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ABSTRACT

GAMMA RAY SPECTROSCOPY STUDIES OF THE EXCITED
STATES OF ODD PROTON (ODD MASS) NUCLEX
IN THE 2=50-62, N=64-82 REGION
By -
Dwiéﬁt Beecher Beery

.The beta, gamma decay schemes of N&1“1MWV, Ndlagm*g,
Cel37My, Bal33ﬁ: and Bal3MM have been studied in an effort
to acquire information about the energy level systematics
in this region of the table cf nuclides. Ge(Li) ainglés and
Ge(Li)-NhI(Tl) coincidence spectrometers were employed to
identify and establish the sequence of many new gamma ray
transitions. Some significant additions to and changes from
previously proposed schemes are guggested by the data.

Excited levels accommodating 10 gamma rays have beeﬁ
located at 145.4, 1126.8, 1292.5, 1298.4, 1580.0,‘1607.9, and
'mmnmuwwmmmmuwﬁmmmmaamg
in Pr!39 at 113.8, 405.0, 589.2, 916.8, 1074.4, 1311.8, 1328.2,
1405.5, 1449.5, and 1501.2 keV are populated by 30 min Nd1399
while the decay of 5.5-h Nd1397 populates levels at 113.8, 821.9,
828.1, 851.9, 1024.0, 1369.6, 1523.2, 1624.5, 1834.1, 1927.1,
2048.8, 2174.3, and 2196.7 keV. .These tvo gets of states in-
corporate 17 and 38 transitions,‘respectively. The 19 gémma rays
seen in the decay of 34.4-h Cel3™ in equilibrium with 9.0-h

Ce!37d depopulate excited states of Lald? at 10.5, 447.1, 493.1,
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709.1, 762.2, 781.5, 835.4, 926.6, 1004.8, and 1171.9 keV. Of
these levels, only those at 762.2, 835.4, and 1004.8 keV are
popﬁlated directly by Ce!3 and none of these states is pop~
ulated by both isomers. Only one state of Cg!33 w4s seen to
be directly populated by 38.9-h Bsl33 4pq an upper limit of
0.1%2 of the 14.6-min Bal3l™ diaihtegrations is placed on the
direct feeding to high spin states of C3131 with energies

>60 keV. -

Limits on the possible spin assigmments of the states
investiggted have been placed from calculated log ft valqes and .
from the presence of transitions to states with known spins, A
multiplet of six highéspin, odd parity states near 2 MeV in Prl39
is interpreted as a set of three-quasiparticle states. The
multiplet deéay‘pattern suggests the possibility that informa-
tion can be extracted'from these states that is normalli avail~-
able only for lower-iying levels, |

A survey has Seen made of all of the energy state syste~
matics of the low energy levels of odd proton (odd mass) nuclides
in the Z=50-62, N=64-82 region. From these observations, some
predictions and suggestions for future experiments have been made.
The detailed nature of these and the higher-lying states can only

be determined after further experimental data become available.
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CHAPTER I

TNTRODUCTION

A significant measure of our understanding of nucleatr

structure is given by the capability of current nuclear models -

to predict previously unobserved propertigs of nuclei. These

models, in part, are based on experimental observations of

the same nuclear state propertfes. Therefore, an increase

in the quality and quantity of experimental results can aid
both in the testing of available models and in the development
of improved models.

Comparisons of the experimental results reported here
have ﬁeen made with the currently available models. The
latter include the Kisslinger - Sor;nsen model with a ghqrt«
ranged pairing force and a long-ranged quadrupcle intefaction
(1), Wildenthal's calculations using the shell model with
selected configuration nixing (2), and qualitative concept§ '
from the weak-coupling particle~core model (3).

Pastvstudies of radfoactive decay, in conjunction with
nuclear reaction work, have played basic end complementary

roles in advancing our current understanding of muclear struc-

ture. The investigations included in this thesis are intended

to extend and improve some of the information acquired from

radioactive decay by means of beta and gamma ray spectroscopy.




During the past several years, mény experimental studies
have been undertaken of the beta and gamma ray decay.schemes of
odd ﬁroton odd mass neutron deficient nuclei lying in the 50<7<62,

64<N<82 region of the tablé of nuclides (4~6). In general, these
studies characterize the daughter states as fully as possible by
combining their decay schemas with the results of available re-
action studies and'pther experimental results and theofetical
. predictions from the literature. '

The "magic numbexs" of 50 protons and 82 neutrons correQ
spond to tightly bound or spherical nuclei. In this region the
available shell model,states 1n the approximate order of fill-
ing are 9725 ds/z’ 81/2, h11/2’ and d3/2._ Far from these in-
ert nucleon cores a permanently deformed region is expected.

The transitional regilon between the spherical and deformed re-~
glons appears to be characterized by more and lower energy states
which suggeat'a softer nucleus. Within this region the line of

' 1 7
B-stability runs roughly through . Sb'21, 1127, 5508123, o,

1
and 59Prlg;. These stable nuclei have a nearly ideal location for
probing this transitional region with radiocactive nuclet produced
by the (p,xn) and (He®,:n) reactions employed 1n this study.
Evidence of considerable experimental and theoretical in-
terest in the region selected for this‘investigation is geen in
current reference compilations (4-6). Recent beta and gamma ray

spectroscopy studies performed at Michigan State University (7-15)

have played a central role in the acquisition of the currently



acéepted experimental data on odd wmass antimony and fodine energy
level structure. One curious result of these investigations has
been the observation of & very smooth systematic trend (i.e. quad-
ratic) in energy of four low~lying states of spins 7/2+, 5/2+,
3/2%, and 1/2% in both the odd mass antimony and {odine isotopes
(7,15). It is of interest to see if this smooth trend exists

in the odd mass neutron deficient cesium, lathanum, and

~ praseodymium nuclides. '

Just below the 82 neutron shell are seen many systematic
examples of h11/2~4d3/2 neutron isomerism. Some of these isomers
and ground state decays might be expeéted to populate levels with
spins ranging from 1/2 to 15/2. These many levels near a closed
shell might then be interpreted in relatively tractable shell
'model-terms.

The selection of specific nuclides within the region of
interest was initfated by sufficiency requirements for available
energy for electron~capture, half-life, and feasibility of scurce
production and chemical separation. A determination of the current
state of experimental and theorecicai studies from available pub-
lications was also an important aarly'stage of the gelection pro-
cess.

-In this study, the ipvestigations of the‘beta‘and'gamﬁa
ray decays of Baldlm, na133fﬁ, Celd37mtg  Nalllmtg gnd N4l 3%mg
by means of gamma ray spectroséopy are reported. Aubrief stud&‘

of systematic trends in this iegion of the_periodic table suggests



several patterns which will be interest;ng to compare with pre-
dictions of future nuclear models. |

| During the course of this study, other decay schemes (e.g.
Prl39 and Prl%0) were investigated in detail in order to verify
that the low intensity gamma rays were assigned to the correct
nuclide. The results of these studies are published elsewhere
(16,17) and are not included in this thesis.

Chapter II describes in a general way some of tﬁe ex-
perimental apparatus and several of the methods of gamma ray
spectroscopy empldyed in the present investigation. Emphasis
is placed on methods used most recently to significantly increase
the amounts and quality of data which can be obtained and analyzed
in a giveﬁ time. interval. Also, a sequence of 14 steps used to
establish important features of positron and electrom capture de~
cay schemes is outlined.

Chapter TIII describes the experimental results obtained.
Following Ndl1*1g decay, six new gamma rays were discovered and
placed in a decay écheme containing thfee new Pri*l excited
states. From the Nd!39mMYy decay scheme study, 72 gemma rays were
observed and 22 excited states (14 new) were placed in Prl?9, &
set of six states ﬁetween 1.6 and 2.2 MeV are interpreted as mem~
bers of a high spin odd-parity three-quasiparticle mulﬁiplgt hav-
ing the»(md5/2)(vd;,2)‘1(vhlllz)‘l configurati#na Gamma ray
studies of the decays of Bald3m, Bal3Im_ gnq cel3’™yg, grq also

described. A new high-spin state of Cs!33, the first measurement
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of two intense gamma rays foilowing Bal3lM yith a Ge(Li) de-
tector, and an energy level scheme for La!37 which includes
ten excited stales are among the results obtained.

| In Chapter IV the systematic hehavior of some of the
nuclear properéies in the region are discussed. Here also,
some characteristic properties of the interesting three-'

quasiparticle multiplets in Pr!3% are summarized.



CHAPTER IX
EXPERTMENTAL APPARATUS AND METHODS

The gt/c decay schemes constructed during this investi~
gatlion used both standggd and new techniques of gamma ray spec-
troscopy. Section 2.1 describes in a general way the apparatus A
in current use at Michigan State Univ&fsity for gamma ray meas-
urements, including a somewhat more detailed deseription of a
multiparameter coincidence system deveIOped during the course
of the present study. In section 2.2 some general methods used
to analyze data are outlined. Section 2.3 ouﬁlines the pattern
of operations used in the present study to construct parts of
each nuclear decay gscheme with the aid of the anal&zed data.
The descriptions of the production and chemical separations
that were used for the several different nuclides are deferred
. to Chapter III where they are included with a discussion of

experimental results,

2.1, The Gawma Ray Spectrometer

fhe process of data accumuletion by gamma ray spectrom~
aters ig becoming increasiﬁgly efficientaand at the same time
the quality of the data ig 1hproving. This progress is aided .
by the rapi&ly improving technology involved in the manufacture -
of larger Ge(L1) detectors, amplifier-preamplifier gystems with

Improved performance characteristics (e.g., higher‘resolution),

6



§aster and more stable analog—tp—digital converters (ADC), ana-
lyzers with larger memories, more.fiekibie'and more sophisticated
ADc—éomputef interfacing, and increasing computer memory. This
section deséribeg séme significant geperal charactegistics of the
gamma ray spectrometers émployéd in this study for singles‘and
_coincidence experiments. Special purpose applications of the

‘apparatus are diecugsed in Chapter IIL.

é;i.l. S;gg}gs Experiments

The basic components of the singles gamma Yay spectramn'
eter used in the present study were:. a) A 7-cm3 Ge(Li) detector
(18) cooled to liquid nitrogen temperature (77°K), b) a room tem~
perature FET preamplifier and high-voltage supply, ¢) a pulse
shaping amplifier with pole-zé:o compensation, d) an analog-to-
digital converter (ADC) and multi-channel analyzer (MCA), and
e) a data readout system. The performance of a given spectrom-
eter was limited by its weakest 1ink, which could not be isolated
to a single cqmpoﬁent in all cases but.depénded upon each exper-
iment and its pbjectives. For examplé, wvhere gamma ray energ;es
29-MeV were measured, the aumber of channels im the MCA was some~
times the weakest link. Or, low detector efficiency ﬁou}d obscure
the full-energy peaks correspbnding to gamma rays with'vety low
intensity. A common ltmitaéion on gamma ray energy resolutién was |
introduced by the performance of the preamplifier—amplifier gystem,

For a given set of availaﬁle components, a‘balance normally

was required between competing parameters to optimize spectrometer



performance. A few of the many typical examples of competiﬁg
parameters ate listed below. If the potéﬁtiél difference applied
to the Ge(Li) detector was too low, incomplete charge collection.
would occur, but too high a potential led to breakdown and in-
‘creased noise. Too low a counting rate could sometimes produce
videned peaks because of.iong term instabil;ty.of the electronics,
but too high a counting rate could cause pulse pileup, again
_bgqfdehing the péak. This balance was especially important for
the detection of weak photons in the presence of a continuocus
background. Other optimizations employed included those between
small and 1érge numBers of MCA channels, short and long shaping
" amplifier time coustants, high and low amplifier gains, and be-
tween a latge and small number of measurements of gémma ray ener-
gles and intensities. ‘

The gamma ray singles spectrometer resolution achieved
with Ge(Li) detectors exceedéd that obtained with Nal(Tl) scin-
tillation counters by factors of ZiO. Puring the bresent astudy,
the Ge(Li) detectors were used excluéively for eingles gamma ray

energy and intensity measurements.

2.1.2.. Coincidence Experiments

-

All but one of 41 excited nuclear states seen to be pop-
ulated by 8*,e decay in the course of this study are suggested to
have lifetimes <<100 nanoseconds (ms). It was thus found useful
to employ two or three singles spectrometérs in different coin- |

cidence configurations to perform anti-coincidence, prompt~coin-



cidence, and delayed-coincidence experiments.. Thé standard pat-
‘tern of experiments employed in the course of the decay scheme
studiés described in Chapter III was: a) singles speétrum, b) anti-
coincidence spectrum, and c) coinéidence gpectra. Within these
three very general categories of expefiments, many gpecial purposé
experiments were suggestis by uni@ue features of each particular
decay scheme undexr investigation. The study of N 1™ gecay de-
“qp%§bed in section 3.1 1llustrates the "classical" pattern of ex-
periments, whereas the Ngl3om study in section 3.2 represents a
study with many unexpected features and a wider range of different
experiments.

Anti~-coincidence and many prompt-coincidence experiments
were performed with Ge(Li) detectors inside a split-ring NaI(T1)
annulus as described below in section 2,1,2.A., Other proumpt and
delayed coincidence experiments were performed with Ge(Li) detectors
orifented at 90° from a 3-in. x 3-in, NaI(Tl) detector with the ra-
dioactive source under investigation at the apex of the angle. These
experiments are outlined ;n section 2.1.2.B.

During the study of Nd139" decay, the cyclotron and coinci~
dence photon spectrometer were required on ten separate occasions
§egween Maxch, 1968, end Septémber, 1968, for Intervals of =24 hours.
This iarge éxpenditure of tige for coincideunce measurements, which
essentiélly differed only iﬁ the energy regions gated by the Nai(Tl)»
detectorAapectrometers, suggested the development of a mﬁltiparam-

eter coincidence systenm. This system stores on magnetic tape the
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pair of ch#nnel numbers corresponding to each coincidence event
in each detector. The tapes are later scanned with the aid of &
compufer program in order to extract the cq}ncidence data. A
muitiparameter coincidence apparatus that was devéioped during the

course of these investigations is described in section 2.1.2.C.

. - . .
2.1.2.A, —-Split-Ring NaI(T1l) Annulus -- Ge(Li) Spectrometer--

Several specific applications of the split-ring 8-in. x
8-in. Nal(Tl) annulus vé. Gé(Li) gamma ray spectrometer are described
and suggested in reference 19. In the present study, the anti~coin-
cidence application with the radioactive sources placed inside the
annulus tunvel and on top of the Ge(lLi) detector was found to be
the most useful of the configurations.suggested in reference 19. In
this configuration it was possible to obtain convenient and signif-
icant reductions of the Compton édges caused by backscattering in
the active region of the Ge(Li) detector. lThia was done with the
aid of an additional 3-in. x 3*1n.;NaI(T1) anti~coincidence de-
tector placed in the annulus tumnel opposite the Ge(Li) detector.

‘An esseéntial féature of spectra taken with the anti-coineci-
dence.spectiometer was the ephancement of the primﬁrily electron-
capture~-fed gamma ray ttansifions to tha'grouﬁd states of nuclei.
That 13; gamma rays which are not detectéd;by.oue detector of the
coincidence epectromet;r within the coincidence resolving time
" (usually <100 ns) of the»detecﬁion of a phdton in the other de-
tector were enhanced typically by factors of 2 to 10 over ratlos

seen in siungles experiments with respect to bther»photons.
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One might Suspecﬁ that the anti—cpincidence spectrometer
woul@ necessarily make the gamma rays involved in'casca&es diffi-
cult‘fo detect. However, the effect of Compton:background reduc~
tion can sometimes outweigh the cascading photon full-energy peak
intensity reduction. For example, compare the 145.4- and 981.3~
keV full-energy peaks in Figure 1 (singles) with the correspond-
ing peaks in Figure 2 (anti—coincidencg with the configuration
described above). A definite "peak/background” enhancement is
seen in Figure 2 even though the 145.4— and 981.3~keV gamma rays
of ¥al¥! are in cascade. A quantitaiive explanation of this |
echancement would require consideratfon of the numbers and kinds
of contribuﬁions'to the Compton background. However, the pres-
ence of a scattered photon associated with each count in the
Compton distribution of the spectrum taken with the Ge(Li) de-

" tector suggests a partial.explanatién. The Compton scattered
photon of even a primarily eiectronrcAPturemfed ground state
transition gamma ray can be picked up by a NaI(T1l) detector, and,
undistinguished from a coincident photon, trigéer the antincoin- :
cidence circuit, Thus a backgroun& count can be removed by a
" ptoceaé which is not associated with ihe proénction of a full-
a@ergy peak. i ‘.

| Both integfal~ andugated-coinciﬁence-experimeﬁts were
also performed with this spectrometer. Thn‘effedts of summing of
coincident fhoton pulses in the annulus were removed to first

approximation by'comparihg speétra taken with adjacent gates.
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- Fig. 2. Nd!*! anti-coincidence spectrum. Note the larger

peak/background ratios for the 145.4- and 981.3-keV
full-energy peaks here as compared with the corres-.
ponding ratios in Figure 1. The text explains quali~
tatively how this can happen even though the 145.4~
end 981.3~keV gammas are in cascade with each other. -

It 48 noted that “anti-Compton" usually implies place~

ment of the radicactive source outside the annulus -
and "anti-coincidence” most commonly suggests an in- .

" ternal location of the source. This distinction is

not employed here.
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2.1.2.B;~~3~in. X 3~in, NaI(T1)-Ge(Li) Spectrometer—-

Somewhat cleaner coincidence spectra were obtained by the use
of 3;3—1n. x'3~in. NaI(Tl) detector gated gamma ray spectrom~
eter. The smaller NaI(Tl) detectoi has the advantages of higher
resolutfon (8% rather than 10%~for.the 661-keV gamma ray of Cal??)
and reduced summing. = | |
- This pﬁoton coincidence specirdmeter vas employed‘for a
 very useful delayed-coincidence run described in section 3.2.3.C.
A 200-ps delay in one branch of the coincidence circuit enhanced
several full energy peaks by two orders of magnitude with respect
- to peaks involved in prompt coincidences. The enhancement 1is due
to the fact the gamma rays populated a state that was found to de-
cay with a 40-ns half-life.
In addition to its use in prompt coincidences where
© gource intensity was not a significhnt}limitatxon, the 3~1n; X 3-in.
NaI(T1)-7-cn® Ge(Li) spectrometer was used for ﬁultipafsmeter'coin~

. cidence experiments as described in the following section.

2.1,2.0.—«Multiparametér Ge(L1)-Nal(Tl) Spectrometer--In

the conventional coincidence experiments described in the previoﬁa'
section, signals from the Ge(lL1i) detector (only) are recorded if |
certain coincidence réquirementa are satisfied, Sepaiate coin~-
cidence experiinents are reqﬁ1red for each set of pulse height re-
quirements placed on output signals from the NaX{T1) electronica
which trigger the coincidence circuit. Each convantional coin— ‘

_eidence experiment exploys two detectors, a ccmsiderable cbllecn
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tion of electronics, and many man-hours in order to assemble

and operate thé #pparatua and analyze the data. The only basic
paraﬁete; change from one prowmpt coincidence ekperiment‘to the
next in the study of a pafticular decay’acﬁeme is the single
channel pulse height analyzér window chosen. .Hnwever,‘since the’
experiments were usually éonduéted at intervals of one week or
more, the spectrum energy calibrations changed and each analysis
‘of -data had to be conducted independently. In additionm, eacﬁ
coincidence experiment required additional Accelerator t;me t&
prepare the radioactivity.

Cne way to remove the massive duplication imvolved imn
these éxperimenté is to record the signals from both detectors
following each fast-coincidence event. It would not be prac-
tical to_stdre each ordered-pair of channel numbers in sep~

" arate computer locations since >105’10cationsvwou1d be re-
quired for even an array of 102AXI024.channels.. However, 1f
esch ordered pair of channel numbers would be written on magnetic
tape ﬁiﬁh the aid of dedicated‘bﬁffer'sﬁorage of 240 events,
£2000 eventslséc_coul& be,recorded‘with no deadtime beyond the
ADC (20). |

Near the end of the present study, such a system was de-
veloped with the aid of a dual 4096-channel ADC intefféced-to an
SDS SIGMA-7 ;ﬁmputer and magnetic tspe readout. Typical}y, 20 |
coincidence events/sec are recorded fog 15 houré wheréupon-one

2400 foot tape is fille& with 1.1x10°% events. A computer pro-
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gram, EVENT RECORDER, was written in order to extract coinci-
dence data from the magnetic tape, Only ten minutes is required
to séén the éntire tape, pﬁnch-out and print-out one to five
4096-channel spectra of data, and rewind the iape.

The sequence of operations at the end of a wultiparam-
eter coincidence experiment was: a) Scan the tape for the inte-
gral coincidence spectrum obtained from eachvdétector, b) éhoose
: éates from each spectrum judiciously with or without background
cubtragtion, c) scan the tape for the gated coincidence spectré,
and d) analyze the.data, noting that ea;h spectrum displaying
the Ge(li) detector data has the same gain. An application of
this powerful tool was employed, in the present study, only to
the 30-min N413% decay. The results are described in section
3.2.6.B,

Future applications and development of the mﬁltiparameter
coincidence spectrometer may bé-expected to increase the gfficiency
of decay scheme studies at Michigan State significantly. A Ge(Li)-
Ge(L1i) multiparameter gpectrometer is presently in use, and future
developmeﬂts may’inclﬁde triple-coihcidence and anti-coincidence-
coinci&euce expetimenta, delayed-coincidence experiments Qith‘cime
as one of.three parameters, and experiments with other combina-
tfons of three or more parameters which would be recorded on mag>
netic tape and removed later. A primary-weakneés.of the‘cufrent
system is that it is not easily monitoted; Monitoring has been
accompliehed ﬁo date with a separate MCA and scaler to count all

of the coincident events.
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2.2. Data Analysis

Rapid advances in many aspedta of experimental nuclear:
SpécfroscOpy have resulted in a significant increase in the rate
of data accumulation during the coﬁrse-of this study. For ex-
ample,llong-lived sources from Oak Ridge have been replaced by .
short-lived sources from the Michigan St#te Uﬁiveraity sector-
focused cyclotron; 4-keV FWHM resolution of Ge(Li) detector
gyatems have been replaced by spectrométera with 2-keV FWHM res~
olution, and 1024 channel analyzers have been replaced in our
gamma ray spectrometers with 4096 channel analyzers and 8092
channel ADC's coupled to the Sigma-7 and PDP-9 computers.

Hbsﬁ of the data analyﬁis in the present study was
carried out on the Michigan State Universit} Cyclétron Laboratory
SDS SIGMA~7 computer with FORTRAN programs written or adapted
for this computer. Brief and géhetal descriptions of the gamma
ray energy and intensity measurements, x-ray and annthilation
photon weasurements, énd the analysis of the gamma-gamma c&in—
cidence spectra are given below. Discussions related to the
special charqcteriatics of individual'eiperiments are given in

Chapter III.

2.2.1. Gamma Energy and Intensity‘neaéurements.

The centroids and areas of photon specﬁra peaks were
determined following the subtraction of linear or cubic inter-
polated backgrounds. The computations were performed with the

81d of the MOIRAE program, written in machine language for the
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SIGMA-7 cdmputer by R. Au., The ﬁajof functions of this program
are found in the MIKIMAUS program origiﬁally intten by G. Berzins
and outlined in Appendix D of reference 21.

A,significant feature of the MOIRAE program is that it is
operated on~line with the SIGMA-7 computer and allows a more rapid
analysis than did earlier methods.

‘Gemmz ray energy measurementé were made by first computing
least squares quadratic calibration equaﬁions from centroid channel
numbéfs of well-known atandard energies and then computing thg en-
erglies of "unknown" gammas from their measured centroids. Rough en-
ergy ;pproximations (1 keV) were made froﬁ "external” calibrations
taken in'successiﬁe measurements of calib:ation, unknown, and cal-
ibration sources. Serious energy measurements (%30.2 keV) were
made from "internal" calibrations taken by aimultaﬁeously'counting
the unknown and standard calibration sources.

The choice of standard’calibration gources and how they
are employed are significant factors in gamms energy measurements.
Ideally ome wnuld'like standards tﬁat emit only the gamma rays.
actually used aa'standﬁrds and a small number of them because the
‘spectrai.diatribution of the calibration photons often obscures
other pbctoﬁ p;aks of interest. On the other hand, many good cal~ -
{bration points are useful in order to establish a relisble éali-
bration curve. ) | _

Gauma ray relative {ntensities were established with the

eid of a detector efficiency versus photon energy curve for energies
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renging from 30-keV to 3-MeV, A 1inee: reletionship between the
log of the ish'full enetgy peak efficiency (effi) and the log of
the isb-photon ehergy (E ) between"lso-kev and 53-MeV was ob-
served for each detector to within experimental uncerrainties.
:'This dependence (eff /eff = (E /E )1 64 for the 7-cm3 detector)

was employed in the "MDIRAE E(I)" computer program.

2.2.2. Double and Single Escape Peaks

" Double and single escape peaks were used to check the
energies of full-energy peaks and their intensities. Their en~
ergies are 1022 0— and 511.0~keV respectively below the corre—
sponding full—energy peak and the intens?ties were derived from
empirical efficiency curves. Recent evidence (22) suggests that
‘ the energy differences may need to be corrected by a "fleld in-
crement effect" factor depending on the detector—source geometry
and the electric fleld in the detector created by the diode bias.
vcltage. This correction was negligible. (<O 1-keV) for the ex-
'perimental conditions of the present study. In particular, the
‘electric fields produced by the detector biaseswere:clatively low,
Both double and single escape peaks are depressed by anti-coin~
cidence runs, enhanced in 511-keV annihilation photon gated coin—
i cidence experiments, and characterized in singles spectra by the
lack of Compton edges. A careful consideration of these charac~
teristics was necessary end useful in tﬁe'proceSS.of.data'

enalysis.
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2.2,3, X-Ray and Amnnihilation Photoﬁ Measurements

X x-rays accompanied 84 fo 90% of the decay processes of
elec;ron capture ‘and internal con#ersioﬁ in nuclei with 5052560‘(23).
With measured X x-ray intensities and measured K-fluorescent yields
(the latter are tabﬁlated on page 570 of reference 6 as a function
of daughter Z), a rough check can be obtained on proposed dééay
schemes ‘and elements piesent'in a given spectrum.

" Since almost every positron emission event is follawed by
© an annihilation process‘inyolving two 511,0~-keV annihilation photons,
it ig.commonly feasible to determine groﬁnd gtate beta branching
ratios with the aid of the intensity of the annihilation éhotoﬁs,as
described in section 2.3. To eliminaté the possibility of the pos-
itrons penetrating into the detectors and to allow studies to be
méde on the total positron anuihilation, copper absorbers were

placed around the samples during some of the counting intervals.

2.2.4.‘ Gamma-Gamma Coincidence Spectra

Chance coincidence rates were maintained below 1/10 of
the rate of true coincidences at all times. The Compton diétribu—
tion underlying the full emergy peaks of interest in a coinci-.
dence gate can contribute significantly to coincidence spectra. To
rgmove this effect to first order, spectra in coincidence with the
Compton background in adjac;nt gates were compared. In the multi~
parameter coincidence experiments referred to in section 2.1.2.C
 the subtraction of weighted gpectra taken with adjahent gates can

be performed as the magnetic tape is scanned.
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A major wealness of Ge(Lij;ﬂéI(T15 phdtﬁi‘;oinétﬁénée
spectrometers is the poor resolufion of the NaI(Tl) detector.
The Qae of Ge(Li)*Ge(Li) coincidence spectrometers has been se~
veréiy restricted becausa of the limitations introduced by low ..
detector efficiency. However, this restrictibn 1s decreasiag 1n‘
this labofatory as the large Ge(Li) detectors required for ade-

quate full-energy peak efficiency become more readily available.

2.3, Decay Scheme Construction.

A puclear decay scheme presents significant results of
experimental studies. In the present investigation these téaul;a
1nc1udé the eneréiés, aﬁing, parities, and half-lives of the
states, the disintegr#tionveﬂergy for electron-capture, the gamma
and beta transition intensities, the gamma decay multipolarities,

~and the log ft values for Betaidecai to_each state. Thevmethods’
used to construct‘decéy schemes are so varied that a new pattern
‘must be devised in the process of studying each individual decay.
Abundant evidence of.this is seen in Chapter III as eight decay
schemes are describad in eight quite different sequences.

The location of states gaj]bé augggsted initially by
gamma energy sums, anti~coincidence data, prompt coincidence data,
delayed coincidence data, gamma ray relative intensities, or other
p;rameters; Theseuparameteéé become more difficult to translate
ioto a consistent systeﬁ of eﬁérgy levels as the number of gamma
rays 1ncreaaes; | |

After the energy levels are established, the determination

i
1
‘
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of the gamma and beta transition ineenaitiee and the 1log ft values
i3 a- fairly routine operation involving a rather long eequence of
operationa. Thus, it lends itself readily to computer analysis.
Tentative values of theae latter parametera were commonly useful
in the process of updating partial deﬂay schenes, For these rea-.
sons and in order to reduce decay scheme conatruction time and
mumerical errors, a computer program called DECAY SCHEME hns been
written,

The aequence of operations used to perform these "routine®
sspects of the decay echeme.conatructianrwas suggeated by data
derived from many different experiments; It was independent of _
the order in which the expériments were performed. Therefore, an

understanding of this sequence is a prerequieite to an understand-

. ing of the calculation of gamma and beta‘transition 1ntensities and

lot ft values. This sequence, descfibed'belaw, is not entirely in-
corporated into the current version of the DECAY SCHEME computer

progrem,.§ht it was employed in full as part of the construction

of each of the decay schemes diseussed in Ch&bter III. Por these:

Teasons, thia chapter concludes with @ list of steps which dut~. :
lines briefly the pattern of operations used in the Present study

to derive the gamma and beta transitiou intensities and the log ft. -

‘values from the remainder of each decay echeme and the fullvenergy '

pask areas after the emergy lavels had been establiahed.
1) Calculate the relative photon intensities I from I = A/(eff)
vhere 4 = net full«euergy peak area in a singles run and

eff = relative efficiency of the Ge(Li)-detector employed at



2)

3)

4)

5)

6)

23

the energy of the photon of interest. If absorbers are
employed for special purpose runs, eff is reduced by a
factor given by reference 23 as a function of the energy of

the photon, and of the .thickneas, density, and atomic num-

ber (Z) of the Qbsorb;:.

If reiiable direct measurements are not available, calcu~
late the'internal conversion coefficients by least-squareg
fits of calculated conversion coefficients tabulated in the
current literature (24) as.a function of‘gamﬁa-ray energy,

Z of the nucleus in question, and a ﬁeasured or assumed
mu}tipolérity. |

Calculate the total transition relative intensities I, =
I(1+&£ot),where atot = total internal conversion coefficient.
Calculate the total beta~feeding relative intensity ;b g
E(Te) put ‘Z(it)in for decay to each excited daughter state,
where 2(It)out(in) z sum of all total transition intensities
depopulating (populating) the excited state.

Tabulate qKIB+ ratios for degdy to each daﬁghter state (from
Figure'B on page 575 of :eferencevﬁ) as a function of the
paient nucleus Z and the positron endéoint energy. eg 2 K.
electronrcapture trangition probability and g* = positron
emiasiocn transition probability fo; the competing modes of
beta decay to e#ch daughter state. | |

QAlculate EXIetot’for‘the decay to each daughter state as

a function of Z of the daughter nucleus, the total energy of |
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8)

9)

10)

11)

24

the capture transition, and the binding energies of ‘the |

K and LI shells of the daughter nucleus, where et ¢ 5 total

electronwcapture transition probability. The theoretical
values for the ratios of the relative intensities of K,

LI, DII’ IfI’ And M4N++++ capture are given in the formulas

and graph of page 576 of referenqe 6.

Calculate e /B% for decay to each daughter state from the

= results of steps 5 and 6 sbove.

Calculate LIgt = 4 51p Where IIgh = sum of all positren
relative intensities and'Isll Z relative intensity of the

511.0-keV annihilation photons measured with total

snnihilation.

Calculate Il -( /m )Ll chhGrQ zIkED = sum of all X
electron-capture relative intensities, IkX'E X x-ray relative.
intensity (see step 1), XIC = z gum of all X 1nternal-con~
varsion telative intensities (see steps 1 and 2), and’ wK
waluorescent yield, or fraction of K-vacancies which give
rise to X x-rays, as listed on page 570 of reference 6 as
a function of Z of the parent isotope.

Caiculhte the total beta-feeding relative intemsity to the
IB ), vhere

ground state of the daughter from I, = f3+ (Tte

B tot
each quantity refers here to the ground state betandecay

alaone.

Set N = 100/(zI +Im); vhere EI, = sum of all beta-decay re-

~ lative 1ntensities of the. parent decay and I, = total



12)

J13)

14)
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transition relative intensity of an isomeric parent to

(a) lower state(s) of the parent. ¥ = normalization con-
stant which converts each of the above relative 1ntensit1¢é
into percent of the potal parent disintegrations.

Apply steps 7 and 11 to steps 4 and 10 in order to deter-
mine the percént of parent beta decay. populating each
daughter state by g+ and et N decay individually.

Calculate QKi = QK -E for each daughter 8tate where QKi
available energy for X electron capture to the iEE.daughter
state, QKe £ available energy for K electron capture to the
daughter groun& state (tabulated in reference 6), and Ei is
the energy of the 1th state,

Calculate log (ft) = log {f;t) + log C + & log (ft) for
beta decay to each daughter state, where log f‘t is a
function of Qi and the partial half-]11fe of the decay, log
C 1s a function of Z of the parent, and A log ft is a func-
tion of the fracgion of parent'disintegrationa which proceed
by X electron caﬁture'decay to the daughter state of interest.
This calculation is clearly described on page 574 of ref-

erence 6 which includes graphs of each of.thése functiogs.



' CHAPTER III
EXPERIMENTAL RESULTS

3.1. Decay Schemes of Nd!%ld and Nal*1m

3.1.1, Introduction

‘S8ince the first production éf'Ndl“l in 1937 by Pool and

Quill (25), who used fast neutrons to induce the Ndl“Z(n,2n)

Nd”‘.1 reaction, this nuclide has been produced by s number of
reactions involving thg use of protons, &euterons, alphs parti-
cles, and photons as frojectiles (4-6) . Similarly, there haﬁe

been various more or less successful studies ofjits decay

acheme (4-6). Among the more complete gammé ?ay spectrascopic
studies that utilizéd only NaI(T1) detectors (26~29), however,
there exist some seriousﬂdiscrepauéies. Aiao, in none of these
studfes are more than three Pri*l excited staﬁes reported, whereas,
as a result of the study of inelastically scattered deuterons on
Prl%l, Cohen and Price (30) have reported levels at 140,.1146, 1300,

1500, and 1630;kev, with additional.ievels at 1800 keV and higher
| anergiés. Some Qtudies on inelastically scattered neutrons (31)
and Nl“—induce§ Coulomb excitation (32), althoﬁgh with poorer
rESolution, have aiso indicated the existence of a mumber of levels

starting in the viciﬁity of 1 MeV. In the only,ptevionq published"

26 c ~
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work ou Nd!*! decay utilizing Ge(L1) detectors;‘Koéhler.and Grissom
(33), using a very small detector, report only fgur gamma rays, de-
pqpulating the first three of the excited‘states reported by Cohen
sod Price, o | ' |

' Since the energy for Nd!*! electron~capture decay {s 1800
keV (28,34), one might expect eﬁme”of the other higher-lying PrI”?_
ievgls ;lao to be popu;atgd from its decay. For this reason an@
because of the discrepancies aﬁong the earlier studies, it was felt
that a re~investigation of Nd!%! decay was in order. Nal*1 has
been produced by the relatively clean Prl“!(p,m)Nd!%! reaction.
Ge(Li) and NaI(T1) detectors were used in singles, coinciéb@ce, and
anti-coincidence configurations to study its gemms rays. Addition-
ally, es no specific rare-esrth chemical separations had been per-
formed on the targets in any of the previous ﬁork, Nd was separated
chemically from the other rare earths in order to insure that the
activities which were observed came from a Nd isotope., Six new
gaﬁma rays were found as é result of these studies. Thése csn be
fitted into a decay schege that includes the population of three
. additional excited states in Pr!*l, The decay of the short~lived
Na1%Y% geomer (35,36) was also investigated to see if it might de- "
cay directly to high~apiﬁ states {n Prl’l; fhéliesults‘allcw an
ufper limit of 0,13 of the total N4l4im disiﬁcegrations.to-ba

placed on any'direct'populatiou of such levels,

‘3.1.2. Source Preparation .

The Nd!“! gources were prepered by bowbarding 99.97% pure
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‘Przbgiﬂith 9 MeV protons from ihé'nichigan State University ;ector-
focuged cyclotron. ‘Tyﬁically; =100-m§ targets were bombarded with
a =1:ﬁ;mp beam for 1 hour. Sources were normally aliowed to decay
for at least one hour to let any short-lived cqutaﬁinanés decay
away, and then they were counted for two to four hal£~1ivea, more

~ source being added with the passage of time in order to retain a

' relatively constant counting rate. I;"wus found that no competing
' gemma Taye with different‘haif-lives were cbserved for approiimately
four half-lives of the Nd1*!, Most of the coincidence experiments,
which required several days' counting'tthé, vere pe;formed with
multiple bombardments.

. To insure that only rﬁdiations from Nd'werg observed, the
singles gamma ray specttum was confirmed with a chemically-separated
source. In this ;ource'thé Nd was separated from the Pr target snd
any other contaminating rare earths by eluting it from a Doweﬁ-SO
cation-exchange column with a-hydroxy-isobutyrate (37).

The N4l*1M éources were produced by bombarding similar Pry0j3
targets for 10 sec. No chemical separations were performed on

these sources.

3.1.3. Nal*19 GCaemma Ray Sbectrum

. -3.1.3.A, -Sing}es Spectra~— A 7-ca’ five sided COaxiai
Ge(Li);detector was used :; deternine the anefgigs.and,1ntensit1es;
of the Ndl“! gamma réys. It vas mounted in a dip-stick cryoatat.

The wall tliickness of the evacuated aluminum can covering tﬁé'dé;

tector was 0.16 cm. Typical resolution obtained with this de-.
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tector was *4.3 keV FWHM for ﬁhe 661,6-keV gamma ray of Cs!37,
using a rooﬁ tempergtufe FET preamplifier, a low-noise RC linear
amplifier with pole-zero compensation,band‘; iOZ&nchahnél-analyzer;
A 3—¢m3 planar Ge(lLi) detector qounted 1# a similar fashion was
used to confirm the energy valqes and intensity ratios of .the

- gamma rays observed. Both of-these.detectors were ﬁanufactured

in this-labbratory (18,38).'

The energiles of thé gamma rays were measured by counting
the Nal%} gources simultaneously with a& number of well-known cal-
ibration sources, which are listed in Table 1. In oxder that
activities d;caying with different half—lives could be identified;
spectra were recorded periodicaliy,aa the gources éged. -A-backr
ground correction was made for each pesk byffitting a cubic equa-
tion to several channels above and.below the peak snd then gub-
tracting. The centroid of each calibration peak was then deter-‘
mined and a laast-aquateé fit made to a quadratic calibration
curve. The centroids of unkn&hn‘peaks were similarly determihed'
aund the corresponding éﬁergies calculated from the calibraticn
curve. The energies of weak Nd!“l ganma rays, which would be
obscured by the calibration standaxds;.were determined by using
the nuw—wellwdetermin;d stronger gamma rays as 1ntarngl‘sta§dards.
A gamma ray spectrym takanfwith the 7-Cm3 detector is showm in
Figure 3. o ' | |

A liat of gamma ray enmergics and relative intensities is
given in Table 2. The energies assigned are mean éalues taken

from a number of different measurements recorded st different
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Tablé_l; Gamma rays used as energy sténdarda

for Nal4imy decay. -

Nuclide

Y-ray energy (keV)

Reference
Co57 121,9710.05 a
Co57 136.3320.04 e
Cel3d 165.8410,03 b
Cald* 644.744£0.027 Ce
Csld? 661.632%0.069 . d
Cgl3h 795.806£0.050 c
MnS% 834.8410,07 e
Y8 898.01+0,07 e
Schb 1120.50£0.07 e
Co8? 1173,226+0.040 £
Cof0 1332.483%0.046 - £
Na2t 1368.526+0.044 £
T1298(p.E.) 1592.46£0,10 ° £
Na24(p.E.) . 1731.91+0.012 £
188 1836.08+0.07 .

*Reference 39,
.bRefeience &0.
“Reference 41,
dReference 42,
®Reference 43.

fRaference &4,
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Table'z;» Energies and relétive intensities of
gamma rays from the decay of Ndl“l,

Measured
_Y-ray energy o Relative intensity
(kev) — . : - e
: Singles . 145.4~keV y~y Integral y-~y Antico~
spectrad coincidepce’  coincidence incidence
spectrum - spectrum spectrum
K x-rays {8.0£2,0)x10 =~~~ - — —
145.410.3 30.333.0 . 4615 8110 11.1t1.1
’ (16x6) - (51+£11) '
511.006 (annih.) 832183¢ 9551300 1340150 6016
981.3£0.6 3.00.3 14730 - 90225 1.120.3
o (144£30) (87+25) ,
1126.820.4 2100 2100 2100 5100
| o (0)
1147.1$0.4 38.2+3.8 18102200 72070 14,3£1.4
' (1770£200) (680£70) ‘
1292.80.6 61.216.1 67:12 ' 87412 58.7+5.9
1298.7+0.7 16.3%2.0 (0) v )  15.5%2.0 .
1434.6£0.5 3.040.3 107240 2749 1.620,2
. (104140) (24£9) - . B
1579.9:1.0 0.74£0.12 — —— 0.8320.15¢
-1607.9+0.6 2.340.2 e -— 2.2:0.2
£ 1657.2£1.0 0.12:0.04 ——— — 0.15£0.05

%A total electron conversion coafficient of oa=0.46 has been reported

(40) for the 145.4-keV transition.
intensity of 44.2%4.4 on the above scale.

This indicates a total transition
Although all the intensities

in the table are photon intensities, the conversion coefficients for .
the higher-energy transitions should be small enough such that the

photon and transition intensities should be nearly the same.

bThe intensities given in parenthesea are those corrected for chance

coincidences.

CTwo 0.32-cm Cu absorbers fofming a sandwich around the Nd'“! gource
were used for the determination of the intensity of 511-keV photons in
total annihilation.

dafter sybtraction of the 1575-kev Pr!*2 contaminant ‘peak’ produced

by a prli

Y(n,y)prl®

predominantly in. the degrading foils. -

reaction, where the neutrons were produced
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times, different system gains, and with each of the'two'GeCLi)
detectors. The correéponding uncerteintieas in energles ave bésed
on tﬁ? reproducibilities both of the gtandard energies and th&'
Nd!*! energies from the calibration curves, the sizes of the Nal*!
»~pho£opeaks above the background, and the quoteﬁ errors of the
standard.energies 1isted in'Table 1. | |

The relative peak areas obtained are also averages from
a number of runs, and'tﬁé associated Aéatistical uncertainties in-
clude estimated uncertainiiee in the backgrouﬁds. Relative photo-
peak efficiency curves for thg Ge(L1) detectors were obtained in
~ two ways: TFirst, a set of standard gamma ray sources whoﬁe re~
lative intensities had beeh measured with NaI(T1) detectbrs was
used. Second, a set of points was obtained from souxces emit-
ting several gamma rays whose relative 1n€ensities were known
frém'well—established decay schemes. The efficiency curves re-
splting from the separéte methods were in very good &greement,

The X z~ray intensity was obtained by.coﬁparing tﬁe low~
- anhergy portion of the sbectrum directly with the gamma ray aﬁéctrum
of Cel"l: the comparison was made using the 3-cmd detector. ‘Celul
also decays to pri*l, with 701 of its decay populating the 145.4~
keV atéte; Its ratio of X x-rays to 145.4;knv_gamma'raya has been
meésured (45) to be 0.341%0.010, and,‘using'this value, the corre-

sponding ratic for Ndl*} decay was found to be 264:71.

‘3.1.3.3. -~Coincidence Spectra~-~ From the Ndl*l diginte-

gration energy (28,34) of 1800 keV and the measured gamma ray
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‘energles listed in Table 2, it is evident that only coiﬁciﬁences
involving the 145.4-keV gamma raj are eﬁergeticaily allowed. ‘Thus,
a 3-in x S-in. NaI(T1) detector was gated on the 143, 4—kev photo—
| peak and the resultant coincidence spectrum seen by the 7-cm3 Ge(Li)
'hdetector was displayad; the resolving time of the system was ~50-n§.
Figure 4 shows this coincidence spectrum. iu Teble 2 the relative
inténsities from this experiment ave also included; these have been
corrected for chance co;ncideﬁces. Comparis§9 of the relative in-
‘teﬁsities of the 145'4-kev,gamﬁa-gamma COincideﬁce spectrum with -
those of the singles spectra clearly indicate that the 981 3~-,
- 1147.1~, and 1434.6-keV gamma rays are iu coincidence with the
145.4 keV gauma, whereas the 1126. 8— 1292 8-, and 1298.7-keV gamma
rnys are not. ' o

In order to search for additional weak gamma rays that
night have passed unobserved in the qther msasurements,.ag experin-
ment was also performed in which theFNaI(Tl) gate was set to accept
all transitions Qreater than 130 keV in energy. Thiéﬂ"integral" '
léamma—samma coincidence spectrum is ahc#n in ?1gﬁre15, and the rel-
ative intensities from it aﬁé listed in Tﬁblé 2, Ihéy vefify the
results of the 145.4-keV gamﬁa~gamma coincidence expcrimtnt; but no
"nzw,‘weak'gamma rays are indicated. T

To complement these.experimenta and‘coniirm vhich gémma rafg
appeafed in cascades’and ﬁhich.came from primarily eleétion;capture-
fed ground-state tranaitions,:ah 8-;n..x 8-in. Nal(Tl) split annulus . .

.

detector was employed (19) in an snti-coincidence éxperimgnt,with
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the 7-cm3‘Gé(21) detector. Tﬁé aingle—hhannel énalyzer:on ﬁhe‘-
annulus gate was set 8o that the gate would be active for all gémma
tays sbove 00 keV. The Wd!'*'scurces were placed inside the annulus ;
tunnel and on top of the Ge(Li) detector. An additional 3-in, X 3~in.
NaI(Tl) anti—coincidence detector was placed in the tunnel sbove the |
sources and the Ge(Li) detector to reduce further the sharp Compton
edges formed by backscattering in the Ge(L1) detector. The result~
ing anti—coincidence spectrum is ahown in Figure 6. The intensities
of all ten of the Ndl¥! gamma rays, which were seen in this spectrhm,
are included in Teble 2. Only four of these gamma rays, the éame
four indicated by tﬁe otﬁer coincidence experiments, appear to be in
coinci@ence with another gémmg ray because of the large reductions

in thefr intensities as goﬁpéred with the intensities from the sin-

gles spectra.

3.1.4, Ndl“xmlcamma<§gz,8pectra |
The energy of the 60-sec Ng1%17 1someric transition to the
ground state was measured ﬁo be 756.5%0,3 keV,lin excellent agree~-
- ment with the recent work of Geiger and Graham (46), whouobtainéd_
756.8:1.3 keV. A search was also conducted for gawma rays result-
ing from direct electroﬁecapture transitions from NA'*1™ ¢4 gtates
of Prl*l and/or from alternste transitions depopulating Nd‘“lm to
Nal*18, Approximately 1 min after a 10-sec bombardment of Pr,0g
with the 9-MeV protons, a 59-gec count of the Ndl“lm (+Nd1“ly)'
spectrum was stored in the first quadrant of an analyzer having 4096
channels of memory. The Nql1m (+Nd1“lg) source was gtadually moved“

toward the Ge(Li) detector during this time in order to maintain the
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analyzer dead tiﬁevat approximately a constant 12%; this procedure
allowed tﬁe data to be collected_mor§4r§pid1y than with a fixed source ,.
positibn. .Following'interQals of *1 sec for switching qnalyzet quad~
rants, 59-sec counts were stored succesaivélyvin.the three remaining

quadrants. The entire process was performed 60 times to reduce sta-
‘tistical errors and ;o search carefully for'wéak géhma xrays.

The resulting four spectra, each representing 59 min of
counting time, are shown in Figure 7. The 756.5-keV gamms is clearly
the only observable gamma ray that decays with a 60-sec half-life.
The other gamma rays in Figure 7 are the three most intense Nd'%1¢
decay transitions. From theﬁe spectra, an upper limit of 0.1% of
the 756.5~keV gaume intensity was placed on any gamma ray with an
energy between 130 and 2600 keV following direct electron-capture
- transitions from 11/2- Nd!*!M {o high-spin states in Px'“*!; the same -

limit applies to alternate transitions to lower-lying states in
Nalvl, ‘ ' |

3.1.5. Decay Scheme and Discussion

The decay scheme that was deduced from the foregoing meas-
urements is shown in Figure 8. Transition energies and excited state
energieé are given in keV, the gt energy coming from the work of
Biryukov andlShimanskaya (28). The 8t/c ratio for decay to the Prl4!
‘ground state (also the limits placed for decay to the 143.4-kev,;tate)’
18 a calculated value, using the method of Zweifel (47). -The other
transition intensities, both fof electron-capture and for the ktotal)
elect£cmagﬁetic transitions, are adjusted to this value and read in

percent of the total Ndl*! disintegrations. Using the measured value
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Singles y-ray spectra of Nd!*17 4 N4al%lg. A) The spectrum
from the sum of 60 runs, each started =1 min after a 10 sec
activation and lasting 59 sec. B) Same, except started 60
sec later. C) 120 sec later. D) 180 sec later.
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in Prih! are tentative; see text,
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of 9.6 for'the inéensity ratio of X x-rays to 511-keV gamma rays, -
which is in good agreement with that measured by Bit&ukav and |
Shimanskaya (28), and'making reasonable .assumptions about the X |

- fluoresence yield and the ratio of X capture to capture from higher'
shells (see, e.g.,,teférence 23), values of 4.3! g+ and 94.3% ¢ were
obtained. ﬁawever,"since thié is quite clearly an allowed transi-
tion, there appears to be at least as mucﬁ ﬁﬁcertainty in the ex— '
perimental value as in the theoreticalvvalue of g*/c. The theoret-
. 1&21 value was adoptéd since any needed future adjustments could be
made more easily with respect to it. The log ft valies were éalcu~
lated on the basis of a 2.6~hr half-1ife (28) for Nal“l,

The 981. 3-, 1298, 7- 1434 ,.6-, 1579.9-, 1607 9-, and 1657.2~-
keV transitions have not been previously reported in decay aqhemes.
The energy of the 145.4~keV state in Pr!*! has been well calibr#ié@
from Cel'! decay (40), the photen eneigy being given as 145,43-keV.
The evidence for the 1126.8— and léQZ;S—kgV aiateé. As well as the
new state at 1580.0 keV, is based both on the ecoincidence fésults“"
with the 145.4-keV gamma and the enhzncement of the 1126.8-, 1292.8~,
~and 1579.9-keV gamma rays in the angi—coincidence_exﬁeriment;_1n- ‘
dicating that fhey are ground—state-transitions.  The energies of
these states were chosen on the basia of the best-defined gamma raya
depopulating them, although it can be seen that the cascade energy
i eun gives excellent agreement with the crossover-energy in each case.

‘The placement of states at 1298.4, 1607.9, and 1657.2 keV is ﬁaaedi'

on the enhancement of the respective gamma rays in the anti~¢6in-.
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cidence experiment and the fﬁct that these gamma rays were sup-
pressed in both coincidence expetimeﬁts. No evidence was seen for
the state at 880 keV reported by Cybulskaxand Mﬁrquaz:(27).

The ground-state spins of both Nd!*! and Pr!“! have been
measured by atomic beam methods, that of the former (48) being 3/2
and of the 1§tter (49) being 5/2. In shell-model terms, Nal%l 4g
predicted to be a (d3/2) neutron atate, while the ground state of
Prl“l should be a d5/2 proton state outside a closed g7, Proton
subghell. Thus, 98.5% of the Nd!%! disintegrations consist of its
3/2+ ground’state:pbpulating the Pr“’1 5/2+ ground state directiy,
and the log Ft value of 5.3 ie about what one would expect for an
allowed transition between such similar states. _

'Now, the 145.4-keV transition in Pr!'“! has been well charac-
terized (40) from Cel™*l décay as an f-forbidden Ml,with an E2 ad-
mixture of 0.410.3% having a mean life of 2.63£0.10 ns. The state
itself 1s presuméd-to'haﬁe a (g7/2)*3(d5/2)6-configurationQ This
configuration forms the grauhd state of Pr!*3 and the 5/2+ state
" in this nucleus (50,51) is placed at 57 keV,‘so the 5/2+ and 7/2+
states cross over between Pr!“3 and Prl%l. The 7/2+ 145.4~keV
state in Pr151 would not be expected to receive ébservable direct
population from 3/2% Ndlulg. again in accord with the measurements
_ reported here. | | | | |

Considering.that pri4l 49 o single closed shell nucleus one .
ancounters unexpected difficulties in characterizing its’ higher—
lying states. Basically, the problem is as follows: Pr!*! can be

considered to be a single proton outside a Cel*" even-even core, so

’ t
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one is tempted to use the cdfe»coupling model in describiﬁg the
pritl higher»lying states. Ce!“?, with a closed neutron shell and
a close‘:dg,,2 proton subshell, is expected to be rather rigid and
not subject to low-lying vibrations. This éppeais to be true, for
its first excited state is a 2+ state ai 1.556 MeV that decays via
a non-enhanced E2 féagaitionb(SZ). Currie (53), in trying to
account for the retardation of the E2 transition ffoﬁ a 4+ level
at é.OSB'MeV to this level, applied a quasi-particle representa~
tion for both atates, but his best numeiical results implied a
[(97/2)(d5/2)]2+ configuration instead of the anticipated (and pro~-
bably more likely) [(g7/2)?]2+ or peihaps'[(d5/2)2]2+. This means
" that, aithough the Ce1“° 24 state does appear to be a two quasi-
partiéla state, its exact structure is not clear.

On the other hand, the first excited state of Cel%2, hav-
ing only two additlonal neutroms, lies at 0.65 MeV and appears to
be 8 2+ quadrupole iibrationél state (54). The first few pri“3
excited states, which lie much lower than those in Prlux, can prow-
bably be explgined by a.coupling of the 7/2+ ground state and the |
5/2+ 57-keV state to this Cel"? 24 collective state (50,585)..

The.kn?wn-rrl“l sﬁatesllia at an intermediate energy, 80
one cannot decide without furthéivevidence whether.they'arevthree
quasi-particle states, one quasi-particle states coupled to a
vibraiional core, or perhapé a mixturé-of the two. Although the
two peutrons of Cel%2 are'probably'more effective in softening the
ERTE core :ﬁan ig fhe single proton (outside only a subshell) of

Pri%l, the E2 transition probabilities may'brfmay not be enhanced
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over the ainglemﬁarticle estimates, In the following, keeping in
mind the different kinds of states poasible, tentative predictions
are made for the spins and parities of the six upper atates on the

basis of beta and gamma decay systematics. It must be kept in

, mind, however, that these are only tentative, and for qﬁite def~

inite assignments one needs more information sbout the levels.

High-resolution scattering reactions of various kinds that pop-
ulate thesg states are particularly valuable. A sunmary of re-
sults from some recently published (B,v), (n,n'y), (nyn'),
(He3,d), and , He3) studies are included 1n the following sub~
section. |

The log f% values are all more or less in the range ex-
pected for allowed transitions. First-forbidden decay_cannot be
excluded, especially to the highest~lying atatgs,bon the basis of

the log f¢ values, but then the only negative parity states would

be those resulting from the h11/2 shell-model state or from octu~-

pole vibrations, The dy;, ground state of Nd!*! ghould not pop-

ulate the former, although the h /' Ndl“lm'might. The latter

. have not been reported near this excitation in any of the neigh-

boring even-even nuclei. Thus, all six states are probably 1/2+,
3/2+, or 5/2+. This set is consistent with either interpretation

of the states -~ by coupling the 5/2+ or 7/2+,single quasi-particle

- gtates to a 2+ vibrational core, one can get 1/2+ through 11/2+,

with two sets of 3/2+ through 9/2+, and on the basis of three

quasi-particles, the range is even broader.

Assignments for the three states that ekhibit gamma ray
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branching éan be narrowed down from the above limits. The inten~
sity ratio of the 1126.8-keV gasma ray to the 981,3-keV gamma from
the 1126.8-keV gtate is 35. The mere existence of the 981, 3-keV -
gemma rules out a 1/2+ assignmeﬂt, for this wbuld'require thé ‘
981.3~kev trénsi;ion to be M3. For a 5/2+ assigoment, the single-
particle gstiméte (23) ylelds a ratfo (both M1's) of less than 2,
wh11e>for a 3/2+ it predicts a ratio (M1/E2) ;f about 200, Even
] g.glight E2 enhancement or Ml retardation would therefore favor
3/2+ assignment, |
For the 1292.5- and 1580.0-keV states, which h&ve ground-

state to cascade tfansit;on ratios of 1.33 and 0.3, respectively,
the 1/2+ assigoment can éimilarily be eliminated. Unless there is
 some quite unusual M1 retardation or E2 enhancement, the 3/2+ spin
can also be eliminated, so a 5/2+ assignment is preferred,

~ The 756, 5~keV exciﬁed state of Ndl*! hag been ghowm to
have a half-1life of 60.3:1.0 sec (46). It is one of the series of
h11/2 isomersvfoun&'just below the N=82 shéllf Since the 11/2-
(presumably single quasi?particle hlI/Z) state lies (56) at 822
keV in Pr139, it is possible that the same state lies in the 1-MeV
vicinity in Prl*l and that there could be come direct population
of it from Nd!“1™, From Pigure 5, however, it can be seen that
auch population must be less than 0.1X of the intensity of the
756 .5-kev isomeric gamma ray. Depending on the exact location of

the 4 state in Prl%l,  thig upper linit means simply'that the

11/2
log Ft for electron capture has to be greater than approximately

6.0. The same upper limit can be placed on any branching gemma
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decay to lover states in Ndl"l itself, if at Least one gamma ray

having an energy greatet than 130-keV ia iuvolved.

 3.1.6.  Comparison with Recent Investigations

After the coﬁpietion'qf the present work, some additional
publications became gvéilable (88,89,90,118). The energy levels
and spins proposed in these studies are summarized in Table 2a.

A (y,n) reaction on Nd;03 (enriched to 95% Nd!“2) was employed to

" obtain the Nd!%! parent for the (8,y) study described in reference

118. The essential features of the Nd!*! decay scheme proposed

there (118) confirm the corresponding features of the decay écheme

. proposed here. No interpretations were made of the properties of

the states.

Although the experimental uncertainties of the reaction
energy measurements were relatively large, some common levels are
suggested in Tabie'2a. Prpbably.thé 1657.2-keV state corresponds
to the 1160 (1645) keV state prOposéd‘in reference 90 (88). By
inéorporating the results of tﬁe‘(ﬂea,d) study (88), the. spins
proposed in the present study can be narrowed down for the 1298 by
1607 9, and 1657.2 keV atates to 1/2+, (3/2, 5/2)+, and l/2+ re-

apectively,'
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3,2, Decay Schemes of Nd!39M ang Nal3%

3.2.1. Introﬂﬁction o

| One of the most 1nteresting}reéions of the nhclidic chart -
" for current study is the region just below ¥=82, for here many -
'systematic'examples of rather extreme isomerism can bé~observed._
The neutron-deficient side of the A=139 decay chaln extends into‘
this region, and its members are well sulted for probing the re-
gion because nuclei rather far removed fxom 3~stability are
' reached not too far below the closed shell. Thus, many interest-
ing states should be populated by their decay, and these states

should still be amenable to _explanation in relatively straight—
forward shell-mode1 terms —- the number of nucleons making
subgtantial coutributions.to a given configuration should not be
80 large as to be completely unmanageable. .

saCelgg is the first radioactive member'Pn this side of

the chain, and it decays directly to stable La'39 with a Q; of only
270 keV and a half-life of 140 d; it has a very simple decay scheme
that has been known for a long time (57)' It does, however, have
an interesting h11/2 isomeric state (746 keV; ti = 55 sec),
member of the extensive Nw81 series. The decay of the second
radioacti;e member, 4.5-h 59P:lgg,vto Cel39 is considerably more
complex; the results on this decay scheme are published elsewhere

(16).

139

GONdlag is three beta decays from stable La and has a

rather large amount of energy available for f-decay (Q, = 2.8 MeV;

c¢f. below). As in other N=79% odd-mass isobarss the h11/2 3/2
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(metastablekground state) separation is fairly smell, making the

M4 isomeric transition quite slow. This means that here one 1s
Presented with two dissimilar isomers decaying almost independently,.
end because each can populate reasonably high-lying states in Pr139
a wealth of information about many quite different states in thia
daughter nucleus is available from the study of these decays,

Naliom was first observed by Stover (58) in 1950 as part
of an investigation of the products of bombardment of Pri%l with 40~
and 50-MeV protons. Chemical identification was performed by ion
exchange, and the mass number was'established with reference to
the granddaqghtef, Cel3®, The half-life was measured to be 5.5£0,2 h.

Latef studies (59,60) of éonversion'electron intensities and
energy differences for a 231-kev transition accompanying this deca§» :
in&icated it to be an M4 and to originate in Nd not Pr. Four neigh~-
boring odd-mass iscbars with 79 neutrons were known (6) to hava:;-
isomeric states involving an 11/2- + 3/2+ tranéitibn. From théﬂ
trends in the isomeric level energies and in the reduced transition
‘probabilities, Gromov and his co~workers concluded that here we have
& like pair of atates (59) and that the 5.5-h activity was the 11/2« |
metastable state,

The 3/24 grodnd atate waé not seen g0 easily, and its half-
life was only recently measured- (61) to be 29.710,5 min. ¥or that
‘experiment it was produced by bombarding Pr!*! with 30- and 33-Mey
deuterons. ‘

The only previous studles of Nd!3%M gecay (56,60) resulted

in rather sketchy decay schemes containing serious disagreements,

'
!
i



51
Because of this and the absence éf any decay schemé for Ndl3?%g,
it was felt that this would make a good system for'investigation,
This study has indicated the presence of 51 gémma rays accompany¥.
" ing Nd139m decay and 21 that follow Nd!3%§ decay. Of these ganma-~
rays, 56 have been placed in decay schemes containing a total of
22 excited states. Fourteen of these states have not been seen
befere. ' o >
The decay scheme of Nd'399 turns out to be unexceptional,
havihg‘much in parallel with the decay scheme‘of Ndl*l (seen 4n
Figore 8) and some cther nuclei in this region below N=82, The
' low-spin states that it populates in Prl3? can be characterized
o reasonably well and follow expécted gystematica. On the other
hand, the decay scheme of Nd!13%M {g anything but standard. This
high-spin isomer decays only 12.7% by the 231.2-keV isomeric tran-
sition, the rest being by 8+/e to mostly‘high-spin,,high—lying
states in Prl39, S§ix of these, between 1624.5 and 2196.7 keV,
are populated by decay that is less hindered (log ft's between
5.5 and 6.3) than the decay to an hix/z isomeric state at 821.9
keV iu'Pr139 (log ft=7.0), which is almost certainly an allowed
transition. This would seem to indicate that the transitions to |
these six states are also allowed, which wouid imply odd~parity
states, . .
‘This is interpreted.aé_the configuration of ﬁdlsgm being
peculiarly suited for populating a multiplet of three-quasiparticle
states. During the explanation, the préblem associate& with mulQ

tiple particle rearrangements in beta and gamma decay is discussed.
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3.2.2, SOﬁtce fteparation

The 5.5-h Na!39 sceivity was produced for most of the ex~
periments Sy fhe ‘relatively clean (p,3n) reaction on 1002 abundant .
‘Prlul Targets of 99.999% pure (62) Pry03 were bombarded typically
for 1 h with *2-uA of 29~M£V protons frOm the Michigan State
University sector-focused cyclotron.'_Sourcea were allowed to decay
for about five hours to let the 30-min Nd13%7 produced by the bom~
bardments reach transient equilibrivm with Nd13%, Experiments
'wéie'then performed with the sources for approximately twenty hours,
until the Prl40 produced by the 3 3-a decay of Nd“0 became a sig- |
nificant contaminant. |

From crude excitation function studies of reactions fol~-
lowing the bombardment of Prl¥! with protons of various emergies,
it was possidble to distinguish the Nd!3I9g gerivities from weak
contamiﬁant activities. Following each bombardment with 29-MeV pro-
tons, it was possible to identify every contaminant peak observed
in spectra recorded between 20 min and 40 h after the end'§f the
bombardment. These weak contaminants, roughly in decreasing order‘_
of fmportance, were Prl*0, pr!39, cel39 Ngl¥l, gnd Prl*2, It 4s
significant that no 22-min Nd'3% was produced, for its daughter,
2.1-h Pr!38, could prove a troublesome contaminant.

Nd13M gourcas were also produced following tha bombard-
ments of Nd!*2 with 36-May 1 's (Hed ions) and of Pr!*! by 48- and
60- MeV 1's, 211 from the MSU cyclotron: These reactions'were not
80 clean as tha {p,3n) reaction on Priul, but they confirmed the

relative intensities of the Nd!3%™ gamma rays.
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Most of the Nd!?99 sources we%e proddced by‘bomﬁaiding similar
 Pry03 targets ﬁith‘2§4MhV protons for zkﬁvbed. Experiments were
carried ouﬁ 1mmedi#te1y upon concluding each of the bombardments,
and the gamma rays resulting speéificalij from ﬁd1399 decay were
followed as their intensities dropped from their initial valueé to
those-when Na!29¢ was in transient equilibrium with Na139M,

" The relative intensities of all the'Nd139g,gamma rays
whicﬁ were observed were confirmed by measurements of the activity
produced by 48- and 60~ MeV t's on Prl%l, Thgsé Teactions would.
produce Pm!33, which, were it a'low;apin nucleus as anticipated,
would populate 841339 by g-decay much more strongly than NA139M,
They did in fact yield Nd!3%9/Nd139M fgomer ratios some 30 times
as lﬁrgé as the (p,3n) feaction Pri*l, pbut they yieided many more

interfering short-lived activities as well.

3.2.3.  Experimental Results for Ng}397

3;2.3.A. ~~Gamma Ray Singles Spectra-- A 7-cm3 five~gided

coaxial Ge(Li) detector mgnufactured (18) in this_labofatory was em-
ployed to determine the energles and intensities of the Nd}39m gamm#‘
rays. The wall thickness of the evacuéted'aluminum can enclcsiﬁg
the detector was 0.16 cm. Under typical Opetgiing conditions, a
resolution of 2.5 keV FWHM for the 661.6~keV gamma of Ca'’” was
ébtained, vsing a »znom temperature FET preamplifier, a ?cw-néise

RC linesv ﬂmplifieffwith nole-zero compersation, and a %i%G-channel
arzlyzas o »&ﬂ.vouplé& *o a computei. o

Bnevgies o Lo avowdnent 710 39m gamna rays ware measured by
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cﬁunting the Nd139W sources s;multaneéuély with aeverai»well~known ,
_ calibratiop sources. To determine the enmergy célibration cﬁrve, a
least-squares fit of the photopeak centroids of the calibration
transitions to a quadratic equation was used»aftar thé backgfound‘
had been subtractea from under thg peaks; iThe background correc-
.tion for each peak was made by fitting a linear equation to sev-
eral channels adjacent to both sides.of the peak and then sub-
tracting. The eﬁetg;es of the lower-intensity Ndl39m gamﬁa rays,
. which were obscured by the calibration standards, were then de~ .
termined similarly by ﬁsing the stronger'Ndl39m gamna rays as the
standards. Some gamma ray singles spectra ;re gshowvn in Figures %
and 9b.

The spéctrum.shown in Figure_Qb was ﬁsgd to pla;e'an upper
limit of 0.1% of the disintegretions of Nd139m oy any ganma tran-—
sition with an energy above 2300 kev; This would appear to rule
out the 2350~ andVZSOO-keV gamma rays proposed earlier (6,536) to
havevintensities *50 times as large as the ptesent upper limit,
$he events observed above 2300 keV in Figure 9b come from long-
lived room backgrounds that were not subtracted out.

.. The contaminant peaks seen in Figure 9a accompany the
reaction, Prl“!(p,zn)Na1*05prl40  gnd prl39 and cel3? disinte-
grations following Nd}3%™7 decay. Their energles, relative in-
tensities, and intensity chaﬁges as functions of time}were’seen
to be éonsistent with the properties of the associated dicay schemes
established i this study and elsewhere (6,63-67).

A sunvely of the NA139M gapma ray energies and relative in-
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tensities is given in Table 3. The energies aésignedndra_ﬁean
value@ taken from a ounber of différent measurements recorded a£>
Qiffafent times, different locations, with different system com-
ponénts; and with differeni-paramefers. Corresﬁonding energy un-~
certainties are based on the reproducibilities of the Ndl3%m gp-
ergles frqm the calibration curves, the sizes of the Nd'3%9M photo-
peaks both‘before and after background subtraction, end the quoted
errors on the standard energies (68). The relative gamma ray in-
tensities listed in Table 3 are also averages from a nuber of rﬁns
and were obtained using experimentally determined efficiency curves
(cf. section 3.1.3.A). Associated with these intensities are sta-
tistical uncertainties that include estimated uncertainties in the
underlying backgtbunds.

3.2.3.B. ~~Camna Gamma Coincidence Studiesw; Coincidence

and anti~coincidence experiments were performed using Ge(Li)mnai(Tl)
spectrometers. ‘For the firét experiﬁent, in order to detetmine
which gamma rays appear in cascades and which come primarily from
e-fed groundéstate transitions, and 8-in. x 8-in, Nai(Tl) split
annulus detector was employed in an anti-coincidence expérimentu
with the 7-cm3 Ge(1I) detector (19). The Nal39m gource was in-
serted into the center of'the‘annﬁlus tunnéi, which was then blocked
by a 3~in x 3-in. NaI(Tl) detector at one end aod bf the Ge(Li) de~
tector at the other_end.' By imcluding the 3-in. x 3-1n; Na1(11)
detector in anti-coincidence with the Ge(Li) detector, the}Compton‘
edges from backscattering iIm the'Ge(Li) detector were‘reduced.ovar |

what they would haﬁe been with only the annulus in anti-coincidence.
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Table 3., Energles and relative inteniities-of gamma rays
| present in the decay of Nal397, :

. Measured y-ray  Relative Measured y-ray Relative
.-energy (keV) .= intensity enexrgy (keV) intensity
92.9:0,2 3.2¢ 0.6 828.1:0,2 29 %2
101.310.8 0.7¢ 0.2 851.9%0.5P 1.4t 0.4P
113.8:0.1 133 %25 895.1%0.6 0.8t 0.2 -
147.920.1 2.5¢ 0.5 900.3:0.6 1.1¢ 0.3
209.740.1 6.2+ 0.6 910.2:0.2 21.6¢ 2
214.6%0,2 1.4t 0.4 982.2%0.2 79 %2
231,202 2.4t 0,2 1006,120.2° . 9.5t 0.7
254.940.3 3.7t 0.6 1011.9%0.2 8.0 0.6
302.7¢0.3 1.4t 0,2 1024.620.3 3.6t 0.4
340.4£0.,5 2.7¢ 0.5 - 1075.120,2 9.6t 1
362.610,2 6.2¢ 0.5 1105.240,2 7.4t 0.4
" 403,9:0.3 8.0t 1.0 . 1165.8%0.5 1.0t 0.5
424.30.3 2.0t 0.4 1220.9£0.3 5.0 0.5
511.0(yt) 3.2t 2,82 1226.9%0,3 4.0t 0.4
547.7+0.3 7.5¢ 0.7 1233.7£0.5 0.8 0.4
572.1%0.5 1.7+ 0.4 1246.5£1.0 0.9t 0.4
601.2:0.8 1.3t 0.4 1322.4¢0.3 7.0t 0.9
673.5:0.,5 L 2.5¢ 0,7 1344.80.6 1.3t 0.4
701.3%0.3 13 ¢ 2 1364.8:0.6 1.7 0.6
708.110.1 72 2 1374.7:0.5 1.8¢ 0.5
733 #1 b 1.0t 0.6° 1463.6£0.5 1.0¢ 0.3
738.1t0.2 - 5100 1470.2¢0,3 2.0t 0.5
' 796,6£0.3 13 %2 1680.7%0.8 0.8¢ 0.2
802.4%0,3 21 2 2060.420,2 15.5¢ 1.0
- 810.1%0.3 18 2 2085.0:0,5 0.1 0.05
821.9:0.3 3.7¢ 0.4 2201.240.8 0.3t 0.1

fCalculated from the decay acheme proposed later'tn the present

' P
study. Componenta of the observed annihilation photon intensity
from Nd!3% and/or Pr!3? decay always exceed the Nd}39M copponent.

bSeen 1n cotncidence spectra only, The intensities given here are
inferred from the completed decay acheme and the behavior of these
photons In the coincidence apectra, : '
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'The single-channel analyzers associated with the NaI(T1) detectors'
were set to accept all gamme rays sbove 80: kev. A resolving time
(21) of 2100 ns was used, and the true~to—chance rat;o was usually
'100/1.. The resulting spectrum is shown in Figure 10,

| The 231.2- and:821.9~kev gamma ray pesks eeen hgre-were
enhanced in the aﬁti—coincidence experiments (relative to their
singlea 1ntenaitiea) far more than were any of the other Nd139m
transitions, as indicated in Table 4. Thus, each of the other
Nd139m gamma rays appeared to be 1nvolved in one or more coinci-
dences with 280-keV photoﬁa. The‘follawing coincidence expe:iméﬁts
elucidated most of these cascades. |

A coiacidence spectrum gated by the split annulus detector
on the 113.8~keV gamma fs shown in Figure 11. Thé gamma ray in-
tengities seen in this pxperiment; normalized to~160 for thé 738,11«
keV gamma intensity, a:e-iiated 1n.Tab1e 4.. Four gemma intensities
are reduced by factors of about 10, viz., the 796.6-, 828.1-,
1006.1-, and 1220,9-keV gamma rafs, whereas several other prominent
peaks appear to be in coincidence with the 1ntense 113.8-keV gamma.
These results are 1ndicated in Table 5. | .
Figurea 12 and 13 show the upectra resulting from gating

this séme spectrometer on two adjacent emergy 1ntervala, 680-720
and 720-760 kev; Because the resolution of the aunulus in these
axperiments was only <13%, there was considerable over]ap between _
these gated regions; however, as can be seen in Figure 9a a single
.gamma ray dominates each region, so a comparlson of the 1ntensities

obaserved in coincidence with these adjacent gated regions was quite
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Ng™™ ANTI-COMPTON SPECTRUM
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Fig. 10. Na!3%M anti~coincidence spectrum recorded by the 7-

cn® Ge(Li) detector when placed inside the tunmel
of an 8-in, x 8-in. NaI(Tl) split annulus, with a .
3-in., % 3-in. NaI(Tl) detector at the other end of
the tunnel. For details, see the text or reference
19.  Characteristic of this type of spectrum is the
noticeable absence of Compton edges. The 231.2-keV
v is the only y-ray enhanced over its singles in-
tensity.

1
H



6128

8> 8> T> . 8'0 z°¢C L°¢

L°6 6T 1> L1 L A A 19 ‘T°018
09 86 8T %1 : _ £°C T - °208

8 8T - T> rA Lt €T - 9°964

001= 001= £ T 001= %1 00Tz T1°8¢tL

Y —— — - — o't £EL
oL 15 3°0 0L tT (14 T°80L

£9 99 1T .ot 8°0 £t €°10L
8 0T 0°¢ 4 — L4 5°€L9
9> 9> L°0> 2 —— €1 Z°109
9T > "1 3 S e L't 1°2S

8T £E g°Ls Y ¢t §°L LS
ST S‘s 8°'1 T — 0°¢ g€ ey
e ; <9 y°6 9 "1 -G8 €°€0Y
9€ \ (4 €T ] €0 Z°9 g 29¢

(44 ot 9°0> T — L'z LAk 1143

- L°6 ¥'9 8°T ——— - Y1 L°70¢
0 1°9 rA 4 0’8 — €0 (A 5°%S2
1> : B 4 S°I> — q?’%= ¥°Z - - Z°1ET

v'e 9°1 € —— - AR+ 9° 91

. - — T (—— €°0 (A L°602
- — < v e— | — £ 6°LYT

— —— o — €1 £l 8 elT

- - ARY - — A 6°26
T enx3veds - mnazoeds 0 wnagjoeds mnxjoeds - ‘wnz3oeds’ waydads  (AsY)

SJUTOD A=A ‘JUF0d A=A “TUTOD pakETOp °*IUFOD A-A -

. . ASH 08/-ZTL APH TZL-299 A~k ASA-UETT  ASN-g LIT o oPPouRo-Fauy  8a1Bups . £Baeug

ghirsualuy aATIwRTRY

*8juowriadxe SOUIPTOUTOD UF POAISSJO

]

wgg (PN 30: £800p o43 UT suozoud JOo SHTITEUSIUT SATIPTIH ‘4 TqUL
. .



62

*PpOAXSEGO $3TGROY 0M) hﬂnovm,
. “Aei-A ASN-4°090Z 43I
woxy uﬁnonmxuwa noumabo pus jeed adeoxe unnmom jo 0udmwam 30 sEsvq uo: wuunﬁm ITPL,
. c’xey.
nOﬂuQuwﬂnanou J03 posn 8em 3} mnnu ‘wojoyd 19430 suo 3swAY 3® nuﬁa IIUSPFOUIOD UF
U338 J0U BEA YITUYA UOT8 WOTIFSUBIY ATUO SY3 SBA oo (PN U UOFIFSULII OTISWOST STilq -

219y PIIST] SITITSUDIUT GATIT[AX vajoeds noamcﬂn g3

3C PT® 943 Y3I[A POZJPMION 91V SUNX IJUSPTOUTOD By WClJ SITIFEUSIUY SATIRIIX [TVg

!>

11
%€

A
44
i
ve
Yz
oy

9%
18

1113

P

98>
LA
6°0
30>
>
L'y
I>
92°9
T>
8°0>
8°L
>
T>

—v———
Lo Y

I>
6°0

>

o
N
N
™~

<
O v

™ i l i N OO I < !
N® TN

—— 1°0
— §°sT
——— 8°1
- L°1
—— €1
9°1 0°L
It 8°0
9°0 T0tY
1 0°s
1 L
8’1 9°6
¢°0 9°¢
€°C 0°8
0°¢ €6
6°9 6L
(4K 9°12
—— 1
- 2°0
\ & 1
iL's - . 6C

{ penuFaucs)

- $7¢80T

970902
L*9LEX
8°%9ET
8 99T
¥°Z2ET
L°€ETT
6°972T
6°0221
T°S01T
1°620T
9°%20T
6°T10T
179001
2 286
Z°016
£°006
1°568
6°158
1°928

‘% 91qex



63

R
® . | )
ho VOSOZ ) Tt
) hand . o9 .
* .. ‘
£ s P
> ; kit
§ . -.idﬁ.:..'
- '4&'h : -
- » ’o'{.'n
§ . . :" '8 "o
T . [ ]
, .‘:ef,'... ..
[ - "{ :’.‘i"c
€ Ao
.,.:u* " L ]
. g . :':‘;.'
. 3'?% \ 'a'o‘
R AT
§ ' ° \'".00
E o.‘\. L]
- 69221 s -
’52:‘!‘ .
| g et T
{50901 30) bSOl SGLOl = mav===t o
QVWM ]
286 mm::::ﬁ:
»
z’mo—ng;—‘t )
- !
rons_‘!%;-.-&'
VZOB ‘ . [
fe
- : cuuf"§$ -]
LS
olie m;mrg
WS L
92
e .-
g :'~ Ay )
..' ..‘.."“0.'
] R . 27T [
e ) Q 9 -

1000

The re~

3 ge(Li) detector.

500
CHANNEL  NUMBER

was the 8~in. x 8-in. Nal(Tl) split annulus,

The gate detector
- while the signal detector was the 7-cm

. 8pectrum of Nd!39m y-rays in prompt coincidence with the 113,8-keV
sults are listed in Table 5.
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COINCIDENCE WITH 680-720 keV

Nd
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Spectrum of Nd!3% y_rays in coincidence with the 680-720-keV

energy iaterval.

Pig. 12.

The gate signals came from the 8-in, x 8-in,

N;I (T1) split annulus.
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useful in c&nstructing the deééy achenme,

A gomparison of the spectra recorded with adjacent coinci- .
dence gates also aided 1n deietmining_the effects of the under-
 lying Compton backgrounds inevitably in the gates. In all, 12
different gated regiona were used to obtsin céincidence spectra
aimiiar to those ovaigures 12 and 13. The results ére seen in

Figures 14-21 and summarized in Tables 4 and 5.

| 3.2.3.C. -—Deléyed Coincidence Experiments-- Possibly the

single most useful coincidence'experiment'wasva delayed coinci¥
dence experiment using a 3-in. x 3%1n. scintillator and the Ge(Li)
detector. The 3-in, x 3~in. NaI(T1) scintillator was gated on the
ilB.B»keV gamma, the coincidence timing resolution (2t) was =100 ns,-
and a delay of *200 ns was added to the Ge(L1) side of the coined~-
dence circuit. The resulting spectrum 1s shown in
Figure 22. Several peaks are enhanced up to two orders of magni-
tude relative to the 708.1~, 738.1-, and 910.2-keV peaks, which were
seen earlier to be in prompt coincidence with the 113.8-keV gaﬁma.
The 1nt§nsic1¢s from this epectrﬁm ﬁre listed in Table 4. Latei,
1h'yection 3Q2.4.A; it will be deacribed how this delayed coinci-~
dence sﬁectrum confirms‘the placement of nine stetes in Pilsg. .

. The state responsible for the delays lies at 821.9 keV, and
"in order to measure its half-life, a fast-slow coincidence system
with two 2-in._x'2~£ﬁ. NaI(Tl)'detectors and a‘time~to—ampliéude
converter were used. Now, from the prompt and delayed coincidence

data there was no evidence for delays connected with~sta§es other



69

| - | ; i

— — I —
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A) Ndl3%9MM ynregral coincidence spectrum.

This spectrum was recorded by the 7-cm3
Ge(Li) detector with the 8-in. x 8-in.
NaI(Tl) split annulus set to accept all y-
rays above 350 keV,

B) The annulus gate was set on the 405-kev
-energy reglon. .
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. g : Y

was set on the 1180-1300-keV energy interval.

ol * Nd®®™ COINCIDENCE WITH 1180-1300 ke
AL deh B
| §5 T RSaEE T ag

'oa_' k | ﬁ*’ﬁ;“ ' )
: - * "

°T e A . :

i | 1 ' 1 1 |

o 250 500 750.

CHANNEL NUMBER |
-‘ ?ig. 20. Same as Figu;e 17 except that the NaI(Tl) gate
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20

COUNTS PER CHANNE

0

| Nd®*™ COINCIDENCE |
100~ WITH 1900-2200 kev -
| ) 113.8 kev |
80— . | A 1
. 60 \~ ~
| 40 - -
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" Fig. 21.

'CHANNEL NUMBER

Spectrum of Nd139M y_rays in coincidence
with the 1900~2200-keV energy interval.
The gate signals came from the 3-in. x
3-in. NaI(Tl) detector.
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than the 821.9-keV state. For thia reason and because of leading-
edge walk problems with lower-eunergy gaﬁma rays, the system was
tri;g?red'with (prompt and delayed) pulses shove 600 keV. The timing -
was chosen so that.the prompt eoiﬁcidenpe peak would be centered in’
the 512¥ehanne1 analyzer uééd. | '

| .The time apectruﬁ that remained following sﬁbtra;tion of
ﬁhe 17 counts/channel background is shown in Figure 23. The resol-
‘utioﬁ of thé :ysteﬁ was 3.3 ns FWHM, aﬁa.the timing calibration.vas
made by inserting prgcisely measured pieces of delay cable,intobthe
circuit. No aiffiChlties'connacted with channel widths or pon-
lineariiiea in thé TAC were noted, so no corrections were made fox
‘,fhesg.‘.The half—life calculated following & least-squares fit éf a
straigﬁt line to the logérithma of the data.po;nta in Figure 23 was
4022 ns. No evidence of decays with different half-lives was ob- |
saerved invthis experiment., The‘:acio of the areas under the prompt
peak and the'delayed’curves are consistent with the decay acheme }
snd the 1ntdrpfetation that the 821.9-keV state decays with a 40-ns
half-life. .

3.2.4, Nd'3%9M pecay Scheme
A'dacay'schem@ has béenhédnstructcd for Nd139M from the -
results of the‘coincidencﬁ‘atudies #ndvthe energy'aumsignd rel- .
| ative-inteﬁsities}og the transitions. Thie decay scheme is shown .
in Pigure 24, :ogathei with the decéy scheme for Na!3%, which wilil
be discussed later. The striking difference between the two decay

schemes is worthy of note, with the 113.8-keV gamma being the only
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common trangitiop. Allvéngrgieaxarg given in keV, and thg Qe is

a calculated value {69). Total transition-intensitiés'afg_given'in
unite of percent per disintegration ofnthg parent Nal39M, The gt/e
ratios ere also calculated values, using the method.of Zweifel (47).;
In.general, the energy sum§ of competinéncrossovef and cascade tran~
sitions agreé to within $0.2 keV. Becéuse there are 80 ﬁany‘coin-
cidegt,-cascsding trgnsitions in this nucleus, there are many checks
‘88 to the energies of most of the levels. The energy assigned for
each level is therefore a weighted value based both on the tran-
sltions that feed into and out of that level. Both Eecause there
are an aboormally large numbe: of gamma ray branchings in thié o
nucleus and becauseﬁthe interpretation of the higher-lying atates
makes it essential that they be convincingly placed, the relevant

sets of sums have been presented in Table 6, where it cen be seen

that the self-conéistency-is excellent.

3.2.4.A. ~~The 113.8-keV Level and Those that Are Depopulated
through It-- The large relative inteusity of the 113.8vkev gamma c?mv
bined with its coincidence behavior leads onme to place a first-ex~
cited state at 113.8 kev, iq agreement with earlier atudies (56,60).

" The tsomeric gtate at 8éi.9 keV was first placed on the basis
of ;everal prompt coincidence experiments having timing resoiutiona~ |
(27) of *100 ns (éee, e.g., Table 5). It was then confirmed by the
delayed coincidence experiment of Figure 22, which suggested that
seven levels above 821.,9 keV are depopulated through the 821.9-keV

state. The gamma transitions presumed to originate from these levels
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Table 6. Cascade energy relations for Na!39M y_rayg,

147.9 + (2048.8 state)

*  y-Rays in Sum® - Sum?& . State Energy Adopted®
821.9 , 821.9 821.9
113.8 + 708.1 §21.9
851.9 . : 851.9 851.9
113.8 4+ 738.1 851.9
802.4 + 821.9 1624.3 1624.5
796.6 + 828.1 1624.7 '
601 + 910.2 + 113.8 1625
254.9 + 547.7 + 821.9 1624.5
101.3 + 701.3 + 821.9 1624.5

1011.9 + 821.9 1833.8 1834,1
1006.1 + 828.1 '1834.2.
982.2 + 851.9 1834.1
810.1 + 910.2 + 113.8 1834.1
209.7 + 802.4 + 821.9  1834.0
1105.2 + 821.9 1927.1 1927.1
1075.1 + 851.9 1927.0 :
403.9 + 701.3 + 821.9 1927.1
302.7 + (1624.5 gtate) 1927.2
©2.9 + (1834.1 state) 1927.0
1226.9 + 821.9 2048.8 2043.8
1220.9 + 828.1 2049.0 .
1024.6 + 910.2 + 113.8 2048.6
424.3 + (1624.5 state) 2048.8
214.6 + (1834.1 state) 2048.7 ‘
- 2060.4 + 113.8 2174.2 2174.3
1322.4 + 851.9 2174.3
340.4 + (1834.1 state) 2174.5
1374.7 + 821.9 21%6.6 2196.7
1344.8 + 851.9 2196.7
673.5 + 701.3 + 821.9 2196.7
372.1 + (1624.5 state) 2196.6
362.6 + (1834.1 state) = 2196.7
- 2196.7

8411 energies in keV.
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. were enhanced'by roughly two orders of magnitude over their inten-
sities in prompt coincidence experiments (cf. Table 4), and the
ratio of each'intensity to that of, saj, the 547.7-keV gamma is
ﬁiﬁhin *20Z% of what it was in the singles spectra. thvonly were
the direc: transitions from thege levels to the 821,9-keV state
enhanced, but so were many intarcohnecting'transitions. [At gamma
ray epeigies below 300 keV, quantitative comparisons of the de-
layed'gamma ray intensitiea with the deéay scheme-w@re significantly
less precise because fhe earlier crossovers of the lower-energy pulses
artificially introduced enhancement factors of >2 into fhe délayed
coincidence spectrum.] The. energles of these seven Pr13% gtates, at
1369 6, 1523.2, 1624 5, 1834.1, 1927.1, 2048.8, 2196.7 keV, were

: assigned from the weighted energy sums listed_in Table 6.

3.2.4.8, ~~The 828.1-, 851. 9- 1024. 0—, and 2174.3-keV States-“

These four states are auggeated by energy sums and relative gamma ray
intensities (cf.Table 3), as well as by_the prompt coincidence data
(Tables 4 and 5). The absence from Figure 22 of all ten of the gamma

. t;ys indicated in the decay scheme te feed the 828.1—, 851.9«; and
1024.0~kev states is consistent with the intetptetaiion of fhese states'
positions. 4
| The 828,1-kaV state is alaso confirmed by the auppression of
796.6-, 828.1-, 1006.1~, and" 1220 9-keV gamms rays in the prompt coln-
cidence experiments gated on the 113.8-keV gamma; see F;gure 11 and

Tablelé;

3.2,4.C. --Remainiqg~aémma Rays-~ The twelve very wesk gamma



rays observed at 733, 895.1, 900.3, 1165.8, 1233.7, 1249.9, 1364.8,
1463.6, 1470.2, 1681, 2085.0, and 2201.2 keV have not been def-
initely placed in the level scheme. These gamma rays do not fit
between any exiatihg states and do not gignificantly change the 1n;_
terpretation of the level scheme or its comparison with other nuclei
or with theoretical calculations. ’The sum of'these gamma ray 1ntén-
ﬁities amounts to only 1.52 of the dbserved'Ndl39m ganma ray intensity.
Somé tentatively suégested placements follow.

The 733-kevvgamm; ray was seeﬁ only in'cﬁincidence‘with the
‘738.1-keV_3amma. The enefgies of these two sum to 1471.2 keV, within
;he measured uncertalaty of the 1470.2-keV gamma, thus tentatively
“suggesting a level at 1584.0 keV. | |

Evidence iavolving poor etatietics 'dndicates that the 2085.0-
keV gamma ray is in coincidence with the 113, 8-kev gamma, whereas the
2201.2~keV gamma is not. On these grounds alone tentative states at
2198, 8 and 2201.2 keV may be inferred.

In order to obtain a lower limit for the log ft values of
transitions to'tﬁese "unplaced" states, it was assumed that each un-
placed state was-fed'direétly by a«decay:and de-excites entirely by
thebunplaced gﬁmma_rays. It then followed that the éorrespanding |
log ft velues would #11 be larger than abéut 7.8.

The propertiés of a few of the remaining five very weak
gamma fays _(1165.8, 1233.7, 1249.9, 1463.6, and 1681 kéV) can be
seen in Table 4. . It was mot possible to find a unique location for
them in the deceay scheme. The sum of their intensity is lesé than

0 7% of the total cbserved Ngl3om gamma rays.
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"};i;é:n:'4écon2éfison'with’Another (8,Y) Study~- After the

completion of the present gtudy, a publication became available which
describes an investigation of Nd!39M gacay following the Nd!1%2(y,3n)
Nd139M regcttion produced by bremsstrahlung on Nd,04 enriched to 952
Nd!"2 (119). The decay of Nd!397 yas ‘mot reported and a competing.
d‘“z(y,kn) reaction produced 5.2-h Nal138m vhich was distinguished
from 5.5-h Nd139M gpiy by colncidence measurements. A nuwber of -
confirmations are obtained from referenoe 119 but no additians or |
" corrections to the present study are required No 1nterpretation

was made of the properties of the states.

3.2.5. Spin and Parity Assignments from N4l39m Decay

3.2.5.A. --Electron Data and Multipolaritfes~- The gamma

.
- intensities from the present measurements were compared with the

' conversion—electron intensity data of Gromov, et al. (56, 70) in
order to gain nultipolarity information about some of the more in-
tense, lower-energy transitions following Nal3om decay These com-
parisons and predicted mnltipolarities are listed 1n Table 7 and
plotted in Figure 25. It was not posoible to use‘the conclusions
~ of Gromov, et al. directly because their gamma intensities were
obtained with NaI(T1) scintillators and differ markedly from our
data. Howevet, from K/L conversion intensity ratioo, the 231, 2—~
-and 708.1-keV transitions have been established to be M4 and M2,
~ reapectively, by both sets of previous workera (56, 60)
theoretical conversion coefficients (71) for these transitions
were.then used as a basis for detarmining the'remaining'coeffib

clents. At lower energles (5300 keV) 1t appeared that the coeffi-
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200 | 500 | lOOOi

Fig. 25.

TRANSITION ENERGY (keV)

A comparison of experimental and theoretical K~conversion
coefficients for some of the y-transitions following Ndl39m
decay. The lines are the theoretical values of Sliv and
Band (71). The data points were obtained by comparing the
electron intensities of Gromov, et al. (56,70) with the
Y-ray intensities measured in the present study, assuming

the theoretical values of the 231.2-keV (M4) and 708.1~

keV (M2) tranmsitions to be correct for purposes of normal-
ization, Bach circle (triangle) refers to reference 56 (70).

-
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cients were'affected by absorption in the electron counter window. .

3.2,5.B, --Ground and Metastable States of Nd!3%-- Here at

N=79 Qne ought to consider threerquasiéarticle (hole) diates.‘but
to a reasonable first approximation the iaw-lying ones can Se thought
of as single'hbie gtates, so there are some siﬁiiafities with the N=81
, nuglides. Among the lattér there are nbw sevep'known that have da/z
grougd states.and hn/2 isomeric statgs connected by M4 isomeric |
transitions (72). Also, the N=79 nuclei Tel3!, Xe!33 Bal35 and
Cel37 (references 14 and 73,74,75, and 76, respectively) have 3/2+
ground states and 11/2- metastable states. Thus, when K-I conver-
sion electron energy differenéea suggested that the 231,2-keV tran-
;1tion occurs in Nd rather than in Pr and the conversion line in-
tensity confirmed that thg transition was an M4, this indicated a
similar d3/2~h11/2 iéomer pair. The energies of the.N-79 and N=81
isomers have been plotted in Figure 26, including Nd!39 gnd 4
projection for Smi“l™ (77). | o

It‘is instructive to compare the reduced transition probabii~
ity of the 231.2-keV gamma with those of the other M4 gamma rays,
for these isomeric transitions should be among the best examples of
true single-particle tfans?tions.. In Pigure 26 the squares of the
radial matrix elementé, IHIZ, of these tranéitions are also plotted.
These were calculated using Moszkowski’s'ApproximationS'forlsihgle-.

neutron transiiions-(78,79):

ML) _ _0.19(I+1) of Mo )ois 132Dl
Tse = Tz ! [mlgmev} (@ 1n 10-13cm) 2L~

% 5(30,g) x 1071 sec-l,
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26. Upper: Energies of the metastable states in the N=79
~ and N=81 isotones. (The Sm!"“l point is a predicted
one.) ’ :

Lower: Values of the squared radial matrix elements
for the isomeric transitions in the same nuclei.
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Here Tcgg) 18 the single-particle transitionfprdbability, L (=4
- for M4's) 1s the multipolarity, @ (=1.2x10713 cm) is the effec- .
tive nuclear tadius, and S(ai.L,Jf) ie a statistical factor
(i.e., angular momentum portion of the matrix element), which for

11/2*3/2‘transitions bas the value 15/11.

The resulting values obtained are consistently smaller -

than‘the approximation of a constant wave function,

e ]2 = [ﬁ‘i)z(“n"’z - 4.6,
where u, is the magnatic'mément of the seutron, but this fact'.
_ahoulﬁ not be of concern, for M% transitions are normally retarded
over such estimates and one needs much more detéiled information

~.about the nuclear wave functions in order to make detailed com-
parisons meaningful. What is of more importance 1s the fact that
the values of |M|{? are not comstant but show a definite trend in
both the ¥=79 and Ne81 nucled. [It 19 wnusual for ]M12 not to
be constant over such a series. ¥For example, in the odd-mass
neutron-deficient lead isotopes, |M|? wag constant to the point
that an apparent 15% discrepancy at Pb2°3 suggestéd that an unob-
served transition was competing with the M4 1somer1c transition,
and this competing transition wes later discovered (80).]

Both because‘collectivg wodes of the core would not'be ex~
pected to contribute appreciably to an M4 multipole fieid and be-
cause the hn/2 stétes-cannot be mixed rea@ily with other;atatastin .
these nuclei, these M4 transitions should prove = anta‘éensitive-
test of, say, dﬁ/zv‘nd perhaps 8,/2 admixtures fu the d3/2 states

‘than would normally be possible from electromagnetic tramsition
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rates. The fact that the [MIZ valuea for the N-79 nmclei are

consistently larger than those for the Nb81 nuclei goes along with

this, for the N=79 three-qqasiparticle atates would be expected to

be much less puré, | and only to a (good) first approi:imtion can

the transitionﬁ be characterized as‘procaéding from a pure [(ds,z)
11/2]11/2 to a pure [délz) ]312* configuration. A more complete

analysis of these M4 cranaitions, usins the occupation number

-,

formalism, is presently undervay (72).

°3,2: 5 C. ~-The Ground, 113.8~, and 821 9-kev States in r:l 39-~

The ground state of Pri39 i fed by the d_, ground state of Nd139,

3/2
In the present atudy of this decay (see below, sections 3.2.6 and
3.2.7) a log ft of 5.1 was obtained for this transition, which sug-
gests 1/2+, 3/2+ or 5/2+ for the ground state of ?r139.v Any of these
assignments could be consistent with the observed (16) 992 éf Pr
B-decay (log ft = 5.3) to the 3/2 grgqnd state of Cel®d, The simple
shell nodei, predictions by Kisslinger and Sorensen (81), and sys-
tematic;-of odd-mass nuclei with odd proton numbers between 51 and -
63 indicate 5/2+ and 7/2+ configurations for the two 1o§aat'levéla of
prld9, Sixteen nuclei in this region have gtound state and first-
excited states well characterized (6), aund in every case the
' asgignments are 5/2+ snd 7/2+~or 7/2+ aud 5/2+.

| The measured X and [ conversion electron incensities for the
113.8-keV transition and its 2. Snns half‘life (82) are characteristic .

of the f-forbidden Ml transitions between g,lz'and dglz states. Six-

teen of these also have been measured (6) in odd&ﬁroton nuclei between
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Z=51 and Z=63. _

Nbvdiiecp 8-pdpulation of the 113.8~keV state was oBserved
from either the 3/24 or 11/2~ states of Nd!3%, This is consistent
with ;‘7/2+ assignment for éhis state, }Thevuppér 1ﬂmi;.ot-3! €~decay
to it from Na!3%™ places & lower limit for the log f% at 7.6, although
‘the log f% 1s expected to be appieciabiy higher: The e~decay from
~ some of the A 11/2 Te and Sn isomers to fy/, States in their daughter
nuclei has been observed (6,9-12,14), and the log f%'a,clpater around

9. Tor an estimated log ft = 91for decay to the 113.8;kev state in
| prlds, the'correspOnding e-decay 1s only 0.1%,
| The above cumulative evidence rather atrongiy suggests 5/2+
and 7/2+ assignments for the ground and first-excited states in Pr!3e,
which would imply ds/z Qnd (’gﬂz)-‘l(dslz)2 configurations. |
- The messured qK.(Table 7) of the 708.1-keV transition in-
dicated 1t.to Be an M2, and this; combined with the evidence of direct
 feeding of the 821.9-keV state by Nﬂi39m suggests this state to be |
11/2— The weasured 40-ns t* is consiatent with this assigoment. The
A amounta of admixing in the gamma transitions were not determined, but
‘weisakopf singla-patticle estimates (23) for the ti's of a 708.1~keV
pure N2 and an 821.9-keV pure E3 are 1.2x10~9 and 1.3*10"5'sec, re~
‘spectivély. Thus, the M2 (pattiai t*»y 42 ns) appears to be ratarded
v'ovet the single-particle ¢§timate, this is not particularly sur-
prising, hdwe;et, as MQ’s are customarily retarded. More interesting,
~ the F3 (partial ¢, = 600 ns) appears to be enhanced over the single-
particle estimate, and F3's also are most ofteﬁ.retarded (83).

However, there are three other known emhanced E3's, in Lal3?,
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Eul*7, and' Eu!"? (references 84,85, and 85 reﬁpectively),?all just
.beiow or above the N=82 ghell. More will be said about. thié in
section 3.2.9 below in terms of possible octupole admixtures in
the 821.9-keV state, but the dominant characteristics of this

state warrant the asaignment h The log ft of 7.0 for the

11/2°
e~population of this statg is high but certainly within the reaiﬁ
of possibilities f&r an 11/2- — 11/2- allowed transition. It will
be ééen later (section 3{5.9) that the reason for this is that a
multiparticle rearrangement is necessary 1n'orde£ for Ndl39m ¢,

populate this state,

3.2-5-D0 "’-The 82801“, 85109"‘" 8nd 1024.0—kev states"‘" Tbe

© 828.1-keV gamma appear§ to be of E2 and/or ML multipolarity,‘which
seta limits of 1/2+ through 9/2+ on the 828.1-keV state. This

-8tate is fed strongly by the 1624.5—, 1834.14. and 2048.8-keV states,
each of which is populated directly by ii/Z- Nalsem,'so 1/2+, 3/2+,
and posaibly 5/2+ can probably be eliminated. If the state were
9/2+, one might expecf some direct.e~feeding (first forhidden);

none was seen, but the limits are nbt éOO»pracise on this. Thie 1§ ‘
Amentioned in nnticipation of the problems that will arise conmcern~
ing some of the higher-lying states. A 9/2+ assignment would also
suggest that the 828, l-kev transition be pure 52, but again the '
precision in QK does not 2llow one to say concretely whether this
cransition does or does not contain some Ml character. An upper
limit of 0.27% (of Nal3oM disintegrations) can be élace& on the in-

tensity of the missing 714.3-keV gamma ray to the 7/2+ 113.8-keV
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gamma ray to the 7/2+ 113. §-keV state,. The absence of this trans-
ition 1s slightly surprising, considering either a 7/2+ or 9/2+
assignment, but, for example, a core—couﬁled configuration involv-
ling the d5/2 ground state could result in either but would explain
the absence of such a transition. Both 7/2+ and 9/2+ are retained
as possible assignmenté;

Using the same approach with the 851 9-keV state, 9/2+ was
obtained as the probable assignment, with 7/2+ as a somewhat less
ii&ely alternate. Again, the 738.1-keV gamma appears to be Ml
and/or E2, which sets limits of 3/2+ through 11/2+ for.the state,
This state is fed strongly by the 1834.1-, 1927.1-, 2174.3-, and
2196.7-keV states, each of which is populated directly by what
looks like an allowed transition. In particular, the intense 982.2-
keV gamma from the 1834.1-keV state -~ the state with‘the strong-
est claim to being a high-spin (9/%,»11]2) odd—parity state -~ is
characterized as an El. This permits'oneito narrow the QSQignménts'
.down to 7/2+, 9/2+, and 11/2+. 11/2+ can be ruled out. on the basis
of the branching ratio of the 738.1— and 851.9-keV gamma rays, for
1t would force the 851.9-keV gamma to be an M3, which has a pre-~
dicted (aiggle»particle estimaie) t%‘uf 1.OXIO'6‘se¢, as compared
with ooly 2.7x1071! gec for a 738.1-keV E2. The branching ratio
would also favor 9/2+ (M1,E2 vs pure E2) over 7/2+ (both ML,E2),
but, as pointed‘out‘in connection with the'828.1~kev state, one
" has to know more about the internal structures of such states be-
fore other than gross decisions based.on branching ratios.can be

made,
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On. the basis of the 910, 2-keV gamma to the 7/2+ 113.8-kev
state, a gamma ray that is at least five times as intense as the
unobserved 1024.0-keV ground-state gamma ray, one can probably
limit the spins of the 1024. O-keV state to a range of 2 units on
’ either side of 7/2. Because the state competes favorably for feed-
ing from the 1624, 5~, 1834.1-, and 2048, 8-keV atates, which again
are fed. directly by 11/2- Nd139m *his range is biased toward the
high-spin side of 7/2. Finally, the lack of direct e-population
(upper limit *0.4%) suggests even parity. Comclusion: (5/2+),

124, 9/2+, or 11/2+ for this state.

‘3.2.5.E. --The "High Odd—Périty States"-~ The most intrigu-

ing aspect of this study is the population of (at least) six high~
lying states in Prl39 py what appear to be allowed transitions from
11/2- §al3%%, Thege six states, at 1624, 5 1834.1, 1927.1, 2048.8,
2174.3, and 2196.7 keV, are populated by c«decay with log ft’s that

~ range from 5.6 to 6.3, This would geem to imply that these states
have spins of 9/2, 11/2, or 13/2, all with odd parity. Granted

that log ft values by themselves are not always relisble indicators
of the degree of forbiddeness in Bmdecay, still it is -much more
common’ for allowed transitions to be abnormally slow than for

: firat-forbidden transitions to be abnormally rapid (86). AlsQ,

the decay to the presunéd hn/2 821.9-keV state should he, supei-
ficially at least, the most straightforward of the B-transitions
from Na139M  ang 1t hes a log ft of 7.0. Thus, these’ six high—
lying states are favored for Tecelving population over the h11/2
state, and from this peint of view the ewdecay to them is undoubt-

edly allowed, There are other-indications, as well (to-be described
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later), that thej have odd parity. These gix states’alsq have
other peculiar;ties, among which are the larée number of 1aw—enérgy
inter;éonnecting gamma trénaitions'and the lack of transitions to
the lou-lying states. 1In tﬁis gsection these states will be dis-
cussed somewhat phenomenologically, arriving only at estimates of
the simplest external structures (i.e,, gpins and parities) com-
sistent with our data, and the problems pf detailed internal
structure will be postponed to.séction 3.2.9 where it will be shown
that they are three-quasiparticle states.

Now, although the foregoing conclusions based on gamﬁa ray
‘hranching ratios from the lower-lying states may have been overly
conservative, the sheer number of competing gamma rays. from these
"high odd-parity"” states makes it worthwhile to determine at least
. whether or not useful informdtion can be obtained by aenalyzing
their various branchings. Thégefoteg the single-particle estimates
for the Balf-lives of all the gamma rays originating from these
states have been assembled in Tablé 8, aésuming possible EF1, M1, or

E2 multipolarities. M2 and higher multipolarities were excluded on
| the bésis of thereLbeing no likely mechanisms for eshancing them

to the point that they could complete with the many possibilities
for de-excitation by lover mnltipolarities. Thig tabu}ated 1nfor—;
mation must be used with caution, however, for the-El’s;aﬁd.Ml;s
_could easily be retarded, as noted before, whereas the E2's_could
be either enhanced or not enhanced, depending on the‘calléctive

or non-collective nature of the states involved. Also, because

~some common internal structure is expected among these states,
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Table 8. Weisskopf single-particle estimates for gamma rays
depopulating the "high odd-parity state" in pri39,

Ctate Y-ray Relative Single-particle estimate?

energy energy - dintensity? = for t*.(sec),

(keV) (keV) 1%
T (corrected for conversion)

El M1l B2
1624 .5 101.3 6.5 1.1(-13) 1.6(-11) 3.8(-07)
. ' 254.9 20 9.5(~-15) = 1.4(-12) 5.1(-09)
601 6.5 7.8(-16)  1.1(-13 7.6(-11)
796.6 61 3.4(-16) 4.9(-14) 1.9(-11)
802.4 =100 3.3(-16) 4.8(-14) 1,8(-11)
1834.1 209.7 9.0 1.6(~14) 2.3(-12) 1.3(-08)
’ 810.1 23 3.2(-16) = 4.7(-14) 1.7(-11)
982.2 2100 1.8(-16)  2.6(-14) 6.6(-12)
1006.1 12 1.7(~16) 2.4(-14) .5.8(~12)
1011.9 10 1.7(-16) - 2.4(-14) 5.7(-12)
1927.1 92.9 89 8.2(~14) 1.2(-11) 3.3(-07)
- 302.7 14 5.8(-15) 8.4(~13) 2.2(~-09)
403.9 85 2.5(-15) 3.7(~-13) 5.4(-10)
1075.1 =100 1.4(~16) 2.0(-14) 4.2(-12)
1105.2 77 1.3(-16) 1.8(-14)  3.6(-12)
2048.8 214.6 33 1.5(-14) 2,2(-12) 1.1(~-08)
424.3 39 2.2(-15) 3.2(-13) 4.3(-10)
1024.6 72 1.6(-16) 2.3(-13) 5.3(-12)
1220.9 2100 9.5(~17) 1.4(-14) 2.2(-12)
1226.9 83 9.3(-17) 1.3(-14) 2.2(-12)
2174.3 340.4 18 4.2(~15) 6.0(~13) 1.3(~09)
- 1322.4 46 7.4(~17) 1.1(-14) 1.5(-12)
2060.4 2100 2.0(-17) 2.8(-15) 1.6(-13)
2196.7  147.9 57 0 3.7(~18) 5.4(~12) 5.9(-08)
: 362.6 2100 3.5(-15) 5.0(~13) 9.2(-10)
572.1 26 9.1(~-18) 1.3(-13) 9.7(-11)
673.5 39 3.6(~186) 8.0(-14) 4.3(-11)
1344.8 - 22 7.1(~17) 1.0(-14) 1.4(-12)
1374.7 30 6.6(~17). 9.5(~15) 1.2(-12)

8The strongest y-ray from each level 1s arbitrarily glven a relative
intensity of 100Z and the others are compared with this.

bReferences 78 and 79 as treated in reference 23.
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differences between Ml and E2 transition rates may not be pre-
dictable; therefore, the most useful information will be expected
to come from comparing transitions that lead to atates not in the
éroup of siﬁ. .

The "proﬁotype" state at 1834.1 keV receives 37.4% of the
| e-decay, with log ft = 5.6, and the argument for its being 9/2-,
- 11/2-, or 13/2- 1is élearly stronger than for any of the other
staées. Of the five gamma rays that de-excite it, the intense
982.2-keV gaﬁma to the 851.9-keV state seems rather unambiguouvsly
to be an E1 (Table 7, ¥igure 25). This is additional evidence for
odd parity, as 9/2+ or possibly 7/2+ was previously assigned to the
851.9-keV state. The 9/2+ assigoment would imply either 9/2- or
11/2- for the 1834.1-keV state, while the 7/2+ assignment would
limit 1t to 9/2-.

At this point only the consistency of the other gamma rays
can be checked with these assignments., The 1006.1-keV gamma to
the (7/2+, 9/2+) 828.1-keV state presumably is a parity~changing
transition like the 982.2-keV gamma whereas the 1011.9-keV gamma
to the 11/2- 821.9~keV state is not. The simplest explanation is
~ for the 1011.9-keV gamma to be ML and the 1006.1-keV g;mma to be Fl.
The pronounced difference in the rates of the 982.2- and 1006.1~
kev "p1" gamma rays must be attributed to internal strpcﬁures of
the states.. It willibg seen later that there are strong impli-
cations that the transitions out of the "high odd-parity” mul-
‘tiplet are rather highly hindered, so small admixtures in the states

involved could have strong effects on the transition rates. The
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'9/2—_and 13/2« asaignments remzain fof the 1834.1~keV state, where
the latter spin is recalled to be incompatible with 7/2+ for the
828,;—kev state,

The relatively 1nteﬁse 810.1-keV gamma ray would also appear
to be an E1 transition, allowing the 5/2+ ﬁossibility to be removed
for the 1024.0-keV state. The M1 and/or E2 assignment (Table 7,
Figure 25) for the 209,7-keV gamma adds nothing new, but it is noted
that the 1624.5-keV state must be quite sim;lar to the 1834.1~keV
~ state for this transition to be so enhanced.

Arguments for the 1927.1-keV state, which receives 12.8% of
the e-population, follow along similar lines. In particular, the
92,9~keV transition must be a collectivgly«enhanced Ml and/or E2,
'making the 1927.1- and 1834.1-£gv states quite similar in origin.
The 1105.2-kev gamma to the 821.9-keV state may be M1, and the
1075.1-keV gamma to the 851.9-keV state m#y be El, all of which is
consistent with 9/2- or 11/2- (equ;lly probable) for the 1927;1—kév
state. An educated guess for the 403.9-keV gamma is Fl, which would
imply positive parity for the 1523.2-keV state.

The 2196.?—kev state also.appears to be very closely related .
to the 1834.1-keV state, viz., by the'strqﬁg 362.6-keV gamma, Argu-
ments parallel those above, resulting in 9/2- or 11/2~ as possible
choices. }
‘The;1624.5~ and 2048.8-keV states are similar in that both
favor depopulating to the §28,1- rather than the 851.9-keV state.
In each case what would'appéar to be an M1 transition to the 11/2-

821.9-keV state competes most favorably with an apparent El to the
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. 828.1-keV gtate. Arguments fbr odd parity are also weakest for
thegse two states (log ft = 6.3 for c~decay to each), but the de-
e#citation pattern would be no easief to interpret if high-spin,
even-parity states were assumed. Thus, 9/2(~) or 11/2(~) were
tentatively chosen as possible assigoments. It 18 perhaps worth
noting that, if these assigﬁménts are correct and the six "high
odd-parity" states are indeed closely related, there seems to be
an iﬁteresting gradétion in properties, with the 1834.1~k§V state
standing toward the middle, being the only state directly connected
to all the others by gamma transitions. One example of this grada-
 tion is the strong transitién between the 1927.1- and 1834.1~keV
states, between the 1834.1- and 1624.5~keV states, and (less
strong) between the 1624.5~ and 1369.6-keV states -- this contrasts

with the weak transition between the 1927.l- and 1624.5—kev states
| and the absence of a transition (upper limit *0.27 of the parent
disintegrations) between the 1927.1- and 1369.6-keV étates. [This
gort of behavior ought to aid in sorting the states when shell-model
calculations are done on the three-quasiparticle configuration pro-
posed here for these states.]

| ~ The 2174.3~keV state stands somewhat apart from the other

five in that it is the only one to de-excite directly to the lowest
states in Prl39 and to miss populating several of the other five
with quite iﬁtense gamma rayé. Its large e~population (log ft = 5.9)
does, however, indicate 9/2-, 11/2-, or 13/2-. And its 2060.4~keV
gémma-to the 7/2+ 113.8-keV state, 1322,.4-keV gamma to the 9/2+,

7/2+) 851.9~keV state, and lack of a transition (1352.4-keV ganma
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intensity $0.3% of all parent decayé)'tq the 1112* 821.9-keV stﬁte
favor the 9/2- assignment. The presence of the 2060.4-keV gammh ray
also implies, if it is a_three~qﬁasipartic1e étate,iﬁhat this state
includes some "97/2 character in its compos%tion, being tﬁuslless

v

"pure" than the -other five.

3.2.5.F, ~-The Remaining States-~ The only remaining states

in Prl39 excited by Ndlsgm»e4decay that were known with enough assur-

_ance to be placed in the decay scheme are the 1369,6- énd 1523.2-keV
states. The 1369.6-keV state receivea-i.32'of-thé ¢~decay, with log |
ft = 7.3. Thus, one cannot decide between allowed and firStfforbid-‘
den non-unique dec#y, and the assignment caﬁ be 9/2&. 11/2:, or 13/2+.
Even less can be said about the 1523,2-keV state, which reéeives no
direct population from §5139m. On the basis of the strength of*fﬁe‘

- 101.3~keV gamma from the 1624.5—kev.atate, a weak argument can be

made for spins between 7/2.and'1312 with perhaps even parity;.

3.2.6. Experimental Results for N4!3%

3.2.6.A. --Gamma Ray Singles Spectra-- A gamms ra} gsingles

spéctrum of NA1399H1 raven with the 7-cmd Ge(Li) detector described
in sectionv3.2;3.A is‘éhown.in Figures 27a and 27b. This.spectrum
repreéeﬁts the sum of six runs taken *30 min afterlthe eﬁd‘of *45-
- sec proton bombardments. ~ The duration of each of these runs was =20
min. Spectra were recorded periodically as t@e'sourcea aged in ordeg'
to identify activities with different half-lives and to follow the
Nﬂlésg as it reached equilibrium with Nal39, Most of the gémma ray

intensity, even this soon after the bombardments, originates from.
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- nglaom decay, for some 88% of Hdisgg beta decay proceeds directly
to the ground state of prids,
A list of the energies and relative intensities of the |

gamma rays identified wifﬁ the decay of{Nd1399 1s given in Table 9.
These were measufed as described in section 3.2.3.A except that the
now wellfdetermined Ng139m gamma ray energies were used aS'internal_
calibration sténdards. Of the 21 gaﬁma rays listed in Table 9, only .
the 405.0-keV gamma has been reported previously (61)

| A basic cause of experimental difficulties encountered in
the study of Ndl399 decay is that the annihilation photons are an
order of magnitude more intemse than any of the gamma rays follow-
ing 1ts decay. This means that even the low activity of 5.5-h
Nd139m produced by the 45-sec bombardments significantly masks the
_ 30-min Nd1399 gamna rays shown in Figures 27a aund 27b.

| As mentioned briefly in section 3.2.2, an attempt was méde
to populate Nd13%J gelectively apart from Nd139m by using the. prlvl
(z, 5n)Pm139~—m5Nd1399 reaction. It was expected.that the ground
state of Pm!3? would be a 5/2+ state and would populaté 3/2+ Nal3dg
in preference to 11/2- Ngl39m, tﬁue prodﬁcing a cleaner spectrum.
The attempt was a partial success because the Nd!399/Nd!39M {gomer
ratio was indeed increased fy an order of magnitude. Hp#éver, the
~ presence of many other short- and long-lived contaminants from
competing reactions nullifiea.hny‘net advantage of this method for
producing clean Nd!3%9 gources. One would need to use this re-
action in conjunction with a fapid ionwexchange'separacion (not yet

feagible but perhaps available within a few years) for it to be
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Teble 9, ‘Energies and relative intensities of gamma vays
‘ observed in Nal3% spectra.

Measured y-ray Relative ymray Measured y-ray Relative Y-rayv
energy (keV) intensity® energy (keVv) - 1nteqsitya
113.8%0.2 16,1:10b . 1074,50.5 11.9¢ 1
184.410.4 4.2t 0.4  1096.7#1.0 0.9 0.4
405.0:0.4 364t 3.0° | 1214.5:0.4 2.2t 0.3
 475.5%0.4 7.9t 0.6 1247.0¢ 1.0 0.6% 0.3
485.920.8 2.8 0.7 1311.820.6 2.0t 0.7
511.0 (v%) 360 1504, © 1328.410.6 1.1t 0.3
589.0£0.5 5.3t 0.6 1405.5¢0.7 3.3t 0.5
622.30.3 6.4t 1.0 1449.540.7 0.8+ 0.3
669.3t0.5 8.3t 2 | 1464.120.5 2.3% 0.4
916.810.4 8.5% 0.6 1500.8:0.8 2.0% 0.5
923.0£0.4 6.9+ 0.8 ~ 1531.2:1.0 1.1t C.4
| .

dpelative to 100 for the intemsity of the 738.1-keV y-tay in N4!397 230
min after the end of %45 sec proton bowbardmente.

bpased on the sum of y-~intensity feeding the 113,8-keV level as in-
dicated in the decay scheme (Figure 24) because most of the 113.8-keV
y-intensity or1¥inatea from population by the 5 5-h Nd139  even
30 min after Ndl3 is produceu.

CResult after the 403.9-keV component of the 403.9-, 405.0~keV doublet
is subtracted out on the basis of the Ng139m relative intengities
(see Table 3).

dApproximately 98% of the annihilation photons come from Nq13sg dzcay
330 min after the production of Ndl3m“gg. : i

eFrom the decay scheme an upper limit of 16.1 can be placed on the
intensity of a hypothetical 511.8-keV y-ray depopulating the 916.8-
keV atate. :
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really clean. It'did; however, verify the relative intensities

of most of the Nd}3%J gamma rays.

3.2.6.B. -~Garma Gamma Coincidence Studies~4 by analogy

with the décay scheme of dé/z Ndl%1 (seen in Figure 8), it was ex-
pected that a number of states would be present, which, upon re-
ceiving direct B-population, would de-excite directly to the Pr¥39
ground state. For this reason the 8~in; x.8-in. NeI(Tl) split
annulus (19) and A 3-in., x 3-in, NéI(Tl) detectcr.was used in an
anti-coincidence. experiment with the 7~cm3 Ge(Li) detector; the
geometry was as described in section 3.2.3.B. Again, the single-
channel analyzer for the NaI(Tl) detectors was set so that the gate -
would be active for ali gamma rays above 100 keV. The resulting
anti-coincidence spectrum is shown in Figure 28, and the resultihg

- intensities of the Nd13%7 gamma rays (relative to 100 for the 738.1~
keV Nd!3% gamma ray) ave listed in Table 10. Seven states in Prl39
vere indicated by these results,

In order to complement thg éntiucoincidence data, a coin-
cidence spectrum was obtained using the same'aﬁparatus. The gate
from the NaI(T1) detectors vas open for gamma rays above 350 keV..
This "integral™ coincidence spectrum is shown in Figure 29A, and
the relative intensities derived from it afe also included in
Table 10. As expected, they,vefify-the results of the anti-coin-
cldence data. )

The high intensity of thé 405.0~kevvgamma sugge;ts the

presence of a state in Prl39 at this energy. Four emergy sums also
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]
Nd™99t™  COINCIDENCE  SPECTRA

o A g AINTEGRAL GATE »350k&v 7]
rkss 8 ~ B-COINCIDENCE WITH 405keV
75 £ 55 S
g |

- e Wes® oM G AN nN @
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| 250 500 750 1000
o CHANNEL  NUMBER

' 139g4m integral coincidenge s ectrum. This
Fig. 29. .%%ecggum was recorded by a 7,-»cmS Ge?11) detector with
the 8-in. x 8~in, NaI{Tl) split annulus set to accept

~ all y-rays above 350 keV.

B) The annulus gate was set on the 405-keV energy
region. :




1

indicate possible gamma ray caééades involving this transition.

To obtain evidence supporting these cﬁscades,uthe NaI(T1) annulus
detector was gated on thg 380-430-keV region and the colncident
spectrum seen by the 7~cm3‘Ge(L;)~detector was displayed. The re-
aolviné time (21) of the coincidence circuit was 100 ns; This
‘spectrum i{s shown in Pigure 29B, and the relative intensities of i
the Nq!39¢ gamma rays are included in Table 10, where the ones that
are thought to be in coincidence with the 405.0-keV gamma are so
indicated.

The same coincidence spectrometer was then gated on the
113.8-keV gamma. The measured relative intensities from the spec~
trum séeﬁ in Figure.30.are also 1listed in Table 10. This experi~‘
ment verified the energyvsum indication that the 113, 8~keV gamma
13 in cascade with the 475.5- and 1214.5-kev gamma rays.

Confirmations of several of the coincidences described
above and new evidence for a 405.0-184.4-keV cascade were obtained
with a 3-in. x 3-in. NalI(T1), 7ocm§ Ge(Li) two-parameter (mega~-
channel) spectrometer enploying dual 4096-channel ADC's. These
data are summarized in Table 10. Following each coincident event,
the channel numbers repreéenﬁing the'photon energies were stored
in a dedicated buffer in the SDS Sigma 7 computer. When the buffgr
filled, its'contente were written on magnetic tape. It was then
possible to recover the coincidence information im slices in order ’;
to construct useful spectra. In Figure 314, the integral Nd1399*m
coincidence spectrum obtained on the Ge(Li) side 1is shown, and in

Figure 31B, the results of gating on the 405~-keV region of the



112

Nd"O9*™ COINCIDENCE WITH 114 keV
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NaI(Tl) side and displaying the resﬁlting Ge(Li) specttﬁm.are

ghown.

*3.2.7. Nd13% Decay Scheme

The decay scheme for Nd!3% that was deduced from the
:ﬁeésuremenﬁs'waa presented in Figure 24 for coﬁparisoﬁ ﬁith-the-
Nal3om décay scheme. Agaiﬁ, all‘transitjon energies ana excited -
state energles are given in keV and the 8*/e ratios are calculated
-values (47). All of the (total) transition intensities are given
in percent of the Ndl3% disintegrations.
t . None of the ten excited states érpposed‘here has been re-
ported previously in publighed Nd139%g decay»écheme studies. The
only‘oie.qf these states for which fhere 18 evidence of population
from Nd139ﬁ decay (1.e., ﬁ~deéay) is the 113.8-keV state. The 113.8~
keV gamma was seen to h&fe a 30-min decay component in addition to
1its dominant 5.5-h component. It was also observed to be in cascade
with the 475.5~ and 1214.5-keV gamma rays accompanying Nd13%9 decay.
It.was mentioned earlier that the high intensity of the
405.0-keV gamma indidateé the probability of a state in Pr!33 at
405.thev. This placement was confirmed by.coincidences of four
‘gamma rays (five, if a tentaiive 511,8-kev g#mma is included)Awith
the 405.0-keV gamma. In the process of constructing the decay
scheme, it is assumed thaf the imbaleance of gamma ra& 1ﬁtens;ties
leaving and entering the 405.0-keV atate.is removed entirely by 8-
) feeding of this state, Ho§e§er,‘the poseiﬁility’éhat-a‘511,8?kev

transitidn from a level at 916.8 keV to this state 1s present
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(£2.5%2) but’ 0bscured by ‘the 1ntense annihilation photons camnot
be ruled out. '

Higher-iying states at 589.2, 10?&.4, 1328.2, an¢'1501.2
keV are‘auggesceé'hy energy sums and relative'photon intensities

and confirmed by coincidehce and anti-coincidence information. The

‘etates at 916.8, 1311.8, 1405.5, and 1449.5 keV were placed on the

basis of the enhancement (reduction) of the 916.8~, 1311.8-, 1405.5-,
and 1449 5~keV gammas in anti—coincidence (coincidence) experiments
as geen in Figures 28-31 and Table 10,

The Qe = 2800 keV 4s a calculated value (69), which ought
te he good to within several hundred keV. There have been several

attempts to measure the g+ end points, but at this time their pre-

cision is not particularly go.i geverai measurements of the (total)

annihilation photon relative intensity cumgonent u. o Na13%9 vere

used in order to calculéte the 882 ﬁ-branching to the groun. cate.
In the Nd139mﬁ@-*Pr139**C3139 decay chain, Nd}39 accounts for ~ss,
of the annihilation photon intensity at 330-min after the 45-sec
bombardments. |

Pour unplaced gamuma rays identified with N4!399 decay were
observed with energies (rela:ive intensitiea) of 622 3 (6. 4), 1247.0
(0.6), 1464.1 (2.3), and 1531.2 keV (1.1). The sum of these inten~
sities yields 8.3% of the observed Ndl3% gammé ray 1ntgnsity‘and ‘
: 1.52 ofAthe observed Nﬂlagg total disintegrationa. Some ptoperties'.
of these rays can be deduced from Tables 9 #pd 10. The relgtively
strong 622.3-keV gamma perhaps suggests placing a state at 622.3 keV,

but in view of the lack of any supporting evidence, it is omitted
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from the de;ay scheme., The log ft for population of such a state

would be 26.8.

3.2.8. Spin and Parity Assignmente from Nd!399 Decay

Spin and parity asaignﬁents to the lowest two levels have
been discussed in section 3.2.5.C in connection with the decay of
| Na!139M, The 63% €, 27% 8% decay to the ground state 1a quite con-
sistent with awd512~*vd3/2 tranéition, and the log ft = 5.1 is
- remarkably close to that found for the snalogous transition in Nal'!
decay shown in Figure 8 (log ft = 5.3). |

It {s difficult to‘set a precise upper limit on direct B8~
decay to the 7/2+ 1i$.e—kev state because of the intense 113,8-keV
ganma fay component from Ndl39m decay. An upper limit of 0.03% of
the parent disintegrations, with log ft >8.8, was placed on the
analogous and much cleaner Nd!*}g—+Prl%lg g-transition. For Nd139¢

decay, of course, such precision is ;ut'ﬁf the question, but the

| fact that no indication of direct B~population is seen is clearly
consistent with a-(d5/2)2(97/2)~1 conf%gutation, as discussed be-
fore. |

The remaining nine levels all are populateé by B%*/c~decay
from 3/i+ Na!39¢ wich log f%'s_ranging fromzs.ﬁ‘to‘7.2.- These all
fit quite nicely in the range expected for allowed decay,‘aﬁd, al-
thodgh one cannot rule out £irst-forbidden dec#y Sn the‘basig‘of
these alone, no indication iz seen that any states other tﬁan.the
1/2+, 3/2+ or 5/2+ states ére populated directly by Ndi399. In.

fact,'all the log ft values are slightly smaller than those listed
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in FPigure 8'for the ang;ogou§~transitions in Naltl decay. Fbr some
of the states, especially these exhibliting gamma vay branch;ng, the
assignments may be narrowed further: ' '

The stétea at 405.Q'and 916.8 keV are tentatively agqigned
-1/2+ or 3/2+ because they both decaylﬁo the 5/2+ ground state and
ﬁiss the 7/2+-1i3.8-ievlstate;- The 916,8-keV atste'may or may not

~ decay also to the 405.0-keV aﬁaté'via the unobserved 511.8-keV tram- -
aitioﬁ,vwhich just might'have appreciable 1ﬁténsity, but thié fact

wi; ébte concerned with the internal structure of (both) states than

vith their spin and parity -- although the presénée~of the transi-
tion would lend further support to the assigﬁmentsfprdpoaed here.

Solely on the prediction of the shell model that the allz'state

ought to lie getween-thelhlllzlstate and the dsli and gy, States,

one i{s tempted to identify the 405.0~kev state with it. There is

. no supporting evidence, however, and one must ask why the g, ,,

. state should be populated so easily here when it has not been seen
in either Ngi%! deca& (see section 3.1) or Cel%? decay (87) to the
pext heavier Pr isotopes, which otherwise show much the same single-
particle state positions (within a few hundred keV). It will be
geen that gamma ra} branchings to this atate,ténd ;n oupfort the:
3/2+ rather than the 1/2+ assigument. |

Next the states ﬁhét deca§ through the 7/2+ 113.8-kav state

are conaidefed, namely thése‘at 589.2- énd 1328.2-kev.. The mere gref:
sence of the 475.5- and 1328,4-keV gammas rules out the 1/2+ possi~

bility for these states. Both assignments can be tentattvéiy nar-
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rowed down ¢o 5/2+ ﬁith the aid of the gamma ray branchings.

For the 589.2-keV state, a 3/2+ assignment would leéd to
singlg—particle estimates (23) of the relative intensities of the
589.0/475.5/184 ,4-keV gammas (M1/E2/M1, with possible F2 admixing

.in the M1's) of 1[0;005/0.04. A 5/2% assignment (311'MQ'avwoﬁld
lead to roughly 1/0.5/0.06. Although considersble 2 enhancement
is to be expected (because of the softoess of this nucleus to >.
vibrations) and Ml's night be somewhat retavded, the latter ratio

" 13 clearly preferable when compared with the experiméntal ratio,
1/1.5/0.75. The 405.0- and 589.2-keV states may well be core~
coupled gtates involving thé dﬁ/z ground state. - That they lie
80 low is not too surprising, for Prl3? (two neutrons fewer than
82) (87), which, being again somewhat soft to vibratfonsl excita-
tions, appears to have core-coupled states at this same energy.
A 5/2+ aseignment for the 589. 2-keV state would exclude a 1/2+
assigument for the 405.0-keV state. ] _

Quite similar reaséning holds for the 1328.2-keV state, er -
cept that it lies high enough that one can deduce little about its

,1nﬁernal makeup. The corresponding single-particle prediétions
for the relative iotensities of the 1328.4/1214,.5/923.0-keV gammas
aie 1/0. 005/0 3 and 1/0. 8/0 3 for 3/2+ and 5/2+ assignments, re- |
spectively. Although neither can be called a satisfactory fit (ex-
perimental ratios are 1/1. 5/5.5), the latter is in the ball park.
Considering the obvious enhancement of ;he gamma rays to the 405,0-

keV state from both the 1328.2- and 589;2~kev étates, one 1s tempted
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to icok for the 739.0~keV gamma between the»iatter two. Unfortu- |
.nately, it could be és intense as O 71 and have eséaped detection |
because of the presence of the intense 738 1-keV gamma from Nal3om
decay. |

The states at 1074.4 and 1501, 2 keV are tentatively assigned
1/2+ or 3/2+ because they hit the ground state but miss the 7/2+
113.8-keV state in their depopulation. This is indeed tentative,
hawever, and one muat know more #bbut the internal structure of these
atates before definite assignments can be made. It would be quite
possible, for example, to postulate a hypothetical 5/2+ state con~
aisting of a d5/2 quasiparticle coppled to a 24 phogon excitatiog
tha;'wou;d clearly populate the ground state to the exclusion of the
113,8-keV state. |

The remaining states, at 1311, 8, 1405.5, and 1449 5 keV,
which were placed on the basis of their ground-state transitions
alone, wight have their assignments narrowed down to 3/2+ or 5/2+;
'-hcwever, the poéulation is quite weak for all three, with even par~.

ity ‘even being somewhat in doubt, so they are left as 1/2, 3/2 5/2(+J

. 3.2.9. Discussion

A total of at least twenty-three states in Pr!3%, practicaiiy
none-uf whiéh had been reported-before, were observed from the com-
bined decays of Nd139m gpng Nal3%, fThese states apparently can be
classified in three quite distinct bétegoriea: 1)‘sin31e~quasipar«'
. ticle;states, 2) single—quaaiparticle'statgs coupied to ‘varfous vi~
brational configurations, and 35 thiee~qua$1partic1e states. The

conclusions drawn can be most definite about the states in the first
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category and, because of an unuaual feature in the B~decay proper;'
ties of Ndlagm, the third category. As this 1s an experimental re-
port,zthe discussions that follow will remain empirical, but some
directions.are proposed, 1both experimental aﬁd theoretical, that

might be taken for further clarification of the properties of this

most interesting nucleus.

3.2.9.A. ~-Single~Particle Statea~- Again, the term."aingle~
_particle” states is used here to label those states with‘primarily
singlevquasipgrciclevamplitqdes in their wave funcﬁions. These range
from the mbre‘or less pure states near the ground to highly fraction~
ated and'complicated states at higher emergies, and when these states
are apokenbof in aiﬁple shell-model terms, this is not to imply thst
they are really pure sheli—model states.

- On the neutron-deficient side of N=32 in the lanthanide re-

gion, practically-nothing has been done in the way of even quali~

- tative caléulations of the positions of nuclear states -~ even the

pairing-plus~quadrupole force calcﬁlationn_of Zisslinger and Sorensen
(81) give out at Nd!*1l, This mgapé that empirical data must be used
for the most part, although the 1argé nuwber of states excited in frlgg
in this sﬁudy ﬁakes this more practicable than usual. Thus; in Fig-

- ures 32 and 33 respectively, the knownvatates in the light o&d—masa Pr
isotOpéa and in the odd-mass ¥=79 isotones are plotted. Here the
nuclides are beginning to get far enough from Bwaﬁability that no
.scattering reactions have been performed ﬁo exbite stateé, so the

mmber of states recorded 18 very much a function of Qe'
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Evidences of all the availabie single-proton states betwéen
Z=50 and Z=82 are probably seen in P:139. The most clearcut single-
quasiparticle states are those at 0, 113.8, and 821.9 keV. The
_ground state undoubtedly consists priﬁarily of a siqéle d;/é'proton
ocutside a closed 8772 subshell, and the'113.8-ﬁev staﬁe'aimply pro- -
motes a 95/2 proton, resulting in a (d5/2)2(g7/2)*1 configuration.
As mentioned previously, thé retarded Ml transition between;them is
characteristic of the £-forbidden Ml'? between g2/2 anﬁ d5/2 states
"1&”; wide variety of nuclei in this region. The relatively small
spacing between the first two states 1s'consiatent with trends in .
both proton and neutron numbers in ﬁeighboring nuclei, for the
7/24 and 5/2+ states cro#s over between Prl*l gnd Pri%3 and also
‘between Lal®7 and pr139,
| ‘The 821,.9~keV ataﬁe shows eyidencé of being a single h11/2
proton outaside the closed g?lz subsﬁell. As mentiongd in section
3:2.5.C, the M2 transition from this state to the 113.8-keV state
is retarded, while tﬁe E3 to the gfouud atate is eshanced over
aingle-partiéle estimates. Van Hise, Ghilosi,.and Stone (84)
suggest that a similarly eﬁhanced E3 transition 4n La'37 could be
explainfd in terms of a coupling of the d5/2 protoﬁ to a 3~ oc-
tupole vibratibn, resulting'in a nearby 11/2~ state that could be
mixed into this state. Superficially, one might ask why it is
not also posslble to edmix a’ similar 11/2- state, this time based
on the 971/2 proton, into this state, thereby enhancing the M2
as well as the E3 transition. As 1t turns out, one cannot really

test either hypothesia. for the positions of poasible octupole
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states are unknown. Wiéh the>above shell-model aséignments, how~
- ever, the F3 is the better sing1e~pafticle trahsition, involving

principally the de-excitation only of a proton from the h to’

11/2
the d5/2 orbit. The M2, conversely; involves breaking the 91/2
9ubshg11 in addition, so its retardation is guggested by these
aimple arguments. |

The positions of the d s/2 and a Izlatates are not so

) clear, but they are probably fragmented and contribute to several
states above 1 MeV. The ;tate.at 405.0 kev (and at 589.2 keV, for

‘thét matter, if the spin assignmenfa proposed here are 1ncorre9t)

is not 1ike1y'to be either of these singlé—particle states. In the

more rigid Pri*l, other tﬁaﬁ.the 87/ and d ) states, there'are
no single~parti¢1e states below 1114 kev that vere populated either

by Nal*l decay (described 1n section 3.1) or by (x,d) (88) or (d,t)

(89) acattering. Of the number of levels just above 1 MeV that

w@re.possible contendets,lit was not possiﬁle to identify specific

';evels with aitber the d5/2 or éllz,states‘bécauée of uncertainties

rela;ed to the vibrational character of that uucleué. Prl39 4q

" much easier to deform than Pri*%l, and thus meny sore low-lying

-,dtatés'gre expected, but there is no reason to expecﬁ either the

ds/z or &), states to drop drastically in energy, so they may

be partly associated with a number of the higher levels.

3.2.9.8. ~3Three~Quaaipatt1c1e States— In section 3.2, 5 E -

" arguments were presented to the effect that the aix states at 1624.5

1834 1, 1927 1, 2048 8, 2174.3, and 2196.7 keV appear to be high-

'
i
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Spiﬂ, qdd—pé%ity (9/2-~ or 11/é~) states. The only straightfor-
'war& explanation that has heen found to éxplain their enhanced’
e-population relative to the 821.9~keV Qtate plus the many low-
energy gamma trausitions. among thém and the lack of direct tran-
aifions dowm to the ground or 113.8-keV states is that ﬁhese six
states are part of a three-quasiparticle multip;et héviug the con-
figuration ("dslz)(“dalz) (“hlllz 1.  The particle tremsitions

postulated here are outlined in Figure 34,

In the extreme single-particle approximation, soudlagg

can be represented as three d"l neutron holes in the N=82 ghell
. e., a single neutron in the d s/2 orbit) and eight g 22 (closed
subghell) and two ds/z protous above Z=50. Due to the isomeric
properties discussed in section 3.2.5. B, N d139m ought to differ
only in rhe promotion of an hu/2 neutron into the d 3/2 level,
resulting in eleven h11/2 and two d3,2 neutrons. The.oqu change
involved in the decay of Nd!3% to the ground state of Prld% g
the conversion of a d 5/2 proton into a d‘,’,,2 neutron. This accounts
for the low log Ft value of 5.1 for this transition.

" The analogous tremsition frem N413%7, 1 .., ndy j~vd

3/2*
however, results ian the three~partic1a configuration (ﬁdslz
(“dslz) (“hlllz) 1. Hence, the apparent abnormally large popu-
lation to these states is in fact the expected mode of decay. The
821.9-keV 11/2—atate, on the other hand, should have the config-
-uration ("hlljz)(“ds/z) » 80 decay to it would require conwerting

one'dsl2 proton into an h11/2 neutron, either in one step or perhaps
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through an intermediate d3/2 neutfon,state, and a aimultaneous.
promotion of the remainiég ds/z protqn_to_tﬁe h11/2 séate. The
resulting relatively large log ft of 7.0 is thus not unexpecied.
'Although the aboveyinterpretation qualitatively explains )
most of'the gamma ray branchings betwéen membexrs of the negatiﬁe—
parity'multiplet, there aré several places invblving very highly
hindeted transitions where it rums 1nto difficulties; This is
taken to mean that small admixtures in the states are very im-
portant in determiuing these trausition ‘rates., However, 1t_1s
instructive to consider specifically one of the more extreﬁe ex-
amples -- the 1011,9-keV gamma (2.9%) from the'1835 1-keV state
to the 11/2- 821, 9~kev atate as compared with the unobserved (<0. 52)
1834 1-keV gamma to the 5/2+ ground state. With an-11/2- assign-
ment for the 1834.1-keV state one would not expect to see the 1834.1~
keV gamma, but with a 9/2- aqgigﬂment the arguments-are not so clear.
Single-particle estimates (23) for the;t*'s of the 1011.9- (ML) and
1834:1-keV (M2 or E3) gammas sre 2.4x10-1* and 8x10-12 or 4%10~% gec,
respectively. According.to'the sbove description, the misging M2
or E3 would involve an.apparently §ery simple'Qd'/ ~4vhl;/2 tran-
sition (the MQ would be 2-forbidden); there may alsovbe some hin-
drance from uncoupling and recoupling ‘the states, On the other
“hand, . the obsgerved 1011.9-kevV ML gamma requires the aimultaneous
changes vd 3/2 '*“hlllz and wd 5/ ‘*“hlllz’ each of which is -doubly
2~forbidden. However, &:ffrbiddeness loges much of 1:5 meaning

in multtparticle transitions and would depend on the telative :
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phases of.tﬁe transforming states; also core polarization in .
pultiparticle states tends to obscure the & selection rules (93). °
However, multiparticle gamma decay is formally ahéolutelj forbidden,
and, althqugh there are known casges wﬂere such ttansitidng'take
place‘at enhanced rates (e.g., the 63-keV E1 gamma in Bk230 fol~ '
'1§w1ng £e25% q-decay (94)),thése are not common. When such faval-~
‘ved rearrangements are compared, the single-particle estimates lose
all meaning, and minute admixtures could easily be the deciding
factors. | |
'In this multiplet of three-quasiparticle states there aré
two different and potentially very rewarding sources of 1n£ormation£
1) The enhanced transitions bétween the various menbers of the nul-
tiplet. These should give infoimatiob about the gross features of
the states and should allow one to perform calculations on States
at several MeV that normally can.ba done only near the ground
.state. 2) The very retarded transitionms to states not in the
nultiplec; These should allow ome to determine some of thé ad-
mixtures in the states and also something ﬁor; about the structures
of many of the lower-lying states. » |
J.Relatively few three-quasiparticle states aré knowm, Thé
mechanism proposed here for populat}ng three-quagiparticle multiplets
hag rather stringent requirément? which are listed in section 4.1
together with a discussion o& what nuclides may s#tisfy these re~

quirements. \ |
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3.2.9.C. ~~V1brational States-~the Remaining States—- The

term “"quasiparticle" was used advisedly in the previous section, E
for the simple shell model becomes less and less of a good approxi- .
mation for states at these energies. Thus, the statee and the ‘
- transition ;ates will need to be calculated from the occupatiagw '
humber approach. When this is done, it is expected that much more
information will also be forthcoming about the remaining states in |
Prl39, most of which are probably core-coupled vibrational states.
At this time it would be especially interesting to know more dbont
the nature of the 828.1- and 851. 9-keV atatés, which receive con-
siderable population from the three-quasiparticle states. Assuming
that our interpretation of the latter is acrvect, the 828.1- and
851. 9-kev states would seem tO be consﬁructed from the d s/2 | ground
state coupled to & 2+ quadrupole vibration. That they receive 80
moch pOpulation could be explained partly by their receiving 1: in
default of other states belng available (cf. the gamma ray branch-
ing discussion in the previous pection) and perhaps partly by the
fact that the three—qugaiparticle states undoubtedly contain vi-
brational admixtures. After all, from one viewpoint three—quasi-

particle states and single~quasiparticle-plus—core states ate only

extreme examples of the same thing.

- 3.2.9.D. -=Shell Ho@él Calculationaff Calculafions are
presently ﬁeing.perforﬁed'by pr. R. Muthukrishoan using the ghell
model to'pggg;ct the stat; energies in Prl3%, The preliﬁinary cal-
_culatlons look very promising, eapeqially for the ncggtive parity

states.
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3.3. Decay Schemes of Ba!3¥

pallim, Cel37 and celd’d

The atﬁdy repottéd here cbnsists of three parte which are

introduced and deecribed aeparately. Each of the activities was

' produced by bombax&ments of the respective targets with protons

from the Michigan State University variable~energy~sector»focused

cyclotron. - a .

3.3.1. Instrumentation

The épparatus used for counting included a 7-cm3vGe(Li)‘
detector, room—temperaturé FET pteamplifiera, laﬁ~noise RC lipear
suplifiers with pdiewzero compensation, and 1024 or 4096 channel .
pulse-height analyzers. '

Gamma fay energy measurements were accomplished by count-
ing "unknowﬁ" radfoactive sources together with Judiciously chosen
calibration sources entéred in Table 11. A background correction
ﬁas'made for eaéh peak by fitting a linear equatibn to several
channels above and below the peak and then aubtracting. A 1east-
squares fit of the peak energies and centrolds was made to a
quadratic curve from which energles corresponding to the centroids
of the unknown peaks were determined. The énergies of weak gamma

rays, which would be obscured by the calibration standards, were

determined by using the previously determined stronger gamma rays -

&8 internal standards.

. The energies aasigﬁed are'méan values taken from a humber

of different measurements recorded at different times and with
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Table 11. Gamma roys used as euergy standards.

Nuclide Geuma Rey Energy (keV) Reference
. Am2¥1 . 59.543£0,015 ' | s
CoS7 | 121.97 #0.05 a
Co’7 136.33 £0.04 . e
Cel3? - 165.84 $0.03 - a
71208 238.61 $0.01 | a
cald? . 661.595:0.976 b
71208 583.13910,023 | ¢
CoS0  1173.22640.060 ¢
Cof? | 1332.483+0.046 e
Na2¥ 1368.526£0.044 - . | c
71208 (D.E.)  1592.46 0.10 . _ e

‘Rziérence539b
_ bneferénce 40,

Creference 44.-
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diiférent system gains. Theiuncertginties in eﬁexgies are based
onvthe reproducibilities bbth of the atandard'energies and:the
"ﬁnkgéwn" energies from the calibraticn”cutves, the sizes of the

: fuliuenergy peaks above ;he‘baquroﬁn&, and thélquotéd errores

of the standard energies listed in Table 11. |

| The relative gamma ¥ay intensities are also averages from

~ a number of runs andeexg cbtained using.experimentally dete}mined |
efficiency curves (cf. section 3.1). 'As#ociated with theﬁe in~-
tensities are statistical unceftainties that include estimated un~;

certainties in the underlying backgrounds.

3.3.2. Experimental Results for 38.9-b Bal3dm

-3.3.2.A. --Introduction-- The decay of the ground state of

‘33133 has been well characterized by many suthors (aee reference

95 and op. cit. therein). No evidence for direct teeding of high -
spin states of 03133 by electron capture of Bal33M yag reported in
a recent study (96) of this metastable state. Bal3¥ hag 775-keV
avallable for electron capture (96«98) and has a 38.9 hour half-
1ife (99); It wouldvseem éo be a rather sensitive probe of any
low-lying high-spin states which might be present in 08133, In

this gtudy evidence has been found for such a transition. -

3.3.2.B. --Source Preparation-- The Bal33 activity was

produced by bombardment of natural céNog (CP-grade) with protons.
Bombardments were carried out for,approximatelf 30-nin with d.4~
ud of 14-MeV protons. Chemical separations were performed.

SxCl,, RbCl, and BaCl; carriers were added to an agueous solution
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~ The disintegration energy 1s taken from reference 97 and y-ray in-

tensities and energles accompanying Bal33J decay are taken from ref- -
erence 41. The wwwwys decay scheme includes the two~transition cascade
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nhomawnw of a high spin state in Csl33, -
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of CsNO3 ahd then chilled.: Chilléd red fuming~ﬂﬂ63 wao then added
to co—precipitate Sr and Ba. | The precipitate’waé’then rédissolvéd
1n dilute BCl and, following this, HCl gas was bubbled thtough the
chilled solution to precipitate Ba alone, Amongthe contaminant |
activities isol#ted'ftom the Bal33 acticity by the chemicallsep~.f
diation were Sr85™ (70-min, 233-keV).(6), Se877 (2 Béh, 387-keV)
(6), and €s!32 (6.5-4, 667.65- and 629. S—kev) Qo). The rematn-

ing transitions of these contaminants were too weak to be seen.

3.3.2.C. —~Gamma—Rgx.Spgctrum»- A Balsm”ﬁg'singlqﬁ gamma
r;y spectrum is shown in Figuré 35. Thie séectrun was taken after
'cheﬁical separatioﬁs were performed ;s déscribed earlier. vThe'com« :
peting gamma rays were easily identified by their well-knowm ener-
gles, relative intensities, and half—lived (41,95,102). The de~
cay of the 276 keV peak was carefully followed for 8 half-lives of
Bal3m, This information together with a comparison of the 355.99-
keV gamma ray intenaity with the branching ratio of the 276,45~ and
355.99-keV gamss rays from the 437. 0-keV level of €833 (from ref-
,‘ I(276. AS-kEV v)/I(355.99-keV y) = 0.116) suggest that only

0 12 of the area of the peak at 276-keV seen in !!gure 35 belungs

to Bal3%0, Hence thia pesk is actually a doublet. By careful com-
| parison of the 276.45:0.08-keV Bal3d¢ gamma ray (95) and *276-keV
Bal33M gomma ray in alternate calibrations of photopeak dentroids it
~was possible to determine that the ﬁaIQSm éamma-xhy has.0.3610.12-kév
less eﬁergy than the 276.45%0.08-keV Ba1333 gamma ray (95).  There-

fore an anergy;of 276.09120.15-keV 18 assigned to the isomeric tran-
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Fig. 35.. Bal33mig singles Y-iay spectrum taken wiéh a 7-cm3

Ge(L{) detector. This run was started 46-h after . -

the end of a 2~h activation and lasted 4-h., Ouly

0.1% of the area of the peak at 276-keV belongs to
Bal33g, The 632.5:0.5 keV y-ray intensity was mea~
sured to be 0.055:0.010% of the 276.09-keV isomeric
transition y-ray.
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sition in Balddm,

| The 632.5-keV gauma ray was observed to decay with the
same 38.9-h half—iife as 1id the 276.69—ke7 isomeric Ba'33 transi-
tion. Both decays were carefully followed for four half—lives nf
the Bal33M parent. Repeated chemical separations did not change
the relative intensities of these two gamma rays. Therefore, the
632.5-keV gauma ray is indicated to belong to the decay of Bals3m
The 1ntensity of the new 632. 510 S~-keV gamma ray was measured to be
0.0550.010% of the 276. 09-kev isomeric trannition gauma ray inten~
aity. The relatively large uncertainty is due to the long counxing
time requited to obtain'adequate statiatics for the weak photepeak
and the small gain shifts that inevitably occurred during these
times. This long counting time also made coincidence measurements
impractical. -_ . '

' .Because of the very high ;néensity of the 276.09-keV
isomeric transition 1# Bal3¥M 4nd the necessity of a reasonable
_coudting rate, some ghance pi%eup of these gamma fays cccured as
geen in.Fi3ure 35. The characteristic shape of the "peak" at 2552~
keV and ‘the depéndénce of its relative 1ﬁtensity and'apparent half-
life on the counting rate and absorber employed identified it to be,~
} a chance pileup of paire of intense 276.09-keV gamma rays. The
posaibility that the peak at 632.5-keV 1is due to a -chance sum of the
.276.45— and 355.99~keV’gammavraya was ruled out bécause such a pileup
‘peak 1s calculated to be more thaﬁ-fwo'ordera_of magnitud¢ sﬁal1er )

than the 276 + 276?kev'chance-pileup peak geen in Figure 35.
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3.3.2.D. ~-Ba!3¥9 pecay Scheme and Discussion-- The Bal33.

decay schemé has‘be;q studied extensivaiy (6,95);“and'the currently
accepted.one is shovn tn Figure 36. The.diaingegrationAenergy'té
taken.ftom reference 97 tndltﬁg other ghergies and gamma ray,ipteﬁ“v
sities acédmpanying Bal33d decay_ére taken from reference 95. The -
gamma ray energy and intensity values were consistent with these
neasureménta eﬁd verify this decay scheme. Energy level systematics
in the region suggest that the 8l-keV level is the 5/2+ single par-
ticle level (see Chapter Iﬁ? but any-diffetencé in the charactéf of
the two 5/2+ levels is not strongly suggested by.the'gamma‘ray.ttan~
. sition rates (95). | ‘
~ The Bal33M decay scheme seen in Figure 36 1nc1udesf;he two-
transition cascade to the Ball3 ground state proposed by Thun et al,
(96), except that the 276.09&0.15~kev‘tfansition energy meaéurgd‘in
the preéent stuﬁy teplaces the 275.7-keV energy in the earlier decay
ocﬁeme (965. Thus, the‘energy available f&r'electron-capture'from
Bal33 g 288.410,2-keV larger than the corresponding energy ft&m.
3133, From this information and t@é 487:2-keV disintegration cu-
'Q;gy (97) of Bal33d, 1t follows that the energy availsble for Bal?®m
electron-capture would support a cascade of the 632.5-keV gemma ray
" with any other transition below epproximately 142-keV. |
| _No evidence was observed for Ba!33" ganma rays within *150-
kev of 632.5~keV. ‘Irom the data, an upper 1imit of 5% (10%) of the .
632.5~keV gamma ray intensity was placed on the intensity of any
higher (lower) energy Bal33" gamma ray within the 632.5t150 keV

interval.
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The two energetidally allowed,altérnattve.placéments of

the 632,5-keV gamma ray appear to be from a posaible 713.5-keV level

to the 5/2+ first excited state and from a possible 632,5-%keV

level to the 7/2+ ground state., These alternatives suggeat veryv

different gamma ray branching ratios to the ground and first-ex~

cited states. Comparisons with branching ratios in similar_nuclei
strongly suggest that the new gamma‘ray depopﬁlates a 632.5-keV
staﬁe in Cs!33, 1n particular, 19 high spin (8/2 or 11/2) ex-~

) ;ited states are found in odd proton (odd A) nuclei reported in

this region (6,10,13-15,103) which gamma decay to both of the 7/2%

and 5/2% ground end firs; excited states, respéctively, If, for

each of these high‘apin states, R is defined to be the ratio kinw
tensity of the gamma ray feeding the 7/2% atate)/(intensity of

the gamma ray feeding the 5/2% state), it 1e found. that R>4.9 for

17 of these 19 states. For the other two excited states (both 9/2+),

R = 0.23 and 0.39. R<0.05 (>10) is suggeslted by the data of the |
present atudy for branching from e 713.5-(632.5-) keV state of Cgl33
so the iatter'alternative is proposed as being-more likely. |

- The 276.09-keV Bal3dm 1aomer1c transition K+LtM conversion
coefficient of 4. 8010 30 obtained from measurements by Thun et al.

* (96) was used in determining a 0.009:0.0032 branching ratio to the
 632.5-kev state in Cs}%3. Tha log ft = 8.0 s comparable with the
. ‘_othe; high spin states in téis_:ggioﬂ popuiaéed by 11/2~'isomérs

(6,10,13-15,103). This log ft suggests that allowed, first-forbid-

- den, or unique first-forbidden beta tramnsitions are possible But
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sjstematic& and éamma feediné ratios suggested that the latter al-
" ternative is quite unlikely. o -

.' A study of the gamma rays following inelastic neutron
scattering in C3133 has recently been feported (104) which includes i
(n.n 7) cross~section and threahhold evidence for excited atatea of
Cal3? gt 632.8:1, 706.2¢1, and 768.4:1 keV. The 632. 8-keV'state
was seen Ehére to poﬁulate only thé.7/2+ grouud state. This evi-
dence confirms the proposed placemehﬁ of the gamma ray with an
 energy which was measured in the present study to be 632.5i0.5 keV.
The upper limit of 3% of the 632*kev'gaﬁma ray-intensity,which has
been placed on any higher energy Bal33 gapma ray places a lower
. limit of %9.0 on the log ft for Bal3¥ decay to the 706~ or 768~

keV state.

3.3.3. Experimental Results for Bal3l”

3.3.3.A. -élntroductionr- An earlier, study of the 14.6 min

isbme; of Bal3! suggests three poseible alternatives for the Bal3lMs .

Bal3lg cascade spin 9equenc§ (100). In the same study, a search was

conducied with scintillation detectors gof possib}e;miasing transi-

tions and direct feediﬁg of high spin states in Cs!3l.  Although

_ none were found, lowélying ﬁigh»spin states in Cs!3? have been dis-
vcovered recently with the aid of Ge(Li) detéctors as described in -

- the previous section. In the present ;n§estigation, a search was

conducted for posaible missing transitions in Bal3l® andvf6¥'ditect 

electron capture feeding of low-lying high spin states in Celdl,

In the ptoceas, the Balalm decay scheme is confirmed which includes
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more precise emergles and shows essential agreement with the ear—

1{er"sciﬁtillation study (100).

"‘3.3.3.3. ~-Source Preparation-~ The 14.6-min Bal3™ getiv~

ity was produced by proton bombardments’of Natural CsNOj3 (Cngrade).
A 34-MeV proton beam irradiated the targets for S5-min durations.

with 2-uA of beam current. Nb‘chemicai separations were ﬁerformﬁd.

’v-3.3.3,c; --GCamma Ray Spectra-- The decay of the ground

state of Bal?l has been well dharacterized‘récently (105-108). 1In
Figure 37 s shown s singles gamme ray spectrum of Bal3l¥ decay taken
in the course of the present study. The energles are taken from ref~

erences 101 and 108. Data for the singles spectra were taken with

the gamma ray spectrometer described earlier. The gamma ray energies

and relative intensities were determined as outlined there. These
data confirmed fhe Ge(Li) data of Rarlsson (107) and verified the
identificstion of the Bal3lg component of the Bal3V™7 gpectra.

A Bal3™Y¥ gingles gamma spectrum taken ¥30-min after a |

5-min bomwbardment with the proton beam isz shown in Figure 38. From

" this, and other similar epectra, the energies of the 78;5i0.2 and'

L]

.. 108.0£0,.3-keV gamma rays were determined following. 35131” decay. The

: Bal319 gng 05132 decay energies are taken from. references 108 and 101

respectively. As seen in Table 12, these values are in good agree—
ment with the acintillation results of Horen, Relly, and Yaffe (100).

The 108.0-keV state in Bal3! has recently been abserved:following

© Lal3! decay (109) and its energy was measured to be 108.1%0.5-keV in

agreement with the measurement reported here. An upper limit of
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detector. The energies shown here are taken from
references 107 and 108. This spectrum was one

. . of several taken to aid in the identification of
.the Bal3lg component of the Bal3l™yg gpectra,
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Fig. 37. Balllg singles spectrum taken with a 7-cm? Ge(Li)
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S5-min bombardment with the proton beam. The en~-.
“ergles of 78.5:0.2 and 108.0:0.3 keV are in good
agreement with the scintillation results of Horen,
Kelly, and Yaffe (100).
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0.1% of the Bal3!™ digintegrations wés plaéed on the feeding to high
épin,states of Cs¥31 wieh energie§ >60-keV, in agteementlwith an
earlier study (110) which used a differnet method., The same upper
lnit applies to other poesible transtions in Baldl following the
vdecay of Ba131m

3.3.3.D. -~Ba131m Decay Scheme and Discussion—— In Pigure

39 is the Bal31 gdecay scheme suggested in reference 100 apd con-~.
firmed by the rreaent measurements. All odd-mass oddéﬂ nuclei‘with
" mass numbers betwéen 113 and 143, having fewer than 82 neutfons, and
directly measured ground state spins,'have 1/24 or 3/2+ ground states.
The shell model also suggests that Balalg has a spin of 1/2+ or 3/2+.
From the systematics of differences between lowulying 1/2+ aud 3/2+
gtates in odd-mass Ba, Xe, and Te isotopes seen in Figure 40, the
'Ba!31€ gpin i suggested to be 1/2+. This trend is in agreement
with the absence of observed beta—decay to the meaaured 5/2+ ground
state of Cs!3! from Baldld,

The mnltipolarities of the 108.0- and 78. S—kev transitions
respectively were meaqured to be MI+E2 and E3 respectively by Horen,
~Kelly, and Yaffe (100) From these multipolarities, and since no
other transitions have been identified, the 92~ ~> 3f24 ~> 1/2+ de~
cay sequence shown in Figure 39 1s tentativgly proposed, This 9/2~-
level can be explained in shell model terms as a projection of three
11/2 holes as proposed by Horen et al. (100). |

Recently Kiaslinger (111) has suggested that, in this region,
one of the 9/2- states derived from coupling three quasiparticles in

the 11/2- level may be expected at an enefgy significantly lower than
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* Table 12. Bal3W ganms ray data.

-Energy | tntenéity :
(keV) _ {relative)
. Present Study  Toren. - Present Study  Horen,
et al.® et al.®
78.510.2 785 2.1£0.5 2.4%1,2
' 108.020.3 10743 2100 =100

3Reference 100.
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2| (=100)

080 (=100)

(9/2) 186545

108.0

‘ o\°/ (3/2) =
g?/ -
¥,

’ u;Z*) —:-J O 12d
o 131
5680

Qegv"l i64

Fig. 39. Decay scheme of Ba“l’" suggested by Horen
. et al. (100) and confirmed by our measure-
ments. The energies are in keV and the ten-
. r.ative epins proposed are discussed in the
text
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the other (asingle quaslparticle plua phonon) odd«parity 1evels, 80

| it "intrudes" among the lowwlying states. The 9/2- state at 321—

| keV in Te!25 has been proposed (112) as an example. Possibly the
83131 isomer may be another example.

A Nilsson~-type 9/2~ level arising from the oblate equilib-

‘rium deformation has been predicted by Kumax and Baranger (113) and
suggested by W. G. Winn and D. D. Clark (114) for the Bal3lM cgge,
Similar‘eiﬁlanationa have been proposed (114) for the Xelzs and Xel?7
isomers. The available data on the 9/2- and 11/2- isomeric states

in other Ba, Xe, and Te isotopes are not yet sufficient to permit

meaningful extrapolations to Bal3lm,

3.3.4. Experimental Results for Cel37™g

3.3.4.A. --Intrcduction-- The decays of 9.0-h Cel37 gnd
34.4-h Ce13%m have been examined in some detail in ope earlier un-
published study with Ge(Li) detectors (76). The present work was
doen independently and complements the earlier study which added
eight states to the decay schémes; The present work differs from
the eailier gtudy in fegard to a few key photon‘intensities and
'103 ft va;ues; It ia noted that in recent compilation of decay
schémes (6) a different parént fqr one of these eight new states

48 listed.

3.3.4.B. --Source Preparation-- The 9.0-h C§1379 and 34.4-h

-

Cel3™ gotivities were produced by the relatively clean (p,3n) re-

aétion on 99.99% pure natural Laj0, with 25-MeV protons. A 0.5-uA
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beam was employed for a duration of 390-min. The only competing

- reaction products with comparable half-lives were Bal35m (28,7-h,

did not hamper the investigation significantly,- No chemical .

separations were performed.

3.3.4.C. --Gamma Ray Spectr;;f In Figure 41 is shown the
low energy region of the Celd7mig spectrum recorded with the 7;cm3
" Ge(Li) detector. The duration of this counting.interval was 15.5
hours and it was initisted 12 hours sfter the end of a 1~houilbom- E
bardment. The 254.3-keV gamna ray seen here is 2300 times as in-
tense as 12 of thevlé other gamma rays weasured following the on~
set of transient equilibrium. Thus the weak gamma réy full-energy
. peaks can be concealed easily.by competing reactions. |
In Figure 42 is shown the high energy region of the
Cel3™g goectrum. The run used féf this spectrum also had a 15.5
héhr duratiocn but it was initiated 45 hours after the ena of a one
hour bowbardment, near the onset of transient equilibrium, The en~
.ergiés and relative intensities of the gamma rays observed iﬁ Fig=-
'ureg.41 and 42'éré listed in Table 13 along with results of an
ear11e£ study (76). All of the relativé'gamma intenaitiea.reported '
here are based on measurements taken while the Cel3”® gnd Cel37¢
parents were iﬁ fransient équilibrium (Z80 hourﬁ.after.theii pro-
.duction). From the variation of the gamma ray intensities with
time;soon after bombardments, it was pﬁssible to dis;ihguish the

states populated by the 34.4-h Cel37M gng 9.0-h Cel37¢ parents.
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Alﬁhdugh'enefgy differences and other consideratiohs clearly
1ndicate_a state in Lal37 at 10.5-keV fed by “eight gamma rays,
the total éonversion'coefficient (115) of 130'£or'the.10.5~kév
transition, the difficulty in measuring such low energy fbotons
or electrdns, ﬁhe low intensity of the other gamma rayé, and the
‘1ong half~11fe of the pgrent»decays m#kea coincidence éxpefiments

. with this transition 1mpracticsi at pxasént.

3.3.4.D. --Ce!3™Y pacay Scheme and Discussion-- The de-

cay scheme that was deduced.from.the foregoing‘ﬁeasutements is
shown in Figure 43. Transitiﬁn energies and excited-state énefgies
are given in keV, the diaintegration energy for electronrcﬁpture
‘16 a calculated value (69). The 8%/¢ ratio for decay to the Lal37
10.5-keV state is also a cglchlatgd value, using the method of

‘ Zweifel (47). Spins and parities of the states ire taken from ref~
erence 76 and op. ﬁit, therin. Each asgignment is consistent with
the log ft values calculated from the data taken 1h the present
study. o | -

The decﬁy.scbeme-andﬁconclusions regarding Cel37My decay
and Lal?7 gtates p?oposed here essentizlly confirm the unéublished
repér; of rraﬁkél (76). ?Thé messurements reportéd here were ob~
tained independently and the 25% feduction ?actar due to transi-
ent equilibrium was included in the Ce!37¢ gawma in:ensities'iﬁ—
-'volved'in the ca@éﬁlat%ons of the g* and sxwfeeding and log ft
velues. It was also noted thaf the 1160;4-kev gimms.raf was seen

to follow Ce!37d decay rather than (as listed in a vecent decay
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_Table 13. Cel®”d photon data.

Energy - Intensity Parent?
__(ke¥) (relative)
Present Study Prankel? Present Study®  Frankeld
' 10.5%0.4% 10.0 _— — g
169.3%0.5 168 15 %5 83 m
254.3%0.3 255.8 600 140 202 m
433.341.0 433.0 2 %1 | g
436.5%0.5 436.1 16.5 0.8 16.2 g
447.1%0.3 . 446.5 2100 £100 g
479.3%1.0 ~ 479.0 0.5 0.2 | g
482.740.5 481.5 2.0 0.4 3.2 g
493.1£0.5 492.5 0.4 0.2 0.6 g
511.0 (annihil) 511.0 (emntnl)  S1.8f 1.2
698.6%0.3 698.0 1.€ 0.4 2.4 g
762.2£0.4 762.1 8.1 £0.8 13.5 om
771.1%0.5 771.1 - 0.3 £0.1 0.8 ¢
~ 781.5%0.6 7815 0.10%0.03 032 ¢
824.9%0.3 825.0 19 t2 33.5 m
835.4%0.4 835.8 ' 4.2.10.6 7.3 m
916.3t0.3 915.8 3.0 0.3 5.5 g
926.6%0.3 925.8 1.7 0.4 3.2 g
994.1%0.4 994.1 20.14 0.12 m
1004.80.3 1004.0 1.1 £0.3 170 m
°1160.4%0.6 1160.3 0.08%0.03 0.16 g

8729.0-h Cel377 parent and m=34.4-h Ce!3™ parent. The assignments
given in reference 76 and these made in the present study agreed
- in every case.

v bszerence 76. Uncertainties liated as within 1 kdv.

"‘QAll relative y intensities are measured after transient.equilibrium
‘ has been reached (580 hours after bombardment)

dnafcrencc 76.

®From six energy differences.

keV.

fhc’range.of the diffe:ehgea vas 0.4

 fpue to the presence of contaminanté, we were not able to definitely'
identify this minimum value of annihilation photon intensity as en-
tirely belonging to celld ,

g decay
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‘8cheme compilation (6)), C Ce!37 gocay. Comparisons of the exper-
‘imental levels with the calculations of Kisslinger and Sorenaon 1)
are recorded in reférence 76. Fairx agreement ie seen.

The decay schemes of Cel37M gp4 Ce1379 are distinctly dif-
ferent. No evidence of common transitions was observed. The 7/2+.
"and 5/2+ assignments for the ground and first-excited states of

137 -l
S7La 80 would appear to suggest (“9712) and (“dglz)(”g7lz)

shell model configurations respectively. The close proximity of .

. -

these two levels, separated by only 10. S—kev, is consistent with

the energy level systematics of the Z = 57, N = 80 region for odd- -
proton even-neutron nuclei (see Chapter 1V). . The ground state spin
assignments of odd~proton even-neutron nuclei for 51<Z<59 nuclides
are in general 5/2+ for low and 7/2+ for high mass pumber nuclides
of a given Z. The .erogsover point is between 4 = 127 and 129 for

Z = 53, between A = 131 and 133 for 2«55, and between 4 = 141 and
143 for Z = 59. This trend also suggesta that theme. two states might
be expected nearly to coincide in s;Lal??, |

A‘reeent study (see section 3.2 and reference 115) of

59 Pr139 levels populated by soﬂdl g gt/e decay suggest a resem-
blance between the . Ce137m*9 and 6oNd 3mty decay patterns. The
log ft of the dominant 3/2+ Nd1399«¢5/2+ Pri3d%g trausition 1s 5.1
and for the 3/2+ ce137ﬁ~*5/2+ 10.5~keV La!37 atate transitiom, log
_ft = 5.3. Both the (5/2+) 589, 2—kev state of Prl39 gnd the 5/2+,3/2+

447.1-keV state of Lal39 predominately populate the lowest 7/2+ |

state in their respective nuclidee and are populated hy their 3/2+
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parents Qiéh log ft values of'6‘4 These may be corresponding 5/2+
tatea but the situation 18 somevhat less clear for the other low o
spin states in ?rlBg and Lal37, Bight other low spin states in. Pr139
are populated by Ndlagg B*/s decay with log 1t values ranging 5.9 to
.7 2. Five other low spin states in La!37 have log f% values rang-
"ing from 6.7 to 8.3, The lerger 103 ft values for the Cel37¢-—1a137
E*/e transitions may be due to.the 1n1tia1 shell configurntions in
ﬁhe decays. In particular, Nd‘399 has (ug,,z) ("dS/z) (vdalz)
vhich 4s more favorable for a ("dsz)*’(”délz) ttansition than the
probable (197/2) (Vdalz) configuration of . Ce1379

_ Gel¥Mm decay also resemblal Nqidm de¢ly in several ways. :
These hu/2 3/2 isomeric transitions hava "experimental" matrix -
elements (see section 3.2) differing by <10% and they f£it into the
'.smooth trend of both energies and mutrix elements seen 1n 13179,
'xhlég Bal33 Celég, aund Nd'33. The 99.3% isomeric tramsitions
" seen in c.lszm dacay differs'eqnsiderably'with the eorrnsﬁondins
12.7% in Nd139 gue to the accassihility of éii three-quasiparticle
g;atasl(éee section 3.2 and refereace 115) in Pr139, vThésé latter
states range from 1526 5~vto 2196, 7-kdv in Pr'%9 while only '1450-
eV is avallable for elctron~capturn in the decay of Celaw" '

The 11/2- state at 1004.8-keV 1n La'37 has been reported
to have an aﬁhanccd E3 (28) to tha 5/2+ 10. 5-k¢v state (84) and an
. 02,E3) transition to 7/2+ ground ‘state (76). In Pr1%% & 40:2 08
11/2~ state at 821.9-keV has ao B3 enhancement of 2.2 to the 5/2+

‘ground state (see sectien 3.2). In Eul%7 end Eu!%9, £3 enhance-
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ments £a§e also ;een seen foi transitions dépbpul#ting low-lying li/2~
states (85).‘ Iﬁ may be suggested that the 713, 962, 1114,-ahd'1439 keV 3
states of ;“1#5’ Pol*3, pribl, and Cel39 (all 11/2-) may elso have en-
hanced E3 transitions to their lo.we_tu: 5/ 2+' states. in the § = 50-126

139 137 147

region, the four-known cases of E3 enhancement (in Pr 80s Ce gg, Bu gy,

“'and Eul“s) liated in aection 3.2 and references 84 and 85 (25 meaaured
retarded E3 transitions were also listed in this region) all are quite

" near the ¥ = 82 shell.



CHAPTER IV
DISCUSSION OF RESULTS AND SYSTEMATICS

Descriptions of characteristics of the states investir
gated are included in the previous chapter along with some compar-
iaons with neighboring nuclei and current nuclear models. One
of the most interesting and significant results of this study was.
the observation of the population by Nd139™M o¢ 4 multiplet of six
high—lying, high—spin, odd»parity states 1n Pr!39, These states
- are dnterpreted to be threa-quasiparticle states and sre diacussed
in Chaptef III in some dgtail. _Bera‘these studiga are related to
ofher nudlidge 1n the region. This thesis then concludes with a

brief survey of experimental energy level ayqtematiéslin the neutron

deficient odd masd, odd‘prqton (5052562) tégiou.’

4.1, Three~gg§gigart1c1e1un1tinlets_in Other Nuclides

" Well-characterized three-particle states in nuclei are

coméaracively fare, and recognizing them nost ofgen has depended
ddvthc.isoﬁeric propertiea of-d few_high-spdn ataﬁe@, consequenﬁly,
tﬁc excitation of a multiplet.of such states in one.nudleua, each
state decaying to a number of lowet-lying atutes. haa many 1nter~
‘eating theoretical 1mplications.

It 1s worth noting that there are dtringcnt Tequirements

157
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for the mechanism suggested in séction 3.2.9,8 for populating the

. paxrticular three-quaaiparticie'mnltipleta that were seen to be pop~ B

ulated by the electron capture decay of Nal39M, These 1nclude a

high—spin parent nucleus, auch as the hlllz 1somcr, and a sufficient

.-decay»energy-to populate states welllabove the pairing energy gap in

its daughter nucleus. Additionally, the parent nucleua must be un~

able to decay readily by other modes, e.g., an isomric tramsitionm,

.;f,presant,-must be of lowbeuough energy to allow the 6+/e-decay to.

compete; Finally, the nncleua must have an 1ntr1nsic configuration
that forces the preferred decay path to be into the three-quasipar-
ticle atates. Such arrangemantn would appear to be preaent only
for 5+7endecay of nnclides with N<82. (Below N-SO the correct con-
fizuration occuts at Kzs3 and sc85, but thesa are too close to- B-‘
stability for populqting-high—lying states., elow Hh126 the conw.»
figuxation.is projected to occur around Pu?ll, a region that is not
even pnrticie stable.)" .

Below N=82 the apprOpriate configurations can be found only
at Ni79 and N=77, with the poaaibility of N=75, depending on the
relattve spacing of the hn/2 and 8, 1/2 stuteu. On the neutton-rich 
side of N=79 there are some peculiar and complex decays of 11/2- g
{somers, e.g., TeldlM decaya primarily to high-spin states at 1899
and 1980 keV (14). chever, these cannot be definitely described
as decay to three-particle atates. On the neutronrdeficient oide, .
Cel37 hag g possible configuxation, although it lacka the d s/2
protons, 8o decay would be forbidden (wg7,2-+udslz).A However .its
q, ie small enough to preclude such- decay anyway (76). This leaves
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Ngl39™ 4 the nucleus closest to 3—stability with the requieite
properties. Other possible candidates in this region - among cur~
. rently knawn_nuclei are sul10m) and.Nd¥37°“?), Sul%l 13 now

"Being investigeted n.

4 2. Experimental Energy Level Systematics

1n the 0dd Proton (Z=50~62) 0dd Mass Region

. Because of the emall amount of experimental inforhetion
available concerning the levels of the highly neutron deficient
nuclet in this region, this discusaion will be restricted to- |
51561357183, 531123:_133' 55631%32‘33~ s7ba' 3= 32 591"1%:13%'
and GlPrl“l:lgg.. 0f these 31 nuclei, six are sﬁable.‘ These |
| nuclidea and*their'abundances ( wheee ¢ 100%) are §b121 (57.25%),
sb123 (42.75%), 1127, csl33 Lald9 (99 9117), and Pritt, anl

Pm 1sotopes are unstable.

4.2.1, 'ngth Values for 3[f+1eeoumd State to Lowest 5/2% seate
Iransitions. | ' | : -
| In aearching for the systemetic variations of the proper»»
ties of the nuclear states of this region. a start could be made
with the beta decay which populates the states of 1nterest. In
.aection 2, 3 of Chapter II a sequence of Operations uaed for cal—
_culating log f% values was outlined. The difficulties:encquntered '
. in determining relative 1ntensities for g ane-v'iransitipne and the‘
length ‘and complexity of this proceaa could suggest that: errore

| might easily slip into the literature where calculation is made. of
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the fraction of beta decay ﬁﬁiéh péoéeeds by the decay mode of
interest. The theory from which 103 ¢t 'values are detived does
not include the detsiled nature of the states inwolved in the
transltiona. For these reaaona, as the tools of gamma ray spec- '
' troecopy and the understanding of atate configurationa 1mprove,
'the depattures from the apptoximation that 1og e valuee are
independent of the available energy for electron capture and the
number ;f protons of the parent may. lead to new insights concern-
ihg'the nature of the atates involved, " . |

As pointed out in section 3.3.5.3, there_aie a lﬁrgé aum- .
-ber‘df dalz;groqnd-statgs in the efen protoé, N=79,81 nuclides.
The 10@ 1&3 ft valués for transitions between these states and the .
lowést-lying dglz states in ghe adjacent odd proton 1sobara.suggest
that thése'states nay be quite similar in nature. | |

" Pigures 44 and 45 have b;en*conntructed from references
6-13, aud from ChApter I1I of the present study. Parent and daughter_
- nudlei are listed along the ablcianas in order of 1ncreauing Z and
A. The effec: qt 1ncr§asing numbcra of nucleon pairs on'?he (ud;lz)—J
(wgSIz)>§n¢ (ugs)é)—+(vd3,2) tranaitibﬁp.are shown éepaf@teiy. Since
large fracticns of the beta decay proceed in the dedaf.noden of inteiest,F
these log ft values pighg:beAégpgcted'to be somewhat more accﬁfate than
usual, An érror of 3232 (:50%) 1n fraction‘l‘beta feeding intensity
contributes an error of 0. 1(0 3) in the log ft.
: One of the experimental difficultics encountered during thie

tnvéotigation was that such largeufractions of the decays of 324
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dl“‘g Nd1399 and Cel378 pxoceeded directly to the ground or first

excited state of the daughter of each. These fractiona ware,98,52,

: ,881, and 96.7% respectively of the parent decaya. ‘In conéequence,

the highermenergy gemma xaya wnta 8o weak that they could be obscured
or coucealed by the nore intense gauma . raya ftom contaminant ae~
tivities even though ‘the contaminantu themselves were quite waak._

‘ .’ In Figure 44 tho largest 103 f¢t values are seen telatively
far fr&m ciosed shells. The‘generil pattemn is telatively smooth
nnd auggests that lower log f% values .may be associated with beta
transitions near closed shells. In Figure 45 a similar pattern

is seen in the 5/2—*3/2+ even proton daughtgr transitions, possibly

- at upmewhét lower values of log ft. The relétively smooth pro-

.gresoioh 6f log‘f% values was interrupted by a value of 4.9 for
112557125 gecay from the coﬁpilatien.of data found in reference 6.
A look at the original references.disélpﬁed :ﬁat this value was
out of date and théi the mofe'recently determined value (116) of
5.25 fita nicely into the relatively smooth pattern. An ex~.'
trapolation of this curve to Pml'“-’-ndl“ decay suggestaa log fl:
of 4.8 for the € /ﬁ+ decay. '

| Kisslinger and Sorensen (1) auggest that the effect of
peiring correlations on the'5~decay matrix élements may account
for the;e trends. Their calculations forl"cdd—jumping" beta de-’

cays show an increase in the log ft velues for A increasing from

. 117 to 133. ("0dd-jumping" beta‘transit;ons»ire acﬁomPahied"b&

. the transformation of an odd p(n) into an odd n(p).) For the

"even~jumping” beta decays, a decrease is obtained for A increasing
. . ' . A
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from 137-141, ("Evenrjumping" 8 transitions are accompanied by
' an even p(n)-»even n(p) transformntion.) Theae latter loz f% -
values are predicted to lie lawer than the ones for the odd—jump-
1ng cases, In the more complete experimental data shown in Pig-
ures 44 and 45, the log ft values of ‘both the odd and even—jump-
ing transitions'ate-uéen to drop as the Nhsz_aheil fills. These

data then aetm to suggést that other effects may be 1mpottdnt.

4 2.2.  Ener TRY sttematics of the Law—inng M/2+, 5/2{, 3/2¢,

and 1/2+ States in the Region

Fignre 46 shows the relatfveenergyspacings of the low-

lying 5/24 and 7/2+ states of odd proton cdd mass nuclei in the
| region of interest. The data are taken from referencaa 6,7-15,
117, and from Chapter 3 of the present study.

The parabolic appearancesof the Sb and 1 curves have been
previously.noted by G. Betzint (7) and L. M. Beyer (15). The pat~-
tern may be followed in Cs but the number of data points (four)
1is too small to yfeld significant evidence. The first ;harp de-
paftﬁte f:om the smoothvtrend ot increased specing as pairs of
neutrons are added is seen in Pr!33 and Prlyl which were discussed -
in Chafter I1I, and 1n Lal3d and Ls!33. This pattern change may
be related to the coupling of the 59th proton in Pri3l to the two
d3,2 neutron holes present in Pr‘eo. The effect of the (ndg/z) |
(“da/z) ~2 coupling in Pr1 o oay be to depresa the. 7/2+: state and/or

raise the 5/2+ state energy.
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The effect of the‘cioeure of the neutron shell appe;rs
to'be_ﬁegliéible on Ehgse states. This observation suggests that
the 1owes£ lying'7/2+ and 5/2+ states in the odd proton odd maés
nuclel of the region are fairiy pure quasiﬁarticle states., Spec~

troscopic factors from a recent study of (He?,d) reactions on the
even Sn 1sotopes (117), in good agreement with the predictions of‘
Kisslinger'and Sorensen (120), alsc suggest relatively pure one-
quasiparticle staiés for the lowest lfing 1/2+ and 5/2+ states.
"~ A recent study and compilation (40)'of‘M1 and £2 tiansi-

.tion probabilities in the region of interest includes a comparison
of experimental and theoretical hindrance factors for 97/2 5/2
forbidden M1 and E2 trensitions. These are obtained from a combin-
ation of M1/E2 mixing fatios.and mean life measuréments.‘ The exper-
.imental M1 hindrance factors wére noted in reference 40 to range
from £10-100 and the E2 enhancementg rangé from *1-100, Sorensen's
pairing~p1ué—quadrupole fofce calculation gives a fair description
of the E2 transition rates but fails fo provide a satisfactory
description ;f the M1 tranéition rates., Calculations with the shell
wodel and configuration ‘mixing have had more sucess in accounting for
the measured Ml transition vates (40,121). | |

It is alsc noteworthy that Wildenthal (2) has periormgd a
* ghell model caleulation with six adjusﬁable paramcters for ten N=82
puclei. The 7/2+, 5/2+ enekgy diffetence'trenda in the odd proton
_nuclides and the energy gaps (energy of the first 2+ statea) in the
even—-even N=§2 nuclides are well described by the model,

-In.?igure 47 the current.éxpérimentalArelative'energy spac~
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1nga of 3/2+ and 7/2+ states of odd yroton odd nase nuclei (6—15.
117) are displayed. A parabolic pattarn 1: algo observed for
1odin§ as noted.by L. M, Beyer (15).. The remaindgr of th‘_dgta _
~ are too sketchy to be convincing. vv."T. , i,, - ‘ ‘

‘ The current experimental relative energy spacing of thc
1/2+ and 7/2+ states is shown in Figute 48 (6-15,117). Again, #ef—
inite éoﬁclusionéfcannof be d:¢wn fra;‘ihe'availaﬁle data ulthoﬁgh'
‘the pa:;bolic pattern peraiats. Alao. ahell effects are :pparent y
in Figurea 47 and 48 at N=82 whete large energy di!ferences are
aeen.' These behaviors are very stmilar to that seen in thure 49
.which.givesthe energy gaps of the adjacent evan~-even nuclei. The
similarity of the behaviors seeun in these ;hrec figures may sugges;
7 the'préseﬁce of siénificant,components'éf core'coupling in the wave

functions for the 1/2+ and 3/2+ states in these guclei.

4.2.3. ﬁeta Decay of 11/2- Levels to 7/2+ Low*Lyingrpaughter'States
. Seven firat forbidden unique beta transitions from the 11/2-
~1aomet1c state of even proton nuclei to the lowest 1/2+ statee con~
tained 1n rigures 46-48 have been reported (7-15) in the region of |
interect._ The log ft values for theaa seven beta ttansitions are
7.9; 8;7. 8.9. 9.2, 9.3, 9.6, and 9.9, - During the present, investi-
gation, ;h:upper limit of 0,1X of the incedsity of the 756. S-kev |
: .1somer1c gamma ray in Na'*! vas placed on the population of the 7/2+
state at 145.4 keV in Pri*!, This ltmit, however, leada to a lower .

" limit of only '6 5 on the log ft for thin transition. Similarily, »
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‘the attempts to détect direct feeding of the lowest iying 7/2+
states in the daughters were also futile in the corresponding cases o

. for Ndl39m Ce137m and Bal33m decay. The range for the log ft

valuee stated above (all 1n the 8. 911 0 range) is consistent with

" the fact that the corresponding transitions were not detected in

'these decay achemes.

4,2, 6 ‘Characteristices of 81milar 11l2~ States in 0dd Proton

~}~’0dd Mhsa Nuclel

In Prid9, the 40 ns’ delayed 11/2- state at 821, 9-kev was
quite important in the determination of the properties of the Ndl39m
decay scheme as discuased in section 3'2 3. é. ‘Table 14 lists the |
energiles, half—lives, and E3 enhancement values (wvhere available) of
the nearby 11/2- states ‘which are augaested here to be correspond-
ing states. The effect of the Nw=82 closed shell on the energies 1s
clearly seen but little can be said about the unusual enhancement |

6f_the E3 transitions (11/2~ ~ 5/24). Thebpattern of energies seen

‘here seems to suggeét that a corresponding 11/2~ state may be found

in Pul%! gt circa 700 keV. As meatfoned in section 4.1, the decay
of ﬁm?“‘ to Pml*! 1g presently being studied as another likely

ayste@ in which three~quasifartic1e states might be popglated..

4.3, General'éhmmagx | |
Gamma TRy spectroscopy has been employed to investigate
the behavior of the dl"l”"ﬂ Nd139mg, na133m Bal3lm, and Ce”’”""g

decay schemes.
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,‘ Table 14, --Characteristics of stmilar.lllz-'atatea
' 1n odd proton cdd mass nuclei.

State - State E3 -
Fuclide - 'Energy (keV) tsz (né} Eonhancement Reference

_esma'sd 497 T a4 a
g3Eu’ gu 625 T 2.1 .
saﬂulgg‘ - 713 | 5
eiPn'gy 962 - o .

CsoPrigy 1114 R o N
5931333 822 | 40 iv‘ 2.2 e
s7la gz 1420 o T | Y
571:&133 - 1005 <0.41 . 27.8 © oy

' akéference 35,
bkeferance 122,
CChapter III of this thesis.

dRefgreﬁce 84.
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A general uverview of the apparatus and methcda employed
is given, A mnltiparameter coincidence system, used for the first
time during the course of this study has been described. An outline
of those aSpects of puclear decay scheme conatruction which could be
' treated 1n a routine way 1s presented. Thia l4-step sequence forms B
| the basis of 8 useful computer program called DECAY SCHEME.
The utility of the beta, gamma method of studying prOper-
'tiea-of nuclear states has been illustrated in the present invesil-
f;;;ion which placed 56 gamma rays in decay schemes containing 22
excited states below 2200-kaV in Pr!39 glome. Six of these states
were.identified'as=three—qﬁasipartic1c atates. Reaction studies
cre aeen'to be useful sources of ccmplementary information regard-
ing nuclear state characteristics. "
Eadh of ;he'odd~proton odd-mass ﬁuclides included in the
‘above discussion of syséematics by virture of the availability cf
cxperimental data are very close to stable ncclei. As the obser-
{._yhtlone described here are extended into the transition region
between the spherical and ceformed nuclei, two main problems are
foreseen. Thc,short half-Iives of thc nuclides and complexity
due to nn@epous contaminating sctivities encountered will require |
that ad@itioual techniques be emplayed. Plans arc underway at’
Michigan State to employ in~beam gamma studies in conjpnction:with

& mass separator in order to achieve this goal.
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