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PREFACE

This report reviews the research and technical development conducted at
the Nuclear Paysics Laboratory of the University of Washington during the year
ending June 15, 1965.

Research st this laboratory is perforned by the faculty and graduate
students of the Departments of Physics and Chemistry of the University of
Weshington. Support for this project is provided by the State of Weshington,
the U.S. Atomic Energy Commission, and the National Science Foundation,*

The arrengement of this report follows the

The sectlons are mumbered consecutively through the report; each table and
figure is assigned the mumber of the section to which 1t pertains. As has been
our practice, the names of investigators listed at the end of each section are
given in strict alphabetical order.

pattern used in previous years.

The investigations described in this report for the most part
end extend experimental work described in several earlier reports. Contimued
emphasis has been placed on elastic and inelastic scattering, including
alpha-gamme and proton-gemm angular correlations. Other studies include
pickup reactions, particles and rays emitted by compound miclei, fluctu-

etions in compound muclear reactions, fission, and light-element capture and
breakup reactions.

continue

e two-stage tandem Van

Th de Graaff has been delivered and installed.
Work 1s in progress to develop

@ beam of usable intensity and stability.

*  The Nationsl Science Foundation has
Ven de Graaf? and some of its

for the bullding to house the new accelerator.

provided funds for the purchase of the
equipment and, in part,
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I. EETA SPECTROSCOPY

V_Positron Spectrum of Olh

e determination of the shepe of the positron spectrum for the b.1 MeV
Gamow-Teller transition in OLY has been completed. Various aspects of the
experiment have been discussed in earlier reports.l Since the transition under
investigation (see Figure 1-1) involves relatively high decay energy and a very
small alloved matrix element, the spectrum shepe factor is expected to have some
energy dependence due to the non-negligible forbidden matrix elements.

o' have been able to reduce the
distortion of the spectrum due to back-
scattering of source positrons by
using, as source backing, a cooled
beryllium tip instead Of the copper rod
used in earlier attempts. Furthermore
the use of & 512 channel analyser to
accumlate end display the positron and
monitor pulses enabled us to spply
corrections for gain shifts and thus
compare results from various runs.
Finally, a control experiment with &
source of Ga®® positrons (vhich have
nearly the seme endpoint energy &s the
o1k transition) puts limits on th
errors which might be instrumental in
or:

2312

o 1gin.
0155 3 Some of the results of the measure-
Ul ments are presented in Figure 1-2. The

observed shape factor (not Fermi-Kurie

DECAY SCHEME FOR MASS—14 NUCLEI plot) for the Ol positrons between 2

MeV and 4 MeV is shown in Figure 1-2(a).
This mst be corrected for distortion
aue to backscattering from beryllium
mefgl. The control experiment, with &

Ga® positron source mounted on the Be
tip, provides an estimste of such distortion. This correction factor is shown in
Figure 1-2(c). By dividing the observed O+ spectrum by the correction factor,
Ve obtain the "true" shape Factor of the Ol spectrum shown in Figure 1-3. Of
course this is based on the assuiption that our beta ray spectrometer reproduces
the spectrum shape faithfully and that the Ga® shape factor is energy independ-
ent. Actually a spectrum of & 0a6 positron source (s lmg/cm”) mounted on 1/4
mil Al foil gave the shepe factor shown in Figure 1-2(b). This should be com-
pared vith the results of Camp and Ianger2 for the Ga 6 spectrum shape factor
shown in Figure 1-2(a). The lack of complete egreement mekes it difficult to
decide sbout the gmount of additional for 1 a1 the
ratig of true Gabb shape factor to 1 that should be applied. As Wu has pointed
out,3 the shape messurements by iron type and iron-free spectrometers have dis-
agreed by suall amounts in seversl other cases. Pending a more detailed

Fig. 1-1 The decay scheme of the
mass-1k nucled.
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Cortected N/ (£ -7 g~

g

Gorrected W{p4(€ -6 Far} —

KCE. OF 0 POSITRONS IN NeV —=—

Fig. 1-3 The corrected ehapc facto};
for the Gamow Teller tre n in Ol

neesurement of the Gab6 spectrum with
our spectromster ve have not applied
<5 3 L tnis correction, since it is only of
K.E.OF FOSTRONS IN Mev —= the order of our statistical errors.

F: The observed shape fac-
: i The energy dependence of the shepe

I e e Al e R
b i i o e importent forbidden matrix element in
A 2 a6 bh g s a s this case. In fact, the slope of the
iy o o shape factor 1o propo“tioml o the
backing. (d) Gamow Teller transition retis of . X T, Togy here the
n Olb uatng sols veryiliun acxive. T2 1% a?gowed Sairix element

and the 5 (Vaueleon/c) PEXE OF
the first forbidden Fermi matrix element (hence, twice Forniaatsy Except for
coupling strength this is identical to the mtrix element responsible for the Ml
transition in NUH¥,

cording to the conserved vector current theory, we should be sble to cal-
cumce me 1ifetime of the analogous gemma trensition in NI4*, once @ X Thps 15
known from the shape of the Ol spectrum. Te lifetime of the 2.
transition thus estimated 1is shorter than the measured value* by a factor of 3 or k.

We £ind the ft value of this transition to be in good agreement with known
values. (J. B. Gerhart and G. S. Sidhu)

1 Cyclotron Research, University of Wﬁ.shi\'\ghnn (1964), p. 1; (1963), p. 1; 4
(1962), »- 2 (1961), »- 25 (1959), »

2 D.°C. Camp amd L. M. Langer, Phys. el )29 1782 (1963)

3 c ctroscopy, Vol. II (Bdited by K.
Slegba.hn), Torth-Holland Publishing Company, Amsterdem (1965), 1389,

4 C. P. Swamn, V. K. Rasmussen, and F. R. Metzer, Phys. Rev. 121, 2k2 (1961).
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II. ELASTIC AND INELASTIC SCATTERING

1ing from 0"

Inelastic Alpha-Particle Scatts

The 01 (a0t )0L6* studies reported last
MeV and 39.8 MeV, have been extended to thr
MeV, 37.1 MeV, and 35.4 MeV.

to unresolved pair at 6.1 75 ) st r
4#(10.363 MeV) state are shown in Figure 2-1, Figure "2-2, end Figure 2-3 respec-
tively. The integral of the d: ntial cross sections from 18° to 75°
0% () 0°*{ “’fﬁ ,’j'&‘}y 0 (e, o) 0* t@ars v 21
o
i ”\/ =40 Mev i Eppg 410 MV
g g o oo X JJ
£ N
3 \/\ £ 308 Mev g "\{'/\\ :,,zeaw
B & 2 5
& 414 RN 3 .
g ooy g Ny
g % % Eut385 Mev ] o
e Paooss 2
g 4
& o \\fu,,zm Mev 2
: e e 8
4 o254 £
o =
v" "a, ]
i ELp=354 MV
CM. ANGLE (DEGREES)
Fig. 2-1 C.M. differential cross
sections of the OM E(a 1)016%
(0* -6.056 MeV and 3~ -6.135 MeV, TH % % % o ®®
unresolved) reaction at the five in- C.M. ANGLE (DEGREES)
cident energles studied. An addi-
‘tional uncertainty of 15% in the Fig. 2- 2 C.M. giffere:
megnitude is not folded in. The sections of the O o(ma')cl" (3
s0l1id curves drewn through the ex- MeV) react‘lon at, the five nt
perimental points heve no signifi- gles studied. The comments on Figure
cance other than to serve as visual 2-1 also apply here.
aids.
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Fig. 2-4  Par
cross sections
versus inciden‘
necting the
significance Sthar than to serve o
visuel aids.

integrated C.M.

C.M. DIFFERENTIAL CROSS SECTION
et

sumsrized in Figure 2-4. The differ-
ential cross sections are measured to
+ 10f, and hence the uncertainties in
the partdal integrated cross sections
should be no larger than this value.

0 () 0°* i
10363 e |

elastic scattering and
scattering to the un-
resolved pair at 6.1 MeV show
aiffraction-like angular distributions
at the five energies studied. The
anguler distribution of the latter
growp is in phase with the elastic

cross section and therefore the O con-
tribution to the unresolved pair, if
significant, has the appearance of a
double excitation process. Neither the single nor double excitation of the O
state are expected to be large compared to the 3~ trensition. A fit to the elas-
tic scattering and to the octupole transition (3-) at 41.0 MeV u51wg the adiabati
Fraunhofer theory? ylelds values for the strong ebsorption radius, R = 5.68F, end
for the usual octupole deformation parameter, BsR = 1.O5F, “espetti‘«el\' To
Qamping factor was required to it the elastic tross section.

GM. ANGLE (DEGREES)

Fig. 2-3  C.M. differential cross
sections of the 016(q,q")0L6*

U .363 MeV) reaction at the five
incident energies studied. The com-
ments on Figure 2-1 also apply here.




Within the a y of the present messurements, the elastic cross section
(not shown) shows no change with energy over the energy range studled other than
that expected from diffraction models. The seme cannot be said sbout the transi-
3-(6.135 VeV) state. An abrupt increase in the cross section at 35.4
coen in Figure 2-k, although the shape of the cross sectlon remains
ally unchanged (see Figure 2-1). In view of the large increase 1in the
mgnitude (M, ¥ 10 mb from 37.1 MeV to 35.4 MeV), it is unlikely that
c be attbibuted to the OF tramsition. A similsr increase in the
o be seen in the transition to the 2+(9.843 MeV) state. The
ross soctions of the transition to the unnatural parity state (27) st 8.875 MeV
thow strong energy veriation both in magnitude and in shape throughout the energy
interval. The change 1

't can

megnitude is not monotonic as surmised eerlier.l The
cross section of the transition to the 4¥(10.363 MeV) state also shows strong
energy veriation although the magnitude remains roughly unchanged.

Four remarks should be made concerning results of the present study:

1)  Ab an incident engrey mear 35.1 eV, Brown et al 3 reported an abrupt
increase in the 016(q,BeB)CI2* cross sections leading to both the ground
state and the first excited state of C12. This increase suggested the pos-
sibility of a strongly excited (probebly not isolated) level in the compound
systen near this energy. Since & dominating resonance of this type implies
o large width for formation of & state in the compound system, it is ex-
y reaction chamels should show & common enhancement. How-
tation could not be tested in their case because no relisble
messurements of the (or;Bed) cross sections to higher excited states of cl2
could be made. present results on inelastic scattering provide only
partial support for this expectation; only the cross sections for exciting
The 6.1 MeV group and the 2+ level at 9.8% MeV show any increase at E = 35.h

MeV.

2)  Collective states, such as the 3" state at 6.135 MeV in 0, are
Cpected to be strongly excited by alpha-particle bomberdment and such ex-

S itation has heretofore been interpreted fairly well with direct interaction
odo1s b Tt is seen here that the cross section of the 3~ trensition does
oy some change vith energy and if one attempts to fit this transition at
354 eV with & siuple qirect interection calculation, the parameters

R iainod would be misleading. Thus, even though an amgular distritution
riieates that a process is predominantly direct in character, a study of
e e section as function of energy is alvays helpful if not essential
in making relisble estimates of the miclesr matrix elements.

3)  There is a strong energy variation in the cross sections lesiing to
Jeakly excited states such as the 2*(9.843 MeV) and the 4+ (10.363 MeV)
Tevels. The nature of the reaction mechanism in these transitions is rather
opeculative, but it 1s & ressonsble surmise that compound muclesr contribu-
tions ave very importent.

4)  There is also considersble variation in the cross section leading to
the (2-) unnaturel parity state at 8.875 MV, again suggesting large cou-

pound miclear contributions. Nonetheless it is interesting to note that the
angular distribution for angles less then sbout 40° shows little change and
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indeed shows some correspondence to the adisbatic prediction® for the un-
ural parity excitation, 27, that the mxima and minima are those of the
function, J12(kR8). (J. S. Blair, N. Cue, and D. Shreve)

1 Errata: in Cyclotron Research (University of Washington, 196k4),
A more accurate measurement of the beam energy has been made and the incident
energies should resd, after subtracting energy loss in target, 39.8 MeV and

' 41.0 MeV instead of 40.0 MeV amd 41.2 MeV respectively. Also, the quoted
integrated cross sections from 18° to 70° for transitions to the 27(8.875 MeV)
and the 4¥(10.363 NeV) states are in error. For corrected values see Figure
2.} in text above.

2 3.5 Bleir, Pays. Rev. 115, %28 (1959).

3 R. E. Brown, D. Bodansky, J. S. Blair, N. Cue, and C. D. Kavaloski, Pny
(%o be published).

4 See for example J. 5. Blair, in Proceedings of the International on
Nuclear Structure, edited by D. A. Bromley and E. W. Vogt (University of
Toronto Press, Toronto, 1960), p. 82k.

. 5. Blair, Comptes Rendus du Congrés International de Physique Mu
Paris, 2-8 Juillet, 1964, Vol. II, p. 853.

5.

3. Inelastic Scattering of Alpha Particles from Ne-o

1

1yels of the experiment’ Ne2O(a,a') Ne?® has been completed and the re-
sults will be published shortly. (J. S. Blair, N. Cue, G. W. Farwell, and D. C.
Shreve)

1 Cyclotron Research, University of Washington (1964), p. 8.

Elastic and Iuelastic Scattering of Alphs Particles by Mgo', M, Mg

w2t

26

end

Maaitional analyses have been made of essentially all the data omined =
previously reported experiments.l Two further theoretical models for the r
tion mechanism have been considered:

1) The distorted wave Born approximstion for excitation of collective
surface modes.2 Computations have been carried out using the TSALLY code2
furnished by the Oak Ridge group.

mple modificationd of the Frauhofer inelastic diffraction model
G e e s s R R edge of the micleus
from complete to no absorption.

alues of the mclear deformtion parameters, 6y, = BR, extracted using
these two models are in fairly good accord; specifically, for the low excited

6
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the modified Fraunhofer enalysis are typically
with the more sophisticated distorted

eases to 20 - 30% when the excitation
er. (J. 8. Blair, G. W. Farve.

1though this discreps:
the order of 5 MeV or larg

, Univers

hington (1962), p. 4 and (1963), p. 10.
Rost, B 128, 2693

and Yu. A. Ber

Nucl. Phye. 63, 689 (1965).

ious studies” with targets
 inttiated of elastic an
This study 1s particularly ge

en parity states in AL2T has b

6.32, and 6.88-

except those to the ground

the interesting results fro

85 Mev. e intensity of this group 1s b only by
4 by excitation of the 1.78 MeV (2') level. The angular

a characteristic single excitation

hace with the maxim of the elastic and angular dis-
hofer diffraction model suggests
3-, dominstes. These assignments are in
ome determinations? made using other techniques. (J. S. Blair,
T Brsithwatte, ¥, A. Kolasinski, and E. Preikschat)

1 I. Neqib, Pn.D. Thesis, University of Washington (1962).
2 R. Nordhagen and A. Tveter, nys. 63, 529 (1965).




Alpha Particle Scattering from Nuclel with 20 Protons or 28 Neutrons

ic ad tnelastic scattering of J2 MeV alpha ron 0a'*2,
calth, wl cr)E, and FeS* has been studied at laboratory a
with an energy resolution ranging from 90 keV to 160 keV.
angular distributions ere being compared to the Fraunhofer, optical
paraneterized phase shift theories.

e e o ey B o ey o cow O
016 are due to the Eyler backing of the terget. In Figuw
he damped Fraunhofer,l optical model,2 and phase shift analys: e
e fact that the dsmped Fraunhofer theox to fits
which are inferior to those of the other models is largely due to its neglect of
Coulomb scattering. The parameters for all three models are listed in Teble 6-1.

Yeny levels have been found in the even targets, and some prelininary values
for their spins, pe: seniorities, and transition rates are listed in Table
-2. The spin and parity can be deduced from the phasing of the angular distri-
utions, and states vhich have seniority equal to I are recognized by i

the double
T
~'* SPECTRUM FROM Ca® g,,-27 }- g
: M
i M o
0 s
] ol &S
= g
810‘ 3 I i i el é o
8 5 7 B .
i ] 4 i 3 4
o F 8 = 2
Rl 85 : e
H RO e i .
3 ail o 3 o LR . . .
- o i e € i e R
o
CHANNEL o
. 61

A
*plcal spectrun of k2 Mev alpha particles scattered from Cahzv
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(mb/sr)

do.

aa

Ca* (e, o)

0ANPED FRAUNMOFER

PHASE. SHIFT ANALYSS|
.- OPTICAL MODEL

excitation natupe of their differential
cross sec 10 s.4 e transition
§775) in the table are ex-
Sracted from the smooth-cutoff Fraun-
hofer approximation, and are &
approximate agreement with those from
en adisbatic shift analysis.’ It is
rth noting that for each target there
are several 2* and 3- states with fairly
large cross sections.

eus, V¥, has been

ng states of VOl are well-described
o the_j-j coupling shell model with an
)3 configuration. Within this
co-.ﬁwacmn excitation of each state
can proceed by several values uf the
angular momentum transfer,
weighting of each angular e oat
ing determined by the detailed vave
functiops for the ground end excited
Fo.

where the predictions ere most

Teble 6-1. Parameters used to £it the elsstic scattering of L2 MeV
alphe particles from Ca't.
-aunh Optical Model Phase Shift
x = 2kR sin 8/2 r, = 1.20 F 16.18
R = 6.6 8
6.63 F AL, = 876
le(y)/y 6 = .48
2kA sin 8/2 L, = 16.47
A=1.16F W= -15 MeV AL = 147

.50 F




-Q(MeV)
1.53
1.8k
2.43
2.76
3.
3.18
L2
L.

Ce. -Q(reV)
1.16
1.88
2.28
2.66
3.0%
3.35

i
o s
+
2 2
(G
il 2
i 2
5 2
3 2
i v
2il 2
o )
)
2* =
2’ 2
2

Bl

.56
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To deepen the theo-
heps the magnitude

V! (o)
5 161 Mev (72)
o 181 Mev (k)
the Fraunhofer approximation for the

differential cross ion for each L.
The total strength of the interaction
is the
same for all states; the ratio of the
9/2" end 11/2 predictions is given by

il the model.
2 It is plamed to study the scat-
SE tering from Ca'8 to complete this study
S of the nuclei with a closed f7/> shell,
end to utilize more fully available
theoretical methods in the interpreta-
of

i tion of the date, (R. J. Peterson)

AN N i IRe

1 E. V. Inopin and Yu. A. Berezhnoy,
Nacl. Phys. 63, 689 (1965).
J. G. Wills, Ph.D. Thesis, Univer-
s sity of Washington (1962).
J. Mlster, Pn.D. Thesis, University
of California Rediation Leboratory
Fig. 6-3 Data from the scatter- Report UCRL-9650 (1961).

J. 8. Blair in "Lectures on Nuclear

e
feu

ing to the 1.61 MeV (11{2' ) end 1.81 f
MeV (9/27) states of V51, compared to TInteractions," Herceg-Novi 1962,
the predictions of the (£7/2)3 con- Volume II (Federal Nuclear Energy
figuration end the Fraunhofer epproxi- Comnission of Yugoslavia, Belgrade,
mation, with x = 2kR sin 8/2, R = 1964) .
6.66F, A = .83 F. 5 N, Austern and J. S. Blair, to be
published.
6

H. 0. Funsten, N. R. Roverson, and
E. Rost, Phys. Rev. 134, BLIT (196%).

At Tl T SR P e By

7. Miphs Particle Scattering from 5r°° ana YOO

The mgbivation and results of a_preliminary investigation of the experigent
9(ara)TE were reported serlier.l Tuis year, by usisg & thin Y terget® the
experiment was comleted. Also, a previous masurement of inelastic alpna parti-
cle scattering from natural Sr performed at this laboratory3 was not accurete
enough to permit consistent comparisons to be made between 189(a,a‘% end 5180 (a,a’
e Iattor messurenent vas therefore repested using en enriched Sréd target and
improved energy resolution.

The results of these experiments sre shown in Figures 7-1, 7-2, T-3, and T-4.
The angular distributions for the 2*(1.8k MeV) and 37(2.Th MeV) states in sr88
(Figure 7-1) have oscillations with the phasing expected from the Blair phase
rule.5 The strongly excited states in yg

9 show similar oscillations.
12
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e

—— Q"(84 MeV
-o- Q=-274 MeV

30 100 10
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tic scattering from the 1.8k M

(2t) end
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Anguler distributions for the elastic scattering divided b; ?9/2*
e, v (e asetion end the inelastic scattering oo o
the 2.22 MeV (5/2'), and the 2:53 MeV (7/2*)states in Y99,
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ic scattering from the 1.5:
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MeV (3/27) end the 1.75 MeV (5/2 tes
aivided by the Rutherford cross e comper
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Fig. 7-4  Angular distributions for the inelastic scattering from the 2. 8l
MeV and 3.1 MeV states in YO9. The elastic cross sectlon divided by ine Ruther-
ford cross section 1s shown for comparison of the phasing.




06 MeV (9/2") state in 189 is & pure go/p eingle particle stete. In
Figure 7-2 it is seen that the angular aistribution to this state has regular
oacillations in phase vith the elastic cross section mich It the angular tls-
tribut ollective states. The shape Of 4 lar distribution and the
megnitude of the oross section are consistent with atculations for this state.6

The data were snalyzed using the Austern-Bleir model.’ (See Section n 8)
and velues of (BIR)? vere ot ned. These are shown in Table 7-1. The

piing bore exed node18 predicts that the cross sections for Gtetoliy
s lated to the cross sections to the corresponding states in 5r88
chrough the aquationd

(23, + 1) % 8
& GREST T @m s @
o Do)
“here Jp 1o the spin of the YO excited stete and J, 1s the spin of the rolsted
state in 5r86. Tnmplicit in Eq. 1 are_the predictions that the sum of the (B oR)2 s
for th 85 Me

1.51 end 1.75 MV states m ¥89 should ”qual the (BR)2 for the
state in Sr88 and the sum of the (B;R)2's for the 2 § and 3 MeV states in YO9
Qnoulu equal the (B3R)2 for the 2. 1 MeV state in SrC It is seen from Table
-1, wever, that Phese predictions do not hold. The sum of " the (BoR)?'s_for
the 1 51 and 1.75 MeV states is about & factor of four less than the (BoR)° 1.8k
YeV state and the sum of the (B3R)2's for the 2.22 and 2.53 MeV states is only
about 60% of the (B3R) the 2.7k MeV state.

Table T-

A list of the values of (3117)2 obtained from the
a"eljzis of the date for the levels stulied in Srod
89

Q Value (80)° (6R)° (R0
MeV. = e 2
Sr -1.84 0.25
-2.7h 0.30
-3.2 ~0.02
-0.906 0.01
151 0.2
. -1.75 0.04%
-2.22 0.07
2.53 011
-2.84 0.06
i 0.025
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g Also implicit in Eq. 1 is the prediction that the cross sections to states
of & doublet in YS9 should be in phase. The cross sections to the 2.8k and 3.1
MeV states in YOO have opposite phase (Figure 7-4) indicating that fhey camot be

members of & doublet ccrresponding to the 2% (3.21 MeV) state in Sro as sug-

gested by Shafroth.

The results of this experiment seem Lo rule out the ccre»exlean’\ model
for the 1.51 and 1.75 MeV states in Y09, e msgnitudes of the (BoR)Z's for
! these states are comperable with the (551?)2 Pl £9/2(0.906 eV single parti-
cle state which might suggest that they ere hole states in the P3/> and (l?
| proton subshells, Such a description might explain the discrepaficy betwedh the
sum of the (BoR)2's for these states and the (BoR)2 for the 2% (1.B4 MeV) state
5r88. Tme 2.22, 2.53, and 2.8k MeV states in Y89 all have the same parity and
the sum of their cross sections almost equals the cross section to the 2. Th Me?
state in Sr08 but the existence of three positive parity states is not Axp]ainsd
by the simple core-excitation model.

e results of this experiment have been reported’ and a complete paper
will be published shortly. (J. Alster and D. C. Shreve)

Cyclocmn Research, University of Weshington (1963), p. 11.

e obtained from F. Karasek.

. S. Blair, G. W. Farwell, end D. K. McDaniels, Nucl. Phys. 17, 6k

. Seuer, T 1 pibliened in f Sci. Tnstr. 1965

. §. Blair, Phys. Rev. 115, %8 (1959).

. F. Jackson, Piys. Letters 1, 118 (1965).

N. Mustern and J. S. Blair, o be published.

b 8 A. de-Shalit, Phys. Rev. 122, Asao (1961).

9 J. 5. Blair, on Nuclear with Direct
Reertd s MiAraoune Illinois, 1961> ANL-6878.

10 S. M. Shafroth, P. N. Tre! D. M. VenPatter, Phys. Rev. 129, To4 (1963).

11 J. Alster and D. C. Shreve, Bull. An. Pys. Soc. 10, 130 (1965).

(1960).-
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8. Inelastic of 2 VeV Alpha-Particles from P07, P2 ana 31200

e vork reported in the previous progress report’ was completed. The
identicsl behavior of the levels at 2.6 MeV in the three miclel is now more
firmly established, and was recently published.? (See also Figure 8-1.) Using
‘the Austern-Blair3 model for inmelastic scattering PR values were obtained for
81l the levels identified in the spectra, and ere tabulated in Table -1 The
results show that the collective strength for all the measured levels in F200 is
present, to the same extent, in the neighboring miclei Pb?OT and 1209,

ng prepered for publication.

complete accout of this experiment is now bed
have been obtained.

Partial results on the excitation of the levels in Pbf
(7. Aster)
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Fig. 8-1 Anguler distritutions for
inelastically scattered alpha particles
from the 2.60 keV level in P20T,

615 MeV level in Pb200 and the sum of

the 2.50 and 2.67 MeV. levels in BI209.

List of (ByR) values obtained from the Mustern-Blair
model

Pb207 P0208 Bi 9
S R Fexe PR
G (R [ ] Tewed BRI i dad,

MeV F MeV F MeV F
3 2.60 otk 2.61 0.5 o129} 0T6
5 g‘g\ 0.3  3.20 032  3.10 0.32

k.o 3 L1y
2(4)  ylo7f O55  kliof 0¥ i

e

Cyelotron Research, University of Weshington (1964), P. 10.
Proceedings of the Congrés Internstional de Physique Nucléaire IT; Editions du
Centre National de la Recherche Scientifigue, Paris 196k, p. 450.
N. Austern and J. S. Blair; to be published in Annals of Fnysics.
Section 9.

See also




] 9. Jculation of Tnelastic Alpha-Particle Scattering

The computer program for calculating the differentilal cross section of in-
elastically scattered g-particles with a paremeterized phase shift model”
described previously,? was used to fit the Pfse"ﬁwcnts.l aata3 of L2
] perticles inelastically scattered from ca'0: yoLliceoe,
Pp208, and Bi299.

An sutomatic search Toutine was included to optimize the parameters used in
calculating the elastic scattering angular distributions. The p shifts ob-
fained in this manner vere then used to calculate the inelastic scat
lar distributions. Values for (BmR)2 were found by normalizing the
cross sections to the experimental values. Figures 9-1, 9-2, and 9-3 show some
‘typlcal fits obtained by this method. A comperison of this paremeterized phase
hift mdel with a DWBA calculation is now under way. (J. Alster)

\f\ i P )
I x i Y et,el) "R

% | Hfl\

\
. ¥ () v" i

|
| |

e Fig. 9-2  Calculation for inelas-
J tic seattering of k2 MeV o particles
o Fig. 9-1 Celculstion for elastic fron the 2.7k MeV level in 5% and
scattering of 42 MeV o particles from the sun of the 2.22, 2.53 and 2.84
5788 and Y89, MeV levels in Y.
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tern and J. . Blair, to be

published in Annals of Physics.

2 Cyelotron Re :sarch, University of
Weshington (1964), 12.

See Sections 6, T, and 8 of this

report.
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. Megnetic Spectrometer Anslysis of
Klpha- = saaccermg Q Value

Determinations

Date have been obtained to deter-
mine aceurate Q v e for states
la; 1phe scattering
aQ values xnd relative in-
ow for scatter-
ing at o laboratory Ang]e of 2P, ALl
uncertainties in Q values are % 10 keV.
Data obteined from §128 a—.d GeT2 have
not. been analyzed due to & lack of
scanning steff. (R. J. ‘Peterson)




III. ANGULAR CORRELATIONS IN NUCLEAR REACTIONS

11. Proton Angular Correlations end Spin Flip

We are applying the previously described’ method for measuring proton spin
£14p during inelastic scattering to miclei in the region of A = 60. Elsstic and
inelastic (@ = -1.33 MeV) proton angular distritutions have been obtained from

NiO at 10.h MeV incident besm energy. These show a marked similarity to proton
angular distributions from elements in the same mass neighborhood, which sppear
in the peper by Buck.2 The latter distributions show 1ittle change over an energy
range from 10 MeV to 17 MeV, and the theoretical optical model fits to the data
are bly good. It seems ‘o assume that in this mass
region, at proton energies above 10 MeV, resonance effects are relatively unim-
portant. If spin flip can be attributed to a direct process, the absence of such
resonance effects should simplify the theoretical analysis of the results.

Figure 11-1 shovs some preliminsry results obtained from 0
incident proton energy. The spin-flip probability 15 given as a function of the
Laboratory angle, and exhibits & re

markable increase at backwerd angles.

o T T T At the time these dsta vere obtained,

T we did not have a sufficiently thick
s
1

detector to stop protons st forvard

T angles - hence the absence of dsta at
I these angles. The equipment for per-
forming the above measurements is ready
Py for use in conjunction with the tendem
i b Ven de Graaff accelerator, which is
scheduled for operation in the very neer
future. (W. J. Braithwaite, J. G.
Cramer, W. A. Kolasinski, E. Preikschat
6 end F. H. Schmidt)

ozl ¢

1 F. H Schmidt, R. E. Brow, J. B.
Gerhart, and W. A, Kolasinski, Nucl.

1 Phys. 52, 353 (1964).

2 B. Buck, Phys. Rev. 130, T2 (1963).

SPIN-FLIP PROBABILITY

§
.

b 14 _r____J_Ml&r Hoztelatdons 1ai0p )
LAB ANGLE OF PROTON DETECTOR (DEGREES)

In a nuclear stripping resction

F: Proton spin-£1ip prob- such as the d,p reaction it is possible

ability in inelastic scatteripa to %o leave the residual nucleus with suf-
the first excited state of Ni0, st ficlent excitetion energy for fission

10.k4 MeV incident proton energy. to occur. The direction of emission of
the fission fregments is dependent on

22




the direction of the angular momentum vec
following the d,p reaction. This
lane veve description

a D of
ler correlation (fission

ragment engular distribu
ined by the incident deuteron end the stripped p
metric sbout an axis defined by the direction of
e out-of-pl

tor characterizing the residual nucleus

direction 1s in turn determined by the stripping

the stripping process the in-plane angu-
tion observed in the plane de-
oton) 1s expected to be sym-
motion of the recoil micleus
tion (fission fragment

following the stripping 1
engular distribution messured in the p
axis) will be isotropic.

in-plane fission freguent angu.
the out-of-plane fission fregment
for the modest particle energies an

studies,2,3 Coulomb distortion effects may De severe.
eciable deviations from the si:
proton 1s observed at angles forvard of 140f

tions? indicate that ap
tions will occur when the

IN PLANE CORRELATION

OUT-OF-PLANE CORRELATION

12-1  Sketch of experimental

Fig.
ctor configuration.

dete:

15 MeV by means of degrader foils place
resulted in a lowered beem intensity an
chamber which severly handicapped the e:
vas required end insufficient data were
energy bins.
proton
tween 8.5 and 1!

The preliminary results,
counter fixed st 90°,

In observations
lar distributions showed substential anisotropies,
angular distributions were isotropic. Hovever,
4 high-atonic-number targets employed in d,pf

1.5 MeV (corresponding to fission occurring st en

lene perpendicular to the recoil or symetry

2 e (aa'f) reaction in which the

Distorted-wave calcula-
mple plane-wave predic-

Previous (d,pf) experiments have
only explored in-plane correlations.
53 have been consis-—
the
angular correlations coincidimg with the
classical recoil direction, even for
proton angles appreciably smaller than
e

arifted solid state detector for observ-
Four thin surface bar-

rier detectors mounted at 0°, 30°, 60°,
&nd 90° to the beam-proton plane are
used to detect the fission fregments. A
1s shom in Figure 12-1.
fron the £ission fregment detectors are
used to route the proton sigusl to the

madrant of e miltichannel
enslyzer. This technique pernits a mea-
surement of the out-of-plane angular
correlation for all proton energies in &
single run.

Preliminary experiments have been
perforned in which the 21 MeV deuteron
bean from the cyclotron was degraded to

4 in the besm collimtor assembly. This

d & high neutron flux in the scettering
xperiment. A fairly thick terget of U235
obtained to divide the proton spectrum into
hovever, vere quite interesting.

+the out-of-plane anistropy, for proton energles be-

excitation energy
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of 6 MeV or less above the fission
threshold) is shown in Figure 12-2.
When the proton detector moved back
%o 140, the out-of-plane correlation
decreases but does not disappear.

il The out-of-plane angular correla-
2 ‘ion for & proton angle of 90° showed
=R more fission fragments were emitted per
= unit s0lid angle in the beam-proton

plane than at 90° with respect to the
plane. Since fission fragments are
known? to be emitted D tially at
angles perpendicular to the anguler mo-
ng mucleus,
this observation implies thet the d,P
interaction produces nuclel vith &
larger component of angular momentum
about an axis perpendicular to the beam-
proton plane then parallel to the beam-
proton plane. This result can be under-
Stood with the aid of a simple classical
model. The (@,p) interaction is assumed
CM. ANGLE ¢ (DEGREES) i to take place only on the m
face, with an effective radius of 12 F.
(A large radius is required to keep the

& W@

Fig. 12-2 Fission fregment ani- Coulomb barrier at the muclear surface
sotropy as & function of the azim- less than the kinetic energies of the
thal engle with respect to the beam- charged particles. Iarge redii are

proton plane. typical of sharp-cutoff models.) Cal-
culations of the Coulomb trajectories

shov that the incident deuterons can

in the

Cavatorial imeroe

e

illustrated in Figure 12-3. Similarly
the proton cen only originste from &

region of the miclear surface close to
the proton direction (90° to the beam

12-3  Classical model for d.P
stripping reaction. Reglon A is the
region of the muclear surface sccessible
o the incoming deuteron, region B is

at 9 with respect to the deuteron
beam, and region C 1s the region where
Deuteron a (4,p) interaction can occur. The in-
set shows an equatorial collision as
viewed from above the deuteron-proton
plar

Emitted
Protons

2k




direction). The d,p interaction cen then only teke place Where these tio regions
-1y on a small region of the miclesr surface which is centersd on the
plane (region C of Figure 12-3). VMomentum trensfer leading to angu-
ebout an axis perpendicular to the beam-proton plane arises primrily
euteron morentum mismatch which is per-
bean-proton plane. An equatorial
nomentum parallel to the beam-proton

pendicular to the radius vector ly
collision results in no component of angular
plane. An interaction occurring sbove or below U
hent of angular momentun parallel to the beam-proton plane,
o the region of miclesr surface on which the interaction can occur does mot
a3 Tar onovgh above or below the equator to yleld as large an angular momentum
Camponent parallel to the beam-proton plene as perpendicular to this plate. -t

1is interesting to note
implies s polarization of the fissioning micleus, although the experimen
are incapable of detecting polarizstion.

periments vill be continued under more favorable conditions when the
tandem seeelovator becomes availsble. Targets with smaller miclear spins can be
noresse the magnitude of the anisotropy. It is plamned to stuly the
the out-of-plane correlation on the proton angle in more detall and
also to investigate the dependence on incident deuteron energy.

R. Vandenbosch, and K. Wolf).

(W. Loveland,

nasil and S. G. Thompson, Nuclear Chemistry Division Anmual

1 H. C. Britt, F.
Report, 1964, UCRL 11828, Jan. 1965.

2 C. Britt, R. A. Stokes, W. R. Gibbs, end J. J. Griffin, Phys. Rev. Letters
11, 33 (1963).

3 R. Vandenbosch, J. P. Unik, J. R. Huizenge, and B. D. Wilkins, Bull. Am. Phys.
Soc. 9, k22 (1964).

4 W. Gibbs end J. J. Griffin, private commnication.

5 I. Halpern, Ann. Rev. Nuclear Sci. 9, 245 (1959).
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13.  Alpha-Gemme Cerrelstions on W'

Adattioppl date axd further caleulations have been added to the previous re-
sultsl on Mg2*(a,a'y). We descrive the correlation pattern for exciting the 1.37
Vov(o+) state of Mgt and the resulting de-excitstion gamms radiation by A+ B
5402(9 - 80), With 8 the so-called symmetry sugle. Special sttention ws paid
in relating the results to the adiabatic model predictions.2

y).

In Figure 13-1 the experimental dependence of 8g on 8, the direction of the
inelastically scattered alpha particle, is compsred To a prediction of Wills and
Cramer,3 the result in the plane-vave Born spproximation (1abeled recoil angle),
ona the prediction of the adlsbstic spproximstion. Wills snd Cremer assue that
only one incoming particle wave Ly, contribtutes to the scattgring, and thet
Lout = Lin - 2. The results of a previous experirenth on C22(g,a'y) ere elso
shown.
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Fig. 13-1 Predictions of the Fig. 13-2 Predictions of the
Wills-Cramer and plane-wave Born Inopin and Shehata calculations
epproximation for the symmetry exis. for the symmetry angle
. 13-2 compares to the prediction of Inopin end Sheha.?,a,s who extend

gur
the admbati-: theory to first order in the non-adisbaticity. Adiebetic here is
used to mean that the nuclear wave function changes only slightly while the
aipha parcicle senses the maclear potential. This prediction may be contrasted
with that of the extremely non-sdiabetic Wills-Cremer model.

Figure 13-3 shows the
calculationf and a coupled chammel calculation,! Two_sets of cpvigal perameters
gave equivalent fits to the angular distribution of C12(g,a!)8, but one is
Clearly preferred by the correlation data. Te parameters imvolved ere listed
in the table.

It is seen that the simpler theories do not account for the observed excur-
sions of the symmetry angle, and that in particular, these excursions seem to be
ue to the influence of the non-alisbatic part of the scattering amplitude.
Excitation of the Mglh 1.37 MeV state better fulfills the adiabatic approxime-
tion than does excitation Of the k.43 MeV state of C12, end it can be seen that
‘the more adisbatic theories Tit the Mg2t data better, while the extremely

26




2 lady)
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DISTORTED
WAVES
MODELS
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Qet37MaY

STMMETRY ANGLE  (OEGREES)

TR OF wass SCATTERAG ANAE 8 OEGHEES)

Fig. 13-3  The predictions for
the symetry angle of several calcu-
lations based on the optical mod

-ediabatic theory of Wills z
otter agreement with C12.
scattering of me-
gy alpha particles has
ated for by the sdisbatic
uvecrsns,ﬁ» 10 3t is seen that the
engular correlation of the de-
excitation gemme rays mist also take
Into account the non-adisbatic compo-
nents of the scattering emplitude.
(G. W. Farwell, D. L. Hendrie, and
R. J. Peterson)
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1 ey n Reseerch, Un'm-my of
ussnm,gcon (1964), p. 19. D.
rie, Ph.D. Thesis, Univers: ity
uf Washington (1964)
2 J.5. Blair eud L. Wilets, Phys.
3

8 Crmer i)
-y Repor-

Al‘ﬂ' “LL (1951)
L Cyclotron Research, University of
Washington (1962), P. 9.
B. V. Inopin and S. Shehata, Nucl.
Poys. 50, 1
6 R. H. Bassel, R.

G R, Sescnler, Oek Riugr '\&Lionsl

Laboratory Report ORNL-3240.

763 UERL HiiD: Thesis, Univer-
sity of We n (1963).
8 1. Teqid, "o, Ths‘bis, University
? Washington (1962)-
9 3. 5. Blair, Pays. Rev. 113, 928
(1959)-
10 N. Austern and J. S. Blair, to be

published.
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IV. PICKUP AND STRIPPING REACTIONS

1. (4,14%) Reactions on Light and Weight Nuclei

Conttmuing our imvestigation of (d,116) reactions at 21 VeV incid
energy, ye have obtained angylar distpibutione fop the reactions e
F19(a,116)M5, sSzga,mvgs; , end Ca*0(a,Li6)Ar36 (Figures 14-1 through
aaaition to the 016(3,116)C12 results which vere reported last year.l
Qetection and identification were accomplished by meens of an E-AE counte
scope employing & gas-filled proportional dE/dx counter and s solid s
detector, used with a pulse stretcher and an x-y oscilloscope syste
been deseribed earlier.2 This system has an energy threshold of ebout
icles. Figure 1h-5 shows the emergy varistion of the c
of the 016(a,146)C12 reaction &t six points in the angular distribut:
statistical uncertainties of about 6 per cenmt. Moderate energy changes were pro-
auced by moving the position of the cyclotron ion source relative to
end vere indicated by the corresponding chenges required in the flux of
1yzing megnet of the external beam system which focuses the beam on the target.
The forvard peaking and lack of strong energy dependence of the obse: ular
distritutions are suggestive of a direct reaction mechanism. The mag
| the integrated cross sections for these reactions drops rapidly with increasing
target mass as is shom in Figure 4-6. (J. B. Gerhart, P. Mizera, D. Patte
end F. Slee).

H

de
Se Gasn

%
Fig. 11 02(a,145)Be® angular Fig. B2 F(a, 1187 angular
atetrimtion. atstrivution.
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. 146 Totel cross section for
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15, F9(0,117)0™ ana #19(4, 148)0M7 Reactions

This erAgl\renu is an gtte’npt to exami the possible clus f nucleons
in F19. (a,140)% and (q,BeB)2 resctions stuiled in this labor:

Tegion of the periodic table seem to imply different reaction B

At first glance, F* would appear to be a favorable micleus in vhich to in-
vestigate a_three-micleon cluster. 016 is doubly magic for protons end neutrons;
W e sl 1 O e i e
verding 1o show come type of clusiering.  Howevr, since the b
deuteron or & triton is relatively large (reater than 11 WeV)
sttt Gl taded AL

R

The detection system consists of & 25 micron surface bar
detector used s e
counter. re miltiplied in o T1e1a of fect mitiplier
haven design and an iy jg set to gate the pulse height anslyzer
with detected lithiun ions. This system gives a threshold of approximately
VeV for the 1ithiun dons. The tarets comsist of & thin layer of CaFp evapo-
rated o n polystyrene to minimize the energy spread due to target thickness
effects.

Prelininary angular Qistributions have been obtained for Ti
state and also in the first excited state leaving 016 in the ground
F19(q,146)01T pr o the ground and first excited states of OL7 has bsen
studled. A certain aubiguity arises in the amalysis of the 117 data be
the smell energy sﬂne.rgtion of the 14T grounﬂ and first excited states. The

smaller cross sections of the Lil first excited state throuL,
angles studied. A computer program is being vritten in order to
overlap of these to peaks.

The partial cross sections of F2(w, 1t g.5.) 0*C and F9(a, 11507 g.s.
are of the same order of magnitude. The absolute value has not been determingd

N15 cross section.® The
jer the

but it is known to be comparable to the F19(d,Li!
angular distribution shows more structure than the 116 distribution ov
range of angles studied (10° - 9¢° CM).

n investigation of possible fluctuations in the angular distribution at
various angles through the renge of 42 to 40.k MeV shows no strong varistions in
the cross sections. Tnis excitation investigation will be contimued in more
p detail and over larger energy ranges. (J. B. Gerhart, P. Mizera, and F. Slee)

1l 14 of this report
] 2 Brown, 3. 5. Blair, D. Bodansky, N. Cue, and C. D. Kavaloski; Fays.
Rev', "(to be publiehed).




(a,Be3)Ni62 Rea

in the forward direction
n mechenism. In ad-
mcleon transfer

) energy alphe DarthAes observe
O*‘L_’,lﬁzL'v" vom a direct interacti
o

pects that
Avity that depends u e to which the
Seneral, al(d o)
in the various posethle ronfigurstians
picked up. A possible simplificstion is to study &

e is only one proton (or rﬂubron) outside of a major
closed she Ir o g excitations of the residual nucleus should
G picking up a proton from nu"h:ulz\r known single-particle state,
may be picked up fr y of several possible states. To
igation of the mC‘(n,a> reaction has been initlated.

st have energies of approxi-
e cross sections

° for the strongest transition) and
ons were obtained. To interesting features vere
e spectrum of the emitted alpha perticle. First
thay o dozen levels below 2 MeV of excitatlon energy in
micleus Ni6l are known,2 only the ground state and a state at
MeV were strongly excited. Cub3 has & sPin of 3/2 and hence the last proton is
%o be in a p3/p state. Te ground state of N161 also has a spin of 3/2,
tate transition can then be interpreted as the pickup of two
larger cross section for pi rticles in the same
n for pickup of two partic
ncerning correlations
ad been tentatively assigned by
a5 o p1/p state. The relatively strong excitation of this state
neEES 1o more consiftent with & p3/> assigoment, and indeed Lee and Schiffer3
ntly shown thet the spin of this state is 3/2.

and protor

El

3/2
Fele

The other imteresting feature in the al
sudden increase in cross section to sts.tﬂs at an excltation energy of greater
then about 3.2 MeV. Although the energy gep st N-28 is appmcmm larger than
3.2 MeV for neutron states, it was mought that the large increase in cross
Section st 3.2 MeV might correspond to picking up protons from below the
closed shell. It was decided to try tg find the energy separation ab the B

particle spectrum was & rather

closed sh by studying the Cub3(d,He3) reaction. Preliminary measureme
showed that the (d,He3) cross sections were appreciebly larger than the [ )
cross se several excited states vere clearly visible. A sonevnat

surprisxng observation was 2t ey section for excitation of the first
excited 2+ state in Ni62, usually described as & collective vibrational state,
a5 only reduced by & factor of “about 3 frpm that of the ground state. Ina

b punhcwon by Hiebert et al.,* sinilar results were reported
Hiebert et al., have also measured sngu]a* Gistributdons for higher excited
states and £ind states at about i MeV of excitation whose angular distritution
is comsistent with pick-up of a proton from below the 7208 olaed. snell. (C 4+
Bishop and R. Vandenbosch).
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17. Nuclear Reactions to High Excitations in Heavy Nuclei

the existence of & broad maximum yas establish
energies in the region of 12 MeV.l The t
compared with the expected evaporative yleld, and the forwerd depend
scattering angle indicate that & direct miclear resction mechanism is responsible.
It dc of interest to compare the systematics of this reaction with those of other
Qirect processes leading to high residual excitstion energles. In partic

with the (q,t) and (d,a) reactions at the incident energiles ava
clotron it showld be possible to reach excitetion energies in exce
before the Coulomb barrier of the outgoing particle seriously begins to L
yield. Relatively little is known about this aspect Of dire

Getails of how the cross sectdons depend on sngle, incident emergy,
species, projectile, etc., are largely unknown, If one wants a bette:
standing of the nature of the mechanism or mechanisms inmvolved one must begin by
exploring these main dependences. Preliminary date are reported here on both the
(a,t) and (d,q) reactions for the target muclel previously used in the inelastic
scattering study: tentalum, gold and bismuth.

In the (a,t) work the incident energy was 42 MeV. A conventional E/dx-E
detection system? wnambiguously identified tritons emong the reaction products
for all energies above 7 MeV, the minimum energy required for a triton fo pene-
trate the thin detector. Typical triton energy spectra are shown in Figure 17-1.

The same targets were used in the study of the (d,q) process initisted with
21 MeV deuterons. A particle identification arrangement similar to the above
was used to record the a-particle spectra. lNo attempt was made to exclude He:
ions. The Q-value is typically 13 MeV less for (d,He3) than for (d,a) so any
He3 contribution would appear st the low-energy end of the g-spectrum. Visual
aisplays of the dE/dx and E signals indicated thet this contribution ves small.

wpical Q-values for the (4,a) reactions ere +12 MeV and +15 MeV for the
mucled studied yielding a-perticles up to 36 VeV. Q-values for the comon con-
taminants, C12 and 016, are -1.3 and +3.11 MeV respectively. These, together
With the recoil energy loss, generally ensured that the alpha groups sssociated
with these conteminants ley below the region of interest.

Tis point is illustrated in Figure 17-2 which shovs energy spectra taken
at S for the three targets. The effect of the Coulomb barrier is strikingly ‘
Qemonstrated. Peaks from carbon and oxygen are prominent snd the energles cor-
responding to ground state He3 particles are indicated.
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MeV alpha-particles
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section

3) For both the reactions studied, the differential exe
1c pesked forward more strongly the higher the energy of the ow
particle. This is also in accord with the (a,«') observations.

% in under-

Certein differences do appear, however, end these may be impo:
standing the deteils of the different reaction mechanisms.

In particular, (4,0) end (a,t) dll‘fsr qLa])Ls.lecly from the (a,o') date
over the commo r range, 4O to 60° stic scattering cross section
decreasing more repidly with engle.

e magnitude of the (a,t) cross section at a given
euan R increases only slightly with miclesr s
for bismth t 30h greater than for tantelum, wherea:
was observed for (a,, ). The sbsolute values of the (d,o) cross sections have
not yet been determined accurately.

The aip between 6 MeV and T MeV excitation in the Bi(d,a) spectrs and, to a
lesser extent, the m(u,u) spectra 1s reminiscent of the minimm observed st the
Seme energy in the (aa!) data. However, unlike the latter reaction, (d,a) does
not shov the effect with tantalum as the target micleus. Nor is there a notice
able dip at 7 MeV in the (arpt) spectra. The existence of the aip in (d,q) was
suspected in earlier work by Mesd and Cohen3 at & bombardivp enexgy of 16 MeV
and is most pronounced for muclei close to the doubly-megic Pb 8." (1. Halpern,
J. S. lilley, and N. Stein

Cyclotron Resesrch, University of Washington (1964), p. 13.
See Section 18 of this report
3 J. B. Mead and B. L. Cohen, Phys. Rev. 125, 4T (1962).

o

In contrast to the large amount of muclear structure information available
from newteon transfer reactions,. mich less is known about (1) low lylmg energy
HEv U corrsenoning o elvensmvion excitations and (2) unstable muilel that
can be reache sddition of & proton to & target mucleus. The e s
OF the (d.n) Stripping reaction for such stulles has not yet been exploited to
the extent of the (d4,p) reaction meinly because of the difficulties involved in
measuring neutron spectra with good resolution. The increasing mumber of labo-
ratories with facilities for accelerating Hed hes prompted the study of the
(He3,d) reaction, but the results are only now beginning to appeer. A third
possible proton stripping reaction is the (a,t) process which has B eas
Studied of the three. The availability of k2 MeV q-perticles from the cyclotron
provides two adventages for studying this reaction. First, outgoing tritons
Gver & wide energy can be obtainid despite the large negative Q velues character-
istic of the (a,t) reaction (between -10 and -19 MeV). Second, heavy miclel with
20 VeV Coulomd barriers for He projectiles can be studied easily wit i 2 v
incident energy.

g

34



T_wmb of 3 and B1209
study the proton states outside the doubly megic
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Fig. 182  Energy spectrum of 50
‘tritons emitted in the Pb208(q,t)B1209
reaction at 30°.
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The spins and parities of the B u9 (DEGREES)

Grgu state and 0.90 KeV state in
B1°%9 have been reported as 9/2- and i ¥ o’
T/27, respectively.| Based on the He: 20w e arid bt
- of_five triton groups from the

shel] model, they heve been identi- 204 % 4

5 PP08(q, t ) B1209 reaction. For clarity
1ed? with the lng/, and 2f7/p proton : = 8

¢ the cross sections of the 2.83 and
single-particle states which' are ex-

i 3.1 MeV transitions have been milti-
pected in the mejor shell 83-126. T o
e next shell model state is pre- i i

atotets 10 B205 as 011335 Broten
state at about 1.3 beV. 8 b +
only known level between 0.90 and 2.48 MeV is the one at 1.61 MeV, end a 13/2
assignment has been found consistent with (n,n') data,® it may actually be the
1 133/ single proton state. It is of interest to compare the strong excitation
of the g.s., 0.90, and 1.61 MeV states in the (q,t) reaction with (1) the mich
weaker excitation (by a factor of 10) of a state near 2.6 MeV which is in the
vicinity of states thought to be collective due to their strong excitation by in-
elastic scattering and (2) the very weak pxcitation of the 0.90 and 1.61 MeV
states by inelastic scattering reactions.' Tese results taken together, strongly
support & "single particle’ interpretation for the first three states in 812
assuming thet the (a,t) reaction preferentislly excites single proton states.

The present results also imply another strong single particle state at 2.83
MeV. Although & mmber of levels have been observed in that region in (n,n')
experiments, | a single particle state has not been reported there previously.
This location disegrees with existing shell model calculations’ which predict
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that the remaining stetes in the shell, 2f5/z, 3p3/p &
may hot be surprising since the lii3/p

lie above 3.5 MeV. (This disagreement
state was calculated at 1.3 MeV.)
state at 3.1
nent, especially at large angles.

The angular distritutions of the szog(a,c)
th engle and lack pronounced structure.
w0 exclted states are used to identify the i-values
ears to be no marked varistion of the

£ £ in the angular range 27.5°-75°. The
angular distribution has a steeper slope

decrease rapidly wi
ments for the g.s. and first
of the stripped protons, then there app
angular aistributions as & function o:

only discernible trend is that the 4=6
, with the 4=5 slope inte;
sitivity to 4 makes it difficult to i
comparison with known trensitions.

Of the remaining shell model states, the 2.83
D32 stetes rather than the 3py

However, neither of the a
+ a j-dependence may be indicated if, as

likely to be the 2f5/> or 3
expected to lie highest.

similar to the 2f7/p transition, so thel
1y, one of the levels is the 2f5
will be attempted to determine if the angi

seems like.

A £ifth single particle excitation may
eV which 1s weaker then the four discussed ebove,

rmediate between the two. The
dentify the 2.83 and 3.1 MeV transitions by

nd 3py/p, are unboud and

% tne
but still promi-

cross sections for 42 VeV alphas
I the level assign-

lack of sen-

and 3.1 MeV levels are more
/» state which vould be
stributions is very

/2 stete. Distorted wave celculstions
r aistributions can be predicted. In

addition, further dats mey be obtained over a wider angulsr range.
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Fig. 18-4  Energy spectrum of tri-
tons emitted in the Bi209(q,t)Po210
reaction at 30°. Vertical lines
along the horizontal axis indicate
the previously known states in Po?10.

e B12%9(q,t)Po> 0 reaction pro-
vides one of the few ways for studying
the energy levels of Po2l0. A typical
triton spectrum, obtained at 30° (Fig-
ure 18-4) shows the ground state, very
veakly excited, and four strong peaks
brosder then the experimental resolu-
tion. When compared with the (a,t)
results leading to Bi209, several
striking similarities are evident.
First, the intervals between the
strong peaks in Po210 are very similar
%o the spacing between the g.8,, 0.90,
1761 and 2.83 eV states in BIE09.
Second, within the experimentel errors
the four peaks in Po21O have about the
seme cross sections and angular dis-
tritutions as do the corresponding
states in Bi209, Thus the B1?09
gromnd state corresponds closely to
the lowest energy Po2iO group at 1.3
VeV, the 0.90 MeV B1209 state to the
2.2 MeV group in Po210, etc. Cross
sections for the 2.6, 2.83 and 3.1
VeV states in Bi209 were sumed for
comparison with the brosd group in
20?10 at L.2 MeV.




e results suggest a simple interpretation for t
20210 meitea by (a,ty.  Groups of levels are forned by stripping e
he aitforent shell model stetes wiere each cawles to the lhg/p
B1209 ground state. The coupling appears to be veak wou,,~ ?
main relatively narrov and distinguishable. Thus the

o contein the even spin positive paril
he OF member h
e group centered at 2.2 VeV pr
+tive parity states formed by the (lhg/p, 2f 7/2) com iguration and
group consists of the negative parity states in the (m%z, 1”1/2/
Information about the structure of the group near k.2 M
of the 2.83 and 3.1 MeV states in Bi209. Only five exc
Listed in the muclear data cerds. These are shown as
bottom of Figure 18-I. The energies, spins and perities
agreement with the grouping and configurations suggested ebove
and N. Stein).
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COMPOUND NUCLEAR REACTIONS

9.

Low-Energ

Proton Enission in Compound-Nuclear Reactions

2 lomt
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e proton emission spectra vere found to be consistent with & statistical
mechanisn, as indicated by (a) the isot wopy of the observed angular distritu-
tions, (b) the ted absolute ylelds, subject to
some uncerteinties in ~oLAcPu by the presence of direct ret tion contributiol
1so ion of exc.)(Aij' energles for pair-
event, of predicted and observe

ing and shell eff
spectral shapes.
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Both temperature effects and effects
due to details of the inverse reac-
tion cross-section model are shown in
Figure 19-1. The different theoreti-
cal Cub3(p,p') spectra shown for the
same value of the level density param-
eter (a = 7.0 ¥eV-1) reflect differ-
ences in penetrability for optical
model and contimum theory predictions
of inverse reaction cross sections.

It is to be noted thet the predicted
spectra for the two models are not
very different.

Gt Below the peaks of the evapora-
tion spectra the energy dependence of
the inverse reaction cross section
spectiun, in comparison with theoretl-  goptnates the spectral shape. Because
cal shapes, obtained as indicated in lommimisieredl et 0ol
the figure, for M50, dicted shapes in the low energy region
1s good, and because sgreement in the

Fig. 19-2  Experimental Ni(p,p')

higher-energy region (where level den-
sity effects are more important) is good for reasonable choices of the level den-
sity perameter, it was concluded that conventional proton reaction cross sections
successfully describe barrier penetration in the emission of protons from nuclei
with moderate excitations, down to proton energles as low as 2 MeV.

The relative probabilities of proton end gemme-ray emission from levels near
the particle emission threshold in Cu®3 were examined in a second phase of the
present studies. e probabilities of particle emission at low energles has been
& subject Of particylar interest in the analysis of excitation functions.

Grover* and Delorme’ have carried out analyses similar to those descrived below
o explain excitation functions near the thresholds of possible reaction chamnels.

described in detail in a previous report,? differential cross sections
£or the Cub3(p,2p)Ni% reaction vere messured in an experiment in which the ob-
servation of the energles of the coincident protons permitted identificgtion of
‘the events as proceeding, almost exclusively, to the ground state of Ni62, On
‘the assunption that the (p,2p) reaction proceeded via seautial decgyof a Zn h
compound mucleus, comparisons of the Cub3(p,2p)Nib2 and Cub3(p,p')Cub3* aifferen-

from excited states in the proton trapping region of CuP3. Previously-reported

revised through additional date; in particular, &
correction was introduced for an observed anisotropy between the coincident pro-
‘ton angle pairs (90° - 90°) and (135° - 135°). A revised value of 0.12 * 0.05
was obtained for the average probebility for emission of 2,08-MeV protons from
levels in Cub3 (at 8.19 MeV excitation).

Statistical model calculations showed thet this rather small probabvility
can be understood in terms of the competition of gamma-ray de-excitation. The
ratio of proton and gama ray emission widths, (rp/r\( )y> is a strong function of

ko



the spin, J, of the emitting levels. A prediction of the expected proton emis-
sion yro‘aabi,\ity can be carried out through the following sequence of steps:
(1) (Tp/Ty)y/p 1s found from statistical theory calculations of absolute redi-
ation wiaths’ (which are rompstab]e with semi-empirical values) and absolute pro-
‘ton widths, at J = % (2) (Tp/Ty); 16 found from (1) and frou calculsted values
ot (Tp)y/ (Fp)1 /2, el T, 15 independent of J; (3) the spin
pulbtion of er.:n.tm& Cub3 levels is calculated for 10.5-NeV incident protons;
(k) the proton emission probability, averaged over the spin population, is found
by combining (2) and (3). The result of such a calculation, for an excitation
energy of 8.19 MeV, gives a theoretical average proton e
0.1k % 0.05, in good agreement with the experimental resul

roblem can nlso be couched in terms of the extraction of an "experi-
e (Tp/Ty)1/2-  Here all steps of the previous calculation are
carried out, except thdt (Ip/Ty)1/z 16 considered unknown, to be adjusted to give
egreement with the experimental emission probability. The "experimental’ result
was (Tp/Ty)1/p = 972, The theoreticel value of this quantity was 13 7. Again
the results agree, but fractional uncertainties are much grester. This is
natural, because when the ratio of widths is large, the observed proton yleld is
1 velue of the retlo. Although (Ip/Ty)1/p 18 large, the over-
all value of I'p/Ty is small, because the proton emission width de"ressea rsyldly

spin, and the mean spin of the Cub3 levels is consideral
greater than 1/2 (about 3).

The comparison of experiment and theory discussed above included an account-
ing for fluctustions in emission probebility arising from a Porter-Thoms dis-
tribution of proton widths about an aversge value. Significantly less satisfac-

tory agreement between experiment and theory resulted from neglect of the width
aistribution.

The vork reported here illustrates a rather direct experimental method for
determining proton emission probebilities. Although here the protons were only
in competition with game rays, the method could also be used when other parti-
cles compete e agreement found between the calculated and experimental re-
sults provides Purther evidence that the statistical model, with conventional
parameters, is capeb: counting for particle and gemme ray emission prob-

abilities. (D. Bodarsky and E. R. Parkinson)

1 Cyclotron Research, University of Washington (1963), p. ko.
2 Cyclotron Research, University of Washington (1964), p. 28.
3 D. W. lang, Nucl. Phys (1961).

b 7. R Grover, Puys. Rev. 123, 257 (1961), 127, 2142 (1962).
5 J. Delorme, Nucl. Phys. UT,

20. The 0*%(a, B3¢ Reaction

experimental study of the energy dependence of the ot (a Be )c

tion was continued, and the measurements were extended to include engula:

reac—
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distributions at nine bombarding energies between 35.5 and 1.9 MeV. Te results,
or transitions to both the ground state and the first excited state of C12, con-
firmed the earlier indications of marked fluctuations in cross section as the

4 incident energy wes varied.

A paper describing these results and their possible 1—merpremc1m =l bePn
submitted to e PuadcalliREve | ITn brict bimacy) 45w

ould be qualitativel T fdlin o e Lu:tu&tlons,
within the frﬁ.mework of the statistical theory of compound melesr resciions,
although e 1 bution to the yleld could not be

excluded. (J. S. Blair, D. Bodansky, R. E, Brown, N. Cue, and C. D. Kavaloski)

1616

21. Investigation of the S120(me" Reaction

The experiment described previously n contimed. A 100 ygn/cn?®
evaporated silicon target supported on & thin nickel backing is mounted perpen-
diculer to the 42 MeV helium ion beam. The oxygen fregments emitted at 90° in
the center of mass system appear in the laboratory systam at about 60°. A thin

7 (40 micron) transmission-mounted detector is placed on one of the beam. A
large-ares surface tarvier. detactor with & thin deplotion region is placed on the
other side of the beam. The second detector subtends enough aree to
jmtexcept the partuer of an oxygen particle detected by e

0 micron detector is thick compared to the range of the 016 fragents but thin
enough that elphas and other light particles cannot deposit more than 7 MeV in
the detector. Pulse shape discrimination in the second detector helps to dis-
criminate egainst lighter particles of longer range. The pulse heights from
coincident events are recorded in a two-dimensional analyzer

The first experiment was designed to measure the relative cross sections
for fomation of 016 mclei in various ground or excited-state combinations.
This experiment vas performed by varying the forvard-folding angle of the two
Qetectors, whlch vere kept b equa) angiss with respact to the beam, Kinematic
effects result in oxygen nuclei formed in their ground states at 90° in the
center of mess to appear in the laboratory at 66° with respect to the beam,
wheress if one of the oxygen muclei is formed in a 6 MeV excited state, the frag-
ments appear at 63° in the laboratory. Figure 21-1 shows the differential cross
section at 90° in the C.M. as a function of the laboratory angle. In Figure 21-1
all coincidences with energles consistent vith equal mass partners have been in-
i/ cluded. The energy resolution, however, is very poor a&s even the 100 ugm/cm®
target used is fairly thick for the low energy oxygen lons, which can lose as
much a5 2.5 MeV of their initial kinetic energy of 10 to 16 MeV in the target.
The total acceptance angle of the angle-defining detector was 2.7°. The large
cross section for giving a total excitation of approximately 12 MeV to the frag-
ments mst be attributed to processes in which the excitation energy is shared
between the fragments rather then all concentrated in one fragment, as an 016
#1  nucleus excited to 12 MeV 1s particle unstable with respect to emission of alpha
particles. It is impossible with the S ey and angular resolution to
i7  identify exactly which states of 010 are being excited. A O+ and a 3- state are
known &t 6.06 and 6,13 MeV, il il and 2+ and a 1- state are known at
$ 6.93 and 7.13 MeV, respectively. The increased yield of the excited states

" k2
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a1 cross section for the reaction
125(a 016)016% yere the excitation
of one of the fragments is approxi-
mately 6 VeV.

compe: o the ground state can be at
least partly attributed to the mumber
end statistical veights of these

cited states.

—mmciens in yleld with

nergy for the Llé(a,Be“)Cw reac-
tion? a search for an energy depen-
gevel fne bresentiege eriment was
»

After learning of the sizeable
rding

4 of the

t farol 0)015* (6 MeV) reaction at
e e i
VeV and 42.} MeV indicated a gredual
decrease of almost a factor of two,
although the statistical accuracy vas
not sufficient to exclude the possi
1itty of no dependence on boaberdiag
teken, hovwever, to
Foia the bombarding snergy const:
engular distributions.

The angular distributions of
products from similer miclear
gnter nuclei have been
e structure in the

T po*cad .5

was performed for the case Viere one
016 nucleus was formed in the ground
tate and the other OL6 nucleus vas
xcited to abcut 6 MeV. (The engular
end energy definition wes
to B eny contritution from
the states at sbowt T MeV of excita-
tion.) The resulting angulsr distri-
bution is shown in Figure 21-2.
sngular region investigated,
swall, was large enough to exclude
the possibility that compound states
with & single large spin value pre-
doninste.” (C. J. Bishop, C. T.
Ratcliffe, R. Vandenbosch, and K.
Wolf)

1 Cyelotron Research, University of Washington, p. 41 (1964).
2 See Section 20 of this report.




2 Crelotron Rescarch, Univeraitylaf Weshington, p. 2k (1564).
N. 0. Iassen, Phys. Letters 1, 161 (1962).
5 Se Section 22 of inis report.

22. Statistical Model Calculations for the 5:25(ke”,0%8)0™ Reaction

in the in the previous sec:
t10n,1 cheoretmal calculations of cross sections and engular distributions have
Dbeen initiated. The calculations are similar in principle to those outlined by
Hauser and Feshbach.? In the present calculation the distribution in anguler
momentun of the compound nucleus 1s first caloulated using opticel molel trans-
mission coefficients. Each compound state of given angular
decay to either the state of interest mvomm; two 0L
using other exit e may
involve emission of newtrons, protons,
or alpha particles, Since the residual
nuclei may be left at high excitation
energies, ‘s statistical description of
Lt E*-a37mev ] the final states reached
i tron, proton, and alpha
channels has been employed.
dependent. level density exp:
glven by Lang3 vas used, with
density peremeter & taken as 4/8 and a
rigld-body moment of inertis. Trans-
for the emitted
particles were also calculated with an
optical model. Some preliminary re-
sults have been obtained. Figure 22-1
shows the dependence of T'y/Tyote; on
the angular momentum of the compound
micleus. At low angular momentum mu-
cleon emission predominates. As the
angular momentun increases it becomes
more difficult for a single mcleon to
carry away enough angular momentum and
alphe particle emission begins to pre-
nate .

%

Tt ek ! .
The ratio of the width for form-

COMPOUND IN 3,
bl ing 016 nuclei in their ground state
relative to the total width never be-

Fig, 22-1 Calculated dependence comes very large because of the many
of Ti/Tr on the compound nuclear spin competing channels, but is largest for
Ty, Tp, and T, ere the total the very highest anguler momentum
i mdths for emissiol of these parti- states of the compound micleus. Fig-
cles, Mhereas Toy6 1s the width for ure 22-2 shows the contritution of
the 01(g.5.), 018(z.5.) pair only. attterent Jo states of the comound
The compound mucleus is S32 at an ex- micleus to the cross section for form-
citation energy of 43.7 MeV. ing an 01°(g 5.),016 (E*=6.0 NV, I=0+)

b b
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T 7 e re to comtribute.
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pair. The dependence of the total

Fig. 22 (a) D reaction cross section on the spin of

total reaction cross s the compound mucleus 1s also shom for
compound muclear spin Jo. (b) Par- comperison. The predominance of

tis1 cross sections for forming the states with high angular momentun is
016(g.s.), 016(6 MeV, o») peir s a Gemonstrated, but the calculation in-
function of the compou clear dicates that compound states vith
spin Je. ;. several J, values rather than states

with & single J, value are expested to
ritute significantly. This result
is consistent with the measured angular cjst“im\tion. The calculated engular
distribution fo: ming en 016(g.s.), 016'(@0 ¥eV, I = Of) pair is indicsted by
the full cuw 22-3. If instead the above reacuu“ D"Okee ded or
through J = 14 compound states the angular distribution would have
dicated by the dashed the angular distril mtxon sssumir.g
the excited state has spin and parity 3- rather than O+ is in progress, but is
not expected to be qualitatively different if compound states with several J
values contribute.

Although it was hoped that calculations

he type described here would
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give valuable informstion on the relative cross sections for various
‘the shepes of angular distributions, it was not expected that reliab:
absolute cross sections would be obtained. It was thevefore somewhat
to fim that the absolute value of the cross sections 81so appear o b
able. The predicted cross section for the O .), 016(g.5.) peir vas within
et i o sl s o e B
tive of the total cross section. (R. Vandenbosch)

1 See Section 21 of this report.

2 V. Hsuser and H. Feshbach, Phys. Rev. 87, 366 (1952).

3 Iang, D. W., Nucl. Pnys. 26, k3k (1961).

23. Spectral F. in Resctions Proceeding to the Contimuum

Ericson fluctustions’ have been studied in many investigations in vhich the
observed particle vas produced in & transition from the contimmum of the compound
nucleus to a discrete state of the residusl mcleus. Similar fluctustions are to
be expected for transitions to the contimum reglon, reached, for example,
first step of a cascade de-excitation of the compound mucleus. These
ations would be exhibited in spectra taken at & single incident energy, &
trast to the conventional situation where one mst study excitation functions at
many closely spaced incident energies. This implies a considerable economy in
date collection tine for the contimmum stuly. However, it mist be moted that in
this case a requirement for the observation of fluctuations is a detection system
with an energy resolution which is small compared to the widths of the residual
nuclear levels

The imminent availability of high resolution beams the tendem Van de
Graaff sccelerator has prompted us to investigate the Peasivility of oheerving
this type of fluctuation. With the incident energles which will first e avail-
able (about 16 MeV for singly charged particles, (d,p) reactions appear
‘the most promising choice, particularly because of their positive Q-values.
Relstively high resitual excitetion energies are needed, co that the level widths
are not too narrow to observe. For example, with a 16 MeV incident beam one an-
icipates widthe of sbout 30 keV using an A2( farget and obser: L ¥eV pro-
tons. Another possibly desirable target is Mg which, meuse of its zero spin

ground state, should lead to fluctuations of larger megnitude.

reliminary run has been carried out in which the (d,p) reaction in Mg2

and ,u2 was studied, using the 21-MeV deuteron beam from the cyclotron. The
resolution was relatively poor in this run and there was no prospect of observ-
ing fluctuations. Te main objective was to survey the general characteristics
of the (d,p) reaction to the contimuum. Previous work® has indiceted that most
of the forward-hemisphere proton yleld comes from the direct breakup of deuterons
near the miclear surfece. Particular attention wes paid in the present run &
the backward hemisphﬂx' , where compound muclear contributions may be expected to
be more promine

A pE-E system, which i a 1 miltiplier circuit, wes




ation. A clesn separation be
in the energy interval 2.5-9.0 i
i o A et i e el

The 11°7 measur ’ c
101 | are o aicadt RTINSt BNl IR (NS i i e re 100 A8 e dome 2 5 o
es. The slopes of these curves are »mam the same. In
phere the slope becomes less steep as one to smaller
y flat at 30°. This decrease in slope is pw:un\ably due to en incress:
‘tion contribution. Ignoring cascale effects, the averege
extracted from the backward-hemisphere spectra is about 2.5 Me
cade calculation was attempted, but rough statistical mode
eratures of about 3 MeV for the "first" protons end about 2 IeV for
cascade de-excitation. Thus the backwerd-hem e
consistent with statistical model expectations, The
distributions of the low energy portion of the spectrum (30° to 160°) i
roughly symmetric about 90° with & minimum at 90°, but there were some nnches
in this preliminary date.

The general festures of less extensive messurements made with the Mg’ tar-
get are similar in character to those obtained with A12T. The proton yleld at
the pesk of the specirun 15 about 10 mb/sx-Hel for both {argets. Tuese reeults
imply & dominent compound nuclear contribution to the disphere (d,p)
spectra for both Mg2* and A127, and have encouraged us to pmneed with detailed
plans for spectral fluctuation stulles with the tandem Van de Graaff accelerator.
(D. Bodansky, N. Cue, and C. D. Kevaloski)

1 T. Ericson, Phys. Rev. Letters 5, 430 (1960); Ann. Phys. (N.Y.) 23, 230
(1963); D. M. Brink end R. O. Stephen, Phys. letters 5, 77 (1963).

2 See, e.g., E. W. Hamburger, B. L. Cohen and R. E. Price, Phys. Rev. 121,
1143 (1961); end F. Udo, H. R. E. Tjin A. Djie and L. A. Ch. Korts, Facl.
Phys. 63, 657 (19%5).

24. Investigation of Rotational States in the Rere-Earth Region

The investigation of rotationl stetes in the rave esrth Tegion by obssrva~
tion of conversion elect; ith the Toroidal f-ray spectrometer has been con-
tinued.l Source charging ceus: ed by Sacondar) electron emission resulting from
the cyclotron beem and the consequent apparent shifts of the spectrometer cali-
bration in time have delayed progress on this experiment until recently. (J. B.
Gerhart and J. S. Hesgney)

1 Cyclotron Research, University of Washington (196k4), 3k.




PHOTONS FROM NUCLEAR REACTIONS

25. Angular Distritutions of Rotational Quanta Produced in
2 VeV Alpha Particles

In & contimuation of the work begun last year™ the distributions of
rotational quanta from rare earth distorted miclel have been measured in alphe.
particle X More ifically the nmeesured were the
and angular distributions of the rotational lines in the ground state bend
‘the residual muclei in (x,3n) reactions produced with 42 MeV alpha E&r
chould be remarked at thié point, thet as has alresdy been found,2
state band is the only band strongly excited in the residual nucleus.
the cross section for the lower lines of this band approaches the
cross section. Thet is to say, most de-excitstions in the (¢,3n) reaction pass
‘through the ground state band of the residunl mcleus. As a result, the observed
thoale s einie series of sharp lines on an otherwise smooth contimu-
ous spectrur h arises from the unresolved photons vhich precede the
Cifaston of the rotational quante.

A study of the relative ylelds of the rotational lines tells one vhat frac-
‘ tion of the angular momentum originally deposited in the reaction is left after
the eveporation of 3 neutrons and a number of photons. A study of the anguler
distribution of the rotational lines measures the degree of orientation of the
rediating miclei and hence the amount of disorientation of the angular momentum
| direction brought about by the evaporation of the particles end photons. In
short, the rotational cascade in question, by giving information about the angu-
lar momenta at the tail-end of the evaporation cascade, provides important in-
i sights about the course of that cascade.

A typical pulse height spectrum as mcasured with a NeI crystal in an enti-

| coineidence annulus is shown in Figure 25-1. This spectrum is converted on the

| basis of the pulse-height vs. photon Snergy mtrix %  hoton spectrun as
mentioned elsewhere (See Section 26) and since one wants to know actusl sta

| populations and not just photon intensities, each line intensity is corrected
for internal conversion.

Figure 25-2 shows a typicel engular distribution for several individual
rotationsl 1ines deternined after the subtraction of the smooth contimous photon
background. It should be seid that the spectrum of the background thst o
chooses to subtract 1s to a certain degree arbitrary and is
greatest sources of uncertainty in the determination of the
distributions. The observed angular distributions were, as c
around the plane perpendiculer to the beam. The quadrupole angular distributions
are expected to have the form

W(e) = A+ EPg(cos 8) + CP‘*(:os 6).

| Values of B/A and C/A will be extracted from the data by least squares analysis.
Values of the anisotropy, o(0°)/(90°), have already been extracted from the data
and are given in Table 25-1 for a number of lines in the decay of Dyl formed
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25-2  Preliminary angular
bytion for rotational levels

= o5
E, (Mev)
by_the (Q,Bﬁ) reaction on enriched |
Gal%s. The olved in the

trausitions ave also Andicated ss
1as the cross sections for the

rticular transitions. The absolute
errors of the cross sections are

fairly large because of the wicertain-

ties mentioned above, but they show that the ylelds increase as one goes further
down the band. This is of course to be expected since all higher transitions
are necessarily fo y lower ones, and besides one cen feed the band at any
J from levels not in the band.

alphe ps."ti m ,nmaarcmﬂnt of G4~45
(giving Dyl50).

&
g

The analysis end interpretation of these date ere just beginning, but the
£ollowing qual‘Lamvs features seem to emerge

The angular momentum which is deposited in the nucleus by the bombardment is
not severely reori as & result of the evaporations that take place. If
ignores the target spin, the angulsr momentum just before evaporation can be I
described by m = O taking the quantization direction along the beam axis. It can
be shown that the suc cessively emitted quanta in a rotational cascade emerge with |
unchanged enguler distributions.! It is also easy to show thet for reasonably |
large 1n1cm velues of the angulsr momentum J at the start of the cascade and
m 0, the 0°/90° ratio is roughly 1.7. Due to the evaporation, one expects some
disorientation whi"h gives rise to & distribution in sharting m velues still
centered about m = The entries below the line in Table 25 I give the expected
values for B/A, C/A and the 0°/90° ratio for distributions corresponding to J = 12
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Table 25-1

Yields end Anigotropies of Rotational Lines in
6a155(a,3n)Dy10

Trensition Cross Section a(0)/a(%0)

2" = 0%, 0,138 Mev .98 barn 1.21% .08

¥ - 2%, 0.265 MeV .85 barn 14t .0k

6" = 1", 0.363 MeV .73 barn 1731 .19

8" = 6, 0.146 MeV .50 barn 1.63 .75

"Ba.ckground" ~ 1.0

0l 0 B M L DL T e
Assumed m Computed
Dist. (see text) Anisotropy

J =12, n=0 1.68

T =12, w= -2=mt2 1.66

J =12, m= -5t5 1.59

J =12, m= -12<-t12 1.22

(arbitrarily chosen) and distributions of m as follows: (1) just m=0, (2) m in
& trisngular distribution about m = O extending between m +2, (3) & triangular
aistribution between m = %5 and finally (4) & triengular distribution between
o Tt 16 ((@/7)2>M/2 tnst measures the rms engle of the angular momentum
B etor with respect to the beam and the given calculated ratios would therefore
2 rougnly the same for different choices of the initial J end m distrinutions
scaled according to J.

It 18 seen that for the higher J transitions the engular momentum vectors at
the start of the rotational cascade mist still be fairly close to the m = O plane.
Prolininary estimates show that this is in accord with theoretical expectations.
The lower J transitions are more isotropic than the higher J ones. Tils can be
e in paTt to the feeding of these levels from outside the bend, from levels in
aitially less orfented muclei, tut the observed dimimytion in enisotropy exceeds
‘hat one can legitimtely expect from this effect when one takes into account the
e avea amount of "side-feeding” into the band. The most reasonable explanation
of the anomalously low anisotropy in the 2+0 transition seems to be that the mu-
el in the o+ state ave disorfented by the interaction of the muclear quadrupole
S ients end the crystalline electric Pields in the target. Estimsted precession
eriods in typical fields are of the order of 1 nanosecond” end the lifetine of
P o state 18 of the same order. The lifetime of higher states ere st least
on ordes of magnitule less and the distritutions of their radiation is therefore
not expected to suffer significantly from this type of disorientation. (I.
Halpern, B. J. Shepherd, and C. F. Willismson)
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1 Cyclotron Research, University of Washington (1964), p. 28.
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Kai Siegbehn), Interscience (“ew York, 1955), mn 513 623.

8 1953

A. Abragem and R. V. Pound, . Rev. 92, 9h3

26. Photon Spectra Between 1 and 5 MeV Produced by 42 MeV Alpha Particle end
10.5 MeV Proton Bombardment

main process that takes place when moderately heavy miclei are bombarded
with 1;2 VeV particles is compound mclear formation with the subsequent evapore-
tion of neutronsl and occasionally of protons.2 Following the particle evapora-
tion, the final de-excitation of the struck micleus tekes place through photon
emission. The present examination of the ylelds and spectra of photons vas
undertaken to shed some light on the final stages of the de-excitation process in
compound nuclear reactions.

e date were obtained using a NeI crystel with the anticoincidence anmilus
detector system described in last year's progress report. A mumber of tergets
extending in atomic veight from Co to Pb were studied with k2 MeV o perticles and
10.5 MeV protons. Rare earth targets received especial attention because they
were being examined anyhow for the rotational lines excited in the seme bombard-
ments (see Section 25). The detector was about & yard from the target and all
targets were studied st 135° to the beam. Some vere studied at other angles as
vell.

To convert the observed pulse height distributions to photon spectra, the
backgrounds including that from oxygen conteminetion were subtracted end use was
made of the measured response matrix of the Do e T e G
ciency of the system was checked by comparing the yield of the 4.43 MeV gamma

ray in ¢2(a,a')C12* to the first excited state vith the known total inelastic
scattering cross section.3 It was found that at higher energies all spectra fell
Off with increesing energy smoothly and approximately exponentielly. The resolu-
tion of the detector was not good enough to show mich structure in the spectrum

simplicity of the response functions at all photon energles (they were essen-
tielly a § function at the photon energy accompanied by & uniform teil of com-
parable area extending to zero energy), it was possible to develop en approximate
unfolding procedure that is sufficlently accurste for & preliminery orientstion.

Figure 26-1 shows & typical cbserved pulse height distribution (for the
alpha perticle bombardment of holmium), & few examples of response functions and
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Fig. 26-1 Pulse height
and deduced photo spectrum
from 42 MeV alphs particle
ment of Bol65. The insets
idealized shapes of the pulse height
response function at two photon ener-
gles.

spectrum
resulting
bombard-
show the

total energies carried off by quanta ab

Although the dsta in the table are
ginning, 1t is vorth remarking about a

Some of the entries for the
1 MeV exceed the neutron bind:

off per reaction is even larger,
of photons are be:
of the last emitted particle. Thi:
earlier ones, especially those mad

By

&low neutron capture,

Although the mean energles
roughly equel to those observed i
the spectra are very different.

n

ing emitted at excitati

The exponential fall off in th

the deduced photon spectrum above 1
MeV. Tt is seen that this spectrum
decays very nearly as & pure exponen-
tial (~ C exp-E[Ep) end can therefore
be characterized by two constants, C
. All of the other measured
spectia showed the same character.

Figures 26-2 and 26-3 show_some
of deduced spectra observed at 135°
for the alpha particle and proton bom-
berdments. Preliminary indications
are that the spectral shapes end total
ylelds do not change strongly with the
angle of observation. Teble 26-I
gives the mesn photon energles above 1
¥eV (nemely By = 1 + Ep) for the
spectra studied so far. Bach entry is
based on at least two runs and
standard error assigned to each
about 10%.

the
E 1s

In addition to the values for
, Table 26-T 1ists

quanta with E > 1 MeV emitted per mu-
clear reaction. To determine this
mmber the total photon producing
cross section was divided by the known
It vas

H

ove 1 MeV per reaction.

preliminary end the analysis is just be-
few of the most striking features.

total energy carried off by quante
ing energles of the miclei involved.
luding quante below 1 MeV) carried

on energies the binding energy
s observation is in accord with
« n vomardments with heavy tons.S

in the proton bombgrdments ere
T the shapes of
e latter

52




DIFFERENTIAL CROSS SECTION (mb/s/MeV)

(mb/se/Mev)

20|

3

3

DIFFERENTIAL CROSS SECTION

3

=t B T
€, (M) i
4g. 26-2  Typical preliminary Fig. 26-3  Typical preliminary
deduced photon spectra from alpha deduced photon spectra from proton
particle bombardment. bonberdment .

does not begin until about 2 MeV. Thus, there seem to be many more Soft
quanta in the present bombardments than in the thermal neutron capture
studies

3. A comparison of the total energies carried away by photons in the
Proton end the alpha particle bombardments suggests that the i
energy of the micleus which remains after the last particle evapor

is not broadly distributed am that its average velue varies signmcanuy
in the different bombardments. One implication of this conclusion tl

should be checked is that this total photon energy should be very sensi-
tive to changes in bombarding energy of a few MeV.

L. The photon spectra seem to be sensitive to shell effects.

5. There are some entries in the table (for example, the small tan-
talun photon yields) which are admittedly suspect and although no suf-
ficlently large possible sources of error have been uncovered so far that
might account for the anomalies, it is clear that further studies and
checks are necessary. (I. Halpern, B. J. Shepherd, and C. F. Williamson)
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27. High Energy Gems Rays from with k2 MeV Alpha Particles.

An experiment vas begun to measure the high energy gamma rays that are pro-
Quced when medium and heavy muclei are bombarded with 42 MeV g-particles. Pri-

mary interest was directed toward the reglon of the spectrum from about 5 eV up

to the highest energies that would appear. Previous work on high energy gams

emission has centered &bout (1) de-excitation from the neighborhood of the neutron
binding energy, studied with the (n,y) reaction,! and (2) de-excitation from the

glant El resonance, studied mainly in light muclei via the (p,y) reaction.? Some

work has also been reported on the (a,y) reaction in light miclei.3 However,

very little is presemtly known ebout the high energy redistion =t epesceiiman

& heavy mcleus at an excitation energy near 40 MeV de-excites. xample,

i T e G G e (R s e G e Shere

higher energies in the spectrum? Another question of current imterest is the

mechanisn for radiative capture. Informstion sbout the high energy spectra is

relevant to this since direct™ or semi-directd mechanisms would be expected to |
proceed via high energy radiation. |

e 3" x 6" NaI(T1) crystal surrounded by
an anti-coincidence anmlus shield.6 Targets of cobalt, silver and gold vere
bombarded with 42 MeV alpha parti les and messurements were mde &t 105° to the
incident beam. Pulses associated with neutrons from the target, and non-target |
background, were reduced by time-of-flight requirements. A preliminary gams
ray spectrum above 4 NeV for silver is shown in I‘igure 27-1. Of principal inter-

est 1s the observation of a significant number of gamme rays up to about 16 MeV
and the sharp change in sl_ope Vhtch oecurs st about 10 MV, Doese energles are
because of regarding saturation effects in the detec-

tion system. For this reason a high energy limit on the emitted gamma rays can—
not be given based on these data. The spectra from cobalt and gold are quali-
tatively sinilar to stiver. The sajor dieference ds that gamme. rays may extend
to somevhat higher energles as the miclear mass decreases. YVery rough estimates
of the total cross sections near 15 MeV are of order 0.3 mb/MeV for Co and Ag and
0.1 mb/VeV for Au. It is clear that before any interpretations cen be made and
conclusions drewn, mch more data will be required. However, a possible indica-
tion of these remilts 1o that in the de-exoiistion of highly excited miclei,
gemna rays sppear in significant quantities only up to giant resonance energles.
S e, interesting to learn between which excitation energles these glant
Tesonance transitions occur.
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" 4 m The preliminary results seem
interesting enough that further e:
E periments, with possibly improved
techniques, are being planned.
(I. Halpern, D. Johnson, N. Stein,
i | and C. F. Willismson)
2 3
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Y 3 E. D. Earle, Nucl. Phys. 52, 29
o (1964). i
i 3 C. Van der Leun and G. Wieders,
ol il Mucl. Phys. 52, 104 (1964).
i Meyer-Schutzmeister, Z. Vager, and
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| i 4 T M. Isne, Macl. Pays. 11, 625
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GAMMA RAY ENERGY (MeV) A. M. Isne end J. E. Iynn, Nucl.
Pays. 11, 646 (1959).

Fig. 27-1 Pulse height spectrum 5 7@2}){3““’ Mucl. Phys. 57, 339
of gemm rays produced at 105 by 6 B. J. Shepherd and C. F. Williamson,
‘bombarding & 25 mg/cn® natural silver Gyelotron Research, Unvers o
‘target with 42 MeV alpha particles. e (1963),’}7‘ Satce.

The energy scale is only approximte.
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28. Rediative Capture

Together with the measurements of high energy quamta produced by k2 VeV
alphe bombardment,l a comparison study has been initiated to measure cross sec-
‘ions for redistive capture as & function of incident emergy. By measuring the
residual activity characteristic of the target plus incident particle, knowledge

excitation solely by gamma rey emission. This is closely related to ¥
energy radiation experiment since some of the energetic gamma rays m
Volved in the mechanism for rsdiative capture.

Advances in game rey detection techniques should allow mich more extensive
measurements of residual radio-activity by gama counting than previcusly possi-
ble. With the sdvent of the tanlem Van de Graaff accelerator, which vill provide
several projectiles with varisble energy, systemstic stulles of radiative capture
throughout the periodic table mey become feasible.

Ab present, & target box has been assembled for irrallation of targets in
the cyclotron, amd & study Of possible targets has been mde with eesily measured
hal? lives & prime consideration. (I. Halpern, D. Johnson, end N. Stedin)

1 See Section 27 of this report.
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VII. NUCLEAR FISSION

29. The Emission of Charged Particles During Nuclear Fission

The experimental studles of charged particle emission during muclear fission
have been continued during the past year. Since it is difficult to meke quanti-
ictions sbout the process using any of the models for the process now

e, the program of verying one possible characteristic parameter for the
process (keeping all others constent) and noting the resultant change in the
probability of charged particle emission has been followed, The results of such
studies ere summarized below:

A. Veriation of Probability of Charged Particle Emission During
Nuclear Fission with the Excitation Energy of the Compound
Tucleus.

Figure 29-1 shovs the variation in probebility of charged perticle emission
Quring miclear fission with the excitation energy of the compound rucleus.
attempt has been made to correct for any (Z,A) dependence of the probability of
charged particle emission beceuse the fissioning species were all roughly the
same and the (Z,A) dependence isn't too strong for this group of fissioning spe-
cies (see B). One sees that the probability of charged particle emission falls
sharply vith an initial increase in EXiy and gradually levels off at higher EXgy.
Stmple considerations of the fission-
neutron evaporation competition show
that the charged particle emission
taking place at high EXcy is not
merely a consequence of last chance
(low E*cy, high probability for parti-
cle emision) fission. This picture
. of the process seems roughly consis-
™ tent with data obtained by a Russian
4 group and a group at Princeton.l

T

1 However, 1t should be mentioned
that other Uorkegs have observed a
different trend. is shown in
Figure 29-2. Here one sees an initial

RELATIVE PROBABILITY OF .- EMISSON N FSSION

e >

emission probability followed by &
sharp upswing in probability at higher
We feel, however, these data do

Fig. 29-1 The relative prehmlny 7
not represent a true pléture of what

of charged particle emissio

Bt ii crven's finction br dbe
excitation energy of the compound mu-
cleus. No attempt is mede to correct
for any (Z,A) dependence of the emis-
sion probability or the brosdened
enguler correlation between the c

particle and fis;ion fregment directions

of motion (see D

is going on in charged particle emis-
sion during mclear fission.

feelings are based on the fact that in
the studies utilizing protons, no
sttempt was made to correct for (di-
rect interaction, fission) resctions
such as (p,of) and in the studies of
a-perticle induced fission, the cross




section for the (w,a'f) reaction seems
“ to have been unlerestimated. This
e e assertion that the (w,'f) cross sec
tion was underestimated is based on
our measurements of this cross section
which are consistent with the known
values of the (g,a') cross sections
and estimates of I'y/Ty. If one makes
- corrections for the (p,of) reaction
based on known (p,er) cross sections
! %_ = and known values for Fg/Fg, one ob-
i tains & behavior of the emission prob-
ability which is in agreement with the
data shown in Figure 29-1.

Variation of Probability of

Fig. 29-2  Probability of temary Cherged Particle Enission
f1ssion relative to binary fission as During Nuclear Fission with
& function of the excitation energy the (2,A) of the Compound
of the initial compound nucleus. A Nucleus.
variety of nuclei from californium to
thoriun is represented, but with one The work can be summsrized by
exception no attempt is made to iden- saying that the relative probebility
tify them. of charged particle emigsion during

mglear fission for U230, m?32, and

Bi209 (all excited with L2 NeV alpha
particles) is 130.1/1£0.1/0.5%0.2. Additional considerations concerning miltiple
chance fission snd the varietion of the probability of charged particle emission
with the excitation energy of the compound micleus (see A) do not significantly
chenge the qualitative conclusions of this experiment, i.e., the provevility of
charged particle emission during the fission of Bi209 is roughly 1/2 the prob-
ability of such an occurrence in the fission of U238. To be more specific, the
fact, that one is dealing with miltiple chance fission in the g-particle induced
Fiseion of U230 and with f£irst chance fission in the g-particle induced fission
of Bi209 doesn't qualitatively affect the results since in the fission of U238,
over 90% of the nuclel fission at excitation energies where the probebility of
charge particle emission is constent with respect to chenges in excitation energy.
Further experiments vith other targets & = in progress.

Variation of Probability of Charged Particle Emission During Muclear
Fission with the Anguler Momentum of the Compound Nucleus.

The compound mucleus, Pu23%, was formed at an excitation energy, 30.3 MeV,
in two different ways (U2§5 + 35.5 MeV q-particles and Np23T + 21.0 NeV deuterons).
The mean square angulsr momentum in the g-particle bomberdment was 11062 end in
the deuteron bombardment 55H2, i.e., & factor of 2 difference in the value of 7.
(It should e noted that these values of T vere calculated using opticel model
potentials3s where the quantities in question were the total reaction cross sec-
‘tions rather than the cross sections for formstion of & compound nucleus. -
ever considerations involving the 4 values associated with the direct inter—
actions, the emount of direct reactions, and the relative emounts of these reac-
tions in the a-perticle and deuteron bombardments leads one to conclule that the
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aforementioned values of the angular momentum are probably correct within ¥10%.)
The result that vithin 10% (the statistical uncertainty in the data) the
probability of charged particle emission is the same in both bombardments.

D. Behavior of the Fission Fragment - Cherged Particle Angular
Correlation with Excitation Energy of the Compound Nucleus.

Ous of -the Moet Jroxinent festines lof the yrosess of disrged particls exls-
slon during nuclear fission 1s the sharp right angle correlation which e:
between the fission fragment and charged perticle direction of motion. Feeling
that this correlation and the energetics concerned with it are very sensitive
indicators of the dynamics of the process under study, we, as well as other
workers, have attempted to explore the correlation and 1ts energetics under a
variety of circumstances. Our angular correlation data for Th232 + 105 KeV pro-
tons end Th232 + 42 MV o's do o o any significant difference between them.
The corr‘aAtlon 1s brosder then that seen in the spontaneous fission of Cf252 and
appears to be narrover then that of Thomesl observed in the 17.5 MeV proton bom-
bsmmem of U238 although the uncertainties in the date do not permit any definite
conclusion et this tine. The date showing angular correlation of various energy
charged particles and the variation of charged particle and fission fragment
energies 8s & function of the included angle between the directions of motion has
been obtained and is being analyzed.

E. Varistion in Probability of Charged Particle Emission During Nuclear
Fission as e Function of the Relative Asymmetry of the Mass-Yield

Curve.

SR o e U en gl s B Ui Bl b e
compenied by charged particle emission have been for situstions in which
probebility of seeing symetric fission was very low. We have made measurements
of the mass-yield curve for the 10.5 MeV proton induced fission of Th232 and the
42 MeV g-particle induced fission of Th232 for those fission events accompanied
by charged particle emission and those events not accompenied by such emission.
We aid this in hopes of determining whether or not events in which the mcleus
divided symmetrically would favor charged perticle emission relative to those
events in which the micleus divided asymmetrically. Although the data ere still
being analyzed, we seem to be able to say that the mass yleld curve associated
with charged particle emission shows no large emhencement of symetric fission
relative to that seen in the mass yleld curve for "normal" fission. (A. W.
Fairhell, I. Halpern, and W. D. Loveland)

1 T.D. Thomes (private communication), 1965.
2 See for example, A. W. Fairhall, "Proton Induced Fission," P.L.A. Progress
Report, 1964, Rutherford High Energy leboratory, NIRL/R/81, p. 60.

3 J. R. Hulzenge and G. J. Igo, "Theoretical Reaction Cross Sections for Alpha
Particles with an Optical Model," ANL-6373, May, 1
4 R. Bassel, R. Drisko and G. Satchler, "Te Distorted- w«we Theory of Direct

Nuclear Reactions,” ORNL-3240, 1962.




30. Kinetic Energy Release in Symetric Fission

In proton-induced fission of bismith using 50 and 30 MeV protons the kineti
energy of the fission fragments shows a distinct shift with 50 MeV proton-induced
f£ission having 2.5 MeV/fragment more kinetic energy than for 30 MeV protor
induced fission.. Allowance for the kinetic emergy carried off by post fission
neutrons increases this difference even further. This is the first insta
Where the kinetic energy release in fission apparently varies with the energy of
‘the fission-inducing projectile.

In an attempt to verify this result, a Bi target was bombarded with k2 MeV
and 35.5 MeV g-particles. Fission fragments were detected in & surface-barrier
detector at an angle of 135° to the beam. Energy calibration of the detector was
made using & Cf spontencous fission source end corrections for kingtic energy
defects as a function of mass were made using the data of Schmitt.

Because of the lower fission cross section at the lower bombarding energy
the counting statistics are rather poor. Using e computer, the mean fragment

fraguents at the higher bombarding energy increases the kinetlc energy release
per frogment at 42 MeV to T0.610.3 MeV. Thus within the experimental error there
appears to be no dependence of the kinetlc energy release on the bomberdl
energy. However, the megnitude of the expected effect is of the same order as
the experimental uncertainties. On the other hand, the results for proton-induced
fiasion imply an increase in fragment kinetic energy with increasing bomberding
energy vhereas for the o-induced fission the kinetic emergy is, if enything, less
ot the higher bomberding energy. Thus the g-induced fission of Bl eppears to be
in agreement with previous observations and the proton-induced fission
anomalous. (A. W. Feirnall and W. D. Lovelend)

1 A. W. Fairhall, P.L.A. Progress Report, Rutherford High Energy Isboretory,
Chilton, England, p. 60 (1964).
2 H. W. Schmitt, W. E. Kiker and C. W. Williams, Phys. Rev. 137, B837 (1965) .

31. Isomeric Yields of NbY28/W’>™ from Proton-Induced Fission of Urenium

e relative independent ylelds of high and low spin isomeric states pro-
Guced in fission are useful in determining the initiel engular momentun of the
primery fission fragrents.l,2 A recent set of values for the non-shielded
Nb956/Wb95m pair obtained from proton-induced fission of uranium ere in disagree-
ment with other isomeric retios at similar bomberding energies.> A caleulation
based on the statistical model, with an initisl fragment spin distribution which
qualitatively fits other experimentally determined isomeric yields,1;2 predicts
& ratio of NbI%8/MM with s higher populstion of the ground state in dlsagree-
ment with the experimental value of 0.06 obtained3 from 15 MeV proton-induced
fission of wranium.
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e present imestigation, uranium oxide was bombaried with 10 microamps
of 10 MeV protons for two hours. Iiobium was initially precipitated from the
1ssolved tasget olution s the tnsoluble oxide using 10 mg. of Nb carrier and
10 mg. each of Zr, ¥o, and Te as hold-back carriers. Purification with succes-
sive BaZrFy and sulfide precipitations insured removel of Zr, Te and other con-
teminants. The gravimetric yield of Nb carrier in the chemical separstion vas
about 30-50 per cent. The Nb oxide was mounted on & thin Mylar £ilm for counting.

M98 vas deternined by measuring the 768 keV gamma rey with an integral
line sssembly 3" x 3" NaI(T1) crystal. The isomeric state, No9M, decays pri-
me.x'ily by interval conversion to the ground state. An integral line assembl:

b L NaI(T1) crystal was used to determine the x-ray from the K-conversion
of e i Background corrections were made in both cases by
subtracting a linear slope under the pet

nce the caleulated dndependent; yiela of 1% from uranium fission is
several orders of megnitude lover than the cumlative yield of its B~ unstable
parent, 7r95, it is necessary to determine the fractional chain yleld of No%
from Zr9 bebween the time of bombardment end the separation of Nb from Zr, to
obtein the true value for the independent yield of Nb. The growth rate of Nb9>
from Zr% decay was obtained by milking the Nb from the original uranium solution
Bseveral hours after the initial Wb separation. This Nb sample was purified and
counted in the same manner es the initial sample.

A Zr contamination in the wanium oxide used was suspected due to the high
activity of Nb92 present, presumbly formed by the reaction Zr92(p,n)Nb92.
Purification of the uranium will be necessary tu ‘lns\u‘e 1o contribution from
(p,xn) reactions to the yleld of either Nb9 st

Preliminary results from two bombardments show that the independent yleld of
the high spin ground e exceeds that of the low spin metastable state. This
result 1s in mc) T agreement with theoretical expectations than the previ-
BRE 1S iiorted valus. J(Os Tk Batoliffe and B, Taplentosch)

1 D. G. Sarantites, C. D. Coryell and G. E. Gordon, Phys. Rev. 138, B353 (1965).
2 H. Warhenek and R. Vandenbosch, J. Inorg. Nucl. Chem. 26, 669 (1964).
3 E. Hagebo, J. Inorg. Nucl. Chem. 25, 1201 3).
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VIII.

MISCELLANEOUS NUCIEAR REACTIONS

32. Breakup of Deuterons by Protons with T VeV Center of Mass Energy

work begun last year by Hendrie

Tiskovac, end Warren,’ who looked &t

The

the zero degree inelastic protons produced by 21 MeV deuterons incident on hydro-
gen, was continued at laboratory angles from 11.25 degrees to 51 degrees in
‘three-degree steps. The hydrogen gas was contained in one of the gas cells de-

scribed in Section 39 of this report.
dent on deuterium vas also

The scattering of 10.5 MeV protons inci-
studied at laboratory angles from 11 degrees to 60
degrees and wes attempted at zero degrees.

By running the reaction in both directions one can, in principle, obtain the
entire angular distribution for the reaction with center of mass angles from zero
to 180 degrees. It is necessary to look at the reaction with both bomberding
particles as the momentum of the center of mass s large. With one particle in-
cident, protons emitted forwards in the laborstory system with energies below the
counter threshold sre actually moving backwards with reasonsbly large energles in

the center of mass system.

of mass protons have large laboratory energies and are detected.

H (p,p)pn

LAB ANGLEIT*

B

DIEFERENTIAL CROSS SECTION (mb/sr-Me)

N N S
CENTER OF MASS ENERGY (MeV)

Fig. 32-1 Typical spectrum of in-

elastic protons from the breakup of
deuterons by incident protons. Sta-
+tistics are not good enough to observe
f£inal state effects vhich should be
small at this angle.

When the other particle is incident these same center

Furthernore,
‘the final-state interactions between
two particles with small relstive mo-
mentum should effect the spectrum most
at angles about zero and 180 degrees,®
60 1t is dmportant to obtain & com-
plete angular distribution.

Although we have obtained spectre
st laboratory angles from 11 to
degrees (see Figure 32-1), we need
better statistics and especially need

perticle, in order to see the most
interesting effects of the final-state

protons incident due to high back-
ground. The magnet described by Ila-
kovac3 separates the beam from reac-
tion products, so 1f there are degraded
protons in the beem, from the collima-
tor slits for example, they are bent
along with reaction protons of the

same energy. These degraded protons
can not be distinguished from reaction
protons, as degraded besm deuterons
vere. However, in the Ven de Graaff
sccelerator bean there should be many
tines fewer degraded particles, as it




1 Research, University of Washington (1964), p. eh.

L. . Kuo, M. Petravic, I. Slaus, and P. Toms, Nucl. Phys. 43,
Ty DT Popova, Tucl. Phys. 1\,, 296 (1960).
tson, Phys. Rev. 88, 1163 (1962)

3 Cyclotron Research, U'\Jv(‘rait,’ of Vashington (1964), p. 51.

Ga Particle Tniuced Reactions Involving Multiple Alpna Particle Emission
Passing Tarowh The I.h3 VeV Tevel of CIZ.
Because oxygen is present in several targets used in another experivent’ an
inyestigation of the gamma rays following 42 VeV alpha particle bombardment of

016 was undertaken. Te gas target? vas used, and the anticoineidence anmilus
systen3 vas used as the detector.

The runs vere taken in pairs at

each angle, with end without gas in

R e taraet. | Typloal epactrs ere shiown

0° (2 ) C%'1643 Mev) in Figure 33-1. An angular dlstribu-
T 105° on vas also teken on polystyrene to

o0, cew merids ot adlerey andlatticlensy

e calibration by measyzement

cross section for C12 ')012“(1» 43

3 MeV). A few preliminary rums w

[ also taken with Ne20 in the gas t&rget

using the same experimental arrange-

nent.

0

The data were analyzed using
& computer progran for data
reduction and analysis. The spectrum

DIFFERENTIAL CROSS SECTION (mb/sr)

- from the empty gas cell vas subtracted
S from that of the gas cell filled with
[e gas to obtain the net contritution due
ottito %o the gas alone. Quantitative infor-

100 & mation about various features of the

o %o, m the perem-

b of & least square “Pit to the

5% s G The spectra show & prominent peek

Ey Men at L.43 MeV. This peek is not Gue to

inelastic scattering from a possible

£11
Fig. 33-1  Oxygen spectra before emgty
and after subtré\ctior of contritution 015 in the gas ‘the reaction we

due to the gas cel

cell,
observe 1s O16(y,2q)C12% (L.13 KeV).
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Fig. 33-2 Angular distribution.
Dotted points are hand calculated e
from the spectra. o LB

This reaction has been studied both el e
here and elsevhere by lookipg for the s ik caaan

coincident alpha particles. %0 Our oI T 2
experimental angular distribution is

shown in Figure 33-2. The error bars ere the standard variances given by the
least squares fitting program. The dashed data points are hend fits ‘because the
progran would not converge in those cases.

The angular distribution for inelastic alpha particle scattering from the
14 .43 MeV level in C12 are shown in Figure 33-3. The dashed date points are the
average of the two data points between which they fall. The total cross section,
assuning symmetry sbout 90 degrees, is 1 mb.

gen which
pess through the L.k3 MeV level of C12 is 86(126)mb. includes
10% for the photo-efficiency of the detector. The cross section cen also be ex-
Dressed as T1% (*176) of the C12(g,a' )CI2¥ (K43 MeV) cross section which was
measured in this experiment. This second method eliminates errors in the method
by vhich the detector efficiency vas taken into account. The enguler distribu-
tion of the 4.43 MeV gamma ray is flat to within the experimental errors.

The data from N2 indicates a surprisingly strong contribution to the total
alpha particle reaction cross section from those reactions vhich pess through the
443 MV level of C12, If we assume isotropy, the cross section for alpha par-
tiels Induced reactions on Ne20 passing through the 4.3 MeV level of C12 1s
33(H7ub. The cross section can also be expressed as 2Th(£15%) of the C12(asa')
C12%(4.43 MeV) cross section wnich was measured. This value is much larger ‘than
one obtained elsewhere using different technigues at & lower incident energy-

(I. Balpern, B. J. Shepherd, and C. F. Williamson)
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IX. ACCELERATOR RESEARCH AND DEVELOPMENT

34. The Van de Graaff Accelerator Program

Progress made in installing the High Voltege Engineering Corporation model
FN Van de Graaff accelerator is illustrated by the following chronology. The two
stage tandem tank arrived at the laboratory on June 2, 196k. The high voltage
terminal support structure wes assembled during June. Beam tube end don source
Vacuum system testing was carried out during July end August. Optical alignment
of the sccelerator components was completed in October. On November 11, the tank
wes first pressurized and the insulating ges handling equipment checked. The
terminal vas first charged to high voltage on December 8. A small but encourag-
ing proton beam vas obtained from the machinery on Jamary 5, 1965

Since that time vork on the accelerator has centered around obtaining an
intense, stable beam. The terminal has been operated at voltages from 2 to 7.5
MeV. Hovever, at mo voltage has the beam current yet been intense enough to meet
design specifications. The maximm analyzed beam obtained so far is 2.5uA.

Feulty operation of the thermal-mechanical velve controlling the flow of
stripper gas in the terminal made it necessary to place a locally built mechani-
cally operated needle valve in series with the thermal-mechanical valve. This
needle valve provides a mich more stable and precisely controllable flow rate of
stripper gas than did the thermal mechanical valve.

Vork 1s presently going on to determine and eliminate the cause of the less
‘than acceptable bean intensity. As an aid in dlegnosis, sets of tungsten wire
cross hairs have been placed at several positions in the beam tubes. These wires
not only have enabled us to determine precisely the shifts in alignment of the
beam tubes that occur &s the tank is pressurized, but also - becsuse the wires
incendesce when heated by the besm - permit us to observe the position of the
beam ss it travels through the besm tubes.

The installation of this machine has been considerably impeded by & large
rmumber of mamifacturing flaws in the accelerator components. These flavs range
from leaky welds to incorrectly designed and constructed electricel circuits.
most cases these flaws should have been detected by normel inspection and testing
of the components at the factory prior to shipment. The result has been that
mich time has been lost trouble shooting and field repairing of items vhich one
would normally expect to receive in an operating condition.

Factory tests on the injector stage of the three stege system are still con-
+tinuing and delivery of this portion of the accelerator hes been postponed pend-
ing the successful completion of these tests, It is now estimated thet this will
occur in November or December, 1965 or approximately one year later than the
originally scheduled delivery date.

Ven de Greaff Experimental Areas

The analyzed besm from the Van de Graaff accelerator passes through &
switching magnet by means of vhich the bean can be directed into either of the
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ro existing experinental cave sreas.
t

g e olee it o e 3115015
Gt for use in cave #1 and two beam lines
] into cave #2. See Figure 3k-1. Mag-
g netic quadrupole jenses and some other
portions of the required beem handling

5 herdware for four of these 6 beam
lines were purchased with the acceler-

n installe

ator and have be

A 60" scattering chember modelled
after the chamber which
use on the cyclotron for the last few
years but embodying many improvements
has been constructed and installed in
cave #1 and 1s now ready m use as
s00n 85 & useable beam is availsble.
A Pl B T orer1y
used with the cyclotron has been removed from the cyclotron cave, rebuilt and im-
provcd et io installed and resdy for use on the 30° beam line in cave #2. The
Lse e in cave #2 1s being set up for use in very low background experi-
he requistte equipemst either designed or on order.

Fig. 3

Van de Graaff experi-
mental cave pl

an.

e ° beam line in cave #1 is at present being used for the testing pro-
cedures on the sccelerator 2tself.  (T. J. Morgan and W. Weitksmp)

35. A Beam Bunching System for the Tandem Ven de Graaff

ork 15 in progress to develop a system to apply bunching and chopping to
the D.C. ion beam of the tandem stage of the University of Washington electro-
static generator, in order to produce

desired target location. The present
systen is designed for proton, deuteron
~ or alpha-perticle besms. leter on it
hoped to provide an additional
tunching unit for hea:

The principles of the method are
well known and have been used success-
fully at several laboratories.l,2,3
The complete system incorporates three

rts:  (See Figure 35.1)

BEAM BUNCHER

-Energy Chopper which
converts the Tov-energy D.C. beam into

Fig\'3550 “Block atagram'of besm & series of bursts of duration vari-

buncher electronics, able between 20 nsec and €0 msec and
vith a variable repetition rate 2 Me/s
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to 5 Mc/s. Tts purpose is to remove those portions of the besm that camnot be
bunched and which vould be & of background at the high-energy end of the
accelerator.

2. A Three-Gep Klystron Buncher which impresses a modulating voltege on the
low-energy fons in such a way that the leading ions in a given group ere retarded
and the treiling ions are accelerated. The voltage will be controlleble so that
optimn bunching Will occur at the position of the target, The frequency of the
modulating waveforn will be locked to that of the low-energy chopper and the
relative phase adjustable so that the center of the group of ions is umaffected

3. A High-Energy Wiper will consist of e long pair of deflecting plat
operating on the high-energy beam at the exlt of the tandem stage of the ac
ator. A periodic sheped-voltage spplied to the plates will cause the beam to be
swept across & varisble aperture at the correct frequency and phase to transmit
‘the tunched dons and st & veriable speed to provide & fine control on the ulti-
mate durstion of the beam pulse at the target. Normally this unit will be used
to clean up the incompletely bunched beam st the extreme edges of the pul

eler-

Most of the mechanical parts of the system have been designed and construc—
tion of the klystron buncher has already begun. The decision was reached to use
& sawtooth waveform on the buncher and & rectangular waveform on the lov-energy
Qeflecting plates. Thus far the design of the variable chopping rate oscillator
and the sawtooth generators with the proper phase inversion electronics hes been
completed. The remaining work consists of design and comstruction of the drivers
for the choppers and tuncher. Most Of the design study for the high-energy
chopping electronics has been completed. (W. Braithwaite, H. F. Feusks, I.
Halpern, J. S. Lilley, D. Patterson, C. W. Williamson)

1 H. W. Iefevre, R. C. Borchers, C. H. Poppe, Rev. Sci. Inst. 33, 1231 (1962).

2 C.D. Moak, W. M. Good, R. F. King, J. W. Johnson, H. E. Bante, J. Judish,
end W. H. du Preez, Rev. Sci. Inst. 35, 672 (196k).

3 D. Dandy and E. Hammond, Nucl. Instr. 30, 23 (196h4).

J. H. Anderson and D. Swann, Mucl. Instr. 30, 1 (196k).

36. Radiation Nonitoring System

A system for monitoring neutrons and gama rays for protection of personnel
15 being planned and constructed. The general design is based on equipment
presently in use st the Los Alamos National laboratory.l A mumber of detection
devices will be located throughout the laborstory end will be operated both
manually and remotely from & central control point. The control unit will con-
sist of count rate mters for each detector and a panel of lights fo inlicate
quickly the existence of safe or unsafe conditions. Provision for imterlocking
doors to potentially unsafe eress and for shutting down the machine in the event
of hazardous conditions are also being considered. The necessary electronic
equipnent, 15 about one-half completed.

e .



. A photomiltiplier tube will vie
& 1/2-inch hole drilled to the
ctor £o energles between thermal

4 rr/suh through & light pipe
enter of the sphere. The St of

7 MeV adequately simulates the
logical effectiveness of neutrons over this range.2,3 This ‘.111 per-
don of the ratemeter to read the neutron dose rate directly in milli-
nour. The design Of the neutron monitor has been completed and the
unite will be constructed at the laboratory.

orma xay detectors will use comercially avallsble Geiger-Miller tubes
with ad-tizes, and an electronic system similar to that used for
neutron monitor. (H. F. Feuska and N. Stein)

il x.r‘ings Ios Alamos Natiunai Isboratory (private commmnication).
tt, R, I. Bwing W. Bomner, Nucl. Instr. and Methods 9,

3 D. E. Hankins, Ios Alamos Scientific Leboratory Report TA-2717 (1962).




INSTRUMENTATION FOR RESEARCH

37. Lithium Drifted Silicon Detector Fabricati

A program was started to fabricate lithium drifted silicon surface barrier
detectors.

During the f£irst two months of the program four detectors were produced, all
having depletion depths on the order of 1.5 mi. The active areas ranged from

80 - 250 mP. Three of the four detectors vere satisfactory and hed en energy
resolution of less than 100 keV (FWHM) when tested with 8.78 MeV alphas. The
fourth detector with an active area of 80 mr® hed 30 keV resolution.
current for this detector was 2 pA with 400 V reverse bias.

he reverse

The detectors vere fabricated according to the technique described by
Goulding and Hansen.! (J. Ssuer:

1 F.S. Goulding and W. L. Hansen, IEEE Trens. Nucl. Sci. 11, 286 (1964).

38. A Flexible Systen for Using Lithium Drifted iun Detectors

The recent devel

mentl of solid state guma-ray detectors of very
ney 1s revolutionizing certe

(< 2 keV) resolution an aspects
of gema-ray spectroscopy. In order S T T e e
t vhich

these detectors in this laboratory, & systen has been designed en
allos the detector to be used in any e: rtel errangement presently foreseen.

The most troublesome requirement for these detectors is that they mist be
operated et a temperature less than 100°K. This presents no great technical
problem if the counter is operated in air without NaI enticoincidence <h1e1d1 g.
However, the use of liquid nitrogen when the counter is situated ins va
r en anticoincidence shield presents serious technical problnns. In
order to facilitate the use of the detectors under these conditions a detector
mount system has been designed using a
miniature Joule-Thomson cryostat.

schematic diagram of the system
i Figure 38-1. AMnilco
model C-300 cryostat? is used to cool
e the detector amd holder. A zytel
G B e Swagelok3 bulkhead union is used to

vide easy in eabi.

Fig. Schemstic drawing (not aifferent detectors. The zytel union
to scs]e) of the Ge(Li) detector wes machined down to 0.030" well
holder system using the miniature hickness over 3/4" its

Joule-Thomson cryostat. order to reduce heat conduction. This



s e union had been previously bored out to

W meke o snug fit around the cryostat in

=1 aed o bnon oo tony  OFICX %o have optimm efficiency of
{I s peei e
Gl teeun If the system 1s to be operated
Ll in air, it must be evacuated to &

ET,'&“-‘LT’ pressure of five microns Hg or less in

optts order to prevent water condensation on
Pz the detector and significant thermal

cading by the residual gas. For air
operation, & pump is connected to the
vacwun 1ine and the low pressure ex-
hsust 15 left unconnected. For oper-
stion inside & vacuum chamber, the
vecwum cover may be removed or left on
as desired. The vacwnm line is left uncomnected, and both the high and low pres-
sure lines are commected to an outlet in the side of the vacuum chamber.

Fig. 38-2  Schemstic dlagram of
high pressure nitrogen delivery
end purifying system.

r both vacwum and air use the high pressure nitrogen is fed to the system
thrcugh flexible stelnless steelhose. A schemstic diagram of the high pressure
feed system is shown in Figure 33-2. For successful stertup the model C-300
cryostat mst be supplied with the highest purity nitrogen possible at a pressure
of 1800 psig or hig er. Initisl cooldown requires 30-45 minutes, efter vhich the
delivery pressure can be lowered to 1400 psig to conserve nitrogen. The normal
operating cempnmmre s TE°K.

The system has been tested both on the bench and in en actusl run inside the
60" snauterimz chanber. The pesfornence was found £o be stisfactory in both
cases. Und rating conditions two of nitrogen ere re-
quired for an 18-hour dEyA Tnis implies an operating cost of only $1.50/hour.

It s planned to design & high-resolution solid state preamplifier for this
unit using a field-effect transistor. The latter must be cooled to below 200°K
for optimum performance, and the detector holder has been designed in such & man-
ner that this is easily accomplished. entire preamplifier could be mounted
inside the vacuun cover to reduce stray capacitance and electricel interference.
It 15 also plenned to incorporate a fast time pickoff to be used in conjunction
with a pulsed-beam tine-of-£1ight system to discriminate sgainst neutrons and
against gama reys which are uncorrelated in time with the beam burst.

(3. Alster, T. Hayward, C. Williamson)

1 A.J. Tavendele and G. T. Evan, Nucl. Inst. end Meth. 25, 185 (193).
2 Memfactured by Pailco, Lensdale Division, lensdale, Pa,.
3 Mamfactured by the Crawford Fitting Co., Cleveland, Ohio.




‘the tritium is stors
ently attached to the s
evolved from the uranium triti

s with Johnson's and Ben
few grams of activated uranium
Heating the uranium causes the
& pressure that deper

1bs./5q.dn. urantum will pump o
e system aleo has an edditional input through which any other gas
get. This line is also used for helium leak testing.
igh by 1/2 in. in dismeter with a 0.00009 in. Havar
ted to 50 1bs./sq.in. before use, and some have held up

foil vindow. They are ¢
%o 100 1bs./sq. in. press

The system vas tested thoroughly with hydrogen before introducing the tri-
tiun. Eighty curles of tritium gas were obtained from Osk Ridge National Labora-
‘tory under provisions of our License No. 46-1662-1. When it was introduced into
the system, very little of this tritium wes absorbed in the uranium. After the
4ritiun wes removed by absorption into a very large uranium trep, the system was
retested with hydrogen. A volume of hydrogen meny times as great as that of the
tritiun vas easily absorbed. Consequently ve have assumed that the tritlum was
badly conteminated anl are planning to purchase more tritium from a different
source. (K. Ilskovec, D. W. Storm, C. F. Williamson

LG L OB L i

@eisws 1 Cyelotron Research, University of
P Gt A Weshington (1963), P. 25.
FoR OTnen, O 2 Cyclotron Research, University of

eelt Washington (1962), p. 52
3 C. M. Johnson and H. E. Bante,
Rev. Sci. Instr. 27, 132 (1956).

1

3

1 (CHAMOER e ) Supplied by the Hamilton Watch
| Company.

i

60" SCATTERING CHAWSER PORT

Fig. 39-1 Schemtic of tritium
handling systen and target.



fous year have

prepared in the pest year

ol
been listed.

Targe cking¥
B s.s.
ca'2H vac. 5 myler 300-500 g/ on®
or vac. evep. s.s. 100-200 g/ em®
636 5.5 300-1000 g/ cn
Dy rolling s.5. 15 ng/en’
Feohs? electro-depositior s.5. 500-1500 pg/cm®
Ho rol s.8. 27.5 ng/en’
P208 vac. evap. 200-200 pg/en®
vt vec. evep. 70-150 yg/cu
si vac. evap. 5.8. 100-700 ug/cmz
s evep. o5 300-1000 pg/cn’
vac. evap. s.8.,thin nylon 1000 ;,Q/cmz
vac. evap. 5.8 200-500 ug/cm2
vac. evap. VYIS, thin N 50-100 ug/cm>
v vac. evep. s.8- 100-200 ,g/cm2
Tt rolling 5.5, 25.3 ng/en

*8.5. indicates self-supporting




Only one of the more interesting techniques developed will be described in
more detail.
Calcium, Megnesium and Strontium
Thin metallic, monoisotopic targets of Ca, ¥g and Sr may be prepered start-
ing either from the metal-oxide or carbonate by simultaneous reduction of the
oxide to metel using aluminum metal and evaporstion of the resulting ms
vacuun.t

Iwo types of sources wers used. Both are svailable comercislly.” e
f£irst source was & 0,005 inch thick Ta cance-shaped crucible. In order to r
duce the loss of material during eveporation, s vertically mounted Ta crucible
1/h inch in diemeter, 1 1/2 inches high and 0.005 inches thick ves used.

The crucible was loaded with carbonate and cautiously heated in vacuum
until the carbonate hal decomposed to metal oxide and carbon dioxide. The
oxide vas then removed from the crucible and vell mixed with an smount of alumi-
num metal dust suffic: to reduce the oxide (50% stoichiometric ex . This
mixture vas then returned to the same crucible and carefully heated to just
above the melting point of alumimm (about 800°C). At this temperature the
molten alumimum reduces the oxide to metal and the metal similtancously evapo-
rates onto the substrate.

The yleld using this method of reduction ves determined to be 90 or better,
Which is 5 substantisl improvement over the technigue reported by Allen3 whereby
The metal oxide is reduced on the surface of & hot tantalum crucible. (J. Sauer)

1 L. M. Pidgeon end J. T. N. Allunson, Can. Mining end Met. Bull., k29, 14
(1948).

2 R. D. Mathis Co., Long Beach, Califor) .

3 larry D. F. Allen, Rev. Sci. Instr. 34, L9l (1963).

41. On-Iine Computer for Data-Handling

e AEC authorized this lsboratory to take bids for en on-line computer
systen for real-time scquisition and processing of data from nuclear physics
experiments. On the basis of bids received and further AEC approval, a contract
has been signed for the purchase of the sy roposed by Scientific Date Sys-
tems, Inc. This system will include an SDS 930 digital computer with an 8K
memory and versatile data input, output, and display facilities. The system 1s
scheduled for delivery in the late summer of 1965. Details of the system are
described in the Technicel Specifications of the bid request. Preperstions for
‘the use of the system have been initiated, ani include systems programiing and
interface design. (D. Bodansky, J. G. Cramer, H. Feusks, J. B. Gerhart, B. J.
Shepherd, and R. Vandenbosch)
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L2, svelopment end Consiruction of Ele

ronic Equipmen

One counting bey has been placed into operstion in the Van de Gresff count-

; roon. It 1s being currently us r counter testing and for studles vith
cactive 1sotopes, pending normel operation of the Van de Graaff. Most of

x un uiing a 512-channel analyzer, amplifiers and coincidence

commercially constructed. Certain siditional units have been con-
1y and & versatile cabling system has been provided for inter-

en the experimentsl ceves and the counting bays.

cas of electrontc equipment coustructed during the past yeer,
Graaff use, include:

. three-perameter data recording sys
and constructed

tem using a punched pa
It replace: ecerlier thrae-
arreng

existing ADC's and “ihe converted dsta are stored temporsri
which are sequentislly scanned, digit Dy digit. At present,

scalers are being uscd, providing for 1000 x 1000 x 1000 channel B
the unit is resdily siapted to expension if either more detectors or more chan-
nels per detector are needed. The equipment uses 50lid state components, rather
‘then mechanical st for the scanning operations. It is built vith plug-in
etched printed circult cards to facilitate trouble shooting end repair.

A logarithmic count rate meter hes been constructed for use s part
of & system for monitoring slpha particles from foils of radicactive heavy iso-
topes. This unit, vhich includes a detector probe power supply, is mounted in &
glove box where the foils are stored.

A decode display unit was designed and constructed to use with the
new Lnrget changer system.

Design and construction of electronic equipment for the Van de Graaff
accelerator beam buncher has begun. (See Section 35 for e description of this
systen.

Several fast pre-amplifiers have been constructed on & design similar
%o that of Williems and Neller.. The units yielded gains of ten with risetimes
of approximetely 6 nanoseconds. Attempts, not as yet successful, have been made
to construct low-noise preamplifiers which could be placed within a vacuum.

Prototypes of the clectronte cards for a nestron radistion monitor
have heen constructed end te: Approximately ten such units will be built.
The cfreults are besed on it developed by the Los Alsmos Scientific labora-
tory.? (See Section 36 for a description of the monitoring system.)

A 5014 state detector drifting oven has been constructed, with
awtonsiic comtrol of don Arift rate and with sensing of the depth of drift. This
unit vas based on the lawrence Radiation Levoratory design, described by Goulding
end Eensen.3

™




h. Electronic scalers have been developed and built to record real time
Quring experimental runs. These units replace & commercial electrical clock

Which gave occasional trouble. Tme is recorded in units of 0.1 second or 0.01
minutes, as selected by a fromt panel switch. Three such units have been bullt.

i Fester scaler driving cards and faster scaling circuits have been
inserted in the front end Of the scalers previously built for use in the Van de
Greaff counting room.

a4 el count rete meter circuit has been constructed to be mounted
near the dual voltege-to-frequency converters used with the Fareday cup beam
monitoring system. This facilitates the zero sdjustment of the comveriers. A
Pre-scaler unit has also been constructed and installed to reduce possible dead-
‘time losses in beam monitoring.

) A mitiplier system for particle identification has been constructed,
folloving the design of Radeka and Miller.

1 Other equipment vhich has been constructed includes: —en edder-mixer
unit (based on an Argonne design);” two four-channel slow coincidenc
anticoincidence chessis; two pover supplies for commercial low-nolse preampli-
fiers; three miltichannel coincidence pulsers; three portable noise mefers; one
precision pulse generator; a fast pre-scaler unit (25-me resolution); and two
Dbassis for mounting dual delsy units. Some of these items represent additional
coples of units developed previously end described in eerlier progress reports.

Equipment purchased commercially during the past year includes: & stabiline
1ine voltege regulator; & modified ND-160-F ADC unit; two Dymec voltage-to-
froquency converters; one ORTEC Model 220 pulse analysis system; three ORTEC
Moder 210 solid state detector controllers; an ORTEC Nodel 260 time pickoff unit
and control; thres Tennelec Model 100-A low noise preamplifiers; & 5-channel
Gosmic amplifier, discriminator and coincidence system; s l-channel Cosmic em-
plitier, discriminator and coineidence pover supply; tvo RIDL baskets with two
Scalers, & biased auplifier and & noise meter as plug-ins; three Nanosecond
eckete with amplifiers, scaler drivers, discriminators; 1 time-to-pulse-helght
converter; & closed circult t.v. system with two cameras, two monitors and one
oom lems with remote comtrol; four O-3 kv @ 12 ma. pover designs pover supplies.
(L. H. Dunning, H. Fauske, Research Electronics Supervisor, K. H. lee, G. Monge,
and N. Werd)

1 ¢. W. Willisms and J. H. Neiler, IRE Tramsactions of Nuclear Science, Vol.
N§-9 No. 5 (Nov. 1962).

2 H. K. Jennings, Los Alamos ttific Labor ivate Qe

3 ¥, Goulding ani W. L. Hansen, IRE Transections on Muclear Science, Vol.
¥5-11 No. 3 (June 196k).

4 G, L. Miller and V. Redeks, "Analogue Miltiplication with Field-Effect Tran-
sistors,” Proc, Nas. Conference on "Instrument Techniques in Nuclesr Pulse
Analysis," Vonterey, California (1963).

5 7. A. Kopta, Argonne Natdonal Laboratory, privete commnication.

6
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13-3.

period from My 16,

rar,

Statistics of Cyclotron Operation

Statistics of Cyclotron Operation

e disposition

Table

Activity

Normal Operstion
Setup of Experiments
Cyelotron Testing
Scheduled Repe:
Unscheduled Repai:

r
Failure of Experimental Equipment
Unsatisfactory Cyclotron Operation

Experiments Using No Besm
Unrequested Time

Table 43-2. Division of Normal Operation
N

of the time svailsble for cyclo
1 to May 15, 1965, is given in

rs and Modifications

APPENDIX

Division of Cyclotron Time Among Activities

Hours

5260
217

29
68
433
72
Lko
136
104
)
148

Total 6911

ornal Facilities

Projectiles

Alpha Particles
Protons
Deuterons

Table 43-3.

Investigator
Oregon State University
University of Oregon

Vestern Weshington State College

Bonberdment for Outside Inve:

Hours

3649
883
128

Total 5260

Hours

53
34
20

Total 107

tron operation during the
Tables 43-1, 43-2, and

Time Among

stigators

Per Cent

L LbhoFowoFR

g
:

Fer Cent.
69.4
16.8
13.8

100.0




4. HNuclear Physics Ieboratory Personnel

Faculty

John 8. Blair, Professor

David Bodensky, Professor

John G. Cramer, Assistant Professor
Artiur W. Fairhall, Professor
George W. Farwell, Professor

Jemes B. Gerhart, Professor

Robert Vandenbosch, leoeiate Professor

Nuclear Physics Ieboratory Research Staff

Jonas Alster, Research Assistant Professor

Charles Kavaloski, Research Assistent Professor
John §. Lilley, Research Assistant Professor

Ted il Vorgen, Resmcn Associate Professor;

Supervisor, Nuclear Physics Laboratory

Nelson Stein, Research Assistant Professor

Willian G. Weitkemp, Research Assistent Professor
Clsude F. Williamson, Research Assistant Professor

Predoctoral Research Associates
Chemistry
Walter Loveland
Paysics

Joseph §. Heagney
Devid L. Hendrie®

Barry '3, ehephe:
Gurnen S. Sidhu
Fr k W. Slee

Charles T. Ratcliffe




Physics

Wilfred J. Braithveite
Nelson Cue

Steve M. Ferguson
Thomes D. Haywe:

Roger A. Einrichs

R. Jerome Peterson
exkehard Preikschat
David C. Shreve

Derek W. Storm

Leslie J. Tomley

Full-Time Technical Staff

Mechine Shop

.

Harvey E. Bennett, Foreman
Normen E. Gilbertson

Bemard Miller, " Asststant Foremn
Byron A. Scot

Anthony J. Virant

Allen L. Willmen

Electronic and Electrical

Leverse . Dunnirg

Robert B. Ellio

Harold Fauska, Senior Physicist, Research Electronics

¥ Supervisor

George C. Mong

&5 John W. Orth, Assistant Supervisor, Nuclear Physics Leboratory
Normen G. Werd

Technicians
i Cerl E. Lind
i Georgla Jo Ronrbaugh
g George E. Seling
i/ Design end Drafting
i Robert G. Clarke

Peggy Dovgless
David W. Gough

i Dolores Lenhart
i Peter Noncilovich, Engineer
W L s E. Page
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Accelerator Operators

Ba.rbsm J. Barrettd
ue M. Beechel
Ricmu-d Clay6
|
|

Others

Tylaine C. Hansen, Office Assistant
Kyun Ha Lee, Isboratory Technician
Joanne M. Sauer, Rediochemist
Helene Turner, Secretary

| Part-Time Technical Staff

Student Helpe:

Marc W. Hnnscn
Bonnie C. Murray
Chiarics 3. Petasson
John T. Thaxton
Harry V. Winsor
Akiko Yamanouchi’

a

Others

Mary A. Beard, Storekeeper

Now at Institut "R. Boskovic, Zegreb, Yugoslavia.

Now at Lawrence Rediation leboratory, University of Californis, Berkeley.
Now at University of Pittsburgh, Pittsburgh, Pennsylvania.

Retired

Terminated.

On military leave.
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45. Advanced Degrees Granted, Academic Year 1964-1965

D. L. "A Study of Colncidences Between Inelasticelly
Scattered Le yev "Alpha Particles e De-Exodtation Gomma Rays.

E. R. Parkinson: Ph.D. "An E: 1 Study of Sub-Barrier Proton
Entssion 1n Coupound Nuclear | Res.ﬂ:lons I



ing of L2 MeV o-Particles from P07, P28, gng 51209n
or, Proceedings of the Congres Internatiomal'de Physique Mucleairs
du Centre Nationsl de la Recherche Sclentifique, Paris 196k

tering of 42 VeV o-Particles from 5:88 ana ¥89" . Mster
. Am. Phys. Soc. 10, 130 (1965).

of C12 Tons from Fe, Ni, AgOT, In and Ta" 7. Alster
zett, Phys. Rev. 136 B‘CQ} (1964).

Be8)012 Reaction" R. E. Brown, J. 5. Blair, D. Bodansky, N. Cue and
aloski, Bull. An. Phys. Soc. 9, 549 (196h).

] "(a,116) Ree
] e

s on Light and Intermediate Weight Nuclei" F. W. Slee,
vs. Soc. 10, k61 (1965).

A2 "Single-Particl
N. Stein

tates in Bi209 and Po?10 Excited by (w,t) Reactions"
J. S. Lilley, Bull. An. Pays. Soc. 10, 497 (1965).

Energy Distributions of Prompt y-Rays Produced by k2
Bomberdment" C. F. Willlamson and B. J. Shepherd, Bull. Am.

|
J Q’ Thys. Soc. 10, 428 (1965).
)

"(2,146) Reaction on C12, §l¥, A12T, and WL at 42 MeV" C. D. Zafiratos,
Pnys. Rev. 136, BI279 (196%).




