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PREFACE

This report reviews the research and technical development conducted at the
Nuclear Paysics Laboratory at the University of Washington during the year end-
ing June 15, 1 o accelerators are presently in use, a 60-inch cyclotron

2"

and & tw-stege FN taniem Van de Craaff.

¢ one year ago. A second, injector st

e latter was
e, FN tendem v

in ope;
instal

on
this

Research at this laboratory is performed by the faculty and gr
lents of the Departments of Physics end Chemistry of the University of Washington.
upport, for these projects s provided by the State Of Washington, the U.

Atomic Energy Commission, and the National Science Foundstion.

The arrangement of this report follows the pattern of previous years. The
sections are numbered consecutively through table and £
number of the section to which i has been our prac-

nemes of invest:
order.

cribed in the report for the most
ibed in earlier reports, to shich
ont i 2 s placed on elastic and
pping reactions, photons emitted in nuclear reactions,

in nuclear reactions, compound nuclear reactions, and
ections describing new instrumentation for research and
development complete the report. A list of lsboratory
persomel, advanced degrees granted during the past year, and a list of labora.
tory publications since the last report are given in an Appendix.

* e National Science Foundation provided the funds to purchase the three-
stege tandem Van de Greaff sccelerator and some of its associated equipment, and
& portion of the funds to construct the laboratory buildimg to house them.
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I. ELASTIC AND INELASTIC SCATTERING

Proton Scattering From Isobaric Analog States in the Iesd Region

A mmber of different experiments have shown that isobaric analog states
exiot ot high excitation energiss in mediun an heavy muclet.
the nu Z,A) contains low lying states with isospin quantum numbers
(T e T) where 7 = (v A
gastocs ot fuese statéa)vaich hevattiie
Gty b5t Gotlous deplacameintll Analoes of sroma Blaemet boavs nucle;

were first identified in residual mclei following direct (p,n) reactions.l In
this case the target state is converted to its iscbaric analog by
exchange of & neutron for a proton.

More recently iscbaric analogs of excited states as v
have been obseryed in compound reactions e i e Eio el oot e

target mcleus.2-5 In proton elastic scattering, og states are excited
in the proton plus target system which correspond to S i
terget plus neutron system by the (d,p) reaction. The proton widths, Iy, for
formation of the anelogs are clossly relsted fo the spectroscopic fastors ob

tained from the str: eaction to the corresponding states. Inelastic
B0t scabiering titn ansiog loiiatelh 6 1o of particular interest since the
widths for decay may yleld information about the matrix elements connecting ex-
cited states of the target with excited states of the target plus neutron system.
i elated to that which would be obtained if neutron strippi
ents could be performed sterting with excited

11 as ground states

states of &

fn wie riment is uider way to investigate analog states in the lead region
p,p) end (p,p') reactions. Since the derivation of nuclear struc-

ner mentioned above has not yet been quantitative:

well known states in the lead miclei which possess simple con-
figurations are perticularly suiteble for exploring the usefulness of anslog

states for muclear spectroscopy. In add 1 separated analog states

at hlgh excitation energies (15 - 20 MeV) in ‘he heaviest steble muclel can be

ted, further infomation about the nature of analog states and the reaction
mechanisns may be obtained.

The experimental procedure involves the measurement of (p,p) and (p,p')
differential cross sections as & function of energy using the tandem acc
were begun at 11.5 MeV incident energy and continued wp to the

energy lait of b'ne machine (at present 16.5 MeV). Targets, about 15 keV thick,

7208 yere used and the sﬂa’.tefed protons vere el
2 14thiumears Frea silicon detectors. The scattering at two angles vas
nessured simltansously with pulsss from the dstectors routed into ovo helves of
8 512 chamel pulse helght analyser. The energy resolution vas between 60 and
80 keV, end a calibration of about 20 keV per chamel was achieved using biased
amplifiers to spresd the top 5 MeV of each proton spectrum into 256 chamnels.

lerator .

Figure 1-1 contains the results for Pb2% (p,p') between 11.5 and 14.0 MeV.
At 12.3 MeV, resonances are observed in the e)a;nc scattering and in the
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neutron state are expected. This may accourt for some of the struc
that energy region in the excitation functions from all three mwm,cw

contributions to the resonance behavior for P a Pv207 could arise from
analogs of more complicated states in Pb20T and prOS, respectively, which are
also expected in this region. For example, the large resonance in Po206 (p,p'
to0 the 2* state could be due primarily to the analog of a state in Pb20T which
15 a 2% phonon cowpled to the gg/p neutron state.

e (p,p) resonances have been analyzed (see Table 1-1) with a scattering
bR L TR plus an opticel model term. From this analysis
he resonance parameters (proton width for elastic scattering), I' (total
width) and Eg (resonance energy may be determined. These parameters will be
used to try to calculate proton spectroscopic factors for the analog state which
should be related to the spectroscopic factor for the corresponding state seen
in the (d,p) resction on the same target. The parameters are also necessary for
analyzing other reaction channels such as (p,p'), (p,n) and (p,y) since the
cross sections Xnvolve Tglg/f with o # p. For (p,p') resonances one would like
o determine Iy for each inelastic chamnel. These widths are related to the
spectroscopic faccors for the overlap of smlos states wlih cxcited states of
the target. For the symnmetric resonances a simple Breit-Wigner one-
resonance formila vas used to obtain I'p, (see Table 1-1). However, .hc analysis
of asymmetric shapes is more complicated. They could be due to enother reaction
mechenism in eddition to compound inelastic scattering via the analog state
which vas assumed in the Breit-Wigner analysis. Among the possible reasons for
the observed asymetric resonance patterns are: (1) interference with a direct
reaction amplitude, (2) level-level interfere
states, and (3) mixing of the analog states Vith the many states of lover T in
the same energy region. Before useful spectroscopic information can be extracted
fron the (p,p') resonances it will be necessary to determine the relative im-
portance of the various possibilities for interference effects. An important
Question for the mechenism of the interference is the nature of the off-resonance
contribution to the inelastic scattering. It is noteworthy in this respect that
the strongest interference shapes occur for 3” and 2" stetes which may have large
direct reaction contributions to their cross sections at 165°.

It is hoped that a better understending of the experimental data will re-
sult from further excitation functions to additional final states in the lead
nuclet and fron anguler @istributions. To sccomplish this e are attempting to
improve the targets in order to reduce the light element contamination.
ha> obscured the inelastic scattering to meny final states at backward angle
e resonance effects are expected to be largest. Good energy resolution

B protons is also crucial for separating the inelastic groups.
Finally, since (p,p') cross sections ere small in the back hemisphere, it would
be advantegeous to increase the number of detectors which c

data similtaneousl
Stein)

cen be used to acquire
(C. D. Kavaloski, J. S. Lilley, Patrick Richard and Nelson
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J. D. Anderson, C. Wong, and .1 W. McClure, Phys.
D. Fox, C. F.

wne
«

Rev. 126, 2170 (19%62)

ore, D. Robson, Phys. Rev. let 19 4
c. F. Moore, P. R)chard, c. E. Watson, D. Robson, and J. D. Fox, Puys. Rev.
141, 1166 (1966)

4 D, L. Allan, l'hyh Letters 14, 311 (1965).

A Black and N. W. Tamner, Phys. Letters 11, 135 (1964).
5. A

A. Zaidi, P. Von Brentano, D. Rieck, end
b5 (1965).

P. Warm, Phys. letters 19,
P. Mukherjee and B. L. Cohen, Phys. Rev. 127, 1284 (1962).

Spectra of Telastic Alpha Particles Scattered From Sn
Previous studies® of ‘the spectra of 2 MeV q-perticle:
4 hu revealed the following feat:

)

A forvard peaking of the cross section, implying dir
reaction processes.

(2) nimum in the energy spectrum approximately 7 MeV be.
clastic peak in all three elements et all

(3)

Au and U

A decrease in the cross section at energies correspom
the emission of the g-perticle below the Coulomb barrier
(1)

fn increase of the differential cross section with nuclear size
at a given scattering a

(5)

A lack of gros

tructure in the energy spectra at energies
orresponding to excitations in the residual nucleus sbove 10

This earlier work was extended by doing (a,o') on Sn, Au end U, the purpose
being threefold: (1) to determine if the features seen in Bi, Au, and Ta would
remain when the mass of‘ the target nucleus vas varied by a large amourt, (2) to
investigate the de in cross section in the neighborhood of the Coulomb
barrier more carefuily, and (3) o confim the esrly conclision that ~Lmrgcmm
of the contaminants would leave a structureless spectrun in
Tesidual excitations.

42 MeV He ions were used to bombard the three targets
dE/dx-E multiplier system was used t

the regi

high

A conventional
ntify doubly-charged par
though He3 particles were also accepted by the analyzing
in ruwbcr and Q values
spe:

yeten,
limited their appearance to & re: 1 p
the m (see for exemple the peek in the Sn spectrum at 25 VeV in Figure
2-1). Except for uranium, the targets were prepared as f

free as possible fr
arbon and oxygen in order to reduce the correction for these conteminants.

ifficulty in earlier runs had been caused by & low-energy beckground due
%0 the elastic scattering of incident ions degraded in energy by slit scattering
in the collimator at the entrance to the scattering chamber. This background

was o intense in previous studies that it limited observation of the fall-off of




(6

(i)

| ot s
aoft gl Ty
Sttt

L R
E (o) E, (MeV)

ig. 2-2  Au energy spectrum at
4, 60°, 75° and 140° for L2 MeV in-
cident g-particles. The lines indi.
cate the low energy pos;cwors of the
tra when the 140° da

date points
4 from the date at the

pointi
subtracted fron the data at the
other angles.

yield at the Coulomb barrier in gold to & factor of only two or three. The d
graded beam component was greatly reduced by removing the sc Stering chaber
and relying on the slits in

attered by these slits was el

the scattering chamber, and & larg: rture s venteI e Ircm
hitting the thick target fram e background
the polnt where it vas comparable vith thet Aus o counting statiseics. me. ghe
yield fron light element target imprities.

Figures 2-1 and 2-2 show puhe seei e b
at 40°, 6, T5°, and 1P. The (a,a') spectra
neasured separately amd then sumramd e eo1a th
the aid of a computer code.? The wanium data ar hown because the target
thickness vas not known and the oxygen in the target was too great for its

effects to be subtracted out. Spectra for Sn end Au taken at 15P vere amm
identical in magnitule and shape to the respective 1,

rtain reservations these spectre are ma
muclear processes. The main reservations

1y the result of compourd
ncern the Au spectra. Although the




Sn spectrum st 14" has en evaporation shape giving & reasonable nuclear tempera-
‘ture (3 MeV), the Au spectrum gives a temperature much higher than cx‘pe\.ted
This implies that even at large angles the direct reaction is sign t in the
Au spectrum. The sol1d 1ines in Figure 21 and 2-2 show the spectrs that result
from the subtraction of the respective 140° spectra. It is noticed imediately
‘that upon subtraction of this spectrum, the Sn spectrum [5115 sharply at
classical Coulomb barrier. In Au the spectrum shows this fal en without
making the subtraction, since g-particle evaporation is relatively unimportant.
The magnitude of the Coulomb cut-off after making the subtraction is certainly
A impressive in both Sn and Au; in the latter at 75° the differential cross section
drops by a factor of 50 in 6 MeV. A similar fall-off for U vas not seen due to
inebility to remove the conteminant spectra.

In Figure 2-3 the theoretical
reaction cross sections3 for o-
particles as a function of incident
energy are compared with the experi-
mental energy spectra. HNear the
Coulomb barrier the experimental and
theoretical curves are qum similer.
This suggests the (a,a') cross section
can be separated into a product of

the density of final states, smoothly

cross section would have contimued to
rise with Rl nunlesw excita-
depends

tion, The above con
on two questionsble ass
(1) application of a theoret:
pound nuclear calculation of cros|
oo section to a direct reaction, and (2
088 sectio
into a product. However some justi-
fication for this procedure rests in
the close agreement of the curve SO
caleulated with the experinemtal ob-
servations.

%
£, Mev)

Fig. 2-3  Comparison of the theo-
menta:

retical and exper: reaction
cross section for Sn and Au at 40°.

In general the angular distribution is less forward-pesked fo:
gles of the outgoing g-particle, This would be expected simply From the greater
% i influence of the Coulomb field for the slower i ns, but the angular momentum
ﬁ ‘transferred to the nucleus must also be considered. In particular for 20

eV, the outgoing particle has the energy it vould receive just

of the Coulomb field from the nuclear surface. Under these circumstance

4 micleus would have had to accept almost all the incident g-particle's angular

] entun, approximtely 20 units, as well as the excitation energy. It therefor
Sppears necessary to develop a theory that uot only explains the sbsorption of &

large amount of energy but. one that predicts a large angular momentum transfer.

)‘ 8
]
j
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The isoberic analog of the d-wave resonance is the first ex
8125 which has been studied by Snl2¥(d,p).3 Since members of &
miltiplet should have the seme spin and perity, the polarization measurements
ere capable of messuring or confirming spin assignments of low-lying mclear
jevels. In thg case of the lowest d-wave state in Sni25, as seen in 5nl2(a,p),
the assigmment> of d3/p was msde based on shell model systematics inferred from
other 150to€es of Sn. A d3/p determination of similar states in Snll, SnllT,
o119, 50121, ang 5n123 was'based on the ratio of the (d,p) and (d,t) cross
sections leading to the above-mentioned states. This technique is not directly
applicable to Sn125 states since Snl26(d,t) measurements would be sary and
80126 15 not a stable nucleus. (P. Richard and W. G. Weitkamp)

ne

1 0. F. Moore and G. E. Terrell, Tsotopic Spin Conference, paper C5,
Tallahassee, Florida (1966)

2 P. Richand, C. F. Moore, J. A. Becker, and J. D. Fox, submitted for publi-
cation in Phys. Rev.
B. L. Cohen and R. F. Price, Phys. Rev. 121, 14k (1%61); E. J.
A. Prakash, and B. L. Cohen, submitted for publication.

1,

B
4. Elastic and Tnelastic Scattering of L2 MeV_Alpha Particles from SrBB ana ¥

The analysis of the work reported last yearl has been completed and the
Tesults have been published.2 (J. Alster, R..J. Peterson and D. C. Shreve)

1 Muclear Physics Ieboratory Annual Report, University of Washington (1965),

p. 12,
2 J. Mster, D. C. Shreve and R. J. Peterson, Phys. Rev. 1k, 999 (1966).

5. Mpha Particle Scattering from Nuclel with 20 Protons or 28 Neutrons

During the past year and e half, a systematic experimental and theoretical
2y has been made of elastip and fgelashlc scattering of b2 MeV alphs parti

es from the nuclei Ca2, Ca¥, ca®, V51, 0r52, ana FeSt. The charecteristig
features of the scattering from all of these nuclei, with the exception of CalS,
were summarized in the 1965 Amnual Report.l The most importent additional
fopics which have peen studied since that report include: (a) the analysis of
Scattering from Ca*S, (b) the variations in miclear radius and surface thickness
‘hroughout this region of the periodic table as determined from analysis of the
elastic scattering cross sections, (c) the interrelations between the several
reaction models employed, namely, the Fraunhofer, optical end paremeterized
Dhase shift models, and (4) calculations of inelastic cross sections in which
the miclear stetes are described by several versions of the shell model. A de-
tailed report on this project is contained in the Ph.D. thesis of R. J.
Peterson.2

cle
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Also shown are the predictions of %o the 2+ prediction of the Austern-
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urements of electron elastic scattering cross sections? and
¥-reys® have indicateq that the electromagnetic radivs

Larger than that of CabO, The observed incroase is Ot

ependence. It is therefore worthvhile to de-

heorticle scattering for these and other

the situstion that exists in electromagnetic

" muclear scattering experiments depend sensi=

Tther, even for a given theoretical model, i
soveral possible definitions of en appropriets

» &0l the radii corresponding o the
ha Derts of the scattering amplitudes in the
nucles oave the value 1/2. These redii sre listed 1B
corzonioned previously ss well as for calO st K39, The
78 obticallnngy analyses are still pre]im‘lﬂﬂf&'

on correspon
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nits of fermis) Determined from Analyses
f 42 MeV Alpha Particl

Table 5-2. Ra
of the Elastic Scatterin

A 39 ko 42 bl 48 51 52 Sl
(Tp)R T FRigisoT B8 W Tl T.64  T7.68  T.7h
R_(par) T.37 T.32 7.40 T.51 7.64 .62

ction of the teble indicate

the Fraunhofer and parameteriz
essentially the same velues for strong absorption radii.

se 1ot do not tcrease with A e vepidly as might Do ex-
rong absorption radii determined in previous ana o
de range of Lsrgct~9 conform vell to the formula, R = ‘Lu,(A /3 +
redic going from Cab0 to Cal
15 anomaly my prove to be nstonacy, o
ever; incomple op del leads to values
alogously-defined ;Lro*g absorption redii o ‘eimilar ta thiose of Table
5-2 n with A may not be mich less than that
from

icted

(c) The similarity in elastic scattering cross sections computed from the
unhofer, parameterized phase shift, and opticsl models has already been
demonstrated by Figure 5.1, Analogow stud als0 been made of
puted

e mgul tum tr ansr»r, I, an
For n angular monentun transfer as larg

h cent larger than that required for the edi
shift calculation. Also it vas found that the decreas
e extended o
These and other
of deformation parameters
ized phase shift models.

12ed phase
g Q of the inelastic cros sections computed from 1
 marked at small rather alues

teractions of the proje
shell model vave functions,lO




A systematic comparison of the spectra anmd transition strengths of Z =
and 7 = 28 sequences provides some support to a simple version of the shell
nodel i which only fr/p orbnals are considered, sspecia]ly if some collective

into that model. A more sopnisticated
shell model, which g el - mmpue force betueen the
nucleons may also be applied to inelastic scattering.ll,12 We find that this
model can reproduce the observed energies of the lov-lying positive parity
ferential cross sections to the
first 2+ states; however, the predicted cross sections to the higher positive
parity stetes are mch smaller than observed. (J. S. Blair and R. J. Peterson)

Nuclear Physics Iaboratory Annual Report, University of Washington (1965),

b
». 8.

2 R 3. Peterson, Pa.D. Thesis, University of Washington (19’76)

3 A Bernstein and E. P. Lippincott, private commnication.

4 0. Hansen, private commun:\cauom

5 N. Austern and J. S. Blair, Ann. (ny ) 33, 15 (1965).

6 R. J. Peterson, Pnys. Rev. 140, 511«79 (1965

T R. Hofstadter, G. K. Nodelke, K. J. Van Ocstrom, L. R. Suelze, M. R. Yearien,

B. C. Clark, R. Herman and D, G. Revenhall, Phys. Rev. Letters 15, 758
196!

J. K. Bjorklamd, S. Raboy, C. C. Trail, R. D. Enrlich end R. J. Povers,
Phys. Rev. 136, B3kl (1964).
9 R. H. Venter and W. E. Fram, Ann. Phys. (N.Y.) 27, kol (1964).
10 See, for example, H. O. Funsten, N. R. Roberson and E. Rost, Phys. Rev. 13k,
BT (196k).
1 V. A. Madsen and W. Tobocman, Phys. Rev. 139, B864 (1965).
12 N, K. Glendenning end M. Veneroni, Phys, Letbers 1h, 228 (1965).

6. Phase Correlations in Me2'(a,a')

In attempting to characterize a nuclear reaction process such ss inelastic
scattering, one ca makc the simplifying assumption that the lifetime of the
intermediate nuclear e in the reaction is either ng (~10-18 sec) or
very short (~10-22 sec), with no sjgn)f)caﬂt contribution to nwe reaction from
states or intermediate lifetimes. This picture permits one to characterize the
Dprocess in terms of a ngle peremeter, the ratio of short-lived to
long ived processes contributing to the reaction; in other vords the ratio of
ect reaction to compound mucleus formation.

Experimentally it hes proved extremely difficult to measure or
obtein & crude estimate of this parameter. Te best estimates obtain
far have come from snalysis of cross section fluctuations.! This enalysis
assumes (and indeed defines) direct reaction amplitudes (DR) to be slowly vary-
ing functions of energy while compound nucleus amplitudes (CN) change rapidly
with bombarding energy. Since the DR mechanism asserts its presence only in an
essentially negative way (by failing to change with energy) all estimates of
the DR to CN ratio obtained in this way have been highly embiguous and subject
to large probeble errors arising from finite sample size effects.

n
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£ind some basis for characterizing the
similer angular distributions. To do this
the correlation coefficient from statistics:

e g
£ (x(1)-%)" 1, (3(1)-3)

vhere x(1) and y(1) are the elastic a

cross sections

measured at angle 6(1), and X and  are the ¢ av c‘“ezﬂ values of these cross
tions in the angular range of int
has the pro
x(1) = 2

function

varies betveen ¥1

y that Ry = +1 for x(i) 1 4 Ry
Tous & positive costt I B v
and a negative coe: that the coef.
Unfortunately, the correlation coefficient

luenced by the slov angular depe
ct often masks of phasing.
oS e ' e ST e Sho Giie Lot

differs from the function given sbove in that the

their logarithmic derivatives. Thus:

To

are replaced

D, (1) - D (1)

eGP




vhere

:‘_e 1n(x(1)) -

o - ey ) )

A DHBA calculation was made using optical model parameters obtained from
Pitting experimental Mg2% + o elastic scattering data at E, = 22 MeV. The cal-
culstion vas made in 1 MeV_steps between 18 and 25 MeV and the phase correlation
coefficient between the Mgll elastic and 2 first excited state angular distri-
butions vere caleulated at each energy, thus giving an estimate of how the phas
correlation coefficient might be expected to vary with energy for a pure
The transmission coefficients generated by the DWBA calculation were used in &
Hauser-Feshbach Cll calculation to obtain an estimate of the expected 2* angular
aistribution for o pure CN process. The phase correlation between this distri
bution and the DWBA elastic distribution vas calculated. The valu
efficient should represent an aversge about which the CN values should fluctuate
with energy. Figure 6-1 shovs these two predictions, representing estimates of
the expected behavior of ‘the phase correlation coefficient for an extreme DR
model and an extreme CN model. Naively, one would expect a mixture of the two
processes to produce a coefficient lying somevhere betveen these tvo limits.

ri-

The reaction g2 (a,a") is being studled in the energy range 15 to 2k.5 MeV
at laboratory angles between 20° and 7¢°, in order to measure the actual be-
havior of the phase correlation coefficient between the elastic and the strongly
excited 2*(1.368 MeV) state. A simple multiple detector array was used in the
experiment in conjunction with & besm of helium ions from the tandem accelerator.
Figure 6-2 shows one such typical cross section of the elastic and 2% states for
21,000 MeV. The two distributions show strong diffraction patt
alnost out of phase, as would be predicted by the Blair phase rule. This phas-
ing is not quite as anti-correlsted for 17.500 MeV (Figure 6-3) snd the diffrac-
tion patterns are weaker.

Figure 6-b shovs the excitation function of the phase correlation coeffl
clent Byy ot energics between 15 and 41 MeV. (The data for 26, 34, end 4l eV
were taken from a previous work.*) We see that the coefficient has an essen-
tially constent negative value at the higher energies and begins to fluctuate
and tend tovards zero as we go down in incident alpha energy. This seems to
indicate the expected transition from DR to CN with decreasing energy. Fluc-
tuations in Pey are expected to be much larger for lover energles end finer-
grain energy variations are plemed to study this behavior. An attempt will
2150 be made to put the interpretation of these data on a more quantitetive
basis by trying to duplicate its general form in a calculation which adds & DWBA
amplitude to a ON amplitude generated by a Monte Carlo calculation. (W. J.
Braithvaite, J. G, Cramer and R. A. Hinrichs)

&

T. Ericson, Phys. Rev. Ietters 5, 430 (1960); D. M. Brink and R. 0. Stephen,
Phys. Letters 5, 77 (1963).

J.'S. Blair, Phys. Rev. 115, 982 (1959).

W. Hauser and K. Feshbach, Phys. Rev. 87, 366 (1952).

D. McDaniels, Ph.D. Thesis, University of Washington (1960).
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. Inelastic Excitation of Unnatural Parity States

he existence in eyen-even muclei of unnatural parity (UP) states

(m # (-1)9, e.g., 27, 3%) affords a unique opportunity for studying meclear re-
actmn B The excitation of these states by alpha particles is very
interesting because UP states cannot be excited in (x,a') scatterings by simple
first-order direct interactions.l Thus the study of the direct itation of
such levels provides a ool for the investigation of second-orde
processes. Investigation of the unnatural parity state in Mg24(3*, 5.22 MeV)
has been undertaken using a beam of alpha perticles from the tendem Van de
Graaff accelerator.

reaction

t has been shon’ that the production of wnnatural pa levels cannot
oceur under the sssumptions ordinarily mede n direct interaction calewstions,
i.e.; a single scattering interaction with a single transfer of angular momentum.

ing of

the angular womentun of the intermediate state with that of the final system can
produce a final state of unnatural parity. Therefore this excitation can pro-
ceed through either compound nucleus formation or non-similteneous, miltiple
phonon excitation processes. Successive phonon production, which is normally

3 masked by other processes, could thus be the primary excitation mode of the un-
natural parity state.2,3

21.00 Mev

o Elostic 1
4 3*state

E. 1500 Mev 16.50 Mev

NORMALIZED NUMBER OF COUNTS

30 0 % e 26 30 20 %70
%
? :
7-1 42*(a,0') angular distributions of elastic and a2

J 3* state at 15.00, 16.50, and 21.00 MeV.
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II. PICKUP AND STRIPPING REACTIONS

8. me cu®3(a, 8% Reaction

Additionsl data and results have been cbtained for the Cub3(a,HednS?
reaction in the order to study the He> par-
ticles with a minimm of background interference it was necessary to use a E-AE
counter telescope system for detection and a miltiplier circuit? to discriminate
egainst other particles. An 87 micron thick surface barrier transmission-
mounted detector vas used as the AE detector and an 870 micron thick surface
berrier detector as the E detector. The detection systen gave & threstiold of
about 13 MeV. A uc]f-guggorted, evapcratnd 250 micrograms/cm® thick target of
‘the separated isotope Cuf

ular dismbudons for the ground, 1.17 MeV, 2.34 MeV (doublet), 3.03

VeV, 3 53 MeV, 1.03 eV (complex), and b.7h leV (complex) states vere taken; the_
results are shom in Flgure B-1.  Distortedyave Born spproxination calculations3
Te and the wesu‘ns E.re shown as the s0lid curves. The deuteron optical

model parsmetsm% Which were used are set D of Perey" and the He3 parameters are
those of Blair.> A cutoff of 4.87 fermi was used.

The experimental cross section for pickup is defined as:

() = e M 5
a0 exp 2sb¢l £
where 5, = spin of Ee,
s, = spin Of deuteron,
5, = spectroscopic factor,
o, = DVBA cross section,
N = normalization constant.
By requiring that ¥ S, = 1.0 a.nﬂ assuming that all the p3/p strength lies in
the lowest states #1 (g.5.; 1.17, 2.3, 3.0, 3.5 MeV) ve f:md thet N = 3.4,

which is in peasonable sgrsement. with the values repcrcca by B: 5 and by Kava-
loski, et al.0, but is in Qisagreement with the value obtained oy Tntena s0d
Satchler.T The O* state at 2,05 MeV was omitted since its
much smaller then that of the 3.03 MeV state and an angular distribution vas un-
obtainable. Its omission should have a negligible effect on the normslization
constent. Spectroscopic factors were calculated end are presented in Table 8-1




Cu® (d,He®) Ni®? <+
21 Mev

353 Mev

o % T v e
8.0 Gegrees)
Fig. distributions of states Statistical errors
Shom, e el ana dashed urves are the VEA ro-
7451l 4= 3 plckp, o %o the aa
1% 1ever sumed 4 s
1 0.70
a 0.19
1 0.067
1 0.013
3 0.028
3 0.17
3 0.13
Several conclusions can be drawm from the present work.
e s T L e
Pickup leading to the 2* first excited sfate of Ni‘> is surprisingly
Strong.  This was also cheerved by Hishert, ot al.,’ vho concluled that the = 1
component is between 1/3 and 1/4 as strong &s pickup leading to the grmrd state.
e calculs

kappen and Trued predict a ratio of about 1/6 fo
4 = 1 component, of pickup leading to th

up leading to the ground state

conponent; a

ed state compared with
lusive evidence as to wh
s Zram f3/p ox £7/p proton pickup
fup were responsible
e ground state of Cub3 than
se calculations he
Zor the N6 ground state, (The structure of the 2
not specified in the calculations). Other evide:
] as been obtained by Blaird who onclu les from the N
£7/2 shell is 6 per cent anpcy in N16! Ea»J er
ating that the £7/p sh
reported by Yntema.10

There is no c
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(2) No strong 4 = 3 states are observed in the vicinity of 3 MeV exci-
tation energy as might have been expected on the basis of the (d,a) results dis-
cussed previously.l The states between U and 5 MeV do not account for a

the expected £7/2 strength, indicating spprecisble strength at still higher ex-
citation energies. The £7/p single particle state apparently is spread out over
& considerable excitation energy range. It should be mentioned that Wang and
Winholll report a spectroscopic factor of 6 for (n,d) pickup leading to several
unresolved states at about 4 MeV. This value is in strong disegreement with our
values given in Teble 8-1. The (n,d) analysis also disagrees with o\uéz(d,lic3)

1

results for the spectroscopic factor of the first excited state of Ni62.

(3) The angular distributions for the moderately strong transitions to the
1.03 MV and b.7Tk MeV states do not display the shape predicted by the 4
distorted wave calculation. Hiebert,et al.d claim that these states exhibited
an 4 = 3 angular distribution, but no angulsr distributions were shom. Ve see
definite evidence for doublets at both 4.03 eV and 4.7h MeV; however our reso-
Iution was not good enough to resolve them, The members of the doublets appear
o be approximately 90 to 120 keV apart. (C. J. Bishop and R. Vex osch )

Nuclear Physics Laboretory Annual Report, University of Washington (1965),

e

». 31.
Tvid., p. 6

2 4

3 R M. Bassel, R. M. Drisko snd G. R. Satchler, Oak Ridge National lebora-
tory Report ORNL-3240.

L C. M. Perey erd F. G. Perey, Phys. Rev. 132, 755 (1963).

5 A G. Blair, Pays. Rev. 140, B6US (1965).

6 See Section 9 of this report.

T J. L. Yntema and G. R. Satchler, Phys. Rev. 13k, BOT6 (1964)

8 J. C. Hiebert, E. Newman and R. H. Bassel, Fnysics letters 15, 160 (1965).

9 V. K. Thankeppen and W. W. True, Phys. Rev. 137, B793 (1965).

10 J. L. Yotems, Proc. Rutherford Jubilee, Inter, Conf. (1961), p. 521.

11 W. Weng and E. Winhold, Puys. Rev. 140, B882 (1965).

9. (a,5e3) stuates on ¥ ana 2%

e reactions ze90(a, He3) PP ana ¥89(a,5e3)sr” nave been studted with 21

i MeV deuterons in order to investigate the single particle nature of the low-

lying states of Y89 and SrBS. A previous investigation of the inelastic scatter-

ing of alpha particles from 5r88 and Y09 hadi suggested that the lov-lying posi-
tive-parity states in SrO8 amd the negative-psrity states in YS9 might corre-
spond to rather simple configurations.l Since both Of these nuclei have closed
neutron shells (N-50), one might expect that their low-lying states could be
described mainly by proton configuretions only. It was therefore expected that
& proton pick-up reaction wouwld be useful in understanding the structure of
these states.

In the simple shell model, where only protons are considered, the ground
state of Sr88 closes the 29;/2 subshell. The ground state of Y89 corresponds to

a 588 core plus en unpaired proton in the 2p/, orbital. The growd state of

22
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2r90 correspands %o a 8
lgg/p orbl

iguration of paired protons i

core and a mixed con
15.2,3,%

basis of this picture, one would expect to £ind low-lying proton hole
n and par)ty 3/2- end 5, n Y89 resulting from the prm.ocm» of
12572 proton. t0 the half-fillea 2p1/p orbital.
ositive parity states corresponding to the goupling of
2p3/p or 1f5/p hole. The (2p1/r> -cpé72) pdrm
ounisbo atated o spin and parit
particle-tole combimstion could couple to stat
3*. The above configurations are 4 to be ctroq;ly excited
since they can be simply by ving a
v-Lying energy le\’els of 5r88
=0 e prinary interest in this experi vas to
of th 1 MeV (3/27) and 1. gé ynv (5/2= ) ates
articla-hole nature of the 2 statés of

The Be3 particles fron the (a,83) reaction vere detected and ident:

o1id state detector telescope and m lectronle miltiplier oir-
f'v*aph of & typical X-Y scope display of multip (B+a8) out-
s incident on Y89 is shown in Figure 9 o i

Ee'* groups are cl separated by the identification

by

system.

Angular distribuf
0.906, 1.51 and 1.75
and 3.6k MeV states o
5r88 vere measured i

s vere measyred for the
ggtes o’ 189 and to the
energies of the 3

s
== —

Fig. 9. ”h» low-lying energy Fig. 9-2 X-Y oscilloscope dis-

levels of & a Y89, m play of miltipl tput. (y-axls)

o
for all but chn Sy T ]

states in S are from Ref. 1. The Separation of deuteron exvemE
spins for the 3.48 and 3.64 MeV state: aomcn of picture), He3 and He'
ere suggested on the basis of the groups is clearly indicated.

model discussed in the text.
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PRI listed in the mclear data sheets® at
3.52 % 0.05 and 3.68 * 0.05 MeV.
"\;\m Y There was no indication of transitions
i exciting the posit: rity states
Q at 2,22 or 2.53 MeV in yﬁ? or the 3°
ol 3 state at 2.7h MeV in
1),
an vev
ol 1 P-
&y i
tn for this energy and mass region,
o) paraneters had to be 'lterpoLLwd
ing studies.9 Because
ol there are several existing sets of
ch £1t elastic scatter-
ing data equally well, a choice be-
tween them was made by requiring the
arb best £it for the transition to the
i ground state of Y89, This set of
e g perameters was then used without
£ i change for all other tremsitions. It

S — is seen that the shapes of the angu-
CENTER OF MASS ANGLE (OEGREES) lar distributions are fit quite well
by the DWBA predictions. In particu-
lax, the theary fite the sigular dis-
El
1 eV state in Y59 o
shape i noti
t for the
state of Y9, The snspu of the angu-
lar aistribution for the trggsition
to the 3.8 M

Angular distributions
= 1 transitions observed in
. Te solid curves
were predicted using a DWBA calcula-
tion,

state in Sr
sistent with pure 4 leading us to speculate that this is the
state arising fron the coupl ing of & 2p3/p hole to a 2py/ pan cle.

AsTeime el on cor e roa ot
the ground state of RbO! was also measured and its shap
DiBA prediction L

leading to
t with the

Figure 9-4 shows the a'\hu‘a‘" distributions obtained for
transitions observed ir The .
considerably worse than those obtained for the £
Qquality of the fits will be reflected in an esaoclated unc
troscopic factors which result. On the b ison Lc Lhe sh=pc
the known 4 = 3 trangition to the 1.75 MeV Lo the
3.64 MeV state in 5r88 1s assigned £ = 3.
for the 1.75 MeV state in is shown as
data points.
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where o i5 the DWBA predi
constan? - contai
deuteron sys

4 1s the angylar monentum transfer and
the overlap of the He: us with the proton-p

une that the transition fo the ground state of
of unity, we obtain N
this value is pmndcd by the transitions to the gr

ound and first excited s
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Ve

of ¥89. The summed spectroscopic factors for these transitions should be 2.
obtain a value of 1.9, in good agreement with the prediction (over-all errors in

the spectroscopic factors are estimated to be about 20 per cent). The va)us of

N obtained here is also consistent with that obtained from (He3,d) experiments

(v = 3 8) 9 3 thoneh highe| thak/thoeefobtetned frou othex (4,He3) experinent
4).2

en
its.

The model spectroscopic factor for each of the tramsitions to the states of
¥89 and the ground state of SroS is given simply by the number of particles
available for_the transition in question. For trensitions to the semiority 2
states in Sr08, the model spectroscopic factors arel2

Ji (2)
9192

o
| 1= |@Fm? .,

Where 7 1s the spin of the excited state in S0, 4 is the angular mo

transfer, and a,  is & coefficlent that iniicstes how mch of the Fiel-state
bt

wave function corresponds to a particle-hole pair in the j) and jp shell model

orbitals coupled to a final spin of J. It was sssumed that the only particle-

hole configurations in the 2* states at 1.84 and 3.21 MeV are (2p)/p,

253Jo) and (20,0 16575)-

Table 9-1 lists the spectroscopic factors obtained from this experiment.
e spectroscopic factors for the trensitions to the ground state and the 0.906
MeV state of Y89 are in good egreement with those obtained by Yntems® who
studied these states in a similar experiment. The values obtained 1@15 a ko
per cent admixture of (1gg/p)2 configuration in the ground state of Zrd
i velue shich 48] catetsierre With e number of other theoretical and experi mem.al
studies.2

e spectroscopic factor for the transition to the 1.51 MeV state of Y89
indicates that the configuration of this state is predominantly 2pg/s hole in
the 2r%0 ground state. The model spectroscopic factor was calculated assuming
r ‘that the configuration mixing of the two paired protons between the 25 2 3.

lgs/z ormmls is the same in this state as in the ground state of 2r'

this not true, then the relative amount of proton hole in this state
)nnreased accordingly., 1If, for example, there were no configuration mixing
betueen the 2py/p and 1gg/p om)ta]s in the Y59 excited state, then the model
spectroscopic factor wou%d be 2.k and the ratio of Sexp t0 Smodel would be
greater than one.

1be

e spectroscopic factor for the 1.75 MeV state indicates that while this
state contains a sizesble fraction of the 1f5/> hole strength, other configura-
tions are also important.

Since the assumption that the YoO(a,Ee3)sr>> transition to the growd stete
had a spectroscopic factor Of unity resulted in an sccepteble value for N, it is
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Table 9-1. Spectroscopic Factors for the Reactions
zr%%(a,13)Y"7" ana ¥ (a,He3)er 0

copic factors; the se
scopic factors; and the third gives the ratio of

nd

e 1.84 and 3.21 KeV states of
5 (see text)
zr%(d’x-rﬁ)\(87
Transition to B Sexp/Snoe1
¥¥%.s. (2727 2 0.57
¥%.906(9/2%) 0.76 2 0.3
Pos1(3/27) 2.k 0.67
¥91,75(5/27) 1.9 6 0.3
,He>)s:
1.0 1.0 1.0
2.1 0.8
2.0 2.5 0.80
1.6 1.50 1.1
% 3.5

concluded 1)

8t the underlyl

appreciable configuret;
ground state of Srob.

88
The values for §) amd S3 the transitions to the 2 states of Sr ~ could
not be extracted separately en any degree of o Y,
above. Hovever, the sumof S and S, was quite sitive to the relat

nitudes of a Table 9-1 indicate that

and S3. The value of § plus S3 given
srced waLcAy d(‘ per cent of the vave functioh for these 2 states contain a
21 /2 d to & 2p3/p hole or & 1f5/p ho

spins shown for the 3.48 and 3.6k MeV sta
only, based on the predictions of the coupling mod

ot 5% are suggestion
proposed here. Other worl
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suggests that a oF state exists at about 3.6 MeV. Our results camnot rule out
the sssignment of spin 2 to either of these two states.

e results of the experiments on Zr- and ¥89 nave veen reported’ and &
paper is in preparstion. Work is contimuing on the study of the 5r88(a,He3)
reaction in order to test the conclusions drewn here. (C. D. Kaveloski, J. S.
Iilley, D. C. Shreve and Nelson Stein)
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+) Reactions in the Iead Region
e 262%(q,4)812%9 measurements reported in the 1965 Annual Report” have
cen extended and & distorted-vave Born spproximation (DWBA) enalysis has been
maje based on o proton-stripping mechenism to identify the proton states in
31209,

The experizental procedure followed closely that described corlier. The
over-all energy resolution of 130 keV vas better than the previously-obteined
170 keV. The elastic a-particle scattering wes measured simulteneously with the
triton spectra by simply setting the appropriste electronic window o accept 42
YeV pulses. In eddition, a Faraday cup and a fixed-angle monitor detector gave
contimuous checks on the integrated beam hitting the terget. ALl these measure-
nents were consistent and reproducible to between 2 snd 3 per cent. This degree
of accuracy in the date was needed in order that the veak oscillatory structure
in the anguler distributions could be shown.

Measurenents were also teken for angles less than 30°, where structure
cheracteristic of angular momentum trensfer vas expected to be more pronounced

28
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than in the 30° ion studied previous
placed before the cL/J etector at these sma:
of elastically scattered g-particles. This worsened the resolution to approxi-
mately 300 keV, but, knoving the Q-values of the levels excited, it was possid:
to extract all the peaks of interest from the energy spectra.

An aluminum degrader
angles to stop the intense flux

taken at 2 degree intervals between 10° and 62
80° and Nf “In uv- rcg on of overlap excellent agreement was
earl da Comparison of the elastic th previous

opracte nomalization for the
2% (q, £ )B1209 are: the growd
and 3.15 MeV states
are showm in Figwes 10-1 to 10-5.

@,t) results. The le
stata (9/27), 0.90 (7/27),
31209, “Angular distribut

DWBA fits to t 1 using "DRC", a computer code
originally witten by Wi R, Oibba. _and 1 Tobtea oo 90 MeV S
known to have spin and parity T7/2 e L o E s L
state with spectr actor S=1. The angular J)mubuc Pas 215 with DRC
i e e paraneter: e
waves. The binding energy i bt
oton separation orersy. No spin-orbit force vas
R s the disto
noveh 1% vas moticed that this had
ch is approximately equal to the pclcas z g
ncident vaves were obtained by f frio [ TREIS Bmary
scattering data. Since tri Lon daca are not svmme the triton parameters were
considered fre good fit to the 0.9 MeV results, as
shown in Figur

rLcd vaves. No

No further adjustments were made
P28 (af) Bi®*® to calculate fits to the ground stat
O9MV ()  Q:-16.94 MeV 1.61, 2.84 and 3.15 MeV distribu
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£ cluding the normalization factor
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Fig. 10-1 Angular distribution and parity 9/2” and shoul
for Pb208<a )Bi209 to the 0.90 MeV e e

(7/2") state. Solid curve is a DWBA proton state.
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Fig. 10-2 wlar distribution Fig. 10-3 wlar distribution

for P@OB(a,:);‘gW to the ground for %205(%@)%“%9 <o the 1.61 MeV

state (9/27). The solid curve is & (13/2%) state. The solid curves are
DWBA calculation for transfer of a DWBA calculations for transfer of &

ho/p proton. 2g9/p, 2f7/p @0 hg/p proton.

Since the DiBA code vould not run for an angular momentun transter 4 = 6,
1t vas not possible to confirm that the 1.61 MeV level is the ij3/p proton state.
This assignment is based on shell model calculations3 which predict the 113/>
state to 1ie at an excitation energy of sbout 1.3 MeV in Bi209, The strong
excitation of the 1.6 MeV level in the present work indicates that it contains a
great deal of single-proton strengths. Figure 10-3 compares the measured anguler
Qistribution vith caloulations for 2£7/2, 28g/p 80 lhgjp, each with §=1. The
increasing steepness with incressing { suggests that i13/p would glve s reason-
able £it to the dsta and that the spectroscopic factor may be close to unity.

Figure 10-h shows the differential cross sections for the 2.84 KoV and 3.13
MeV levels. OF the remaining shell model proton states (2f5/2, 3p3/> end 3p1/2)s
the strong level st 2.8l MeV is probably the f5/p state. Tt eross section For
this is expected to be higher than for either Of the p-states because the large
momentum mismatch in the (a,t) reaction leads to a preferential excitation of the
higher f-states. Tis i well confirmed by the DVBA emalysis vhich sssigns 2f5/2
vely to the 2.8% and 3.15 eV states, each with S=1. How-
caloulations for different 4 transfer, shown in this Figure,
oult it is in general to make unambiguous f-assigmments to
(at) angular distributions. For instance, without invoking shell molel argu-
ments 1t wowld be impossible to rule out s/ as belng a fit to the 2.84 MeV
aistribution since it is only slightly worse than the 2f5/p it.

The level excited at 2.61 MeV is not thought to be a single-proton state
since the only one unaccounted for is the 3pj/p =nd this is expected to lie
above the 3py/p state found at 3.15 MeV. Rurthermore, the angular aistribution
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Fig. 10-L A;]gu r tributions Fig. Ang lar distribution
for Pb208(q,t)B1209 to thf‘ 2.84 and for Pvf ‘“’(a +)Bi2%9 to the 2.61 MeV
3.15 MeV states. Solid and dotted state. The solid curves are DWBA
curves are DWBA calculations for alculations for transfer of a hg/p
trensfer of a proton with the indi- and 2gg/» proton.

cated quantun numbers.

of the 2.61 MeV level is mich too Steep to be Fitted by an 4 = 1
The group of parity stetes formed by coupling the h he
core-excited state of Pv208 are known to lie close together neav‘ 2 6 ueu 2 A
stripping reactior excite the core strongly. However,

sppearance and st; n to 2.61 MeV might be expected if

1 the 13/2* component of the 2.6 MeV group.
on would be characte of 4 =6 and this is con-
of the observed “wau,,on (See Figure 10-5). A
e ion theory and the known value of B, the de-
the octupole state, predicts & 14 per cent edmixture of
u3/2‘ leads to & relat ve cross section at
dence on Q-

the observed r

. One would then e:
Bi 20:4(,”)?021"
MeV a:

the miss:
10 near 2.6

state et 2
seen 05 (g, )2 ction, However, strongly excite
ety overiiy Gl R B being carefully reams!
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o set an upper

linit on the emount of core excitation that could be pre
Lilley and N. Stein

1 Nuclear Physics Laboratory Anmual Report, University of Washington (1965),

p. 3h.
2 J. Mster, Phys. Rev. 141, 1138 (1966).
3 J. Blomgvist and 8. Wahlborn, Arkiv For Physik 16, 55 (1960).
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ited State of Be

ation of the Width of the First Ex

vidth of some chort-Lived nuclear levels depends on the r
rved. In particular, the width of the f

rom 0.8 MeV, observed in the Be9(d, \,)E@gx rea
3 B3, R)BSE CLBIC scarterine, Borkonstat b
In reactions such as Be9(d, t)Beb* the "spectator" particle,
tends o bind BeS more tightly than 1t is bound in He' (a,alt
spectator particle. This effect lengthens the lifetime, or equivale
the vidth of the state. Furthermore, the lomser the specta
vicinity of the BeS, the longer it tends to bind 1l

f the state is expected to depend on

ot
ticle.

To give evidence of this velocity dependence, Berkowitz collec
ten different reactions, each of wnich gave Be6* and a spectator
final state. He plotted the asymptotic velocity S
versus 1/T - 1/, vhere I' is the width obser:
width observed in Hel (v, )Hel elas! tering
graph are shown in Figure 11-1. Solid triangles
Line suggests the velocity dependence.

In the measurements available to Berkowitz the width of the
measured ot casertinlly o single velocity fo
tor vel a given en varied over
s Bt sl ot o 408 depende;

re 11-1 is to determine if the width varies as a fun: L)cr of
ty for a single reaction.
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a AB-E particle iden tion system.

Iaboratory angle of 30°, showed a broad,
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ate g
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E. H. Berkowitz, Nucl
555 (1964).

12. A Survey of the ca"o(a,t) ca'l

Reaction
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The seme target used by Peterson [R. J. Peterson, Phys. Rev. 1kO, BIKT9

(1965)] -
2 7. Belote et al., Phys. Rev. 142, BE2h (1966).

13, (o,145) and (6,147) Reactions on B', 1%, ana ¥*0

g 146) and (a,147) resctions on F- reported last year" have been extended
to N5 and B1l. All three nuclei should be favorable representations of three
nucleon "clustering in this region of the periodic table. The results are

shown in Figures 13-1 through 13-6.

targets consisted of self-supporting 3L £oi1s; KON® (95 per cent en-
riched N15) and CeFp, which were evaporated on thin carbon backings.
2

T
E 8"« LiTBe®gs oN®(a LiC?s 7
08" («,Li"*478)8¢ g5. oN(a,Lia781C g .

E e 92V

Ervgent = 92MeV

- o)
li ) E
el
iy ’#L
s T S
I Oeu eu
stributions Fig. 13-2 Angular distributions

Fig, 13-1 z‘mg\,lar ai.
for the reactions N5 (a,Li g.5.

of 117 g.s. and first excited
state from Bll ‘7) react)ogs 1&5:1, and N15(o,LiT first excited state)
ing to the grownd state of e the ground state of
50lid curves are the predicted angu- . The solid curves vere calcu-
lar distributions using an 4 = 1 ted for en 4 = 1 bound state wave
bowd stete wave function for the function.
triton.
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An attenpt
Born Approxinat;
mechanism,
strict sel

fhe experimental date vas made using a Distorted Wave

thout spin-orbit and assuning & one-cluster pick-up
The wave functions of the bound clusters were determined by the
don rules:

= i P 2 il o (o) crster
4 1 “cluster Peluster & Te = Ty (:1) .

oming chan

were obtained by reasonable fits to
1e20( oy, )] 016 (cr,) 016, Nl (i, u)nﬂ“ ang €12(q,0)c12 elastic scattering at
i2 MeV.35 Mie initial lithiun parenetersd had to be adjusted slightly to fit
the experimental angular distributions. The largest change vas the imaginary
well depth, which h be decreased. This is consistent with the change from

e 1 1 for which the original parameters were calculated to
observed in these reactions.

e paremeters £o
€20,

Where more than one £ value vas
equally. The tr e adjusted b
tors are not we: However, when the Li gmunx state angular distribu-
tions were adjusted, these same paramters were used for the Lif Firet excited
state reaction. Also, the megnitude of the Lil first excited state angular
distribution was one-half of the Lil ground state predicted distribution di
the final spin factor. This assumes the ratio of ct

ground state and Lil first excited state to be on

case for the reections. (J. B. Gerhart, P. Mizera and F. Slee)

ST R T T T

o N®(a,Li7) G2 4.43

1loved, L’qe two amplitudes were added

E (e, LiN)0"gs,
o NS(wli™478)C2# 4.43 o F e, Li™™

'478)0'%s.

4 Eicoens Eocoun * 42 eV
42 Mev.

¢
ook~ & 4 oo -
E\ s, /\ j
/\/ \/ﬁ %048
VAR
R T
Beu
12%,
Fig. 13-3 (cx, T g.s. )e u h3 Fig. 13-4 The solid curves are the
and “15(Q,LXT*O 1«78)012*3 43 angular predicted angular distributions using
distributions. The selections rules S Fiata i tor

allow 4 and 4 = 3 for the dis-
torted wave calculations es shown in
the solid curves. ground state of 016,
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N“(‘ Li )c“ as «F2(e,Li8)07gs.
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Evion
a2 ey |

R

B o
Fig. 135 1(0,118)c™3 g.s. 6 nguar aistribution
angular distribution, The solid l‘or me I‘19(a,L ) reactions leading
curve is the DWBA prediction for %o the ground and first excited
4 =2 and 4 deuteron bound state states of OLT. The oO] ld _curves were
wave functions. calculated us L= d 4 wave

functions for the 017 groum\ state
transition and 4 = O and 2 for the
transition to the £irst excited state
of O

Tuclear Physics Laboratory Amnual Report, University of Weshington (1965),

. 30.

R. H. Bassel, R. M, Drisko, and G. R. Satchler, Osk Ridge Netional Isboratory
Report ORNL-3240 (1962).

D. Shreve, private communicatio

A, Yavin, Ph.D. Thesis, Umversity of Washington (1955)

1. Neqib, Ph.D. Thesis, University of Weshington (1962)

W, W, Dashniek and L. 3. Dencs, Bull. An. Phys. Soc. IL, 11, 30 (1%66).

n

o Fw

. (@ L15) Reactions on Light and Intermediate Weight Nuclei

In our investigation of (4, Lié) reactions at 21 MeV incident deuteron
energy, haye obtained ngular d)strlb\nions for the reactlons v&'*(a 116)Ne20
ana 1158(a, L16YRe5h. (Fieures in on ular digtribytions
for the reactions g12(d, L15)Be5 olé(a 135)012 F19(a, m61N15 532(d 116)5128
and Ca0(a,116)ar30 which have been reported earlier.l Particle detection and
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= Mo™ (6,Li°)Ne® (g.5) 1
g
318 38
s < RN,
2 P i %
Fig. 1i-1 Angulgy distrivugion Fig. 14-2  Angulgg distribution
for the reaction Mg2*(d,1i%)Ne20 for the reaction Ni29(a,Lib)Fedt
(g.s.) (g.5.)

identification were accomplished by means of an E - AE counter telescope employ-
ing a gas-filled proportional AE/dx counter and & solid state E detector, used
¥ith & pylse stretcher and an x-y oscilloscope system vhich has been deseribed
carlier.® The forvard peeking and lack of strong energy dependence of the ob-
served angulsr distributions are suggestive of a direct reaction mechanism. In
2ddition, DWBA calculations have been performed using the T-Sally code of Bassel
Drisco, and SAtcbler3‘2ami £its have been obtained for the angular distributions
and S

of the reactions on CX targets (Figures 14-3 through 14-5).

For the
T
€ (d,Li) Be® g.. $%(d,Li°) %% g.5.
o\ OWBA - OPTICAL MODEL FIT . OWBA - 0PTICAL MODEL FIT
] H
2 s 2
g 1 g
b i 4
o H / g
fa % = 3 & % C3 % % =
Fig. 14-3 Angular disgribution for Fig. 1-k  Angular aispribupion
the reaction C12(a,Li6)Be8 (g.s.) with for the reaction $32(d,11%)s1%° (g.s.)
DWBA £it.

with DWBA £it.




T T
ic'* AL
$%(d,Li%) Si%%* (1.78) 50
UL OWEBK CALCULATION oool- 4
i -~
‘\Z ; olub) {Mq“
olc g3
e § o 1004 ¥ fCo'o o
i i it
i ! I [Nw“
o
- - L L
I P TR 15l T B WAWD B

Fig. 14-6 Total cross sections
for the (a,116) reactions proceeding
%o the ground states of the residual
nuclei, versus terget mass.

Fig. 14-5 Angular distribugion
for the reaction 532(d,L:\5)Si§éh‘78)
with DUBA £it.

case of C12, e used optical model parameters obtained from elastic scattering
data for the incoming and outgoing chamnels. The reasonsbleness of this £it 18

1 idence for a direct pick-up resction mechanism.
For the fits to the 532 data, only the real and imeginary well depths in the out-
going chamnel vere changed from the case for C12, The same peremeters vere then
used for the reactions proceeding to both the ground state and the £1
Stete of the residual 5120 nuclews. Iack of lithium elastic scattering
made 1t impractical to attempt DWBA fits for the other reactions observed, The
integrated cross sections of these reactions sre shown in Figure 1-6. e mag-
Ditude of the cross section 1s seen to drop rapldly with increasing target maes,
vith some tendency to level off for higher values of A. The oross seotion exhinits
S aorupt decrease for the reaction on Ni8'as the reaction in this case is taking
Place in a region hich 1s below the Coulomb barrier for the outgoing Lib particls.
J. B. Gerhart, P. F. Mizera, and F. Slee)

1 Nuclear Physics laboratory Anmal Report, University of Washington (1965),
p. 28,

2 Clyclotron Resesrch, University of Washington (1962), p. 39.

3 R H. Bassel, R. M. Drisco, aud G. R. Satchler, The Distorted Wave Theory of

Direct Nuclear Resctions, Osk Ridge National Laboratory, ORNL-32%0; 1505
2irect Nuclear Reactions, 7
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15. Study of Time Reversal Invariance in the Inverse Reactions Mg>' + a2 4g® + p

Interest in time reversal invariance has been rekindled in this laboratory
due to the work of Christenson, Cronin, Fitch, and Turlayl, who discovered, in
the decay of the K, meson, a small violation of CP invariance or, as implied by
the CPT theorem, & violation of time reversal invariance. A similag violation
of time reversal ance might be expected in miclear reactions.

Pre
have been based on pol in 5
on comperisons of cross sections in inverse reactions.* Typical experimental un-
certainties have been in the neighborhood of 5§, and the results have been
interpreted as setting upper limits of several percent on the ratio of time re-
versal odd end even reaction amplitudes. With the availability of solid state
detectors and of the University of Washington tendem accelerator (with high beam
intensity and good definition of beam energy and position), we believed that the
experimental uncertainties in the study of inverse reactions could be reduced by
& factor of about ten. For this reason such & test of T invariance has been
undertaken,

s experimental studies of time reversal invariance in nuclear reagtions
1 an

inverse reactions Mg?* + a2 ¥g25 + p, using 10 MeV deuterons and 15 Mev
protons, were chosen for this test. If there is no violation of T invariance,
then the reaction cross sections, at properly matched energies, should be related
by the principle of detalled balance. The choice of & (p,d), (d,p) comparison
was based primarily on the availability of intense proton and deuteron beams from
the tandem accelerator. The choice of target elements was determined by the
following considerations: (a) The first excited states should be well separated
from the ground states. (b) The target should be light, to give a large compound
muclear width for Ericson fluctuations, reduci itivity to mismatch in the
incident beam energies; tut, on the other hand, it should be relatively heavy to
minimize the change in outgoing energy with angle, permitting similar counters
to be used at different angles (see below). (c) The (d,p) reaction Q-value
chould be emall because, in our energy range, this simplifies detection problems.
() Isotopically pure targets should be readily available. (e) Terget impuri-
ties with unfavorable Q-values should be minimized.

sens.

The specific approach to the stuly of the Mg + d = Mg2 + p reactions vas
dictated by experimental considerations, because theoretical arguments did mot
suggest any preference emong various plausible alternatives. To eliminate
ficulties in accurately determining target thickness and integrated beam flux,
two were used similt: 1y. The basic consists of the
determination, in each reaction, of the ratio of the differential cross sections
at two angles. A difference in these ratios for the (d,p) and (p,d) reactions
cen exist only if there is a violation of T invariance.

The experimentel arrangement is shown in Figure 15-1. The experiment is
performed in e 60-inch dismeter scattering chember. The two counters are pla
on movable arms, 10 inches from the target center. By careful positioning of
the counters and by use of the same defining apertures in the (4,p) and (p,d)
messurements, relative solid engle uncertainties are made qui The
back-angle counter hes half-inch diameter aperture, end the forward-angle counter
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has a quarter inch diameter aperture
to reduce the difference in counting
rates. The target plane bisects the
N angle between the two detectors, so
i that vander of the
duces no change
angles for the two cow

The protons in the (J,p] reaction
i s

Fig. 15-1  Arrangement of detectors
and target in the scattering chember.

Using conventional electronic techniques, including a biased ampl:
the peeks, each of the two proton spectra vas displayed in one qu
chamel analyzer. The ratio of cross sections was determined, after appropriate
corrections, from the ratio of counts in the two ground state peaks.

To permit omestdonacor doed blee and
tronic pulser were fed into each preamplifier in parallel with the detector
el et L SRR remaining quadrants of the
analyzer. The electronic efficiency was determined from the loss of
the pulser peak, and the detector data were appropriately corre
i  pulser efficlency to correctly represent dead time losses, the

made proportional to the beam intensity. Dyeiest pu]aer losses were in the
nc,g,hho*hood of 1%, varying with counting rate and di at the two angles
and in the two reactions.

eup losses, pulses froman elec-

The deuterons in the (p,d) reaction were detected in conventional AE-E tele-
scopes, using fully depleted surface barrier silicon detectors, procwed from
ORTEC. The overall electronic system, 1ncJuﬁ\ng the use of p e
corrections, was ar to that use (a,p) maswenem, ge fron
routine complications arising from the use of o AE-E technique e spectra ai

played are for the sums of the pulse heights in the AE- end E- detectors of each
telescope.

Typical proton spectra for the (d,p) reaction are shown in Figure 15-2.
The vidth of the pesks arises largely from straggling in the degrader. The un-
rtainty in the determination of the area in the ground state peak, becsuse of
overlep with the first excited state peak, i a\,aut 0.1%. Typical deuteron
spectra for the (p,d) reaction are shown in Figure 15-3. The underlying back-
ground is believed to be primarily due to accidentel coincidence between two
ncertainties in the background subtraction amount to about 0.1%

To correct for losses due to muclear interactions or large angle scattering
in the detectors, s well as to uncover defects in the detector, the det
efficiency was measured. This was accomplished by & dence method in which
‘the mumber of (monoenergetic) particles known to enter the detector was compared
WIHh the number sppesting n the pesk of the spuctrum, example, %o measure
the efficiency of one of the deuteron E-detectors a coincidence d-d elastic
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Fig. 152 Typical proton spectrm Fig. 15-3  Typical deuteron spec-
and e e rum for trum end aggociated pulser spect
the (a,p)Mge> re n. Arrm-s for the Mg2” (p,d g2t reaction.
Al Positions of groups from

(a,p) reactions

1 impurity elements.

scattering measurement was made. Coincidences vere formed betwe
the two AB-detec tors, and these cotncidences vere
which the trun vas d)spl&yeu By compers
with the rumber of eve e
i e with p-p szmmm) e
U pmon detector by i g & special thin detector 1
of the polyethylene degrads Typically it was found that the efficiency defects
it s oo ol el B s D e
actions in the dete

uterons
aiyier
the number of L,'atu‘g pulses

nter-

A detailed investigation has been made of possible contributions to %
peaks from target ties, but the net contribution proved to be negl

Prelininary re:

lts consist of anguler distributions and excitation
matched

two reactions. The angular distributions, energies,
in Figure 15-b. It is seen that the tw distributions egree to within
it umdertatiby for fabout 0. e Angnlar e 18t brbions Have eaks

at 29.68° and 119.20° (c.m.). ation function studies were made witl
counters placed at laboratory angles corresponding to these peaks.

2]

The results of these excitation function studies are shown in Figure 15-5
the ratio, R(E) ~(ﬂ9.zc°, E)/c(29/:8°, E) is plotted as a funct:
e e e
laboratory energies of the s
gies of the A120 system. While the I uncertainty in $hese e
energies is determined in part by the qncﬂrta'nzy in the A120 mass, the relati ive
uncertainty is determined only by uncertaint: & few keV in the reacti
V3iaa1] (5,106 HeV) ‘oINS o Sekrebin enerey)Bali hralom
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DIFFERENTIAL GROSS SECTION

PRELIMNARY
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" GeNTER O NASS ANGLE (e

Angular distribution for
the Vg2b(d,p)reacu1nn at an excitation
energy of 20.606 MeV in A126,
e S e
ized to unity at the top Of the for-
werd peak. The lover part of the
figure shows the fractional difference
between Ry, the cross section ratio
measuzod in the M2(a,p) resction,

he ratio measured in
M;?S(p a) Seaction)

on) ) vt
i 1
ol6) f ¥
6) orf
on  PRELMNARY DATA

EXCITATION ENERGY IN A% (MeV)

ig. 15-5 Excitation function for
R(E) 0(1)9.20“ E)/a(29 ce> E) ror
the Teact ions Mgt + a = Wg25 +
Dots show values of Ry, the ratio
measured in the Mg2%(d,p) reaction,
end crosses show values of Ry, the
ratio measured in the Mg25(pid) re-
action. The lover part of the figure
shows the fractional difference be-

tieen Ry and Ry

A comparison of the two excitation functions in Figure 15-5 shows good over-
all qualitative agreement. The most accurste comparison of the ratios has been
made at the pesk in the excitation function, The energles at the peaks agree,
the measured difference in energy being O * 5 keV. It is found that the peak

heights aiffer by 0.1% with a proveble error of O.h%.

25 meaning that the difference in the cross section ratios, R(E), is probably

less than

It is not clear how this limit may best be translated into en upper limit on
the ratio of the time reverssl odd and even peaction amplitudes. If the original
criterion of Henley and Jacobsohn is applied’, this upper limit (vased on probabl&
arrors) 1s roughly 0.25%. However, determination of en upper limit on the tdi
Teveraal odd conteibution is sensitive to sseunptions concerning specific aetails
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of the reactio
substates contribu

e many
1y, the nit quoted above may be b
factor of 3, because the contributions from such cha
. Bodansky, W. J. Braithwsite, D. C. Streve, D. W,

. Rev.

o

Rev. 139,

255 (1958).
Rev. letters 2, 98 (1959);
Farwell, M. E. Rickey, and P. C. Robison,

en
L. Rosen and J.
D. Bodansky, S. cles, G. W.
Phys. Rev. Letters 2, 101 (1959).
5 E. M. Henley and B. Jacobsohn, Phy:

Rev. 113, 225 (1959).
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III. PHOTONS FROM NUCLEAR REACTTONS

16. Gamma Ray Polarization Measurement

Initial studies m?uatn that measwrements of the sign of gamma ray polar-
ation in inelsstic He* or proton scattering from O' to 2" states, which were
iscontinued in 19611, may now be feasible. It appears that with the dec Van de
improvements in time resolution obtained by detector cool-
ing? it is possible to make such a measurement. It is anticipated that such
measurements will be carrledbout in the near future on the various substates of
1g?

the 2% 4.43 MeV level in

The interest in these levels is that in-plane (,a'y) correlation measure-
ments have been made3 in an energy range accessible to our Van de Graaff

(B, = 22.5 MeV). These measurements indicate the angles at which the polariza-
+16n nay change sign." The messurements of the signs of these gamm-rey polar-
izations will thug remove the embiguities yhich exist in the previous-polariza-
tion measurementsd of the m = + 2 substates and then allow for & si
messurement with protons exciting the m = + 1 substates. (J. G. Cramer, Jr.,
b

D. Hayward, W. A. Kolasinski, D. Patterson, and F. H. Schmidt)

Cyclotron Research, University of Washington (1961), p. 37.

Section 33 of this Report.

W. W. Eidson, J. G. Cramer, Jr., D. E. Blatchley, and R. D. Bent, Nuclear
Pays. 55, 61 (1964).

J. G. Cramer, Jr., and W. W. Eidson, Nuclear Phys. 55, 593 (1964).

= woe

17. The Double Gamma Decay of Ge72

Although the theory of double-photon transitions was first worked out by
Mayer! in 1931, and since that time many experimental attempts hav made to
obssrve the phenonenon?, it has never been seen in & muclear trans ‘mn3 One

the most likely situations for observing a two-photon decay is in an elect
monopolg transition, i.e., a 0" to O' transition, preferably from a first excitel
%o a ground state. Here & nonml one-photon transition is not alloved, 50 the
transition must proceed by pair emission, K-electron comversion, or a double-
photon tran:

ition.

Nature has pro
vith O first excited states. These are 0%,
n energies of 6.05, 3.35, o 69, and 1.752 MeV, respectively.
Fron this 1ist it is apperent that only T has & OF first excifed state at an
022 MeV pair-emission threshold. Because pair-emission is not
the state is relatively long-lived, with a lifetime Of
hoton trensition has competition only from K
electron conversion end may have a reasonsble transition probability. A rough
calculation indicates that the fraction of double photon transitions in the
decay of the first excited state of GeT2 may be as high as 5%, although it

e

ed us with only four fnown examples of evepeven miclel
i Lt G§72 sa 2?0, yith 0%




also may be several orders of

magnitule wesker. Curlously enough, although the
016, ca®0, ana zr r1

carefully studied

An experiment is now
£

n progress at this lsboratory to stuly this de
In a pre ary sur Suvement a thick target of GeO, contelning Gc72 en-
riched to 9.4 was bosberded with 5.0 UeV protons from th tanden,
Pieegtoffuerey e telofns Susehold £or uoth the Ge 12(p;m)AsTE ana the
(p,p")c!?* 113 1V reactions which would profuce wmwanted background.

§

Two 3" x 3" NeI(TL) gemma ray detectors vere placed at angles of 60°
beam, with a lead Faraday c i betye: ch would catch the beam in its
time pre

interior and at the same

was used to select dent gama rays in the tio aatastoms
tors were sumed, and the total signal va:
512-channel multic r wn
nts having a total gema ray energy of 0.69
MoV, as would be expected from & double photon transition. A two parameter
spectrum of Y) energy vs Y energy was also accumilated, w

Figure 17-1 shows & portion of
ctrum which was
a

z e
seen from this n
& suall peak approximately in the
region where the doubl

COUNTS /(10 heV)

this mu us d La gate the signal from
T onoSATE - S ENERGY 0T one of the detectors into the analy-

’l‘hu< one of the two

his sun peak

‘The result vas

Fig. 17-1 Coincid
counts vs. sun energ; me. ray
protons on GeT2. ( present except for the amn
pressed zero.) peek at 0.511 MeV. This is

evidence that the P n

meter spectrum revealed no new information becsu*
over a two-dimens t in tl
of counts




Ve feel that these data, while not conclusive proof of & double-photon

ar: to take advantege
of the very long lifetime of the OF state by pulsing the beam and looking for
double-photon transitions only vhile the beam is switched off. This technique
will be put into use in the neer future. (W. J. Braithwaite, J. G. Cramer, and
C. F. Williamson)

1 M. Goepperd-Mayer, Annalen der Physik, 1931; R. G. Sachs, Phys. Rev. 57, 19%
i

1940).
G. J. McCallum, D. A. Bromley, and J. A. Kuehner, HNucle Phys. 20, 382 (1960);
in, T. H. Kruse, and K. E. , Phys 125, 639 (1%2); D. E.

mic processes, c.f.
M. Lipeles, R. Novick, and N. Tolk, Phys. Rev. Letters 15, 690 (1965).




18. The Distribution Function for Residual Angular Momentum in Decaying Compound
Nucleer Systems
As perticles an

otons are emitted from en essembly of excited compound
nuclei, the distribution function for the angulsr momentum in the residual com-
pound muclei is modified from the distribution which is originally produced in
the bombardment. It is interesting to study these modifications, both in meg-
nitude and in direction of t] ular momentum, because of the light such stulies
may shed on angular-omentum dependence of the miclear level density.

It is not easy to sample angulsr momenta of an assembly of compound miclei.
So far the observations have been mainly restricted to the determination of the
production ratio of eirs in a final nucleus, where the ylelds of both
A more extensive and
critical test of the theory of evaporation cascades cen be provided by measure-
ments of the relative ylelds and angular distritutions of lines in & ground state
Temational band in a distorted mucleus (see Section 19).

To fecilitate the comparison of the measurements with the implications of
the theory, a simple geonetrical model was constructed that permits one to trace
the evolution of the anguler momentun distribution in & nuclear system.
that to begin with all of e nuclei in & systen have the seme engular mo
Jo. If 3 is the resultant angular momentum after the evaporstion of & smg)e
particle %or photon) then it can be argued that the distribution function for J
in magnitude and in di on (with respect to that of Jo) is of the form

2 2
)" -BJy

e

The factor J;° here comes %) tially £rom phase space considerations. The
second factor, exp[-a(Jy - 41)°], provides a messure of rms &ngular ‘momentum
remcved By e evaporated parcn,e or photon, nam

2] aepresses the yleld for residual ststes with large engular momentun
compsre% %o those vith spall angular momentum. It cen be shown that B in
factor is simply (24T)™" where + is the effective nuclear moment of i
T is the emission tempereture. In the familier expressions for She E
of nuclear level 8 The

density upon angular momentun, B is written (20
fulness of expression (1) rests on the fact that it iterates.
one can show that the residual anguler momentun distribution after & sequence of
o essentially the same fom as (1). Only ©
tribution of this form. One of them i

tion, yfc, of the original anguler momentum, Jo. YJo measures the average smount
retained by the mucleus. The

of the origingl engular momentum vhich is still
rest, (1 - V)JO has been removed by the evaporst
meter involved in the general distribution 18 op which
he "randon" part of the engular womentum vhich had been removed
tions. Both ., and Y are easy to express as a function of the B's and «
“haracterize eEch of the separate emissions.

u7




As e simple exercise in the use of the foregoing formulstion, the distribu-
tion function for the magnitule of the residual angular momentum, Jp, #s com-
puted for the case of slow meutron capture in even-even nuclei. Here one finds
that the final distribution has the simple form

2
% ‘}T(a},)”% 2o R (@)

For slow neutron g
tum, one can st Jo = O and take the actusl value of the
capture into accou

fina) dietribution can be exp
<3 >. In Figue 18-1 ve h

ture, because of the isotropy of the starting angular momen-
ular momentun upon

bl e
plotted the observed rat:

function né
L o isome

rt W
spin and that feeding the low
pin state is the p

o given the

(Gl ter op.
3

ure 18-1 that

st" ap would b
r'ple f, after ne\,vo

ISOMER
YIELD RATIOS Sribation. (3) s
SLOW NEUTRON 15 no evidence
CAPTURE

Vol

8-1 The isomer yield
ture by even-
as & function of J,, the average
st The theoreti- zobably be e
4 o it the perticular
Sor model desceibed in the texty The of the two final states
lar momentum of the Tuctustions in yleld
stage sampled  mis sort of scetter should be les
s given by 1.5 ap™t. hen one de b @ set of rotationsl

by the isomers




£ these states are all alike. The
nodel described 11y most useful for reactions where the cascade is
longer and more n radistive capture. Generslly the distr:
bution is sotropic and therefore neither is the residual distri-
n the model can be used to see
h the observed yields can
form for the nuclear level

lines since the

density. (I. Halpern,

1 R. Vendembosch and J. R. Huizenga, Phys. Rev. 120, 1313 (1960).
2 J. Wing, ANI-6598 (1962) (unpublished).

B lecleniinui s Distributions of Rotational E2 Gemma Rays Following

i (a,Sn React.

This phase of the program of study of electromagnetic raliation induced by
various miclear reactions vas greatly assisted by the purchase of a 1 cn x lum
Ge(Li) solid-state gamma-ray detector and a field-effect tramsistor pleamphf)er
which can be operated in vacuum. The combination ylelds a gamma-rey line width
of sbout 5 keV. under actusl operating conditions. The intrimsic photopeek effi-
has been messured absolutely by comparing the full energy
verious gemms ray sources to that of a stendard 1-1/2 in. X
1 in. NeI(T1) Lrygtl\ vhose efficiency is known to + 5%.

The very grca\ improvement in resolution compered with nﬂ(m% is shown in
Figures 1 19- ) e

Both spectra are for 2 MeV He ions on Dy Precise
peak aress can now be extracted without resorting to uncertsin computer techniques.
168
The engular distributions of the "gvat onsl transitions observed in Yv
produced by the (a, 3n) reaction on Erl shown in Figure 19-3. The intensity
Gistributions for fthese same transitions are showm in Figure 19-k.

The intensity @istributions give a picture of the angular momentum
aistribution, (aN/dJ), in the essembly of residual nuclei tovard the end of the
particle-photon evaporation cascade. (Actually (dN/aJ) is the derivative of the
curve in Figure 19-h since the intensity of a given rotational line is the sum of
the intensity of the next higher line and the intensities of B i
lead into the band for the first time at this point.) The sngular distr:
of any rotational line can be in terms of the distribution
in space of the J of the radiating state.

As vas mentioned in Section 18, a simple classical model was developed to
help us u»aerstan in a quantitative way, results such as those in Figure 19-3
and Figure 19-k. The theoretical curves in Figure 19-3 are o e

of the rrodel curves. They are all of the same form: W(B) =1 + 1.2 cos®® - O. 6
cos™*e, where 6 is the angle between the beam and the photon chther: Th)s is the
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Gomma-tay Spectrum
42 MeV Alphas on Dy*! ¢ SomE Procucea
Robtona Garmmo-Roys fom eF by Oy ¥, 3ECE

@2

mmxient_calt)
o sonm | ot s

— o Squor

o/t

G- RAY ENERGY (et

Fig. 19-2 The same spectrum gs
Fig. 19-1 but recorded by a 1 cm” X
lum Ge(Li) solid-state detector. The
501id lines vere drawn by hand and are
intended only to guide the eye. The

CROSS SECTION (mb/sr)

RV Higher. Spin states are obvious.

Fig. 19-1 Rotagional transitions aistribution expected for quadrupole
as observed in Erl exgited by the radistion (J J - 2) from states with

, 3n) reaction on Dy o'. These large J and m = 0. Tt is seen that
date were taken with a 1-1/2 in. x there must be very tle re-orienta-
1 in. NaI(T1) detector inside en tion during the neutron-photon emission
8 in. x 12 in. NeI(T1) anti- cascade of the angular momentum direc-
coincidence anmulus. The solid tions of the original compound nuclei.
curve is an attempt to fit the data The 2+ = O trensition is an apparent
by the method of least squares. exception, but the relatively long

lifetime ( > 1 nsec) of this stete
renders possible re-orientstion by
atomic effects.

The degree of disagreement between the theoretical curves end the data in
Figure 19-l deserves some coment. Roughly put, the experimentel J distribution
falls off more rapidly with increasing J then any of the theoreticel curves.

To indicate the sensitivity of this espect of the calculated curves to various
options which one has sbout the values of calculation peremeters, three curves
are given in Figure 19-k. For curve A, the angular momentum distribution of the
original compound micleus was assigned on the basis of the optical model calcu-
lations of Huizenga and Igo.. It wes assumed that the emission of the 3 neutrons
in the (o, 3n) reaction was followed by the emission of 3 dipole photons and that
‘he effective moment of inertis in the spin cutoff Pactor was the rigid body
onent. s found that replacing the 3 dipole photons with 3 quadrupole
photons hardly changed the curve unless at the same time the effective moment of
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'ANGULAR DISTRIBUTIONS OF ROTATIONAL
RADIATIONS FROM Y'S®

(4,30 on €

)

RELATIVE INTENSITY.

]
LABORATORY ANGLE.8 (degrees)

Fig. 19-3 The angular distri-
butions of rediations in the ground
state rotstional bend of Ybl6
excited by ghe L42 MeV o bombard-
ment of Er'®l. The various transi-
tions have been displaced vertically
for clarity. The theoretical curves

orrespond to the
same value (1.6) for W(®°)/W(9%°).
(see text. Unless otherwise indi.
cated, statistical errors are smaller
than the data points. Relative
errors of normalization between

runs are not shown but are believed
to be less than + L.

FRELMINARY RESULTSNTENSITES OF ROTATIONAL LINES
FroM Y% I (s, 30) O £

INTENSITY (Asitrry Uni)
ooy

o

Fig. 19-U4 The relative intensities
of transitions in thg ground state ro-
tational band of iSO spsited by b2
MeV o bombardment of Eri®l. e
abscissa is /J(J+1) where J is the
spin of the redieting state. The dis-
tinctions between the three theoretical
curves A, B, end C are explained in
the text. Statistical errors are

‘o uncertainties in the interzal con-
version coefficients and the relstive
efficiency of the detector.

inertia was significently reduced. A
reduction of this moment by a factor
of It leads to curve B.

be justifisble if collisions which

take place on the outer edges of the nucleus lead generally to assorted direct
reactions, instead of to compound micleus formation end the (q, 3n) resction.
In curve C ve have assuned about es mich of this effect as ve feel is reasonsble.

It is clear from an examination of the calculated curves in Figure 19-i that
to improve agreement between the data and the theoretical curves at the high-J

points one would

wvent to do one of the following: (1)

Increase the assumed

number of photons emitted (at least in those events which populate the high-J
2

pert of the distribution).

fssume & large ratio of qusdrupole to dipole

radiation for these emissions. (3) Assume a large effective value of (eem) L.
The larger this quantity, the lover will be the average residual J in each emis-

n.

rinciple, suggestions (2) and (3) can be tested by examining the engular
aistributions of the non-rotational photons in coincidence with, sey, the 1¥




o 12" transition. Suggestion (1) is likevise testable in cidence experl—
ment. It has often been suggested in similar contexts o it
‘tend to emit photons at the expense of neutrons.

errors. For example, if the lov J ylelds (to vhich we nornalize) have be
seriously overestimated due to an error in efficiency determinations, this would
lead to the observed discrepancy. It is also possible tha
dent or fluctuation the lowest J states happen to be the ¢
their statistically-fair share of transitions. In that
£ind differences in behavior as we examine other even-even rare earth muclei which
are produced as residuals in the (o, 3n) reaction. (I. Hal) B. J. Shepherd,
and C. Williamson)

1 J. R. Huizenga amd G. J. Igo, "Theoretical Reaction Cross Sections for Alpha
Particles with an Optical Model" ANL-6373 (1961).

20. Rediative Capture

If one wants to study the radiation from nuclei excited to 40 MeV or more,
lves. The first is to study that portion
which leads to the g
The softer part of the spectrum cannot, with certainty, be

identified with transitions in the original mcleus. It may come from some Of
its descendents after particle emission. Apparently few of the very high energy
manta are actually emitted and it has, so far, not been possible to use photon

AL way described.

The second way to learn about radiation from very highly excited ststes is
%0 measure the total capture cross section in a bombarduent with particles of
several tens of MeV. This is possible vhere the compound nucleus forned decays
from its ground (or low lying isomeric) state with a convenient rsd)oscc vity.
This technique has been fruitfully used many times despite its limitat
main limitation on the interpretive side is that a measurement of
yield gives only an integral view of an entire cascade of photon enl
can hardly deduce mch about the radiations from the initie:

On the technical side, the main limitations of these .‘_ud es arises from Lhe
background radioactivities produced by the other reactions (in add

which occur in the bombardment. These reactions are )ém unv of the yaer wo*

times more probeble than capture. i
Preliminary experiments with a Nl detector showed this latter method vas !

not useful for measuring the small amount of cepture activity against a background

of other decays. Ve have begun to e feasibility of us
germanium counters to measure the yie: radioactivity-
ci e T s e very gree
these counters will permit us to )dent)fy sainie (padietlonils *he large back-
ground of other radiations. of the germanium counter is its low

ng Ii-drifted




efficiency and it rem

0 el sesn i the dncressed | S T be made to
i ana nitha yoor stfictancy £ h L2 eV alpha particles
on gold, no lines definitely identifiable as due to Lapture vere seen, but
there are a number of improvements in the exposure and counting techniques that
can be made, and in the near future we hope to meke them. (I. Halpern, D. L.
Johnson, N. Stein, and C. F. Williamson)

rst run

n a

21. Measurements of

h Energy Photons

The instrument used for the observation of high energy photons in nuclear
bombardnents was the amulus spectromster ceS”r)oﬂd in an earlier report.l The
central detector was a 6" long Nal crystal o iemeter. The resolution of

the photopeak was of the order of 10f for quarm of 15 MeV. Since the pulsing
system is not yet installed on the tandem accelerator, it was not possible (as

it is on the cyclotron) to discriminate against neutrons by using time-of-flight.
Unfortunately the detector is rather efficient for neutrons so that photon spectra
are significantly conteminated by neutron background below about 12 MeV. It vas
therefore decided to devote our major attentions to quante h: then this
energy for most of the exploratory runs on the tandem.

A.  Paotons from of heavy elements

(1)  Alphas on heavy elements

Experiments described in last yeer's anmal report showed that bombard-

ment with k2 MeV alpha perticles produced a significant amount Of high energy Y

rays.l For example, in cbservations at 105° to the beam the cross sections for
the production of 16 wev photons were about 10, 15, and 2.5 pb/sr-MeV for cobalt
silver, and gold respectively. (Note: these results differ from those quoted
in last year's report because & different efficiency was used.) A similar experi-
ment was performed using the tandem to produce alpha particles of 18 et oo &
target of natural tin., The cross-section at X(° was less than 0.5 wb/sr-MeV
the region of 16 MeV Y rays. This result, when compared with last year's, sugge:
that the re)amvn probebility for emission of energy photons increases
rapidly w ation energy.

(2) He3 on heavy elements

used at the meximm energy currently available at the tandem

when He3 1
(~2k MeV), its large Q value leads to excitation ener
reached vith 42 MeV alphas. The following targets
ture) were selected to give a general survey of the mass chart: carbon, aluminum,

tin, holmium, end gold. They were bombarded with 20.83

Gl Gs B ctonliats
el Ui el experiments using 42 MeV alpha:
ction of ¥ r&ys around 16 MeV fron tin was sbout T wb/sr-MeV.

shown in the two examples of Figure 21-1. The snﬂctra have not been corrected
for the crystal response function but have been normalized to give the cross
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itk Fig. 21-2 Integral cross sections
for the proluctign of games above
o+ 12 MeV in the Hed bombardment of vari-
ous elements at 20.88 MeV.

)

e 2
GAMMA RAY ENERGY (MeV)

section in microberns per steradian

per MeV. The efficiency factor needed

for these cross-section deteminations

Fig. 21-1  High energy gama roy is only roughly known.

specvrisé‘rm He3 bombardment of Co”d mated to be 0.2 for all h)gh cnergy
spectra.

The spectrum obtained at 90° for each target was integrated from 12 MeV on
up to provide a measure Of the cross se the production of high energy
photons. It vas necessary to subtract a small background due to those cosmic
rays which leaked through the protective anti-coincidence anmulus; the results
are shown in Figure 21-2. It is not known vhy the number of high energy y rays
from carbon is 50 small relative to the other targets.

(3) Pnotons from 50™2 + o

In & recent experiment® the total capture cross section of Sn' > plus
on slpha particle vus measured ss & function of energy.
of this reaction shows & brosd maximm of 8 mb at E_ = 16 MeV. This umsually
large cross section can possibly be attrlhuunﬂ to tfle fact that, statistically,
¥ rays have a better chance to compete egainst neutrons in a neutron-poor 1s0tope.

Sk



e largest capture cross section yet seen at this energy,
it vas felt that it woull produce meny high energy y rays because a significant
fraction of the cepty 113 proceed via such y rays. An isotopically enriched
terget of o112 about 1.5 ng/cm? thick was obtained and bombarded with alphes of
16 and 21 MeV. A raw spectrum is shown in Figure 21-3.

Since this target gives

One would like to study the Y-ray
spectrum of the initial transitions
from a region of high excitation in
compound nucleus. The spectrum of
these initial transitions can be stud-
foa fron thg highest y ray possible
(By ga = Fagy) down to & region vhers
it'becomes possible to get Y rays from
sources other then the first transi-
tions in the compound system. These
other sources are cascade Y rays in
the compownd mucleus and y reys produced
by other nuclei after a particle-
oy sosion reaction. Because of & pos-

RELATIVE COUNTS (90°)

) 5 0 s
GAMMA RAY ENERGY (MeV) For the two alpha energies used (1

ig. 21-3 Gamma-ray spectrum from

alpha bombardment of Snll2 at 21 MeV. 11 MeV are highly unlikely since the

neutron separation energy is about

10 MeV. Thus we were able to examine
the spectrun of initial transitions from 11 MeV up to its maximm, which corre-
sponds to the region from 11 to 16 eV and 11 to 21 MeV for the 16 and 21 MeV
alpha bombardments respectively. If we assume an isotropic angular distribution
of 811 y rays sbove 11 MeV we get a total cross section for initial transitions
of very roughly 2 mb for both the 16 MeV and the 21 MeV bombardment. It is of
interest to compare these cross sections with the previously measured total
capture cross sections for these energies. h s done we get roughly 25%
and 100% of the measured values for 16 and 21 MeV. It should be noted that per-
heps not all of the initisl trensitions cbserved from the 21 MeV bombardment
would lesd to capture since some (11 E, < 15) ere transitions to states below
the neutron separation energy (~10 MeV) But above the proton separation energy
(~ 6 MeV). However, the fraction of transitions to this reglon that do not lead
to capture ought to be suall due to the Coulomb berrier. Future experiments are
planned to study further the shape and magnitule of these spectra.

om of light elements
£

B. Photons

(1) w0+ Ee

3

3 e yoray spectrun profuced by Fe> on Be? has been studied by
Black et al.3,at bonbarding energies up to 4.5 NeV. In the present work, &
1 mg/ou se1f-supporting Bed target vas bombarded with He3 beams of 7, 10,
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and 11 MeV. The spectrum at 11 MeV bombarding energy is shown in Figure 21-l.

Very few y rays are observed
having energies gres 1
1o UL R AT end the intens
clicmess Dle to the residual cosmic
background which is not eliminated
falls ence anmulus. There
is observed a fairly stromg line at
i 443 MeV whévlﬂ could ‘)DS due to the
reaction Bed(He3, y)C12¥ feeding the
F Be? + Hel first excited state. Several other
11/ Mey 1 lines are also observed which have
not been definitely identified.

To e plated, Sole B region
of the spectrun above
energy more carefully by creasing
the counting ra This vill be ac-
complished by enlarging the effective
solid E.ng\e and hopefully by increas-

3 intensity. With
Fdiligih ng rate it will be
necessary to use techniques of pile-up
| rejection in the pulse analysis

S
|

RELATIVE COUNTS

F = (2) Netural B+ He3

1 The high energy photons pro-
Fi § duced in natural boron by Hed bombard-
0 2 _4 6 8 10 12 14 16 18 2 ment were examined with the only boron
GAMMA RAY ENERGY  (MeV) target we had. It was unfortunately
quite thick (~ 19.5 mg/ci?). The Y-
J ray spectrun at a bombarding energy
I'B‘g 21-4  Ceme-ray spectrum from of 20.88 MeV is shown in Figure 21-5.
He3 bombardment of Be9 at 11 MeV. & rather intense pesk 1s cbserved at
rgy of about 16 MeV, along with
several lower energy peaks which are pxnaan]y al.;o attributable to y ray produc-
tion in the target.

At o bomberding energy of 18 MeV, the target thickness is such that the
excitation function is integrated from 12.8 MeV to 18 M i
that the anguler 4

L;.is “energy range is 36 & 18 microbarns. This assunes the
B, if it occurs in BO the cross section is U times as
énergy the target is almost infinitely thick. Me same
111 observed at this bombarding energy but J)'n)*uuhﬁn in magnitude by
.About a factor of 7 for the seme integrated charge. s the threshold for the
reaction leading to this Y ray lies below 10 MeV. It slso observed that the
energy of the 16 MeV y ray does not chenge s the bombarding energy is varied,




RELATIVE COUNTS

21-
5 i 2 g

BORON +He*
2088 Mev

T T e .
GAMMA RAY ENERGY (MeV)

ctrum from
20.88 MeV.

Gamma-ray s
oron a

Table 21-1. Possible Reactions
oray e e

w o e

® = o

B (5e3,

indicating that it is not due to

shape of
could be a y ray of discrete energy.

It ib not yet known if Ll"e 16

ke Si3 Tiots,tae
8 reactions that camot be excluled
on energetic grounds. Reactions 3,
and 8 are somevhat less likely then
the others because the outgoing charged
es would be moving with such
low erergy that they presumably would
be inhibited by the Coulomb barrier,
There is observed a rather strong k.43
MeV line from 12, indicating that
reactions 2 and/or 7 are fairly impor-
tant in the overall picture.

T

Is taggets of B0 and e
about, 1 %/Lr have been orﬂered

hopes of learning something about its
multipole character.

that Could Produce the 16 MeV
3 Bomberdment of Natural Boron

Q-Value (MeV)

21.64
19.69

20.73
10.18
13.18
10.46




(3)

A natural carbon terget in the form of a 6 mg/c
plastic scintillator has been bombarded with protons of ene:
1. 2i 14.5, 15.0, 15.5, and 16.0 MeV. Radiative capture to the
of I3 is observed at all these energies. At 14.2 MeV and above
observed a line (or lines) at about 12.7 MeV whose intensity
repidly with energy. This line was not observed at 13.0 and :
width end structure of this line indicates that there may be two or more Tines
contributing to the strength, but the statistics of the present data are not good
enough to say for certain that the line is miltiple (see Figure 21-6).

Natural Carbon + p

sheet of Pilot-B

some preliminary
ments on car’

bon.

The calculation of absolute cross
d sectign assured the reaction vas due
isotropy of the engular dis-
GAREDNHE tribution, and a det

14.5 Mev of 0.2. Som

1 arose from the physical &

of the target when subjected to beam
currents in excess of 0.1 uA.

Oonly the (p,p') and (p,y) re-
actions have sufficiently positive Q-
Values o excite a level of about 12.7
her 12 or c13. (A reaction
sy require: afbioeaisection
100 times lerger then that in Table
21-2 due to the 1% abundance of this
1sotope) .

RELATIVE COUNTS

"+ Coptre 10 g3 of N

e

PN R iR
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Future plans

Fig. 21-6  High energy gamma-ray
spectrun from proton bombardment of
carbon at 14.5 MeV.

Teble 21-2. Cross Sections for Observed Reactions in C

Radiative Capture

Average Proton Energy Total Cros
1.k £ 0.1 MeV 0.19
14.9 £ 0.1 MeV 0.12 &
15.1 £ 0.1 MeV 0.15 £ 0

(S. M. Ferguson, I. Halpern, D. L. Johnson, N. Stein

Nuclear Physics laboratory Amual Report, University of Washington (1965), P
D. E. Khulelidze et al., J.E.I.P. 20, 2;«; (w{»)
J. A. Black , Nuclear Ph: 5L,
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IV. ANGULAR CORRELATIONS IN NUCLEAR REACTIONS

22. Proton-Gemma Anguler Correlations and Spin Flip

The work described in the preceding issue of this report has been continued
using the tendem Van de Graaff accelerator which became operstional in June, 1965.
It has been shown that in the reaction of the type X(p,D')X* leading to & 2 ex-
Cited state of an even-even nucleus, the m = # 1 substate population Sy is equal
%o the probebility \ spin flip. The method used for measuring S, hes
been deseribed previously.

Measurenents of S) as a functign of Drgkon scattering angle and inciggnt o
sing C12 ar 0 targets. In the reaction C~(p,p'V)C

ce of ) ngc been imestigated at 12, 13, b, and 15

YeV incident ensrey. The results obtaine at 13.0 eV are shown in Figure 22.1.

Unlike in the previously reported in the

resonance, the shape ani magnitude of Sy do not ¢

O asithe mmaller ferveed CHAFESSIR RveT BTl

position of the backvard peak changes considerably with

2 shows the energy dependence of S, and the differential
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the reactions C12(p,p) C'2 and 12(0 p ) c12 (h 43); differential
c12(p,p') C12*(k.43), es e cross sections at giap OF 1 f or
of scattering angle. the reactions CL2(bip) C12 an

c12(p,p') C12%(4.13), as A
of incident proton energy.




cross sections for elastic and inelastic (@ = -4.43 MeV)
160 deg. in the laboratory frame. The observed energy
due to the change of the backvard peak position with the

e of protons

The study of the reaction il (p)p v)h (1 33) was undertaken with the
idea in mind that the relatively low p-n threshold and high excitation energy
in the compound nucleus would tend to reduce the compownd muclear contribution
o the inelastic scattering process. Unfortumately, the re
scattering cross section and the large mumber of y rays £rom compet
coupled with the fact that the counting rate in the Y d had to be lim
o ~ 10,000 counts/sec, drastically incressed the data collection bir me. Conse-
qu»nmy, the statistical errors in the results are much 1 rger tha
of 2. In Figure 22-3 are shown results obtained at 10.5 MeV incident energy.
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23, Angular Correlations in (d,pf) Reactions

1ts of & preliminary experiment using the U°o’(d,¢)
year.® The scope of these studies has been brosdened
and Pu239(a,pf) reactions both in and out of the

rd the proton.

‘The motivation and r
reaction were *cportx_d 1
and now include ”3)(
plene defined by the be

eratus Ls the same as previously described’ except for
rticle identification system to distinguish
ed deuterons. Also, & 15 MeV deutron beam from the

tandem accelerator w

Preliminary work een done the l’uzzg(d pf) reaction. An in-plane
rrelation with a proton engle of 90° relative o the beam vas obtained, but
further experiments could not be performed becsuse deterioration of the plutoniun
oxide target created a very serious health hazard.

Figure 23-1a shows the fission fragment anisotropy es a function of proton
energy at a proton angle of 90°. The
angle 6 is measured with respect to
the classical recoil axis. The ob-

(e served increase in anisotropy as the
energy of the emitted proton increases

is the same trend as was reported by
Britt et 81.% in an earlier experiment
with & proton angle of 14°.

Complete in-plane and_out-of-plane
angular correlations for U235(u,pf) o
proton angles of 9¢° and 140° have been

i obtained. The anisotropy of this re-
Ep (Met) action exhibited & quite different
ensrgy dependence from that of the
(e-€) 2i235(a,pr) reaction, a5 1s sho
— Figure 23 Again, the fission

Froguent angles were measured with
respect to the classical recoil exis.
It is interesting to note that a

Tegendre polynomial least squares fit

STl 1
'

+ i1 he angular correlation data, with
o the symetry axis a free paremeter.
s & showed that the symetry axis coincid
Eeial with the classical recoil axis within
experimental error.

(Seiaa e e S The decrease in anisotiopy et
) e N o high proton energies (corresponding
e e lov excitation energies) is in quali-
ekeitagion enargy in cxressic NN tative sgreement with results obtained
ion threshold. 61




fron the WPH*(5,0f) reactiond which also imvolves the U2 cogggund. mucleus .
Hovever, the explanation vhich we think most likely for the U->”(d,p) result does
not account for the g 23%(t,p) observation. We tentatively attribute the differ-
ence between the U°37(d,p) and the Pu39(d,p) anisotropies close to tareshold to
e target spin effect. As the excitation energy decreases the higher members of
the rotational band become partially closed and o ne with low angular
momentum contribute more on a relative besis, For U°>’, vhich has a large target
EEEE e o e T e iy axis, the angular momntum vectors
are more weakly aligned then for Pu239. The disorientat

to the total angular momentum of the fissioning mucleus.

The out-of-plane anisotropy shows a rather puzzling characteristic of re-
maining approximately constant from fission threshold to the + proton
energy measured.

Future plans include completion of the investigetion of the Pu23)(d,pf)
reaction employing the SDS 930 on-line computer for more efficient data collec-
t: (W. Ioveland, R. Vandenbosch, and K. Wolf)

=

Nuclear Physics laboratory Annual Report, University of Weshington (1965),

o

i c. “Britt, W. R. Gibbs, J. J. Griffin, and R. H. Stokes, Phys. Rev. 139
B35k (1965).

D. Eccleshall and M. J. L. Yates, "Physics and Chemistry of Fission," Vol. I,
p. T7 (International Atomic Energy Agency, Vienna, 1965)




COMPOUND NUCLEAR REACTIONS

2k,

", 0%)0'© Resction

8 (i

ie study of this reaction reported last year®, the
fragments forned in their ground states by decay of
g from bombardment of Si20 with 42 MeV helium ions,
ular distribution, shown as the open circles in
rably more structure then that previously obtained
when one of the 016 fragments is
formed in an excited state. This
structure results from the fact that
if both 016 nuclei are produced in
their ground states they are identical
momen-

In & continuation
apgular distribution of (
8§32 compound muclei, resul
has been messured. The

Figure 2l-1, exhibits c

S (He', 0%)0° £.ra2 eV

observed implies that compound states
with a few even J, values contribute.
Statistical model calculagions of the

e /60en (/a1

that J, = 14 predominates with some
- ion from J,

B (s relative shape of this calculated engu-

lar distribution is shown by the dashed

Fig. 2U-1 The open circles are the line in Figure 2l-1 (see below for &

experimentgl nfobg;ecc, description of the normelization).

action 5i0(ge*, O (

The dashed and full ci

statistical model pred

cussed in the text

tatistical model calculations of
the expected anguley distributions for
fos

grownd state with the other in one of
the tirst four excited states have
also been completed. Since the products are no longer in idemtical states, odd
J, velues can contribute end the engular distributions are rather festureless, as
ifaicated previously for the O+ first excited state. There is little dependence
on the spin of the excited state. Since our experiment does not resolve the
first four excited states (at 6.0T, 6.13, 6.93, and T.13 MeV), ve have added the
four individual angular distributions together and plotted the result as the
full curve in Figurg 2i-1. The open squares are the experimental cross sections
for the reaction 5125(5",06(y o )01 (g o oy . The errors indicated in the
figure include only statistical errors in 1401 mumber of events recorded.
Systematic errors in the absolute value of the cross sections are believed to be
about + 4OF, due mainly to uncertainty in the terget thickness, The full curve
hae been mormalized to the experimentel value at 90° (center-of-mass angle).

Tt Gashen durve s the SaTSUISbER e Tor Os (5" m i) RON (MR i the
s e Limvson. us. the Cul S Sl T s2ta1ced Salue of te
cross section is somewhat larger then the observed value may reflect the expecta-
tion3 that the reduced width for forming the ground state, with a rigid closed
shell configuretion, is less than the reduced width for forming the more easily
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deforable excited nucleus. nother possibility for expls iscrepancy
is that the energy dependence of the O - 010 penetravilities are not given
correctly by the optical model which was psed. A study of the inverse reaction,
where the center of mass energy in the 0% - 016 system can be more easily
veried, will help in clarifying this problem. (C. J. Bishop, J. Nomman, and

R. Vandenbosch)

1 Nuclear Physics Leboratory Annual Report, University of Washington (1965),
p. k2. (Figure 21-2 of this reference is erroneously 1. d mb/sr instead
of ub/sr).

2 Ibid., p. k.

3 Cyclotron Research, University of Washington (196%), p. 4i.

25. Investigation of the 0'6(0!6,e")51% Reaction

y
The reaction C12(c12, He)Ne2O has been extensive; ,:Lu,u,,d_l,mé The

+ S&li Systen is of interest for comparison with C2+ 12 systen?’© and with
5128(5e", 016)01° qata of the preceding section of this report.

16
the

Ig prelininary experiments, a maximm of approximately 90 nanosmperes of Sk
eV 0'0 (charge state 6) and 150 na of 36 MeV 016 (charge state 5) vere obtained
in the Faraday cup of the 60" scattering chamber when a BaO-coated Pt-mesh
filament and hydrogen gas were used in the duoplasmatron ion source of the Van
de Graaff accelerator. The 36 MeV OL6 beam vas used to bombard a 170 micro-

2 thick N0 target. Several lithium-drifted silicon detectors, covered by
LA mils of alminm foil to stop the scattered oxygen bpem, yere used to detect
the alpha particles produced in the reaction 010(018, He')3i25. A miltichannel
analyzer and the on-line computer were used to record the energy spectrum £rom
each detector. Peaks in the particle spectra attributable to alpha particles
lesding to formation of Si20 in the ground state, 1.8 MeV first excited state,
and the 4.62 and 4.98 MeV second and third excited states (unresolved) vere
observed. These results indicated that the aversge differential cross section
varies from approximately 10ub/sr for formation of the Si20 in the growd stete
o 60ub/sr for fornation of the 5120 with 4-5 MeV of excitation energy.

Experiments are in progress to measure the angular distribution with 36
MeV 010 ions, and at several other energies up to 5 MeV (vhich corresponds to
formation of the 532 compound mpcleus with the same excitation energy as in the
reaction of 5128 vith 42 MeV He'). A search for the fine structure in the energy
dependence will also be performed in seversl energy regions. Methods of obtain-
ing larger 016 beam currents amd more stable beams are currently being investi-
gated. (C. J. Bishop, J. Normen, end R. Vandenbosch)

1 E. Almqvist, J. A. Kuehner, D. McPherson, and E. W. Vogt, Phys. Rev. 136, BBk
(1964 ) .

2 E. W. Vogt, D. McPherson, J. A. Kuehner, and E. Almgvist, Phys. Rev. 136, B99
(196k).



J. Borggreen, B. Elbek, and R. B. lLeachman, Mat. Fys. Medd. Dan. Vid. Selsk.
34, mno. 9 (1965).
5. P. Bondorf and R. B. Leachman, Mat. Fys, Medd. Dan. Vid. Selsk. 3k, no. 10

(1965

Cyclotron Research, University of Washington, p. 41 (1964).

J. O. Rasmussen, Proceeding of the Third Conference on Reactions Betwex

Complex Nuclei, Ed. by A. Ghiorso, R. M. Diamond, and H. E. Conzett, Un)vcrsn.y
OF California Press, Berkeley (1963), p. WUT.

o

2. Spectral Fluctuations in the A127(d,p) Reactions Proceeding to the
Contimun

The study of spectral fluctuations, discussed in the 1965 Annual Report’,

has gontimed. In contrast to this present stuly, conventional Ericson fluctua-
luctuations in the excitation function for tr

ruum to discrete finsl states. Hovever,
states need not be discrete for fluctustions to occur; Fluctuations will occur
both in the excitation furctions and in the spectrs for transitions from the con-
tinuum of the residual mcleus. To complete the symetry, fluctustions in the
spectra would also be erved vere 1t possibl to lave disercte states in the
compound. nucleus and overlapping states in the residual mucleus.

Leaving out the last
tinguish three types of
obtained from each:

which in practice is unattainsble, we can di
luftuat)cn processes and the coherence widths,
on fuetion Tluctuavions with transitions to
discrete states (the com lonal case), Here one learns sbout the compownd
nucleus width, Mgy, With a sample size determined by oy and the energy region
spanned in the excitation function. (2) Spe:tral fluctuations at one incident
energy. Here one learns sbout the residual nucleus width, I'g, with e sample size
Le~erm,\ned vy Ty s.nd the spectral interval examined. (3) Excitation function

sitions to the continuum. Here one learns about Ioy and
ticular, gy can be deduced with a large sample size,
de»ermined essentially by the spectrsl interval, even for only a few incident
cnergies, vhile [y can be determined as in (2) above. (Conversely, but less
usefully, the width I can be determined with a lerge sample size if one observes
at many incident energies s narrow intervals of the spsctrm, each interval
:nrres};cnd ng to & Fired residual excitation energy; [gy can be deduced as in (1)
above.

The design of the experiment determines which of these cases onme observes.
Bu re in principle similar, and the basic fomalism and terminology of
conventional fluctuation treatments are appliceble to all three cases. In the
present experiment the original interest lay in the observation of spectral
fluctuations. However, in the attempt to identify these, it was netural to
examine spectra at several energies and thus informstion was also gained about

It is to be expec
small, aue to the incoberent addition of comtribu

that the megnitude of the spectral fluctuations will be
ons from channels involving
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gifferent magnetic substates and to & background from protons emitted in the
con or third stege of the emission cascade. To identify spectral fluctuations
%he Tollowing criteria may be spplied: (1) The magnitule of the fluctustions
should decrease as the observation angle is moved from 180° (or ) to 90°, because
there will be more magnetic substates contributing incoherently to
section. (2) At the same incident energy, the particle spectra should be uncor-
related at angles that are separated by more than one angular coherenc width.?
(3) The particle spectra taken at two different incident energies become uncor-
relsted as AE is made greater than gy

e cross

"

e A127(a,p)a128 reaction vas chosen for the initial study becauwse, in
ddition to the resdy availsbility of pure tergets, the combination of highQ
(5:50 MeV) and intermediate A leads one to expect & relatively high ratio of
width to level spacing = I'g/Dg (~ 20 at a residupl excitation energy, Ug, of
12 MeV). Therefore the #Nuctuation criterion3:* /D 2, 2 will be vell satisfied
for Up > 12 MeV.

At & typlesl residusl excitation energy, Up = 15 MeV, Ip is estimated to be
sbout 25 keV. The mein i problen in this 1 i
o o for & particle detection systen vith en energy resolution < Iy capable
F distinguishing protons fromdeuteroms over en energy reglon from 2-10 MeV. A
onsigerable effort ves spent towsrd achieving this resolution. A AE-E system,
incorporating a conventional miltiplier circult was chosen for part identifi-
cation. The detectors used vere ORTEC fully depleted silicon surface barrier
dets;%ors with thicknesses of 47 microns and 1030 microns and semsitive arees of
25 and 1

0 m? respectively. Both detectors were selected for lov noise
Hheractoristics. Thermoelectric cooling (to sbout -2C° C) was provided to further
Sesuee nolse arising from leakage current. In the actusl date teking configura-
tion, an anticoincidence detector is mounted behind the AB-E telescope to reject
protons which pass through the E detector.

Tests of energy resolution with alpha-particles from radioactive sources
+typically gave values of ~ 20 keV (FWHM) for the E detector and ~ 2l keV for the
AE detector. The AE-E configuration (adding signals sfter ‘the preamplifier stege)
typically gave values of ~ 32 keV.
cally-scattered protons from
‘ypical data taking conditions, hovever, the resolution achleved vas somewhat
worse (~ 40 keV) spparently due to a count pileup effect which persisted even &t
the lowest tolerable counting rate.

Initial runs indicated that buildup of C12 on the AL terget ves a severe
problem because the CL2(a,p)c % reactions ylelded discrete proton groups in the
Bergy rogion where Tluctuations are expected. Installation of a Liguid mitrogen
Y in avourd the target reduced the carbon buildup rate by & facter of 2.5
Because this rate still amounted to 1.5 % 0.5 wg/cn?/or under charged particle
Dentasdnent, targets were used for only several hours and then replaced wITH
frosh ones. This reduced the C12(d,p) contributions to the proton spectra to an
scceptible anount.

yere typically 5.5 keV thick for the 16 KV incident

The Al targets used
en energy spread

deutrons and 11.6 keV thick for 3 MeV protons. The incident be:
vas limited by defining slits to be less then 16 keV.
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4g. 26-1  Proton spectra from the
A127(d ) Au25 reaction st 170° and 90°
(Lab). The proton energies (Lab) range
from about 3 MeV t0 T MeV. The inci-
dent deuteron energy is 16.48 MeV.
Note the suppressed zero on the ordin-
ate scale. The standard deviations
are typically about 3% at each point.

Several representative values are shown.

wﬁmn\:ﬁn\w e

e

displays preliminary proton spectra at 170° and 90°
[RIS170" spectoom wes baken with the detector

spectrum vas taken b R = 9

in. in

nenatic broadening effects at 90°.

trun shows structure that is outside of the statistical uncer-
vely suggesting the existence of the fluctuations we

pronounced at 9%° than at 170°,
ddition, the positions of th

seek. The
in further agreement with
veaks and valleys are uncorrelated

To put these features in quantitative terms
el cross-correlati
The cross-correlation atiEterinm e tioct

coefficients for the two spectra.

M-LO) ) (1) |
U,

3e) a |

il el simple functional form

£ -e/T
Sley) = Aley - V) e LU (2)
vhere ¢ is the emitted particle

energy Bnd the parameters A, V, and T

cele o by least-squares £it-

ting to the data points of the indi-

AT S L
22 is essent;

Ea. (1) with 8'

The results of these calculations
gave a self-correlation coefficient of
2.3 x 1072 for the 170° spectrum and
0.6 x 103 for the 90° spectrum, con-
firning that fluctuations in the 90°
spectrum are indeed dampened. A value
of 0.0 x 1073 wes calculated for the
cross correlation between the two
The fact that the cross

r than

expected for angles separated by more
then en enguler coherence width. Pro-
ton spectra were also taken at several
internediate angles at the s




incident energy. Self-correlation coefficients for these angles display a
smooth falloff between 17C° and 90°.

The magnitules of these self-correlstion coefficients are considerably
smaller than the velues to be expected on the basis of the effective mmber of
magnetic substates contributing incoherently to the cross section. Hovever,
Little significance can be sttached to the sbsolute e
into account effects of imperfect i resolution, of contril
from later stages of the emission cascade, S e ol e
actions on lighter elements or from sequential emission between discrete levels),
and of finite sample size. As yet, this has not been done.

To establish further that the peaks arise from transitions to the contimum
and not to discrete levels, one would wish to demonstrate — the s (at the
same Up) diseppear if the incident energy is changed by AE > I, er the
small magnitude of the £luctuations causes serious atrticno1eSin lieat fying
and following individual peaks. Neither the present data nor the a."nlysm tech-
niques currently used are as yet adequate to enable one to trace indivi
with incident energy. An alternative method of determining if, on the gversge,
the peaks diseppear is to make use of & cross-correlation function between dif-
ferent bombarding energies, i.e.,

o (U Ug)

XC(T ey 6) = < (— 2
ol £ K

51
-H»(M-MD, 3)
5(Ugyy + 8,05)

where 8§ is the sbsolute value of the incremental change in the incident energy.
This function is equivalent to the auto-correlation function of the conventional
fluctuation theory, with the averaging over Uy replaced by an averaging over Up.
It therefore should exhibit a Lorentzian fallSff with § and approach zero at
lerge 6. This method of enalysis has the advantage of giving the value of Icoy.
Tt is to be noted that this cross-correlation function in & region of many dis-
crete residusl levels would also decrease with a change in incident energy but
would not approach zero at large

The uncorrected cross correlations show a Lorentzian falloff to zero with

~T0 keV at the excitation energy of 33 MeV in 51%7. This value of I
sonnwhat lower than expected from other data, but again the mumerical result hes
1ittle significance at the present stage of data taking and analysis.

The residual nucleus coherence width FR can be found from an auto-correlation
function enalysis of the individusl proton spectra. The results of such calcula-
tions yielded & value of ~ 45 keV at half meximum. Much of this width is due to
‘the detection resolution. Although one could in principle extract a value of
Tg i 1f ‘the resolution is worse®>7 than Iy, at present this has not been
attempt

In conclusion, it appears probable that the spectra exhibit the predicted
fluctuations. This tentative conclusion is supported by the difference in self-
correlation coefficients at 90° and 170°, the absence of correlation between

spectra at 90° and 170°, and the approach to zero of the incident energy cross-
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correlation function af large energy separations. As yet, however, neither the
data nor the analysis equate for the extraction of mean: ingful values
Tgy or Tp. (D. Bodansky, N. Cue, end C. D. Kavaloski)

Nuclear Pnysics laborstory Anmuel Report, University of Weshington (1965),

T. Ericson, Phys. Rev. Letters 5, 430 (1960); Amn. Phys. (n Y.) 23, 230 (1963);
D. M. Brink and R. 0. Stephen, Phys. Letters 5, 77 (196k)
P. A. Moldauer, Phys, Letters 8, 70 (196).

and I. Hall, University of Oxford, NPL Report Ref: 176/65

Stephen, and N, W. Tanner, Muclear Phys. Sk, ST (1964).
W. R. Gibbs, LASL Report No. IA-3266 (1965).
D. W. lang, Nuclear Pays. 72, b6 (1965).




VI. NUCLEAR FISSION

27. Competition between Neutron Bmission and Fission at Moderate Excitstion

Energies

Teutron emission and fission are the two main modes of de-excitation of
heavy miclei excited above the thresholds for these processes. Although e fair
amount s known sbout the dependence Of the competition between neutron emission
o lesion cnf 8 econlc nsber sl ness maber of the fisslontizg micleus, the

f thi is not well Analysis! of
oy oha spallation cross section date for heavy elements at moderste excita-
‘tion energies generally indicates little variation of the ratio of fission to
neutron emission (Tp/l,) with excitation energy EX. An experiment by Harding and
Farley?, hovever, implied that T/l decreases markedly with E¥.

analysis according to statisticel theory would predict that the depend-
ence of T'g/T,; on EX would be of the following form:

.(15n - Br)/T(E*)
It flrn = £(B*) e

where B and By are the thresholds for neutron emission and fission and where f
is a fufletion whose form is semsitive to assumptions made bout the nature of the
fission process, Me function ¢ depends on By, By, and on B, but the - aependence
1o expected to be slover than that of the exponential exceyt sher

The fact that this happens to be the case in the uranium region maked tath region
particularly suited to studies of f.

In the proposed experiment, values of [p/T), will be determined by the method
£ Harding and Ferley. In this method one measures the angular correlation be-
‘tween neutrons and fission fregnents. Neutrons emitted before Fission are
essentially wncorrelated in direction with the fission fregments. On the other
hand, neutrons emitted efter fission are strongly correlsted in direction in the
laboratory system because they are emitted from moving fregments. One can thus
hope to deduce a ratio of post-to pre-fission neutrons from an engular correla-
tion study. This in turn ellovs one to estimate the aversge excitation energy
at vhich the fissions under stuly ere occurring. It is hoped that by studying
a variety of fissioning species at & series of energies it will be possible to
deduce a simple function f that consistently accounts for the observations.

The experiment will inclule some important differences from the original
Harding-Farley work while using the same bssic technique:

(1) The present experiment vill be perforned at lover bombarding energies
than the earlier work (10-22 MeV rather than 147 MeV). Fever direct inter-
actions, which can result in incomplete momentum trensfer, are expected at the
lower bombarding energies. It may also allow the use of an iterative procedure
to deduce I'g/Ty at the higher excitation energies in our range. The point here
is that the correlation measurements alvays provide some average I'g/lp down the
decsy chain. In order to deduce I'g/I'n(E¥) from such messurements, one must de-
velop a consistent unfolding procedure, sotaning with low-energy values of I'g/Ty.
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procedure, starting with low-energy values of T/l

(2) In the present measurement neutron emergy spectra will be recorded.
(This was not done in the earlier work.) This vill be accomplished by using a
fimeoof.flight techniqe. The importance of spectral measurements is two-fold:

) They permit us to make the rather large correction for the falloff in
neutron detection efficiency with leboratory neutron energy.

(b) They permit us to check to what degree the neutron spectra seen ab
difrerent angles with respect to the fragments can be consistently interpreted
as sdentical spectra in the center of mass system of the emitting fragments.

Some calculations of expected spectra and angylar distributions have been
made o permit us to better design our experiment.

The neutron detection system consists Of a photo tube with & one inch thick
plastic sointillator, a time pick-off unit, and e time-to-pulse height gonverter.
The efficiency calibration of the system will be carried put using CESY, 8 con-
venient source for shigh the spectrum is very wll known, A typical time-of-
£1ight spectrun for (122 using this system is shown in Figure 27-1.

The two Fission fragment kinetic energies vill be measured simultancously by
a pair of solid state detectors. For
a7 each event the neutron time-of-flight
R - and the two fregment energies will be
stored in the equivalent of a three-
dirensional errey using the SDS 930
on-line computer. This will provide
fraguent velocity information for each
event, facilitating comparisons involv-
ing transformations between the lsbora~
tory and fregment center-of-mass
systems, It will also permit determina-
tion of the dependence of neutron
i emission on mass asymmetry and total
Fig. 271 OP% Neutron Time-of- kinetic energy release.
Flight Spectrum. Flight Path = 30 cm.

o or cooers

A thin-walled chamber and beam
‘tube?, especially designed for low
neutron background, has been constructed
and installed on one of the University of Washington Van de Greaff beam lines.

(C. J. Bishop, I. Halpern, C. D. Kevaloski, R. W. Shaw, and R. Vandenbosch)

T R, Vemionbosch and J. R. Huizenga, Proceedings of the Second United Netions
Bontemnne on the Peaceful Uses of Atomic Energy, Geneve, 1958 (United

Netions, Geneva, 1958), Vol. 15, p. 28k.

C. 3, Harding aid 7, 3, M. Farley, Proc. Buys. Soc. IXIX, IL-A, 853 (1956)-

W ave indebted to A Bushiin for performing these calculstions.

H. R. n, 5. G. Thompson, d. Cv D. Milton, snd W. J. Suiateckl, Pays. Rev.

126, 2120 (1962).

5 Bee Section 42 of this report.
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28. Channel Analysis of Cross Sections and Anisotropies for Neutron-:

Fission

primary motivation for this analysis arose from an observation an
apparent inconsistency between two features of neutron-induced fis nagely
‘the rounded shape of the total fission cross section excitation functionl’2 in
the vicinity of the barrier, and the rapid variation of the anisotropy of the
fragnent distribution with neutron energy (see Figures 28-1 and 28-2).2:3 fThe
former observation implies a fission barrier with large enough curvature so that

1sf0) UB*4q

(oms) o]

oaf-
5 o%_ 050 o5 el
NEUTRON ENERGY _(Mev)
15}
Fig. 28-1 The heavy line repre- 0%
sents the total ission excitation " 19

e Nt e g E\‘
for parameters obtained from a fit

osf

o505 ot
NEUTRON ENERGY (MeV)
appreciable penetration oceurs below
the barrier and also apprecisble re-
flection occurs above the barri
e
fluctuates quite rapidly with neutron
energy, which vould seem to imply that
2 = th
new barrier states come in rather sud- ki T
denly. A further motivation for this R »ano\rye»;wu bl
analysis came from a desire to ex- g o A
plore the uniqueness of previous K-
pauleasiomen s et o] aceas s
possi des for further assigments
g

Fig. 28-2b The full curve

anisotropy and cross-section data.

These remarks are primarily concerned with even-even target nuclei who:

fission threshold is larger than the neutron binding energy. The compound o
fomed by capture of a neutron of sufficient energy may either de-eicite
emission of & neutron or may fission through one of the available miclear states
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barrier states which seemed the most promising for explaining the results were
chosen for further explorations. These are given on the first line of Table 28-1.

Table 28-1. Best set of parameters obtained by simultancous £itting
Of cross section and anisotropy data for the U234 (, f)
reaction. The barrier heights, Ep (relative to ine
neutron binding energy of 5.2k MeV) and the cur £
Fiw, are expressed in KeV. The decoupling constent:
2150 given althouh they are mot well-deternined by the

are

analysis.
Set I Set IT Set ITI

K 3t e et 32" 12 et 5/270 lifati tayos

Ep 350 74O T80 510 650 670 350 660 680

i 15 12 810 350 12 630 120fistimored =30

o liftis 2iiiolo ~iiilio:81 44 889 - ik iy Y656
Set IV Set V

K 7/e1 1A/t e s/2ilfat e

E, 60 750 900 200 680 1,260

fw 25 19 90 60 60 1,470

@ - 0.6 9 - 0.9 9.0

In the first of these explorations, the bgrrier heig &
and decoupling constant parameters were varied® to fit only the anis
no reference to the absolute cross sections) at 0.3, 0.5, and 0.8% MeV. The most
interesting result of this search is that although good 7its +o the apisotropy
were obtained for all five sets of parameters, only the set with the 3° K state
geve o qualitatively correct fit to the cross section, as is ed in
Figure 28-1. This result is sensitive, however, to the particular optical model
parenmeters em

In a second exploration, the same parameters were varied to fit both the
anisotropies and the total fission cross sections at the above-mentioned energies
together with an additional cross- section value at 0.15 M
i el T e e A Al
o values larger than 12 keV, and the absolute value of the decouplin
were restricted to values of 9 or less. The fits

s



Figure 28-2b) were not
fitted, vhile the fits
by comparing Figure 28-2a with Figure 28-1.

aistributions at 0.5 and 0.8% MeV neutron energies.
v in Figure 28-3. As Figure 28-3b illustrates, of the
five sets chosen only two of them gives
on angular distribution qualitatively
ifferent from the others. One must
remenber that the angular distribution
is not simply a function of the K and

I values of the available barrier
States, but it also depends on the

neutr
states to which neutron emission can
occour. The_sensitivity to the parity

of the K = # state srises from the

fact that there is a fairly strong
maximm in the p-wave strength function,
so that at certain neutron energies

1 neutron capture dominates over
2=-0eand £ = 2. For similar reasons
it can be seen from Table 28-1 that
the ordering of K states is not what
0 might be expected from the anisotropy
pattern. This reflects the fact that
at 0.3 MeV neutron energy the spins
and parities of the compound,states
favor fission througha K = 5 state
even though the K # 7 state'has a
i 3
lower barrier.

30 0
Bc.n. (degrees)
With respect to the question of

a.tF)(i') 28-3 - ggﬁ:égr;\35~§lbﬂtl°ﬂs the berrier curvature, one sees from
asile) By = 0. e Table 28-1 that we have been able to
(/= |0:5MeV. e calculated curves account for both the sub-barrier

are for paremeters obtained from & tssion behavior and the rapidly vary-

£3t o both the anisotropy end cross

section data.

curve

and the state with small curvature permits sharper changes in the anisoteopy with
e inaioation that, the berrier curvatuss are different for diffarent

Teasonable. As the odd-mass number fission-
c mentun and parity, so that
Secon diagran cannot be exploited. This effect

energy.
K states does not
ing nucleus is def

many of the crossings on the NI

e A 1scussadlity WiecTer Euitamstopiop LU ST SR comnection

ith spontancous fission. We are currently exploring the Nilsson diagrem to see
in more deteil. If the varying

if one can understand the parrier curvatures i
curvatures do indeed reflect the details of the single parnc%e smgfs 0? thg
Soforued mucleus, one'can understand Wy some target nuclei like U23" and Th®32




(both of which form compound muclei with 143 neutrons) exhibit Lalz;éeévm.s ions
gfoige, anisotropy with energy, while other ferget muclel such as 3
(R. Vandenbosch)

=

D. J. Hughes and R. B. Schvartz, Un)ted States Atomic Energy Commis:
Report BNL 325, 2nd Eﬂ;t)o'\ (195

R. W. Iamphere, Nuclear Phys. 38 561 (1962); R. W. Iamphere, Puysics and
Chemistry of Fission, Vol. I, &3 (International Atomic Energy Agency,
Vienna, 1965).

R. Vandenbosch, J. P. Unik, and J. R. Hul enee, Physics and Chemistry of
Fission, Vol. I, 547 (International Ator rgy Agency, Vienna, 1965).
D. L. Hill and J. A. Wheeler, Phys. Rev. 39, e (1953).

E. R. Rae, E Margolis, and E. S. Troubetzkoy, Phys. Rev. 112, h9> (1958).
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29. Doubly Charged Particle Emission During Muclear Fission

Studies of fission accompenied by the emission of a third small fragment, almost
alvays an o particle, have contimued. One unanswered question concerned & pPos-
sible correlation of the probability of o emission on the asymmetry of the mass
split of the two heavy fission fragments.l Previous attempts to study this
question were inconclusive, for reasons having to do with the bombarding energy.
In helium ion induced fission of readily fissionable targets the excitation
energies are so high that multiple chance fission occurs and the unfolding Of the
contributions from the several fissioning species is very complicated. Ideally,
one would like to study & system where only first or et most first and second
chance fission are possible. This suggests the study of proton-induced fission.
The proton energy available from the cyclotron was however, too low to give

enough fission events. experiment vas therefore performed PR e
from the tandem with a target. The bomberding energy h enough to give
an apprecisble amount Of symmetric fission yet below the threshold for 3rd-chance
fission

The experiment consisted of measuring the two fission fragment kinetic ener-
gies in coincidence with en g particle. Because the direction of emission OF the
« particle relstive to the two heavy fragments is correlsted with their asymmetry,
in order to study the dependence of o emission on mass ssymetry it is e

o measure the cross section as a function of angle. We chose to use

tending & rather large solid angle, one centered at 90° relat:\ve
%o the two fission fragment detectors (which were 180° apart), the other at 75°

o one of the fregnent detectors. In the latter case the fragment detector tended
to detect mainly the light fission fragment.

From the fission fragment kinetic energies the mass split in‘g accompanied
sion was computed and compared with the spectrum obtained
Figure 29-1 shows the results obtained for coincidence

for binary fission.
th the o detector placed




ot 7°. In this configuration there is
& slight favoring of asymmetric over
symetric fission in o accompenied
fission. ALl the date were analyzed
wvith e suitable w
the solid angle subtended by each o
detector and the overlap betveen them.
Taking the fission yields of fregments
s range in the light

of asymmetric fission and a

range in the valley between as &
measure of the yield of symmetric fis.
sion, the average peak-to-valley ruL\o
for g accomperied fission for 13.0

MeV protons on UPS’ is 2.86 + 0.35,
compered with 2.29 ¢ 0.09 for the same
ratio in binary fission. Thus asym-
metric fission appears to be favored
over symetric fission by a factor of
1.25 £ 0.16.

experiment is still far from
r ansvering the question vhich

6

G 00 140 60
FRAGMENT MASS (amu) " "
etric fission "mode,” it is

Fig. 29-1 Comparison of the mass-
yield curve of fission fragments from
binary fission (solid line) with that
observed when fission is accompanied
by the emission of an g particle
(dashed line), the tor being
at an angle of 75° relative to one
of the two Pission fraguen

detectors.

sym
not easily obsebé%g in stud‘cs of the
mass valley of
the events are due to = edges of the
asymetric mess distribution. A muc
beciey gzrgc{. for such a study vou
which under proton bombard-
i gives well-separated symetric and
asymetric mass yields.® Because of
its unique h and contamination

3

hssards we have hesitated o perform
the miti-purpose scattering chamer.  In
Scattering chamber with & thin membrane to
ne. xperiment #il1 be repeated using the chamber

(s, W. Fairhall, I. Halpern, W. D.

experiments with radium
have constructed a smal
from the main vacuwm system.
and the computer for on-line data reduction.
Loveland, and D. G. Perry)

W

Nuclear Physics laboratory Anmil Report, University of Washington, (1965),
Fission
Rev. 109

of Ra® 226 by 11 MeV Protons, R. C. Jensen, and A. W. Fairhall, Phys.
, 942 (1958).
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VII. INSTRUMENTATION FOR RESEARCH

30. Design, Devel t_and Construction of Electronic Equipment

Major programs pursued during the past year have been concerned yith:

a. Installation and trouble-shooting of the recently acquired Scientific
Data Systems 930 Computer. (See Section 31 for a further discussion of the
computer. )

The placement in operstion of a second counting erea in the Ven de Greaff
counting room. Items constructed specificelly for this eres include: ten eight-
decade scalers, vith output decode lines to provide digital readouts to the com-
puter; a k-chamnel slow coincidence unit used to develop gating signals; & pre-
cision pulse generator; a general purpose pulse generator which can give up to
eight simultaneous (or delayed) pulses; and an electronic clock and scaler con-
troller. Commercisl equipment purchased and installed in this ares includes: &
Nuclear Data Model MD-130 multichannel pulse height analyzer with oscilloscope,
paper tape end typewriter readouts; a 4-chamel Hemner emplifier, pulse-height
analyzer and coincidence system; a Tektronix Type 5T oscilloscope; nanosecond
fast coincidence circuitry; two ORTEC model 210 solid stete detector
units; and an ORTEC Model 220 amplifier system, Power for this area
Dy a General Radio 5 kVa line stabilizer. Cabling from this erea, for both signals

scaler readouts, has been installed to the computer permitting the ai
sentation of data to the computer.

The design and construction of equipment for the Ven de Greaff beem
bunching system, (See Section ki for further details.)

d. | The comstruction of a particle identifier system, besed on the oeates
of Goulding et al.l Prints and negatives were purchased from the Lawr
Radistion Taboratory.  The circults ace howed in stantar TAEC compatible plug-
in wnits, to allow for operational flexibility. Testing of this system has begun.

Other construction projects have included: a pulse division circuit based on
‘the design Of Gere and Miller? (standard plug-in); three aaaer mixer units (stand-
ard plug-in); a pulse pile-up rejection unit (standard plug-in); & wnit used in
checking solid state detector fabrication; an 0-800 volt power supply and & resis-
+tivity probe for solid state detector fabrication; & counter giving en sudible out-
put proportional to the Van de Graaff beam intensity; a fanout system for the beam
monitoring output; and mumerous small amplifiers, metering circuits, sttenuators
and terminators.

Commercial equipment purchased for general laboratory use, beyond that men-
tioned sbove, includes: two ORTEC Model 220 amplifier systems; three ORTEC Model
260 Time Pickoff Units; an ORTEC Model 210 solid state detector bias supply unit;
& Northern Scientific Model NS-601 multichannel pulse height analyzer, with a
teletype readout; a Moseley point plotter used in conjunction with the miltdichannel
analyzers; a Nuclear Date Model ND-501 analog dual buffer storage unit; and several
charge sensitive preamplifiers for use with solid state detectors. (L. H. Dunning,
H. Feuska, K. H. Iee, G. Monge, and N. Ward




1 F. S. Goulding, D. A. Iandis, J. Cerny III, and R. H. Pehl, IEEE Trensactions
on Nuclear Science, Vol. NS-11 To. 3 (196%), pp. 388-396.
2 E. A. Gere and G. L. Miller, i , pp. 382-387

31. On-Line Computer

a. Recent History. Iate in 196k the AEC authorized this laboratory to take
bids for an on-line computer system for real-time acquisition and processing of
date from nuclear physics experiments. On the basis of these bids and further
AEC approval, a contract vas signed with Scientific Data Systems, Inc. of Santa
Monice, California for purchase of the system.

The system was to be delivered no later than October 6, 1965. However, a
sub-contractor, Nuclear Data, Inc., was unsble to supply the specified analog-to-
digital converters on schedule. This delsyed delivery of the entire computer
system by approximately two months. The actual deliver date of the system, vith
substitute ADC's supplied by Victoreen, Inc., was December 15, 1965.

fairly recently the system has been in the acceptance
period. During this + was partially availsble for use by this laboratory,
but had still not been demonstrated to meet the technical specifications of the
contract and was thus still the property of SDS. Because the acceptance period
was rather lengthy, the laboratory personnel had en excellent opportunity to
test the system against specifications, requirements, and expectations. By
April the system ves performing in accordance with specifications. On A

1966 the system was accepted from SDS, and final peyment (less $14,000 for items
in dispute) was made by the University and the AEC to SDf

From that date unt:

b. Description of the System. The on-line computer system is built around
an SDS 930 computer with 8,192 words of 24 bit, 1.75 usec core memory, two 1input/
output channels, twelve levels of true priority interrupts, and a real time clock.
Stendard SDS peripheral equipment includes two 75 in/sec triple-density megnetic
tape transports; & 100 card/min card reader; a 100 card/min card punch (1B 523);
& 300 line/min 132 colum line printer with 4B stenderd characters and 16 special
plotting symbols (for plotting at a density of 18 x 20/in); and & keyboerd printer
(Teletype 35 ASR) with paper tape resd/punch at 10 characters/sec. Figure 31-1
shows two views Of the computer.

B

Two special sub-systems, & data-input multiplexer and an oscilloscope display
unit, were manufactured by SDS to our specifications. The data-input multiplexer
is designed to operate up to 8 analog-to-digital converters (the present system
hes 4 ADC's) which will accept pulses from particle detectors, etc. Each ADC
input contains a redundant register which can accept the ADC input as soon as
conversion is complete, thereby de-randomizing the counting rate to some extent.

A format register in the miltiplexer, which may be read by the computer, keeps
track of which ADC's are active. Any ADC or group of ADC's can be comnected to
& priority interrupt line to initiate data storsge. Any ADC cen be set to operate
either i 1y, as in the n of a single paremeter pulse-height
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spectrum, or with other ADC's as in a coincidence experiment.

In addition, the data-input multiplexer provides the capebility of reading
in any of 30 8-decade (32 bit) external data signals such as scalers or clocks,
40 1-bit switch position signals, and 10 10-bit external data signals fr
position encoder: . Ten of the B-decade inputs are now permanently comected
1 Van de Greaff counting room k. The control console also
bwheel switches for mmerical entries, and a bank of 10
sters for presenting mmbers entered by the computer.

contains 5
T-decade Nixie display regi

The display unit is designed to provide tyo- or three
tions of collected date with a minimm overhead of computes
connected to the Y-buffer (I/O chamnel) of the computer and receives digl
signals which represent the x, y, end 2 coordinates o
space. This digital information is converted by means of D/A converters to analog
Volteges. These voltages are then transformed to horizontal amd vertical oseillo-
seope deflections by means of & special purpose enalog computer contalne’ Sy the :
display unit. This unit can form any linear combination of voltages X, ¥, end Z,
perform coordinate rotations by turning e knob, teke the logarithm of & given U
. intensify, or trigger en interrupt when &n 8o
+ voltage range. The particular operations to be per= E‘!
ralog computer are controlled by wiring & removable patch i
itches and dials at the display console, (Further details '
these spacial sub-systems may be found in the Technical Specifications of the W

Computer System.)

dimensional presenta-
r

e, Brogress in the Use. of the Systen.. T imisecuEUEERSUERE
e e e emroaties are poseible:h (OINSELENISIENE the
oo o s ezadila e cperstion GEGESICEREER SR
e onnon amaiysers, through special harivare SBLEEEREE U,y
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1 roms in & femiliar pro-
Llect o B the full flexibility of

gramming langusg
the computer system. T
line computer as eacy as possible for the
the system. The latter spproach puts the
experimentalist but gives him full flexibill
latter approach was chosen as more in keEPim;d e Staien
laboratory, the education and training of graduste # f
line with the gemeral style of e danoratorysB EEESESE 't::;;h;frn;r:-
REATTVE PoTRAN (RIF) by DS has provided an excellent St ry s caten cone
gramming languege for preparing date collsction programs - pt multiplerer and ’
G on e en e, specia. hazdvare, such as the SatesiiiEiiuy e pachine
e adepiay sty by pEowiaine e C

agnacs insivmct ions s respouEs EoipriaE CYE SN

: tten for opersting
Building-block subroutines for use with RIF have ‘been vr;Pe aisplay wit
‘the analog-to-digital convertars; for oper“:m r reading in the
with full control of light pen, Characters, o witches;
“xternal sealers in Comting Hoomljiesa sesdbE e a;:éto; .
%ing 6nd fagt updsting of theliEIENERIOIEUEERE
incorporated into the RIF library on magne g
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These building-block subroutines have been used in writing several RTF data
collection programs for a variety of experimental applications, incluling one
ameter pulse-height enalysis of date from up to four independent sources simil-
taneously; two parameter analysis accumilsted in a 32 x 6k array in memory; and
three paremeter analysis to be written on megnetic tepe for sorting and
at a later time. A date analysis program is now in use vhich displays off-line
data on the oscilloscope displsy and permits background subtraction and
G using the 1light pen to specify background and integratio
vo-parameter particle identification progr a s been rithen vl aliows
spﬂc)f cation with the 1light pen of an
falling in different regions between e B
areas of memory.

t this writing the computer system has been employed on-line in three
xper)mental projects (Sections 16, 17, amd 25), and has proved a valusble asset
in each of these experiments. Now that most of the preliminary testing and
programming have been accomplished, we expect that it will play a mch larger
Tole in experiments at this laboratory in the near future. (D. Bodansky, J. G.
Cremer, H. Fausks, J. B. Gerhart and R. Vandenbosch)

32. Particle Identification by Pulse Shape Discrimination

A theoretical investigation of the feasibility of particle identi:
by pulse shape discrimination in lithium-drifted solid state detectors
performed. The investigation was carried out for protons, deuterons, and alpha
particles in the energy range from 3 MeV to 16 MeV.

e basis for this type of particle identification is that the rise time of
the pulse from the detector is dependent upon the range of the particular particle
in the detector.l The range, in turn, deperds upon the charge, mass, and energy
of the incident particle. Theoretical equations have been derived vhich predict
She time depenience of the pulses derived from solid stete detectors.l
equations were inverted using the SDS 930 digital computer recently acquire
this laboratory. In this wey the dependence on the incident energy end rer s
type of the time required for a pulse to reach various energy discriminator levels
wes determined. Using this information one can generate theoretical two-dimen-
sional spectra vhich display the separation one might expect to obtain under
experimental conditions. Figure 32-1 is one such spectrum.

The calculations indicate that in order to get reasonsble separstion at the
Jover energies of interest one should arrange the detector so that the particles
are incident on whet is normally the back side. It is also desirsble to have
the detector as thick as is possible and the detector bias as low as possible and
still totally deplete the detector. It is felt that by using a lm thick trans-
mission detector with 100 V bias that one should be able to separate protons,
geuterons and n)pha particles with energies down to about 4.5 MeV and perhaps
down to 3

‘type of particle fication

stem has the obvious aivantage over

is ye
(e oA AB/1%) B syeten in that only one Getector 15 required amd S11 the
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Fig. 32-1 ctra of pulses
expected for protons, deuterons,
alpha particle: dent, £

3.0 MeV energy discriminator.

33. Liquid Nitrogen-Cooled

om the back

information is obtained from a single
signal. In principle, one should be
ime information

ey
aiscriminators and a time-to-pulse
height converter. The signal from the
time-to-pulse height converter and the
standand energy signal ere fed into
some type of two-dimensional analyzer
+o produce the separated spectre.

It is planned to try this tech-
nique in the near future. (T. Hayward
and D. Patterson)

7 om body tew wnbe dathbet ofalh fdeece

1 ¢. A J. Ammerlssn, R. F. Rumphorst,
and L. A. C. Koerts, Nuclear Instr.
and Methods 22, 189 (1963).

Solid State Detectors

During the last year we have cons

cooled holders for so

1iquid nitrogen
tory's 60-in

ttert

attempt to improve the time resolution in an exper
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in inelastic
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Fig. 33-1 Liquid Nitrogen-Cooled
Detector Holder.

discussed in Sect:

tructed, tested, and operated in vacuum two
4 state detectors for use in the labora-
chembers (Figure 33-1). They w

re constructed in an
ment on gamma-rey polarization

n 16.

These holders consist of a brass
dever which can be mounted in the scat-
tering chamber and £illed through
steinless Steel sylphon lines from
outside the vacum, The devers have &
capacity of epproximately 1.5 liters,
end vith a single filling meintain &
detector at neerly liquid nitrogen
temperatures for sbout 4 hours. They
are equipped with sutomatic fillers
which sense the liquid nitrogen level
by means of thermistors, and can thus
be used without periodic manual £i1ling.

Thermal insulstion is accomplished
by mownting & devar on a bakelite
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Liquid nitrogen is alloved to flow up to and against the back of the det
mounting to insure maximum thermal contact between the detector and th
nitrogen. Since the apparatus is so constructed as to allow the mourting of
different detectors, 1t is necessary to produce & vacum seal effective at liquid
nitrogen temperatures. It vas found that teflon O-rings are not satisfactory
for this purpose as they freeze at a temperature somewnat above that of 11quid
nitrogen; hovever, anncaled copper seals have been used quite successfully.

quid

Initial tests with the Van de Graaff proton beem indicate that the ultimate
‘bime resolution obtainable with a Williams-Nieler fast amplifier and tumnel diode
discriminator can be improved by at least a factor of k. In these tests the
proton beam was scattered from a polystyrene target and th (p,p) scat:
observed with a pair of detectors separated by 90°. The fast 1
tunnel diode discriminator was used as the "start" signal for a time
height converter. The "stop" signal wes derived from the fast si
tumnel diode diseriminator associated with the second detector. The output of
the time-to-pulse height converter was anslyzed in a 512-chamnel anslyzer. The
detectors which vere used were commercial 200 mn® X 1 mm thick lithium-drift
detectors. Uncooled, the time resolution at 150 volts bias was sbout 2
when cooled to liquid nitrogen temperature the resolving time was about
nanoseconds. (T. D. Heyward amd D. M. Patterson)

tering was

nanoseconds ;
0.5

3h. Lithium Drifted Silicon Detector

detector fabrication program hes been in effect one year, but only since
February, 1966 has en on a full-time basis. ty-two detectors, eight
1 m thick and tventy-four 2 mm thick, have been fabricated. The a areas
range from 45 to 250 mm?.

Twenty-tuo of the detectors have been tested with 8.78 MeV alpha particles.
These had resolutions between 28 and 100 keV (FWHM). Sixteen of the twenty—two
had resolutions below 60 keV (FWHM).

W0 2 mm detectors were used several times for experimental w

period of six months with no apparent oration in performance

protons were detected with an efficiency of %% and 9T# respectively.

mate resolution has not been determined since thick tergets

careful measurements of detector performance under experimental runni
)

The ulti-
. More
ng conditions

are in progress. (J. Saue

35. Target Preparation

The targets listed in Table 35-1 have been prepared in the pagt year. Only
the targets that differ from those prepared the previous two years-2 have been
listed., (J. Sauer)
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VIII. ACCELERATOR RESEARCH AND DEVELOPMENT

36. The Three-Stage Van de Greaff Accelerator

de

The responsibility for all cperation and maintenance of the tandem Var
Graaff accelerator was assumed by the ity of Washington Nuclear Physics
Leboratory in early May, 1965 although e, nactinMHEA Tt yat Tesged! acceptance
tests mor met the design specifications. Opersting time for the next few months
vas divided sbout equally between sttempts to improve the performance and stability
o e, boom from the accelorator and operation for research purposes. In aidition
an extensive training program +to develop operating and maintenance persomnel was
carried out as rapidly as possible.

The injector stage of the three stage Ven de Graaff system is still in the
High Voltege Engineering Corporation plant undergoing final specification tests.
Delivery of the injector, which vas originally scheduled for December, )96b has
been delayed due to failure to achieve the required beam intensity and ener
The required values of these parameters are now at least marginally obtg)mhlc and
it is expected that disassembly for shipment of the components will start nof
later than the last veek of May, 1%66.

Plans for installation of the injector are as complete as possible with the
information aveilable and some preliminary wiring installation has been completed.
Tt is anticipated that operation of the tandem stege will not be severely c
‘tailed during installation of the injector.

e of
h have been delivered and installed, were accepted
University of Washington on January 17, 1 The machine met performence speci-
fications (except at the 10 MeV p/‘)m,s) aw ests made the last week o
September 1965. The first research date Gotained vith the beam from the tendem

accelerator were taken on May 13,

the accelerator system, together with most of the auxil-
by the

The tande:
iary components whic

cations and sdditions to the accelerator and
uring the past year in order to make the
a partial list of

fumerous improvements,
its accessory equipment have bee» nade dur:
machine more useful and more easily opereble. Following
such changes:

(1) Addition of & high speed vacum roughing system comnected to all
sections of the accelerator vacum syst

(@) Installation of a dc supply and arc current regulator for the ion
source filament curren

(3) Mod)f)cat‘on of the exchange voltage power supply to reduce ripple
and improve regulal

on of a gas cwitching system for the ion source and

) Construct;
exchange gas supplies.




Substitution of motor driven needle valves for manually operated
valves in the ion source and exchange gas supplies.

6 All negative ion source controls were moved from the vicinity of
the ion source to the conmtrol room.

Automatic 1iquid nitrogen trap fillers vere installed on all traps
which required filling more than once per 2k hours.

(8) Addition of a small electromagnet to provide vertical steering of
the beam as it emerges from the ion source.

9) A remotely controlled beam stopper and monitor has been installed
o allow access to the experimental areas without interrupting or disturbing the
operation Of the machine.

(10 Many modifications and additions to e i e
system for the protection of personnel and equipmen

(11) Partial installation of a Geissler-operated interlock system for
protection of the vacuum system.

(12) Spsrk shields to protect the belt drive motor and electrical leads
have been installe

Leaks in cooling water lines inside the pressure tank have been
eliminated and the finned cooling coils have been recomected in order to increase
their efficacy.

(14) Removal of the down charge screen.

15 Addition of a fine control to the belt charge control system.
g y

(2 Beam limiting aperature installed before low energy deflector
plates to reduce aberration in off-center beam.

an Safety lights have been placed in strategic locations with appropri-
ate interlocks.

(18) Filters were installed in both condenser and chilled water systems.

9 A grownd systen alarm has been installed to detect the presence of
multiple return paths of the pover system neutral current. In addition, a system
of "clean" power outlets has been added to caves 1 and 2, operating off a separate
isolation transformer with a single point ground.

Remote power dist

20) centers were added to caves 1and 2
icluding 10 ki of stabiline

bution
egulated pover.

(21) Several minor refinements inclule audio indication of beam flap
position; NVR audio tuning indication; belt frequency oscilloscope for ripple moni-
toring; chilled vater failure alarm; and an audible beem intensity indicator.
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The Ven de Graaff tank has been opened
following listed reasor

@) 14/27/65 To install new stripper tube.
) 5/20/65 To align stripper and install wire grid
entrance.
3) 6/3/65 un..Lanlc D - caused by piece of emery paper on
‘tube.
(%) 6/10/65 Belt drive motor burned out, caused ay mu)«y et

breaker and inoperable safety circui

(5) 7/28/65 To install new corona points. Also installed shorts on
the Fivst 23 sec my« of the high energy tube to check
ste ese shorts were later removed with-
S ot

(6) 8/13/65 To install stripper bias battery in terminal.

(1) 8/17/65 To repair leaks in 8

®) 9/1/65 To repair lesks in cooling coi

(9) 9/7/65 To repair leaks in cooling coils and revise system.
(10) 11/4/65 Drive motor burned out.

(11) 11/6/65 Short in control w

(12) 11/9/65 Clutch

g to stripper gas valve.

i

failed in stripper gas valve.

(13) 12/9/65 Sperking caused by loose tube-to-column connector springs.
(1) 12/11/65 Arcing near high energy end of tank (no obvious cause).
First three planes at terninal tovard high energy base
vere connected to terminal.

2/17/66 To replace leaking saf

ty valve on pressure tank.

3/19/66 Burned out low ene:

4/14/66 To put timing mark on

4/16/66 Mzch)ne very un: Changed belt, cleaned columns,
hecked belt gu)des, tested and eded column resistors.

o Losgest opseating geriode cecured betveen #9 and #10 (about

B q5
2 months), and between F1k 5 (about 2 months).
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Table 36-1 sumarizes the statistics of Van de Greaff operation during the
period from June 8, 1965 to s, 1966. (3. S. Heagney, T. J. Morgan, J. Orth,
G. J. Rohrbaugh and F. at)

Teble 36-1. Statistics of Van de Graaf Operation During the Period from
June 8, 1965 - Way 15, 1966

Division of Van de Graaff Time Among Activities:

Activity Time (hrs.) Per

Normal Operation: Research 3475.0 hrs. 69
chine & Component Tests 362.0
Scheduled repairs, modifications, & maintensnce 557.0
Unscheduled repairs (incl. going into tank) 425.0
Teaching 15.0
Experimenter's set-up time 184.0
Total 5048.0 hrs.

Division of Normal Operation Among Projectiles:
Prptons 2094.3 s,
He
Deyterons
o1t

He3

Total 3687.7 hrs.

37. Cyclotron

The 60-inch Cyclotron continued operations for research on a neerly full
schedule throughout the year. Due tO a temporary lack of sufficient mmbers of
ualified operators for both the cyclotron and the Ven de Graaff, the operation
schedule on the cyclotron was reduced from 17 hours per day, 6-1/2 days/week to
17 hours per day, 5 days/week. Responsibility for maintenance of the cyclotron
has been assumed almost entirely by the greduste students.

One major, and long overdve, improvement vas installed during the year; viz.,
a fully trensistorized main megnet regulstor incorporsting GO series power trans
‘tors and using the existing motor generator as e rough regulator-pover supply.
Design features include regulation to one part in 20,000, with meximm open cir-
cuit protection afforded by zener diode, parallel diode and relay circuitry.

Other improvements, modifications, and mejor repairs made during the year
include the following:
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sive program vas instigated to locste and remove ground loops in

‘the building and machine power system. A current transformer installed in the
station's ground system now indicates any violation of Eround condi-

transformer
tions.

A redesigned copper ion source has been installed in place of the former one,
resulting Substantial reduetion in sparking and an increased beam outpu

Various puent vere made. Wiring

ot elterstions <o tie beam posmonmg equipme
to ladder and wheel type target positioner: binary readout have been com-
plted. A moveble mirrar hos besn sdded £o the Guct s1it system; this allovs
viewing of mechanism without removal. A new TV monitor vas purchased

Major repairs to the machine include rexinding the 250 bp motor and turning
the commtator of both the main el analyzer mgnet generators. A new hylraulic
motor end pump was installed to replace the caking one.

network vas run to comect the cyclotron counting rooms with the Van
ounting ares.

Ac
de Graaff

Teble 37-1 sumarizes the statistics of cyclotron operation during the period
from May 16, 1965 to ¥ay 15, 1966. (3. Orth)

Teble 37-1. Statistics of Cyclotron Operation from May 16, 1965 to May 15, 1966.

Time

1sion of Cyclotron Time Among Activiti
Activity Hours

Normal Operation
Set-up of Experi
Cyclotron Testing
Scheduled Repairs and Modifications
Unscheduled Repairs

Failure of Equipmen

UlssbibTactons EElitron Operation
Expe: s Using No Beam
Unrequestﬂd Time

Visitors

Total

vision of Normal Operation Time Among Projecti:

Di

Alphe Perticles 2016.3 67.9
Protons 284.6 9.6
Deuterons 2.5

itz

ﬁ“?:sﬂ'

i i




for Outside I

Hours

University of Oregon 23.3
Oregon State University 147.0
Western Washington State College 10.0
Simon Fraser University T.1
Henford Radistion Laboratory 183
Department of Physics - Professor McDermott 57.0
Total 315.7

38. e Charge Distribution of 0'C Tons fron a Tandem Accelerat

In an effort to obtain information about the acceleration of heavy ions in
jratled ede ot e e ealetet I Zebilb e on) GFJBA L Hondllactolerated i
the University of Washington FN tandem accelerator was measured as a fun
‘terminal letagc and stripper pressure. The results of these measurements are
sumsrized in Figure 38-1, vhich shows Z,,, the average charge state versus

i TeRMNAL vorRGE
2y e
2 g
s
% filffni® . onance STaTE ()" L]

Fig. 38-1 Average charge state as a Fig. 38-2  Stripper pressuwre at maxi-
function of terninal voltage and strip- mm yield of a particular charge state
per pressure. (Calculated average equi- s e func rge and energy.
1ibrium charge is shown for comparison.  Flags indicate pressure range over

9% of maximm yield is meinte:

sge, for five different pressuss, IThe striking festurs of these data
nerally falls below the the average equilibriun charge, but
at the highest voltege and pressure Z,, mu,gny exceeds the equ wn value.
B e ~focusing Of ions in the higher charge states by the
higl gy ac 1 the io lower charge states are lost Dby
Rt e

useful emplrical result of this work is shown in Figure 38-2. Tt vas fouwd
that tne optimum pressure for the pri

MWMM

P P




sensitive to terminal voltege and rises fairl
(A @etailed report of this work will soon be sumitted to the Review of §
Instruments.) (J. G. Cremer and E. Preikschat)

39. Equilibrium Charge Distributions of 8 MeV

rbon Tons in Various Medis

The conventional stripper materisl in tanten sccelerators has been o dlatonic

gas. More r 1y olid o1l strippors have been introduced for heavy foms be-
cause they :~~ouu~c a higher mean ionic charge. It has been known fo: time
from the work of Lessenl with fission fragments that the mean ionic e vas

significantly less
BERfRE e el C ot i peaniioche) char
higher in foils than in gases. This dependence of the e e
Bl don on the ctato bt condensstion 1e Sttrituted to the, fast Bhab for anion
traversing a gas the time betwee long compared to the lifetime for
de-excitation of excited states,
B R ene e T3 conTtesgh Enbtiar s 145158 jpUBIEE T excited, If
n excit ore easily stripped than
14d will produce a higher mean lonic charge.
ght be possible to dncresse the aversge lonic
R would exh ocal
his idea we decided cx‘perf\msncslly to

r a distomic ges, a polyatomic gas, and

Lv{,hvrland dbiniiSiave

R s tatc, a
Halpern3 has suggested that it
cherge in & gas exchanger by us
regions of "condensed" matter. To te
compare the charge state distributions
a metallic foi

afh

A schematic disgran of the experimental apperatus is shown in Figure 39-1.
The L2 MeV helium ion beam from the University of Washington 60-inch cyclotron
was elastically scattered from cerbon to produce approximately 8.4 MeV carbon
recoils. A detector intercepting a solid angle of 0.0016 sr vas placed at +48
deg with respect to the incident a-particle beam to detect the elastically scat-
tered g-particles. The carbon recpils (sppearing at -59 deg in ghe laborsiory
system) had an average energy loss' of 0.k MeV in the 100 ug/cu® carbon target.
After leaving the target the carbon recoils traveled through the collimating and
charge-exchanging systen and vero then magnetically separated into the different
itire dstector.  The ges crciange

The results of the measurements to compare the relative stripping of & di-
atomic gas, & polyatonic gas, and a s0lid foil are shown in Figure 39-2 and
Table 39-1. The errors assigned to the populations of the various charge states
a1 errors because an estimate of the
I Sasolving the various chacas stats peats ‘has
Seen incinded in the stated errors. The solid foil is clearly superior %o either
ing the highest proportion of higher charge states.
o naghthalene vapor does exhibit an increased effectivencss compared
higher charge states, although the effect is not

to the distomic ges in producing
as large as might have been hoped.
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Charge State Distribution

m 3 s s .

A (30,5

1

Neptthlen Vopor

39-1  Schematic diegrem of the
experimental arrangement. The 42 MeV
a-beam is scattered off & 100 yg/cme

on recoils (in coincidence with the
elsstically scattered o-perticles)

pass through en exchange materiel and &
collimating system and are then mag-
netically analyzed and detected.

PERCENTAGE OF TOTAL GOUNTS

The fact that naphthalene does not lotine Vopor
produce nearly as large an incre:

the average charge as Goss the sorid
can be largely attributed to the geo-
metrical structure of the naphthalene
molecule. This molecule is planar, ar
and therefore the naphthalene mole-
cule mist be oriented favorably with
respect to the incident ion direction "POSITION DISPLAY OF GHARGE STATES
in order for the incident ion to ICHANNEL NOMEER)

cessive atoms of the molecule.

Aroueh estinsts tesed on fhe dnter- Fig. 39-2 Charge state di shrlbu—
atom)c spacings in naphthalene and tions for aluminum foil, naphthalene
T e e vepor, and lodine vapor,

hiis ISieE et ER
charge-exchange cross sections suggests that less than half of the halene mole-
cules will be oriented in such a way that two collisions will occur within the

same molecule. This suggests that a more spherically shaped complex molecule

would be appreciably more effective in producing e higher average equilibrium
charge.

A more complete report on this work hes been submitted to Nuclear Instruments
and Methods. (E. Preikschat and R. Vandenbosch)

o
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Table 3 Charge State Populations (in percent) for Various Stripper Materials

Charge State

Energy (MeV) 3 4 5 6
Tk 1.85.2 51.681.1 L0.6£1.0  6.0£.6
Naphthalene

(10 pg/en?) T 7.24.6 64.TEl.2  26.5%.9 1.6:.2
Todine
(60 pg/en) 7.35 11.3:.8  65.2£1.2 22.5¢.8 1.0t.2
1 N. 0. Iassen, Dan. Mat. Fys. Medd. 25, No. 11 (1949).
2 Litherland, Almqvist, Andrevs, Broude, end Kuehner, Bull. Am. Phys. Soc. IT, 8,

75 (19
3 I. Halper private communication.
i c. F. williamson, Cyclotron Research, Univer

ity of Vashington (1963), . 33

40. Precise Calibration of the Tendem Van de Greaff Energy Scale

oduction of neutrons at _zero degrees with respect

s vere detected by a BF3 proportional counter
A Zypicad experioent io

requency Lorresnomijng to

sion of +

surroum»a by several
ho! Figure 40-1.
P e

e proton resonan
1y be measured to & pre;

e energy of the beam is related to the proton resonance frequency by the

formula
220082 (1 + waP))M?, o)

vhere
£ = proton mgnetiic xesmance Emaseye i
2 = charge state of i 1gent perticle,
M = mass of incident particle,
" ineident particle,
n constant to be eve

ted by threshold measurements.

Values of the mguet constent k as deternined by the various threshold
e e it i el 05, Mere s some E1ight iatieation of system-
D vion Of E ¥ith energy wilch cowld be attributed to uneven ssturstion
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Ll T of the magnet. However,
A (pisi 2T measurenents of higher energy thresh-
Pt olds would be necessary to determine
if this is a real effect. The valus
of k as determined from the A127(p,n)si2
1000l E reaction hes been chosen as the basis
% of our energy calibration.
7
z It was determined vcry early in
il e Deseuremnta that the frequency
r the apparent threshold of the
A127(p n)si27 reaction could vary as
s K mich as 15 ke depending on the past
history of the enalyzing ms
i i ke Erasing the "memory" of the magnet is
GAUSSWETER FREQUENCY (M) normally accomplished by increasing
the current through the coils until
the iron is saturated. Magnet settings
Fig. 40-1 Typical neutron yield are then approached from above. How-
curve obtained in the energy calibra- ever, this procedure is impossible
tion runs. The imsge 51its of the here because the pover supply furnished
analyzing magnet vere set at 0.010" vith our enalyzing magnet is incapable
opening and the object slits were set of delivering the nt.
at 0.020" opening. Circles are data It was found, however, that the "mem-
taken with increasing magnet current; ory" of the analyzing megnet could be
crosses are data taken with decreas- erased completely by cy he cur-
ing magnet current. rent from 0 to 300 amperes twice, and

then approaching the proper setting
rom zero current. It has been estab-
lished as standard procedure so to cycle the magnet three times when the Van de
Graaff is first turned on each day, or if the energy mist be lowered
han 20 keV, With these precautions it has been found possible to repeat the
2127(p,n)8127 threshold to within 0.5 keV on successive days.

Accurate calibrations at higher equivalent proton energies could be accom-
plished if needed by using alpha particle and heavy ion neutron thresholds.
Some useful reactions are listed i . Measurement of these thresholds
would probably require the use of the fast-slow counter ratio technique because
the large angular momentum transfers preclude an important s-wave contribution
and its resultant sharp threshold. (C. F. Williamson)
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Table 40-1. Thresholds Used in the Energy Calibration

Threshold Energy

3 + 0.003

+ 0.003

le 40-2. Magnet Constants

Magnet Constant

Reaction Threshold

(2.759% £ 0.0028) x 102

o (p,n)ne?

11%7(p,n)s127 14 .5725 + 0.0005 (2.7625 + 0.0026) X 1072
) 5
¥ (p,n)0" 15.251 + 0.002 (2.7646 £ 0.0021) X 10°2 |

able for Magnet Calibrations at High

ton Energis

Equivalent

rge State of
Threshold Energy  Proton Energy

Reaction dent Ion
1+ 11.35 15.50
2+ 1.35 1.3
1+ 60.80

2+

3+ k.54
bt

5+
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41. Voltage Stabilization of the Tendem Ven de Graaff

Even under the best of operating conditions the terminal potential of our
Van de Graaff fluctuates by at least 500 to 1000 volts. These varistions are too
Tapid for the corona regulator system (vhich cennot operate faster than in about
0.2 second ). At 10 MeV, the dispersion of the analyzing megnet causes & motion
of about 0.00L inch per 250 eV. Thus, a terminal fluctustion of 1 kV moves the
proton beam about 0.008"." Since a typical operating imsge slit width is 0.020",
the beam intensity changes by about 50% due to this terminal voltage fluctuation.

Under less favorable conditions, the terminal voltage fluctuations are
larger and in fact can become so bad that the machine is unusable. On several
occasions we have been forced to "go down to air." Ve have alvays regarded this
instability as the vorst feature of our machine, but until recently the cause
remained unknown. We now believe the trowle lies primarily in uneven charging
of the belt and uneven charge removal from the belt. By exercising extreme care
in eligning the belt charge and terminal collector screens, we have succeeded in
reducing the fluctuations to tolerable levels, although this still leaves much
0 be desired.

Recently, by means of the terminal shorting rod, ve have made oscilloscope
stulies of the current delivered to the terminal. Photographs of single oscillo-
scope traces show that the current fluctustions, though very complex, and at
first sight noise-like, are actuslly periodic and recur at & frequency equal to
that of the belt. The maximm per cent fluctuation ranges from 50 at low average
charging current (100 pa) down to 10 or 15 at higher average current (300 pa).
The periodicity, however, remains unchanged even when the belt position or tight-
ness is altered. During one belt period (~ 0.35 sec) the current fluctuates
with various frequency components. A prominent component is near, but not equal
to, 60 cps.

The unshorted terminal potential exhibits a similar periodicity. The ampli-
‘tude is, of course, very much reduced due to the RC filtering action of the
terminal. Oscilloscope studies of the output from the differential amplifier
comnected to the beam image slits shows that the beem itself is moving back and
forth in a complicated manner, but that the same belt period cycle ags:

The existence of the belt period structure in the terminal potential has
1ed to a proposal for a novel type of regulator. The basic ides is to sense the
voltege fluctuations, and delay by an appropriate lemgth of time & correcting
signal fed to the belt charge system. The correcting signal is recorrected,
redelayed, and refed to the belt charging system. The recorrecting operation
must be done exactly once each belt cycle. The time delay between sensing the
terminal voltage and applying & correcting signal equals the time required for
the belt to go from the terminal charge teke-off screen to the up-charge screen.
(We have removed the so-called down-charge screen.

Since the tine delays involved are rather excessive for electrical delay
lines, we propose to use megnetic tape. A commercial high fidelty stereo tape
recorder fitted with an extra read head can be modified for this application.
Figure 41-1 shows a schematic diagram of the regulator system. Its operation is
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as follows: the terminal volteg
fluctustions are sensed by the pick-

‘hrovgh the adder, 18 amplified, and
recorded on the megnetic tape via the
wmitnesa, kb it vhen the part of
which initielly caused the
shaation Has FescHsd: the' Suriing
een, thc information is read o
he tepe (Read #1) and fed as a cor-
resoke recting sxgn&] to the charging power
supply. This then corrects in pert
for the next, Fluctustion be

At the time vhen the partially
corrected charge reaches the terninal,
the original signal from the tepe is
ad off (Read #2) and sent to the
i adder, Simulteneously, the new (re-
uiEpte frcedimine el duced) Fluctuation is also sent to the
EA P ik adder. The combined correction signal
SESE e, coarete thus stored on the tepe. When the
ction signal has reached the re-

quired level, no, terminal varistion

occurs, and the megnetic tape continuously stores, reeds, re-stores the correct
Cmbormation. e effect 1o thus to charge the belt with  varieble surface charge
density which is just that required to deliver a wniform current to the terminal.

belt.

Of course small es will occur required pattern stored on the tape.

The signal from the tarnina voltage can contimonsly alter the signal stored on
the tape each cycle. The system is predicated upon the fact that these changes
are apperently small compared with the dominent periodic pattern.

The tape is erased after resd #2 so that a continuous length of tape can be

used.

The a #2 amplifier should be very stable and its gain, together with that
of the sdder and write amplifier, should be such that the signal re-reed into the
tape 1is almost, but not quite, as strong as the original signal.

e correcting signal can also be derived from the differential emplifier
which resds the ratio of the two beam currents striking the imege slits after
‘he anslyzer megnet. To first onler this signal is proportional to the momentum
change in the beam, axd thus proportionsl to the square oot of the terninal

voltage. The signal recorded on the magne
correct analog. Ho.‘e"er, after a mumber o etk cycles the combined re-write and

ow eorrecting signal will generste the proper form of correcting signa

s
used as et present to sibhod e cozoin
directly to the charging power supply. In either cas

ant in order to insure that the tw

a
This signal may be
be fed through a buffer
thic path must haye a very lomg time const:
regulating paths do not interact.
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An elternative proposel which will provide a d.c. signal to be stored on the
tape is to replace the write amplifier vith an amplifier-modulator circult, and
the tvo read amplifiers with emplifier-demodulor circuits. A carrier frequency
of about 10 ke vould then be stored on the tape. Since commercial tepe recorders
operate to over 12 ke a correcting signal from d.c. to about 2 ke can be stored.

It is essential that the time between the write signal and the read head
nmumber 2 be alvays exactly one belt cycle. On the other chammel of the stereo
tape it is plamed to write a time signal each time the belt makes one cycle.
Such & signal can be derived by viewing a white spot on the belt with & photocell.
The signal as read by chamnel two at the position of the #2 head can then be

mede to coincide with the arrival time of the next belt signal. The tape drive
motor can then be servodriven so as to maintein these signals in coincidenc

An alternstive method for maintaining proper timing is to utilize the 400
cyele 100 volt generator in the Van de Gresff termimal. A neon, or argon-filled,
Dbulb connected to this generator will flash sbout 800 cps. This light signal can
De viewed by a phototube placed at one of the windows in the base of the Van de
Greaff. The resulting signal can be scaled down to 60 to 80 cps and used to
drive the synchronous motor of the tape recorder. The positions of the read heads
can be made adjustable to provide proper initial density adjustments.

We are planning to make a few more tests of the feasibility of a regulator
of the type proposed here. If these tests are favorsble, we will go shead with
construction of the device. (J. S. Heegney, T. J. Morgen, and F. H. Schmidt)

k2. Beam Line and Auxiliary Equipment for Newtron and Photon Detecti

The 45° right beam line of the tandem Van de Greaff has been placed in
operation as a facility for experiments involving detection of neutrons and gamma
radiation. The following criteria, provided by the intended users, guided the
design of this beam line

(1) Support structure and beam tube flexible enough in des
sccommodate almost any smell special-purpose scattering chamber

(@) Avility to chenge scattering chambers quickly with easy realign-
ment .

No significant scattering mass within 6 feet of the target during

neutron experiments.

(%) A low level of background from the beem stop. |

5) A support capeble of holding the anticoin
spectrometer and its 1000 1b. shiek

e anmulus gamma-ray

A general plan view of cave 2 is shown in Figure L2-1.
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swicing uaoneT § The beam tube cor

ists of 4" i.d.

aluimm tubing. The first 16-1/2 feet

are permanently installed and contain
eam scanner, quartz beam vie

in the shielding vell.
insulated and electrostatically
ielded to form the Faraday beem cup.

In order to accommodate & variety
ossible small scattering chambers,
overhead support bridge ves built

r the beam tube. This consists of
parallel 6" I-beams, with sppropri
te cross-bracing, running along a
radius of the cave. The

eam tube is
Fig. b2-1 Plan of Cave 2 showing suspended from this bridge by light-
the neutron-gamma ray beam line. welght V-shaped hangers. The beam tube

e insulated from these hangers

and is aligned by four sdjusting bolts.
The bridge is about 5 feet above the line of the beam S0 that no large scattering
mass is near the target.

A permanent telescope mount has been installed in the corridor behimd cave 2
to facilitate aligment of the scettering c 1is mount has been accurately
aligned on & fiducial mark on the exit of the svitching megnet such that its

axis lies along the desired beam direction.

Tvo special b

rpose scattering chambers have been constructed for use on this
besm line. One chember will be used to stuly neutrons associated with fission.
The chamber is & 10" diameter, thin-walled sluminum sphere. It comtains

omall arms for fission fragment detectors and a two-frame target ladder. The
Aewtron detectors will be placed at various angles outside the chembe
D ror 1o being used with the anticoincidence annulus. It is & 10" dlamcter,
thin-va: 1

2 4 alugimm sphere contsining & b-freme target ladder, end has a special
port for the mounting of & solid state monitor detector.

A heavy platforn with an am pivoting sbout & vertical line through the
center ot the target serves as a support for the anmulus or other massive detector.
e oaus 18 beld In such a mamer that its distance from the target can be
e iod from 12" to b0' with a precision of 0,107 and its a 1th respect to
varisd from 12 eried in one degree steps from 20° to 160° with an amgular pre-
e e oe15 This platforn can be retracted three fest below floor level into
O Sithamy e 11eHE Ve Gt Tlocs (Gf el Save wineutron perinente
are in progress. This places the form eight feet from the target.

3

Exper inental stulle Of raiistive capture of Protons and fe” are nov being




carried out using this facility. Preliminary results are reported in
of this report. The measures taken to reduce newtron and gemma-ray background in

this cave are described in Section 43 of this report. (S. Ferguson and C

Williamson) ‘

e prime objective of the design of the neutron-gamma ray besm line of
cave 2 (Section §2) was to provide a line vhere the background would remain par-
ticularly low in most bombardments. One of the main sources of background is the
bean disposal system. To minimize background at the detectors the sluminum beam
tube was extended sbout 22 feet downstream from the target position and terminated
in the shielding vall of the cave. This places the beam stop far from the de-
tectors and in a position where it is easy to shield.

43, Studies on the Rey Beem Line ‘

This design should be very effective if almost the entire beam reaches the
beam stop. This is the case for very thin tergets. However, in experiments
where neutrons and protons are observed, it is often possible, am sometimes
necessary, to use thick targets. Under these circumstances there will be con-
siderable multiple scattering in the target and some of the beam will hit the
sides of the beam tube beyond the scattering chamber. To make sure that all of
the beam 1s recorded, the entire post-chamber beam tube was electrically insul-
ated and electromagnetically shielded to form a long Feraday cut. Graphite
irises were placed at several positions inside this Faraday cup tube to stop any
beam vhich would otherwise strike the walls. In addition to preventing multiply-
scattered bean from stopping in aluminum (vhich generally produces more neutron
background than graphite) the irises localize the sources of background in space,
making them easier to shield.

Although graphite was found to be a particularly good beam stopping material
es far as neutron production ws concerned, it did give rise to considerable
photon background (notebly the C12 4.4 MeV line). It was possible to eliminate
this background by lead "shadow shielding.

The effectiveness of the long Faraday cup would be greatly emhanced if the
multiple scettering effects could be counteracted. Terefore, & stuly vas made
of the feasibility of refocusing the scattered beam with a quadrupole megnetic
lens. Consider the target to be a point source of protons. Then & lens must be
placed downstreem a distance equal to its focal length to focus the protons into
& parallel besm. The effectiveness of the lens can be judged in tems of the
fraction of beam that will strike the wall of the tube before the beam can be
focused.l This caleulation is complicated by the fact that in one plane the
quadrupole lens causes the beam to diverge more for a short distance before caus-
ing it to ccnverge. The focal length of a quadrupgle lens depends on the magnetic
£ie1d gredient and on the dimensions Of the poles.2 As an example, consider a
lens with pole pleces 4 inches long with a 2-inch space between the poles for a
total length of 10 inches. Iet the aperture be 2 inches and the field gradient
be 5 kilogauss per inch. Such a lens could reduce the beam loss due to multiple

ing to 1% in the following cases: 5 MeV protons scattered by a 2 mg/cn
or a5 mg/cm? aluninum target; 15 MeV protons scattered by a 3.5 mg/en®

seatte

ing
7ol targat




gold target or a 9 mg/cm aluminun target. Without the lens the scauerw Joss
woum be ubout 35%. The lens would be less effective for deuterons and abor
fective for alpha particles. Thus there clearly exist situations o
a qusurno]e lens Louﬂ be very useful in reducing backgroud. It was, however,
decided to delay the design and construction of a quadrupole lens until e number
of background Lests could be made under typical experimental conditions.

Background tests on the neutron-gamma rey beam line have been mede in the
context of a proposed experiment utilizing the anticoincidence anmilus spectro-
meter to study the photon spectrun produced by proton bomberdment of tin. Thus
the results epply only to & particuler detector, but this detector is probably
typical of most sci o tin targets which were used vere
thick enough (2 f the beam into the Faraday cup

valls. It was d,rm\m to subtract the background spectrun from the spectrum
of interest because both were essentially featureless and covered the same energy
renge. Estimates of the ratio of counting rates for target gamma-rays &
ground vere made by attenuating the target gume rays with lead placed between
‘the annulus and the target, and by verying the distance of the annulus from the
terget. It was estimated that 10f of the total observed spectrum was due to
background from the bean disposal system, mostly from multiply-scattered beam.

A survey of neutron £lux ves taken at different points in the cave. It
appears that neutrons produce most of the background. Both the target and the
are Ampo“t ant sources of neutrons. Also, the beam profile monitor, if
nificent source of neutrons.

ean st

left running, is a si

Finally it wes estimated that about 40p of the total observed gamma-ray
t tin 15 due to newtrons from the target. This

cannot be reduced enough by additional refinements in
e bean disposal systen.  The final elinioation of background will be possible

b of the bean pulsing system on the Van de Graaff makes it
¢ £1ight to distinguish between pulses due to target photons
and_those due to target newtrons. (S. Ferguson, I. Hatpern, D. L. Jommson, and
©

"

J. B. Ball, ohpLLEtlcn of Losses Due to Multiple Scattering of Charged
o ORNI-3311,

o o Ok Ridge Nat Taboratory Report No.
2.

2 E D. Courant, M. S. Livingston, H. S. Syler, Phys. Rev. 88, 1150 (1952).

4k, Peem Bunching System for the Tandem Van de Graaff

r most of the year progress was delayed on the bunching and chopping
systen for the University of Washington 2-stage FN tandem accelerator. Until a
few months ago it ves not known how much space vould be available betieen the two-
stege ion source and the tendem tenk when the injector tank for the three-stege
meachine is installed. Final dravings showing the complete inter-tank beem trans-
port layout were recently made available by High Voltage Engineering Corporation.

orp
The sdditional space needed to accommodate the bunching apparatus is included,
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and an assurance was given that this will not be affected by the installation and
operation of the neutral injector.

A1 the mechanical parts for the pul> ng system excluding the high-energy
wiper have been built and vacuum tested. These comprise: ‘

(1) A set of deflecting plates (chopper) and slits (wiper) for
chopping the low-energy negative ion beam into a series of short (20 to |
60 nsec) bursts.

A three-gap Klystron buncher, which concentrates & given beam ‘
il it pulse of a few nsec duration at the target.

The purpose of the high-energy wiper is to cleen up the edges of the bunched
pulse so that its duration at the target may be accurately defined., This unit
will be built only after some experience has been gained, using the lov-energy
bunching assembly.

_ The complete system is shown schematically in Figure hk-1, and the waveforms
used by the chopper and buncher are shown in Figure bi-2. A sawtooth modulating
waveform is applied to the klystron, which, in principle, can bunch up to 50% of
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Fig. 44-1 Block disgran of FN pulsing system.




hich is attainable.
, therefore, we will attempt to
compress beam bursts no more than 50
long.
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Fig. b2
to FN pulsing

elerator control room.
evel o

1250 volt
250-vatt transmit
and approximate
 variable fron2 fo 5

rgy bean line,
he whole
n the

45. Nuclear Physics L £

Fred H. Schmidt, Professor
Robert "gqasnoosch Assoc:

1cs Leboratory R




Research As

John §. Iilley, Research Assistant Professor
Ted J. Morg’m, "Research Associate Professor;
Supervisor, Nuclear Physics laboratory
Jack C. Norman, Instructor
Patrick Richard, Rese: stant Professor
lelson Stein, Research Assistant Professor |
William G. Weitkamp, Research Assistant Professor
Clande F. Williamson, Research Assistant Professor

Predoctoral Research Associates

Che

try
Walter Loveland®
Physics

Nelson Cue
ech Kolasinski

Peul Wiz
Barry J. Shepherdd
David C. Shreve

Gurnam . Sidm
Frederick W. Slee

stants

Chemistry
Cherles J. Bishop
Demnis G. Perry
Clitfora Rudy
Robert W. Shaw, Jr.
n L. Wolf

Pnysics

Braitpmite

Thonss D. Hayvard
Robert H. Heffner

Hi

4 L. Johnsor

ick Landreth!
Ling
Pattersog

S S g i R A =
e ey gy e & =S

i s i S




e T AT

Time Technical Staff

ne Shop
Harvey E. Bennett, Foreman
Gilbertson

Hart
Johnson
rth
ler, Assistant Foremen
cott

Anthony J. Virant
Allen L. Willman

ron Electr:

. Dunning
Elliott
ka, Senior

0

ch, Engineer

erators

Hansen, O
ellenbarger,

Helene Turne:

N

sics Laboratory




Part-Time Technical Staff
Student Helpers

Jcm Bea1110
d F. Berthelsdorf
ot T

Richerd J. Thomas
thers

Mary A. Beand, Storekeeper

Now at Northeastern University, Boston, Massachusetts.
Now at Argome National Isboratory, Argonne, Illinois.
Now at Brookhaven National Laboratory, Upton, I.I.,

adiation laboratory, University of

Now Teaching Assistant, Department of Piysics.
Now at Princeton University, Princeton, N.J.
Now at The University, Bimingham, England.
Terminated,

Military les

d Degrees Granted, Academic Year 1965-1966

D. Love
Fission

: Ph.D. "Doubly Cl
t Moderate Excitatior

Scattering of 42 MeV Al
leutrons .

R. J Peterson: Ph.D. "A
articles from Nuclei

with 20 Protons

B. J. Shepherd: Ph.D. "ngular and Erergy Distributions of Gams
Emitted fol. TE 12 MeV Alpha Particle Bombardment of
Te:

Rays
Rare

G. "An E)ﬂm{:menv fdy of the Spectrum & r the
tion O "
o

F. "A Study of (d,Li°) Reactions on Light and Intermediaf

J. Braithimite, M.S., August 20, 1965.




—— _n,_:--ﬁ_xwu?mﬁm‘mj«—

A i S-S

S 3
e s T B
¥ i G i i

s S i i

Publi

(e BeP)c
D. Kave

, D. Bodansky, and

¢ions," R. E. Brow, J. S.

12 Rea.
Prapidin (1965

ski, Phys. Rev. 138,

x Potential Descriptions of
. Conzett, Pays. Rev. 139, B50-5k

mparison beteel

Phase Shift and Com
Scattering," J. or and

H E

48 v g, 5. Peterson, Phys. Rev. 140, BINT9-1482 (1965).

evel Structure of

tion at 10.5 MeV,"
372-374 (1965).

oton Gemma Competitdon in
E. R. Parkinson and D.

Parkinson and D. Bode:

" dE/dx-B-T Farticle Tentification
car Tnst. and Methods, 35, 347

scelerator Targets," J. Sauer, Rev. Sci.

ation of Sr, Ca, and Mg
nstr. 36, 137k (1965).

n Correlations for the
nik, and J a,
47 (International Atomic

Huis

4., Vol. IT

s of Several Elements,"

Alpha-Particle Bombardm
1033-1052 (1966)-
208 .pa 3i299," J. Alster, Phys. Rev. 141,

Proton Enission in 42 Mel
R. W. West, Phys. Rev.

"Gollective Excitations in P
1138-1145 (1966).

"Nuc ‘ear St EUCh T Studies of 5:-88 and Y by Inelastic Alpha-Particle
s J. Alster, D. C. Shreve, and R. J. Peterson, Phys. Rev.

Scatt

ng,
bk, 599-1612 (1966)-

ric Analogue States in the Lead Region,"” C. D. Kevaloski,
. Stein, Pnys. Rev. Letters 16, 807-810

"Decay of
3. S. Lilley, P. Richerd, a

(1966).

Publications in Press:

ature Cooling System for Ge(Ii) Solid-State Detectors," C. F

A ML
ter (Nuclear Instr. and Methods).

Williemson and J. Als

(harge Distribution of 8 eV Carbon Ions in Various Media,"
xschat and R. Vandenbosch (Nuclear Instr. and Methods).

"Equilibs
Pre:




"Polarization in p-o Scattering from 17 to 27 MeV," W. G. Weitkamp and
).

W. Hacberli (Nuclear Pys. 3

" W o

Observation of the 4.12 MeV 0" =N ' Positron Spectrum Shape," G. S.
S1dhu and J, B. Gerhart (Phys. fev.)

Talks given at Mectings and Conferences:
" i . b 2
Isobaric Spin Conservation in the C''(o,d)N'" Reaction at

Zafiretos, J. S. Lilley, and F. W. Slee, Bull. Am. Phys.
1195 (1965).

VD,
filbes) fa

"Proton Spin Flip in the Reaction ¢'2(p,p')c 2*(4.43) from 12 to 15 Mev,"
F. H. Schmidt, J. G. Cramer, and W. A. Kolasinski, Bull. £ . Phys. Soc.
(I1) 11, 99 (1966).

"Proton Spin Flip in the Reaction 1:%(p,p JNi6%%(1,33) at 10
W. A. Kolasinski, J. G. Cramer, and F. H. Schmidt, Bull. An Phys. Soc. (II)
11, 100 (1966).

"(a,He3) Studies on ¥%9 ana 20,7 p, ve, C. D. KavaAccn, J. 5. Lilley,
Bl St o IS D e Sl e

"(u/,Ll7) and (Q,L) ) Reactions at L2 Mev," P. F. mmra, J. B. Gerhart, and
- Slee, Bull. Am. Phys. Soc. (II) 11, 31(, (9
"Ine)ﬂ.suc Alpha-Particle Scattering from Ca''? 52 ana g, "

Ecteracar w1 ae Eeve,

() 11, 3L9 (17“)

"Elastic Proton Scattering from Isobaric Analogue Resonanc
Region," P. Richard, C. D. Kavaloski, J. S. ILilley, end =
ference on Isobaric Spin in Nuclear Physics, Tallahassee, Florida (1966).

"Decay of Isobaric Analogue Resonances in the Iead Region," N. Stein, C. D
Kavaloski, J. S. Lilley, and P. Richard, ibid

"Isomer Ratio Studies of Angular Momentun Effects in Nuclear ons,"
R. Vandenbosch, 150th National Meeting, Am. Chem. Soc., Atlantic City, N.J.,
Septomber 1965

"Doubly Charged Particle Emission During Nucleer Fission at Noderate
Excitation Energles, " V. D. Lovela, A. W. Fairhall, and I. Haipern,

D
t National Meeting, An. Chem. Soc., Pittsburgh, Pa., March 1066




