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ABSTRACT

The conversion-electron spectra of four neutron-deficient rare earth

154

‘ 1
isotopes are presented and discussed. The four isotopes are Tb 53, Tb s

155 160

-Mihelich, Harmatz, and Handley in a recent publication have

presentéd the conversion-electron data of a large number of rare earth iso-

1
Dy 55)

topes, including all but one ( ~of the four above-mentioned activities,

The agreement between the two works is good. Some additional conversion lines,

not reported by ;Mihelich,gg_gl,; have been identified in this work as belong-
54 160

, and Ho™ ~, Decay schemes are proposed for

154 154

and Ho160 decay to levels in Gd andADyl6O respec-

54

Dy?° and ™3, M

and Holéo are compared with

154 60 oo

tively. The electron-capture decay data of ot

data obtained by other workers in the negatron decay.of Eu and Tbl

154

levels in G4 and~Dyl6O, respectively, and transitions common to both modes

-of decay are noted.

* : : :
This work was performed under:the auspices of the U. S. Atomic Energy’
Commission. ‘

1.Pres'net address: University Institute for Theoretical Physics,
-Copenhagen, Denmark,
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' September 1958 '
- INTRODUCTI ON 2

In our: studies of rare earth alpha«particle emitters} u81ng sc1ntil-

. lation gpectrometers, we obtalned numerous _gamma. spectra of neutron—deflcient

isotopes in this region of the perlodic chart. We felt that it Wonld be of

great value to supplement the gamma-ray data by using instruments of much

higher resolution, namély electron spectrographs. The'instruments used to
measure the energies of -the conversionvelectrons were permanentsmagnet>spectro—
graphs. These are 180-degree spectrographs, four of which have been described

by Smith.? They have been designated PM I, EM II, PM ITI, and PM IV, and their

fields are approximately 52, 99,'2l4, and 340 gauss respectively.‘ Recently

two other spectrographsvhavé been added, PM VI and PM VII. Their.fields are
125 and.lSO gauss., Each instrumént. is especially useful in a particular energy

range and each was used at various times during this investigation. Electrons

,emittéd from the»souroe_impinge 6n a photographic plate, 'By previously,cali-

‘brating the instruments With_eleétrons of_known energies, Gne may accurately

detérmine the energies of conversion electrons. The momentum resolution'of

_the instruments is about'O 1%. The probable error in.electron line energy

_determlnations is generally about # O, 2%.

The rare earth samples, in. the form of ‘powdered oxides, were bombarded

_with alpha,particles accelerated in the Berkeley 60-inch cyolotnon.” These

samples were several milligrams in weight and were .subjected to irradiations

ranging. up to 100 microampere-hours. The oxidesjbombarded¢were;

This work was performed under the auspices of the Unlted States Atomic Energy
Commission,

.1..
Present address: University Institute for Theoretical Physics,
-Copenhagen, Denmark
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(a) ‘Europium enriched.innEu153; consisting of 5.0% gult and 95% Eu

(b) Gadolinium enriched in Gd 55, consisting of 0.46% Gdl52, 1.23% Gd
72,286 a3, 17.72% 6a®, u.60% a7, 2.864 6a’®°, and 0.814 Gdl6o. ’
(c) Netural terbium consisting of 100% Tb159 :
After bombardment an ion-exchange column was used to separate the rare-
earths from one another by a method described by Thompson, Harvey, Choppin,
and Seaborg;3 The column used was lé.s em in length and 0.6 cm in diameter
and was enclosed- in a glass jacket .that was heated.t0‘87oc.by trichloroethylene
vapor. Tt was packed with-Dowex—SO, 49 cross-linked cation=-exchange resin, The
eluting agent was 0.4 M a-hydroxyisobutyric acid . buffered with ammonium hydrox-
' ide to a pH tnat was varied according to(what elements'were.being,eluted. The -
' more basic the eluant, the faster the activity is eluted from the column, The
pH in thisg research was varied between 3.9 and &4, 3 SeparationS‘of the rare
earths were very satisfactory. ' o -
After ijon-exchange separation'of the target material, the drops of
-hydroxyisobutyric acid solution containing the rare earth activity were
combined and made 0.1 N in HC1. This solution was placed on a resin column
- of h% cross-linked Dowex=50. The size of this column was varied according to’
the amount of solution present Half-normal HCl was passed through until all
the a~hydroxyisobutyric acid was removed and the activity'nas then stripped
off with 6 N-HC1. The hydrochloric acid solution was brought to dryness,
taken up in water, and evaporated to dryness agaln to remove all excess HCl.
The activity was then plated onto a 10-mil-diameter platinum wire from a
solution of 0.1 M ammonium bisulfate at a pH of 3.6, The procedure used was
gimilar to~that,of B. G. Harvey in which the wire 1s made the cathode of an
electrolytic-cell.h Because the hydroxide ion concentration is high around
the cathode;vthe rare earths are deposited_onmthe wire as hydroxides., The -
wire was held in a Bunsen burner'flame,for a few seconds before being placed
in the spectrograph. The plating yield varied but averaged about 50%.

The nuclides studied were Tb153, TblSh 155 . 155 D 157, Dy 59

and Hol60. Mihelich, Harmatz, and Handley, in a recent publication,5 have
presented results concerning the conversion lines of a"large number of rare

earth .isotopes, including all but one (Dy155)vof the activities that we
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studied.'gThe'agreement between ‘the two works is ‘good. ‘We have see€n some ad-

ditional conversion lines that were not reported-bthiheIich.ggjgl.
‘ ' 154

, 1
We discuss here four .of the above-mentioned nuclides -- Tb 53, ™ 7,
Dylsa, and Ho160 == gtating our results, comparing them with the other work,
discussing the assignment of new lines, and then drawing some conclusions.-

Gamma spectra that have been obtained for the same isotopes are also presented

and correlated with the conversion=-electron data. - These gamma spectra were

obtained with the use of a 100~-channel . gamma. pulse~height analyzer. Results
are summarized in tsbles; electron lines‘notrreported by Mihelich, Harmatz,
and Handley bear asterisks., A nine-step visual-intensity scale is employed,
designated by the symbols vvw, vw, w, wm, m, ms, §, VS, vvs, where v gtands

for very, w for weak, m for moderate, and s for strong.

. Terbium-153

, Terbium~153 was made by bombardlng Eu153 with 48-Mev alpha particles.

In thls bombardment Tb 154 also was produced by an (o,3n) reaction on Eu153.

.Only one experiment of this nature was carried out, 1In order to differentiate

between the transitions follow1ng the decay of the two 1sotopes two exposures

were made. - The first lasted a 1little less than 60 hr (the half-1life of Tb 53)

; and the second gbout 8 days. The reason for choice of these. times of exposure

154

was as follow5° By the time 60 hours had elapsed most of the lehr To would
have decayed and 1ts lines would not appear in so high intensity on the

second exposure. The transitlons following Tb 153 decay would seem to be almost

as intense on the second exposure as on the flrst By the end of the first

153 Would have decayed By the end of

another 8 days Tb 153 would have decayed for three more halfwllves, and this

would have accounted for about another 4he of Tb153, Thus the transitions in
4+23

should have been about as intense on the second exposure as on the first.

More refined half-lives could have been determined for the electron lines; how~

153 ,na ¥

ever, as only Tb would have been made in any large amount, and as

‘we were looking for the less intense lines belonging to them, it was necessary

only to differentiate between these two isotopes; Terbium-151 lines had been
previously determined by Mihelich.gt_gi, Only the more prominent of the lines
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of Tb151 would appear, and these could easily be noticed,s Terblum-155 had been
thoroughly“studied"by"Mihelich_gE al., and its lines;-also, could be easily
153

' subtracted out. On such a basis lines were assigned to Tb -and are listed in
Table I,  All the lines listed in the table satisfy the condition that the in-
tensities of the- lineés were equal in both exposures, The lines are divided into
- two groups: ) ' »

(a) - Those whose assignment is more certain — that is, either they were seen
by Mihelich et El‘S and by us, or they fit into a proposed decay scheme (see
below), or both K and I lines were seen for the transitions. i

(b) ,Those which were assigned to'Tb153 simply because they satisfy the ex-
posure-intensity criterion. No statements can definitely be made on whether
they are K or L lines -

A decay scheme 1s proposedvon the basis of sums and differences and is
shown in Fig. 1. The proposal is quite tentative. The 109,9-kev gamma transi- .

tion may be analogous to the 108,1-kev one in Gdlsl and to the 105.4-kev transi-

tion in~Gd155; the 109.9-kev transition is therefore postulated to go directly
to the ground state in our scheme., The 87.61-kev photon is also supposed to

de-excite to the ground state, in analogy to the 86.7-kev gamma in Gd155 (see

Mihelich's decay scheme in the reference giveﬁ6). Miheldich et al. saw a weak
68.1-kev transition which we were unable to observe. TIt.fits very well as the
difference between 109.9 and 41.68 kev. Rather than postulate a state at 68.1
155

kev, again in analogy to a 60.l-kev transition in Gd"°”, we propose a state at

' 41.68 kev because the latter transition seems to be so.much stronger than the
68.1-kev one, The 212,3-kev transition is proposed because gamma rays have been
identified which fit well as the differences between this state and the other
three already proposed. No spins can be assigned to any of the levels at this
time, '

3

A gamma spectrum was not obtained for ‘I'bl

Terbium-154

Terbium-154 was produced by the method described in the preceding section,.
The lines belonging to it were assigned as described previously, and are listed
in Table IT.
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_ Table T

Conversion €lectron lines from TbL53~decay

Electron - Visual ‘Conversion - Apparent - Transition

energy .- intensity "~ shell * transition = ' energy :
(kev) : L ' ‘energy (vest value)
o , . . (kev) _ (kev)
Group a (Assigned lines) '
33.28 m L 1.66 - 41.68
34401 mw CLopq - 41,65 T
39.82 m M 41,71
k1,33 Comw N 41,72 N
a5 v L 51,84  51.84
3744 mw K 87.67 ) 87.61
79.168 m L 87.55 o
- 52.03 m K 102,26 102.3
59.60 s K 1109.82 - 109.9
.101.62 m Ly 109.99
* .
T4.30 ' K 124,51 - 12k.5
¥ N
91.20 \'4 K 141,43 141.5-
133.17° Ly 141.55 '
* .
120.42 mw K 170.65 _ 170.6.
Clekeh vw K 1747 1745
14k, 95 W K 195.18 - 195.2
162.23 m K 212.46 212.3
203.24 W L. 212,22 -
199.43 o K 249.66 - 2ko.7

Group b (Unassigned lines)"
81.26" mw
86.79* W
- .
95.37
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Table II

Conversion electron lines from Tb15 ‘décay

Electron Visual Conversion . Apperent ; Tfansition
energy - . intensity shell -transition energy
(kev) - : energy ‘ (best value)
_ (kev) . (kev)
72.78 vvs K 123,01 123.2
11k, 77 ms L 123.15
115.1%  ms Lo 123.08
115.85 ms Loip 123.10
121.45 ms M 123.34
122.79 mw N 123.18
197.75 s K 2k7.98 248.1
: +
240,21 ms LI +
L1
246,33 Comw M 248,21
296,84 m K 347.1 347.1
: *
626.33 W K? .
641.538"° W K 691.77 691.8

R Unresolved

1 d

The gamma specﬁrum of TblB)+ 1s shown in Fig. 2. This was obtained

in a bombardment onuEul53.below the (o,4n) threshold, so that very little
Tblslvor TblsS should have been present, The half-lives of all the peaks
seem to be about 17 or 18 hours. The 123.2-kev photon is not shown (owing

to the energy setting of the scintillation spectrometer), but one can readily
see peaks at 250 and 340 kev. These peaks presumably represent the transi-
tions of 248.1 and 347.1 kev listed in Table II. The:Eulsh gamma spectrum
obtained by Stephens 1s shown in Fig. 3,7 so that the differences and simi-
larities of the two spectra can be noted. The 340-kev peak is absent in
EulSh decay. The high-energy portions of the two spectra resemble each other.

In each there are three gamma rays, whose energles are about 880, 1000, and
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- the lth-kev peak is a gamma ray that does not belong to the decay of Tb
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1280 kev. Stephens’ spectrﬁm also shows two peaks -at 600 and . 750 kev. In the
same region of our spectrum there is & broad-peakvwhich.undouﬁtedly encompasses

several transitions. The latter could Include, in additlon to the gamma rays

&t 600 and 750 kev, the two transitions seen by us :whose electron lines are

- listed in Table IT with electron energies of 626.3 &nd 641.5 kev. The peak at

approximately 530 kev in our spectrum .is probably due to annihilation radiation

from positrons (positron radiatlon from Tb 15k was detected in a previous beta-

. spectroscopic’ study ). In,addltlon there are peaks at 1140 and 1410 kev in our

spectrum which are not observed in the other. The possibility was considered

that these peaks might be the stack-up peaks of the following gamma rays in

coincidence:

(a) 1008 and 123, adding up to 1131 kev,

(b) 1280 and 123, summing to 1403 kev.
The energies of the 1008- and 1280-kev gamma rays were taken from the conversion-
electron data on Eul54 decay. of Juliano and Stephens.9 It is most.likely that
the 1131-kev peak is a .stack-up peak and not a true gamma ray since for spectra’

taken at different distances from the crystal the intensity of this peak was seen

‘to diminish relative to the 1000-kev peak as the geometry was decreased. This is

not true of the 1410-kev peak, since its intensity remained approximately un-~
changed relative to the 1280-kev gamma. ray as the geometry was.varied Perhaps
15&

The 123.2- and 248.1-kev transitions in Gd 5h.agree closely in energy
with transition energies measured in the decay of‘EulBF by Juliano and-Stephens.9
Their decay scheme is shown in Fig. L. The two gamma, rays represent the first
excited state and -a transition between that state and the_second excited state,
respectively. The spin and parity assignments of the two levels are 2+ and U+,
and the levels form a rotational band based on the ground state, The tranSitiohs
are therefore of an E2 nature.. The 3ﬂ7,l=kev transition was not excited in the

15k

decay of Eu 7 , since the transition was not seen in either the conversion-

electron spectrum or the gamma spectrum of Eulsh. Mihelich et al,,5 who did
154

observe the transition .in their conversion-electron spectra of Tb™

that it could be an E2 transition to the 4+ state from the next member of the

, proposed

~rotational band, whose spin and. parity would be 6+,
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The 691,8~kev transition must beslong to a level in Gdl54 because 1t was

9 This fact was established by placing one of

“seen by Juliano in Eulsh decay.
his photographic plates exposed in the same permanent:magnet spectrograph side
by side with our plate on-which,the,transitionvwas seen, By lining up the two
strong trensitions of 123 and 248 kev on both plétes we determined that our
691.8~kev gamma ray was the same as one of his high-energy gamma rays., How-
ever, he 1lists the energy of the K conversion-electron line as 643.6 kev,

" yielding a transition in gadolinium of 649.1 kev, As a difference of more

than 2 kilovolts is outside the scope of experimental error, his electron-line
energy was recalculated and fqund_to be in error. He also lists an LI line

for the same transition. We were unable to see this LI line on any of his
plates exposed in the permanent-magnet spectrograph in question. Presumably

he must have been able to identify the line on a spectrograph.with a higher
field (PM IV) and used the field calibratieon of that spectrograph to calculate
the energy of the transition. The use of energy calibrations from two dif-
ferent spectrographs could account for the difference in the calculated energies
- for the same transition. We believe our transition energy to be the more cor-
rect one, since the calibration of PM IV 1is not so accurate as that of PM IIT,

He does not place thls transition in the EulS)+

workers have also studied the decay of Eulsu. 0 mmeir decay scheme is in

decay scheme. Cork and co-

‘agreement with that of Juliano and Stephens except that a level has been added
at 1824 kev, The level is depopulated by a transition of 69k kev to the 113C-
kev state common to both decay schemes, The 69k -kev transitionvis undoubtedly
the 691;8-kev one seen by us in Tblle decay. Although the 69k-kev transitioen
has been observed by us, -the remainder.of the gammazrays reported by Juliano
and Stephens and by Cork et al. witﬁ_comparable energies (725, 759, and 592 kev)
5

were not observed by us in the Tbl decay. The explanation must be that the

182k-kev level proposed by Cork et al. is more heavily populated in the electron-

l5h, than in the negatron'Eulsh

capture decay of 'Tb decay. Though our wire
sample was intense enough to enable us to observe the 69h4-kev transition it was
insufficiently intense for us to observe the two gamma rays, 759 and 1008 kev,
which,depopuiate the 1130-kev state. B v

It 1s not known where the transition whose electron line is at 626.3

; 154 '
kev fits. It is certsin that it must belong to To Z decay because the only
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other isotopes made in any quantity in the bombardment were'Tb153 andthlss,
~The half-lives of the latter two nuclides are 60 hr and 5 days respectively,
If the transition were in the decay of either of the two isotopes 1t would

have appeared in the second and. longer exposure in which the conversions '

153

“electron lines' of . Tb werevidentified.

Some of the other gamma rays reported by Juliano and Stephens9vhave
been observed by us in scintillation_spectra;, As mentioned previously the
gemma-ray peaks at 880, 1000, and 1280 kev are seen in both Figs. 2 and 3.
The ‘energlies of the‘gamma rays as reported by Jullano and Stephens from thelr
conversion-electron data are 875, 998, 1007, and 1278 kev. . The 1000-kev peak
'in both scintillation spectra evidently includes”both‘the 998~ and lOO7-kev
‘ganmma rays, o

Thus out of the ten gamms, rays that comprise the disintegration scheme
of Eulsh 15&

gamma rays following Tb 154 decay which are absent in Eu™

There are also two

154

, seéven are also found in the decay of Tb
decay. They are
the 347.l-kev gemma ray and the’ trans1tion whose conversion-electron line ap-
pears at 626.3 Kev, '

Dyéprosium-155

Dysprosium-155 was made by bombarding Gd 155 with h8—Mev alpha parti-
‘cles. TIn the process a large amount of Dy =
to resolve the lines of Dy 55, of Dy157, and of Tb155, the 5. 6~day daughter

of Dy 55. (The daughter of Dy157, Tb157, has never been seen; Mihelich et al.

was also made. The problem was

prepared an 1ntense source of Dy 57 but were unable to find any indication
of activity due to Tb157 5) iTwo exposures of the same sample were taken.
The first was for about 30 hours, by which time most of the Dy 5? and Dy157
(half-lives of 10 and 8 hours respectively) would have decayed out, The
second exposure lasted for about a week, so that the lines due to Tb 55 would
be identified. Mihelich et al. have studied the levels in Gd 55 following
the decay of Tb155 .5

We were able to identify most of the lines they re-
ported for Tb 155

by studying the photographicpplate resulting from the second
exposure, Any lines that agreed in energy in both exposures and that decayed

in intensity, or else were completely absent in the second exposure, were
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them probably belong to Dy
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assigned to--Dy155 and:Dyl57. Mihelich et al. have reported some lines for

> These were also identified by us. - Table IIT lists the remain-

Dy157 decay.
der of the electron lines that fulfilled the requirement that their intensi-
ties -should have decreased in the second exposure, The table is divided into
two sections. The first portion lists the electron lines that seem certain
tQJbelong to=Dy155. The second portion lists the rest of - the lines, which
155 or Dy’ 157

The electrons in part (a) of Table III were assigned to Dylssvfor two
reasons. The first 1s that lines of-such.intensifies, if they belonged to

Dy1575 would have been seen by Mihelich et al, The second is that they fit

"into a disintegration scheme constructed in analogy.te neighboring isotopes.

The decay scheme is shown in Fig. 5. It is readily seen that the first two
excited states (65.43 and 155.8 kev) can be proposed as members of a rotation-
‘al band with the ground state used as a base, The spin assignments of the
three levels would be 3/2, 5/2 and T/2. A simllar scheme can be found in

the decay of Dy 57 159, l55_ The parity of all three states would

sthen be even., The 27l.h-kev level was placed in the scheme because two

transitions could be found that would match well the differences between this

levei and the first and second excited states. The 227.0-kev transition was

made to go directly to ground because of its intensity. Also a gamma ray was

found that seems to be the transition between the 227-kev level and the 65,43-

kev level, It 1s intéresting to note that the 9/2 state of”the'rotational
band should have, by the simple I (I:+ 1) dependence, an energy of about 275
kev, in good agreement with the 271.4 kev observed.

, The 43.09-. 88.02-, and 18%4.6-kev transitions probably belong to py'??
and not to Dy 57 because of their intensitles The 43,09-kev gamma ray could
be the transition between a 108.5-kev level and the 65.43-kev levél, However,
no such crossover of 108;5 kev to the ground stateshss Been seen, and no
photons can be identified decaying to the 108.5-kev level from a.higher one,
The 88.02-kev photon could be a transition proceeding to ground. No gamma
rays havevbeen seen decaying to such a state ffoﬁ higher levels, Of the re-

mainder of the electron lines very little can be said except that some of

157
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(continued)

-13-
Table IIT
".‘Cbnversion-electron lines from Dyl decay
'Electron Visual Conversion Apparent Transition
energy " intensity shell transition energy
(kev) " energy (vest value)
(kev) (kev)
Part (a) o .
56.70" vs '-LI 65.41 . 65.43
57.18: | Ly 65.43 |
57.85* W Lo 65.3T -
63.42 ms M 165.39
65.13°  m N 65.53
38.29" s K 90.29 " 90.38
8i,68* ms L. 90.39
88.42°  mw M 90.39
9o.ou* .V N 90 .44
obscured by another line X ' 115.4
106.65" v L 115.36 ‘
Joygi omw K 155.87 - 155.8
'1&7.38* W ;II 156.09 -
1&8.3h* Vv Lit 155.86 |
109.45 m K 161.45 161.4
obscured by another line 'LI ,
153.581* - K 205.59 205.7
197.12 vV L 205.83 _
175.13 vvs ‘K - 227.13 227.0
'2;8.302 mw Ly 227.02 :
225.02 vw M 226.99
226.65z ~ VW N 227.05 .
219.20 W K - 271.20 271.4
262.84 . yvw L '271.55 |
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Table;iIi (continued)_
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Conversion-electron lines from Dy155 decay

Transition

Elecﬁrdn . Visual  Conveérsion . Apparent
energy intensity shell ‘transition energy
(kev) ' energy (pest value)
(kev) (kev) o
Part (b)
34.398" s L k3.1 43,09
34.82* s LII %43.08
35 54" s . | 43,06
Tk LIII .
41.51 ms M2
b2 7" ms N ' - 43,14
36.02" s Kz 88.02 88.03
*
79.313 W LI?g 88.03 ,
132 62" m K? 18k.62 184.6
* :
247.67 vvw
266.02" vvw
319.23* vVw
*
381.22 W
* o
432.12 vw
W6 .1 i
*
455.95 ww
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The gamma spectrum obtained in the bombardment clearly showed the

225-kev gamma ray togetner with the 325-kev one belonging to Dy157

decay.
Small peaks were visible in the vicinity of TO and 95 kev, representing no
doubt the‘65.h3-”and 90.38-kev gamma ' rays. Several peaks were seen between
100 and 200 kev which were probably due to weak gamma. rays and the back-
~»scatterfpeaks of the two prominent 225- and 325-kev transitions; In addi-
tion.there were peaksiat about 645, 890, and 1080 kev, It could not be
determined whether these latter gamma,raysﬂwere to be assigned to Dy155 or
Dy157; Relative gamma intensities were not calculated because of the dif-
ficulty that would have been involved in the resolution of the low-energy
gamms, rays mentioned sbove. By inspection, however, it could be easily
observed that the 225-kev photon was byifar the most prominent following
the decay of Dy157. Because of this it is almost certain that the 225-kev
gemma ray does proceed to ground as indicated in the decay scheme,

155

The decay scheme proposed here in Fig. 5 for Dy was constructed
on the basis of energy sums and differences of the various‘transitions
identified in the conver31on-electron spectra, with the similar decay schemes
of nelghboring isotopes kept in mind. However, some corroborating evidence
for the decay scheme can be found in the intensities of the L-conversion
lines of the 65, 43-; 90.38-, and 155'8-kev gamma rays. «

(a) For the 65,43-kev tran51tion (5/2+ to 3/2+) the L line is much more

I .
intense than either the LII or the LIIi line, The numerical ratio of the
intensities is L. II : LIiI ~10 :1: 1. The sequence of L-subshell

I .
intensities indicates the multipolarity of the transition to be an Ml + E2

mixture. : .

(b) For the 90.38;ke& transition (7/2+ to 5/2+) only the L, is visible;
the other two L lines are presumably too weak to be observed, An Ml transi-
tion is indicated. "

(c)  For the 155.8-ket transition (7/2+~to 3/2+) two L lines have been
identified. They are the"LII and LIII lines, Their intensities seem to be
equal, so that the multlpolarlty of the tran51tion is indicated to be E2.

The multipolarities of the transitions thus seem to be in agreement

with the spin and parity assignments of the levels in Fig. 5.
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Holmium-l60 was made by bombarding Tb o159 with 48-Mev alpha particles,
- Terbium is a mon01sotoplc element and therefore, at the bombarding energy,

160
the isotopes that would be produced in any quantity are H0159, Ho , and

H 161. By the time a wire source could be prepared most of the Ho 159 (33

min half life) had decayed, so that this nuclide offered no obstacles in
determining the Hol6o electron lines. Two experiments were carrled‘out. In
the second experiment the sample that was prepared was much more intense than
in the first bombardment. As a consequence .the less intense‘sample was placed
in a permanent-magnet spectrogfaph with a low magnetic field in a search for P
the lower-energy lines already reported by Mihelich,gﬁ_al.s The more intense
wire‘sample Wae placed in the permanent-magnet spectrograph whose field is
about 340 gauss, in order to observe the high-energy gamma rays that were
known to follow the decay of Hol6o from the gamma spectrum (see Fig. 6). The
electron lines seen in the two experiments are.listed separately in Tables

IV and V. The main reason for the separation is that the disagreement be-
tween the energies of two gamma rayavas determined in the two experiments is
somewhat greater than the range of experimenfal error, probably owing to an
incorrect caglibration of the 340egause spectrograph. Another reason 1is that
the two Hol60 sources were very different in their'total activities and that
.the two specfrographs used covered gquite dissimilar energy ranges. If the
lines were combined inte one group‘aimeaningfulvrelative-intensity scale would

‘ebe rather difficult to construct. , 5

All the lines in Table IV were seen by Mlhellch et al. and assigned
to the decay of Ho 60, including the 59 78-kev tran51tlon which is an iso-
meric tran51tlon_1n>Hol60 reported previously by the same workers. No half-
‘life determinations were made on any of the electron lines seen in the second
experiment., Because of the shortness of the half-life of Hol6o (5 hr) it was
felt that if the weak high-energy gamma rays were to be observed then it
would be necessary to have an exposure that would extend as long as any of
the activity would last. Thus no interruptions were made to determine the
" electron-line half—lives. Itiis possible that some of the gamma rays in
Table V may belong ﬁo the decay of either\Hol6l or Hol62. This is improb=-

able because the half-lives of the latter two isotopes are rather short (2.5
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- hr and 67vmin). Also; none of the electron lines reported for the two iso-

topes by Mihelich SE'Ei.S'has been identified by us. If the more prominent

transitionS'of the two nuclides were not observed, then there is no reason

_ why some of the less intense transitions (not reported,by'Mihelich‘et al. )

should have been. Therefore we would prefer to assign tentatively all the

tran31tlons in Table V to Ho 160

Table IV

, 1
Converslon-electron lines of Ho 60, Experiment 1

Electron Visual " Conversion Apparent °  Transition
energy intensity shell transition energy
(kev) _ ' energy (best value)
: ‘ (kev) - (kev)

50.85 m L 59.77 59.78
51.75 m L 59.83

57.98 mw M 60.11

59.32 W N 59.75

77.98 m L 86.57 86.58
78.79 ‘'m L 86.58

8L4.85 oW M 86.69

86.17 g N 86,59

142,84 W K- - - 196.61 196.6

The gamma-ray spéctrum of Hol6o is shown in Fig. 6. Gamma rays are
evident at energies of 90, 200, 6% 730, 800,and 970 kev. All except the 970-
kev photon have been identified by their conver51on electrons in Table V.

There is a slight rise in the spectrum in the vicinity of 400 kev, which may

' ‘indicate the presence of a 395-kev gamma ray reported by others in the decay
-of Ho

160 11

Although a complete decay scheme for Hol6o cannot be'pfoposed at

: : 16
this time, a start can be made if the decay scheme of Tb ° as proposed by

: 12 : .
Nathan 2 is considered and gamma rays common to both decays are noted.

‘Tran51tlons common to both decays and seen by us in our conversion-electron

sPectrum are 87.4, 197.7. 298.6, and 880 0 kev. The first two are the
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cascade transitions depopulating the first two exc1ted states of an even=-

} even rotatlonal band with a ground state of O+ in Dy 60, Accordlng to
"Nathan s work on. Tbl6o the 970-kev peak seen in our gamma spectrum cons1sts
of two gamms rays, one of 960 and .the other of 964 kev, In- addltlon Nathan
.reports a gamma ray of 395 kev that he was able to observe only 1n h1s

gamma, spectra. The tran81tion 1s presumable the same as the one seen in

Ho160 decay, Thus a total of seven gamma rays are common to-both Hol6O and
fTbl6Qfdecay to Dyl6o. |
Table V
Conversion-electron lines -of Hol6p, Experiment 2‘
ﬁElecﬁron' Visual " Conversion ‘Apparent Transition
energy - intensity shell transition energy.
(kev) ' : energy (best value)
‘ (kev) (kev)
79.64 e L 87. 44 87.44%
85.62 Vs M 87.66
86.8k4 ms N 87.26
119.59" v ?
143.83 s K 197.60 197.7
189.31 ms L 197.90 '
196.31 mw M 198.35
176.10" - K. - 229.87 © 229.9
200.@7* w ? : :
24 81 w K 298.58  298.6
256. 51" . w K 310.28 310.3
275.38" W X 329.11 329.1
318.85" - K 372.62 " 372.6
486.70* VW K 540,47 54%0.,5
505. 42" vy K 559.19 - 559.2
593,69* v K 6L47.46 . 647.5
676.06" W K - 729.83  729.8
826.19" W K 879.96 - -880.0
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There are two levels in Nathan's Tbl6o decay‘scheme,'thne at 964 and

the other at th? kev, which prove to be interesting. - The'enefgy differehce'
between them is 83Akev. which 1s very similar to the difference between two
transitions listed in Table V, 729.8 and 647.5 kev. We should like to propose
a level at 1698 kev populated in the electron-capture decay of'Hol6O,>and de-
excited by the emiSsioneof the two gamma rays, 729.8 and 647.5 kev, to the
levels at 964 and 1047 kev, respectively. This state is probably not populated
in the beta decay of Tbl6o,_since neither of the two transitions has been re-
ported; The level a£,1698 kev is proposed in preference to one at .320.5 kev, -
because neither a gamma ray of 320.5 kev nor any other that could be construed
as de-exciting the level has been identified in either Hol6_O or Tb160 decay.
Little can be said about the remainder of the conversion-electron\lines
in Table V except that the large number of them 1nd1cates the decay scheme of

160 to be a complex one,

CONCLUSION

To conclude we should like to discuss the change in excited-state energles
of the isotopes studied in this work as the neutron number of these nucle1 is in-
creased. ‘Thus, in the discussion of the decay of Tb 54
the first excited level in Ga 2™ (
trasted with the first excited level in G4~

of 344 kev. The large difference in energies is attribﬁted to the fact that the

it was pointed out'that
90 neutrons) was 123 kev. This is to be con-

152

(88 neutrons), which has an energy

transition into the strong-coupling region, where the Bohr-Mottelson spheroidal
nuclear model is applicable, probably occurs between 88 and 90 neutrons. The value
of 123 kev is still somewhat high;_indicating that this,particular nucleus is on
what\may be termed the fringe of the spheroidally deformed region. DysprosiUm-lGO;
another even-even nucleus which we have studied in the decay of Hol6o, has 9% neu-
trons and should be definitely inside the deformed region. That this is so is in-
dicated by the first-excited-state. energy of Dyl6o, which is 87 kev above the
ground state, a value very similar to the energies of first excited states in other
neighboring even-even nuclei: Gdls6 (92 neutrons), 89 kev;vDyl62 (96 neutrons), 81
kev, An energy of about 85 kev seems to be the standard value for the 2+ member
(first excited level) of even-even rotational bands in this portien of the perilodic

chart,
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55

Turning to odd-mass nuclei, let us consider.the,thrée-isotopes‘Dyl ’

Dy;57,.and_by159, decaying to Tblss (90 neﬁtrons), mpLo7 (92 neutrons), and
155

Tbl59 (9% neutrons), respectively. The decay scheme of .Dy was ‘constructed

157 159

, assuming a rotational sequence of 3/2,

155

in analogy to those of Dy and Dy
5/2, and 7/2 for the spins of the first three levels, If the proposed Dy
scheme is- correct, then a regular variation is noticed in the: level energies

of the three nuclei, as follows:

Isotope ' First excited level Second excited level
o (kev) . - (kev)
(a) T o 65.4 o 156
() w7 : 6.8 s
(¢) 7 | | 58.0 | 138

Terbium-155 with 90 neutrons is presumably on the edge of the spheroidal fegion;
However, as previously presented, its first two excited levels together with the
ground state form a rotational band and follow the simple I (I + 1) formula quite
well., ILevels.in Gd155 (91 neutrons) have been studied extensively'from the~ decays
of both Eu155 and-Tbl55., The ground-state spin of the nucleus has been found to
be>3/2, just as in the three terbium nuclei discussed above, -The energies of the
first two excited levels in Gd155 are 60.1 and 146 kev, numbers which fit well

into the sequence of the terbium nuclei.
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