contain: , were collected in the computer
splays the correlation values and their statistical
errors during data collection. The progran is described in Sec. 4.7 of ¢
report.

Coincidences at a number of y angles were measured for each proton an
The correlation function at a given proton angle has the form

E) cos(?wv <6 MiiEy v_os(wY - 601

Only the second tern in W is associated with protons which spin flip during the
intesdction. This form is fitted to the data by the least-squaves method, and
the parameters D, Ey, E, 61 and 65 extracted. The only parameter directly as
ciated with the iuibiatd’ crose secsions 1o Do D can e datarmined i the y de-
tector efficiency is known. The other parameters contain complicated, but inde-
pendent, combinations of substate amplituies and their relative phases. A com-
plete descr: meters i given by Schmidt et al.> D is related
to the probability of sxmtmg the Oth substate by

14

b S ubstates with an unpolarized

where S;

is the probability for excitiny
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This, together with the normalization condi
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Figure 6.1-1 shows the elastic and inelastic
ote that the inelastic cross
cross sections show c

Figure 6.1-2 shows the substate cross sections.
section is quite featureless while its substate
structure. 0, is especially interesting since i
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Table 6.1-1.

Optical Model

Voo i AER ot 1T i EsS %o %o
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Figure 6.1-5 shows the phase angle & for °Ni. & for °C is similar.
P

The calculations for
the prediction witl
dicts a straight

in the adiabatic limi
il

SEy:
h the adiabatic limit imposed (i.c.,

from 09 to 30°. The data as a vhols are
t; the exception being 8, which, at this point in the data
the adiabatic limit.
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ip Experiment

tatus of the He Spin-F:

The %He spin-flip reaction is being studied to try to obtain a more acs
curate value of the JHe spin-orbit potential depth of the optical potential.ls?
Spin-flip measurements utilize the fact that only OF - 2" inelastic sc;

events involving spin-flip along the axis perpendicular to p
can give rise to ground state deexcitation gamma-rays along this axis.3
ment is in many ways similar to an inelastic polarization measure-
ment and provides a way of estimating the °He spin-orbit potential that does not
require either a polarized JHe beam or a double scattering experiment.

o During the past year prelininary measurements have been made of 22.5 MeV
He scattering from S8Ni. Cross section data were taken with an on-line particle

dentification program that can collect data from two independent AE,E detector
ays simultaneously." Figure hows the experimental resul There is

n estinated 5% systematic error in the

absolute normalization of the cross sec-

.4-1

tions due primarily to uncertainty in
target thickness.
tion data,

measure the spin-flip probability i
reaction 58Ni(°He,%e!)58Ni (1.45) at
22.5 eV without particle identification. (&g
This allowed the use of a 5 particle de-
tector array and a faster on-L
collecting progran® which was expected
to reduce the data collecting time re-
quired by about a factor of 10. The
ckground due to the (3He,%He) reaction
in the region avound the peak corres-
ponding to the first ex
8)i was found to be comparable to or
greater than the peak area, but
was no problem extracting the d:
tial scattering cross sect. W
sonably small errors since alpha
particle spectrum in this region was
featureless. However, the YHe back:
ground was found to be associated with
cient energy to
qualify a relatively large number o
these events as true particle-ganma co-
incidences in the fast-slow coincidence

ol

by
&

» the rgactions 9
581 (3he , *He')>
of center of mass.

ial cross_sect
vi (3tie ,He) S8N1 and
(1.45) as a function

87




electronics. This resulted in a large alpha-particle background in

gated particle spectrun which made it impossible to extract the spin

Bility from the data. Thus, it was found that one must do particle i

nt, to cbtain reasonable data. MWork is almst complete
. Hayward, D.M. Patterson, a

tion, or its equiva
such a
Tesm

Cramer, J. Eenmaa, T

s. Letters 278, 373 (1%8).

D.M. Patterson and J.G. Cramer,
clean Physics Laboratory Annual Report, University of Wa
(1968) , p. 87.
_H. Schmidt, R.E.
52, 353 (1964).
salear Physics Laboratory Annual Report, University of
(1969), p. 142.

5. Section 4.7 of this report.

o, J.B. Gerhart, and W.A. Kolasinski, Nucl. Phy

(1.45 MeV) In-Plane Angular Correlation Neasuremer

Measurements of the in-plane angular correlations between inelasticall
ttered alpha particles and de-excitation gamma rays in the reaction

i(a,a'y)OBNi# (1.45 MeV, 2%) have been performed at an incident alpha parti
energy of 23.25 Kel

sca
58y

The angular correlation function for inelastically scattered
ticles from an even-even nucleus and the coplaner de-excitation gama rays
OF > 2% 5 OF transition can be expressed as:!

where the ,£2) represent the magnitudes of the complex tra
fudes, T, —Mael M, for the excitation of the m'th substates of
&5, is the relative phase €3 - €_o-

2t state,

Measurenent of the in-plane correlation function with a gama-vay c&
cor of known officiency thus enables one to determine, absolutely, the par
meters ag, ayp/ap or a_p/asp, and 8y. The ambiguitybetyecn the ayp and
paraneters can be removed by means of a polarization-sensitive angular correl
tion measuremen T addition, an out-of-plane correlation measurement de
EiL.TiTe relstive phase betwsen +the u = 0/and mEREIRENIIC 2 istbstates ,
e otailed infornation should provide a test of theories of the interac
mechanisms operating in inelastic alpha-particle scattering.

Measurenents of the in-plane correlgtjon function and of the
polarization have been performed by Hayward? >3 for the reaction
B ih) at 29.75 HeV. The parameters ag, 3,g, 852> ad 8 were unanbig
termined but 6y was not determined. Although 133 is an attractive nucleus
n experimental point of view because of its large inelastic cross seb
Quite unyielding to theoretical interpretation, and attempts to fit the above
L e rils the standand nuclaanitheorics (opticaliE BEDAEA, fetc.) vers unsuc:
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ces Experiments carried out on mediun mass T

trenely interestir

1

therefore be ex-

i

The experiment reporte
deternine a; of the nuclear
SONi(a, é 1.45 at

herein is the start of a program to completel
ization paramet
ncident alpha-

in-plane correlation was measured at 7 gamma-ray angles between 25°
and 150° for each of 20 alpha-particle scattering angles between 35° and 82.5°.
Inelastically scattered alpha particles were detected by an array of five 700
thick Si(L1) solid state detectors —angle defining apertures for these
detectors were 0.208 x 0.602 in. and defined an angular acceptance of 2° in the
reaction plane. rays vere detected by means of a 5 x & in. NaI(T4) crystal
coupled to an RCA tiplier tube. The absolute efficiency of the
gama-ray detector has been measured and is reported in Sec. 3.4 of this report.
The experimental arrangement is similar to that used in the (p,p'y) angular cor-
relation experiments as described in Sec. 6.1. In previous measurements,? it had
been found efficacious to cool the particle detectors to Ll temperatures to im-
prove The coincidence time resolution. This was found to be unmecessary in the
case because of the use of new direct-coupled low-noise fast preamplifiers
oincidence time resolution cbtained was better

prese
(described in Sec. 3.2). The

than 2 nsec FWHY,

1 shows

20F S8pi(aoly) ONT*
Q=-145 MeV
pred. ction of a _280f- e
BA predictions are quite 3 /s
of data thus far ol el il
s intended in s ] I F V1
runs to extend the range of the data to  w
more forward and more backwa 2 5
A gama.vay| detec Z ol 3
fabricated to position the gamma-ray w '
detector out of the scattering plane a £ 1
nt of the out- 3
function and the de- & ool
a0l
i Fig. 6.5-
predict

BLbLiaheal: ters (Set I and II) of Sec. 7.4
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ction Studies Using Particle- ion Electron Angular

The success of particle-gamma angular correlatiop measurements
polarizationl and proton,? deuteron,® and 3e spin flip,' and genera

Docbes for nuclear reaction studies has prompted the extension of the
D montum formalisn for particle-gamma and particle-a triple correlat
clude particle-conversion electron correlations.

This type of angular correlation is of particular interest because of
the recent availsbility of Si(Li) detectors which permit the detection with go
e olution of conversion electrons at energies down to about 20 key and becau
T aan peactions in the very interesting region of large deformation A = 130 *
180 are essentially i ible to study with ional particle-gamma tec
niques because the gama-ray energies (> 100 keV) would be low enough to be
maoked by meutrons, annihilation radiation, and the tails of higher energy &
Tays. Therefore, ve have attempted to dsternine whether nuclear polariss
a8 spin-flip messurements can in practice be accomplished with conversion-
electrons (ce) rather than gamma rays.

received much thegretical att:

The theory of y-ce angular correlations

tion in the 1950s, and this work has continued to the present.
o analgous work en Y-y and particle-y agilar correlations, the embasis he
been on calculations of the angular dependence of individual correlation func-
tions for well defined intermediate states by using elegant formal procedures
for averaging out the magnetic quantum nurbers, rather than on using the tren
of the correlation functions to study spin-flip and nuclear polarization an
gain insight into reaction mechanisms. For this reason it has been necessary
Seformulate the angular dependence of conversion electron processes the
toxt of muclear reaction studies. In this we will, up to a point, follow
ork of Biedenharn and Rose’ and the helicity formalism of Jacob and Wick,®
which is ideally suited for the consideration of conversion electron process:
at relativistic energies. an write the gamma ray correlation function,f
The gama decay of a nucleus polarized by a nuclear reaction, as:

L2 o e 1Bl @
o

4 5 2
% (Jf‘L‘v‘Ji) ;] J(,M)NMI)]

where the gamna transition is of multipolarity L and type 7 = 0 for electri:
N Sor nagnotic transitions from a state of total angular momentun Jg to 2 S
Sioiml - guiar mouentuniUg and wheve M, S TUJIHEEERTE ROt ! c qusnt
Fembers Bf 01, My, and Mg. Also o = $1 is the gammairay heliclty, or circular

%0




s the nuclear polarization tensor, ,(at’ ) is the rota-
ulerion angles describ
of gamma ray emis:
ng the gamma ray transition.
tions from a 2* excited state o a 0% ground hE

il J
polarization, B La

tion operator, &

d( £lL

If we cor

W, (6,8,0) =

(2)

¢h is just the relation given in Ref.

The analogous expression to Eq. (1) for a conversion electron transition
from a nucleus polarized

i}
W ®R) = Ly
ce
b ®
i
where
E (&
0)
rather
then 41, the 7 s not n rota-
tion matrix Dby is v*splu:vd by
formed from a linear combination of half Vt
should also be noted tha
G ()

and that in the limit k > =




k is

the trans:

satly sinplify nucléar polariza
convenient angl

lues® of (jg|ln|iz) to dete
's. These will determine, to

n correlat

rsion elect:

, it is appropriate to enumerate the proble adv
- il letectors
2 split between Y, K, LT,LI 11,
intensity of any one decay
3 n and analysis are complica discu
sec, the nucleus might be dep:
1ds before ce decay takes pla
54  angular correctior y be necessar -
cularly for low energy electrons.
santage . Good energy resolution.
4 detection efficien

y-
igher energy decays and from n

ollination are simplifi
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6.7 A DWBA Code for 0' » 3" » 0" (p,p'y) Angular Correlations
The DWBA computer code written by Helny Sherif' has been modified to in-

Slude caloulation of the (p,p'y) gulax comelation function £or ot > 37 » of

potential to calculate
er pavameters for even-

cross sections,
even nuclei. In the special case
1 code also calculated the
The “modi fications were quite

St (p,p'y) an ular correlation function.
essentially of combining

tions for a

For convenience, the modified code also offers the option of having the
transition amplitudes, elastic and inelasti ss sections, spin f1i = prob
bility and cross section, and the correlati
state is a 2% or a 3 st
programs. (T.K.

Ph.D. Thesis, University of Washington, 1968 (unpublished).




The invesgigations of the elastic, inelastic, and double inelas

éeriw of OLi by has continued.l The principal problem, that of obran-m,
1% beams of reasonable intensity, reliably and continuously during an

Soived by extensive revisions of the basic Ke ion source
design.2 In the most recent run, 1 yamp of analyzed lithiun bean was cbtain
and a beam of about 300 na of 30 MeV. was obtained continuously on ta
For 23 days, and further modifications of the source show promise of even more
bean and improved reliability over long runs.

mental run has be

to observe the :'.ou[;'r
ond ex-

1 goal of the experi
both OLi particles are exci ted to their OF(T
is of particular interest because in a atvect

« T,) part of the nuclear pot

nt used a self-supporting °Li target and a pair of thin
and 69 ion mounted surface barvier detector backed by thi
on Si(L1) anti-coincidence detectors. The thickness of the trans
while passing a's with enevgies above 7.5 MeV,
incidence counter. Both L
icatty constrains the Q of the re:

The prin
citation in whicl
cited states. This excitatior
reaction it must arise from the (31 + 8p)(%y

tors was selected to stop
all lighter pa

were detected in coincidence w

thus detect uns were made with 6) = 8 = elas

90° (c.m.) and with 6 35.9°, i.e., melaguc <Laltef1m: -
with @ = - 7.12 HeV. “The coincident events thus d were ac e

dual o4 x 64 two parameter analyzer progran “For the SDS 930 on-Line ©
puter. e progran stores true coincidences in one array and chanc

Side the true-coincidence time window in a second array. A small but
trum indicated the presence of the double-excita

using

peLk in the
with

a
—2& (90°)/—E (90°) = 4 % 10°
At the completion of the most recent run, we received a preprint of a
paper by Nagatani et al.® in which the same experiment was performed at Ru

£ beam on target, and complete angular distri

at 32 MeV with about 15 na
We therefore plan no furt

and excitation functions were reported.
this reaction.

mention

An interesting side-effect of the above work is perhaps worth
In studying the elastic reaction at 450, two small peaks were obse:
1 o o paramtor spectrun in addition to the elastic peak. fhe intensity of
this pair of peaks is 1/100 of the elastic scattering. Thoce peaks had enery

counters of Ey = 7.8 MeV and Ep = 12.5 MeV and conversely,corres;

to a reaction with Q 9 nce the kinematics of the system
overdetermined, by assuning the mass of one of the detected particles, the ot
mass can be calculated. Table 7.1-1 gives the resylts of this cd]ct.\nlloh.
indicated, the only reasonably likely reaction is 12¢ » Uy i

in the two

TBe, witl

5 MeV. However, a run with a natural i target f

eir presence is still unexplained.

Q= - 10.
unidentified peaks. Thus

9



Table 7.1-1. Particle 2 Mas
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fcle s

4
(amU) (aMu)
6 4t o.b
7l il ol
8 el
9 B
10

(W.J. Braithwaite, J.G. Cramer, W.W. Eidson

Nuclear Physics Laboratory Annual Report,
(1969), p. 1h.

21 Section 1.4 of this report.

8l K. Nagatani, D.P. Boyd, P.F. Donovan
ASsimakopoulos, Phys. Rev. Letters 24,
Permanent address: Physics Department, University of Missouri at St.
Louis, St. Lou

Beardsworth, and P.A.

7.2 Elastic Scattering o

nctions of light nuclei has
atic being the scattering o
ture we carried out an

Broad structure in the elastic excitation
Htla i e i
160 on .7 To study fypther, the sourr(‘c of ghis struc
i S e - 1% scatter

N My enedising 1 Foils [n 50 aton| (o 0 atext | 10
for acceleration through the tandem Van de Graaff were prepared by bleeding
iched 180 water vapor into the duoplasmatron ion source. Particle identific
tion vas by selecting the proper kinematic angles for the desized
sartner. A coincidence technique was employed
using a heavy ion surface barrier angle defining detector and a position sensi-
e detector pulses were analyzed on line by the S
930 conpuiter using a data acquisition program written by R. Aley.

185 - 1% scattering were carried

Excitation functions for lB -

out in 1 MeV steps between 15 and 55 Mev 180 borbarding ener;’{ at 90° c.m.
scattering angle. The results, along with the correspond - 160 scattering
excitation function are shom in .2~

interactions respon
ystens.

Efforts are currently being made to identify th
for the very different behavior of these identical par
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nt imaginary potential.
unction requires a po
fuseness and an imaginary potential roughly three
bing 100 - 160 scattering, More detailed fits to the
seen achieved with an f-dependent inaginary
the justification for such a potential.

Argonne National Laboratory (privat

Yale University (private communi
University (private commu
sen et al., Argonne National




S4Fe (p,9) 1409 Mev.

RELATIVE CROSS SECTION (orbitrary units)

RELATIVE CROSS SECTION (arbitrary units)

o
e RSN SRR N
LS
ol it o sa 8
6 6 s
006
ooet- oo
anor
00
o

92Mo(p,p) 154 MeV

Bo 2 4 & 8 200 2 #
INCIDENT PROTON ENERGY IN Mev

1

00

ation funct

B 6 5 200 £ 4 6
INCIDENT PROTON ENERGY IN MeV.




peasured the
1pha pa
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(a,a'y) correlations fr
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collective-model distorted-wave
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Table 7.4-1.

V(MeV)  RR(F)  AR(F)
1 143.62 1.657
I 49.37 1.539
I 41.01 1.686
I 46.27 1.636
I 43.75 1.657 514
I 48.86 1.640 .525

Optical Model

RC(F)
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1.
239 1.4
335 1.4
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o tgrees)
2. Angular distribution for
on 12c(a,d)™ for transitions
ground state and 3.95 MeV level
8.2 Studies of p-n Final State Using the 12C(q,pn) ™% Reaction
i
o he reactions 2C(ap Mg 5.0, Pela,p Mz 51 il
C(a,p 25 g5 yey)n have ke e n coin-
cidence with protons in order to perform the isospin d n
tron-proton resonance (the 18, portion
referred to as the singlet deuteron)
ich occurs at low relative p-n ener-
gies. The experiment was performed o T TR
using the 42 MeV alpha beam frop the PROTONS
cyclotron o bombard a 40 pg/cm carbon
2000
Protons were identified using a
E counter telescope, the identifica- fl DEUTERONS
tion being performed on-line using the il
SDS 930 computer. To accomplish this an  §
integer array was generated to give S
ID(1) 1% for 1< 1< 2048 anda = 1.73 o)
el g this array as a
up table, a particle identification
xmber (PID) can be rapidly calculated 500)
using the algorithm PID « ID(E+(E)-ID(E).
Figure 8.2-1 shows a typical PID spec- i
trun generated in this fashion o
% 5

Recoiling mass-14 nuclei were
identified on-line according to the cri-
teria that mass « Et?, the time of
flight being determned relative to the
cyclotron RF signal. A calibrated spec-
ettt W ey

Fig.

8.2-1. A BE-E
tion spectrun calculated on-line by the
SDS 930 computer.

% w
PID (Channels)

particle identifica-
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Fig. 8.2-3. Two-parameter data and kine-
matics for (a,pn) leading to the gro
, 2.18 MeV and 3.95 MeV states in 1'N.

R
Mass (amu)-»

Fig, 8.2-2. Mass spectrun generated by ,
the SDS 930 from the relation mass « Et‘.

n since we

Fig. 8.2-2. The counter was placed at 45 cm from the target posi
needed to detect M = 14 nuclei at energies as low as 4 MeV. The beam repet:
rate of our fixed frequency cyclotron is 87 nsec. This limits the length o
transit time cbservable, thus imposing a low energy cutoff which, for our g
metry, was less than 2 MeV.

The detector pairs were placed at angles which would allow dete:
protons if Eyy = 0. These angles may be calculated from ‘two-body kinemati
tHe ou(golnp rarucle a deuteron of zero binding energy (d*) and the recoil p:

a particulan excitation. Such angle pairs depend on Q-value and
e frZerent Taboratory mgles are neaded ‘o Bassire (a,pn)iMy o than are
needed to measure (o,pn)tig e

Although the angle pairs are chosen from the above mentioned two-body
sxitepion, (rifsctud T TR o ued 2oy final state which defines a kinemat

Biatekohon A aeie il e e Ep vs Enyy. The solid_Lines are
the calculated kinematics with the outer ring corresponding to (a,pn)l“ A
next to the outside ring corresponding to (a,pn)1N; 3 Mevs Thus it ¢
be seen that the various final states of 1¥N may be kmemancany resolved fro
cach other. Data is also shown in Fig. 8.2-3 for those chamnels whose count pol
ulation exceeds 12. The location of minimum Epy on a particular locus occurs &
its extreme left point. Only one such locus may have minimum Egy = O, the othe
have a minimum Epy of a few hundred kilovolts.

Data was taken for the reaction ~2C(a,d)™*N(g.s. and 3.95 MeV) at in
dent alpha energies of 42 MeV.l This data is very similar to data? taken at
and 53 MeV which strongly suggests that 12¢(a,d) is predominantly a direct pro-
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cess. This suggests that (a,
also be a direct process near E

Prjecions oo e roon axis o he reacions
12G(u,p "Ny n_ond 2Clasp"Nasiln

P
Two-paraneter data correspond-
ing to the left branch of the kinematic
loci are projected onto the proton
gure 8.2-4 shovs the
ction fron two
ns: the top project)en when 6qi =
8= c.m. for (a,d*)14Ng o am the ground
rojection when Ogn + 35.6% c.m. 429 state
For he (a,d*) 1M, 51 ﬁn arrow in ¢
e S e el B 13
O 3 o
8
The sharp peaks on the extreme ¥ |
right and left of the projected ground o
state plot correspond to Strong sequen- el
tial decays and are discussed elsewhere
in the report. 20}
Similar d taken for
center of mass angles "oF about 205,309, o
40, and 50°. In every case a strong <&, Mevi~

enhancement was observed for (a,pn)

leading to the 2,31 MeV (T = 1) state

and no appreciable enhancement was seen bl sl
for (a,pn) leading to the ground state dm SRt me AL tP i
(TRl B T R o 12¢( T

were taken for (a,pn) leading to the

3.95 MeV (T = 0) state and no enhance-
ment was seen there either. The enhance-
mnt seen in the 2,18 MeV (T = 1) yield is attributed to’the pn final state
interaction which, near Eyp = 0, strongly favors the 15y (T = 1). Although the
I5, final state can populite the 2.18 MeV (T = 1) state, it is isospin forbidden
to'populate either the ground (T = 0) or the 3.95 MeV (T = 0) states. Further
evidence from °Li(d,pn)PLi* work% shows a pn yield enhancement which can only
correspond to a T = 1 al state. We therefore conclude that emhancement
seen in the Final state corresponds to the pn systen being a strongly favored
15, (W.J. Braithwaite, J.M. Cameron, J.G. Cramer, W.W. Eidson, and C.R. Rudy)

DG iy VeV)"'

xl Section 8.1 of this report.
el B.G. Harvey and J. Cerny, Phys. Rev. 120, 2162 (1960);
R.H. Pehl, E. Rivet, J. Cerny, and B.G. Harvey, Phys. Rev. 137, B1l4

(1965).
Section 11.1 of this report.
Section 5.7 of this report.




8.3 Two Nucleon Transfer in Medium Weight Nuclei Using the Reaction (s,

We have investigated the use of the (a,’He) reaction to study two neu-
tions in medium weight nuclei.

the mos

t part the reaction is subject to the same selection rules o
momehtun as (p,t). r

8.7 of this report. It suffices to say that they provide a semsitiv
tHchinique for tudying iclear wave functiones

The intevest in using (a,’He) rather than (p,t) is that both inc
and emitted particles are strongly absorbed in the nuclear potential. Thus i
nay be that the principal contributions to the transition matrix element ari
from the region O the nuclear surface and exterior rather than the nucl
terior where the radial wave functions are less well known.

Unfortunately cross sections for the (a,’He) reagtion on mediun w
nuclei may be very small. It has been observedl that (a,°Li) reaction cr -
tions fall as 1/A so that, in the Ni region, the cross sections for (a,%
be of the onder of a few microbarns. Consequently the identification of °
in the presence of a much larger flux of a-particles is likely to be extr
gifficult and the experiments are expected to be very time consuming.

58,

In a preliminary attempt to cbserve the (a,°He) reaction on
i, a method of double particle identification was used. Targets of
vg/cn?) and 80Ni (920 pg/e rr?) were bombarded with 42 MeV alpha particles
cyclotron. The outgois rticles were detected in a AE-E-anti 3 counter tele-
sing 354, 700p and m, silicon detectors respectively. Deterr
MZ€ was ﬂade using the standard AE-E method of Goulding. An additional d
mination of particle mass was made by using the particle total energy in
tion with a measurement of the particle time of flight with respect to
tron beam pulse. This technique is discussed in Sec. 3.7 of this report
hoped that this double measurement would facilitate unambiguous iden
SHe ions.

e £1? technique to determine mass, the uncertainty due to
time resolution AT is given by AM/M = 2AT/T if the energy uncertainty i
gible. For /o MeV SHe ‘particles and a £light path of 15 in. the observ
resolution of 2 nsec yields AM/M & 1/5. With this resolution mass 4 and
particles were poorly separated so that little improvement in identification
obtained as a result of the additional mass determination.

In order to improve the mass resolution one must improve the time reso
lution, AT, and/or increase the flight path. At most the flight path can b

in. However the corresponding reduction in count rate would be unac
Hork is progressing on sproving the resolution of the tining cireuitry.
(M.P. Baker, D.R. Brown, J. Calarco, and N.S. Chant)

D.4. Bromley, BNL-948(C-46), Vol. 1, p. 121.
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us 5
8.4 (pst) Reactions on ri, **Fe, and ®*zn

il N
The study of two neutron pickup resctions on °Ii, SFe, and ®*zn, as
reported last year,l has been continue:

Experimentally, one additional run was made in order to determine the
energy levels of the final nuclei more accurately. A pulser was introduced into
each spectrum to monitor any amplifier gain shift. ergy calibration curve
was obtained from the kinematics of ground state transitions whose Q values were
known; a separate curve was obtained for each target so target thickness uncer-
tainties would only introduce errors of second order imortance.  Feaks in the
spectra were fitted to a Gaussian to determine peak position. A number of data
points were taken for each target at different 5 e sisles and/or incident
energies to give several independent determinations of the value of the excita-
tion energies (E,). To check the reliability of these s el
ling of the data, spectra were taken of the *8Ti(p,t)¥6Ti reaction, and the same
method was followed to determine the Ey of the known levels of “OTi. Fo
first two levels, the measured and the known values are 0.884 % 0.010, 2.008 *
0.015 MeV and 0.889, 2.010 MeV respectively. Table 8.4-1 shows the summary of

the levels observed.

Table 8.4-1. Summary of Levels

5 5 ; 4
42n(p,)°%2n e (p 1) e 4673 (p,0) i
0.947 + .008 .8+ .01 1.085 * .01
1.789 + .015 2.382 £ .018 2.475 £ .015
2.786 + .02 2.902 + .015
3.204 + .016 3.194 + .03

3.992 + .021

Further attempts have been made to fit the angular distributions that
have been obtained for these levels using the code JULIE. A complex form factor
s calculated and read as input data to JULIE. Rgeently, however, JULIE has be-
cone unavailable and a new code has been written ntion has been given
painly to Fitting the ground state, L = 0, transitions For. the Zhree target mi-
clei. So fav, only pure wave function configurations have been used, both with
and without the addition of finite range and non-locality. Although the fits in
some cases are fair, it is hoped that consideration of the configuration mixing
(which is expected particularly in the S%Fe and ©%Zn region) will improve the
results and make the fits more meaningful. (W. Jacobs, N. “Mangelson and C. Ling)

1. Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 52.
2, Sections 8.7 and 8.9 of this report.
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angle subtended at the detectors was 0.5 x 10°> s and the horizontal angular

acceptance was 19, With the aid of the recently installed direct extraction ion
source,? an average beam intensity of 100 nanoamps at the target was obtained.
With the 140Ce target, the total integrated charge at the Faraday cup was 179 4C
while with the 208 target it was 213 yC.

Two typical energy spectra taken at 170° for the lead and cerium cases
are shown in Figs. 8.5-1a and 1b respectively. No errors are indicated and the
lines drawn through the points are intended only to gu)de the eye. The arrows
indicate the kinematically allowed positions of peal

Because of our low bean xntensxly and the statistics of the run, the
quality of the 208Pb energy spegtra that reported by Barnett and
Phillips. Only the reaction 20 Pb(lﬁo 15»«)2“95; o 91 MeV) shows up clearly.
Lwever, m hg, 8.5-1b, corresponding to the 1t spectrun, there seens

vidence for the reactions l"%e(W Jml 1pr(g.s.) and
“%4150 15m1“1m1 13 MeV) as well as hints of other reactions.

Experiments are now in progress to increase the yield, improve the
energy resolution and reduce the background for these heavy ion stripping and
pickup reactions. Plans are also being made to accelerate 15N ions so that
highly favored positive Q-value reactions such as (1%N,160) can be investigated.
(3.5. Blair, W.J. Braithwaite, M. Mehta, and K.G. Nair)

iy A.R. Bamett and W.R. Phillips, Reactions Induced by Heavy Ions, ed. by
R. Bock (North Holland Publishing Co., Amsterdam, 1970); Phys. Rev. 16,
1205 (1969).

Section 1.2 of this report.

8.6 The (’fe,a) Reaction on 2°7pb and °°

The (%He,a) reaction is unique among pickup reactions on heavier targets
because of its large positive Q value. It is of interest to test if this feature
nakes possible the pickup of neutrons fron deep lying single particle states
where the °He and a particles have a good angular momentum overlap.l We report
here on some preliminary work along this line.
In a previous stugy of the reaction **"AuC’te,)'%Au with Eg, =
MeV, Chenevert and Halpern® observed a strong o yield at a energies ccxl%espondmg
to neutron pickup 15 MeV below the Fermi sea.

We did a DWBA caleulation for (*He,a) on 2%%b which gave a similar
strong a spectrun below the 3p-2f shell where the gajculated o evaporation spec-
trun was negligible. The calculation was done on ’°Pb because it has good
single particle configurations in the 3p-2f shell to which a bound state poten-
tial could be fir, Below fhe 3p-2€ shell it is expected that the greatest dif-
ference between 208Pb and /Ay neutron states is in their spreading,not in their
location; it was therefore thought the calculation on 208b would be helpful in
deciding if the a-particle strength could be attributed to neutron pickup from
deep lying states. The observed binding energies of single-neutron states in the
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208p}, can be h( with a Saxon-Woods potential V = 45.6 + 0.8 ¥
a sp: streng here the spin orbit potential is
e s >)ng]e set of geometric parameters.
tial was used to com

she: lhese Lmdvng energies were then used with the optical

in the DiBA code JULIE to calculate cro:

jcap £ron these states. TRENEHEE Tnolo R part
strengths was approxinated by spreading the cross section for each single
ticle pickup over a range of o particle energies with a Gaussian function

the a yield observed in the 197au(%e,a) experiment was cbtained. A g
observed and calculated a particle yield is shown in Fig. 8.6-1 where th
ment in shape and strength is seen to be
quite good considering the simplicity of
The discrepancy above
31 MeV is attributed to the difference

DL e e R
P20 o LoT

8

Excpariment i P ) 1 0"
sttty

The above calculation motivated
us to do a (%He,a) experiment on 208ph

same simple p e

other nuclei, 99z; s also investigated.

90zr was chosen bec)um it has a closed
11 with good single particle

o cilitate calcula-
b and- S0sx targets =
<‘ m/urlz were ho'vv.harded using, respec- Eu (M)
nd 16 MeV SHe beams from
¥ aridhn Ve {da (Grastre mha kil
cles wevejdstected.mt g0 with respect ESataEl T ESR S of a
to the bean direction in a AE-E comter energy spectrum fon 197A oo :
telescope for particle identiFications Gulated aiphalperticls specgzun from
he 3He and a particle spectra vere each single neutron pickup from 20°%b.
stored in 1024 channels on line in a
930 compute

The data from this experinent are not completely analyzed but prel

ary results are: 1) The appearance of strong a particle peaks at energics
responding to neutron pickup_fron known single particle states in the 3
2p shells in 208pp5 and 90zr7 respectively; (2) the appearance of a pe
Zr data at energies corre;pondmg to excitation of iscbaric analog of
est proton hole states in 5 (3) a strong a spectrum in both Zr and ?
energies below those cnrrespond:\ng to the single particle states mentioned in (1

We are attempting to Fit these latter spectra with a DHBA calcul
pickup fron deeper lying neutron states assuming the Gaussian energy spreadi
described earlier.

(J.S. Blair, D.R. Brown, J.R. Calarco, I. Halpern, and R.H. Heffner)
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8.7 Studies

n the Theory of Two-Nucleon Transfer Reactions

r studies of the distorted wave Born approximation (DWBA) theory of
o nucleon transfer reactions have been continued. As previously reportedl we
have been concerned largely with methods of taking into account effects due to
the finite range of the nucleon-nucleon interaction and of the light particle
vave functions. An approximate treatment of these effects has already been given
by Bencze and Zimanyi® based upon the local W.K.B. approximation. He have shown
that techniques for evaluating finite range effects in single nucleon transfer
reactions3~5 can

two-nucleon transfer in a simple manner and have obtained an expression for the
DiBA radial integral which is expected to be move accurate than the local W.K.B.
approximation result. In addition we have carried out caleulations to indicate
the magnitude of these effects.

Details of our derivation and sample calculations have been published.®
In the formalism presented we considered pickup reactions A(a,b)B where a = 1 or
2 50 that our results are applicable both to nucleon induced pickup and (dya)
reactions as well as the inverse processes.

or the emitted particle wave function and for the nucleon-nucleon resi-
dual interaction V_, a Gaussian form was assumed

4, = N exp(- n2 [&N)

(2)

where 1. . - Ty and N is a normalization constant. The wave functions of the
two pickdd up nucldons were assuned to be eigen-functions of a Woods-Saxon well.
As pointed out by Glendenning,” the relative motion of two such nucleons can be

dealt with exactly by expanding the wave functions as a series of eigenfunctions
of an harmonic oscillator potential. By utilizing the transformation properties
of the oscillator wave functions®»9 the integration over the relative coordinate

m




carried out and the remaining finite range ef:
o account using Taylor's series expansions. The following
for the DWBA integral

of these nucleons was
n

2
Siamres2 [l Cxie [[Cava SO8
o R ) ) 7
ue
x K ey deny
are the distorted vaves, T, s the zero range form factor

al operator is defined by its senies expansion. The quanti

B a 2 = 62 + 2an2h (i Laplacm operator V2 operates
is a function of yzm, XQ operates on F, and 7,2 operates 0
ation 3 is exact. If we define a po(ent)al Vy such that

where

n =%,

'« Ap
and where Ey is the total energy of the nucleon pair x and my is one a.m.u. ve
can proceed as in Ref. 3 and obtain

3/2 = )%
12 ¢ 7 w0
s
= .—-—.[V + V-Vt 8 Ddny
uc?

expression (6) Vy and Vi, are the optical potentials for the
es a and b and ‘the quantity Sy = B, - E, - Ex is the energy required to
w b into a plus two nucleons. The expression (6) is obtained by evalua

e exponential operstan in local W.K.B. approximtion in wh
ial are assumed to be negligible in com:

not be negligible and we prefer to evaluate the effects of the exponenti
operator acting upon the form factor Fy exactly. We write

GAr):exp(

(5 7”&,’



where
L+ 1)
WML ®

b3

since Fy carries angular momentun L and Eq. (7) can be evaluated accurately by

successive numerical differentiation.

Using (7) and proceeding in a similap manner to Ref. 5, we obtain

£.2,L
a2l iias 3 (0% +)
G c, I 7 () G,(m) xg T Gvy)
2’"0 xa
pleel e [Vaisih o e €}

K= G
X o () B(m) X+ G *,6,(xy) x, bz )]

The quantity Q = E, - Eo is the energy released in the reaction. The quantity

X, is given by

2 2y . 1
2 s e, ) (10)

while X is defined similarly. The reduced masses are m, = aAmp/(A + 2) and m, =
bBmg/(B + b). The expression (9) is approximate. The first part results from
including terms involving V2 operating upon the dxs torted wave functions to all
orders in the expansion of the exponential operat caring in (3) in powers of
1/4¢2. The second part of (9) consists of terns mmv ng V2 operating upon the
optical potentials and includes terms up to (1/ue2)2

In Eq. (9) we have given an approximate method for taking into account
finite vange effects in two-nucleon transfer calculations. The first integral of
(5) can be regarded as the expression for the firs urder correction. Inclusion

i ral should give a valu-

able indication of the convergence and e T g approach.

Even to h.rst ox‘der our expression is expected to be more accurate than
Bencze and Zimany. These authors use Taylor's series expansions
order to carry out e Ln(egmuons over both the relative coordinate of the
ansferred nucleon pair, I1p, and the finite interaction coordinate, p, which
describes the separation of the center of mass of the nucleon pair from the pro-
jectile. The resultant Laplacian operators are evaluated in local W.K.B. approxi-
mation while an operator of the form exp(CVy + Vp) is evaluated only after trun-
cz(mg the series expansion of the exponential. In contrast, in our expression
%a. (39) the integration over the coordinate r)p has been carried out exactly.

13




ration over the coordinate E,Taylor series expansions have bee:
The resultant Laplacian operators a pon the distorted vaves are eval
i81ocal WiK.5. Spproninstion.  Howevens HERTREISEEEE SR L0 0 occo u
the form factor is evaluated exactly using a numerical technique.

order to investigate the importance of finite range corrections i
two nucleon transfer we have carried out a series of distorted wave Born aj

theory (FRI) described above. These calculations were compared with calc
carried out using the more approxinate finite range theory of Bencze and Z
(BZ) and with calculations in which the interaction was assumed to be of zero

nge separation of the centers of mass of the transferred nucleon
and the incident projectile (ZRI).

In the derivation of the BZ theory in Ref. 2 the presentation was

plified by orzul ing recoil effects and by assuming that the range parameter:

>

related by 8% ~ 2an®. These approximations are somewhat unrealistic and ha
been eliminated in the B2 calculations presented here. An outline of the E
theory used is given in Ref. 6. In the ZRI calculations the interaction was
assumed to be zero range only in the coordinate p. Calculations utilizi
approximation have been performed by Drisko and Rybicki.1? The expression eva
ated in our own calculations is actually given by Eq. (14a) with the expon
operator replaced by

exp(

This corresponds to choosing the normalization of the ZRI calculations so that
the radial fom factor has approxinately the same amplitude at large radii as
the FRI calculations.

ALl three types of calculation depend upon the inverse ranges n and f. .
Values of n, the size parameter of the emitted particle wave function, are
reasonably well established by glectron scattering experiments. We have used
values tabulated by Glendenning’ 0.242F~1 for tritons and 0.202F~1 for
ticles. Unfortunately the parameter 8, which is the reciprocal of the range of
the nucleon-nucleon effective interaction, is less well determined. Bencze and
Zimanyi2 choose B2 ms 2n? = 0.14F 2. However the range of the effective int
action is not expected to exceed the rangs oOf the free nucleon-nucleon i
tion. For the free interaction the effective rangg and scattering length are
reproduced by a Gaussian potential with B2 ~ 0.3F2. Thus the choice made
Henley and Yull of 82 = 0.4F~2 (and Uy = 70 MeV) which is consistent with the
deuteron binding energy is reasonable and is used in the calculations which
follow.

In Fig. 8.7-1 caloulations are shown for the “oNi(p,t)°°Ni react
50 MeV leading to the ground state. This is an L = O tramsition. Fig. 8
calculations are shown for an L = 2 transition leading to the 2.64 MeV excits
state of 90Ni. In both cases the transferred neutrons were assumed to or:
from the If shell. The optical parameters used are taken from the literature an
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sections are listed. The FRI and ZRI predictions are almst identical while the
BZ calculations predict a value some 20% higher. Consequently little error would
result from failing to use the more accurate FRI treatment. However, in practise,
the situation might be much more precarious if data were available only over a
linited angular range. To illustrate this point with a very extreme example we
list in Table 8.7-2 the predicted values for the ratio of the differential cross
section for the 2.64 MeV level at the maximum near 12.5° to the ground state
differential cross section at the maximum near 22.5°. There are spectacular di
ferences between the predictions of the three approximations and it is evident
that, for data covering a limited angular range, serious errors might arise from
the omission or incorrect calculation of finite range effects.

In pickup reactions, finite range effects are expected to be largest in
reactions in which the momentun change of the projectile is largest.l’ is
therefore no surprise that the reaction we have considered exhibits much larger
finite range effects than have been calculated for medium energy (d,p) and (p,d)
reactions, We recall that an exaot finiti range calculation carried out for the
400a(d,0) 38K two-nucleon pickup reaction,.” with the assumption that the two nu-
cleons were picked up from harmonic oscillator orbits, also differed substantial-
1y both in shape and magnitude from an otherwise identical zero range calculation
However, it is worth noting that the large differences between the finite range
and zero vange treatments observed for_ these calculations might be reduced if
non-locality corrections were included® owing to the suppression of contribu-
tions to the cross-section from the nuclear interior.

In order to investigate this point and as part of an investigation of
e structure of the even nickel isotopgs using the (p,t) reaction we have car-
ried out calculations for the reaction ° Ni(p,t)”°Ni. The data were obtained
using 50 MeV protons from the RHEL linear accelerator and a preliminary analysis
has been presentedl’ using the zero range interaction approximation of Glenden-
ning.” n these calculations it was found that by increasing the imaginary part
of the triton optical potential from 25 MeV, which best reproduces elastic scat-
tering data, to 50 MeV much improved agreement with the experimental angular
distributions could be obtained. In Ref. 17 this effect was ascribed to the
onission of finite range corrections._ In Fig. 8.7-3 we show calculations for
transitions to the first 3 levels of 5ONi. The optical potentials used are
listed in Table 8.7-2 and include a triton imaginary well depth of 25 MeV. In
the figure the calculations denoted by ZRI follow our zero-range interaction
prescription® while FRNL denotes calculations in which we have included our first
order finite range correction together with corrections for non-locality of 0.85F
for nucleons and 0.2F for tritons. The two approximations lead to absolute cross
sections which differ by nearly a factor of two. However, in the figure, where
ve have adjusted the two sets of curves to have the same magnitude at the maxi-
mum in the L = 2 distribution, it is clear that both the shapes and relative mag-
nitudes are very similar in the two cases.

In carrying out the calculations for Fig. 8.7-3, spectroscopic ampli-
tudes were used which were calculated from the shell model wave functions of
Cohen et al.l8 using his matrix element set "C". In these wave functions the
transferred neutrons originate from the 1fg);, 2p3/2, and 2p1/p orbits and the

§ predictions are very sensitive to the admixtures.l? In Fig. 8.7-3 the same
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normalization between theory and experiment was used for the three transitions
shown and it is evident that Cohen's wave functions lead to reasonable pred:
tions for the relative cross-sections. However the fits to the angular distr
butions ave poor and, as yet, we have only succeeded in generating improved fits
o increasing the triton inaginary potential. Thus our earlier conjecture that
e effe ncreasing the triton inaginary well is equivalent to including
Sraite range corrections appears to be in error. Further caleulations are
planned. (N.S. Chant

i Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 63.

Gy. Bencze and J. Zimanyi, Nucl. Phys. 81, 76 (1966).

Gy. Bencze and J. Zimanyi, Phys. Letters 9, 126 (1964).

P.G.A. Buttle and L.J.B. Goldfarb, Proc. Phys. Soc. 3, 701 (1964).
W.R. Smith, Nucl. Phys. 494, 550 (1967).

N.S. Chant and N.F. Mangelson, Nucl. Phys. 4740, 81 (1970).

N.K. Glendenning, Phys. Rev. 137, B102 (1965).

.A. Brody and M. Moshinsky, Tables of Transformation Brackets (Mono-
grafias del Instituto de Fisica, Mexico 1960).

ns



9. M. Baranger and K. Davies, Nucl. Phys. 79, 403 (1366).

10.  R.M. Drisko and F. Rybicki, Phys. Rev. Letters 16, 275 (1966).

1. E.M. Henley and D.V.L. Yu, Phys. Rev. 133, Blu45 (1964).

12,  R.L. Jaffe and W.J. Gerace, Nucl. Phys. A125, 1 (1969).

13.  J. L'Ecuyer et al. To be published in Phys. Rev.

1. W.G. Davies et al., Phys. Letters 278, 363 (1968).

15.  R.M. Drisko and G.R. Sat hys. Letters 9, 342 (1964).

16.  F.G. Perey, in Direct Interactions and Nuclear Reaction Mechanisms, ed.
by E. Clementel and C. Villi (Gordon and Breach, New York, 1%62), p. 125.

17.  W.G. Davies et al., Proc. International Conf. on Properties of Nuclear
States, Montreal, 1969 (to be published).

18.  S.G. Cohen et al., Phys. Rev. 160, 903 (1967).

19.  Lingappa et al., Williams Laboratory of Nuclear Physics Annual Report,
University of Minnesota (1967), p. 21.

2.  Hafele et al., Phys. Rev. 155, 1238 (1967).

8.8 The Prediction of tities for One and Two-Nucleon

Spect: pic Q
Trans fer Reactions for 1p-Shell Nuclei

The object of most studies of one-and two-nucleon transfer reactions is
to test calculations of wave functions for the initial and final nuclear states
involved. Generally such tests involve combining the results of DWBA calcula-
tions with spectroscopic quantities calculated from the nuclear wave functions.
In the case of the lp shell nuclei, wave functions obtained in intermediate
coupling shell model calculations have been tabulated!:? so that calculation of
spectroscopic quantities is relatively simple. In order to further simplify
such calculations we have written two computer programs, one for single nucleon
transfer and the other for two nucleon transfer. Both programs employ LS coupled
basis functions for compatibility with the tabulations of Refs. 1 and 2.

In the case of one-nucleon transfer the quantity most convenient for com-
parison with theory is the spectroscopic factor® which is obtained experimentally
by determining the ratio of the experimental cross section to some DiBA predic-
tion. The theoretical calculation of this quantity is described in Ref. 3 for
the case of wave functions written in an LS coupled basis and the resultant ex-
pression is evaluated in our one nuclear transfer program. Along with details
of the nuclear wave functions, the input data must include the LS coupling one-
particle coefficients of fractional parentage tabulated by Jahn and Van Wierin-
gen” with the phase corrections given by Elliott et al.® As output the program
lists configurations which are comected in the transition in question as well as
the spectroscopic factor. We have used this program to calculate theoretical
spectroscopic factors for an amalysis of the reaction 13¢(p,d)12¢ which has now
been published.’ In addition we have calculated spectroscopic factors for the
reactions 7Li(d,t)PLi and 7Li(d,%e)PLi discussed in Sec. 5.8 of this report.

For two nucleon transfer, spectroscopic amplitudes must be calculated
theoretically and used in a DWBA calculation before a comparison between experi-
ment and theory can be made.® The calculation of these amplitudes is similar to
the calculation of single nucleon transfer spectroscopic factors and an expres-
sion appropriate to the case of LS coupled basis functions is described in Ref.6.
This expression is evaluated in our two-nucleon transfer program. For this
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program the tu fractional parentage coefficients tabulated by Elliot
et al.® must be supplied as input data in addition to the details of the mu
wave functions. PRograg has been used to evaluate spectroscopic amli
for the reaction 1N(p,%e)1% which was analyzed and publishe Finally we have
evalpated specrroscopic amplitudes needed for the analysis of the 120(a,d)liy
ctions discussed in Sec. 8.2 of this report. (N.S. Chant)

and 12¢(a,pn)1*N rea

il + Boyarkina, Bull. Acad. Sci. USSR Phys. Ser. 26,255 (1964).

2. Barker, Nucl. Phys. 63, 418 (1966).

9 Yacfarlane and J.B. French, Rev. Mod. Phys. 32, 567 (1960).

4. gen, Proc. Royal Soc. (London) 5 515
5 - ELLiott et al., Phil. Trans. 4246, 241 (1953).

6. J.C. Hardy and 1.S. Tanner, Nuclear Physics Laboratory Report, Oxford.
o D

E D.K. Scott et al., Nucl. Phys. 4741, 497 (1970).

—

mple DWBA Program for Nucleon Transfer Reaction Calculation

Yost of the two-nucleon transfer calculations described in Sec. 8.7 of
this report vere carried out using the Oak Ridge DHBA code JULIE run on the wni-
versity of Washington IBN-7094-7040 direct coupled system. Complex form
vere calculated using subsidiary prograns and fed as input data to JULIE. fhen
the IBM computer was replaced by a CDC-6400 system the program JULIE bec
avallable and a simple DiBA program T00N was written in order to canry out tHo-
nucleon transfer calculations.

The program TOON utilizes distorted wave, bound state and Coulomb wave
function subroutines due to the Oxford group.l-3 In addition the Clebsch-Gordon
goefficient suroutine due to Wills is used. Spin-orbit distortions ave m
available for the distorted waves but non-locality corrections can be ineluded.
Currently the program is limited to angular momentum transfers of less than or
equal to 6. Up to 50 partial waves may be used,

For two-nucleon transfer,

in addition to the usual input papameters per-
taining to » an extermnally calculated zero-range® form factor
is supplied. The program then calculates the differentiai cvoss cection with o
ufthout finite pange copections calculated as described in Ref, 5. The predi
tions for the *%i(p,t)5%i reaction desoribed in Sec. 8.7 if this report were
caleulated in this manner. However, the calculation of the zero-range form
por Which utilizes the Moshinsky transformation is extremely time-consuming and

hence costly. Since our treatment of the two-nucleon transfer reaction ie re-

direct integration method described by Bayman and Kall:
instead of the Moshinsky transformation. This method is expected te be much
faster than our present method. A subroutine to carry out the direct {ntegrat
has been written. It is proposed to combine this with the program TOON thes
speeding up the calculation and elininating the need for additional programs o
prepare the zero-range form factor.
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OTONS FROM NUCLEAR REACTIONS

Transitions from High Spin States in the Beta-Vil
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In the present work we studied

he gamma transitions from the excited 14y
states with g)ns wp to 10* in the g 2re0 3
bandl3,1% of These state:

populated through the 15%Sm(a nv.y)‘ "’m
reaction with b2 MeV a particles pro-
vided by the 60" oyclotron. Bean inten-
sities of about 20 nA were used to
bard an oxide of enriched 154sn (= erﬂ)
on a 100 pg/cm? nylon £ilm. A second 2187
sel-supporting metallic foil target was
used to obtain a cleaner spectrun for
measuring angular distributions. Gamma
rays were detected at ). = 45°-125° to

by an 8cc Ge(Li) crystal. T
best resolution chtained for 500 keV
ganna rays was about 3.1 keV FilM. The
photon spectra were recorded with the
help of an SDS 930 computer
operated on line in a 4096 chamnel pulse-
height analysis mode. The full energy
peak efficiencies of the Ge(Li) detector
were obtained by use of a number of
standard radioactive sources. A Si(Li)
detector was used as a monitor counter
to detect elastically scattered alpha
particles at 6y, = 60°. Further details
are given in Ref. 15. The observed gamma 719
ray spectrum at 90 deg. taken with the TR
first target is shown in Fig. 9.1-1. The
level and transition scheme is illus-
trated in Fig. 9.1-2. The identification o
of the gamma rays of present interest is
based mainly on the conversion electron
data of the 1525m(a,2n) reactionl®>l

593

1639

146

supplemented by the systematics of the 123

cbserved gamma ray energies, intensities K

and branching ratios. The branching

R LD S | GROUND BAND S e g

transitions were cbtained from the gamma
ray yields at 8, = 125°, where Py(cos 6p)

0 and are shown in Table 9.1-1. The
contributions from the APy(cos 8g) term Fig. 8.1-2. Level and tramsition
to the total cross-sections are estimat- ucheme of the beta-— v)brauunal band and
ed to be small (about 2% for I+ I - 2 the ground band in 5% The transi-
transitions and~ 5% for I » I Ep transi- tion emergies ave in Ryl
tions) and were therefore neglected.

I;) are

he mixing ratios § = (E2)/(M1) for the interband transitions
obta med £ron the angular distributions since the spins Ig are fairly vell
aligned in the plane perpendicular to the beam axis z.1%,16-18 The substate
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e values for low spins I, = 2 and &

M1 adnixture is not corrected

ntensity of the 2 > O_ transition, whi

ron the observed

+ 4 Line, is est

transition and the

as

distribution P(m z) may be approximated by a Gaussian distri
exp(- m2/2012) wi. m Gne parameter oy for the degree of allgnve s
angular distributions can be written asl9d

bution
14,18

We, I, » Es )‘ a5, (o)A, (8)R, (cos o). 1)
Here the A, (§) ave coefficients of e Legendre polynomial P, for transit
from complétely aligned s Ig(i.e., o7 = 0), and the a, (of) are attenua:
factors due to the finite valueS of gs. The values o7 and’therefore a,
obtained from a fit to the angular distributions of the Stretehed oo trxn’vt ons
from the states I, of present interest (Fig. 9.1-3). The betaband and

8 A
band transitions Show almst the same angular distributions, indicating that the
spin alignment parameters o have the sane values for both bands.

e

The attenua-
or the states Ig = 6 and § are ap = 0.68 + 0.07, ay = 0.3 + 0.05

ion factors
A 1, respectively, in agreement yith R

and 8y = 0.75 £ 0.07, ay,
and calculated values for (a,xny) reactions on rare earth nuclei
these attenuation coefficients, the values of the E2 fo M1 mixing ratios § se
mated roughly to be

+2.5 b
8= 8525} for the 6,76, transition and 6 = 1.0/0:7

-2.0 for the 828, transi
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where K is the pro)ect\or of spin I on

ratio (Fig. ) of the Ln»erbend E2
— 4 ma\rxx e]ﬂwe? <ug(I I') to the intra-
1deqrees) frtal g

Bab

ratio) can be ex-
atively in terms of the

3 e n Hy between the ground and
Fig. 9.1-3. Angular distributions of  the beta bands. For simplicity one may
gama rays for the transitions: 8, -6

(

lled circles) and 8g>6g (open Eircfes)
(A); Bg>tg (filled circles) and 6oty
(open Gircles)(B); 6576, (C); and 8g>8, r ———
(D). The solid lines hére are those I

computed using the values of 6 that give

best fit. The dotted lines for the 6,  ~ 19
6g and 84>8, are drawn for pure B2 © o
transitions (Le., for & = =) in order {05’
to give an idea of the effect of finite =
Ml mixing in those transitions. 2

Thus, there seen definitely to be M1
components in the interband transitions,
but their amount remains relatively un-
certain (Fig. 9.1-4).

We note that many weak gamma
lines are expected to be present and
consequently it is not completely ruled 9.1-4. Ml to E2 mixing ratios 6

e e i e e for the transitions Ig » I The solid
concern may contain contributions from Line is caleulated using £f. (8) ik

veak unrelated Lines. Hovever we feel 3R/28 = 0.16. The values for the Ig
that the general trends of the intensity 2' and 4% states are from Ref. (8). The
ratios as given could not be signifi-  dotted line is mevely to guide the eye.

125



wve functions for the

assume the following wa levels in the ground and the beta
bands:

11 = (13, + a0 /AT,

176 = (1o - o

200/ N )

shere [Tg)o and [1g)o arg the unpertubed wave functions with the energies
d Eg : zation constant. The mixing coefficie

esily chtained o

i e SIS
o .I(lz)n/(L - Lg ))

) 0
IO - ajay, -lo
AI00 - agay, - e, /oig

e b sl (o
Qa(s1) = Qg *(L,INML + are 0 %/Qp 0 ~ (ay,

b oo
W

Here Q, i) are the unperturbed E2 matrix elements betuween ‘v,) and ‘1 >,‘
The Qgat1,1) = I are affected very little since the two termd with

810 -Palaost cancall each other. | The sRracticr the values of Qgg(1,I") is rela-
tively small because of the small cosfficient Qg 0/Qqq0 The spin dependence of
the Qgg(I,I') may be due to the spin dependence Bf the coefficients oy, which in-
creaséS first in proportion to o(Igli|Tg)o = L(1 + 1) and geadualy
(see Eq. (5)) as the spin increases.

turates

Crude calculations of the E2 matrix olenenta were mads by using Eqs.(5)-
(7). For simlicity we assuned Qg 0 = kQg, and the forn of the inter-
action o(Ig|Hr[To = - al(T + 1) IS e values with
parameters k = 5.2, a = 8.5 keV and b = - 34 eV reproduce the general trends of
the observed ratios rather well, as shown in Fig. 9.1-5. The parameter a of the
first term of the interaction matrix element gives the value of the so-called zg
coefficient. We find zg = 0.065, in agreement with expection.® The ratio b/as
4 x 1073 is the same order of the B/A in the general expansion of the rotational
encrgy E(I) ~ AI(T + 1) + BI’(I + 1)2. The observed values of Qgg(I,T + 2) for
and i are somewhat staller than the calculated values, s 15 the sase of
1525m 20 The asymmetric behavior of the AI = 2 and AI = -2 transition matrix
elements with respect to the center values for AL = 0 may arise from snequ
effects on the ground- and the beta-band levels from higher-lying levels

LI e between  states in the § and ground bunds with the sane
spin is forbidden if th ation is a pure quadrupole excitation with a

constant rotational g ramr, gR. The M1 to E2 mixing ratio
expressed by a perturbation of the macroscopic model as

is therefore
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nuclear radius R are in units of

etween the beta and ground

where the transition emergy E and undeforme
MeV and Fermis, respectively.' Here the band mixing
bands does not affect the Al = 0 transitions very mu
c'-d)ng Darabl*dph The observed values for 6-1

y Eq. (8) with ‘aLR/GB‘ #0.16. As shown in Fig.

2l high spin states seem to be larger than expected for first-order perturba-
tion, although the errors are quite large.

In summary we see that the interband E2 transit trix elements fron
eta-band levels to the ground-band levels in the A5‘~m <»hc|v characteristic
S om0 nan il ag n descr
collective model is not proper for the beta band
15464 region, however.

ratio of the rotational energy (E(25))

the beta-vibrational energy (E(0g))

is quite large. Therefore the

19, @01 coefTicient &1, to yhich the interband
T E nt is sensitive,
far larg roughly = tion .n
to the quantity (E(2g)/E (/02
The Lenewa) tre spin depeuden:r‘
2+2 of tl ned

sl ey
Ikt e i sccount alL bigher
N 21 e

order tems

in the mixing

(5) and up_to the

BIZ(I + 1)2 in the

teraction matrix element. These

i higher order terms play an important

W o3 role because the Qpg depend strongly on
the vari /88

of 42 6+q 876

n dog/

Fig. 9.1-5. The ratios of the interband _ The present englisis gliyes il
Hatot gl \Qﬁ (1] to the  the general features of the transitins
AR \058 % ?1\ The values Detween the beta and ground bands since
(filled circles) for the transitions
with AT = I - I' = +2 are plotted versus
I(I+ 1) - I'(I' + 1), while the values
[upen circles) for the trans mum with

= 0 are plotted versus 41 - 2. The
;uhd e Nl mpcccivexy
calculated values for the transitions
with AL = 2 and AI = 0. A simple per-
turbation theoryl=ll with constant zg
gives a straight line for the AT = +2
transitions and a constant value for the
= 0 transitions.

ing_ the level energies and other prop-
e beta band, one needs

psx‘u ental values, elaborate Sl
tions including the effects of the
gamma-band levels," pairing and other
important levels, including higher order
terms in the interaction matrix, would
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be necessary
effects is now in progress.22 (H.
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9.2 Isomerism and the K-Quantun Number Purity in X ‘uf
We report here an investigation of a positive parity isomer in '

The cyclotron provided a bunched 42 HeV & bean with, 2ns width syery 87 nsec. The

ganma ray spectra following 17Yb(a,uny) 7 HE and 17%¥b(a,3ny) " HE reactions
easured between bean bursts with an Sco Ge(Li) detector. In addition to
the ground state rotational transitions, 6% > 4+, 4t > 2, and 2% » ot

strong gamma rays with By = 1,251 eV and 0.940 HeV were cbserved in the detayed
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trum.  Since the life time is estimated to be much longer than the beam in-
val (87 ng) of the cyclotron, we used for the life tine measurement the
Lu(p,2ny)

eaction with pulsed protons from the tandem accelerator. Th
bean flapper was adjusted to give one 0.5 ysec beam
he expected half life. A time-to-amplitude c

ulse e 10 psec in
(TAC) was started by
-off signal from the de-
ray spec
spectrun cbserved in the second t
in From the successive de

tions in each time bin spectrum we obtained a

shown in Fig. 9.2-2.

the beam flapper signal and st
tector. The SDS

topped by a fast time p:
930 computer was used to sort the g
ing to the TAC signal. The

The two isomeric transitions are cons
mer_with (J7K) =
(4%0) in 17%Hf as given in
nergies and intensities of the delayed gama
the life times, spins and exci

gion.3:% The observed (a,4n)

a
,and the systenat
isomers in the A = 174 re-
co isomer are also consistent
systematics and theoretical predictions for a J'K = 6%6 level.l Fur
more the B(E2) ratio for the isomeric transition 566760)/B(E2
E2 transitions from ¢
cases of the neighboring nuclei. This ratio agrees well w
ratio of Clebsch-Gordon coefficients (6 2 2 - 7\50) /(6 2 2 - \uu)Q
e assumed transition. Finally, the possibili @m0
Sl R e s R
respect to the single particle estimate for a 1.251 MeV EL transi
The lowest two quasi-particle state with (J7K) = (5%5) is calculated to lie
er than the cbserved energy and the 2 js life-time for that state would
give an unusual E2 hindrance factor for a AK = § transition, The lack of
urther isomeric ganma rays above 80 keV almost excludes the
mother 2 sec isomer which decays to the 6% isomer.

4.2+ 0.2 assu

(575) 1s unlikely

ossibility
The observed properties

sl Ly lv: 2ny) T*Hf i
3 i [z Bl b e
o i e i
‘ \ I
H (f
2 JJ( ‘ i
nsichartd T NS¢ s

" NUMBER oF CHANNEL
Fig. 9.2-1. Delayed gamma ray spectrum in the 2nd time bin.
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gool  eemato 5
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a 1309 6'0
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Fig. 9.2-2. Decay curves of the
isomeric transitions. 1251

are summarized in Table 9.2-1. (JK) =
(6%6) isomers? have also been found

two neighboring nuclei, 174Yb and 176y, 609 60
as shown in the table.

i The isomeric E2 transition 66 »
470 is hindered by a factor 1.36 x 106
with respect to the single particle esti +
mate B(E2)sp. The degree of K hindrance 298 410
for this transition is AK -
the hindrance factor per one degree is

Fyj = 34 (see Table 9.2-1). This large 9l 2to
hindrance factor indicates the purity of F
the K quantun number for this rather o oo
highly excited isomer despite nearby v o
levels (|3)) with the same 37 which de- |

cay strongly to the same 4 ground band 74Hf

level as the isomer. These meary states
are the B (and possibly y) band and
ground levels (see Fig. 9.2-3).

Proposed decay schene of
The other levels are from

by assuning
the transition is mainly due to an admixture ai3|3) in the isomer [i).  Here we
use the enhancement factors 5 and 200 in unit of Bg,(E2) for the transitions
to the (4%0) level from the B (or y) band level and the ground band level,
respectively. Then the adnixture should be at most the order of afg opym 1.5 X
1077 and oa®spm 3 x 109, respectively. By using the expression for The inter-
action matrix (Hij) = (ef - e5)ajj, where 5 and c; are the respective unper-
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Properties of (576) isomers in *7"if region. Those for v ana
8¢ are fron Ref. 3.
B(E2,8'8) 810) o ) %o igtoy
ucleus z N £ e 5ED El s
(GO B B(e2 676 - ')
p 70 104 1520 820 7.0 - 10 290 77
e 72 102 au 4.2
8 72 104 1385 13 u7 10.3

turbed energies of the isomer and chn mixed state, we get |(H;g)| < 90 eV and
\(H)g)\ s 50 eV. Assuming the 6% lies in an excitation emergy regior

MeV, one may also esnmacc |(Hiy)| to be & 200 eV. These interactions
are very ikl i comparison with, for instance, the § vibration-ground state
rotation 1ntcx‘act)on \(HB ] ar.d the pairing interaction |(H ]r)'T which are of
the order of 0.1 - uel. small interactions, probably due to the poor
overlap between hxgh < e e e
ably goodl above the energy gap even Lhcuph there are many other levels with the
same JT. (H. Ejiri, S.M. Ferguson, R. Heffner, and H. Wieman)

il S. Ferguson, I. Halpem, and H. Ejiri, to be published
Halpern, Bull. Am Fhye. Soc. 13, 700 (1968); Nuclear Physics La.bommry
Annual Report, University of Washington (1968).

2. N.L. Lark and H. Morinaga, Nucl. Phys. 63, 466 (1963); T. Yamazaki and
G.T. Ewan, Phys. Letters 24B, 278 (1967); ibid., Phys. Rev. Letters 20,
1376 (1968).

il J. Borggreen et al., Nucl. Phys. A96, 561 (1%7).

4. C.G. Gallagher and V.G. Soloviev, Mat. Fys. Skr. Dan. Vid. Selsk. 2, no.
2 2).

5 R. Graetzer, G.B. Hagemann, K.A. Hagemann, and B. Elbek, Nucl. Phys. 76,
1 (196)

9.3 A Search for Isobaric Analog via the (p,2ny) Reaction in Rare-
Earth Nuclei

e report here a search for isobaric analog resonances (IAR) in highly
deformed rare-carch nuclei via the (p,2ny) reaction. The direct neutron decay
of an IAR is isospin forbidden; however, the g mixes the 'AR it
neighboring compound nuclear states of the same J7. The neutron deca £ the
background states is isospin allowed and is it R el e
analog state.l

There are several enticing reasons for attempting to populate IAR via the
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ced TAR in odd-odd deformed nuclei
d more easily through this reaction than, for example, throu
elastic or inelastic proton scattering. The (p,2ny) reaction in th

populates a variety of spin states in the ground state rotational
Thus different analog spin states might preferen
spin states allowing even somewhat overlapping re

dependently,

(p 2 ,7 reaction. Closely

be studied i

Furthermore, a knowledge of the IAR neutron decay widths
the same energy region might provide information conceming
compound level densities. The nucleus 1751y 5
for such a study since the parent analog states in 176Lu are reasonab
spaced and exhibit widely different spins. [The target spu\ is 7/2* an
est three TAR have spins 7-, 8-, and 1-, respectively.]

spin states in
spin dependence o

s

1 energy of the ground state analog
rgy shift for [181Ta - 18] of 17.

The expec

using the measured

This Coulomb energy was corrected for mass and charge’ to be uppl)

[17Lu - 176H£] case. An excitation function was taken in 2 s
15 energy regi

incident proton energy region of 10.86 Moy to 11.38 Hey

chosen to span the lowest three IAR in L7CHE. (The widths of the I
mass region are expected to be about 100 keV.) The protons were
tanden Van de Graaff. The gamma rays were detected at Oy = 90° with a
Ge(Li) detector. A Si(Li) counter at O1ap = 185° was used to mea t
and inelastically scattere proto-.s Standard high resolution elec
sisting of pole-zero cance. n and base-line restoration was us
fammn spoctea. The ayaton resolutiolREIENNR VAN LN e ;o
The SDS 930 cor r collected data from both counters in an on-line
pulser, triggered by pulses derived £rom the scattered protons, was fed i
gamma spectrum and was used to monitor the system dead time.

: + i
excitation functions for the 8' » 6% and 6" » 47 groun

tional band transitions showed no positive evidence of the IAR in t
region investigated. We achieved a relative experimental error of ax
Hence we can set an upper limit for the manifestation of the IAR in
(p,2ny) reaction of about this nagnitude.

that we could not make positive identifica

ote, hovever,
of the IAR from the elastic proton data either, although several sual
were observed. This lack of evidence in the elastic channel probably

the unfortunate design of the scattering chamber, however, and not
calculation of the excitation energy of the IAR. (The calculated e:
energies are expected to be accurate to within 100 keV.) The proton
could be placed only at 6). = 45°, 90°, op 135°. The ground state
excited state analogs involvet= 3 proton transitions yhich yield s
Tesonance effects at these ang The second excited state analog
= 5 transition and is expected to be smaller yet because of the
angular momentum barrier.

conclusion, we find that the IAR yields from the (p,2ny) r
the mass 175 region are too small to give useful experimental inforn
(H. Ejiri, S.M. Ferguson, I. Halpern, and R. Heffner) 4
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D. Robson, J.D. Fox,

. Richard, and C.F. Moore, Physics Letters 18, 8

(1965).

2. D.L. Allen, H.C. Britt, and F.A. Rickey, Jr., Physics Letters 27B, 11
(1968).

8} D.D. Long, P. Richard, C.F. Moore, and J.D. Fox, Phys. Rev. 149, 906
(1966); J.D. Anderson, C. Wong, and J.W. McClure, Phys. Rev. 138, B6lS
(1964).

Competition between Neutron and Canma Ray Emission in Nuclear De-
on.
The studies of (d,d'n) and (d,d'y) reactions in UJ..} to explore competi-

n between neutron and gama ray emission from excited nuclei, reported last
year,l have been continued. excitation function of 61Ni(d,d')®Ni, leading

e excitation energies of interest (near and above the neutron threshold),
ows that the cross section is a maximum at about 19-MeV incident energy; sub-
sequent experiments therefore have been carried out near 19 MeV.

Some modifications have been made in the deuteron and neutron detector
systems: (1) the solid angle for the deuteron detector (a A-E-anti system) has
ncreased by using larger area counters (300 mn?) placed 5.06 cm from the
target; and (2) the phosphor used in the neutron scintillation counter has been
cha from plastic to the liquid scintillator NE 213, to allow neutron-gama
ray pulse shape discrimination. The electronic system for studying coincidence
events now processes the following analog signals e
ron the deuteron telescope; (2) pulse height signals from the sc
detector; (3) particle identification signals (PID) from the deuteron telescope
ten; (4) pulse shape discrimination signals (PSD) for distinguishing neutrons
ron gamma rays; and (5) time of flight (TOF) signals, using the deuteron s
for starts and the neutron counter signals for Th
ed into the SDS 930 computer system. Each event s
tape, and live two-dimensional storage and display ave
any selected pair of signals (e.g., deuteron energy nd OE 6w Amitron pulas
and PSD).

The trues-to-accidentals ratio has been improved through several modi
cations. The target thickness was doubled, beam collimation slits were eliminat-
hield was placed in front of the scintillator to reduce low
energy gamma rays from the target, and heavy lead shields were placed between
the scintillator and the bean tube Faraday cup system. The improvement found
to be more than a factor of four.

e 9.4-1 shows results of tests of the overall <
o~ nmemmm; display of deuteron energy and TOF.

litate the time calibra-
tion.  The homizontal straight 1ine locus is from (d,d'y). The bands correspond
to events leading to the ground state and to excited states of © The arrows
on the plot indicate the neutron emission thresholds for the various ONi final
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S'Ni (d,d'n)*Ni 7 counts or more

TOF (nsec)

S
E g (Mev)

Two-dinensional plot of particle energy versus TOF

background in such a run is about two to three count

he aver:

It is believed that the system will now permit a quantitative de
e A e
s, and runs to measure these yields are in progre:

D Missdiocky, 0 catanat ¢ 0% Caneron’| DO SR IAMEAIOh Ling)

il Nuclear Physics Laboratory Annual Report, University of Washi

969) p. 97.




10. NUCLEAR FISSION

10.1 Fission Isomerism in Uranium Isotopes

Spontaneous fission isomerism is now known to exist in a large iy
of americium and plutonium isotopes, but only one example of isomerism in th
uranium isotopes has been established,l and less conclusive evidence for isomer-
sm in one neptunium isotope has been reported.l The purpose of this inves
tion was to search for, identify, and characterize spontaneous fission isomers
in uranium and neptunium isotopes which could be produced by 13 to 21 MeV deuter-
on bombardment of uranium isotopes.

200-500 pg/cm? targets of 234y, 235y, 236y, and 238y were bombarded
with 13-21 MeV deuterons from the 60-in. cyclotron and by 18 MeV deuterons from
the two-stage tandem Van de Graaff accelerator. The energy of the cyclotron deu-
teron beam was varied by use of degrader foils. Detection of delayed fission
and hal-life determinations were made by a direct electronic measurement of the
elapsed time betveen arrival of a burst of particles at the target and the

of fission decay. The experimental details have been discussed previously. o

Initial experiments were perfommed with time intervals which were dic-
tated by the oscillator of the cyclotron which produces beam packets of approx-
inately 2 nsec duration SFle et inteinale, | TRSjOqlayed £ Les o Ehat was ob;
served with 2350, 236y, and 238y targets was so long-lived that half-life dete:
minations were not poss).b)e. Excitation functions were taken with the 87 nsec
intervals, but half-life determinations were made by use of an electrically-

other isomers. Therefore, the tandem Van de Graaff accelerator was used by
chopping and bunching the deuteron beam from the ion source into packets of 50
nsec width at 760 nsec intervals

xcitation functions for the delayed fission resulting from 220U and

9 oA cyelotron were taken in approxinately 2 eV steps, and
are illustrated in Fig. 10.1-1. Half-life determinations were made for 230U and
238y at 21 MeV using the cyclotron, and at 18 MeV using the Van de Graaff.
two determinations were consistent, within their uncertainties, yielding final
values of (105 + 20) nsec for the 236U target, and (195 + 30) nsec for the 238y
target. The decay curves ave shown in Fig. 10.1-2. Mo delayed fissions were
observed for the 234U target at 21 MeV. The results are summarized in Table
10.1-1.

The

The half-1ife of (105 + 20) nsec is in agreement with the (130 * 30)
nsec half-life of 296My reported by Lark et al. This suggests that we have ob-
served the decay of 236My which was produced by a (d,d') or (d,pn) reaction,
uith the latter nechanisn believed to predoninate. The assignment of the 155
nsec activity to 238mU is based primarily on the similarity of the two excitation
functions in Fig. 10.1-1.
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TABLE 10.1-1 SUMMARY OF

d Fission
Cross Section at
Isomer Reaction Half-1ife (nsec) 21 MeV Isomer Ratio

20 ;
By “eBucal, 195 + 30 5 x 1075
23 364 s
Sy 236y(a,pn) 105 + 20 12 ub 9 x 1075
o) e if t, = 30 nsec, o< 2 yb
3
(not observed)
2 ]
Th + o if t, = 20 nsec, 05 0.1 ub
if ty > 2nsec, 0% 0.9 u
3
1 N. Lark, G. Sletten, J. Pedersen and S. nholm, Nucl. Phys. 139,
481 (1969).
2. R. Vandenbosch and K.L. Wolf

Phyai 2 Fission,
(International Atomic Energy Agency, el Toea:

K.L. Wolf, Ph.D. is, University of Wash

gton, 1969 (unpubl

ed).

10.2 Multi-Component Decay of the Fission Isomer 237Mpy

A spontaneous fission isomer 23MPu witha half-1ife of approximately
110 nsec has been produced both in this laboratory’ by the 2°°U(a,2n) reaction
and by Lark et al.2 through the 237Np(d,2n) reaction. There is also evidence for
the possible existence of a shorter lived isomer when “37Pu is produced by the
236u(m,3ng x‘sact)on. and more recently, a much mm lived component has been
reported.® The most likely explanation for mor

spontancous £

sion

the second minimum in the potential emergy surface.

The present study is cted toward further characterizat
isoners with particular madlebime 11 e o el

et el aal s e R R RS
tween beam bursts from the 60 inch cyclotron.
peat these measurements with the cyclotron beam
tervals between beam bursts. This has not been
of the beam flapper or failure of the cyclotron oscillator.
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he exister
and preliminary

of a much longer-lived isomer has also been c
estimates made of the ratio of production of the 110 n
ed isomer. Flapped and bunched negative helium ions accelerate
two stage Van de Graaff were used to produce 237Pu by the 235U(a,2n) r
The experimental set-up and (here]vctron c timing system have been des
previously.l Bombardment of 2% with 25kHz bunched alpha beam of 24.3
MeV gave the delayed fission exci mtwon function shown in Fig. 10.2-1.

identifies the 23%(a,2n) reaction. A bunch width of 40 to 50
was sufficient to measure the isomer half-life of 108 # 9 msec. The decay cur
for this neasurement appears in Fig. 10.2-2. The straight line is the

quare fit to the data.

24 #of Deloyed Fissions v Tine
5 naec/chomel
(e
20
! §
8 i} ]
3 Sl 4
8 3°F
b ;|
H S E 1,108 9 nsec
Hl il il
osf- g
] %
x Vi A & G2 100 G0 eow e Go
2 250 %5 70 #of ) from prompt peck cener—
€ ,fob) (eV)
Fig. 10.2-2, e o
Fig. 10.2-1. Excitation function for 24 ion isomer 23/M the time i
to 27 MeV alphas on 235U. BT o R s
of the beam burst.
The most vecent experisent was o
successful i g both the 110 nsec and the long-lived component in 237Mpu

24 MeV 4];,»;.5 1lap i ot 0,25 Hhs vith atpecalh it thiat e approximately on
microsecond produced the decay curve given in Fig. 10.2-3. A least square f
to the data points beyond 250 nsec from the edge of the beam burst produced
half-life of 1360 + 430 nsec. The shorter-lived component was identified by
subtracting the extrapolated least square fit from the data points at short in-
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ines after the beam burst. Straight T =
s through these points gave an up- | xComponent Decoy Curve Py

per and lower limit of 135 and 70 nsec i

for the half-life of the shorter com- i

ponent. The previous measurement of

108 £ 9 nsec was assumed to be correct,

and a line corresponding to this half-

EL i e

Both straight lines were extrapolated to

the edge Of the beam burst, and the in-

tercepts in this channel were used to

compute the ratio of production rates

of the longer- and shorter-lived compon-

ents, Ry /Rg: Ry/Rg = 1 to 3.

# of events (delayed) —~

Assuming that higher energy
incident alphas will favor the popula-
tion of higher angular momentum states,
it should be possible to distinguish be-
tween a higher and lower spin for the
two components by comparison of the ra-
tio, Ry /Rg for 27 MeV alphas with that
at 24 MeV. Any effect due to differ—
ence in thresholds can be eliminated by
observing the production ratio for the
237p(,2n) reaction at the appropriate
bobarding energy to match the excita-  Fig. 10.2-3. Two- com,anenc decay
tion energy of the compound nucleus pro- curve of the fission isomer 237MPu in
duced in the (a,2n) reaction. The high- the time interval betueen nAl and 2.5
er-spin isomer should be more favored in nsec from edge of beam burst.
the (a,2n) reaction than in the (d,2n)
reaction due to the smaller angular momemum brought in by the lower energy deu-

&

.-ggs... o Beam B
4 o

e
e
"‘D"‘" from cenfer of beam burst

terons. (M.K. Mehta, P.A. Russo, J.R. Tesmer, R. Vandenbosch, and K.L. Wolf)

2l R. Vandenbosch and K.L. Wolf, in Physics and Chemistry of Fission,
(International Atonic Energy Agency, Viemna, 1969

2 N.L. Lark, G. Sletlen, J. Pedersen and S. Bjornholm, Nucl. Phys. Al39,

481 (1959).
S.M. Polikanov and G. Sletlen, private commnication.

10.3 Search for Direct Fission Using the (%He,a) Reaction

The experiment e describe here was an attempt to use the (%He,a) reac-
tion to pick up neutrons from the nuclear surface. If a SHe particle impinges
on a heavy target at energies below the Coulomb barrier the cross section for
formation of a compound nucleus is inhibited. Under these circumstances the high
positive Q value (W15 MeV) may make it favorable for the 3He to pick up a neutron
from the tail of the nuclear neutron distribution, though the differential cross
section for such an event will be quite small. One way to circumvent this low
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differential cross section and test a direct pick-up component of the JHe
reaction cross section at sub-Coulomb barrier energies is to use the
duce fission and measure the angular correlation between the fission fragm
Fission fragnents fly apart anti-parallel in the center of mass; in the labora-
tory the fragments are forward folded. If a compound nucleus was formed, the
forward folding is just due to incident particle momentun. If, however.

‘ sub-Coulonb barrier stripping with its usual backward peaked angular d
that is causing fission, the forward folding of the fragments will in general
greater than in the compound-nuclear case due to the extra component
imparted by the outgoing particle. Thus, by measuring this amount of
folding one can test for the presence of a direct component in 3He ind
ion.

%e to in-

uc

Besides the forward folding, the angular correlation between f
fragments will be spread due to pre- and post-fission particle evaporation.
dominant spreading due to neutron evaporation can be estimated using average
fission fragment momenta and the statistical model for neutron evaporation.

in experiment was done to test for excess forward folding of fragm
from fission induced by 20 MeV 3e particles from the tandem Van de Gra:

100 pg/en? natural uranium target. The fission fragments were detected in
cidence in two detectors. One detector was a standard fission fragment dete
with a 1 degree acceptance aperture set at -70° with respect to the bean d
tion. The other detector was a 14 mm by 50 mm active area position s
detector (p.s.d.) collimated to 13.6 mm by 49 mm (12° acceptance in the react
plane). The detector had a calibrated 0.7 mm position sensitivity and

computer where the position and energies were each stored in 512 chamnels. This
experinent revealed that the position sensitivity was non-uniform over the active
surface of the p.s.d. Subsequent testing shows that the energy signal varies
with position toward the ends of the active area of the detector. se two n
Linearities made it doubtful that our p.s.d. could be used for the accurate meas
urement of position and energy of fission fragments. Meamwhile, recent work by
Alfordl showed that the reaction 208pb(3He,a) can be used o pick up neutrons
from all the single particle states in the top shell of 2°%pb, This work moti-
vated us to abandon the measurement of the fission fragment angular correlations
a5 a way of detecting this surface pickup and pursue the measurement of the o
particles emitted in a He induced reaction. This work is reported elsewhere
(Sec. 8.6). (R. Aley, D.R. Brown, and I. Halpern)

W.P. Alford and D. Burke, to be published.

0.4 Determination of First Chance Mass Yield Curve

This report completes the work mentioned in last year's report.l Sol
te counters were used to measure kinetic energies of complementary fission

140

T ——



fragnents and from these energies the fragment masses could be found. It is
mown that in the element region near radium triple-peaked mass-yield distrib
These represent a superposition of contributions from seve
nuclear species at different excitation energies. The triple-peakes mass

butions have sometimes been interpreted in terms of two separate
characteristic of symmetric fission, associated with

s, and a double-peaked distribution, characteristic of

I e B e energies, and by a proper weighing o
their respective mass yield curves, the ma £ a single species,

228pc, can be determined for a single exc: ation energy. Fig. 10.8-1 illustrates
ass yield curve so obtained for
excitation energies near 27 MeV. The
—TTTTT T T T single symmetric peak is in agreement
hesis of two fission
228 ]
L Ac modes. (A.W. Fairhall and D. Perr
27.2 MeV Excitation
2s0]- E Nuclear Physics Laboratory
L 1 Annual Report, \hwem of
HA ] Washington (1969), p.106.
200 L
< ieof- s
Gl 4)
# 2ol g
sof- q
o 4
i o e R . S
Tt A
Moss (omu)

g. 10.4-1. First chance fission mass
yield curve for 228ac at 27.2 MeV exci-
tation energy. The arrows indicate the
asymetric fission positions.
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can further makel | FigillL1 1. T/pl"al three-d
spectrun for p nc
displayed on fhe 503 930 0.k,
rties of the ex-  gonal lines corresponding to t
to different levels in ‘1B,

denc

e qu

angles were 23°, 611
the bombardrent of +

barticles ussed

ort (Sec. 8.1) data were taken using a multiparameter pr

coincident events between two cou
t particles was determined by use of a AE-E
ti rticle was determined using the re

The use of tk criteria to determine the mas: 1t
essentially free from accidental events. from analysis of t
* avents between b - 11B, @ = 108, and € = 120 could sasily

A projection o e
cus corresponding to ground state, is shown in Fig. 11.
two-di spectrun are due to sequential processes.

sequential

cays can be due to one of the reactions

1
B+p+a.

ese xeacTions was responsible for the
we have taken data for a numben of cases in W
ed and the heavy pdmc;e detector was moved. It wa
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Fig. 11.1-3, Coincidence spectrum for
the 12f~zu t120)p reaction at o, = 23°,

20°,

TS &
Ep (Mev)—

ig. 11.1-2. Projection of the ground
state locus of Fig. 11.1-1 onto the pro-
ton axis.

ound that the proton energy remained
constant while the energy of the B
varied for a given group. This allowed
us to attribute the sequential decays to
states in 15N at about 13.6 and 15.7 MeV
excitation. As these levels decay by
alpha emission to the 1B ground state
they must have a large T = } conponent.

spectrun for
reaction at 0, = 30°,

A three-dinensional display for
t - 22¢ coincidences in Fig.
1-3. Loei cnrrespond g 12¢ peing 9105
t in its growd states and 4.4k MeV
evel are essily discemed. o Fig.11.3-
4 is shown a display of d - oincidences. Further analysis of these data are
in progress to determine which compnunu nuclei are contributing sequential decays

extract all information possible about these high lying excited states.
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11.2  Excitation Functions

r M(p,a e and (p,20)T8e

A study has been under way to measure the L'N(p,a)™c and L4 (p,2a) ze

excitation functions via activation methods.l The primary interest in the meas-
urement of these reaction cross sections is their possible relevance to nucleo-
synthesis of 11B and /Li, which can be produced as decay products of L1¢ and 7

-) The problem was traced to Fe and Ni as well as alu-
minum oxide formed during target preparation. The use of targets of ademine
(CsNsfis) evaporated onto Al backings has solved these problems.

Prelininary investigations of the “*N(p,a)lXc reaction have been made
using the adenine targets and detecting annihilation radiation in two Nal crys:
tals operated in coincidence. Radiation of the proper half life (20.5 min.) as
well as that from the reaction Mi(p,d)13N (with a half life of 10 min.) has
been observed, but no final data runs have yet been made.

Targets for the “*N(p,20)Be reaction have been activated at incident
proton energies from 13 to 23 MeV. The 478 keV gamma radiation was counted
a Nal crystal. The observed half life is consistent with the 7Be half li:
53.6 days.

Because of possible deterioration of the target, the proton elastic scat-
tering peak from nitrogen was monitored during bombardment in order to determine
the product of beam flux and the average nitrogen thickness. This deternina
requires knowledge of the elastic scattering cross section of protons on

gen at the various bombarding energies.

on
There is still therefore some uncertainty (estimated to be abo
20-30%) in the results for the 1'i(p,20)7Be reaction. The present data indi
a rather rapid rise in the cross section as the incident proton energ i
creased from threshold (11.5 MeV) to 19 MeV. At 21 MeV, the cross section is
about 50 mb. (D. Bodansky, J. Cameron, and W. Jacobs)

Nuclear Physics Laboratory Annual Report, University of Wa
(1969), p. 1.

32

Breakup o # into Two Heavy Fragments

Symetric fission of light nuclei at high excitation energy into two
fragments such as seen in the reaction 295i("He,260)100 has been shown to be
largely statistical process while single and few nucleon transfer reactions to
low lying states in the residual nucleus are believed to be largely a dire
action process. By simultaneously measuring angular distributions of various
multi-nucleon transfer reactions one might be able to see how the transition from

i direct to i statistical reactions is made as a function

of number of nucleons transferred and as a function of the mass of the targe
nucleus.

re-
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Fig. 11.3-1. A computer scope display of

the isobars “SA&)? formed in the reac-

tio iz V).

e el Fig. 11.3-2. A computer scope display of
10<A<20 formed in the reac-

42 MeV). The two spots

The mass distribution of heavy
s Z > 3, A 26 resulting from 42 MeV
_Jp‘)a bombardment of carbon, oxygen and
silicon has been measured. e mass of 8
the product nucleus m was measured by  285i(a,l20)?
use of the relationship m = ET2 calcu-

lated on-line by an SDS 930 coputer (for more detai
the energy of the heavy reaction product and T i
measured relative to the cyclotron RF signal. The he
by 100 um thick thermoelectrically cooled surface ban
23 in. from the target. Figure 11.3-1 shows a mass versus energy plot for Gahs
15 resulting from 42 MeV bombardment of a thin carbon target with alpha par-
ticles. Figure 11.3-2 shows a similar plot for 102A220 resulting from alpha
bombardment of a thin silicon éar 5. By observing both heavy reaction products
(e.g., OLi and JOL from 12¢(a, B) to particular final states one measures
ultaneously two center of mass angles for each reaction at one lab angle.

s allows the measurement of angular distributions over a wider range than has
in general been possible with AE-E particle identifier systems.
of particular iscbars are shown in Figs. 11.3-3,4, and 5.
observed reactions are listed in Table 11.3-1. The cross sections were obtained
by integrating over the listed angular range given in 13419 11.3-1. Angular dis-
tributions obtained for some of the reactions are igs. 11.3-6 through
11.3-3. The (a,%Li) reactions seem to be nearly symemcax about 90° c.m.,sug-
gesting a predominantly ‘compouwnd nuclear mechanism.

sor
12(:)20‘

e,
Ne(1.63 Mel

ik
s see Ref. 2), where E is
flight time to the detector

Thi

Energy spectra
Cross sections for

show

Statistical Model calculations patterned after those done by Vogt et al.3
have been perfomed in order to estimate the compoun

nuclear contributions
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ble 11.3-1.

Reactions obss
of a thin carbon targe

sured
snpilar Range
(dogoees c.m.)

ved fron 2 Hel aipha bosbardset

10-170 0.1
10-170 1101
10-100 0.2  0.06
95-166. 2.3¢ 0.1
15-165 0412 0.23
0.717 Hev) 100-165 0.81 £ 0.07
20-170 0.7 2 0.20
He(he, "e(0.u51 mev)) s, | 2-170 0.32 £ 0.24
Resctions cbserve from 42 el sipha borbardners
of thin WO, and silicon targets
Angular Range Range of do/dn

20-90

ui-gs

Ne(1.63 HeV) wi-86

46-90

60-93

148

(degrees c.n.)

18255

20-110

70-120

80-100

Observed (ub/sr)

0.2-1

210

0.1:0.2




to the above reactions. The calculations consider
citation_enerpgy of 38.7 MeV into all 2-body exit cham
53,711, 7Be , %Be) including internal excitations of these particles. Preliminary
caleulations indicate a compound muclear contribution to the cross section as
large as the observed cross section.

few results have been ob(ained o MR GEY e area o o e
and silicon targets. The reactions observed are listed in Table
Braithwaite, C. Rudy, P. =g et )

R. Vandenbosch, J. Norman, and C. Bishop, Phys. Rev. 158, 887 (1967).
Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 143.

E.W. Vogt, D. McPherson, J. Kuehner, and E. Almquist, Phys. Rev. 136,
B99 (1964).

2c(*0,0)?ug_to High Excitation Energies in Mg

gntinuation of vork reported last yean,' further data were takenon
the c(lbo u) Mg reaction at forward angles and incident 160 energies from

to 50 MeV. The spectra in all cgses showed considerable structure in the 15- i
excitation energy region of 2'Mg. However, on the basis of the poor energy
resolution obtained (= 300 keV FWHM), resulting from straggling, the decisio

was nade to discontinue use of the degrading foils which were being used to stop
the heavy ioms (elastic 100 and recoil 1%c).

The present system consists of a AE-E telescope with the AE detector
chosen to be thick enough to stop the heavy ions but not to stop the alpha par-
ticles of interest. A prelininary run was made to verify that the performance
of the AE detector would suffer no significant degradation from the high incident
flux of heavy ions. Then, using standard particle identification electronic
techniques, data were taken at five incident energies from 41.75 to 50 MeV, at
alpha particle angles of 10, 20, and 30 degrees.

These alpha-particle spectra with their improved energy resolution
120 keV FWHM, primarily due to kinematic broadening) showed the 15-18 MeV ex-
citation structur even more dranatically, The to largest pecks of this struc-

ture correspond to approximately 15.5 and 17.0 MeV e n in 2%Mg. They
present at all energies and angles observed, allhm.gh with different features and
relative magnitudes, Their nature and their relation, if any, to the structure

Rt il e oA ol e il o yet understood.

In an attempt to leam more of the characteristics of this region in Mg,
the *ug(a, u'7 reaction was investigated using the 42-MeV alpha beam of the
cyclotron. The preliminary “oncluslcn f£rom this work is that inelastic alpha-
particle scanemng does ot the same structure in the highly excited
244z nucleus as does the “CLlﬁo a)z‘*ug reaction.

24
The future study of the spectral structure in the >2C(%,a)2"g reac-
tion will be facilitated by several experimental improvements: (a) to increase
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the reliability of the alpha-particle energy calibration during the runs, a
anical device has been built which lowers a pair of 212Bi-212p, alpha-sources
between the two detectors of the telescope, thus providing two low energy cali-
bration points for each spectrun. It is hoped that this will allow determinat
of the internediate energies to better than #50 keV. (b) The greater 160 £
available from the recently installed direct extraction ion source of the
accelerator should speed data accumlation. (c) A further increase i
of data accumulation may also be achi
systems sinultaneously, together with an appropriate on-line computer a
program. (. Bodansky, D. Chamberlin, C. Ling, and D. Oberg)

ra
ved through use of up to 4 E-AE telesco

il Nuclear Physics Laboratory Annual Report, University of Washington
(1969), p. 116.

11.5 Mass Determinations of Two Neutron-Deficient Isotopes b:
hold Measurements

The p,2n threshold measurements reported last uear have been con
and the masses of two neutron-deficient isotopes have been determined.

The reactions involved in the measurements were

Bv(p,20)%%0 (85 a)

pr(p,20™%a (3.3a).

Stacked foils of the appropriate targets (2 to 4 foils per stack) sp:
with aluninun degraders were bombarded by proton beams from the 2-stage V:
Graaff accelerator. Previously described anslysisl of the gama spectra of the
bombarded foils led to the identification of the product nucleus and evaluation
SE the (p2n) cross section at each energy, A 3 in. by 3 in. Nal(Te) scintil-
lator was used to analyze the activated L*lPr foils. For the 89 foils, analysis
after bombardment was carried out with an 8 cm® planar Ge(Li) detector in order
to satisfy higher resolution requirements.

Thresholds were determined by two fitting methods. The first method i
volved extrapolation of a linear plot of the square root of the normalized
get activity as a function of energy. Linear least square fits were used to

deternine the intercept on the energy axis which is the experimental threshold.

The second method fit the excitation functions to curves constructed by
the Jackson neutron evaporation mdel.? This method has been descnibod pre.
viously.

The experimental thresholds resulting from these fits and the mass ex-
cesses of the product nuclei computed from these thresholds are compiled in
Table 11.5-1,

m results in Table 11.5-1 are in reasonable agreement with a re-
cently determined Q value of the %%(p,2n) reaction computed from experiner
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Table 11.5-1. Experimental Thresholds and Mass Defects

b ja¥ Canben
L Threshold (teV,Center of

Nucleus ST
Linear Extrapolation Jackson Model
10.65 * 0.04 10.65 + 0.04

0,

-84.26 £ 0.06 -84.26 £ 0.06
12.87 £ 0.03 12.96 + 0.03
s -83.66 + 0.04 -83.57 £ 0.04

t 12,95 * 0.003

-83.58 + 0,01

+ Corresponds to linear least square fit eliminating the high
energy data points which show a deviation from linearity.

resu,\ts.“
89, P 2
(®%¢(p,2n)) = 12.906 ¢ 0.015
14044 gecays by electron capture to “**Pr. The electron capture Q
value is calculated using the experimental threshold in Table 11.5-1:

}E.C,

this number, the value of log(fg c.t)
Mozkowski.® The result

log(f o t) = 5.6.

This value indicates the alloved (normal) beta decay mode (AL = 0 or ), no parity
change) which is consistent with the spin and parity assignments of 1*ONA(0*) and
TU0pp( 1+

The experimental mass excesses can be compared to values predicted by
several semi-empirical mass equations 6.,7.,8.,9). The calculated masses are
shown in Table 11.5-2. The experimental values of Table 11.5-2 show good agree-
ment with the se pirical calculations in some cases. The de
erally of the mgmwde expected on the basis of the systematic
other experimental and calculated masses.

eviation between
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Table 11.5-2. Predicted Mass Excesses

Mass Excess (MeV)

Mass T
88, 140y 4
Garvey, et al. 6.) -83.93 -84.27
Cameron and Elkin 7.) -83.636 -84.026
Meyers and Swiatecki 8.) -83.120 -84.288
Seeger and Perisho 9.) -83.350 -83.882
usso and R. Vandenbosch)

i P. Russo and R. Vandenbosch, Nuclear Physics Laboratory Annual Report,
University of Washington (1969), p. 118

2 J.D. Jackson, Can. J. Phys. 34, 767 (1956).

£x J.B. Ball, private communication.

4. J.B. Ball, R.L. Auble, R.N. Drisko, and P.G. Roos, Phys. Rev. 177,
(1969) .

5. S.A. Mozkowski, Phys. Rev. 82, 35 (1951).

6. G.T. Garvey, H.J. Gerace, R.L. Jaffe, I. Talmi, and I. Kelson, Rev. Mod.
Phys. 41, 51 (1969)

7 A.G.W. Cameron and R.M. Elkin, "Role of the Symetry Energy in Ator
Mass Formulas", Goddard Institute for Space Studies, N.Y. (1957),
unpublished,

8. W.D. Myers and W.J. Swiatecki, UCRL-11980 (1965), unpublished.

9. Seeger and R.C. Perisho, LA-3751 (1967), unpublished.

11.6  Search for Dowble Analog States in Intermediate Mass Nuclei Using the

(e ,n2p) Reaction

Although excitations of many T = 2 analog states inT = 0 self conj
nuclei below *OCa are well known, excitations of analog states with T = T
i.e., T>> or double analog states, have only been reported once in the hig
nass region.l That report asserts that a T-forbidden (p,n) reaction was used
excite T, states in *Ni and 9%b. The evidence for these excitations cones
e cbservation of a peak in the neutron time-of-£light spectrum
near the energy calculated for a T, state. However, this observation has ne
been confirmed, and the strength of the peaks observed cast some doubt that
are the product of an isospin-violating reaction,

he present work is an attempt to observe the excitation of T,, states in
the intermediate mass nuclei using the isospin allowed (3e,n) reaction.
the analog states thereby formed are unbound to both proton and diproton e
sion, such excitations may, in principle, be studied by observing the decay
protons rather than the neutrons, in a manner similar to that used in study
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(4,09 reactions.’ 30,0 O
24320 O
74

Thirz

We selected as a target “2'sn
since it has two holes in the hjj/p Sub-
shell as one of its principal configura- e
s. A two mucleon transfer reaction
orming the T, analog state could place
the tio protans in 1y /3,2y p.or 33
orbits, as shown in riin (1 i 1245n+2p
b U g
conpetition between proton and diproton
decay from such an analog state. The .o i 124,
tranemiaRion|(doeficlents wors Galcuiate Fi8+ 11:6-1, [Shell Diagrem of ' smidp.
ed for both types of process, consider-
ingithe dipzoton to have the same optical otel potential a2 o "deuteron'" with

2. Since the diproton decay can have £ = 0 while the single proton decay
208t Have | 5] L-vaTue  haadcerts e OF the Bhell) suth caloulstions show
favoring of diproton decay. Table 11.6-1 gives the ratios of calculated trans-
nission coefficients. As can be seen, the diproton decay is favored in these
caleulations by a factor of 15 or more. se crude calculations camnot
be taken too seriously, they provide ~ ————————— -
some_indication that diproton decay Table 11.6-1. Ratios of Proton to Di-

ts

uld compete strongly with single pro- proton Transmission Coefficient:

sh
ton decay. o m,
) i s B
The excitation energy of the Ts»
state was computed from the Coulomb dis- 1!51/2 5.8 x 10
placement energ{ given by Long, RJcha!’d
Moy loore, and Fo: The Q-value for ?d3/7 1.2 x 10
(e,n)126Te (T55) was calculated to be
- 21.099 Mel. A siggle proton decay h, 1.3 x 10

fron the T state in
T, state in the next nucleus over,

will have an energy Epy = 5.627 MeV. The
Ty state in 1256535 also wnbound to proton emission and will decay back to the
1%5n ground state with energy E, = 7.784 MeV. The transition energy for di-
L e L

m the case of the successive single proton decays, the angular momenta
of the transition from T, to T, to To for shell nij is 0*(30)j (4)0*.  Using
s Sharp ot al.,b the angular correlation function Wp-p(8) betieen
the two protons is just

Lol
jice :EA(un:%m,

Tible 11.6-2 gives Uy _y(6) for appropriate fovalue, where 0 i the angle between
the two protons and § ¥s the spin of the T, 1ntel‘medlate state. It should be
noted that Wp-p(0) depends only on 3 and not on

Unfortunately, the tables used® do not include j = 11/2 but numerical
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Table 11.6-2. p-p Angular Correlation Functions ‘

j W___(8)
5 P-p

1+ p,lcos 0)

Nl
i
&

evaluation of W, o
around 6 = 0° and 1
serve p-p coi

for lover j-values shows the trend clearly: Wp_(6)
80° and is small elsewhere. Therefore one shobld try to
neidences from the sequential decays with 180° or near 0° geon

i.e., an angle of © = 20° between the two counters.
able compronise which should pemit t
tial proton decay from the T,

, state of interest.

© counter telescopes using 100 silicon surface barrier AE detectors
and 2mm Si(Li) E_detectors were placed 8" from a 94.7% isotopically enricher
self-supporting 124en target with an area density of about 1.6 mg/cn?. A 3
about 100 ma of *He'™ bombarded the target at several energies ranging
MeV to 26.50 MeV.

ta was accunulated in the SDS
parameter program which performed (E +
both telescopes and stored the coincident events identified as proton
coincidences in a 64 x 64 channel array. ALl coincident events were
stored on magnetic tape for further analysis.

930_computer with a two-telescope two
8178 gL 73 harticle identification o

Figire 11.6-2 shows a sample two parameter spectrum. Diagonal lines

from the 12%n(3He,2p)1255n reaction are clearly visible. These events can
ished from 12%n(3He ,n2p) because the latter remsin u

as the bombarding energy is varied. Figure 11.6-3 shows the same spectrun a

summing all channels on a given diagonal Ej + Ep = const. The small arrows

dicate the expected positi 25sn states observed in 12%sn(d,p), and these

are fou The large arrow

distingui
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®over 2
20 1
20 30 40 5
Ep,
Tig. 11 e e e b of cidences from
e, S at By, = 24 Mel. o= 1708:
®p1 = °p2
indicates the expected position of the T,, state. No evidence is found for the
excitation of that state in the present reaction. MHoreover, no evidence is found
for the excitation of the quasi-analog T, state expected about 8 MeV below the
T,, state. This state is best described as the analog of the anti-analog of the
T, state in the next mucleus over. This state is predicted to be excited about
(2T + 1) more strongly than the T, but may be highly fragmented.

p coincidences from the re-

analysis of the data tapes in search of
ate in 1255b also

| action 1?“'n(3he dp) for the excitation and decay of the
showed no evidence of this excitation.

Further work is planned, using the technique described above with other
targets and also observing the neutrons directly from (°He,n) using a bunched
beam, (M.P. Baker, W.J. Braithwaite, J.M. Chant, J.G. Cramer,

R. Hinpichs, and N. Mangelson)




8

Number of Counts

Il

B
EzyMev)

Diproton energy spectrum
He obtained by summing
2 along nals such that
= const.(C_, = channel num-
pi

Friednan
R N. Cue and P. Richard, Phys.
3] D. L

Kennedy, B.J.

CRevised 1950)

P.C. Rowe, and J.B.

Rev. 173, 1108
Richard, C.F. Moore, and J.D.

Sears, and M.C.
ution Analysis',

(]953)

Hoyle, "Tabl:
T-556, Chalk River,

, Physics

Phys. Rev.




OR GROUPS

12. RESEARCH PERFORMED BY USER OR
121 In vivo Neutron Activation

The preliminary studies of in vivo meutron activation for the determina-
tion of total body calcium in humans have been completed and studies in patients
have begun. The precision of counting in patients has been calculated to have a
cosfFicient of variation of 1.25. The uniformity of irradiation was measured by
Dlacing MnO, capsules in the bones of a cadaver and was found to have a standard
deviation of 5.6%. Extensive dosimetry measurements and calculations have been
carried out and reveal a neutron dose of .2 Rad and gamma ray does of 0.1 Rad.
Three cadavers which had been repeatedly irradiated were ashed and the total cal-
ciun content measured chemically, thus emabling the estimation of bome mass in
grans of calcium from patient irradiations.

n the first phase of patient studies 53 human irradiations have been

performed (see Table 12.1). Several patients have had serial examinations and
preliminary results in patients with advanced renal osteodystrophy suggest an
average negative calcium balance of 6% (60 grams) per year.

Table 12.1. Results of Patient Irradiations

Disease Yo. of Grans of Ca Grams Ca /n’
Patients Body Surface Area
Mean Range  Mean Range
1. Normals 2 1190  1020-130 646  580-712
2. Remal Osteodystrophy ~ 22 1077 701-1w0 607  u73-782
{ Osteoporosis [l 631-867 436 387-58
4. Multiple Hyeloma 3 896 s78-112  ues  330-612
5. Hyperparathyroidism 1 4902 476
6. Hypoparathyroidism 1 00 626
7. Cushing's Syndrome b o 573
8. Hand-Schiller 1 i a3 380

Christian Disease
M1 T Ottt i el MR B
Continued studies in humans will involve in addition to repeated longi-
tudinal studies of the above patients: simulated veightlessness experiments in
conjunction with NASA (the first two subjects were examined in February 1970 and
before and after rena

will be reexamined after 16 weeks of bed rest); patients
si Washing;

1
and

the University of Oklahoma
therapy in osteoporosis using neutron activation
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9 68,

he Compound Nucleus, °%ge
*periments have been perfomed to study the gamma emission orig
e ly 8
from the decay of the s ©8Ge, both from the point of view of

ar spectn

scopy and re.

tron was used to bombard target
Ge(Li)

The 42 MeV alpha-particle beam from the University of Washing
1s of isotopically pure %%zn and
cesolution initially of 3.3 keV at 1.3 MeV was empl

measure t ation

ama spectra were measured at angles ranging from 45° to 125° with

jo the incident beam direction and covering gamma energies up to & MeV.
Figure 12.2-1 shows a typical gamma spectra measured at 90° ang coveming the low

region.

£ferent set of e

rinents at a different installation an isotopi-
et of °%r was bombarded with a variable energy 160 be

Tom 30 to 56 MeV including the point of energy
the two different beams to form the compound nucleus ©Pce
tion energy.

pondence be:

e identific of these gamma rays is not straighforward as 1.
is regio radioactivity studies performed simultaneously
been suggested that he nein product is the (p,n) product, howeve
correspondence is noted between the observed gammas and known levels in
is ss bombardnent technique of the different targets as
citation function perforned with the 160 bobardeoes will aid the i

54

At present the main aim of the study is to elucidate the effect:

lar momentun on the emission of gamma rays from the compound nucleus gs we

perform nuclear spectroscopy studies on the levels of the meutren defi
of Ge and Ga. (B.D. Pate i *, and S. Barkan'tk)

D' Auria:

st Fraser University, Bumaby, B.C.
ent of Physics, University of Turkey, Istanbul.
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nt of the Hyperfine Structure, Nuclear Magnetic Moment, and
o S

£1 ructure Anomaly of I9OA

Ve conducted an atomic-bean magnetic-resonance_experiment to me
hfs separation and nuclear magnetic moment of 6.2-day 19Au. From

we then obtained the hfs anomaly with respect to 197Au.
confirm the existence of large

e ti
these resul

show that t
8Au. Much of the u used in these experiments was produced by the n
196Pt(d,20)1%Au and 19pt (d,n)1%4u using the 22 MeV deuteron beam from
in. cyclotron at the University of Washington. A paper describing this e

ment is being submi e :
(S.G. Schmelling#, V.J. Ehlers Shugart#)

ment of Physics and Lawrence Radiation Laboratory, University of
rnia, Berkeley.

12.4  Particle Induced F

n of Elements below Po

Western Washington State College and the Department of Chemistry h
the University of Washington Cyclotron for about 6 years in an ext
study of the particle induced fission of elements below Po. During this study
we have observed that the fission fragment mass distribution curve is usuall

gaussian and narrows rather consistently as the atomic numbers of the targ:
material drops. Similarly the total fission cross section decreases as a func-
tion of decreasing excitation energy and target atomic number.
revealed an odd-even effect in that
maximums of the £ission

fragment mass distribution curve decreases more rapid
with excitation for the odd mass species than for the even mass s

pecies.

Our results also predict that the direct fission with only about
ssion fragments should occur in the element Ta at about 41 MeV
barding energy. Thus the use of the University of Was

tial in ourwork. (E.F. Neuzil#)

three f:

bon-
ington Cyclotron is essen-

Western Washington State College, Bellingham, Washington.

12.5  Isomeric Cross Section Ratios for “°cd and 13%cs in charged Particle

Induced Fission

The ratios of the yields of the isomeric and ground states of the fission
prgducts. 1% ang 1%

s have been measured for the reactions 299U(35 MeV a,f)
S2Th(20 MeV d,£), 226Ra(19 Mev d,f) and 209Bi(34 MeV a,f). After bombardment,
the Cd and Cs isotopes were separated from the other fission products by radio-
chemical separations. The yield of each species was obtained by measuring the
absolute intensity of the following y-ray lines associated with the decay of each
i 13mes 7126 kev; 13%8cs, 796 kevs 115Mcq, 035
keV; and 1158cd, 335 kev. The preliminary values of the Cd isomer ratio (om/om +

08) were 0.09 £ 0.01, 0.11 * 0.02, 0.9 £ 0.5, and 0.9 # 0.4 for the £ission of
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38y, 2320y, 2263, ana 2%%i, respectively. The preumxnary values of the Cs
igomer ratic were 0.51 £ 0.05, 0.57 % 0.05, and 0.2 # 0.1 for the fission of
238, 2321 and 226Ra, respectively.

Detailed analysis of these results using the Vandenbosch-Huizenga formal-

ism is now in progress. The preliminary conclusions are:

lute values shown
ion point dynamics

1. A significant portion of the trends and a
in the isomer ratio data are due to scis
and not charge distribution effects

2. In any fissioning system, the most probable mass split has the
highest initial fragment angular momentum.

Furthemore, rather los ((J) < § ) initi gnent angular momenta are
indicated for the low probability mass splits while R ((3) ~ 8-10%)
are indicated for the B probablée mass splits in a given fissioning systen.

(#.D. Lovelan Y.S. Shum
# Oregon State University, Corvallis, Oregon.

| u8
12.6  Production of '°V Standards

source of pure '®V vas prepared for use in instrument cn]v'bzvetion A
0.010" thlck piece of pure titanium foil was irradiated
;gmal beam of the University of Washington cyclotron.
815 (p,n)*8V reaction was subsequently separated chem
target foil and, after standardization of the sol
spectrometer, was used in standard counting geomet
large crystal, anticoincidence shielded, NaI(T ) multidimensional gamma-ray s
trometers and large volume, anti-coincidence shielded Ce(bl) gamma-ray Shec(ro—
meters. The standardized '8 solution was also used in the fabrication of m
ups of meteorites and lunar surface samples containing known quantities of va
ious radioisotopes which are used in our arogrnm of mnmmn and Ln{erprcwt\un
of the radioactivities present in lu mples.1:2 (R ki
kins*, L.A. Rancitelli%*, J.A. Cooper J H. Kaye!

, and /\. Wognan*)

i, R.W. Perkins, L.A. Rancitelli, J.A. Cooper, J.H. Kaye, and N.A. Wognan,
MCotmogenie and Prinerdial Radionuslidet i Linan Samples by Nondestruc
tive Gamma-Ray Spectrometry, Science 167, 577 (1970).
21 R.W. Perkins, L.A. Rancitelli, J.A. Cooper, J.H. Kaye, and N.A. Wognan,
Cosmogenic and Primordial Radionuclide Measurements in Apollo 11 Lunar
Samples by Nondestructive Analysis", to be published in Geochimica et
Acta.

Battelle Northwest, Richland, Washington
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tion of Reactor Materials

ha-particle irradiations of fast-reactor cladding and structural
materials are being carried out under a program at Atomics International
sored by the AEC-DRDT called "Accelerator-Induced Irradiation Effects", Tack 1
Contract AT(04-3)-701, (now called "Irradiation Damage in Cladding and Core
Structural Material", Task 2, Contract AT(04-3)-824) using the University of
Washington's cyclotron. The cyclotron provides a fast and convenient method
introducing large concentrations of helium into various cladding candidates.

g

The program is divided into two sections; the first is the investigation
of the varidbles, flux, fluence, temperature, and heliun concentration, on the
formation of voids in stainless steel. The cyclotron is used to implant
in the alloys in a uniform manner at a low temperature. This is Followed b
accelerator proton irradiation to produce voids in the material. Electron mic:
scopy is then used to ascertain the effects of the above mentioned varisbles
the size and distribution of the produced voids.

The second part is the study of high-temperature helium embrittlement
fast-breeder reactor cladding alloys. Helium is deposited wniformly in small
sheet tensile samples prior to mechanical testing. Light and electron microscop
are used to study the effects of various thermo-mechanical treatments on the
motion, aggloneration, and trapping of helium atoms and to determine the e
of heliun on the mechanism of failure in the alloy.

The eyclotron is also used to irradiate samples in support of other Al
programs, including (1) the "Mixed Carbide Fuels" program, Task 11, Contract
AT(04-3)-70L. The motion of heliun bubbles in a steep temperature gradien
being studied to gain further understanding of the mechanisms of fuel sw
(2)
Wl

"Radiation Damage in Crystalline Solids", Task 17, Contract AT(04-3)-

h is investigating the formation of accelerato:
ials. (D. Kramer®, D.W. Keefer®, K.R. Garp
and C.G. Rhodes*)
S e b B GRS O .

Atomics International, Canoga Park, California.

nduced voids in pure nat:
¥, G. Ervin, Jrd H.H. Neely#, A.

12.8  Alpha-Particle Irradiations of Nickel and Stainless Steel

Alpha-particle irradiations of high-purity nickel and AISI type 316
stainlesl steel were conducted duri

electron microscope specinens; irradiation conditions were chosen to
produce a heliun concentration of 0.3 x 10~ percent by weight. The specimens
are now being irradiated in EBR-II, a fast breeder reactor, and will be exanined
to determine whether the injected heliun atoms affect the formation of voids
(three-dinensional aggregates of lattice vacancies) in the tyo materials. This
question is of primary concern in the US AEC Liquid Metal Fast Breeder Reactor
(LMFBR) program, since the formation of voids results in unacceptable volu
expansion of reactor structural components. The possibility of mucleation of
voids at or stabilization of void muclei by heliun atoms produced by fast (n,a)
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reactions must be established, and this will be done i
by irradiating materials previo

the
heliun. (J.J.

1y doped w:

Battelle Northwest, Richland, Wa

ng

12,5 Production of Voids in Stainless Steels by Cyclotron Bombsrdment

Initial experiments were performed by G. E. personnel at the University
of Washington Nuclear Physics Laboratory. The purpose of these experiments
vas to develop experimental techniques for the production of voids in s
Jess steels by cyclotron bombardment. In these initial experiments, specine
of annealed and cold-worked Type 316 stainless steel were bombarded with hi
energy alpha particles at 500°C for times up to 104 secor
(3.5, Armijor)

* General Electric Company, Sunnyvale, California
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