- NUCLEAR
. PHYSICS
LABORATORY

UNIVERSITY OF
WASHINGTON

ANNIN|U/ANE
RIZIPORT

JUNIE
1967

U.S. ATOMIC ENERGY COMMISSION
) CONTRACT AL.T. (45-1)-1388




Nuclear Physics Laboratory
University of Washington
June, 1967

Drogram AN
imental Nuclear Physics
am (Cyclotron)

U. S. Atomic Energy Commission
Contract A. T. (45-1) - 1388




PREFACE

This report reviers ¢

research and technical development conducted at the
ory at the University of Washington during the year ending
Two_ accelerators are presently in use, a 60-inch cyclotron and a
stage EN tandem Van de The installation of a second, injector stage,
em is nearly complete; it is expected to be available for research very

Laboratory is performed by the faculty and graduate stu-

ents of Physics and Chemistry of the University of Washington
ided by the State of Washington, the U.S. Atomic

Commission, and the National Science Foundation.

The arrangement of this report follows the pattern of previous years in that
it is broken into subsections. Some of the project reports could have been in-
ed in more than one subsect: for these the decision as to the most appro-
priate section was somewhat arbitrary. The project reports are numbered consec-
ely. practice in the past, the of the investigators
t are listed at the end of each project report i

The

westigations described in the report for the most part continue and
extend experinental work described in earlier reports, to which
erally made. nued emphasis is placed on elastic and inelastic scattering,
ckup and stripping reactions, reactions involving spin £1ip, photons emitted in
nuclear reactions, and nuclear fission. This year's
report also includes two project reports of research which originated within the
University but outside the Nuclear Physics Laboratory. While these projects make
use of the cyclotron, their financial support comes from sources other than those
which support the Nuclear Physics Laboratory.

This report concludes with sections describing new instruments for research,
accelerator research and development, a list of laboratory personnel, a list of
advanced degrees granted during the past year, and a

tions since last year's report.

t of laboratory publica-

The National Science Foundation provided the funds to purchase the three-
stage tanden Van de Graaff accelerator and some of its associated equipment, and
a portion of the funds to construct the laboratory building to house them
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Phase Correlations in Mg2*(a,a')

&n approach to the study of mclear reaction mechanisms using the Blair
Phase Rule in the case of Mg24(a,a') scattering was reported year.l In this
work the phase relationship between two angular distributions was put

titative basis by constructing a function P which described the correlation in
phase of the maxima and minima of two distributions, in this case the elastic
angular distribution and inelastic first-excited-state (2*, 1.368 MeV) angular
distribution of the Mg2%(a,a') reaction. This work has been expanded and refine
to include: 1) a fine grain quantitative picture of the energy d ence of the
phase rule in the region 15 MeV to 22 MeV; 2) an investigation of the validity
of this analysis; and 3) a comparison of the experimental values of P with those
predicted by DHBA analysis.

on a quan-

M (a,o) 18.500 MeV Mg (&) 21500 Mev
‘., o
£ £
1o Wl ¥ L
05,000 &) i
R LY 1 i r
0:03,(8) TARGET "7"=~‘; i
il et e
.o,
@ ‘TARGET
‘D‘O 30 40 70 80 Y a0 ;D 60 L
H Angular distributions of Fig. 2-2. Angular distributions of
elastic and 2t first excited state for elastic and 2+ first excited state for
thin and thick targets for Mg24(a,a')  thin and thick targets for MgZ¥(a,a')
e at 21.5 HeV.

se more recent investigations of phase correlation, a thinner Hg?
target (0.13 mg/cn?) was used, in contrast to the earlier work with a thick
(1.8 mg/cm2) target. The thick target would average out compound nuclear Ericson-
type energy variations that a thinmer target would show. Figures 2-1 and 2-2 show

— T |
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tuations, especially for the thin target at lower energ)es, is of
or comparison with experiment, distorted wave calculations (based
model £its to the thick target data) vere made at T
ovide an estimate of the expected phase correlation coefficient predicted by
a divect reaction model. Statistical compound-nucleus predictions were similarly
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24, Phase correlation co-
efficient P versus alpha particle fficient P versus alpha particle
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reaction. The values are calc.ulated ta of Fig.

or the thin target (0.13 m %/cm ) long wi n other data at m
and thick target (1.8 mg/cm?) data.

and lower bombarding energies.

Besides choosing a suitable index for the phase relationship, there are
several problems that arise in its use. One of these is the selection of the
angular range over which to calculate P; another is the dependence of P upon the
Step size 40 taken. We used an angular vange between 20° and 75°. It was found
that the phase rule holds fairly consistently in this region, and that sma.
changes in the end points of this range were foll
the values

wed by only small changes in
The step size used was that of the experiment, A6=2°. By u;
Lagrange interpolation, we could vary the size of A8 used, but Found no change in
the form of P as a function of energy.




Figures 2-3 and 2-4 show the energy dependence of the phase correlation co-
efficient P. The points are seen to be widely distributed and show rapid energy
variations. The important features of this behavior are the dispersion of the
points and the average value of the points. Inspection of the curve shows that
the dispersion is progressively reduced as the bombarding energy is increased,
while the average value of the data remains fairly constant and is fairly consist-
ent with the theoretical distorted wave predictions. These results we can inter-
pret as follows: in this region of excitation in the Mg24+a system, there is
strong campetition in the inejastic 2% chamnsl betusen direct inelastic scattering
and the alpha decay of the $i28 compound nucleus, the latter produ cson-
type fluctuations with a coherence width which 14 estinated o be about 100 kel
While the phase relation of the direct component of the cross section is fairl:
strong, the fluctuating compound-nucleus contribution has no consistent phase
relation, and drives the value of P to more positive or more negative values at
random. One would thus expect the average value to be zero, which is seen in the
Hauser-Feshbach calculations shown in Pig. 2-b. Thus the average value of P will
reflect the contribution of the direct reaction component, while the dispersion
s central value will reflect the contribution of the
The reduced dispersion of P at higher

®

of the data points about th
fluctuating compound mucleus component.
energies is thus taken as an indication that the direct component
Extrapolation of the present data seems to indicate that above

t process. It should be pos-

at these energies.
about 25 MeV the reaction is dominated by the
sible to analyze these results more ouan(x(a()vel, and perhaps even obtain a
CN/DI ratio. This analysis could be done by combining a slowly varying direct
amplitude (as predicted by a DWBA calculation) with an amplitude generated by
combining many randonly spaced levels with random phases, thereby mocking- e
compound nucleus contribution, and then analyzing for phase correla
analysis has not yet been attempted. (W. J. Braithwaite, J. G. Cramer, R.

Hinrichs)
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p. 1.

2. W. V. Eidson, Indiana University, private communication.

3. D. McDaniels, Ph.D. Thesis, University of Washington (1960).

4. D. Hendrie, University of California, Berkeley, private communication

3. Inelastic Alpha Scattering on Silicon Isotopes

A study of elastic and inelastic scattering of 42 MeV alpha particles from
the three naturally occurring isotopes of silicon has been initiated for two
reasons: to investigate the nature of the inslastic process itself with regard
to recent theoretical descriptions of this process,l>2 and to obtain nuclear
structure information about the character of the energy levels excited by the
scattering. A similar measurement3 carried out on the A127 and §i28 nuclear
systens has shoun, for example, that the inelastic scattering cross sections of
A127 may be interpreted within the framework of an excited core-hole model.
Further interest is attached to the silicon nuclei because of the suggestion by
Bromley et gl.* that the collective deformations of sd-shell nuclei are changing




sign (from prol

te to oblate) in this immediate mass region.

ion encountered in a prelin-
where a natural silicon target was used, an effort was
nade o obtain for the present measurenent nearly pure mono-isotopic targets,
purities were 99.8% for 5i28, 95.3% for 5129, and 95.6% for 5130,
was evaporated on a 50 ug/cn? carbon backing with overall target
nesses corresponding o between 60 and 100 keV energy loss for the incident
a beam. The energy resolution (FWHY) of the alpha peaks of interest was typ-
ly 130 keV. Four lithiun-drifted s detectors, fabricated in this lab-
tory, were spaced at 2° separations and employed simultaneously in detecting
the scattered particles. The linear signals from each counter were fed through
r separate preamplifier-amplifier systems; the signals in the energy regions
terest were then selected with four biased amplifiers and presented to the
-930 computer for pulse-he ysis and storage into a separate 512-
channel data array for each detector. Dead time corrections
ADC individually by recor both the number of pulses presented to, and the
nunber of pulses analyzed by, each ADC, These corrections were typically less
n 2% except at the foi tost angles where the largest correction was 12%.
surements weve taken in steps of 1° over the angular range of 10° to 62° and
of 2° over the range of 62° to 85° in the laboratory system. In order
mize systematic error effects in the comparison of angular distributions
of cross sections between states of each silicon isotope, and in order to facili-
e accurate subtrac of unwanted oxygen and carbon contaminant peaks appear-
g in the spectra, the three silicon targets and a MoO3 target (on carbon back-
ing) were bombarded sequentially at each angle of the detector array.

Because of the substantial isotopic contamina
experinent® on i?

Prelininary data analysis has yielded angular distributions of alpha parti-
corresponding to the 0, 1.772, b.61, 4.97, s.z/, e 88-6.89 MeV levels of

$i28; to the 0, 1.277, 2.027, 2.425 249-5.279 MeV levels of

§i29} and to the 0, 2.23, 3.5, 4.81-4.83, 5. is, R 9) MeV levels of $i30

The distributions are being apalyzed in terms of the Auster -Blair modell
and the Wills coupled-channel code.® It is planned to test the applicability
Both the strong_coupling and the weak-coupling approximations of the collective
nodel in predicting the relative cross sections of excitation. It is hoped that
4 11 provide some insight as to the possible collective character of the in-
dividual nuclear states involved. Allen, W. Braithwaite, J. G. Cramer, and

E. Preikschat)

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

T. Tamura, Rev. of Mod. Phys. 37, 679 (1965).

J. Kokame, K. Fukanaga, H. Nakamwra, Phys. Letters 14, 234 (1965).

D. A. Bromley, H. E. Gove, and A. E. Litherland, Can. J. Phys. 35, 1057
(1957).

5.  Nuclear Physics Laboratory Anmual Report, University of Washington

65),

SR
6 J. G. Wills, Ph.D. Thesis, University of Washington, 1965.




Elastic Scattering of Alpha Particles from Calcium Isotopes and the Isotopic
Dependence of Nuclear Rad

A brief account was given in the 1966 Annual Reportl of an analysis of the

cross sections as measured for the elastic scattering of 42 MeV alpha particles
by nuclei ranging from k3 to Fe%'. This analysis had been motivated in part by
careful measurements of electron scattering? and mu-mesic y spectra® which
revealed some surprising differences in the electric charge distributions of the
Ca isotopes. It is well known that angular distributions for elastic scattering
of alpha particles show a sharp diffraction structure and that the locations of
the minina in the cross sections are particularly sensitive to the value for the
strong absorption radius characterizing the scattering amplitudes.
the experiments analyzed last year® had not been explicitly designed to point up
the anticipated small differences between neighboring isotopes; the available data
points in regions of sharp minima were neither plentiful enough nor of high enough
accuracy to determine the locations of minima to better than #0.5°. Consequently,
although the analysis suggested that the strong absorption radii of the Ca iso-
topes were not increasing as rapidly with A as one might expect, not a great deal
of confidence could be attached to that conclusion.

Unfortunately

Accordingly, a new series of measurements of the cross sections for elastic
scattering from Ca isotopes have been carried out in which special attention has
been given to the accuracy of the angular distributions and to the locations of
the minina which occur in the neighborhood of 35° (c.m.) and 24° (c.m.). To
mininize the angular spread and the variation of the mean scattering angle with
time, the beam was defined by two 1/32 in. collimators, separated by 20 in.;

the tapget was located 8 in. from the second collimator, and the detector was
set 20 in. from the target, with a 1/32 in. aperture in fromt of it. With this
geometry the over-all angular spread was of the order of 0.2 deg.

Elastic angular distributions have been measured for the four isotope
Ca*0,42,84,48 55 steps of 1° or 2° from 15° to 45° (lab); in the minima near 24°
and 35° (c.m.), the angular distributions have been measured in steps of 0.2°.
The observed cross sections near 35° are shown in Fig. 4-1. We here determined
that the minima for Ca%0,42,44,48 occur at 35.05°, 34.63°, 34.19°, and 33.81°,
respectively. It is estiffited that there is a possible error of *0.05° for the
differences in minimum angles and a further over-all error of #0.05° in the ab-
solute values of the minimum angles.

The cross sections have been analyzed in terms of three models: (i) The
Fraunhofer model, (ii) a parameterized phase shift model where we have used the
parameterization of Springer and Harvey,® (iii) a four-parameter optical model.

(i) Of these, the Fraunhofer model® contains the least ambiguity since the
minima in the angular distributions may be directly related to the strong ab-
sorption radius. The accurately measured minima mear 35° have been used to deter—

mine valyes for the Coulomb corrected Fraunhofer radii, Rpc, and these are plotted
versus Al/3 in Fig. 4-2.

(ii) The five parameters of the parameterized phase shift model have been
determined by searching for the best least squares fit of the measured angular
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scattering of 42 MeV a particles
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The four parameters of
V and W, the

Saxon form
the model are thus
radius, Ropt, and the diffuseness, a. "Best fit"
least squares search, in which all four parameters
search, the initial value of real depth, V, was c
it" parameters are listed in Table 4-1. We note that only the imag
, and the radius, Ry, vary appreciably one isotope to another.

ary depth,
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Because of the well kmown asbiguities in the optical model
situations of strong absorption, we have not attached to
deduced values of Rop. Rather, we feel tha re
| the partial wave amplitudes which emerge from this analysis a
of these amplitudes strong absorption radii whicl analogous to
those of the paramterized phase Shift model. 1 i1, Ry/p and B/2,
are also displayed in Fig. 4-2. It is worth noting that the differences in Ropt
are only slightly less than those in % /.
Inspection of Fig. 4-2 leads to the following conclusions
T S e e e e e S much as
might be expected in going £rom C a0t In an extensive analysis of alpha
sl iy dependence of the strong
i, Ry/p given by Rp) /p=(1.446 al/3 } .29)F throughout the
periodic table. The anticipated diff a8 and a0 would
then be 0,31 F. In contrast, largest difference il 2, Fpugg 5(48) -
Rp1/2(40), is only 0.22 F while the smallest difference, Rrc(48) - Rpc(#0) is
merely 0.13 F. In passing, we also comment that the Coulomb corrected Fraunhofer
radii which can be obtained from previous measurements>8 in
elastic scattering from other intermediate nuclei, such as
are consistent with the slope of the Vanter-Frahn prescription; th
nitudes given by this prescription are, however, some 0.05 to 0.1 F too small.
(b) There is a t are anomalously
small. The second difference [R(48)-R(44)]-[R(44)-R(40)] is negative for all
varieties of strong absorption radii and the values range from -0.07 F for Rpc to
-0.03 F for Ryy /2 and Rp1/2-
(c) Although the A dependence of the various strong absorpt
generally similar, there are several marked deviations.
Rpl/2, Ry/p for Ca*2 and Ca hat these fluctuations
measure of the uncertainties inherent in any analysis employing models of “this
type. (J. S. Blair and B. Fern
Table 4-1. Optical model parameters giving the best fit to the elastic
scattering of 42 MeV alpha particles from the calcium isotopes.
" = 40 2 uy u8
v 200,525 204,460 199.175 200,489
3 W 20,657 27,007 25.808 28.177
5 % 125 1418 1.4045
4, i 4.95° .015
e 872 4,910 957 5,01
a 562 .559 .56t 562




Report, University of Washington (1966,

2, Clark, Herman, and

2. Hofstadter, Nodelke, Van Oostrom, Suelze, Yeari

Ravenhall, Phys. Rev. Letters 15, 758 (1965

Bjorkland, Raboy, S Ehvlich, and Powers, Phys. Rev. 136, B3uLl (1964

3. Peterson, Ph.D. Thesis, University of Washington (1066).

Springer and B. G. Harvey, Phys. Letters 14, (1965) 116

Sue or owample, 4. 8. Blair, Lectures in Theoretical Physics, Vol. VIII-C,

y of Colorado Press (1966)

e o ang W T, Frahm, Amale Of Physics 27, 401 (1964
aqib, esis, University of Washington (1962).

Elastic Scattering of 21 MeV Deuterons fron €12, 016, 32, and Ni%®

Persuant to a igation of (d,Li6) reactions on light and intermediate

weight muclei which has been reported earlier,ls? the (d,d) elas ring

process has been studied for several target nuclei in order that a realist -

cription of the incident el of the (d Li6) reaction might be made. The tar-
were studied were C12, 016, 532, and Ni58, using the 21 eV

on bean of the University of Washington 60-inch £ixed-frequency cyelotran

Targets comsisted of thin foils of polystyrene, nickel oxide ulfide

v a thin gold backing, and isotopically enriched metal Lie Ni%8,

tection and identification were accomplished by means

Angular di:

respectively. Particle
of a dE/dx-E suL\d state counter telescope system.
absolute cross sections f ns

hese angular distributions
e e niiog ot this Taropatoryet The! optics
fo

1 potential chosen was

™

Ulreal) = -Vg£(r,rog,as)»

UCimaginary) = -Wgf(r,rop,ap)tharip(d/de)E(e,nor,a1) s

U(Coulomb) = (Ze2/2R,)[3-(r2/R,2)] for r<R; and
=7e2/r for TR, where Ro=roghl/?,

roAl/3)/al) L.
n Fitting the (d,d) elastic scattering angular dis-
h those reported by

and  £(r,ro,a)={1+expl(
The well parameters obtained
tribution from the Ni%® target ave in excellent agreement wit
Perey and Perey3 for this deuteron energy, and serve as a significant check on
the validity of the remainder of the present scattering data. In lieu of present-
ing these angular distributions here, the results of the optical model search for
cach of these reactions are summarized in Tal (3. B. Gerhart,

and F. W. Slee)




Well Parameters for 21 MeV Elastically Scattered Deuterons

Table 5-1.
Target v Vg ¥ Rel v g ap
(MeV) (MeV) (MeV) (F) (F) (F)

o 59.1238 0.0 10,7548 1.4286  0.6461 0.8263

orf 50.0374 0.0 6.6706  1.5230  0.6737  1.4973  0.6114

a2 60.3882 0.0 9.0541  1.119  0.5894 0.8459

Ni%®  se.3000 0.0 14.3702  1.099  0.9223  1.3835  0.6816

Nuclear Physics Laboratory Anmual Report, University of Washington (1965),
28

p. 28.
2. ibid. (1966), p. 3.
3. C. M. Perey and F. G. Perey, Phys. Rev. 132, 755 (1963).

Elastic and Inelastic Scattering of Alpha Particles from Rb87

A study of the elastic and inelastic scattering of 42 NeV alpha particles
£rom Rb87 has been started. The prime motivation for this experiment is the lack
of information about the states of Rb87. Excited states have been reported at
0.403, 0.843, and 2.97 MeV,1 and of these only the 0.403 MeV state has a spin and
parity assignment (5/27).1>2 The ground state has a spin and parity of 3/2".

The goal of the present experiment was to look for additional low-lying states
and to measure the corresponding angular distributions of the scattered a parti-

These angular distributions could then be used to establish parities,
It vas also

cles.
angular momentum transfers, and transition rates for these states.’
hoped that a comparison of the angular distributions for the excitation of these
states with those for the excitation of the states of Sr88 would be useful.

Preliminary data were taken using a 200 pg/cm? RbpSOy target, isotopically
enriched to 99% Rb87, evaporated on a 50 ug/cm? carbon backing. This target
proved to be somewhat less than ideal because of the many contaminants present.
The data taken with this target seem to indicate that states, other than those
1isted above, are located at approximately 1.35, 1.70, 1.95, 2.28, 2.42, and 2.70
MeV. The uncertainty in energy for each of these states is estimated to be
approxinately 50 keV. Partial angular distributions were obtained for the ex—
citation of the states listed above and are shown in Figs. 6-1 and 6-2. The
dashed curves are the results of an Austern-Blair* adiabatic approximation for
42 MeV alpha particles scattered from Sr88.5 The angular distributions for the
0.403, 1.35, 1.70, 1.95, and 2.28 MeV states (Fig. 6-1) seem to be out of phase
with the elastic angular distribution which, according to the Blair phase rule,3
would indicate that the parities of all these states are negative (i.e.,
same as the ground state). The angular distributions for the excitation of the
2.42, 2.70, and 2.97 MeV states seem to be in phase with the elastic angular

10
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of Rb87, The curves are Austern-Blair model adiabatic apprcx)matxons for
‘transition calculated for 42 MeV alpha particles inciden sr88 (s

The elastic cross section is shown for comparison.
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states are

distribution which would seem to indicate that the parities of these
all positive.

ross sec-

Since no measurenent of the target thickness was made, absolute crog
7 s
5088 data

A rough comparison of the Rb®
assuned to be eq

tions are not presently available.
can be made, however, if their elastic cross sections are
arison was attempted and preliminary transition rates

< of this experiment are summarized in Table 6-1w

Such a cor
The preliminary resu.
gives energies, spins, parities and relative transi
Rb87 and sr88.

W rates for the states of

Table 6-1. Prelininary spectroscopic parameters obtained from this experi-
2 gives the Q-value, column 3 the spin and parity and colum 4 the
The data for Sr88 is from Ref. The values of Upel.
that the cross sections for elastic scattering
and Rb87 are equal.

ment. Colun
relative cross sections.
for Rb87 were obtained by assuming
of U2 MeV alpha particles from Sro8

Q J Opel
(MeV) (F2)
s 1 2t 0.25 * 0.03
—2.74 0.30 * 0.04
2 %0.02
R —0.u03 s/2° 0.031 + 0.006
-0.843
-1.35 (1/2)”
-1.70 1727
-1.95 (372"
~2!25 (5/2)7
-2.42 a2t 0.086 * 0.0
-2.70 /2yt 0.104 * 0.01
(3/72)* 0.036 * 0.008

These preliminary results suggest severa
the experiment should be redone with a different Rb8
strengths for the negative parity 1.35, 1
are very nearly equal to that for the 1.8
average energy of group of states is 1.82 MeV.

1 things. Flrst, they suggest that
‘target. Second, the summed

.70, , and 2.28 MeV states of RbS7
4 ey (2) state of Sr88.5 Also, the
These results suggest that
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oup of states could be a quartet formed by the weak-cou g8 of the 4;3“
Rb87 ground state to the 2* state of the B8 core, If this
hen the relative strengths for the excitation of these states should
ht be assigned on the basis of the rela-
-1 are based on

ole of

ase,
be given by a (2j+1
sections. The

and spins m
spins listed for these states in Table 6

The positive parity states at 2.42, 2.70, and 2.97 MeV are suggestive of

the four states that could arise from the weak-coupling of the 2pg/p proton-h
to the 2.74 MeV state (37) o

Sr88. If they are, then the relative strength
fourth state has a spin and parity of 5/2F. If sucha
4/2* state exists the relative strengths for the excitation of the three
observed states are uhat would be expected £rom a (2j+1) rule. Also, the sun of
the relative cross sections of the four states (including the contribution one
would expect from the missing 5/2% state) is 0.28 in comparison with that for the
3- state of sri8 (0.30).

d indicate mn m

The present speculation about the nature and spins of the states in Rbf’
very tentative due to the uncertainty in the present data. Further work is
planned using a metallic Rb87 target. It is hoped that with such a target angu-
lar distributions can be obtained over a much larger region than was possible

Lfate target. This should permit much more accurate measurements of

with the sulfa
e energies and transition rates than are now possible. (D. C. Shreve)

Way et al. (Printing and Publishing
Washington

1. Nuclear Data Tab o kpmpuog by
Office, National Academy of Sciences, National Research Council,
CE Ty 15609 NRC 1-9-51.
2 C. D. Kavaloski, J. §. Lilley, D. C. Shreve, and Nelson Stein (to be pub-
Lished); see also Nuclear Physics Laboratory Annual Report, University of

Washington (1966), p. 22.

. S. Blair, Phys. Rev. 115, 928 (1959).
Austern and J. S. Blair, Ann. Phys. (New York) 33, 15 (1965).

J. Alster, D. C. Shreve, and R. J. Peterson, Phys. Rev. 144, 999 (1966).

Phys. Rev, 122, 1530 (1961); A. Braunstein and A. de-Sha

6.  A. de-Shalit,
Phys. Letters 1, 264 (1962).

7. Alpha Particle Scattering from Cel%0

The level structure of Cel*0 has been known so far only from B a
decay studies Some of the level properties have been 'nve>()5ated Al
the inelastic scattering of 42 MeV a-| ;urtlcl«"s on a target of natural Ce
8.48% Cel*0), This nucleus is of special lnLereh since it has a closed neutron
shell and a large gap in energy between the ground and first excited states.

ons have been obtained for the elastic scattering
(Fig. 7-1) and for some inelastic peaks (Fig. 7-2), using solid state detectors,
with an overall resolution of about 110 keV. The elastic angular distribution

has been analyzed in terms of a four-parameter optical model. It is assumed that

Angular distributi

13
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o 9B /Fosoms

Bem

Fig. 7-1. Angular distribution of
42 eV a particles elasticall
scattered from Ce:

the same Hoods-Saxon form factor dppL\es
to both the real and imaginary pars

The four parameters are then the depths
of the real and imaginary potential, V
and W, the radius, Rept, and the dif-
fuseness, a. Four sets of parameters
have been found which give equally good
f£its to the data; these ave listed in
Table

The inelastic angular distribu-
tions have been analyzed by means of
the Austern-Blair model,® where in add-
ition to the adiabatic approximation,
the radial integral

v
it bbbt
opt

is approximated by

iB

2

‘opt

xR

where

do/dS (arbitrary units)

Fig. 7-2. Angular distributions of
42 MeV o particles inelastically

scattered from Celt0. The

Austern-Blair calculations.

curves are




The derivatives

variati
a; hitherto, the partial

rized phase shift model

1odel parameters for Ce'*)(a,a) giving nea: uy

Table 7-1. Optical
nearly equivalent he observed cross secti
V(Hev) W(eV. (F) a(r)
e u83 .582
70.018 -15.664 1.479 7.680 571
-151.019 1.404 7.291
1.350 .01 555
140 4
in @ particle inelastic
ments and values for
deformation distance, 81-
Q(Hev) ah §,(=B,R)(F)
ot .66
.29
.67
.20 29
-3.40 (uh) 31
-5.20 (2% ,uh) .23
See ref. 7-1

known £rom previous work.

rity assi

a Sp:
1,2

The spin-parity assignments for the first three levels are already known.
In Fig. 7-2, the aqgum distributions to these three levels are compared to ¢
predictions of the Austern-Blair model for single excitation. Although the
served angular distribution to the lowest vel conforms to the predicted

15




phase relatinns be;
tween theory and &
be attributed to the
tunately, the spectra for ang

rinent at small angle
neglect of Coulomb ex
les between 1

peaks.

yond 30°, there appear to b

e some significant dif
it is quite likely that these can

Unfor-
y contaminant

S5
citation in our calcu
80 and 28 are obscu

xcitation of the first 4¥ level is

Much of the weak cross section for e
sinilarly obscured between 189 and 92°. It is significans that pattern beyond
o I comoistent with that| mredioted for single excitation, rathor FLel double

level is more

This suggest

excitation, of the 4¥ state.
appropriately described as
or rotational excitation,
fact that the 82 neutrons in Ce™
tion for excitation of the group Wit
pattern out to an angle of 55%.

form a

Concerning the three angula
a strong statenent can be made only fo
Here the angular distribution at angles L
sigment but a 1~ assignment cannot be ex
gular distribution suggest a 4 assignmen
discrepancy. The sparse angular distribu
suggests either a 2% or 4¥ assigment; th
assignment. None of these three angular
possible double excitation contribution.

Preliminary

transitions are given in Table 7-2. (B.

H. W. Baer, J. J. Reidy, and M. L.
This article contains refere
The 2t state at 1.596 MeV exc:

tion have been observed in Coulomb

Nucl. Phys. 2, 631 (1960); 0. Hansen and 0.

(1963).
N. Austern and J. S. Blair, Annals

8.
Nuclei

we

eler

In earlier progress reportsls2
spectra observed from Sn and heavier
Fron the shapes of these spectra and
the observed @ particles come from a
nature of the interaction
to make Some measurements
angle (40°) that had been
fron the observation that

ron at 40°, do/de
It is of interest to know

a 2-quasi-parti
a conclusion which is not surpri

» distributons to levels at hi
x that corresponding to Q

values of the deformati

nces to earlier studies of Ce
itation and the 3~

their strong forwardness,
direct interaction.
responsible for
at smaller angles to tl
studied so far.

if do/df folds over at forward ang

-2.08 MeV

s that the Q =

cle state than as a 2-quadrupole-phonon

in view of the
closed shell. The angular distribu-
22.50 MeV displays a good octupole

gher excitation,
-3.20 MeV.

ess than 35° definitely favors a 3 as-
cluded. Parts of the Q = -3.40 MeV an-
¢ but there are some clear points of
tion for the group at Q = -5.20 MeV

e data clearly contradict a 17 or 3~
distributions gives any hint of a

on distances® corresponding to these

Fernandez.

Phys, 86,332 (1966).
Telt0,
state at 2.47 MeV excita-
0. Nathan and V. I. Popov,
197

Wiedenbeck, Nucl.

excitation:
Nathan, Nucl. Phys. 42,

5 (1965).

of Physics 33,

Inelastic Alpha Particle Scattering to Highly Excited States in Heavy

orted measurements of a-particle
ments bombarded with 42 MeV u particles.
it is clear that
elp determine the
g it was decided

have rep:

h
he inelastic scatterin
he beam than the most forward
The reasons for going forward stem
easing rapidly as 6 decreases:
les, and it is a

To

v

is still incre
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is large to permit a

erest to obtain enough values of do/df where
over angle to obtain a total cross-sectior

The reasons that forvard angle measurements had mot been carried out ear
al.l The background due to target impw (carbon, oxygen)
increase more rapidly than the signal does as one goes forward.2 The elastic
tion increases faster than the inelastic cross-section as one goes
ward and there may be a signi ibution of apparent inelastic a particles
fron the low energy tail on the elastic line produced in the counter system. The
lowest energy a particles seen have an energy in the neighborhood of the Coulomb
jon is found to increase rather slowly with decreasing
particles of this emergy which may be present in the in-
beam would becone increasingly troublesome at forward angles because they
would be scattered into the detector elastically, i.e., with Rutherford cross-
hort, a relatively small amount of degraded beam accompanying the
4 give spurious contributions to the spectrum at forward angl

Their cross-s
Consequently any

sect.

main beam coul

To minimize the role of target impurities, presumably mainly surface
the thickness of typical targets vas increased to 1 to 2 mg/cm?. In addi-
ecial effort vas made to prepare particularly clean targets. To reduce
e possible effects of a tail on the elastic line in the detector systen, a

snall magnet? was used to disperse the scattered beam and separate away the elas-

tic he proper s by con-

es of the magnet were studied at backward angles
agnet-on"" and "magnet-of£" observations taken with a broad a partic
P To reduce the amount of degraded beam present in the incident beam
beam spot on the target was defined by the duct slits before the analy
Between these slits and the target there was only a very large diameter clean-

aperture.
Prelininary r ndicate that (1) the inelastic cross-section from
heavy elements is c g to increase as one goes from 40° to 25° and that (2)
le to make measurements at angles less than 25° unless the

it will not be possil

amounts of oxygen and carbon in the targets can be even further reduced.

In addition to the work done at 42 MeV at our cyclotron, one run was

formed at the Berkeley 88" cyclotron in collabora

son. The main object of this run was to see whether

gh excitations in (a,a') reactions persist at higher

Ponbarding energies. For example, does one still see scattered a particles with

Tomb Barrier energies (120 MeV) when the incident @ particle energy is raised

The energies of the Berkeley bombardments were 42, 50, 65 and 90

eV. Broad spectra of inelastic o particles were observed at all emergies. T
are in the process of being analyzed. (G. Chenevert and I. Halpern)

1. Cyclotron Research, University of Washington (1964), p. 13
7. Nuclear Physics Laboratory Annual Report, University of Washington (1966),

p- 6.
3 Cyclotron Research, University of Washington (1364), p. S




9 Proton Scattering from Isobaric Analog States in the Lead Reg

The studyl of iscbaric analogs of the low-lying states of P 07 by proton
elastic and inelastic scattering on Pb20% has been extended, and new results have
been obtained. The improvements in the previous data consist of obtaining purer
targets of Pb and cbtaining better resolution in the particle spectrum. As a re-
sult we were able to resolve some of the weaker inelastic proton groups which
were not previously observed. In addition, angular distributions were taken on
the previously reported resonances as well as those more recently

observed.

Excitation functions in the region of the first three amalo
(Ep11.5-14.5 MeV) were measured at 105°, 125, 1i5° and 165°.

the previously reported resonances at the ground state analog (E
the g.s. (0%), 0.804 (2+), 1.47 (2%) and the 1.71 MeV (1*) state!
resonances were observed there for the 1.15 (0%) and the 1.34 MeV (3%) states.

PH8(5p) PO2OS(2% 8O3 MeV) 7|
B0 16 J\

=

M OFFERENTIAL CROSS SEETION (s

o)

PB%8(p,p) PP (3% 134 e®

g

80105

g

M OFFERENTIAL CROSS SECTION

INCOENT PROTON LAB ENERGY (MaV)

Fig. 9-1. Inelastic scattering excitation functions for the Pb206 (p,p') to
the 2+ (.803 MeV) (a) and 3% (1.3 MeV) (b) states of Pb206:

Figure 9-1(b) contains the excitation function for the decay to the
3t (1.34 MeV) state of Pb206 at 105° in the laboratory frame. In the entire
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sy range studied resonances are seen only at the g.s. (1/27) and first excited
state (5/2°) analogs of P»207. In addition, the on-resonance angular distribu-
hown in Fig. 9-2 for both of these states are isotropic. Deviations
isotropy in the f5/; angular distribution would indicate contributions otf
cle decay. This demonstrates that the 3* state has a dominant,two
ticle-hole configuration such that ¥(3*) (1.3% MeV) = 1.00(py /o
h the shell podel calculatiops of True and Ford? who obtain a
). Inorder to appreciate the
tion for decay to the 2¥(.803 MeV)
-1(a). The highly collective 2

il
i e i
1 ))+.05(p3), £577)=-038(pi)2 £7/2
y of this state, the excitation func

state of Pb206 is shown directly above in Fi
state s resonances or interference effects at the position of nearly every
analog in the energy region studied.

The inelastic scattering excitation
function to the 1.15 MeV(0') state of
Pb206 is not shown here. For this state
seen at the analog of the

P64 (B12%7 ) pePE %) a pesonance
300 it Pb207 ground state and a very small
IO effect at the analog of the Pb207 5/2°

state at .570 MeV excitation.

ez ey

At the resonance energy for the
g-s. 1AS the angular distributions
groups were taken.

P
oF/he five inelastic
The entrance channel (py/p proton cap-
ture) requires all these angular dis-
tributions to be isotropic. Any devia-
tions from isotropy in these cases im-
plies that there is interference between
the resonance and the background cross-
From £ig. 9-2 we see that the

o= ¥4 (570 MeV1AS)

° f section.
sof fl‘_‘_“‘_" 41 Sy 2+(.803 MeV) angular distribution is
definitely not isotropic, even though

the resonances at each angle appear to
be Lorentzian in shape. The other four
i D e angular distributions are isotropic with-
e in the experimental errors. The total
L L resonance width was obtained from the
i o O AT data and found to be 200 keV. Since this
analog was observed in the elastic scat-
tering a value of Ip could be extracted.
In turn the inelastic widths could be
calculated. Table 9-1 gives the results

of this analysis.

ja= ¥ (894 VeV, 1AS)

CM. DIFFERENTIAL CROSS SECTION, (b/sr)

|

Fig. 9-2. Inelastic scattering angu-
lar distributions at the resonance
energy of the three lowest energy
analogs of Pb207(4.e., 1/27, 5/27 and
3/2" states). At higher bombarding energies

(14 to 16.5 MeV) we have taken excita-
tion functions at eight different angles in order to study the interference
pattern previously observed in the 2' state at the energy of the analog of the
g9/2 state of Pb207. Figuwe 9-3 contains a plot of these data. For the gg/2
resonance it is seen that the interference pattern goes through a zero at some
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inilap observation seems to be true for the i13/7

angle between 145° and 155°

nelog resonance. These data A analyzed.
Table 9-1. Results of the analysis of proton elastic and inelastic scatter-
ing on Pb206 at the position of the resonance (Ep=12.23 MeV) for the pj/7 g.8
d also is the dominant heutron configurat or the

analog of Pb207. Include
Final state, which is based on the angular
analogs of all the neutron hole state of P

stributions at the position of the
207,

Final State , (keV) Dominant Configuratio
Pb206 0*(g.s.) 13
2+(.803) il
0*(1.15) 1.9 a(pyy)” + =1
e 2 iy
3t(1.34) 19.9 )
2*(1.47) 44.8 a(,,i},/ Py * b
At ) 32.8 By /2 pg'
Infered from this experiment. We have assumed Pb207 g.s. to be pure

Py, neutron hole in the Pb208 core.

guration

This state shovs no evidence for an appreciable (63973
as caleulated in ref. 2.

scattering to a
oth resonate at the
Richar

energy range we also observe the inela
State ot 3.76 Me\ and a Seate at 238 MeV in PL206, These
of the gg/; analog of pp207, (C. D. Kavaloski, J. S. Lilly, P.

and N. Stein)
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Fig. 9-3. Excitation fu
14 to 16.5 MeV incides

ing to thi
feV. A strong interference pattern
seen at the og state at 155°,
165° and 169° in the laboratory

£rame.

Lilly,
in, Phys. Rev.

C. D. Kavaloski,
hard and N.
807 (1966).
. True and K. W. Ford, Phys.
Rev. 109, 1675 (1958).




II. REACTIONS INVOLVING PICKUP AND STRIPPING

10. Proton Decay from Isobaric Analogue States Formed in the (d,n) Reaction

ation of

Although there has been considerable investigation of the exc
anatogue states (IAS) with other reactions, the (d,n) reaction has been
Obvious difficulties in the detection of neutrons
help expiain this lack of popularity. But in a situation vhere the IAS has suf-
Fioient energy for decay by proton emission, the resulting relatively sharp peaks
in the proton spectrun, coupled with the fact that the peak location changes only
ignatyre for this proc-
in ot alt in a (pyn) charge
80(d,mNBIL*

isobari
little used for this purpose.

ess. Proton decay £
exchange reaction and more recently by Moore et al’ in the reaction Zr
(188) + p + 2r9%(g.s.).
series of experiments to measure the cross sections for
proton decay of IAS formed through the (d,n) reaction on many different nuclei.
It was our first hope that this reaction would be a prolific source of informa-
decay properties of IAS. As the investigation has proceeded,
the (d,np) process is very selective and that the
only a few transitions; consequently our emphasis
chanism it-

We have initiated a

tion concerning the
however, we have learned that
cross sections ave large for
has been shifted to an elucidation of the nature of the reaction me
elf.

s

A survey of the (d,np) reaction has been made by obtaining excitation func-
tions, at 1709 in the laboratory frame, ranging from threshold to about 16 keV in
the incident emergy. Further, angular distributions have been measured in the
backvard hemisphere at vavious incident energies. The following targets were
ctudied: AIZT, Ni6%, 7n68, Y89, 7r90,92,9% "o92,04,98  snll4, 116,118,120, and
Pb206,

Since the narrow proton decay peaks ride on a substantial background, it is
necessary that the detection system have good energy resolution as well as the
ability to discriminate protons from other charged particles. A AE-E detector
‘elescope having a combined energy resolution of about 32 keV(FWHM), which yas
developed for the study of spectral fluctuations in the A1¥(d,p) reaction,3 was
admirably suited for this purpose.

5

Some feeling for the characteristics of the reaction may be obtained from
inspection of representative proton spectra. The proton spectra following the
@ + 7090 peaction ave shown in Fig. 10-la at two incident energies. The ds/

07 can be seen unambiguously at both energies.

(g.s.)-IAS > 0*(g.s.) transition [Py
In the higher energy spectrum tnere are indications of the following tr; nsitions:
51/2(1.21 MeV)-IAS > 0*(g.s.)[P}];dg/p(2.06 MeV)-TAS to both 0*(g.s.)[P§] and

2¥(2.21 eV)[P3]; and g7,5(2-19 HeV)=1AS » 0F(g.s.)[FR].

In Fig. 10-1b, the protons from the d + Mo®” reaction ave shown. Again the
ds/o(g.s.)-1AS + 0%(g.s.) transition [Po] is readily seen. Indications of other
tobasitions are less obvious, even though the general background structure is
relatively smoother than for the case of d + 7090, It is worth noting that the
a5 (+5.)-TAS does not give a discernable resonance in the proton scattering

22




g. 10-1. Protons fron deuterons bombardment of a variety of target n
a - Zr90, b - Mo92, 7nb8, d - Zrd%; at incident energies near and far above
the (d,n) g.s. IAS. The horizontal lines indicate the energy
range wherein the proton group corresponding to a particular decay of the IAS
could lie. In the labeling of peaks superscripts ref: ; the g.s. ana-
logue is designated by the number 0, the analogue of the next excited state with
peasonable spectroscopic factor is designated by the number 1, ete. Similarly,
the subscripts refer to the final states.
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cross section from Mo%2. similarly, the Bl e e R
7089 are not observed® in the proton scattering
Hidhcn dsiays Erun shind) of| Pnahaldin e svel sbasivad ronom;, the (d,n) re-
action as shown in Fig. 10-lc.

final example, the proton spectra from the d + Zr’'
D]aycd in ng. 10-1d. The largest peak above background is the t
ds/o(g.s.)-IAS > 2%(0.916 MeV)[P{], There is perhaps some indication of other
transitions such as s1/5(0.932 MeV)-IAS » 0*(g.s.)[P§], and d dg/p(1.68 He ) IAS
to both 0%(g.s.)[P] and 2%(0.916 w)[pf] The gendral Tound in thes:
spectra has more structure, which illustrate the type of difficulties encountered
in the estimation of the cross sections for weak transitionms.

dis-

Due to the sequential nature of the (d,np) process, the shape and the exact
location of the peak within the energy range allowed by the kinematics provides

further information on the (d,n) reaction mechanism. It is seen in F.
that the location of maximum count for most proton groups lies toward the higher
end of the range which is indicated by the horizontal line. This is particularly
evident in the proton spectra obtained at the higher bombarding energy. Because
the proton decay is cbserved at 170° in the laboratory frame, we can infer that

the cross sections for the corresponding (d,n) reactions are forward peaked.

2094 (60 WP, TAS)= 20024096 Mev)

40 S5 1AS) 25454 (0",

£

Fig. 10-2. The excitation functions cbtained at 170° in the laboratory frame for
the various tramsitions following the (d,n) reaction. Each (d,n) threshold for
the IAS is indicated by an arrow on the energy axis. The errors shown include
contributions from both the counting statistics and the uncertainties in back—
ground subtraction. Error of 10% in the absolute normalization has not been in-
cluded. The smooth curve drawn through the data has no special significance.

)
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stion functions measured at 170° are shown

ctions can be extracted re

The exc

eral of the cases where cross s

of the s transitic exhibit an exci: l tlsn function which

above threshold as is typified by the Tc93*[Po) ‘tion shown
for the NbSS¥(P]-transition (F

ation fus

s fg this shape can be seel
[t 2¢), where the

2]-transition (Fig. 1
only slowly with emergy.

have been measured
the case of proton d
5 can be ex-

A few angular
to determine total cross sect
the m-substate

ne can then be comparec
ettt
o(g.5.)-IAS » 0 transition
to the data.

MO®2(d, ) Tc®* (1, 1AS)= p + Mo™ (09
€007 725 el
in =% (o8)

8, oldeqrees)

Fig. 10-3. The angular distribution cbtained at 7

the ds2(g.5.)-IAS » 0%(g.s.) transition following the Mo®

The s the result of a o the d;t‘, The extracted

fractional n-substate populations of ve
a

is the result of another least squares fit to th
ds/2 state.

ons, there exists further t

ate if the orbital

is is

From the study of these angular distributi
possibility of assigning definite spin value to tl
Engular momentum of the decay proton, £, is known from other reaction
due malnl to the fact that the angul £rom the lowest m—substatrs,
\7%; , are moderately different for the two values of j, & + 1/2 and & - 1/2
here'yu/;j is the angle-spin ng to substate m. The dashed

curve in Fig. 10-3 is the result of a least squ

function correspon
ares £it to the data assuming the




IAS to be a dy/, state. The calculated variance of the ds, fit is a factor 2
smaller than thé corresponding dg/p fit. Furthermore, the dg/p assigmment re-
quires a 93% m = * 1/2 population in the IAS formed in the (d,n) reaction. This
Seems unwarranted since the emerging neutron has an energy of roughly 500 keV and
thus can carry off a finite amount of angular momentum.

Our interpretation of the experimental results is based on the following
With the assumption that the (d,np) process is s

theoretical considerations. ol
quential, the total cross section for proton decay to a given final state,o(d,np),
may be written as the product

(1)

o(d,np) = o(d,n)G,

where o(d,n) is the total cross section for the formation of the I
(d,n) reaction and Gur is the branching ratio for proton decay via
Knowledge of the branching ratio, Gei, and the total cross sectior
cay, o(d,np) enables us to extract the formation cross section, o(d,n).

Except for decay to the ground state, the branching ratio is given by

]
¢

where T, is partisl width for the proton decay channel, ¢!, as measured, for ex-
ample, $n an inelastic proton scattering experiment, while I is the total width
of the IAS. In the case of decay to ground state, c' = c, the correct expression
for the branching ratio is

I+ WP

e T (3)
where T, is the elastic partial width as measured in the usual proton elastic
scattering experiments, W is spreading width corresponding to decay of the IAS
into compound nuclear states with one less unit of isobaric spin (normal states)
which are essentially degenerate with the IAS, and P is the probability for sub-
sequent proton decay of such states to the ground state of the target. Stated
alternatively, G, must contain the contributions of both compound and shape
elastic widths. The reason Eq. (3) is not used for the other proton chamels is
that the To1 as deduced from inelastic scattering experiments includes implicitly
the width for the roundabout decay through the normal states as well as the width
for immediate decay of the IAS into exterior chammel c'.

¢,

stron decay, the probability for

When there are many channels open for n
proton decay of the normal states is presumably small so that the product WPc in
Eq. (3) may be neglected. On the other hand when the neutron channels are
closed, this second term in the numerator can become very important. It is often
true that proton decay to the ground state is greatly favored over decay to ex-
cited states, because of the respective barrier penetrabilities. Thus, when the
neutron channels are closed, the branching ratio for decay to the ground state,
Gesapproaches unity. For a given Z, IAS which are closed for neutron decay Will
oceur only (if at all) in the lighter isotopes; one therefore expects that the
cross sections for corresponding (d,np) reactions in a given series of isotopes
will decrease markedly with increasing A at that value for which many neutron
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channels become open.
£ it is assumed that an IAS is formed by the mechanism of direct (d,n)

oss section, o(d,n), can be estimated by means of the

fotal cross section for the (d,np) reaction would then

stripping, the formation cr
standard DWBA model.S The
be given by the expression

(20, +1) Sy
(&) = [y Ty ——Lﬂ.o B opup(®
S, Jj and T ave respectively the spin and isotopic
. is the spectroscopic factor deduced from analysis
tioh leading to the parent of the IAS, and opyp(4) is
proton of orbital angular momentum £ as com-
v in brackets will be called

()

where Jg is the spin of the
spin of the target nucleus,
of the (d,p) stripping reac
the total cross section for adding a
puted by the DHBA model. In what follows the facto
the enhancenent. factor, F.

ns where the (d,n) cross section is inadequately de-
scribed by the DWBA theory, it may be reasonable to assume that the cross section
W11 be proportional to the same spectroscopic and statistical factors which have
been separated out into the enhancement factor. Indeed, Eq. (4) can be inverted
(9), the total cross section for single proton transfer,

But even in situatio

through the relation
05p(8) = o)/ ©)

Comparison of the values of gg(2) extracted from experiment will then serve to

neasure the consistency of models for the (d,np) reaction.

together with the calculated
Information

erinental results
F, are contained in Table 10-1.
her. Values of the diff

A summary of some of our exp
values of the enhancement factor,
concerning IAS with the sane spin are grouped toge
ential cross section for the (d,np) reaction at a laboratory angle of 170° are
given both for incident energies far above threshold (E v 16 MeV) and at maxina

hold for the IAS in question. (For those transitions where the corre-
Sponding groups are not discernable above background, we have assigned upper
Timits to the cross sections.) In calculating F we have used the values of Sgp,
\ which are available in the literature. The uncertainties in the
large or larger than 50% in many

I, T and Tp
enhahcement: factor can be as

stances .

Also listed in Table 10-1 ave preliminary values for ogp(4) as defined by
£q. (5). In order to caloulate this quantity it is necessary to know the tota)
(angle integrated) (d,np) cross sections. For decay from a sy/p IAS, the total
(4.55) oross section is simply U times the differential cross section at 170°.
Fon Gecay from some of the dsp IAS to the ground state of the target, the angu-
Jor distributions have been measured at enough energies to allow us o extract
2 meaningful total cross section at all emergies; for the weaker transitions 5
d5/2 states, we have assumed that the angular distributions are the same a2 those
meauped for the stronger transitions at corresponding values of the outgoing
heutron energy. Only one angular distribution has been measured for the decay
of a dg, IS to a growd state; this, together with some infornation concerning
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Tabls

near and

(Eq~ 16

£ro related angular dj

Summary of results for the 2d5/2, 35172,

(d,np) reaction. The enhancement factor F as well

and
Bl
¥ rom the threshold of the (d,n) reacti A give
The final two colums give the single particle cross sections for the (d,n) reaction
These values have been either calculated from measured angular distributions
tributions (see discuss:

on in text).

188 as o
a1

in the

9(170°)
da,np

E, IS@m)  Final ub/se
Fold State  Fx10  Ner Far lear Far
24, 'r'r;; gs. 700 olge) wss e assess 1o 96e1.u2” B.u0tL.22
2% gs. 738 0'(gs) 0.2 7623 82e11 9.75:2.91 7.12:2.45
= g.s. 7.7 o'(g.s.)  0.134 16:10 12.7647.46
2%(0.916) 0.264 24 UL 65214
8.8, 6.69 0*(g.s.) 5.80 875¢53 350%75 10.0120.61  8.32* 89"
g-s- 7.29  0%(g.s.) .04  S40RWO 217426  8.28:0.62  5.75:0.69
0.18 8.66 0*\345.) 0.127 3L 9 UL 1.50 UL
1.21 8.26 of(g.s.)  1.31 9035  8.673.39
0.96 8.40 o*(g.s.) 0.616 - -
0.95 853 0'(g.s.) 0.631 30415 20 UL 5.91
0.93  7.64  0'(g.s.) 1.56  BOWS 75225  6.41%3.64
0.77 8.07  0'(g.s.) 0.964
g.s O’(g.s.) 0.364 14 UL 15 UL
of(g.s) 128 120825 75240
0'(g.s.) 0.300 LLUL 82511 4.65 UL
o*(g.s.) 0.211  13UL 13 UL 7.4l UL
o*(g. 0.149 25UL -
gitee) 200250} 7.5910.08 15.61
0% (g.s.)
o*(g.s.) 8UL 20413 1.63 UL 5.
O'(L 130#35 5.40:1.78  6.94%1.84
o' (g,
8.92 0'(3 130UL 27 UL 5.33 UL 15.3 UL
ot(g 240830 160440 10.73%1.33  9.89%2.45
9.40 ﬂ*(g 40:14  25%13 10.21#3.55
0*(g.s.) UL 13 UL
gs. 9.8 0%(gs.) 25 UL,

decay to both the 0* and 2F.
tion is similar to

We have £

v the 2291 4, A5 we have assumed that Ge n
rther assuned that the dg/p > 2

the dg, » 0 transition.

Fron neasured total (dnp) cross section.
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asured

1AS, has been used in converting the
estinates of total (d,np) cross sections for

the m-substate populations of dg /o

e rough
e

T of cun

the measured excitation functions, and angular

Consideration is table,
distributions lead us to make the following observations
he enhancement factor F serves as a rough measure of one's ability e
ular (d,np) decay. These decay peaks which clearly stand out w

correspond to transitions for which F > 0.25. As mentioned
hetheT or not the IAS can de-

(1)

ground
earlier the magnitude of F depends critically on

cay by neutron emission.

(2) ‘More quantitatively, at high incident energies the values of ogy(2),
d the large uncertainties of the analysis, have essentially The

r states with a given proton orbital angular momentum, 2, i
ent of the behavior of the cross sections at lower
o mcier s appacoa fralhel e e alonl in
Perhaps the biggest discrepancy concerns the excitat

here, however, our lack of information on the angular dis-
proton decay to the first 2* state in 290 makes the deternination

of dgp(2) very uncertain.

bearing in
same magnitu
eReie oA aaindpe

DWBA calculations of the single particle cross sections have been made in
which various bound state form factors have been assured; at these higher
energies, agreement of the measured and calculated cross sections has been found
to within a factor of 2. In other words it would appear that a divect interaction
description of the (d,n) process generally suffices at these higher energies.
However, this description does encounter at least one difficulty. Those DWBA
we have carried out so far for the excitation of ds/p IAS
the m = * 1/2 substate varying from
to 0.4 at the higher incident energies.

calculations which
have yielded values for the population of

0.50 to 0.8 while the measured values dip

As the incident emergy is decreased toward threshold, a more compli-
Parcicularly in those instances where o(170%)y g,
(2) are somewhat larger near threshold than
2) show similar behavior throughout the ene“g/
there are several other examples where either
for

(3)
cated pattern seems to emerge.
is large, the values of the og
high energy; in fact these ogpl
range studied. On the other hand,
0gp(2) is measurably less than it is at higher energies or only a small value
the upper linit on this quantity can be established. The rapid increase in
cross section near threshold is mot characteristic of the DWBA calculations which
¥e have so fanpeforsd. Further, the variation inenergy dependsnce is not
understood at this time. (J.S. Blair, N. Cue, C. Ling, P. Richard)
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The Spectrun of Alpha Particles Emitted in the (He®,a) Reaction in Heav
\ Elenents

The observation (see Sec. 8) that
x highly excited states in residual nuclei
are populated with appreciable probabi- AP (He ol T0°
lities in the (a,a') reaction, suggests
that corresponding things may be true
in other kinds of direct reactions like
pickup and stripping reactions.

tions of evaporated particles, it is well
(as in the (a,a') studies) to restrict
one's attention to heavy targets and to
charged particles in the exit channel.

} For the incoming particle one wants a

|

1
|

reasonably high energy and in order to
provide for the possibility of high ex-
citation of the residual nucleus, one
i wants a large positive Q. For these
i reasons, the reaction chosen for study

Fig. 11-1. The alpha particle energy
spectrum for Aul97(He3,a) at 70° with

was the (He3,a) reaction, with He’'s of
22.5 MeV (the highest energy easily

available at the tandem accelerator).The
same particle-identification techniques

22.5 MeV incident Hed particles. The
Line through the points is merely to
guide the eye.

were used as in the (a,a') mEasuremeyigA
The targets chosen for study were Sn'™° and Aul%’. For these targets the maximum
energy of the emitted a particles is about 35 MeV compared to the 42 MeV in the
inelastic scattering studies.

Qualitatively the results for (He®,a) resemble those for (a,a'), there be-
ing a considerable yield of alpha particles with energies from 35 MeV on down to
the Coulomb barrier. (See Fig. 11-1.) Preliminary results suggest some differ-
ences between the (Hed,a) and (a,a') results: (1) (Hed,a) cross-section, in

contrast to the (a,a'), decreases with increasing A [the ratio of the Au/Sn dif-
Ferential cross sections at 50° being 0.16 for (He3,a) whereas it is 1.2 for
(a,a')] and (2) The (He3,a) cross-section decreases for more forward angles in-
stead of increasing 3s was seen in the (a,a') cross-section. For examle, the
50°/70° ratio for Aul®’(He3,a) is 0.35 while the 40°/60° ratio for Au

3. The latter observation perhaps can be explained in part by the lower incoming
and outgoing energies in the (Hed,a) reaction. (G. Chenevert and I. Halpern)

197(a,at) is
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) Reactions on Sr°°, Y, and Zr

as been completed and the

of the work reported last year'
D. Kavaloski, J. S. Lilley,

ed for publication.? (C.

The analysis
1ts have been subm:

. Shreve, and Nelson Stein)

versity of Washington (1966),

L6 Tt o e e U
I

e b, (alaloskx, J. S. Lilley, D. C. Shreve, and Nelson Stein, submitted

ysical Review.

13. p) Rea
rgies below and above the
Coulomb barrier, such strip-

stripping reactions at incident ene

Coulomb barrier has just been undertaken. Be:
reactions will occur outside the nucleus where nuclear distortions will b

ping on
of minor importance and compound nuclear contributions will be negligible.
can be assured if the Q value of the reaction is near zero so that the energy of
i emitted particle is also below the Coulomb barrier.

reactions as (d,p), with a Q value g

uch st
thould be concerned especially with stripping to
arison of experiments above and below the Coulomb bar-

A stu

residual nucleus. A comp
rier can yield an understanding of DWBA procedures.

g0, A Stugy has begun on the reacti
2r%9(d,p)Zr”", which has a Coulomb bar-
rier of about s Mev. F)gurﬂ 13-1 show
some pre £ anguler s
tributions to the g'rnun:\ and the 1.
MeV excited state in Zrol for 11 Me'/ d= -
terons. Extraction of angular distribu-
tions for excitation of higher excited
states, theoretical fits to the data,and L
the extraction of spectroscopic factors
have yet to be completed. It is planned
to study such a reaction at several en- Fig, 1 Gngular distributions for
ergies around the Coulomb barrier, with Zr °<a,p) to the ground (5/2%) a
special emphasis being paid to those re 1.21 MeV (J/z') states.
actions leading to highly excited states.
Other stripping reactions besides (d,p) will be included in the investigation
(J. Cramer, R. Hinrichs, D. Oberg, and G. Phillips)

2% 6 2%

RELATIVE NOMGER OFcOUNTS

1.  Small Angle of (a,t) Reactions

The J-dependence of stripping reactions at large angles is well established:
Nearly all stripping and pickup reactions have angular distributions that are
somewhat characteristic of the total angular momentun transfer J as well as the
orbital angular momentun transfer L2 This dependence has generally been inter-
preted as arising fron a spin-orbit interaction.l Unfortunately, detailed anal-
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yses of these data are rather difficult due to problems with the distorted wave
Born approximation (DiBA) calculations needed at these large angles.

A study of the sma]l angle behavior of the angular distributi r... for (a,
spin 1/2 particle) s ng reactions was suggested by the work of Henley and
Kelley.? They have shewr\ that if a spin-orbit fowce is included in a D
culation as a first order perturbation, the angular distributions
transitions leading to states of spin j = 4 + 1/2 and 5 = % - 1/2 will have dif
ferent shapes eve: ing a simple diffraction model and
geonetrical argu , they have deduced that the
effect of the sp: 1nter'act)on will be to )ncrease the cross section
the j = & - 1/2 state g the j = £ + 1/2 state. Thus, one
might be able to assign spins and determine the strength of the §-8 force from
the cross sections at small angles. DWBA calculations for (a,p) reactions pre-
dict that this small angle J-dependence may be quite large. The experiments re-
ported here were performed to test the predictions of this simple theory.

We made a choice between the various possible («, spin 1/2 particle) re-
actions on the basis of experimental convenience. He wanted to
going particles in silicon detectors of reasonsble thickness.
ons and tritons over protons and neutrons. Also, s
42-UeV alpha bean at small angles with
ed by charze) for

gidity for protons and o particles of equal energies is the same. It was
also convenient to have the magnetic rigidity of the out-going particles greater
than that of the beam so that o particles degraded in the collimator would not
saturate the detectors. These conditions all favored the (a,t) reaction. It was
felt" that this reaction might be similar to the (a,nucleon) reaction for which
the original calculations were done. The specific reactions studied were deter-
mined by the presence of known states of spin + he final mucleus
and the desire to have the magnetic rigidity of the tritons as large as possible.

The experimental arrangement of the magnet, detectors, and targets is shown
in Fig. 14-1. This nagnet and_the techniques to measure small angle cross sec-
tions are described elsewhere.® The counter is mounted behind a collima
telescope which defines the angle of bending in the magnet and which can be
pointed avay from the center of the magnet to detect particles enitted at snall
angles. In addition to the paticle identification accomplished by o
and an energy detector, a standard AE-E counter system was used to e
tritons from other particles of the same energy (notably alpha particles) which
were scattered into the detector by the telescope apertures. For the large angle
region (8 >10 deg) this same AE-E counter system was used in the conventional
manner with the targets mounted at the center of the scattering chamber.

The angular distributions for the reaction Ni%*(a,t)cu® leading to the
ground state (3/27) and 0.770-MeV state (1/27) were measured from 2.5 to 70 deg-
and are shown in Fig, 14-2. The curves in Fig. 14-2 ave the results of 4 = 1
DHBA calculations using two sets of optical model parameters without a spin-
oxbit potential.® The tuo sets of optical model parameters were obtained by £it-
ting’ elastic scattering data for Ni®0(a,a) at 43 MeV8 and Cub3(He3,Hed) af
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under way and preliminary =
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seen in Fig. li-4, there are
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Mg?* (a.t) AIZ®
©0.95 Mev

ogs. %

do/dQ (reltive)
T

B s
Bem.
L
e Fig. 14-4. Relative angular distribu-
tions for the Mg2*(q,t) reaction leading
Fig. 14-3. The ratio of the differen-

tial cross sections for the (a,t) reac-
tions leading to the ground state,
and 0.770-MeV states (1/27) of Cuf

state (3/2%) of AL%S.
523/2-) drawn through the points to
i ye.

these differences are due to a J-dependence or to some other source.

to the ground state (5/2%) and 0.950-MeV
The curves are
de t

N i o
Table 14-1. Optical model parameters used in DHBA analysis of the Ni (q5t)CubS

reaction. The form of the nuclear optical potential used was
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Fig. l4-6. The ratio of the cross sec-
tion [or the 5190(a,t) reaction leading
to the 1.265-MeV state (3/2%) and the
2.232-MeV state (5/2%).

e preliminary angular distribu-
CRE I i masals (u,t) leading
Bem to the ground state (1/2%) 1.27-MeV
(3/2%) and 2.23-MeV (5/2*) states of P!
are shown in Fig. 14-5. The shapes of
14-5. The relative angular distri (h(’se angular distributions are very
butions for the $130(a,t) reaction lead- imilar to those measured for the
ing to the ground state (1/2%),1.265-MeV (He , ) reactionll leading to similar
tate (3.2%) and 2.232-MeV state (5/2%). states in 31, the mirror mucleus of P31,
e curves are drawn through the points
to guide the eye.

e (He>,a) case the differ-
the shape of the £ = 2 angular
distributions for the transitions to the 3/2* and 5/2' states were interpreted as
being due to a J-dependence. We might conclude, therefore, that the differences
we observe are also due to a J-dependence. The ratio of the cross sections for
the transitions leading to the 1.27-MeV (3/2%) and 2.23-MeV (5/2%) states of p3l
is shown in Fig. 14-6.

e plan to continue the study of these latter reactions Iy taking data at
small angles and investigating transitions to other final states
(P.F. Mizera, D.C. Shreve, and D.W. Storm)
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15.  Investigation of the c2(q E)N’5 Reaction

A survey of the (a,p) T n light nuclei has been undertaken with
the object of investigating its \.se[ulness in nuclear spectroscopy measurements
The (o,p) reaction is attractive the widely used
(d,p) reaction, onl in (1/2) of the proton is involved
mechanisn and subsequent data analyses, since the alpha particle
This feature is extremely important for a unique determination of the spin of the
final state, Jg, of the product mcleus by particle-gamma-ray angular correlation
measurements.l The zero spin of the alpha particle also seems to be important in
a study of the angular distributions of the outgoing protons, where a pronounced

ving the same angular momentun
transfer £, but going to final states of different spin Jg = 2 * 1/2. While the
cross sections for the lower Jg exhibit oscillatory behavior with angle, the
cross sections for the higher Jg are found to be generally smooth.? This behavior
can be predicted from DiBA theory, unlike the similar but les: oronnunked behavior
in the (d,p) reaction, which is complicated by the non-zero spin of uteron.
In spite of the attractive features of the (u,p) mechanism, this reaction e
heretofore not been widely studied because of the generally negative Q-values as-
sociated with it. Such Q-values make necessary relatively high energy alpha
beans with good energy resolution, such as are available from the University of
Washington tandem Van de Graaff accelerator.

The c12(a,pIi*® reaction was chosen as a test case fop the (ayp) studies
for several reasons: specifically, the excited levels in N> below 10 eV are

For the most part well-known experimentally and have been extensively interpreted
theoretically; furthermore the levels include a wide vawiety of known spins.
ever, consjderable mystery is still associated with the state at 9.16 MeV excita-
tion in N1°. Previous experiments? have indicated in fact that this level may be
a close-lying doublet with ome of the states unaccounted for theoretically.
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Fig. 15-1.
22 MeV alpha

otons detected at 20° in the laboratory from the bombardment of
icles on carbon. The diagonal line shows the energy calibration.

These angular distributions are being analyzed in terms
e e e e e G intensity of the avai.
e alpha beans, proton-gamma-ray coincidence and angular correlation measure-
ments will be carried out. In a dlpcg, e igations are plamned of the (a,
reaction on other targets including Mg2S, 5129530, and Ti%*6. (J. Allen and
6. Phillips)
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idths Using the (a,Li’) Reaction

16.  Triton Reduced i

The results of the DwBA ms to the experimental angular distributions for
the (a,Li7) reaction on B: and F19, reported last year,l have been used to
extract relative reduced wxdths for tritons. The normalization factor between
the experimental and theoretical differential cross sections is proportional to
this reduced width.

i

If we consider a pickup reaction B(a,Li')A, where B = A + t, and Li’ = o +
t, the normalization factor between the experimental and the DWBA results can be
written
d0(0)
dqQ /o, WBA( o) i “Ru,tRA,t‘
exp

N is equal to the ratio of the ejectile-projectile sping times the probabilities
of finding a triton plus a core making the ejectile (Li7) and the initial nucleus

(B).

These extracted values were compared with theoretical calculations assum-
ing simple shell model configurations for the three nuclei of interest: B 2y
and £

The reduced width for a triton can be written as the product of two fac-
tors. The first factor is the probability of removing two neutrons (whose angu-
lar momenta are coupled to zero) and a proton from an antisymetric parent state
leaving the appropriate daughter state which represents the core or the final
nucleus. The second factor is the expansion coefficient for transforming these
three single particle wave functions into the desired cluster representation which
conserves both the total angular momentum and energy of the system. The former
term is called the spectroscopic factor or the square of fractional parentage co-
efficients and the latter term is the product of equal and unequal mass Talni co-
efficients. The spectroscopic factors? were most easily calculated using j-j
coupling. Therefore the single particle wave functions were transformed® from
3-3 to L-S coupling in order to use the_convenient Talmi coefficient tables
equal mass transformations and formulas® for the unequal mass transformations.

The first

Y for

The results of these calculations are listed in Table 16-1.
column shows the assuned shell model configurations for each target nucleus.
next column lists the center-of-mass wave function of the triton relative to the
core. This is also the bound-state vave function used in the DBA form factor.
Finally, the last colum shows the reduced widths, denoted by 6

The

'he calculated widths are compared to the extracted widths by numahzxng
the results to the Bll case, thereby eliminating the triton reduced width for Li’.

The results of this comparison are shown in Table 16-2. The extracted
relative reduced widths for BLL and N15 would appear to be consistent with a
simple shell model description for their respective ground states. However, the
extracted value for F19 shows a large enhancement of triton clustering when com-
pared with the averaged value of the two dominant shell model configurations.
(J.B. Gerhart and P. Mizera)



able 16-1. Triton Reduced Widths

2 5/6 0.45 0.375
¥ 5/6 0.22 0.183
6
o'+ us 1 o 0.032
0'® + 14225 us 3/5 0.026 0.016
Triton Relative Reduced Widths
2
caleul 62 (extracted)

1.0 0.92
3.72 3.33
o0.16)_ wig

Nuclear Physics Laboratory Annual Report, University of Hashington (1966)

Nuclear Reaction Mechanisms, Padua (1962);
T (Gordon and breach, New York, 1963)p.1027.
e ropolis, and J. Worten, Jr. 3-j and
6-3 Szvuo s zrhe emnology Press, M.1.T.,Cabridge, Mass. 1585y .72,

3. Brody and M. Moshinsky, Tables of Brackets for Shell
Model Calculations (HonograFias Del Instituto De Fisica, Hexico, 1960).
mirnov, Nucl. Phys. 27, 186 (1961

R. Sherr, Direct Interaction.
SRE R

nberg,




17.  Heavy Ion Transfer Reactions

An investigation has been made of the feasibility of studying heavy ion
transfer reactions with the tandem Van de Graaff.

It has been proposed that such
a study upon medium weight target nuclei at energies below the Coulomb barrier

would yield spectroscopic factors which would be more peliable than those ob-.
tained from (d,p) work. With heavy ion stripping, such as (NL*,N13)  beloy the
Coulomb barrier, the nuclear force can indeed be called a small perturbation to
the Hamiltonian and be accurately treated as such; also compound nucleus contri-
butions to the cross-section with heavy ions would be diminished, as compared to
direct interactions; and a non-DHBA analysis (e.g., the Breit-Ebel semi-classical
tunneling theory)l could be used to obtain the spectroscopic factors.

© study this type of reaction a reliable method of identifying and sepa-
rating heavy ions is required. The technique using solid-state E and 4
tors is unusable here because 25 MeV N1* will stop in about 22y of silicon. Pre-
Vvious methods have used Al foils? to detect the 8% active N3, and also a gas
proportional counter to serve as a AE-E systen.

The former method is una
distinguish between reactions leading to different states in the fin

and in the latter the resolution of the proportional counter is insufficient at
these energies to resolve the excited states in most final nuclei.

he ident.

ication scheme tested here was to use both the energy, E, and
£light, t, of the reaction particle to generate the function Et2,
which is proportional to the mass, using the SDS 930 computer for a two-parameter
enalysis. For time-of-flight determination, we had available the buncher-flapper
system of the Van de Graaff (see Sec. 48). However, the best time-packet obtain-
able was about 6 nsec wide. An alternative system detected both the reaction
particle and the recoil particle, the former detected at some distance from the
target and the latter close up. These signals were then used to generate start

and stop pulses for timing. With very good resolution in the timin
identification could be achieved.

g system,
For a tandem experiment with 016 at 20 Mev,
with the second counter a distance of 1 1/2 feet from target, we needed a sepa-
ration of at least 0.5 nsec to identify the outgoing O15. Resolving times of
this magnitude are only possible under the most favorable circumstances; thus
this work may have to be done with lighter bombarding particles and more conven-
tional identification techniques. (J. Cramer, R. Hinrichs, D. Oberg, and

G. Phillips)

G. Breit and M.E. Ebel, Phys. Rev. 104, 1030 (1956).
J.A. McIntyre, J.G. Couch, J.C. Hiebert, Phys. Rev. 152, 883 (1966).
C.E. Anderson, D.A. Bromley,and M. Sachs, Nucl. Instr. and Meth. 13,238
(1961).
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III. REACTIONS

OLVING SPIN FLIP

ject has been started to study spin flip reactionst
using He3 as the incident projectile. The mot hind this project is to
investigate the spin flip reaction as induced by projectiles more strongly ab-
sorbed than protons.

There are several di
intensity ol

rst, the Hed beam
den Van de Graaff is relatively

culties involved in using He3. F
le from this laboratory's

snall. Much effort has gone into increasing this beam (Sectionu7). Second,
one must do particle ident:
order to separate H
C® (He® He¥y) protons. For this purpose, a
£ o210 MoV state transnission detector and
e ;.
solid state detector have been

ELASTIC 'ih~ signa:

fast-slow coincidence
used to gate a 512 channel analyzer.
cidence is often the
et up, a time-to-
ight converter has been enployed
coblem. Star
ved from the f
iated with the
particles and gamma rays, respectively.
i The time spectrum of
arrangenent consists
ground, corre:
and a peak, cor
incidences. A slow
oo e e o comicd
the fast coincidence part of the circuit.

RELATIVE CROSS SECTION

SPIN-FLIP PROBABILITY (percent)

s have been made on the

bability in the reactio
(ia.43) at 21 eV

ne3 spin flip results are shown in Fig. 16 -1.

T}
G5 (LAD)

Fig. 18-1. Lover
l;i

he error bars
lity are statisti-

2 and

known, the data
tribution. If there were no
tribution, the spin flip probability would be zero for all angles shown. I
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y would be about

there were no m=0 contribution, the maximum spin £lip probabil
6.5%.

This work is being continued and extended to back angles where proton spin
fnp measurements have shown large spin-flip probabilities. (J. G. Cramer,
. D. Hayward, W. A. Kolasinski, D. M. Patterson, F. H. Schmidt, and J. Tesmer)

1 Nuclear Physics Laboratory Anmual Report, University of Washington (1966),
p. 59.

2 Nuclear Physics Laboratory Anmual Report, University of Washington (1965),
p. 7

19. Proton Spin Flip in Inelastic Scatterin

The probability for spin flip of protons inelastically scattered from NiS8
and Ni¥ nuclei leaving the latter in their first excited (2f) state has been
measured at incident proton energies of 9.25, 10.50 and 15.00 MeV for Ni%8, and
10.50 and 14.00 MeV for Nib%. The experimental procedure, described p“eucusly,
involves the detection of coincidences between the scattered protons and
excitation gamma rays emitted along the quantization axis perpendicular to the
scattering plane.

ure 19-1 shows the spin flip
probabi my e
an .00 MeV protons
NE* (o) NI** (136) i scattered from N)D“ Tns spin

e iy bability exhibits a large backward peak,

3 7 and a smaller one forward of 90°. In

Figure 19-2 are shown results obtained
I with Ni%8 as the

SPIN-FLIP PROBABILITY

g
o

Y

3
4
&
0%
8
]
BEY
-
v
g

3

8
3
3

g

3

¢

5
2

at
T e e
S0 % 0 o 0 % R moved to 130°, the decrease at forward
SCATTERING ANGLE (LA®) angles is much more abrupt, and possibly
a peak around 70° is emerging. The
15 MeV results show the characteristic
Fig. 19-1. Proton spin-flip proba-  angular dependence, with strong backward
bility in the reaction peaking and very little spin flip
NiB¥(p,p!)Nib4*(1.34) as a function forward angles
of laboratory angle.

g
»
g
B

There is considerable evidence? that in inelastic scattering of protons
from Ni%® at incident energies around 10 MeV, the compound-nuclear processes play
an _important role, while at 15 MeV one might expect the compound-nuclear contri-
bution to be considerably less. The Ni58 data could thus be interpreted as show—
ing that both compound-muclear and direct processes contribute to the probability
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for spin £lip, the characteristic backard geaked i being associated with a
direct process. Previously obtained datal 12 160 s i
hypo(hegla. In the neighborhood of the 10.5 MeV scattex‘xng resonance in C12 the
idly changes its angular dependence and magnitude as the
energy is varied, while between 12 and 15 MeV, where the magnitude
cross-section changes very slowly vith, el the epln-£lip

y exhibits the characteristic angular dependence. If the
s correct, this would indicate that here the compound-
v ribution is relatively small. (J. G. Cramer, B. Fernandez, W. A.
Kiasinatts sl b . mitl)

033) NI (ppIN*(148) T Ni%®(pg)Ni°®* (145) Ni®® (pgIN°e*(145)

> €,1925 ey £,41050 Mev

£ o3of /

Doz

g

& o20)

&

o o it

' ol 3

z t i

5 oosf 9 :\ﬂ)}
Ca) e

) I D
SCATTERING ANGLE (LABORATORY)

Fig. 19-2. Proton spm-mp probability in the reaction Ni%8(p,p')NiS8¥(1.5)
at 0255 205 and 15.00 MoV

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

o} L. W. Swenson and R. K. Mohindra, Phys. Rev. 150, 877 (1966).

al Nuclear Physics Laboratory Anmual Report, University of Washington (1966),
el 595

20.  Proton Spin-Flip and Cross Section Measurements in the 2r%0(p,p') Reaction
on the d Tsobaric Analog Resonance in ND'

A study of the dyjp analog resonance in Nbol excited by 2090(p,p') has been
nade by measuring the cross section and spin-flip' excitation functions over the
resonance at 90°, 140°, and 170°, and an-on resonance angular distribution of the
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gure 20-1 shows the re-

differential cross sections and spin-flip probability.

action and analog relations diagramatically.
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ze9 Fig. 20-2. Zr%%(p,p') excitation
functions at 170° (normalization
cussed in text).
Fig. 20-1. 2r°l analog states i
NbO1 and their proton decays to 2r%0. Figure 20-2 shows the 170° excita-
tion functions for elastic scattering
and for inelastic scattering to the first five excited states of Zr®0. The
elastic and 2% inelastic functions are normalized to 10 at their maximm values,

while the other functions are normalized to equal the 2% off-resonance at 6.70
MeV, thereby emphasizing the relative strength of the resonance in the various
channels. From these data it can be seen that the resonance in the inelastic
channels is strongest to the 2% state, which rises above off-resonance background
by a factor of 2.8, followed by the 0¥ which rises by 2.0, and the u¥ ywhich
rises by 1.5. The odd parity 5° state and the 37, 4~ doublet? do not appear to
be fed by the resonance.

s this resonance an
e

The strength of the dg/p resonance to the 2* state m
jdeal subject for a spin-flip study because of the large cross section and
relatively high energy (2.18 MeV) de-excitation gamma ray from the 2% to the
ground state used in the spin-flip correlation measurement.. The limitations of
the spin-flip measurement technique restricted its application to the inelastic
excitation of the 2 state. Figure 20-3 shows the spin-flip excitation function
at 90°, 140°, and 170°, along with the 2* excitation at 170° which is shown for
reference. Rather surprisingly, the spin-flip probability for inelastic scatter-
ing to the 2+ state is remarkably constant as a function of energy, in contrast
Yo the cross section. This indicates that the spin-flip and non-spin-flip con-




utions to the cross
even though

tion are maintaining an essentially constant ratio
ir magnitudes change by almost a factor of three on the resonance.

53‘ Ze%(p,p) 2% (2*,2.182 MeV)
g

Flce

B

Fig. 20-u. Experimental and calc:

lated 2r%(p,p')Zzr3%%(2*) angular dis-
tributions on the 6.80 MeV d3/o analog
resonance.

Figure 20-4 shows the measured angular distribution for inel

stic scatter:
to the 2F on-resonance.

Calculated angular distributions are also shown corre-
sponding to the decay of the dg/p resonance by pure 51,5, d3/2, ds/p, and g7/5
vaves, and by a mixture of these waves predicted by the austeFeshbach theoky
applied to the outgoing channel only. As can be seen, only the g7, distribution
gives a concave distribution similar to the data, but the angular dependence of
the g7/ distribution is mich stronger than that of the data.

Figure 20-5 shows the on-resonance
spin-£lip probability angular distribu-
tion. It is seen that within experi-
mental error there is no strong an
dence in the spin-fl

8

ar
ip probability

In order to understand the decay
of the dg/; resonance to the zr®® 2
state and its bearing on the configura-
tion of the dg/p State, let us consider
the possible ways in which this decay
L can take place: (I) the dg/p state can
B decay by a single partial wave; (II)
dy,p state can, because of a mixed wave
function, decay by two or more partial
Fig. 20-5. 2r90(p,p")zr®**(2%) spin- waves whose amplitudes will interfere
1ip angular distribution on the 6.80  in the differential cross section; (II1)
WeV d /o analog resonance. the dy), state, because of its wave

reRceyr sey FLp

us




lower states of

function cannot decay directly to the 2* state, can mix with
‘the same spin and parity, and these states can then decay to the 2* state.

Possibility (I) may be ruled out at once because the observed angular dis-
tribution cannot be fitted by assuming a single partial wave, as was seen i

Fig. 20-4

in

In support of T-mixing (III) are the following facts:

(a) The 2* angular distribution is not d with a s

(b) The spin-flip excitation function is flat

(c) The total width 3 of the dg/p resonance is large e
mixing with T-lower states.

(d) The dg/, resonance is bound to neutron emissi
would be likely to de-excite in the inelastic cnannels.

e partial wave.

gh to allow some

lower states

In support of ¥-mixing (II) are the following facts:
(a) The odd-parity states are not fed by the dg/p rei
il
(b) The 2% angular di ion is mot fitted with a
of the partial waves which would be expectcd to res:
(c) The 2% angular distribution can be fi
and g-wave distributions, in a 2:1 ra(m. Since

ance, as would be

user-Feshbach mix
T-nixing.

&

may simply add cross-sections. Other combinations of partial waves
might also fit the observed 2+ angular distribution, but these would
interfere strongly and would probably produce a non-flat spin-flip
angular distribution

e T-mixing cannot be eliminated, the preponderance of
the 2% plus s and g waves i

s to be the case, a rather A
on of the dg/p wave

We feel that whi
evidence is on the side of a strong component of
the dj, state configuration. If one assumes th
calculation using proton penetrabilities gives a representati:
function of

= cte 4% (0,055, ) +0.95 g, 0) + iel

1/2

This rather definite prediction cauld serve as a stringent test of shell-nodel
calculations in the Zr%p and Zr%n systems. (J. G. Cramer and P. Richard)

1.  F. H. Schmidt, R. E. Brown, J. B. Gerhart, and W. A. Kolasinski, Nucl. &
Phys. 52, 353 (1%64); Nuclear Physics Laboratory Annual Report, University
of Washington (1965), p-
2. D. L. Hendrie and G. W. Farwell, Phys. Letters 9, 321 (1964): R. T. Wagner, -
Shunk, and R. B. Day, Phys. Rev. 130, 1926 (1963)
Fox, Florida State University (private communication).




PHOTONS FROM NUCLEAR REACTIONS

21.  Double-y Decay of Ge’2
a tug photon transition between the O* first excited state

2 has been made by bombarding a thick target of Ge’20p
ps) lifetime of the state was ex:

for
and the ground state of Ge
with 4.8 MeV protons. The relatively 1
ploited by pulsing the proton beam in 1 usec intervals and recording y-y coinc
dences only when the beam was off. Two NaI crystals 60° apart and shielded from
each other detected coincident y rays. The pulse-height outputs of the two de-
tectors were connected as inputs to the on-line computer System operating as a

32 x 64 analyzer.
No evidence of a two-photon transition was found in a 12 hour run. Approxi-
mately 30 counts in the two parameter spectrum could not be excluded as possible
2-y events. This set a limit for the ratio of 2-y to electron conversion in

0t to OF transition of Ipy/Ic S 6x10-5. This number seems to be smaller than
theoretical predictions? by at least an order of magnitude, possibly because of
error in estimating the strength and position of the giant dipole resonance in
racy of the experiment vas limited by positron activity induced in
rget by the (p,n) reaction, and by neutron-capture y rays

1 the walls of the chamber.

Ge’2. The ac
the 018 present in the
in cascade from n+A127

The Ge’2 target has been reduced to the metallic form and the experimental
background from meutron capture

(J. P. Allen, W. J.

configuration is being redesigned to el.
y rays. Another run is planned in the near future.
Braithwaite, J. G. Cramer and C. F. Williamson)

Nuclear Physics Laboratory Anmual Report, University of Washington (1966),

i
p. .
iR Most of the theoretical work is summarized in D. E. Albarger and P.
Parker, Phys. Rev. 135, B294 (1964).
22.  Gamma Ray Polarization Measurement
The circular polarization of the gamma rays from the 4.3 MeV 2* first ex-
cited state of C12 is being measured at an alpha scattering angle of 19° (1ab)
and at 22.5 MeV bombarding energy.
Initial in-plane (g,a'y) studies in conjunction with previous in-pl
ould be

angular correlation data’ indicate that the polarization measurement sh
made at 19° and 89° (laboratory angles).

ith two 1iquid nitrogen cooled alpha
70,000

The measurements are being carried out
particle counters, and total alpha particle counting rates as high as
counts per second have been successfully handled by the electronics; however,
alpha beam limitations® have prevented us from operating at this level. For the

X




1 requivenent
q

19° measurement 60 nanp of beam on target would satisfy our be
as 200 namp on target.

while at 89° we will probably be able to use as mu

0 make the measurements will require the observation of about 2.5 x 105
idence events between each alpha counter at 19° and the polarization
gamma counter and about 105 true events between each alpha counter at
n sensitive gamma counter. At maximun counting rates
asurenents should require about seven days and three days, respectively,
continuous data collection. At somewhat less than the maximum data collection
(the alpha bean current was relatively low) during a ten day run a total of
out 1.2 x 109 true events were observed at the 199 point.

@ dumping and analysis is being done by use of the SDS 930 computer

A:'\:J @ link tape progran which allows greatly enlarged use

pifectlvely increasing the memory space for program storage. (T. D. Hayward,

D. M. Patterson, F. H. Schmidt and J. R. Tesmer)

i e ) R I T
1. luclear Physics Lax

ratory Amual Report, University of Washington (1366),

Cramer, D. E. Blatchley, R. D. Bent, Nucl. Phys. 55,

ratory Amual Report, University of Washington (1966) ,

10-up Of the study of rotational gamma rays following
¥as presented in last year's annual report.l In that study
of the rotational transitions gave a picture of the an-

residual nuclei toward the end of
The puzzling result was that the aver-
momentun in the late stages of the
estimate predicted.

d much less angular
¢ theoretical

last year's study that
d in part by a g
y, the

he angular momentum discrepancy
ematic error in the assumed detector efficien—

arger nunpon ) oF the detector [Ge(Li), 1 cn? x 4 mml, vas re-
A1 crystay mines; S SOUTces. The sources were standardized
1 who:

#ficlency is known.2 This remeasurement con-
measurenent.

last yea o s : i

high oo that the low intensities at high J might cone

t houls majee o €0 emit more photons at the expense of neut-
©4¢ make the excitation functions for the (x,3n) reaction




upon the J value of the compou

dependent
Excitation functions for

bardment .
energies.
intensity
were used

pattern with bonbarding energy.
o vary the cyclotron bombard:
that the

the anomalously 1

zo
£
-3 ® 6d"(«,4n)0y'*®
£ ] o i
2 xod sy
p
Fig. 23-1. The relative intensi-

ties (normalized to the 4*+2* tran-
sition) of the transitions in the
rotational bank of Dy

160

ground_ gtate
and Dy°®. These nuclei were pro-
duced by 2 MeV a bombardnent of

6a160 and Gal%6 respectively.  The
abscissa, J, is the spin of the radi-
The 2*»0* transition is
inties in

internal conversion.

the resulting gamma-ray spectra are much more complex than for the neutron-rich
The (a,4n) rotational lines must be sorted out from a large number of
These other lines are probably due to (,3n) reac

isotopes.

as yet unidentified lines.

going to odd A isotopes; see, for example, Fig. 23-2
spectra makes it difficult to determine the intens:
cause of uncertainties associated with background subtraction.

ing made to develop a better data ana
was possible tentatively to identifg
reactions in the bombardment of Gal®®
intensities.

nd nucleus origina.
gher J events would be

Such shifts would be reflected in a

rotational 1.

It was found in these preliminary data that the intensities fall

11y formed in the bom-
shifted to higher

rapid change of the rotational line

To test this conjecture, degrader foils

ding energy in 2 MeV Steps from 32 to b
o e median J in the rotational band increased only about

ase in bombarding energy. This shift is too small to help explain
ow median J at which the cascade enters the rotational band.

Since the neutrons in the evapora-
tion cascade are known (from their angu-
lar distributions) to remove very little
angular momentum, the angular momentun
loss must occur during the photon cas-
cade which starts after the chain of
neutron evaporations and leads finally
into the rotational band. To investigate
the effect of the length of this photon
cascade chain on the final angular momen
tum distribution, it was de om-
pare distributions from some neutron-
rich targets with those from targets of
isotopes lying close to the stable valley.
The_isotope pairs chosen for study were
(GelS6, cal®Vy, (Erl, Erl’0) and
(Y172, b176).

In the bombardment of the neutron-
rich isotopes the predominant reaction
at the maximm a particle energy of our
cyclotron (42 MeV) is the (a,4n) reac-
tion. Intensities of rotational lines
out to the 12+>10* transition were meas-
ured and it was found (Fig. 23-1) that
the intensity pattern was essentially
the same as that for the (a,3n) studies
of odd A targets reported last year.

With the stable-valley isotopes

. The complexity of these
ies of the various lines be-
An attempt is be-
ysis program than we now have. Hovever, it
nes resulting from the (a,!n)
and Ybl72, and to measure their relative

off somewhat faster with increasing J for the stable-valley targets than they do

for the neutron-rvich targets.

This implies that the average photon cascade is




longer for the stable valley targets.
We have not yet att

data on the J dist
quantitative estimates of effective
photon chain length. (S. Ferguson,
I. Halpern, and C. F. Williamson)

1.  Nuclear Physics Laboratory Annual
Report, University of Washington,
(1966) p- i

L. Heath, Seintillation Spec-
Fig. 23-2. Photon spectrun £ollow- Z,"‘f’”;”“y; e 9})"5?:?’“
ing bombandnent of GIL with 42 HeV St B
o particles. The spectra were meas- - STol (e qugk Rl
ured with a 1 cm2xt mn Ge(Li) Solid B ,‘hcp;md"

State detector. The solid line is i i b B
Rev. Letters 17, 806, 1966.
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in the ground state rotational band
of Dyl%6 is indicated.

24.  Studies of Radiations from Medium Weight Nuclei

An investigation has been started of the radiations which are stromgly ex-
cited in the bombardment of certain isotopes in the A=100 region by 42 MeV a
particles. A Ge(Li) detector is being used and an energy range up to about 1 MeV
is being explored. The purpose of this study is two-fold. st, residual nuclei
can be produced whose low lying level structure has mot been studied before and
one can hope to ide some new spectroscopic mfcmacmn for species avay from
the stable valley. Second, the relative intens: £ lines proceeding between
states of known J may yield additional insight e question discussed in the
previous section, nanely the way in which angular momentum is removed from a cool-
ing mucleus by a photon cascade. To complement these studies, work has also begun
on an investigation of the photon spectrum emitted by some of the tgrgets up to
energies of 10 MeV. For this purpose a Nal detector is being used.

So far, the targets that have been bombarded include rhodium, niobium,
calls nine tin isotopes. Some vibrational states in tellurium isotopes :
which are produced by (a,3n) and (a,4n) reactions on tin have been identified.

Many other states have been seen but have not yet been identifie e analysis
is continuing. (S. Ferguson and I. Halpern)

See Section 25 of this report.




25, High Energy Photons Emitted from Nuclei

Last yearl and the year before? we reported measurements of high energy
(5 MeV) photons which were observed from both heavy and light element targets.
Typically a heavy target gave a measurable yield of such photens only at the
highest excitation energies that were reached at our accelerators (e.g. i
bardments with 42 cles at the cyclotron or 21 MeV He® particles at the
tandem). The heavy element photon spectra were continuous. The spectra
lighter targets consis
bonbarding ener, the year was spent in improving the photon detector
system - for example, the reduction of pileup which interferes with the observa-
nuous spectra in heavy elements and the improvement in resolution
light element studies (see Sec. 36).

which is useful i

One measurement that was carried out during the year was a study of the
(p,y) reaction on bismuth. The capture cross-section had been measured with
radiochemical techniques for bombarding energies, Ej, from 6 to 150 MeV3 and we
vere able to study the photon spectrum at Ep=15 and 16 MeV (near the peak of the
capture excitation function. The observed spectra are shown in Fig. 25-1 and 25-2.

s
5. oo
& s
§‘, 3 Bi2%+p
g, & 16 Mev
§ e
L g
H o Carrone 210" RAW SPECTRUM
b e 2 ThvERAGED VER & CHANNELS)
Fig. 25-1. High energy gamma ray 0]
spectrum from 15 MeV proton bombard- &
ment of Bi209, 12
2
e
By integrating these spectra between the 3 [|cacukTed' necon
naximum possible photon energy and an 8 || rue-ve eonmirotoned
energy lower than this by the binding ] IBEEQTRINS
energy of a neutron to the compound o
nucleus, one can judge whether the cap- i}
ture may be accounted for by the prompt X assumen |
emission of primary quanta to states 1) seecTaim |
from which particle emission is mot pos- e |
sible. - Last year a similar comparison =)
of integrated photon yields and meas- o 7 |
ured capture cross-sections was regor(edl ] 10 TS 20,
for alpha particle capture in Snll2 and PULSE HEIGHT (MeV)
it was found that the two cross-sections
wWere in reasonable accord. However the Fig. 25-2. Total gamma ray spectrum
nunber of counts in the photon spectra  from 16 MeV proton bombardment of Bi209.

was small and the statistical accuracy




of the comparison was consequently poor. The counting rates in Bi299(p,y)
study were much better.
To determine the photon yield cross section in Bi209(p,Y) a rough »ffmen:y

isotropic enission were assuned. In previous measurements of h
ct of pileup had been assuned to be negligible. To test

he pileup spectrum was made using
This calculation, though rough,
ditha prastistion high energy pulses due to pileup was not 'n:gligib}&
ure cross-section comparisons are shown below

spectra the eff

results of the c

Photon Yield Cross-section (ib)

nergy (MeV)  Radiochemical
Correction

Cross-section (mb) No Correction
0.65 0.64
0.85 1.17

thin about 20% the radiochemical and photon-yield cross-sections

2 y dependence of the latter seems faster, but this apparent dif-
ference nay arise in part from errors in both measurements.

It is seen that

| should be explained that although the radiochemical capture cross-5ec—
tion reaches a peak at about 15 to 20 MeV in a heavy nucleus, the cross-section
for the production of high energy (15 MeV) quanta is not expected to decrease as
the energy is raised beyond this point. In fact it is expected ncreasing
rongly with energy at this point. The fall-off Of Gcapture at higher
arises mainly fron the fact that after the emission of a high energy
becomes possible (and very probable) that a particle rather thana
n will be enitted. According to statistical theory the probabili
giant resonance photon from a highly excited heavy nucleus is

® dr

n the numerator is across the giant resonance (energy E,
g snall number factors, this ratio is

o(E. )
(it i

omenta et firal residual energies E ave appropriste average values,
he width of e Iverse cross-sections, The temperature T is neant 10
bt e o crn i Uatog e fox (piRisbp it Rerkl 2
,mrdm/ > one finds that for a heavy micleus excited to 40 el ¥
g 2 giant resonance photon is about 0.1%. This estimate is
R «:if;riler measurements.l At an excitation energy of 30 MeV
The Benporolt 3 times smaller and at 20 MeV it is over 30 times
r the rapidly increasing probability to evaporate giant
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resonance quanta at higher energy arises because the inhibition against thei
enission is in part energetic. If AsbEy is the average energy it costs to

siant resonance quantum in place of a neutron, then the ratio of level
ng above mvolves the 3oltzwann factor e~8/T, At higher excita-
exponential factor decreases rapidly. Our object in
Zon of high energy quanta £rom heavy nuclei is in part to see
their yields and spectra are in accord with expectations based on
istical theory.

to what extent

elementary.

ne some of our previous data we find that, in general, statistical
describe the dependence of cross-section on energy. The most

a on proton capture do o, however, fit the genera] pattern. Table

1 gives the 80° photon yield at 16 HeV for the various previous experiments
including the yields from 15 MeV proton bombardment of Hel 5 and 81209 measured

this year.
Table 25-. (ub/sp-MeV) for photon emission from a number of
target elements under a variety of bombarding conditions.
Target Mass Number
Projectiles Nedium-light  Medium  Heavy
15(Co) 10(Ag)  2.5(Au)
21 MeV He 8(co) 7(sn)  £0.3(Au)
18 MeV a - 0.5(sn) -
15 MeV protons 7(81)

12(Ho)

One notes that since 21 Kel He? particles give excitations that are only slightly
ields are sinilar but snaller. fhen one

formation cross sections are about the same. This result suggests that direct or
so-called semi-direct capture may be contributing to the proton capture cross-
section. (S. M. Ferguson, I. Halpern, and D. L. Johnson)
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1. Nuclear Physics Laboratory Annual Report, University of Washington (1966),
£
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Nuclear Physics Laboratory Annual Report, University of Washington (1965),
DS

P. J.Daly and P. F. D. Shaw, Nuclean Physics 56, 322 (1964).




ontinued. The
rresponds to

n s of the University

ng a source mixture of hydrogen
celerated beam was

i the energy
The

" ts were us 1) a self-supporting Ni0 et ( g/cn2) for

t t t a target of W03 (305 pg/cm?) evaporated
target angul 3) a target
target excita-

pParticle-energies—were feasuned using 1ithiun-drifted

tion-sensitive detectod was also used in
+  The detectorsigmarswere amplified and pre-

height analyzer or to the on-line computer
Of 25 channel pulse height analyzers.
paraneter pulse height analyzer for

1) thick target excitation functions
0 36.6 MeV excitation energy.

ck target angular distributions
on was 0.95 MeV. 3) thin target
ments for the compound nuclear ex-

resolution was 60 keV, In

ation of the residual Si%® nucleus
ted state were completely resolveds
T of the discussion refers.

3i.vas measured over an energy span larger
to determine if the average cross

1 evidence from these measurements

S section as the excitation energy




The thick ta
34.6 MeV excita

2 (0%wsiz®
i around stote
:
34 3 & §
i T h &‘f
o 4 %@&
CouTon o wASs MLs e
Fig. 26-1. The experimental angu-

lar distribution at 34.6 MeV excita-
‘tion energy compared with that ex—
pected (so1id line) if the compound
spin state were

excitation function data vere treated
according to the methods of Gibbs™ to
extract compound nuclear level widths.

he au(ocom‘EIE\uan function R(e)

nay be defined a

LoD <3
<o

NR(e

where O(E) is the cross section for one
given reaction exit chamel at the ex-
citation energy E,

An autocorrelation function
for the ground state reaction at 26° c.m
is shown in Fig. 26-3. R(0) has been
corrected for experimental counting
statistics.

tion energy is illustrated in Fi

get angular distribution for the vround state reactiol

at
ig. The solid curve is the
square of e Legendre function for L=12.
This comparison indicates that the cross
section for the ground state reaction in-
volves primarily J=12 spin states in the
compound nucleus.. i

pound states are forme
and projectile are identical bosons. The
analysis of the angular distribution
measurenents at 35.6 MeV has not been
completed.

The narrow energy width for the
thin target data should permit the ob-
servation of compound nuclear statis-
tical fluctuations.® The thin target
excitation functions for the ground and
first excited states at 26° c.m.
shown in Fig. 26-2. The thin taget

o“’(o‘ﬁ,«') si?® ,
26

i

do
M. (ubss)

L h
545 350 £
EXCITATION ENERGY (MeV)

Fig. 26-2. The open circles are the ex-
perimental cross sections for the re-
action 016(016,a)si28(0%,g.s.) at an ex-
citation energy of 34.6 MeV. The full
circles are the cross sections for the
2% first excited state.




One may determine g in two ways
from the a correlation functions

1) from the shape of R(e), i.e., g i ‘

P FWHM of ?Ki), 23 ron R(03 sorrected for
%", @15 ground stoe | counting statistics and resolution, one
050 inSl may determine the sample size n.
Re)
n=f.
025 To
Table 26-1 gives the results of the fluc-
tuation analysis of the thin target ex-

A T citation functions. The third colum
gives the level widths as deterined from
the shape of the autocorrelation
tion. Corrections for the Axperrﬂrntal

Fig. 26-3. The auto correlation energy resolution and for the
function for cross sections measured  sample size have been included. e
between 34,1 and 35.6 NeV excitation is due to the

n the text. associated with the small sample size.

The fourth column gives the experinental
value of the autocorrelation function at e=0. An estimate of n and be
obtained from R(0) for the ground state reactior The fifth and
columns give the sample size and level width deduced from R(0). The low values
of R(0) for the reaction leading to the 2* excited state e ol tribu-
tions of more than one substate to the measured cross sectio

energy as discussed

2%-1. Fluctuation Analysis of Reac
036(015 am?ﬁ(o* g.5.) and 016(01°,0)s128(2*, 1 78 MeV)

c.m.  Level To(auto) R(O)exp n(R(0))  [o(R(0))

130 ot g.s 330120 0.71 5 s

13° 2%, 1.78 MeV 100#27 0.20

26° ot, g.s. 80%21 0.63 4.5 130 110
26° 2%, 1.78 MeV 100%27 0.32 110

A statistical theory calculation of the total level widths has been per-
formed, using level demsity parameters (a=A/7 and J/# rigid=1) which were deter—
mined from an analysis of the 5i28(a,016)01% reaction.5 ~The calculated value of
110 keV for J; compound states is in good agreement with the experimentally
determined widths.

Statistical model calz_ulatlons of the average differential cross sections
ave in progress, and will enable further tests of the level density expression.
(C. J. Bishop, J. lvor'vmn, RETH [ Ehan. and R, Vardenbasoh)
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27.  Search for a T=2 State in Mg2%(T,=0) via Proton Induced Resonances

Several 0, T=2 states in T,=0 nuclei have been observed in the isospin
allowed (p,t) reaction by Garvey ot al.t Mg26(p,t)¥g?* is one example of these.
state occurs at an excitation energy of 15.43%.07 MeV in

In this case the T
¥g2%. This puts th
below the neutron separation
AT-1 or 2 and alpha decay is twic

energy.
T-forbidden (4T=2).

A search by the Rutgers group to

Find these states as resonances in twice
T-forbidden proton elastic scattering
tions was performed with
The proton

P Ha653)

excitation
totally negative results.
elastic scattering excitation functions
must be taken with very good emergy res-
olution, as the widths for these par-
ticle decay channels are expected to be
very small, perhaps less than 5 keV.
Therefore the beam energy spread plus
the target thickness in emergy units
must be kept to <1 keV.

Nore recently, the decay modes of
this state were studied by McGrath
et al.3 by requiring a coincidence be-
A 032) tween the triton group in (p,t) leading

to the 15.43 MeV state and the decay

protons or alphas. Figure 27-1 contains
a level scheme as well as a summary of
Approxinately 60% of the
decay went by proton enission to the
ground state (3/2+) of Na23 and approxi-
mately 5% to the Ffirst excited state
(0.u44 MeV, 2+) of Na23. A surprisingly

Fig. 27-1. Level scheme of Mg2*
demonstrating the observed decay of large alpha decay (n8%) to the ground
2 state at 15.43 MeV. of Ne20(0*) was found and an even larger
decay (w178) to the first excited state
20,

(1.63 MeV, 2+) of N

57




McGrath et al. calculated that this implies that the reduced width for
alpha dEcay is approxinately one half that for proton decay, which is rather

considers that proton decay can go via T-mixing requiring a mini-
e e requires . In their discussion they do
not rule out the possibility that the alpha decay eminates from

&

a (normal
state) which is essentially degenerate with the T=2 isobaric analog state.

e have thus undertaken an_experiment to remeasure the proton elastic scat-
tering excitation function on Na 23 at the appropriate energy for this T=2 state

n M addition we have taken at the same time the (p,ag) excitation func-
tlons Th experimental s

et up consists of a thin AE detector (50 micron silicon
transmission detector) followed by a 1000 micron E detector. The alpha groups
were studied by using the AE spectrun with all pass-through particles being gated
e e Thy
data were taken at 170° in the

The results of this

perinent ave
shown in Fig. 27-2.

At the expected
proton lab bombarding energy of 3.90¢.05
MeV we see a very smal

d narrow
(48 keV) dip in the proton elastic func-
tion. In this energy region for the
(p»ag) we see a very large effect uh
At a slightly
higher proton energy (4.100 MeV) we see
a resonance in both the elastic a
ich has a width
proximately 15 keV. This resonance o fails
outside the energy uncertainty quoted by
L McGrath.

The Na23(p,ap) excitation function
f£rom 4-12 MeV proton energies has
f il taken at Florida State University.*
i ) data show very man

been
The

y large fluctuations

which in addition to our data makes the

\ Y state quite suspect. It
tuslly impossible to ldentify duch o
state. On the r hand, from the
Na23(p,pg) it seems to us quite possible
that there is a very narrow state at ap-

Fig. 27-2. Excitation functions proxinately the right energy to be the

of Na23(p,py) and (p,ag) in the T=2 state. At the time of this umsng

vicinity of the expected 1=2 reso- more data are being taken at

nance energy (E,=3.90 .05 HeV) angles in an attempt to determne that

here definitely is a state and that it
corresponds to an 2=2 (0t to 3/2+) proton decay. (J. G. Cramer and P. Richard)




couched in terms of the properties of various correlation functions.
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28.  Spectral Fluctuations in the A1%7(d,p) Reaction Proceeding to the
Continuum

As was discussed in some detail in the 1966 Annual Report,” an attempt
has been made to study fluctuations in cross sections attributable to overlapping
levels at high excitation energies in the residual nucleus. These Fluctuations
are to be distinguished from the more commonly studied variety of Ericson fluctu-
pping levels in the compound mucleus and, in what follovs,
to 35 spectral fluctuations. The particular process chosen

Since the last report, we have

ations due to ove
they will be referred
for study has been the A127(d,p)A1%® reaction.
acquired more extensive data on this reaction and thereby have been enabled to

lculations of the pertinent correlation functions through

make more complete
which the spectral fluctuations might be identified.
e major improvement has been made in the experimental setup. Since the
magnitude of the fluctuations is expected to be small, it is necessary to accum-
late a large number of cownts in order to reduce the contribution to the structure
due to counting statistics. To accumlate the desired number in a reasonable
length of time, an incident beam of high intensity is required. But this leads
to a problen in that the energy lution of the detector i with in-
creasing counting rate. We have now reduced this difficulty by placing a thin
aluninum foil (v 130 ug/cn?) in fromt of the detection system to eliminate low

energy electrons and photons and we can now count, without sacrificing energy
resolution, at a rate which is four times faster than that possible when no foil
With this improvement many earlier runs have been repeated.

is used.
The 170° proton spectra at various incident energies are displayed in Fig.
28-1. The arrows indicate obvious "spurious" peaks whose energies in the labora-
tory frame remain essentially unchanged at all incident energies shown. The
kinematic behavior of these peaks is characteristic of secondary emission be-
tween discrete energy levels. These pronounced peaks are not seen at laboratory
angles between 90° and 150°. Their origin is, of course, an interesting problem
in itself and we will come back to this point later. It is clear that they are
not associated with the spectral fluctuations and mist be excluded from any cor-

relation calculations.

As is typical of other fluctuation studies, the analysis of our data is
The most

general correlation function with which we shall be concerned may be written as




(U
(U,

U, 6) olUgy + 8,0 + €,0") ]
R Lo R - 1.0 (€8]
R,S) u(UCN + 6,UR + €,0') UR §

on >

C(8,€50,6',U0y) 7
on
where 6 and € are increments in the excitation energies of the compound system,
Ucys and of the residual nucleus, Ug,

¥ respectively; the variables following
fpolistoiiy the semi-colon are considered to be fix-
o e ed. Correspondingly, the subscript U
following the brackets indicates that }
the average is to be taken over that
quantity. With this notation, the self-
correlation coefficient at fixed inci-
dent energy, SC, would be C(0,030,0,UcN),
while the angle cross-correlation coef-
ficient at fixed incident energy,
AXC(8,01), would be €(0,050,68",Uy,).

8

If the structure observed in the
proton spectra is to be attributed to
spectral fluctuations, the various cor-
relation functions mist have the follow-
1) the self-correla- ¥

gY» SC, should fall off smoothly as the
observation = is changed from 180°
to 90°, where the: more magnet—
R e - e
to the cross section; (2) similarly,the
angle cross correlation coefficient at
Fixed incident energy, AXC(6,0'),
should fall off smoothly as (6 - 6') is
increased; an angular correlation width
o should characterize this behavior.

COUNTS/CHANNEL (RELATIVE)

|
flors,

o
S, e

Further restrictions cap be placed
on the correlation functions,? when the
Gl S-matrix is assumed to be a sum of pro-
ducts of Breit-Wigner terms with random
PROTON ENERGY ()
ol 5 Partial widths for both the compound and

Fig. 28-1. Proton spectra from d + Al“’ residual system, that is
reactions observed at 170° in the labora-

tory frame. The corresponding laboratory S

incident energies are indicated. The typ- S(UoUp) = ) ¥ o—g 5772y *

ical errors due to counting statistics B eHi TS

are shown. The arrows indicate the ob- (2)

vious "spurious' peaks whose energies in 2
the laboratory frame remain essentially o= n e o
RiiI8

unchanged at all incident energies.
where a labels the incoming state,while
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A and B refer to the C.N. and resldua) states with total widths I and Yy, respec-
tively. These restrictions are: (3) the auto-correlation function at a fixe
incident energy, AC(e) = C(0,e30, 5 sUgy), should have a Lorentzian shape, that _is
be proportional to [y2/(y2 + €2)3; () the energy cross cax‘r%lauon Function,
Xc(8) = C(6,0;8,6,Ucy) should be propur\:xonal to [12/(12 + & (5) finally, the
general energy corr(‘]atwn function when both § and € are d).ffex‘ent from zero
should be proportional to the product of Lorentzian factors, i.e.,

€(8,€58,8,0p) = ( (3)

T=1s
Aplot of Eq. (3) with T = 2Y is shown in Fig. 28-2.

In the analysis of the experimen-
tal data all correlation functions were
calculated with aid of an electronic
computer. The functional form of the
average cross section was computed for
each spectrun by forming the convolution
of the spectrum with a Gaussian weight-
ing function. The FWlii of the Gaussian

is roughly 14 times the observed energy
resolution. By this method, the local
fluctuations will be averaged out,leav-
ing the coarser structure unchanged.
The energy interval over which averages
have been calculated was chosen to ex-
tend from Ug = 13.3 MeV to Ug = 17.3
MeV. As mentioned before, the pro-
Fig. 28-2. The product of Lorentzian  nounced "spurious" peaks indicated in
factors is shown as a function of two in- Fig. 28-1 were excluded from the cal-
dependent variables, ¢ and 6. This is the culations by omitting the surrounding

expected shape for the general energy  energy region from the analysis.
correlation function when computed from
spectra exhibiting spectral fluctuations. The contribution due to counting

tatistics is expected to affect only
the self-correlation coefficient, since the random statistical fluctuations will
average out in the calculation of a cross correlation function. Because of the
energy dependence of the average cross section and the small magnitude of ob-
served structure, the contribution to the self-correlation coefficient from count-
ing statistics is difficult to estimate. We circumvented this difficulty by per-
forning a cross correlation calculation on two identical spectra taken at differ-
ent times; the resulting coefficient can be reganded as the true self-correlation
coefficient. Since the correlation coefficients and correlation functions are
not strongly dependent on incident energy,we have frequently averaged these quan-
tities over the incident energy.

The results of these calculations are consistent with the conditions (1)
through (4) listed above and, in themselves, would be suggestive of spectral
fluctuations. In particular, the self-correlation coefficient falls off as the
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observation angle is changed from 170° to 90°.

coefficient also decreases as © -

Ererk

Fig. 28-3.
The general energy correlation funr.tmn
computed from the spectra shown in Fig.

b e sl

ing the "spurious" peaks indicated by ar- ¢ =

rows were onitted from the calculations.
€ is the incremental change in the resi-
dual excitation energy, while 8y, is the
incremental change in the laboratory in-
cident energy (the incremental change in
Ucy is then § = (27/29)6;). Each curve
in the plane perpendicular to the
axis is an average of several cases with
the same §,.

me:
clusion that the observed structure, in th

explicit exclusion of the
events similar to those excluded.
1-4 will be deferred for the moment.

now turn to the origin of these

6' is increased, where @ was tal

The angular cross-correlation

ken to be 170°.
The general energy correlation function
is displayed in Fig. 28-3. (Here the
axis labeled § is the incremental

change in the incident laboratory energy
and is equal to (29/27)6y,.) By looking
at the 6 = O plame, it is seen that

the auto-correlation function has the
expected fall-off as the residual energy
milarly,

0 plane T
that the energy cross-correlation func-
tion has the expected fall-off as the
compound excitation energy increment,

6, is increased. However, the general
correlation function as a whole does

not have the character indicated by Eq.
(3). In fact the most striking feature
seen in Fig. 28-3 is the dominance of a
structure of peaks defined by the line
(21/29)8;, = 8. This is precisely
what would be expected if the observed
structure in the spectra arises from
events in which the proton emission en-
ergy, in the c.m. system, is independent
of the incident energy.

So, in spite of the fact that
conditions 1-4, necessary for the exist-
ence of spectral fluctuations have been
t, ve are led to a surprising con-

e part of the spectrun remaining after

pronounced "spurious" peaks, is still dominated b
The reasons why these events satisfy conditions

"spurious" protons. The conclusion

We
that they are emitted from a state of well-defined energy in the (first) residual

nucleus to a discrete final state vas mentioned earlier.
the possible reaction channels following the formation of a 5i2%

at Ucy =

The energetics of all
compound nucleus

32.7 MeV, together with the measured lab energy of the pronounced peaks
in Fig. 28-1, suggest that the most probable sequence

is one in which states in

$i28 with excitation energies > 14.3 MeV are formed by the A127(d,n) reaction and
the observed protons are emitted from these Si28 states.

this identification is correct, we still have to explain why at this
high an excitation energy, where the states are presumably dense although not
necessarily overlapping, a relatively few states are preferentially populated by

the (d,n) reaction. This circumstance is not easily understood in the

the statistical model.
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A possible explanation is that these states are the iso-




> 5.14 MeV) in A128, since it is
known that there is sharp structure in the(d,p) spectra corresponding to excita-
tion energies up to 10 MeV, it may be expected that similar structure will appear
in the (d,n) spectra corresponding to higher excitation energies. This explana-
tien is supported by the foct chat isobaric_analogues of low-lying states
(B < 5.14 MeV) i3 4128 ayg been observed, 5 and that proton decay from IS
forned in the zro°(d, nmﬂ reaction has recently been reported.

baric analogues (IAS) of excited states (E_

verify this identification in detail for at least one state, we have

measured the threshold of the strongest peak (Ep = 2.40 MeV) shown in Fig. 28-1.

In Fig, 26-4, the observed laboratory energy of this peak is shom as a function
of incident energy together with the

e e IAS (whose parent palogues are the
- i e o e
(d,n)5i28* reaction. From this compari-
son we can identify this transition as
s oG e R of
the 5.14-HeV level in Al
ground state of A127. It is then not
unreasonable to assume that much of the
rest of the structure in the proton
spectra is due to proton decay from
other IAS formed in the reaction A127
(a,n)si?®*

Fig. 28-4. The measured laboratory ener-
g of the lowest energy proton peak shown It yet remains to explain why
in Fig. 28-1 as a function of incident  the pronounced peaks are not seen at
deuteron energy. The smooth curves (both angles between 90° to 150° (in contrast
s0lid and dashed) are the calculated en- to 170°), and why the self-correlation
ergy limits within which the proton de-  coefficient decreases from 170° to 90°.
£ A127 fron the iscbaric From the kinematics of these two-step

analogues of three knewn Jpiels in A1%8, processes, it can be shown that if the
following the A127(d,n reaction,  (d,n) angular distribution is foryard

can lie. These three 1eve)s have the peaked (so that the recoiling $i28" nu-
Largest reduced widths apong the many  cleus is backrard peaked), the labora-

levels near v 5 MeV of excitation energy. tory energy distribution of pro
from a given transition is B
the angle of observation is changed from 180° to 90°, For the bombarding el\erg)es
of this experiment, this broadening at 90° is sufficient to bury these peaks
the background. We also note that the fall-off of the auto-correlation funcmm,
AC(c), and of the energy cross correlation function, XC(8), is qualitatively con-
sistent with secondary emission between states of well-defined energy, again be-
cause of the broadening effects of recoil upon otherwise narrow peaks.

In conclusion it is clear that if the existance of spectral fluctuations
is to be tested, it is necessary to avoid reactions which strongly excite isobaric
analogue states (or, in principle, any other limited group of intermediate
states). A further outcome of this work has been the suggestion that isobaric
analogues of relatively highly excited states can be readily formed in (d,n) re-
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actions; of course, ischaric analogues of low-lying states have been observed in
many reactions. A more positive confirmation of the nature of the intermediate
states excited in the present experiment

is now being undertaken, although de-

tailed studies of proton decay from IAS formed in (d,n) reactions are in progress

with a dxffern( emphasis.” (J.S. Blair, D. Bodansky, N. Cue, and C.D. Kavaloski)
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Phys. Letters 5, 77 (1964).

54 AA. Jatfe and M, Harchol, "Froceedings of the Confevence on Ischaric
Spin in Nuclear Physics', Tallahassee (1966), The Academic Press, p.
.M. Clavert, A.A. Jaffe, A.E. Litherland, and E.E. Maslin, Phys. Soc. /é‘ll,
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29.

Test of Time-Reversal Invariance in the ¥g?' + d  Mg? + p Reactions

o test til 1 (7) invari fntcless pegine is
now essentially complete. This experinent, which has been described previously, s
involves measuring the cross section ratio R(E) = o(E,0,)/9(E, e]) for the g2l +
a4 % Mg2® + p reactions, where E is the excitation energy in the A120 system and
6, and 6, are (c.m.) angles corresponding to maxina in the angular distribution.
The test of T invariance comes in testing the equality of Ry, the ratio measured
in the (4,p) reaction, and Rp, the ratio measured in the inverse (p,d) reaction.

fan

The principal data of this experi-

ment consist of excitation functi

for Ry(E) and Rp(E), which are shown in
Fig. 29- here are several ways in
which a comparison between Rq and R

can be made. The simplest quantitative
way is to use the accurate points near-
est (he peak: t E = 20.679 MeV and
Rp at £ = 20.678 UeV. These ratios,
Rd = 0.1902 * 0.0004 and Ry = 0.1301 *
0.0006, were found to agree to within
0.4 percent (standard deviation).

=

However, this simple method does
R ) not take advantage of all the available
Fig. 29-1. Excitation functions for the i onaciin’ since only two data points
cross section ratios Rg and Rp.The solid Lre used. One way of comparing all the
curve is an eight term Fourier cosine il dies et iaheuc o vl B kS a1
series fitted to the data. The indicated tnc asta points of Re(E) and 7y (E) ok~
uncertainties include both statistical  en together. Then the differeRce be-
and systematic contributions.
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tween the average deviations of Ry(E) and Rp(E) from Ry(E) is

- fie= - A
D - RED - BE) - Ry,

where Ei and E: are the energies at which the (d,p) and (p,d) measurements were
nade. (Note that the introduction of the function R.(E) is necessitated in this
method by the fact that the sets of energies, Ej and E5, are not identical.) The
function R.(E) was chosen to be an eight term Fourier cosine series fitted to all
the data points. This function is shown in Fig. 29-1, where it can be seen to
give a reasonable, smooth fit to the data. The resulting € was found to be
0.0002 £ 0.0005. When expressed as a fraction of the mean value of R, over the
energy interval considered, this is a difference of (0.1 * 0.3)%.

This procedure is not fully satisfactory because it measures only an aver-
age shift of Ry(E) from Ry(E); an upward shift in one energy region could be off-
set by a downward shift in another region, giving a zero value for € even though
the two excitation functions might not be identical. Furthermore, the mean dif-
ference was calculated without allowance for the possibility of fluctuations in
the energy settings of several keV. Such fluctuations would tend to increase
artificially the magnitude of the difference, &

A third method of comparing Rq and Rp is a compromise between the two meth-
ods discussed above, and minimizes the difficulties in these methods. A value

for ¢ was calculated in the manner outlined above and with the same function Re(E),
but using only the seven (d,p) data points and the five (p,d) data points which
lie nearest the peak in R(E) at 20.68 MeV. The difference found for this linited
region was € = - 0.0001 # 0.0006 or (- 0.06 + 0.3)$. The data near the peak were
taken with the smallest statistical errors and with the greatest care in studying
systematic errors. Therefore it is reasonable to depend on these data alone, us-
ing the data at other emergies primarily as evidence that the energies in the
(d,p) and (p,d) reactions are properly matched. Thus the result of this last
method is taken to be the most appropriate measure of the agreement found in the
present experiment. It is quite close to the results of the other methods. Thus
it is concluded that there is no evidence for a violation of T invariance in the
present study; the (d,p) and (p,d) results agree within an experimental uncer-
tainty (standard deviation) of 0.3%.

The important information about T invariance is obtained by relating this
upper 1imit on the agreement between the cross section ratios to an upper limit
on the average fraction, F, of the reaction amplitude which is odd with respect
to time peversal and, eventually, by relating it to an upper limit on the fraction
¥ of the interaction Hamiltonian which is odd with respect to time reversal.

This procedure is conveniently carried out by first relating e to F, and then re-
lating F to J.

t is relatively i to obtain an approxi: relationship be-
tween € and F. Considerations discussed in Ref. 2 suggest that F is probably
less than the experimental uncertainty in €, i.e., F < 0.3%.

+ is more difficult to relate F and &, For reactions proceeding by the
by the compound nucleus mechanism, such as A127(p,a)¥g2%, estimates of the ratio
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F/% range from 1 to 6.5" On the other hand, Robson® has shown that certain
direct reactions may not be sensitive to T violations at all, f.e., F/¥ < L.

These considerations led us to an
investigation of the reaction mechanism
i involved in the Mg2%(d,p)Mg?® reaction
8 297°03) and its inverse. The excitation func-
tions shown in Fig. 29-2 were taken
with this in mind. These data exhibit
L PR R e

f reactions in which there
stantial contribution from wmpound nu-
clear mechanisms.

A quantitative estimate of the )
fraction yg of the reaction which pro-
ceeds by the direct mechanism can be
made by using the relation

@5 - 1= -y

DIFFERENTIAL CROSS SECTION (mb/sr)

N \ where N is the effective number of in-
o2 Mg (d,p) Mg? dependent amplitudes that enter into §
the reaction. If we assume that N is
the number of possible combinations of |
b L b magnetic substates of the particles in-

EXCITATION ENERGY IN AIZ® (MeV) volved, application of this relation to
the data of Fig. 20-2 indicates that

A 9-2. Excitation function for the the reaction is primarily direct, but

4(a,p)Mg25 differential cross section as much as 1/5 of the cross section at

EEpee (c.m.) angles 8. Typical the back angles is attributable to a
relative uncertainties are 5%; the abso- compound nuclear mechanism. y
lute cross section has an uncertainty of

10-20% Were one to assume that the d y

Tect part of the reaction is insensitive
to a T non-invariance, the numbers given above would imply an upper limit on ¥ of y

out 2 percent. However, it is probable that the direct part of the reaction is
at least partially semsitive to a T violation. Robson's avgument requires that
the reaction be explainable by the distorted wave Born approximation (DWBA) with
a cut-off outside the nuclear radius, but for the Mg24(d,p)Hg?> reaction it has
proven difficult to find a good DWBA fit, especially at angles as large as 120°.7
Thus this limit for 2 is probably unnecessarily high.

If the ratio F/J for the direct part of the reaction were as large as 1/2,
the upper limit on ¥ would be about twice the uncertainty in €, Z.e., #<0.6%, ¥
which at present is the best available estimate. This estimate FEe G
with the realization that it could be in error by a factor of 10 in either direc- {
tion.

Work at present is directed tovard obtaining improved estimates of F/z and
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the experiment in detail. (D. Bodansky, W.J.
Storm, and W.G. Weitkamp)

i
)
)
comleting a paper des 4
§ Braithwaite, D.C. Shr 8 G.
1.  Nuclear Physics Laboratory Annual Report, University of Washington (1966)
p. 39.
2. D. Bodansky, W.J. Braithwaite, D.C. Shreve, D.H. Storm, and W.G. Weit-
Phys. Rev. 589 (1966).
3. .E.O. Ericsor g rs.23, 97 (1966).
u. idenmii hys. Letters 23, 100 (1966).
5t bson,
6.  T. Ericson and T. Mayer-Kuckuk, Amn. Rev. Nucl. Sci. 16, 183 (1966).
7. W.R. Smith and E.V. Ivash, Phys. Rev. 131, 304 (1963).
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VI. NUCLEAR FISSION

23
30.  Isomeric Yields of Nb> from Proton Induced Fission of U

The relative independent yields of the high and low spin isomeric state:
produced in fission can be used in deducing the initial average angular momentum
of the primary fission fragments. A vecent experimentl yielded a value
0g(1=9/2)log( ) + on(1=1/2)] 0£0.06 for the Nb®59(1=9/2) - Nb2™(I=1/2) iso-
méric pair 9btained from proton induced fission of upanium. This surprisingly
low ratio implies a much smaller initial average an%ular momentum than indicated
by other experlmenral]y determined isomeric ratios.

was chosen to determine the relative yields of the niobium
isomers. A preliminary cxpemmen( with a U238 target indicated that the mdepen-
dent yield was too small to de e for this neutron-rich target. In the pre-
sent experiment 100 mg of U?35 foA]. surrounded by very pure one-mil aluminum

was bonbarded with 85 yamps of 10 MeV protons for two hours in the
Only the catcher foils were used to insure that no zirconium
impurities in the U235 foil would interfere in the determination of the isomer
ratio by participating in (p,xn) reactions. Previous experiments’ had indicated
‘that there was a high activity of Nb%2 contaminant when a bombarded uranium oxide
target had been analyzed. The estimated range of these spallation products is
much shorter than that of the fission fragments, so that only a small fraction
recoil out of the uranium into the catcher foils.

A target of U2

catcher foils,
60-in. cyclotron.

ne hour after bombardment the catcher foils were dissolved in acid. Nio-
bium oxide was precipitated using 20 mg of nicbium carrier, in the presence of
5 mg each of zirconium, molybdenun, and tellurium holdback carriers. Radiochemi-
cal purification was achieved by successive BasrFg and sulfide precipitations.
The chemical yield was about 60%. The sample was mounted on a thin mylar film

for counting.

The yield of the Nb**? isomer was deternined by measuring the 760 kel Yo,
ray with a Harshaw integral Line Assembly 3" al(T1) crystal; while the m"
el e e e s
State, was determined by measurement of the K x-ray with a 1'x1/32" NaI(T1) crys-

ground

tal.

As the calculated independent yield of No°° from the fission of U™ is o
hundreds of times smaller than the cumulative yield of its f-unstable parent Zr”
a correction was made for the amount of Nb35 produced by the decay of 65 day
Zr95 during and after, bombardmem but prior to the first chemca] separatior
The growth rate of Nb% from Zr9% decay was obtained by milking niobium fron the
original target solution o days aften bombardnent. The niobiun sample was puri-
fied and counted in the same manner as the primary separation. The correction
for grouth prior to the first chemical Separation vae about 308 of the total Y

ray count of the initial sample.

A blank run was performed on the aluminum catcher foils to insure that no
radiochenical interferences would come from possible impurities in the foils. No

interferences were seen.

)




An_isomer ratio /2) + o,(1=9/2)Jof 0.96%3:8% was ob-
tained. The large m:crmm/ was dua mainly to fhe low counting rate for the
x-ray.

A statistical model calculation to predict the isomer ratios as a function
of the assumed initial ean-square angular momentum of the primary fragments
was performed. The results are shown in the following table. It can be seen

Table 30-1. Isomer ratios of Nb> calculated from a statistical model for
several assuned initial rms angular momenta of the primary

fragments.

7.4 0.88

10 0.92

12 0.96
i 40,01
experinent (LR

st the new exgerinental ratio is comsistent with appreciable angular momentum
agreement with observations for other isomeric pairs.

in the primary fragment, i
(C. Rudy and R. VanaaiiRet)

1. E. Hagebg, J. Tnorg. Nucl. Chem. 25, 1201 (1963).

2. D.G. Sarantites, C.D. Coryell, and G.E. Gordon, Phys. Rev. 13, B353
(1965).

3. H. Warhanek and R. Vandenbosch, J. Inorg. Nucl. Chem. 26, 660 (1964)

Ui Nuclear Physice Liboratory Amntal Report, University of Washington (1965)
p- 60.

3L ion between Neutron Emission and Fission at Moderate Excitation
Energies

rk is continuing on the experiment initially discussed in the 1966 An-

nual Report 1 The major portion of the past year has been spent on assembling
and testing instrumentation which will be needed for the experiment.

In order to test the entire system a preli experiment using a natural
uranium target was perforned. Protons of 11 and 15 "NV were used as bombarding
particles. We measured the angular distribution and pulse-height spectra of neu-
trons emitted in coincidence with fission fragments by the time-of-flight method
in an effort to deduce the fraction of neutrons emitted prior to fission. The
detection of a fission fragnent in a counter close to the target was used as the
start pulse in the time-of-flight System. The anode signal from a conventional
neutron scintillation counter, which incorporates a plastic scintillator coupled
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to an XP104O photomultiplier, was used as the stop pulse. An unsaturated signal
from the 1lth dynode of the phototube was presented to a discriminator and coin-
cidences between it and fission fragnents were used to gate a multich ana-
1lyzer, which recorded the neutron time spectrun. Time-of-flight spectra at 90°
and at 180°+0° with respect to the fission counter were taken at the two bombard-

ing energies.

The results, shown in Fig. 3l-1, have been converted to meutrons/fission
fragnent va. neutron energy (Laboratory

i i g |1 5 Mov
o ~

yield is larger at both angles. This is
to be expected since the higher excita-
tion energy allows either the possmncy
of emission of an extra neutron

fission, or an increase in the average
number of neutrons after fission.

dotted spectra have included a il L

for the efficiency of the neutron counter. e
This effmeg% was calculated by ob- NEUTRON LAB ENERGY (WeV}
serving a C£2>° neutron spectrum and us- a o

ing the neutron densities determined by

Bowman, et al.? The sharp rise of the Fig. 31-1. Relative neutron yield/

i g
corrected spectra below 0.75 MeV is not  fission fragment at 90° and 180°40° with
expected and it was suspected that it is respect to the fission counter at pro-

due to poor energy resolution of the ton energies of (a) 11 MeV and (b) 15
neutron detection system, particularly  MeV. The dotted curves were obtained
at low energies. At these energies the after incorporating the neutron counter
efficiency corrections are quite large  efficiency.

tests were undertaken to determine the
energy resolution of the neutron counter

By using the buncher-£lapper system’ on the tandem Van de Graaff and (p,n)
reactions on light nuclei we could obtain mono-energetic neutrons to use in con-
junction with our time-of-flight system. The unsaturated dynode signal of the
neutron counter was presented to a discriminator which was used as a gate for a
multi channel analyzer. The start pulse for the neutron time-of-flight spectrum
was provided by the phototube anode and a signal from the buncher-flapper was
used as the stop pulse. A time spectrum obtained with a Be’ target is shown in
Fig. 312, Other targets which would be useful in (p,n) studies of this type are
and c13.

Graphs of the number of counts in the ground state peak as a function of
discrininator setting showed considerable high energy tailing beyond the expected
bias cutoff -- an indication of poor resolution.

Further tests of the scintillation counter using sources of alpha parti-
cles and conversion electrons indicated that the energy resolution was greater
than 40§, It is desirable to have a resolution on the order of 15% for the ex-
periment. A considerable amount of work has been done since then in attempting
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Pig. 31-2. Neutron time-of-fligl

spectrum for the Be9(p,n)B® reactlon.
Flight path=100 cm; neutron detector

angle=90°; proton

to identify and correct the cause of the
poor resolution. Some improvement has
been attained by increasing the effi-
ciency of light collection, accomplished
by resurfacing the crystal face and us-
ing a bright aluminum reflector.

nother project undertaken during

‘ee-parameter
progran has been written e
data acquisition utilizing our SDS 930
computer. The information from each
event is packed into a single computer
word, stored in a temporary buffer re-
gion in memory, and finally recorded on
magnetic tape in blocks of 1000 events.
Live-time display of the time-of-flight
spectrun and of the fission mass-yield
curve is provided. (C. J. Bishop, I.
Halpern, R. Shaw, and R. Vandenbosch)

5.7 MeV.

energy=

Nuclear Physics Laboratory Annual

ey University of Hashington (1955) p. 70.

2 R. Bownan,
Rev. 126, 2120 (19
3. See Sec. 48 of thi

S. G. Thompson, J. C. D. Milton, and W. J.

62).
s report.

Swiatecki, Phys.

3. Angular Correlations in the Pu’

3%(a,pf) Reaction

is experiment is a continuation of previous workl»2 and uses the same

ind of expex‘)mental e described earlier.

performed with a ta

is report is primar:

New measurements have been

ily th 11y
detemxned (d,pf) angular correlations e cah:ulated usxng distorted wave
¥

Fission fragments in coincidence with protons were measured in the (d,p

reaction plame and out of that plane.

The geometry, including the three flsslon

fragnent directions that are of principal interest, is illustrated in Fig. 32-1.
at some intermediate fission fragment angles, no addi-
tional conclusions can be reached from these data.

Although data were taken

The significance of measuring fission fragnents in the three directions
specified is made evident by first discussing the predictions of a plane wave

approximation for the (d,p) reaction.

This approximation results in a fission

7




fraguent distribution analogous to that
produced by a beam of neutrons incident
along the recoil axis; that is, the sym-
metry axis for a proton-fission fragnent
angular correlation is in the direction
terms of the
32-1, the
sion fragnent co-
incidence pmbabnny for a fission
fragnent direction f3 to the probability
in the direction f, can be easily inter-
preted in terms of the detailed proper-
ties of the fusmnng compound nucleus ,
analogous to the ety degree
anisotropy in a (ay#) eaction, This
ratio will thus be called the in-plane
Fig. 82-1. The geometry of the experi- anisotropy and be denoted by W(IP).Also,
ment showing the angles of interest. The the proton-fission fragment angular cor-
proton angle, 6, is 140° from the beam relation would be isotropic in a plane
axiss £], £, and £ are the most in-  perpendicular to the recoil axis, or in
portant fission fragment directions. f)
is perpendicular to the (d,p) reaction
plane, f is in that plane but perpendi-
cular to the recoil axis, and f3 is
along the recoil axis. This ratio will be called the out-of-
plane anisotropy, W(OP)

Distorted wave Born approxination (DWBA) theory predicts that the angular
correlation will be more complex than that calculated by the use of plane waves.
The angular momentun transfer from the stripping process no longer necessarily
results in orbital angular momentum vectors aligned in the plane perpendicular to
the recoil axis. In general the angular momentun vectors have a smeared direc-
tional distribution, with an average direction described by a symmetry axis dif-
fering from the recoil direction. Strictly speaking, there may be no symetry
axis at all. For each value of orbital angular momentum of the captured neutron,
the correlation function contains statistical tensors, each rank of which con-
tains, in general, a mumber of terms. Each of these latter terms may have a dif-
ferent symmetry axis.3 But when one adds all these terms and averages over the
many values of orbital angular momentum that can contribute, an average symetry
axis can usually be defined.

The in-plane fission fragment anisotropy may be considerably different
from that predicted by a plane wave approximation, even if DWBA theory is used to
calculate the relative cross sections for each value of angular momentum transfer,
as in Britt et al.® The in-plane anisotropy may be damped due to the smeared
distribution of the angular momentun vectors, even in cases where the average
symmetry axis coincides with the recoil axis.

Table 32-1 gives a brief comparison of anisotropies calcluated for a speci-
fic case using plane wave and distorted wave approximations to gemerate the sta-
tistical tensors describing the transferred angular momentum. Angular momentum
transfers of from zero to three units were taken into account. In the plane wave
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§ Table 32-1. Calculated and experimental anisotropies for 15 MeV deuterons. ‘
6 W . 4
§ b Hoa (TP ipalTP) Wogpr(IE)  Wpupa(OP)  igypy(OP) I
) 50 3.90 1.90 1.42£0.11 447 1.3520.15 |
20 3.64 2.80 1.7120.10 357 1.120.05 |
)
140 3.54 3.46 2 1.04 0.9820.05

a) Britt et al., Reference 5.

calculation the relative cross sections were taken from the DWBA calculations ‘
R since plane wave cross sections are usually in poor agreement with experiment.
The caloulations were further limited to fission through a K = 0 band, where K is
the projection of the angular momentum of the PuZ‘’ compound nucleus on the nu- I
! clear symmetry axis. O, is the angle of the coincident proton from the beam axis.
W(IP) or W(OP) denotes the in-plane or out-of-plane anisotropy, respectively, as
i previously defined. Wgypy represents the measured anisotropy in an energy inter- ‘
val i
\

0.5 - 1.5 MeV above fission threshold.5 All data were taken at an incident i
) deuteron energy of 15.0 MeV.

] The measured anisotropy is much smaller than the calculated value, presun-
ably because fission is also occuring through transition states with non-zero K

4 valles. But if one assumes that low values of K dominate in this energy region, I
A the dependence of the anisotropy on proton angle calculated using distorted wave

theory is the same as that seen experimentally. That is, the in-plane anisotropy
) decreases and the out-of-plane anisotropy increases as one goes to forward proton |
angles. These trends in the angular correlations extend over a broad range of |
5 excitation energies as can be seen in Fig. 32-2. I
|
§ E It can be seen that the plane wave calculation does mot predict a fall-off ‘
|

for the in-plane anisotropy at forward proton angles, even though DWBA relative
cross sections were used in the calculation. Also, in a plane wave description

) of the (d,p) reaction the out-of-plane angular distribution is always isotropic, |
which clearly differs from the experimental results at a proton angle of 50° and ‘

) o a lesser extent at 90°. At 140° this distribution was found to be isotropic |
over the measured range of excitation energy, as predicted by both plane and dis-

VR torted wave theories. !

Fi One must conclude that the DWBA calculations agree reasonably well with

experiment; that is, the variation in the angular correlation with proton angle
follows the general predictions of distorted wave theory. ‘

Optical model paramters were obtained by geasuring the elastic scattering I

l of 15.0 MeV deuterons and 13.0 MeV protons on Pu®", and fitting these data with
H an optical modgl search routine.® The DHBA reaction amplitudes were calculated
¥ using T-SALLY.! The DWBA angular correlations are surprisingly insensitive to
the form of the absorptive potentials. Both volume and surface absorption poten- ‘
i tials give very similar angular correlations, as long as the potentials chosen ‘
I
bagl |
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Fig. 32-2. The abscissa in these plots

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

2.
2. ibid. (1966), p. 6L.
3. W. Tobocman and G.R.
Rev. 118, 1566 (1960).

Satchler, Phys.

4. H.C. Britt, W.R. Gibbs, J.J. Criffin,
and R.H. Stokes, Phys. Rev. 139, B3sk
(1965).

5. We are referring to the first thresh-

old at 4.8 MeV as identified by North—
rop, Stokes, and Boyer, Phys. Rev. 115,
1277 (1959).

6. The optical model search routine was
obtained from B. Fernandez, University

R.H. Bassel, R.M. Drisko, and G.R.
Satchler, Oak Ridge National Laborator:
Report ORNL-3240.

is the excitation energy of the cumgound
nugleus above the fission for
Pu?¥0. The ordinates in (a) and (b) are
the relative cross sections in a fission

£5, which is
in the (d,p) plane. H(IP) and W(OP) are
the in-plane and out-of-plane anisotrop-
jes defined in the text. W(OP) was
measured at a proton angle of 140° and
was found to be isotropic over the ener-
gy range shown above.

33.  Doubly Charged Particle Emission

During Nuclear Fission

Studies of fission accompanied by
the emission of a third small fragnent,
alnost alvayg an alpha particle, have
continued.1>? In order to obtain a high-
er coincidence counting rate ve now use
a position-sensitive a particle detector
subtending a (planar) angle of %60° rel-
ative to the target. With this arrange-

ment we ave able to obtain information on the angle of emission of the alpha par-

ticle relative to the two heavy fragments; the kinetic energies of the

two heavy

fragnents and the alpha particle are measured also, enabling the mass division
to be determined, and thus the angular correlation of the emitted alpha particle

relative to either fragment.

The energy and position information is fed into the SDS 930 computer for

analysis and storage, event by event

, on magnetic tape.
and the computer programs was accomplished using a C£252 on a thick backing.
‘this configuration only one fission fragment

Testing of the system
In

and the coincident alpha particle 4

could be measured. The results agreed closely with those of Atnoesen and Thomas

The first experiment will repeat

data were obtained in a sl

the earlier measurenent! on U235. Some

hort run, but the statistics are not good enough to

Graw any definite conclusions. (A.W. Fairhall, J. Gonyeau, and D.G. Perry)
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ort, University of Washington (1966)

Nuclear Ph ory Annual
7

p. 76.
ibid. (1965), p. 57.
R.A. Atneosen and T.D. Thomas, Phys. Rev. 139, B307 (1965).
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VII. MISCELLANEOUS RESEARCH PROJECTS

34,  Total Body Neutron Activation for of Body Calcium

n to

Certain elements in the human body may be quantitated by exposing
neutrons and then detecting the induced radioactivity. This mcedurc was at-
tempted by Anderson et al.’ after exposing two subjects to 0.1 rad of 14 MeV
neutrons. By total body counting and gamma ray spectrometry they est 'maled the
amounts of sodium and chlorine in the body by detecting the Na?' 2 and Cl 0=
duced by the capture of neutrons thermalized in the body. An accurate L
ment of calcium might be made if the irradiation time and the interval between
irradiation and counting could be made short, since the half life of the induced
ca"9 is only 8.8 minutes.

A quantitation of total body calcium would be a valuable aid to the study
of bone demineralization which takes place:

1. in the aging process

2. as a side effect of certain drug therapies

3. during periods of weightlessness.

Measurenents with a tissue-equivalent lon chanber placed 16 ft- £rom the
target box indicated that the cyclotron delivered 0.1 rad in 20 seconds when a
thick beryllium plate was with 15 of 22 Me
Hoasurenents with a graphite-walled fon chamber shoved that about 30% of th
dose was due to gamma rays and 70% was from neutrons.

The uniformity of the neutron field was measured by the thermal (n,y) re-
Capsules of MnOj were irradiated in jugs of water 6" in diameter,
then counted with a Nal crystal. These measurements showed that at 16 ft. from
the target the neutron flux varied only 4% over a vertical distance of 6 ft.

The neutron distribution measured by the act}.vat n of Na’ e A127(n,a) re-
action (effective threshold 7.5 MeV) varies by 3 the same region. However,
the manganese experiment is probably a better approxxwatlon to the anticipated
thermal reaction in an hydrogenous mediur

action of Mn'

im0, capsules were used to measure the thernal neutron distribution in a
model of the human body (Remab skeletal phantom). The ratio of the highest to
lowest thermal neutron fluxes was 1.24. Since knowledge of this flux distribu-
tion is imortant to an understanding of the variability of the calcium determ
nation, the flux distribution will be measured in a human cadaver, which should
provide a more realistic approximation to the human body.

A hunan cadaver was exposed to 0.14 rad under the same conditions as the
jon chamber experiment and was counted in a whole-body counter consisting of six
9" x 4" Nal crystals arranged in a ring through which the cadaver was moved on a
special bed. The rate at which the bed moved was decreased exponentially to
compensate for the decay of Ca*S. In 12.4 minutes 14,000 counts were obtained in
the Ca"? photopeak which rises prominently above other radiation components at
3.1 MeV (Fig. 34-1). Thus adequate statistical precision may be obtained at
moderate radiation exposures.




In con n, it appears feasible

o make a statistically precise measure-
ment of total body calcium. It remains
to make this method quantitative
chemical analysis of cadavers after they
have been studied by this method, by
development of secondary standards, by
evaluation of gorrect fgne for gamnas

1t bagiiog 2 minutes from Na2¥, €198 and §37 (product of the
frdey reaction c137 (n,p)), and by assessment
of the variability due to body size,
positioning and cyclotron operation.
(W. A. Nelp, Medicine and Radiology).

§

] SR 0 orhiar o el e i ERGE S
1. Anderson, et al. Lancet, December

Coun bgaing 95 mintes 5, 1964, p. 1201.
gy

COUNTS PER 12.4 MIN PER 50 keV.

35. Studies of Nuclear Spins and Mo-

ments by Optical Pumping Technigues

I o { For many years the atomic beams

e o magnetic resonance methodls2 has been
e \sed to deternine the spins and static
noments of long-lived nuclear states.
The method, as applied to radioactive
melel Fasiees used for a large number
cases and is characterized by both

high sensitivity and high precision. It

also suffers from some important limitations. The atomic state of the system of
which the nucleus is a part mist be sufficiently long-lived to survive during a
transit through an apparatus. In practice this has largely restricted the ex-
perinents to atoms in their ground state or in metastable states wh
easily populated. In all cases the desired nuclear property is inferred from
the electron-nucleus or hyperfine interaction. Since the interactions in an
atonic state with total angular momentun J are restricted by symmetry to those
with nuclear multipoles of order n < 2J, the beams method will often not yield
infornation about the higher order multipoles. The limitation is particularly
clear in the large class of atoms with diamagnetic J = 0 ground states. It also
applies to another important group with J = 1/2 ground states in which no quadru-
pole interaction is possible.

Fig. 34-1. Gamma ray spectrum ob-
served with a whole-body counter of a
cadaver exposed to 0.14 rad of neutrons.

Within the last few years a number of experiments with radicactive atoms
have been_ carried out using the related techniques of optical pumping, optical

double resonance and optical level-crossing spectroscopy. These methods, like
atonic beams, are capable of high precision and high sensitivity. Unlike atomic
beans they can be used to make measurements in excited atomic states. Since the
optically accessible states include ones with higher angular momentum t

ground state, hyperfine interactions of higher multipolarity can be observed.
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clotron-produced miclides are especially desirable in the optical ex- \
periments since they can often be obtained carrier-free. The importance of having
carrier-free isotopes is related to the fact that the optical experiments rely on
optical resonance fluorescence scattering and are thus sensitive only to the chem- )
ical nature of the samle. Other isotopes of the same element will usually scat-
ter equally as well as the isotope under study and such scattering constitutes an
undesirable background. The use of the cyclotron for producing isotopes has re-
sulted in several successful optical experiments.

Thirty-eight min. Zn° has a lange production cross section of v 500 mb \
£or 10.5 MeV protons via the reaction 2n®3(p,n)Cub3. It has been possible to
produce an equilibrium quantity of about 1 x 1015 2n63 atoms by bombarding a nat-
ural copper foil target in a 170 pamp external proton beam. The Zn®3 is quickly 1
distilled from the target by heating it to v 1100° C under vacuum, and is trans-
ferred to a quartz resonance cell by a further distillation. The direction and
polarization of scattered 3076 R resonance radiation can then be studied as a
function of applied static and rf fields. This radiation comnects the 1§, ground
state and the excited °P) state at 3.8 ev. The usual experimental procedure has
been to illuninate the sample with unpolarized light directed along the sagnetic y
field and to detect that light scattered at right angles to the field which is
linearly polarized parallel to the field. With this arrangement an rf trznsltlon
between Zeeman sublevels of the ) state results in an increase in the observed
light scatter.
A total of five different Zeeman )
trensitions were observed in magnetic

o e e
1 ahaD i JUUAD M| servations it is possible to deduce the

& 8
moment of Zn®3. The spin I = 3/2 fol-
lows fron the observation of four reson-
b W ances equally spaced about a magnetic )
i i tor of
3/5
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deggrmination of the mclear spin of by overlapping resonances from 2065

n®: e fractions in parentheses in- However, the observation of a two-quan-
Al e o el appropriate to ¥
the tramsitions. a (F = 5/2,np = 5/2)(F = 5/2,up = 1/2)
e oad ol G
presence of the overlapped resonances in Zn®%.

The isotopic identification can be made by following the decay of the am-
plitude of an individual resonance. For example, the observed half-life of the
resonance decay, 38.4 £ 1.6 min., agrees closely with the accepted half-life for
2n®3, 38.3 m:

A least squares fit of the fields and frequencies of fourteen resonances

to a modified Breit-Rabi Hamiltonian yields the hyperfine interaction constants f
in the 3p; state. The magnetic dipole interaction constant A = - 326.57(4) MHz
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and the quadrupole intersction conta B = 34.46(3) MHz. If these values are
compared to those measured n67 in the same atomic state then values for the
nuclear dipole moment u(63) = - G 28156(5) wy and the quadrupole moment Q =

+0.29(3) b are obtained.

The spin and moments are, consistent with the usual shell model assignment
of the neutron state as (2 Eam The magnitude of the moment is predicted by a
nonhguratlon mixing model® to be = - 0.268 uy in good agreement with the ob-
served value. The quadrupole noment is somewhit larger than the predicted value
£ Q< 1 0.2k b but has the proper sign for the assigned configuration.

e values for the interaction constants can be considerably improved by

by observations of level crossings at higher fields. Either type of exper:
is feasible and would involve very little search effort in view of the reasonably
good precision already achieved.

Optical Pumping of ca*®” and ca’®®

By means of the optical pumping technique muclear magnetic resonance sig-
nals can be observed in the ground state of diamagnetic atoms such as cadmium.
The gemeral procedure is to illuminate a vapor sample of cadmium with circularly
palar)zed 3261 % resonance radiation directed parallel to an applied magnetic

ation times of about 1 sec. are obtainable. As a result, a relatively high de-
gree of polarization (50%) and narrow resonance lines are observed.

he two cadmﬁgm Lsotopg are produced in the cyclotron by the reactions
gmzp n)cal0? agl%(p n)ca™™ in a natural silver target. The cadmium activity
con bel Aiatilled into an absorption cell in a mamner sinilar to that used for
zinc, Strong resonance signals have been observed for both isotopes. The reson-
ance frequencies are compared to, the proten frequency in 2 mineral oil sample or
to the resonance frequency of Cdlll in the same sample cell. The results to date

give:
V1077109 = -7429588 (3)
V107711 = +20678088 (10)
V109/¥y1y = 27832081 (12)
Vig7 Vg = -04379263 (10)
Y309/ Vyr = 05894356 (12).

The incentive for making measurements of this precision is to obtain in-
fornation about the distribution of magnetism in the nucleus. The measure of the
distribution obtained is the "hyperfine structure anomaly". For a point dipole
nucleus the magnetic dipole interaction constant obtained from the hyperfine
structure and the nuclear g-factor should be strictly proportional. In practice
the finite nuclear size results in a deviation from the expected proportionality.
For medium weight to heavy nuclei the effect is of the order of 13. In order t
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avoid the difficult problem of calculating atonic wave functions to
a differential hyperfine anomaly is defined which is

Ay/A,

il O )
Ay #d # are the dipole constants for the Lighter and heavier of o isotapes of

the same element respectively, and g and g, are the corresponding n g-fac-
tors.

our moment measurements in cadmium are combined wi
ments” of the dipole constants we then find the following anomalies

measure-

(¢ P ) =+ .096(2)%
(¢ P ) =+ .090(2)%.

m 111
1098111
The anomaly can also be calculated using the same configuration mixing

model wave functions which give good values for the nuclear moments. The results
of such a calculation are:

el i st
1078102 =+ 20308 oa Ry = - Lo2us.
The cause of the poor agreement is not known at present and further theoretical
work is being undertaken.

This research is supported by Grants GP 3490 and GP 6436 from the National
Science Foundati (R. Chaney, N. Laulainen, M.N. McDermott, P. Spence
Department of Physics).
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VIII. INSTRUMENTATION FOR RESEARCH

3. Technical Inprovements in the Detection System for High Energy Photons

| The measurenents of high energy photon spectra which were reported last
year! and this year (Sec. 25) point to a number of ways in which our detection

System might be improved. He briefly discuss some of these detection system
problens and attempted solutions.

Improvenent of Resolution: One expects the resolution, R, of a Nal
spectroneter to inprove with increasing photon energy, By, roughly as given by?
R = asge, /2

where the second term is due to the statistics of the nunber of photo-eledtrons
produced and the first represents the sum of all the energy-independent mor
less intrinsic sources spread. Measurements of line widths in our
spectrometer (Fig. 36-1) show that for energies above 5 eV, the resolution de-
parts significantly from the above re-
lationship. For example, for 15.1 MeV
photons the resolution (v10%) is about
three times worse than one would expect
from an extrapolation of low energy
measurements. It should be emphasized
here that the measured Lines do not in-
clude first and second escape peal
which are elininated by the anticoin—

1 cidence annulus. This loss in resolution
at higher energies is not due to the
phototube itself. Using a light pulser

to produce pulses equivalent to those
4 from a 15 MeV y ray, one obtains a line
whose width is only 0.7%. Thus the 10%
width measured for the actual photons
must have something to do with the in-
Photopeak resolution teraction of high energy photons in the
sy present detector  Nal. The most plausible cause for the
system. resolution loss would seem to be the
leakage, from the far end of the crystal,
of soft radiations which are produced in the shower initiated by the incident
ificantly effect the response function of a crystal
i These observations suggest that
it nay pay to improve the anticoincidence shield (at present a hollow cylinder)
by plugging its back end with a NaI detector as is done by Bostrom and Dr

e or

i

PHOTOPEAK RESOLLTION (percent)

aper.

Gain Stabilization: A Nal spectrometer designed for studies of high
energy photons should not be run at the same high voltages used in low energy spec-
trometry because 1) very large pulses in phototubes are likely to produce fatigue,
feed back and other troubles and 2) in order to obtain a useful rate of higl

energy events one must generally perform a measurement at very high total coun(;ng
rates (of mostly low energy photons). However, just lowering the voltage on a

Nal spectrometer phototube in order to do higher energy measurements, introduces
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time walk and noise problems. It is desirable to maintain normal voltages between
Llower dynodes but to decrease voltages in upper dynodes. A new base circuit was
designed to convert our low energy Nal spectrometer into a high energy spectro
meter. With this circuit counting rate gain shifts remain below 1% up to rates

of several thousand per second. The pulse height versus energy relation also
appears to remain linear to the largest pulses of interest.

Pile-up Rejection: Because of the high counting rate of low energy
photons that generally accompanies a measurement of a high energy photon spectrum,
it is necessary to eliminate spurious high enmergy pulses that arise from the
piling up of low enmergy pulses in the pulse height analyzer. This is especially
true on studies of high energy spectra from heavier targets because these spectra
are generally structureless. It is therefore not possible with such spectra to
recognize the onset of pile-ups by characteristic changes in spectral shape.

As shown in Sec. 25 of this report the pile-up contribution is large and difficult
to calculate accurately.

is followed by another of the same height which follows it in the time interval
of 0.1 to about 1.4 usec.

Rejection of Cosmic Ray Pulses: Cosmic rays which pass through a 3"
diameter NaI detector at minimum ionization deposit a broad distribution of
energies in the neighborhood of 25 MeV in the crystal, the exact emergy depending
on the path. Since such cosmic rays appear with fluxes of nl/cm? sec. they con-
stitute a serious background in studies of high energy photon spectra. A
normally used for ion imp; i-coinci shield around
the NaI detector is biased at ~0.2 MeV and should presumably eliminate cosmic
rays since these deposit considerably larger energies in the annulus as well as
the main detector. Unfortunately, with this low bias, the large volume annulus ¥
typically has counting rates of 10° ¢/s which give rise to correspondingly large

dead times (v10%) in the anticoincidence circuitry. (See Fig. 25-1 and -2 of 4
this report for views of cosmic ray leakage.) To insure the rejection of cosmic
ray pulses by the anticoincidence shield, an auxiliary anti-coincidence circuit
was placed in parallel with the usual one. This one is biased at 5 MeV and con-
sequently has negligible dead time. With the full anti-coincidence circuitry in
operation, cosmic ray pulses were found to be virtually eliminated from the main
detector.

5. Elimination of Neutron-Induced Pulse: was shown in last year's i
progress report that in a typical bombardment at the tandem Van de Graaff,
neutrons from the target are responsible for about as many pulses in a nearby

Figure 36-2 shows the time
spectrum of pulses in a NaI crystal at 110 cm from the target when Snl2% was
bombarded with 10 MeV protons. The necessary stop pulses were provided by the
beam bunching system. The prompt y ray peak here is 14 nsec. wide and it should
be possible to narrow it considerably. But even at this width it is now possible
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to measure photon spectra which are pro-
duced in nuclear reactions without seri-

. ous contamination from neutrons produced
in the same reactions. (S. M. Ferguson,
o], TIME-OF-FLIGHT SPECTRUM | 1 Halpern, and . 1. gommson)
S 4 p
10 Mev
oo 1. Nuclear Physics Laboratory Annual
o Report, University of Washington,
g (1966) p. 53.
] 2. C. 0. Bostrom and J. E. Draper,
z g Rev. Sci. Instr. 32, 1024 (1961).
< *136nwe 3. C. D. Zerby and H. §. Moran,
soof- | ORNL-3169 (1962) .
4 PrOMPT ] 4. Nuclear Physics Laboratory Annual
] GAMMA, RAYS Report, University of Washington,
8 (1966) p. 102.
NEGTRONS
37.  Particle Identification by
¥ L Pulse Shape Discrimination
705 o o
CHANNEL NUMBER
An attenpt has been made to Separ-
ate protons and deuterons using pulse
Fig. 36-2. Time-of-flight spectrum  shape discrimination.l The experiment
fron the y spectroneter for 10 e was done using 13 MeV deuterons from the
proton bombardment of Sn pefons oy uinidtogercg shegremtant

The reactions considered we
€12(4,a")ct?2 and cl’(d.p)cB. Basically, the particle A system was
made up of two window discrininators and a time-to-pulse height converter. One
of the discriminators was set just above the noise level and was used to generate
the "stop" pulse for the time-to-pulse height converter. The other discrimina-
tor was set at a level which corresponded to about 503 of the pulse height of
interest and it was used to generate the "start" pulse for the time-to-pulse
height converter. It was necessary to use leading edge discrimination so that
the timing between the two signals would be related to the shape of the leading
edge of the pulse. From previous calculations,l it was expected that the pulses
£rom protons and deuterons of the same energy would have a time difference in
crossing the two discriminators of about 20 ns. It vas found that the time
jitter associated with the leading edge discrimination was about 10 ns. As
Tesult, no definite separation was found. This project has been dropped e
present. If time allows, it might be interesting to try the system again with
some modifications in conjunction with a two-parameter analyzer. (T. D. Hayward
and D. M. Patterson)

1. MNuclear Physics Laboratory Annual Report, University of Washington (1966),
82.




38.  On-Line Computer System

In December of 1955, the laboratory received delivery of an On-Line Computer
with various standard and specia

System consisting of an SDS 930 computer
pherals. The systen was accepted from the manufacturer in May
since acceptance of the system, progress has been made in the areas of both

e
hardware and software (programming):
dware

£ 1966. In the

1. Several missing wires were found in the priority interrupt chassis,
and these flaws were corrected; design deficiencies were corrected
in the miltiplexer, and several improvements were made in the A/D
converters.
2. A P-Stop or absolute address program halt feature was added to the
computer main-frame. This feature allows the operator to manually
specify a memory location. After such selection, when an instruc-
tion is taken from this location the computer will either (a) halt
or (b) produce an oscilloscope trigger signal, depending on a switch
setting. This feature has proved invaluable as a diagnostic tool
for both hardware and software and has permitted the detection of
many of the design flaws mentioned above.
Systen Status Indicator Lights have been added to the
These indicators can be patched through a small patch-panel into a

1tiplexer.

n an indicator unit receives a pulse, it

will light a colored indicator light on the panel; depending on a

switch setting, the light either holds until reset or holds for

about 1/10 sec before resetting. Six such indicator units have

been built and incorporated in the system. These have greatly re-

duced experimental setup time and provided convenient monitoring

of the operation of an experiment.

Pulse-Height Analyzer Dump Capabilities have been provided for the

Nuclear e d 4. This has made

poss: e dumping of a complete 512 channel spectrum from one of

the multmhannel analyzers to the computer memory in approximately
1 second. The computer can then operate on or store the data in a
variety of ways, depending on the requirements of the experiment.
The counting room scalars have also been wired into the computer
so that they can be read directly by the computer.
ties have substantially increased the data-collection ef!
experinents which do not directly require the computer as an on-line
data collection device.

5. A replacement for the SDS 9150 card reader is being built. The

nitial design of the card handler and interfacing logic is com-

pleted and the handler fabrication is approximately 60% completed.

The new reader uses photo-electric sensing of card punches, an

will operate at a speed between 100 and 400 cards per minute.

These capabuk
of

B. Software
The number and variety of prograns written in the past year is too large
to be intelligently dlscussed here. Below are some of the more impor.
tant software additi




An Optical Model Code with automatic search has been written for
the 8K SDS 930. This program allows the analysis and fitting of
elastic scattering data

The standard laboratory kinematics program HEEWEE has been recoded
for the SDS 930. This permits rapid calculation of reaction kine-
matics as needed in the course of an experiment.

The Math/Physics Package which includes subroutines for calculating
a number of functions and coefficients including Clebsch-Gordan.

Racah, X, Z and 71 coefficients and Legendre, Gamma, and Bessel
functions, has been recoded to operate on the SDS 930.

An analyzer Dump routine has been written which reads out the
Scalers and Analyzer from either counting room. The data may then
be plotted with high-density plotting symbols (18 x 20/inch) on the
line printer, punched on cards, or written on magnetic tape. Pro-
vision is also included for reading a data block from magnetic tape.
An on-line data collection program allows the computer to function
as four 512 chamnel analyzers. Thus four detectors can be used
simultaneously in an experinent, or data-collection efficienc:
greatly improved, The size of the data array is at present limited
by the rather snall 8K memory of the system. A routing system now
being constructed will allow an even larger number of detectors to
be used at the same time. Output of data is similar to the dump

routine.

6. A two parameter on-line data collection program allows the use of
the system as a 64 x 32 channel analyzer, or with a position-
sensitive detector as 16 angular regions of 128 channels each or 8
el e e e T
the dump routine.

7

A data analysis program which permits analysis of an analyzer spec-
trum with the light pen has been written. Data is read in from
cards or magnetic tape, and displayed on the CRT screen on a loga-
rithmic scale. A background may then be drawn in with the light
pen. This background is subtracted and the difference spectrum is
displaved. The lousr and upper Linits of psaks to be analyzed are
then spe d with the light pen and the peaks are integrated.
Fol]cw)ng analysis, an optional plot of the data and background is
plotted with high-density plotting symbols on the line printer.

(N. Cheney, J. G. Cramer, B. Fernandez, and D. Perry)

39,  FORTRAN Linking as Used for Computer iated Experiments

A. Description of the System

In using the SDS 930 computer, acquired last year by this laboratory,l for
computer associated experiments, it has been found that in many applications the
8,192 words of core memory are not suffmenc. One way to effectively expand the
size of core memory for some applications is to use FORTRAN linking, which was
included in the software package received with the computer. In using FORTRAN
linking, previously compiled FORTRAN programs are loaded from magnetic tape in
such a way that the system run-time and common storage areas of memory are not
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affected, Thus one can pass information from one program to the next through )
common storage. The order in which the programs are loaded from magnetic tape is

under operator and/or program control. i

into the computer can be broks

to load the linked programs from magnetic tape, is the amount of core memory

One still needs a larger core memory for applica-
tions which require storing large arrays of data, as in using the computer as an E
on-line two-parameter analyzer.

Purpose of the Programs

FORTRAN linking is especially useful in applications where extreme speed is
not essential. Reduction and analysis of data is or

areas; analyze the peaks of intevest; print and plo( the results; and caleulate !
and display such things as scaler ratios used for consistency checks. Thus, o

can obtain an analysis of a spectrum as well as various comsistency checks within )
several minutes after a spectrum has been collected. By having this information
available during a data collection run, the experimenter is in a much better posi:

and malfunctions. Thus one can make more efficient use of data collection time.

C. Description of Finished Programs

1. Analyzer Dump Program. This program is used for the initial handling
of the data. With it, one can quickly transfer data from any of the 512 channel )
analyzers and the scalers in the Van de Graaff counting area into the computer.
This frees the analyzer so that additional data may be collected while the pre-
vious data are being handled by the computer. The program stores the data on
magnetic tape, produces a tabular print out, and plots the data. It will also
repruduce the data on punched cards if they are desired. Along with the print
ou e data, the program also prints the scalers and ratios of selected |
i The rogran has the added feature that it can find and load into core
memory any specifieri block of data previously written on the data tape.

Peak Finding Program. This program is used to roughly determine the
height, width, and position of peaks and shoulders in a raw spectrum. It also }
makes a rough £it to a fifth order polynomial background function. The program
f£irst finds obvious peaks and regions of clean background. The background regions
are fitted to a fifth order polynomial using matrix inversion methods. The peaks

top of a high background. The program prints the parameters it has found and L
makes an overlapped plot on the raw data and the rough £it.

3. Non-Linear Least-Squares-Fit Program. This program fits the raw data
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to a £ifth order polynomial background and skewed Gaussian peak shape. The pro-
gran can handle up to 20 peaks at a time. At present all peaks are fitted with
the same width and skewness parameters, but allowances have been made so that an-
) other independent width and skewness parameter can easily be included in the fu-
ture. The initial values of the parameters are obtained from the rough fit pro-
! gran described above. The program uses a method of steepest descent to find a

X2 minimum.2 The output from the program consists of the final parameters, the
initial pavameters, the difference and percent differences of the initial and
final parameters, and an overlapped plot of the raw data and the functional fit
to the data. The program takes about 2 minutes to run with 10 peaks. It might |
be noted that the search program proper, with no input/output included in it,

uses all but about 300 words of core storage. Thus it would be impossible t
conveniently run this program on a small computer without resorting to something
like FORTRAN linking.

Some of the prograns above have been used as linked programs, in an experi-

) mental project (Sec. 22), and have proven to be a valuable asset. Two data analy-
sis programs to be used in conjunction with this non-linear least squares fit
§ progran are nearly finished. Programs are also being written to kinematically

keep track of peaks of interest for analysis purposes and to display various re-
sults for quick inspection on the oscilloscope display unit associated with the
computer. It is felt that FORTRAN linking has proven its usefulness and that this
mode of operation will become much more widely used in computer oriented experi-
LR ments in the future. (J. G. Cramer, T. D. Hayward, and D. M. Patterson)

1. Nuclear Physics Laboratory Annual Report, University of Washington (1966),

i
p. 79.

2,  D. W. Marquardt, J. Soc. Indust. Appl. Math. 1I, 431 (1963).
)

40, Liquid Nitrogen Cooled Holder for Lithium-Drifted Detectors
LY Prior to July, 1966, a Joule-

scuriimc cuwsen posT  Thomson cryostat system had been used to

i ot e T ¥ cool our Ge(Li) y ray detectors.=>

However, on several occasions, the cryo-
stat clogged up, probably due to moisture
ion, requiring a ti i
partial warn-up of the detector before
it A the cryostat could be made to function
again. Therefore, it was decided to
build a detector holder cooled by liquid I
nitrogen. |

A detector holder was built which
can be used either in air or inside the |
evacuated 60-inch scattering chamber |

Fig. 40-1. Cross section of the lig- (Fig. 40-1). It comsists of two co-axial
uid nitrogen cooled holder for lithium- stainless steel cylinders which form a
drifted germaniun y ray detectors. crude Dewar. The insulating vacuum be-
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tween the two cylinders is maintained by a mechanical pump. The detector is held
on a removable cold-finger attached to one end of the inner cylinder by a flange
gasketed with an alunimm foil. The aluminum gasket is easy to make and provides
a reliable vacuum seal down to liquid nitrogen temperatures. Changing the cold-

finger is a relatively simple task.

The inner cylinder can be filled with liquid nitrogen from outside the

main problem in filling a Dewar inside a scattering chamber is to avo
=y rubber vacuum gaskets. This problem was solved by the use of a f
in a standard ort which provides a long heat path be-
tween the liquid nitrogen tubes and the O-ring gaskets in the port. This tech-
nique was developed for a system designed to cool charged particle detectors.

illing of nitrogen lasts for ten to twelve hours. The nitrogen can be
ing compressed

emptied and the detector warmed up in about twenty minutes by blowi
air through the filler bellows.

This system is much simpler to operate than the Joule-Thomson cryostat and
has been used successfully in all of our more recent experiments. (S. Ferguson
and C. F. Williamson)

1. Nuclear Physics Laboratory Amual Report, University of Washington (1965)
p. 70

2. C.F. Williamson and J. Alster, Nucl. Inst. and Meth. 463 341 (1967).

3l Nuclear Physics Laboratory Annual Report, University of Washington (1966)
p. 83

41. Design and Construction of Electronic Equipment

Major. Exceings pursued during the last year include the following
The angle encoder system for the 24 inch scattering chamber; the com-
pleted readwt provides 0° to $179.9° for the target and two detector
arms. sign for the buffered interface of angle information to
the cempuler e completed. Construction is nearing completion.

b. Modification of the CR3 and CR4 multichannel analyzers to provide

fast dump mode of data transfer to the computer: the time required to

dump a 512 channel spectrun from an analyzer to the computer is one

cycle of the oscilloscope display mode, or about 50 millisec.

Design and development of 8 digit 15 megahertz scalers has been com-

pleted. The design uses integrated circuit components and provides

data transfer to the computer, common reset lines, remote start stop,
and built in discriminators. Ten such units are under construction.

Further testing and modification of the Van de Graaff beam buncher

system (see Sec. 48 for further details.)

Design and construction of a router-mixer unit to provide for the use

of eight detectors as multicounter experiments into a single analog-to-

digital converter of the computer. The unit is expandable to provide

16 or 32 counter facility.

c.




IX. ACCELERATOR RESEARCH AND DEVELOPMENT

45, The Three-Stage Van

de Graaff Accelerator

Factory tests of the injector stage of the three-stage systen were completed
during June, 1966. Shipment of the injector components was started in July, 1966
but accidental damage to the pressure tank during the early stages of the ship-
ment combined with a later derailment of the railroad train carrying the tank
delayed the delivery of the tank to the laboratory until early October. The as-
sembly of the injector was carried out as rapidly as possible following the ar-
pival of the tank. Operation of the tandem stage of the accelerator system was
inited whenever necessary during the installation process to particles, energies

and beam intensities which would not prohibit the presence of persomnel in the
accelerator tunnel in the injector area.

By early January, 1
that power to some of th

, the injector assembly had progressed to a point such
mponents would soon be required in order to proceed

The tandem stage of the accelerator was therefore shut

down on

system and to install the
1 system and control console. This installation in-
1 replacement of many of the tandem control components and
erconnecting wiring.

the associated i

The change-over was n was resumed by February
14, although much trouble shooting and debugging of the mew and revised equipment
remained to be done at that time.

completed and tandem operati

The injecto

stage vacun systems were tested during February, 1967, and
preliminary operational tests of the ion source and beam neutralizing system were
satisfactorily completed in early March. Final assembly of the system before the
start of full operating tests was completed by the end of March. Th
was obtained from the injector stage on April 14, 1967.

irst beam

During the above mentioned shut down of the tandem accelerator several mod-
ifications and improvements were made, including the
i

following :
New~type springs for connecting the accelerating tube and column fie
planes were installed.

2. Lucite rod controls to the terminal for positive operation of the
sStripper gas metering valve, stripper canal position, foil stripper
(when installed), terminal lights, etc. were installed. These rods are
operated from outside the tank and replace the string controls formerly
used.

3

The alignment of the negative ion source, 20° inflection magnet, both
einzel lenses, stripper canal, object slits, analyzing magnet and image
slits was checked and adjusted where necessary. The injector system
was also aligned with respect to the tandem at the same time.
Other major changes and modifications made to the tandem system during the
year include:
i

Movement of the negativ

ion source to a position 62" farther from the
tank to make room for the beam buncher (Sec. 48) and the 5" einzel
lens.




by
following reasons:

The bean buncher and 5" einzel lens were installed.

A vacuun lock and new filament holder have been installed on the ion
source to allow filament changes without letting air into the ion source.
A systen has been designed and partially installed which will salvage
and store the nitrogen gas which boils off in the liquid nitrogen traps.
The use of this system will reduce the cost of the insulating gas to a
value low enough to permit dumping of the gas from the tank, if desired,
in order to eliminate most of the long pump out time now required before
entering the tank for repairs.

r the

e Van de Graaff tank has been opened ten times in the last year

1. 5/11/66 - To replace the thermistor in the lower bearing of the drive
motor.

2. 5/15/66 - To repair a pressure seal in the electrical feed-through
bushing in the low energy end base plate.

3. 6/28/66 - To replace the belt drive motor which was burned out by a
surge caused by a tank spark.

4. 7/1/66 - To replace a resistor and tighten the ring supports to im-
prove voltage holding characteristics.

5. 9/5/66 - To repair the belt drive motor, burned out due to protective
circuit failure.

6. 9/9/66 - To replace the belt which was damaged by hitting part of the
terminal frame.

7. 9/16/66 - To investigate the cause of poor beam transmission. A loose
colunn spring was replaced and the belt system was moved
closer to the end of the tank.

8. 10/16/66 - To check for the cause of beam instability and test for sus-—
pected leaks in cooling water lines.

9. 1/11/67 - Planned shut down for modifications and improvements while
connecting the injector stage to the new control console.

10. 3/3/67 - To investigate sparking caused by two defective resistors
nd a loose column spring.

Table 45-1 sumarizes the statistics of Van de Graaff operation during the

ing t
period from May 16, 1966 to April 15, 1967. (J. Heagney, T. Morgan, J. Orth, and
G. Rohrbaugh)



Table 45-1. Statistics of Van de Grddff ﬁperacmn During the Period from
s 1966 to April 15,

Division of Van de Graaff Time Among Activities:

Aetivity Tine (hrs.)  FPer Cent
Normal Operati Research 4174 77.0
ine & Component Tests 153 o'
Scheduled repairs, modifications, & maintenance 758
Unscheduled repairs (incl. going into tank) 96
Experimenter's set-up ti 252
Total 43
Division of Beam Time Among Projectiles:
Protons 1544 3g.9
660 16.6
Deuterons 1192 30.0
0l6 374 9.5
He® 199 5.0
Total 3969 100.0
46. Calculations of the Tandem Accelerator Beam Tube Optics

The acceleration tubes are one of the most expensive and vulnerable parts
of a tandem accelerator. In an accelerator nsing straight tubes, a faulty tube
section can be smr(ed out without greatly impairing the operation of the accel-
inclined-field tubes,l such as those used in the Univer-
sity of Washington g stage tandem accelerator, shorting a tube section can
rdically alter the trajectory of particles through the accelerator and the per-
formance of the machine. For this reason it is of vital interest to any tandem
laboratory to understand the optics of the accelerator in general, and of
inclined-field beam tubes in particular.

A simple expression has been derived for the position and inclination
(x1,%)) of a charged particle emerging from an inclined-field tube sectmn, in
terns of the entrance position and inclination (xg,Xp), the entrance and e:
potentials of the tube section Vo and V), the length L of the section, and the
inclination angle 6 of the electric field in the tube section:

%, + LL(2ky/(14R) + tan 6]




%} cos 6 + R sin @

R cos 0~ %) sin @
where
, %y cos8-sinp
il 0
o 510 0+ cos
n with respect to the field symmetry axi
and

These expressions, along with other beam optics relations including the
Ffocusing properties of quadrupole, einzel, and aperature lenses, have been incor-
porated into a FORTRAN II computer program which caloulates snd plots the beam
trajectory through our accelerator under a variety of tomine] voltages and oper-
ating conditions. Figure 46-1 such a plot of the position and inclination
©F proton trajectories throtighithelndchine fatla terninal potentdal GRiEd
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Fig. 46-1. Trajectory of a proton beam through the tandem acceleratep at a
terminal voltage of 5.45 MV. The beam enters on-axis and parallel te the axis.
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The speed of a calculation of this type
is limited primarily by the time re-
quired for the plot, a %
than one minute on the laboratory.
SDS 930 computer.

imoge o Sier

An interesting effect has been
noted in using the tube optics program.
If a set of rays are traced from the
stripper tube backwards down the low

HSTANCE PR THE A8 e
|

PP 2|
energy tul f the accelerator, it is s
found that an image of the stripper tube S i e -
is formed just outside the entrance to DISTANGE ALONG OPTICAL AXIS Imeters)
the low-energy acceleration tube. If
the beam entering the accelerator Fig. 46-2. The image of the stripper
which is found just in front of the low X

passes through the image-stripper it is
essentially guaranteed to pass through
the real stripper tube and presumably
through the whole accelerator. Figure
46-2 shows the image of the stripper
for a terminal potential of 5.46 MV and 60 keV protons entering the machine. The
position of the image-stripper depends, of course, on the terminal potential of
the accelerator and the energy of the accelerated particles as they enter the ac-
celerator. The image position shown is fairly typical, however, and provides a
clear idea of the requirements on the ion-source optics to achieve maximum trans-
¢ G. Cramer)

energy tube. The beam must pass through "
this image without hitting an edge if it
is to pass through the stripper tube.

al,

sion through the mach

47.  Tandem Van de Graaff Negative Ton Source Alpha Beam

During the last year a large number of modifications have been made in the
negative ion source (NIS) of the tandem Van de Graaff accelerator. These modifi-
cations have been aimed at increasing the alpha and He3 beams from the machine.
The primary interest in these beams has been gemerated by the need for more beam
on target in the gamma-ray polarization measurementsl and in the Hed spin

neasurements .
As an introduction to this work we shall briefly explain the operation of
the NIS, excluding the theory of the operation of the duoplasmatron.

beam of positive ions is extracted from the duoplasmatron (Fig. 47-1) (8)
aperture (7) (at ground potential) by the extraction electrode,
(1) which rides at -40 kV. The extracted beam is then focused on the exchange
canal (3) by an Einzel lens, (The lens is composed of the extraction, focus (2)
and exchange electrodes.) A small amount of gas (hydrogen) is allowed to flow
into the exchange canal where a portion of the extracted positive beam picks up
two electrons from the exchange gas and becomes negative. This negative beam,
upon leaving the exchange canal, is then accelerated by the ground electrode (4).
It is also focused in its passage between the exchange canal and ground electrode.
The effect of this last lens is hard to calculate because it falls between the
category of an Einzel lens type gap, where it is assumed that the beam of ions

through a 13
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Fig. 47-1.

Schematic diagram of the negative ion source: (1) extraction elec—
trode (2) focus electrode (3) exchange canal electrode (4) ground electrode (5)

power (12) filament bias supply (13) filament
current supply (14) 50 kv, i supply (15) 10 kV,
10 mA focus power supply (16) exchange gas supply line (17) lens strengthening
ground electrode.

has an energy large when compared to its change in energy upon traversing the
83ap, and the field immersion type lens, where it is assumed that all of the beam
energy is acquired in crossing the focusing gap. One can, however, draw certain
qualitative conclusions by considering the operation of the source.

The NIS was designed originally to produce H- ions and it has produced in
excess of 60 microamps of H- Thi

ean is originally extracted fron the
duoplasnatron as Hy* molecular ion with approximately 40 keV of energy at the

exchange canal. At this point the molecular ion breaks up by collision with the



Thus we see that 13.3 keV protons leave the exchange canal and ave accel-
erated to 53.3 keV across the last focusing lems. In the case of the He~ beam,
however, we extract 4O keV He* from the duoplasmatron and thus 40 keV He~ ions
leave the exchange canal and are accelerated to 80 keV across the last focusing
lens. Since electrostatic lenses are, in general, energy sensitive devices we

see that the last lens of the NIS must be too weak to properly focus the He
bean.

For this reason it was decided to place an additional lens after the ground
electrode. As a result, the quadrupole (AG) lens of the biased type
water cooled drift tube, was built to be placed in the vacuum of the NIS box,
imediately behind the ground electrode. The reasons for deciding to build an AS
1) we could build the constant current power supplies for such a
lens in the laboratory, whereas we did not have the capability to build the power
supply for an Einzel lens, and 2) with the biased type AG lens it would be possi-
ble to steer the beam out of the source and through the small exit of the NIS
vacuum box.

The lens was installed and tested during July, 1966 and found to increase
the beam at the high energy end of the tandem by a factor of from 1.5 to 2.
Kbt 308 of the improvestnt could ba attribirted to inproved ‘trassniasiCnics the
beam through the machine B MRS R cewing proper SECIC IR biased AG
lens. Unfortunately the AG
tion of the tuo lens segments is comparable to the distance from the lens to the
object, which it is. It was noted at the time that the AG lens was tested that
it had a negligible effect on the H™ beam. As a result the AG lens was removed
and the last lens of the source was strengthened by placing a grounded 3/4 inch
diameter stainless steel tube through the center of the ground electrode to the
middle of the gap between the exchange and ground electrodes (Fig. 47-1). This
moves the ground plane, strengthening the electric field near the axis of the
lens and thus strengthening the lens.

This new lens configuration seemed to work as well as the AG lens, with the
possible exception of the loss of sSteering which was attainable with the biased ‘
1en:

e next attempt to improve the He™ beam was to install what has become
known in the laboratory as the "wobble plate". The "wobble plate" is a standard
aperture plate (in which the 13 mil aperture mounts and to which the duoplasma-

n is attached) that has been modified in such a way that it allows one to move
the 13 mil aperture and duoplasmatron around in front of the extraction electrode,
and thus optimize the extraction from the duoplasmatron during operation. The
source is extremely sensitive to the position of the "wobble plate", but the

H it i

plasma_expansion cup.®>® ¥e now believe that the plasma expansion cup only makes
the alignment of the aperture to the extraction electrode less critical, and that
since our source was quite vell aligned, its addition made very little change in
the source output.

The next change in the source was to add a filament lock to the duoplasma-
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tron (Fig. 47-2)
the filanent wit
vacuun

This allows changing

out losing the source
This is desirable because it
has been observed that the He~

requires as long as 2 to 3 days to re-
condition. These figures are extremes
and represent conditions when the source
is let up to air for an extended period
of time (1/2 hour), rather than for a
standand filament change; however, they
do point to the need for keeping gases
other than He out of the source during
an alpha run.

The filament lock and filament
Fig. 47-2. Filament lock and fila- rod are designed such that the filament
ment rod shown in position on the rod is completely free when it is re-
duoplasnatron source moved from the lock, Z.e. the rod "un-
plugs" from the filament current, fila-
as it is retracted from the filament lock. This facil-
itates filament changing and allows the complete replaceme: the filanent rod
should it become damaged. The filanent rod clamps the filament with tantalum
Finger clamps which greatly simplify filament

ment bias and air

The filament design has also been changed to simplify fabrication. The new
filaments consist of a 1 inch long 30 mil tungsten wire bent smoothly in the
middle at a right angle. The filament is then mounted by clamping the two ends
with the bend forming the point of the filament. The new design easily reduces
fabrication time by a factor of 10, and since the new filaments are sl
thus have less resistance, they allow us to run with higher arc curr

seem to be required for maximum He™ output) and still remain within the range of
the arc current regulator.

The filament lock and rod also reduce the tis
change by a factor of about 6 and wh
reduce this time by another factor of 3

e required for a filament
spave rods are fabricated it will probably

Another change has been to return to the use of apertures with tantalum in-

These apertures have a longer life than the standard copper apertures and
thus reduce the number of times that the source vacuum must be broken
also now been established

serts.

It has
as a routine, when an aperture must be changed during
an alpha run, that the source is let up to He rather than air or dry nitrogen.

This has proven to almost completely eliminate the conditioning time of the
source.

It should be noted that at about this time the tandem was shut down for the
control console change,” and that during this time the ion source and tandem were
aligned. As a result of this the alpha particle transmission through the machine
was increased from between 15 and 20 percent to between 30 and 40 percent and
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therefore, increases the amount of beam available on target.

As a result of comunications
with the University of Pennsylvania® it
was decided to extend the exchange canal
from its original 2 inches to 10 inches
(Fig. 47-3). This permits a lower ex-
change gas flow into the source for op-
timum source output and thereby reduces
the pressure in the source and low
energy tube extension. The lower pres-
sure reduces the chance for collision
of ions in the He~ beam with background
gas in the drift tube. Such collision:
inevitably result in the loss of He™
ions from the beam.

In order to maintain the additi
al focusing in the lens between the ex-

Fig. 47-3. Exchange canal extension  change canal extension (5) and the new
assembly showing extension, ground ground electrode (6), the lens gap has
electrode, and dielect been made variable and is presently set
insulator. at 1/4 inch rather than the original

1/2 inch.

The exchange canal extension has been initially tested and appears to in-
crease the alpha beam on target by as mich as a factor of 2. The source pres-
sure with the exchange canal extension operates slightly above one half the pres-
sure which it previously required, as would be expected from the pumping speed of
such an exchange canal.

The next modification which is under way but has not as yet been completed
is an attempt to increase the energy of the extracted Het beam toward the charge
exchange resonance in hydrogen. This resonance lies at about 135 keV,® and while
this is outside the range of the present work we hope to move from our present
exchange energy (45 keV) to about 85 keV and thus increase the output by a factor

o

The installation of the present exchange and extraction system is not suf-
ficient to withstand such an increase in voltage and so it is plamed to float
the duoplasmatron and aperture plate to a positive 40 kV. Such a plan requires
an insulator on which to mount the aperture plate, and a highly modified aperture
plate as well. These have been constructed and are shown in Figs. 47-4 and 47-5.
The insulator was cast and machined from a glass filled epoxy. It is mounted on
an aluminum "wobble plate in turn mounts on the present NIS. The modified

aperture plate consists of a cylindrical steel body with a steel base at one end.
This steel base holds the aperture and contains cooling passages to cool the
plate. The cylindrical steel body is supported by a brass collar about halfway
up its side. This collar seals against the top of the epoxy insulator and pro-
vides a plate to which the duoplasmatron is bolted. In order to align the duo-
plasmatron when an aperture is replaced the duoplasmatron has been placed on




4. Floating duoplasmatron Fig. 47-5.
and its aperture plate. The duoplas- insulator.

Floating duoplasmatron
matron (extreme left) is seen from the

The duoplasmatron (1) is
shown installed inside the aperture
plate cavity (2), which is supported
(1) which allow i iti by an epoxy insulator (3). i
perture. The 1a
insulated aperture plate with an in-
stalled 13 mil aperture (2) is seen
at the right. Lines at lower right
provide dielectric cooling of the
aperture plate which floats to posi-
tive high voltage with the duoplas-
matron.

ng of the insulator on
sent ion source.

small rollers so that it can roll on the inside cylindrical surface of the new
aperture plate.

should be pointed out that there are certain problems with such a plan.
These include the necessity to float the power supplies for the duoplasmatron.
Such supplies have been built and a 1:1 insulation transformer with a 25 amp,
110 V secondary and 100 kV insulation is on order. It is also necessary to pro-
vide dielectric cooling for both the duoplasmatron and the aperture plate, and it
is anticipated at this time that this can be provided by the present dielectric
cooling used to cool the extraction and exchange electrodes.

The insulated duoplasmatron has been designed in such a way that should it
be necessary to go to an alkali metal exchange system® the insulator will be

adequately shielded from metal contamination.

n conclusion it should be pointed out that at the time this work was
started, typical beans of alphas on target were of the order of 2 to 5 namp.; they
have presently reached in excess of 40 namp., with an anticipated future yield of
approximately 100 namp. (T. D. Hayward, D. M. Patterson, and J. R. Tesmer).
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48, Beam Bunching Systen for the Tandem Van de Graaff

The installation of the tandem bunching systen! has been comp:
tests on the system's performance have been made. To provide roon
buncher (around 5 feet long) it was necessary to move the tandem ion source back
from the tank. low energy wiping slits (near the tank entrance) and the low
energy chopping plates had been installed earlier.

leted and some
for the

electronic drivers and power for the buncher are contained in a housing
suspended from the buncher tube itself. This compactness is possible because the
drivers use solid state devices (two RCA 2N4298 high frequency power transistors)
in place of tubes. The transistors provide a signal (400 V, peak-to-peak) to the
prinary of an RE transformer, the secondary of which is also tuned and provides
for a step-up by a factor of 8. The capacity in the secondary circuit is mostly
that of the cylindrical buncher electrodes themselves, but the addition of a
snall variable condenser makes it possible to cover the frequency range 2 to 5 x

105 cps.

The high voltage step-up requires that the load be of high Q. The design Q
was 100 and the measured Q was 140. The power needed to drive the buncher to its
normal voltage is consequently fairly small (25 watts) and is easily handled by a
pair of transistors. The main disadvantage of high Q systems is their instability.
To date we have happily observed no detuning during runs or even from day to day.
The lack of thermally induced drifts reflect the low power dissipation.

The low energy chopping circuit is also made of solid state devices. It
operates in push-pull and provides a square wave fom at the system frequency.
The voltage on the chopper plates alternates between zero and the full deflection
The bean-pass (zero volt) portion of the square wave has a con-

There is only one bean
This eliminates

voltage, 800 V.
tinuously variable duration starting at about 15 nsec.
burst passed each cycle instead of two as in sine wave chopping.
the problem of coping with the undesired bunch.

relininary tests with the H$ beam from the ion source show that a 30 nsec.

long packet can be compressed by the buncher to 6.8 nsec. This is roughly the
lower limit set by the energy spread associated with the H} breakup in the ex-
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change canal. It is possible to extract an H} beam from
is ten to twenty times weaker than the H3 beam.

ion source, but it
The H{ beam compressed to 3.8

Nuclear Physics Laboratory Ammual Report, University of Washington (1966) ,
p. 10:

49.  Some Observations Relatin;

g to Terminal Voltage Fluctuations of the Tandem
Van de Graaff

s.
quency of the belt cycle; th
frequency spectrun extends from the belt frequency, which is sbeus 2 4 Hz, to

which is quite complicated, repeats over
and over each belt cycle in a remarkably faithful manmer. Although the voltage
D ias L= different when the comoma regulator is in proper oporation, it too

repeats in a carbon-copy fashion.

Fig. 49-1. Oscillogram tracing of Fig. 49-2,
terminal potential. Note that the

Oscillogram tracing of

terminal current. Note that the

pattern repeats each belt cycle. Peak- pattern repeats each belt cycle. Belt
kv.

to-peak fluctuation is 12,4 charge current = 100 uA.

A typical oscillogram of the terminal potential, as detected by the usual
Sapacitive pickup electrodes, is shown in Fig. 49-1. Two belt periods ave vigible
OPyrhe trace. The pesk-to-peak fluctuation is 12.4 kV at a terminal potential of
&My,

y means of a shorting rod, which can be inserted through a seal in the wall
Of the Van de Graaff pressure vessel, we have studies the current delivered to

the terminal. A typical oscillogran is shown in Fig. 49-2. The charging current

o4
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delivered to the belt was 100 yA. The peak-to-peak fluctuation is about 30 .

Although Fig. 49-1 and -2 do not demonstrate that the voltage fluctuations
are correlated with the current, chiefly because these two oscillograms were
taken at widely diffevent times, we have verified that the expected correlation
does exist. The voltage fluctuations are of course very heavily attenuated by
the effective RC of the terninal.

We have also examined the momentun-analyzed beam at the image slits of the
customary analyzing magnet. The beam energy does fluctuate with the same i
s the terminal potential, which leave no doubt as to the real existence of t
potential variations.

e oscillograms of Fig. 49-1 and -2 show frequencies extending from the
belt S 60 Hz. Figure 49-2 especially shows a very prominent con-
ponent containing 17 peaks per belt cycle, or a frequency of W0 Hz. We have ob-
R e charging belts show alnost exactly the same perwdm—
ity. This fact was not at first r and only afte: o
oscilloscope photographs taken as a routine check on belt condition did we find

cessive, even though the charge and discharge screens were in good condition and
properly adjusted. The second belt was removed because of accidental damage. We
have some, though not conclusive, evidence that belts gradually generate a larger
and larger "17-peak" structure as they age or wear.

The "17-peak" structure is evidently caused by the method of curing the
rubber impregnation applied to the belt during the manufacturing process. The
"curing length" is 30 inches with about a 2-inch overlap at each end.? The aver-
age length of a belt is 454 inches. This gives very nearly 17 cure patterns in
the length of the belt. An obvious remedy would be to develop a system for a
uniform and continuous curing procedure, such as between rollers.

tively, if the the ies could be increased,
say by a factor of two, the terminal !‘spple would be reduced by a factor of about
two by the RC filtering action. The High Voltage Engineering Corporation has
made a special belt for us with an effective curing length of 15 inches instead
of 30 inches. It is plamed to install it in the near future.

Effects Due to Corona Regulator System

The corona regulator produces a phase shift of = nearly 90° for frequen-
cies above about 10 Hz. The effective resistance of the corona discharge at 5 WV
254100 A corona curpent 13 § x 1010 ohma. With an assumed effective terninal
capacitance of 100 pF, the phase shift between a driving voltage on the corona
points and the terminal is very close to 90° at 10 Hz. A single voltage pulse at
the terminal with a width less than 0.1 second appears approximately as a differ-
entiated pulse when the regulator is in operation. Moreover, the regulator tends
to hunt at a frequency of about 20 Hz. Nevertheless, if the gain of the regulator
is not too high, the terminal potential is still a pattern which repeats, carbon-
copy like, each belt cycle. The corona regulator can eliminate low frequency




components, for example the belt frequency, but due to the 90° phase shift cannot
eliminate the 40 Hz frequency due to the 17 peaks per belt cycle.

Charge Spread on the Belt

constructed a circuit with which we could introduce either

W periodic or
step function modulation of the belt charge current.

Figure 49-3 shows the effect
on the terminal current due to a step-
function decrease in belt charge.

Figure 49-3a shows the current pattern
in the absence of the step, and Fig.
49-3b shows the current pattern with

the step. The step occurs at the point
marked, and is the voltage supplied by
the belt charge circuit. That point on
the belt reaches the terminal 200 msec.

Figure 49-3c shows
the approximate difference in terminal
current between Figs. 49-3a and -
The sharp rise charge step has spread
out to a gentle rise extending over
about 70-80 msec., with a 90% decreas
T emDIAL cont in 60 msec. Nevertheless, the basic "17
peak" pattern remains unaltered.

Fig. 49-3. (a) Terminal current when
belt charge current is constant.
Terminal current when a step decrease
is applied to belt charge current. (c)
Approximate difference between trace

The above observation suggests
that as charge is fed to the belt it
spreads out as the belt moves toward
the teminal, but it tends to concen-
trate in a particular pattern. Since
(a) and (b) showing how the charge the distance the charge spreads in the
spreads out between the base and time of transit fron the charge screen
terminal. to the terminal is greater than the

distance between the inhomogeneities
in the belt, it is not possible to smooth out the charge inhomogeneities by
feeding an appropriate signal to the charging circuit. This means that a regula-
tor based upon an analog memory system utilizing a tape recorderl will not work,
unless the conductivity of the belt is substantially reduced.

Miscellaneous Observations

The terminal current ripple pattern for a given belt changes only slowly
with time. We have oscilloscope photographs taken two weeks apart which show
almost exactly the same pattern. However, there is some evidence that the in-
homogeneities of a given belt grow over a period of months.

If the charging and take-off screens are poorly adjusted, the current
pattern does not repeat each belt cycle.
cause large instabilities in operation.

Thus, improper screen adjustment can




so-called self-charge generated on the belt when the impressed charging
current is zero also exhibits a repeating pattern, but it is much smaller than
the fluctuations with normal charging current. Thus, self-charge is not a cause
of the fluctuations. HWith the tank at atmospheric pressure we studied the self-
charge with and without the terminal pick-off screen in place and found it un-
changed for the two arrangements. This suggests that self-charge is mainly on
the inside of the belt.

e terminal current ripple depends upon the humidity of the tank gas and
upon the length of time the belt has been dried by the tank gas. It is worse
under humid conditions. This observation supports the thesis that the fluctua-
ue to a balance between the rate at which charge spreads out after
being deposited on the belt and the inhomogeneities of the belt. Since the charge
current is maintained constant by the charging supply, the non-uniformity of the
current reaching the terminal must be produced during the belt transit from the
base to the terminal.

have also studied the voltage pattern supplied to the belt by the con-
stant current charging supply. This voltage exhibits a repeating pattern which
shows definite correlation with the current pattern received at the terminal,
displaced by 200 msec.(H. Fauska, J. S. Heagney, T. J. Morgan, and F. H. Schmidt)

1. Nuclear Physics Laboratory Annual Report, University of Washington (1%66),

2. Jacques Shaw, High Voltage Engineering Corporation, private communication.

50. Cyclotron

During the past year the operation of the 60-
with relatively few major changes from previous years.
necessitated the rebuilding of the "Dee" voltage regulator.
vere incorporated in the new chassis resulting in slightly less 720-cycle i

the "Dee" voltage and slightly improved over-all operation. HWater accumulating
e magnet coil tank of the main magnet caused an intemmittent shorting
of the lower coil to ground and subsequent loss of regulation. After the cause
was discovered extensive attempts were made to clear the condition, short of dis-
mantling the coil structure. When these attempts failed, the top layer of the
upper.coil and the botton layer of the lower coil were disconnected electrically
from the circuit and slightly higher currents through the remaining coils pro-
duced the required field. Cables from the cyclotron cave to the Van de Craaff
counting area have been installed which allow on-line use of the computer

facility.

n. cyclotron has continued
An electrical failure
Some improvements

ong the projects originating outside the laboratory and not raported else-

rather extensive project being undertaken by t!

This project is makmg use of
The ob-

Hhera ra e report, is a r:
materials research group at Atomics International.
the alpha particle beam to insert helium, uniformly, into metal samples.
ject of the study is to simulate the helium inclusion due to high energy neutron
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fluxes. In a several hour run, helium concentrations are obtained which would
require years of exposure in the highest reactor fluxes row available. me-
chanical properties of the samples can then be evaluated and best choices for
reactor fuel element cladding materials can be made.

e following table summarizes the operati
» 1967. (J. Beechel and J. S. Heagney)

for the period May 15,

Table 50-1. Statistics of

Cyclotron Operation from May 16, 1966 to April 15, 1967

Division of Cyclotron Time Among Activities Tine
Activity

Normal Operation
Experimental Set-up
Cyclotron Testing
Scheduled Repairs
Unscheduled Repairs
Unsatisfactory Operation
Unrequested Time

Total

Division of Normal Operation Among Projectiles

Alpha Particles 1315 72.2
Protons 145 8.0
Deuterons 360

Total 1820 100.0
Bombardnents for Outside Investigators

Department of Physics - Professor HcDern
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