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. CHAPTER I
THTRODUCTION

The energy levels of the c8133 nuereus may be studled
by seversl methods, The firet to be employed wes the gamme
ray spectrum of rediocsetive Bﬁ” (1 25 65 72 By 9)e The
lﬂmm 3 nueleus decays to cal33d by sapturing an orbital eleo«
tron, resulting in an excited state of Csl33, The celdd
nusleus will then proceed to the ground stete, or level of
gero energy, by cccupying suctessively lower energy levels,
At sach transition, the excess energy ls relessed in the
form of a gemme ray. The limitatlon of this method of study
is twofold, Filrst, there 1s no poselbility of exciting
levels of greater enercy than O.4h Mev, sines this is the
bighest level to which Ba 3> decays by electron capture,
Second, e«aﬁamawtwm of spin and parity forbld certaln
tranaitions so that there might be levels which would not
be abe&md because they are not accessidble from 2al3? oxe
cept by Torbidden transitions,

Levels not socesslble by allowed transitions in redioe
soetive decay might be cbserved by direct excitsiion of the
%133 ground-gtate nucleus, This excitation may be socome
plished by bombarding cptd3d with nwelear particles, Ome
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mothod which has been employed ie coulomb exelitation (4),
which involves bombarding the target nucleus with & ¢charged
particle of insufficlent energy to penetrate ite coulomb
field, However, the fleld of the bomberding particle may
trensfer energy to the target nusleus. The target nucleus
thus elevated to sn exelted state will then decay in the
manney previcusly described,

There exists an even more poworful method of excitatlion,
The neutron, being uncharged, can readily penetrate the
coulomb field of the nuolsue, It may form a compound nucleus
too ghortelived to be observed, snd then emorge with &
slightly lower energy lesving the target nusleus in an exe
elted sbate. Unfortunately, the noutron is also a powerful
tool for inducing & multitude of other reactions ac thet
pesults mey be diffisult to interpret, Hevertheless, this
method, known ss {n,n') or neutron inelastle scattering, can
produce valuable information, perticularly where some date
are alresdy avallable to ald interpretation, All previously
published work on Cs 7> was dome by one of the first two
ma thods,

The Novth Texas State Collepge 100 Kv CockerofteWmlton
ascelerator (Tor operation details ses refevence (3, 5)]ecen
produse 1l and 2.5 Mev meutrons from the ﬁwmlﬁa“' end
o a,mma resotlions, reepectively. These are referved to as
the DeT and the DD resctions, respectlively. It was therefore
declded to investigate Call3 with voth of these neutron
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snorzies in the hope of finding new levels and olarifying
gome points concerning previously reported transitlons,

A recently publisted (9) emergy-level diagram of Cet >
is shown in Figure 1. (This and suoceeding figures will be
found in the asppendix.) The horizontel lines are koown
energy stetes, The exoitstion enerpy appsers st the right,
Arpowe indleste observed transitions s wmessured by the parme
raye omitted, The dotted arvows sre transitions not cbserved
by a1l investigators, Table I glves experimental detalls
and additional data., Througbout this paper this Jevel die-

ar will be used to ldentify transitlions. Where investigators
peport reys of diffeorent energles those snergles ave given,
but in Ldentifying the transitions, relerence ls made to
Flpwoe 1. Since the various values reported for the levels
sre close enough thet mo embipulty results, the neceesity of
reporting the various level schemss 18 avolded,

The first phase of the prolect here, an investigation
with the 1 Fev D7 neutrons, was completed by Young (10) in
August, 1958, Young's results ere included in Table I. The
present paper desls with the investigation using the 3,3 Mev
Deli poutrons, The spectrum is thus extended to lowsr enevay,
since the less ensrgetie DeD neutrons produse less beckpround
in that veglon. 4s in Young's work, the ceslum is pmwnﬁ in
the form of a CsI{Tl) seintillation crystal., Vor comperison,
& Hal crystal was also used, since 1t allowed fodine rays to
be identified by thelr eppearence in the spectrs of both
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erystels, Also, the response of ¥al erystals to neutrons
in thia energy range hes been published, (See Chapter IV,)

The backzround conslsts primarily of gamms ceys from
| nnétramnxnémnad reastions in the structures surrounding the
erystal, resctions for which the lese energetie DD nesutrons
sre less effective, especiaslly with the rather low neubron
filux used, OSince the rays are produced within the erystal,
slmost 811 of them will psss through pert of the orystal,
making wesk rays more essily observed than with an external
sostterer, With thig arrangement 1t iz possible %o apply
shielding to the detectors since there wlll be no attenuation
of the rays whioh are of interest. The neutrons, of course,
con penetrate matter easlly, and there will be ne 4irficulty
on their sccount i1f 1t can be ostablished that no nsubrone
induced reactions ocegur in the shielding material,

The conditions discussed in the preceding peragraph
eliowod the spectrum to extend as low as 1 Yev, The upper
1imit of .51 Yeov was eatablished by the ALrficulty of malne
taining instrumentsl stabllity over the long counting ine
tervals required for good statistles. ?ru&tmiﬂ&vx chacks
sbove ,51 Mev showed very low counting rates, and ne prome
inent features on the speoctrum,
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CHAPTER 11
IHSTRUMENTATION

The de-szeitation genme rays were detected, and the
oemnrgios determined by single-chanmel scintillation spece
trometere, The counting interval was determined by s neubtron
monitors Filogure 2 shows Sthe instrumentation in bloek form,
with the components llsted in Table 11, Figure 7 shows the de-
tector heads conplating of the crystals with their photoe
multipliers and presmplifiers, the lowermost of whieh is
the monitor, The detectar head mssombly was susvended as
shown in Pigure 8, in which the tarzet has been replasced
by a glass plate, A leoad sheet whiosh hung between the
dotectors and target has been omitted from this photopraph.
The use of thils shield was later discontinued ss will be
explained later,

The single-channel pulse analygers wers oporated with
& counting channel width of cne volt and the gain set to
give an enorgy calibration of 42 V = 0,51 Mev, It was oone
sidered advisable to have the same callibration in order to
obtain epproximately the same resolution on both channels,
and to allow rapid comparison when taking the sodium end
ceslium spectra simultansously., Fecsuse of a difference in

6
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the pulse heolghts from the twe crystals, snd a fallure of
the amplifier gain ranges to overlap, this was the only
setting wheve the enerry calibration on both channels would
be the same, The improvements in resolution whieh might be
sxpected at hﬁgﬁar gaine were not obbalned becsuse of
amplifier instability. The amplifiers were set fopr delaye
line elipping produsing a squers pulse of one microsecond
duration, Resolution of the 0,66 Mey Cgto! poak waz 10 per
sant,

The monitor awplifier wee opersted with a bandwidth
petting of 0.1 Mo, Singe ne pulse-heipht anaiyzer was
omployed, the amplifierts diseriminetor output was used,
The amplifier was opsrated at maximum galn so that therve
would be g compearatively wide ranpge betwsen noine snd the
reutron pulses, with the discriminator get in this renge eo
that paln dpift would have 1ittle effect. Bince the noise
was well below the diserimination lewsl, and the mneutron
pulses were well above 1t, an upward drift would merely
saturate the smplifior, This wee of no consequence withe
out pulse-height enelyeis, The moenlitor was checked with
QQ&O and ﬁ&aa
4lso, s opernted, the monitor showed neo response to bome
bardment of @ bare target plete which duplicated sll
oporating condltions exgept rmsubron lux.

The germe channels wers celibreted with Na®e {051 Mov

sources and hed negligible response,

snnihlilation)s A pulse generator wee used to calibrate the



monitor amplifier, the signal being epplied simultaneously

to the previously calibrated gamma channel. The neutron
crystal does not produce a sharp peak, so that celibration

of the detector was not possible for the monitor. However,
it was found that large drifts had no noticeable effect on
the counting rate of the monitor for reasons already stated.
An sutomatic switch activated by the monitor repister stopped

all three channels and the timer after 6l,00 monitor counts.



CHAPTER TIX
BRPERININTAL PROCEDURE

The Tiret prelimingry run was taben without any shilelding
of the detectors from the hlgh-voltage power supply of the
sovelerator, Rackpround completely sbasured the spestrunm
below 0,1 Mev, and 1t was discovered that Xerays Irom the
asoslerator powesr-supply rectiflera were largely responsible,
4 lesd ohleld was hung on the safety soresn surrounding the
high-voltace supply, redusing She background eo that the
gpoctrum could be taken doun o sove snerpy, whevoas the
roglaters had previcusly overloaded at about 0,10 Mev, The
Yerays soamed to have a maximum snargy corresponding b0 the
posk inverse woltage on the rectifisr tube, While Iintense
enpugh to saturate the sointillation vounters, these Xeraye
ware not found %o be dengesrous to pevsonrsl when checked with
an fonisation aw&x meter,

With this shielding, the obsouring effect waes not serious
shove 0,10 Mav but the Xepay peak still appesred both with
and without the sccelorator target, Thie peak obsoured the
region belew 0,10 Mev, The backsround was generally hiph
in this reglon mo that even more shielding would not have ime
proved mattere eppreciably. For this resson speotrs were not
sxtended into this region on subsequent rums.

9
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For the first seriee of spectrs the cosium lodide and
sodiun todide erystals wore used almultansously. The deuw
toron beom was 100 Hev sand callbretions wers made every
hour on the gamms chonnels, Wine ourves were obtalned in
this run., The grestest problem was the prevention of ilnetrue
montel fluctuations since a spectrum from ten volts pulee
helght to fopty-five volts required sbout eight hours, Most
of the curves wore free from sudden shifts, but there were
slow varletions which made normalization lmpossible although
they could nobt gilve rise to spurlous peaks, This series of
rung was made with the lead shield present between targetl
and detectors. The fallure of dropping resistors on the
ascelorator column terminated this serics,

The second series of runs was made with only one gamme
ray channel, After s linearity check with Fbei0 (047 Mev)
revealsd that the Cel channel was nonelisesr, Lt wves removed

ainve the defect was not readily remsdied, Also, ohecks
showed that the shield between target and detector had no
effect, and it was removed, This allowed the single detector
to be pleced more favorebly with respect to ths target, and
slightly higher counting rates were obtalned, The stabillty
and resolution wers lmproved by taking the most reliable

unite frem the two chammels, This series ylelded two complete
curyves and one partial one. An improved beam gave higher
nputron fluxes so that the time required for 4 spectrum was
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reduced to about four hours. The effects of drift were not
noticeable on the curves,

A final run was made with the galin doubled and the
counting chamnel width unchanged in the hope of securing
better resolution. This was not successful, and the curve
was poor due to erratic performance of the emplifier on high
gain (near maximum).

If calibration checks at the beginning and end of a
perlod showed a drift of more than one volt, or if arcs were
obaserved during the period, then the data taken during that
periocd were re jected, It was observed that drifts of several
volts occurred after all but the smallest arcs. Even the use
of a Sola saturable core ﬁvansrarmar and a Sorenson voltage
regulator in series on the power line did not prevent this,
A malfunetion of the lon-source oscilllator concluded the

experiment,



CHAPTER IV
RESULTS AND CORCLUSIONS

A typienl cestium fodide speotrum is shown in Vigure 3.
Thie curve was taken during the second series, A typlieosd
sodium lodide spectrum is showm in Tigure 4, Thie speatrum
was teaken during the flrst run, (Wote thet the Wal orystal
wes on the linear chamnel during thils awria#a) The counting
interval was 6400 neutron oounts, so that the numbers plotted
in these figures are 1/6l of the total counts observed, Stnce
8 velid novsalization procedure could not be found, the curves
wore not ocombined, The prineipsl ceuse of this Aiffieulty in
normeligetion wes the variation of the neutron flux, mhtnﬁv
ellowed the counting interval to vary, admitting e varisble
amount of background, These variations were slow, and &id
not produce peaks, but made 1t impoosible to find & normEle
fzation factor for en entire curve, However, even though

the sbatisties on & single curve are not idesl, it is sipge
nificant to note that the features in Filpgure 3 were defined

on ell Upl curves and no festure not shown appoare on Lwo

curves. The same consideration applies to Figurs 3. Since
the Csl curves from the earlier rung are nonelinsar, thoy
are not included in setusl ealoulations, their enerpgy

12
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calibrations being unsertain, dut they do serve Lo confirm
the existence of the feastures repurted,

The possibility of interference by the neutroneinduced
reactions mentioned in the Introduction can be eliminated
by considering the possible resctlions, Those Iln cenlum sre:

eol33 4 n — 26133 4 ¢ 4 0948 Mev

co?33 4 n — 1130, gl 127 Yev
Any other reactions which are emprgotlioaslly possible would
appoar on both Wal and Cel speoctra and would ceuse no cone
fusion, Both of the resctions ebove have esstivities with
half-1lives long encugh to be sasily observed, snd no such
sebivity was detected,

All features on the curves are talken to be photopeaksy
at the ensrples snd Intenglties encountered 1t e unlikely
that other effects would be promiment,. Only the peak at
23 volt pulee height Iin Figure 3 ie suspeet; 1t i in the
proper position for a Compton edpe from the 33 volt peak,
but if LIt were & Conpton edoe the sodium fodide eurve in
Figure | should show one snd 4t does nob,

The features on the ceslum Llodide spectrum whieh ave
sufficiently woll defined to vequire fdentification are
those at pulse holghte 1.5V, 17V, 23 te 25V, and 30 to LoV,
The sssignment to cosium s on the baesie of comparison éf
the sodium fedide spectrum in Figure L. Trensitions ave
identified by comperison with the known level structure
{Figure 1) and published experiments (Table I),.
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The 14.5 velt peak corresponds $0 6 gamea of 0,175 Mew,
This is taken to be the 0,16 Mev ray reported by othera (L,
6y 9, 10, L) vepresenting the 0,16 Fev leveleground gtate
trensition, DNoth coulomd exeitstion {6) and the present
expariment show & promiment (16 Mev ray, as compared to the
m’*” ptudles, such se that by Creasemarnm et al.(l), where 1%
was faint on converslon spectra, and was completely obsoured
on scintillation spectra, This indicates that the 16 Vev
level is directly excited by nentrons rasher than being fed
by the Wbl Mev level as in Pa " decay.

The peak 8t 17.% volts ie ettributed to {odine, It
corresponds to & 0.2 Yev gemma ray reported by Weolf (15)
and othepe (1, S, 7» 8, 95 11, 13). Wolfl used g sodium
fodide orystsl and 2,5 Mey neutronsi hence a2 similer reeponse
would be expected here, Welfl confirmed this assignment by
the use of a sodlum seatterer which 41d not inorease this
peaks It is interesting to note that in the present exe
periment this peak wes much more promiment on the sodium
todide spectrum, The Cs® iom 1a larger than the Wa* fon,

80 that the cesium fodide orystel contalng fewer lodine

atoms (0,7 times as menyl, This would indleate o rolative
intensity of 0.7 for this rey in CUsl ae compared to Wal whioch
obvicuely does not account for the observed difference, The
responses of the two orystals to other reys in the experiment
and to eslibration sources do not lead ome to expeel sny oueh
difference in intenglity for the 0,20 Yev lodine ray.
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The pesk at 23V {8 attributed to cesium sinee 1t doen
not occur on the Wal sﬁaattum. It i3 taken to be the O.ut
to 0416 Mev transition. The enerpgy of 0,28 Mev obtalned
bere is in excellent agreement with results cbtained by
Crasemann et al (L) who reported conversion electrons from
this ray but did not observe the gemma vay, which is not
listed in the summary by Strominger et al (14). Coulomb
excitation studles by Fepg (6) with L5 Yev alphe particles
' do not reveal this transitlon, However, Fagg does not report
the 4l Mev level et all, It seems reasonable that neutrons
would excite this level more strongly ae results of the
present experiment indleate,

In the repion from 23 to 25 volts pulse height there
is the poesibility of another gamme ray. To render this
peek prominent, 1t 1s neceesary to correct for the effect
of nearby peaks, This 1z done by extrapolating the 17,5 volt
peaks. Reflectlon of the upslope at sbout 17.5 volts gives
e symmetrical pesk. The trough is then extrapolated, and
the difference betuween this and the experimentsl curve is
plotted, This is shown in the insert in Flgure 3, Since
the prominence of the peak is strongly dependent upon the
rether uncertain extrapolation of the trough, it can only
be sald that the presence of e ray here iz possible, 4 ray
of 0430 Mov would be expected here from the known level
structure, and from coulomb-excitation data by Fagz (6),

The presence of this ray would tmply the presence of ﬁ 0438
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Mev ray and vice versa, since the 0.30 ray ies a transition
from the 0,38 Mev level to the 0,08 Mev level. (Because of
the background, nothing can be said about this level from
this experiment.) Wherever the 0.38 Mev level has been found,
the 0.30 Mev ray has also been present (3, 4, 5, 7, 8, 10).
At pulse heights from 30 to 40 volts there occurs a
peak which is too broad to consist of a single gamma ray
peak of any reasonable energy. While no spectra were taken
above this poéint, preliminary checks adequately show that
there 18 no photopeak at higher energy large enough to have
a Compton edge of any size in the region of this peak. It
is therefore assumed that this peak consists of several
gamma-rays. Figure 6 shows this reglon of both the NaIl and
CsI curves. Rays reported in thils region for iodine are .4
Mev (5, 7, 15) and L1 Mev (5)s and for sodium a .440 Mev
12T 1 somewhat confused (5);
the peak on the Nal curve 1s, however, safely attributed to
the .4 Mev iodine and the .440 Mev sodium rays. Wolf (15),

ray. The level structure of I

in an almost ldentical experiment, confirmed this assignment
by using a Nal crystal with and without a sodium scatterer,
Also, experiments with O -~ 2.7 Mev neutrons and an lodine
scatterer (7, 11) fall to show the .446 iodine ray. In-
spection of Figure © indicates a ray in CsI at an energy
slightly below .4 Mev, since the (sl peak is displaced toward
lower energy. This could well be the .38 Mev cesium ray. A

small ceslum ray at about .44 Mev is required to explain the
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peak observad, The AL Mev coslum lovel has not been obe
seyved to decay to the ground state dlrestly, end on the
sasis of tentatively sssipgned spins (I, 8) would not be oxe
peoted to do so., However, as will be explained laber; &
pesk at thls point due to ceslum ls possible.

It 18 of interest Lo compare the relabtive prominence
of the rays here and i{n obther experimente, Comperlson of
this experimont, end that of Fagg (&) with the Bal33 study
by Crasemann &t al. (L) shows that both slpha particles and
neubrone exelts the 16 Yev level directly. Also, the
present experiment ehows the 36 Hev trensition (li) abeent,
and the 302 Mev transition, 1f present, much semller than
in ¢ther oxperiments,

S8oma of the dliferences may be explained by the detection
@f‘%ﬁﬁh raye of a esscade, Peoth the b Hev and 38 Hew
levels cassade throagh bhe (00 Wov level, Dince these rays
seipinate in the oryutal, Loth must pass through part of the
erystel, Since the debection elflslency 1s high fer the 0B
¥av ray {7V 3D per cent), in many casss both paye may be
deteviod alowllanecusly with the repulbd that thelr pulses add,
Bueh an effect will result in some of the 30 Moy peak belng
ghifted to the .38 Yev peak, Likewlae, pert of the .36 Yev
rays wlll appent in the 4l Yev poak, The Jh Mev cescade
could ascount for ithe weal J5 Yev peask which 18 required to
ezplain the Peabure in the 30«40 wolt region in Flpure 3. In
any case, the .38 and Lk Mov lsvels do not appoar o be
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strongly exclted by neutron borbardment, in contrast to the
decay of Bal33 to the JY and ,38 Mev levels where the ,3(
Mev ray is prominent (}4), and coulomb exéitation (6), whieh
shows a more prominment .30 Mev ray.

S8ince some of the above conclusions are somewhat tentative,
1%t would be of interest to make future studies using coinecidence
techniques and a cesium scatterer, It would be necessary to
reduce the low-energy background since the .08 Mev ray whlch
would be needed for gating 1ls well obscured at present., It
would also be well, if possible, to conduct an investigation

at higher energles to observe the rays reported by Young (16).
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TABLE II

IDENTIFICATION OF COMPONENTS IN FIGURE 2

PM
PA
PPS

LA
PHA

Crystal Harshaw 6D (Gamma)

Natlonal Radiae MFS-2 (monitor)
Photomultiplier DuMont 6292
Freamplifier NTSC Built
Photomultiplier Fower | NTSC Bulilt, Similer to Atomic
Supply* Instruments Mod, 312
Linear Amplifier Atomic Instruments Mod. 218

Pulse Height Analyzer | Atomie Instruments Mod., 510
Scaler
Automatic Switch

Reglster

%Monltor PFS 1s Atomic Instruments Mod, 318,
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: 0.44 Mev
3/2 : 038 ¢
I
]
l
|
t
w2,9/2,0rl1/2 Y 016 C
V2 —3 | 0.081 C
772 y y 0

Levels marked C have been observed by Coulomb excitation

All levels have even parity

Fig.| Energy levels in Cs'33
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