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ABSTRACT.

A series of bombardments using alpha particles from .the Berkeley 60=-inch

cyclotron on rare earth ox1des has resulted in the dlscovery and mass ass1gn—
15k (13 nr).  Two
other alpha emitters have been mass assigned, Dy 152 (2.3 nr) end.Tblsl.(l9 hr).
155

A new 10 hr electron ~capture 1sotope has been identified as Dy . Evidence

is also presented for the discovery of another. isotope, Dy 49 (8 mln) which

was produced by a- N 14 ion ‘bombardment-on praseodymium.

* : , : ) .
‘This work was done under the auspices of the U.S. Atomic.Energy Commission.
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INTRODUCTION

In 1955.Rasmussen‘g3 gl. reported on a detailed,study of neutron-
deficient isotopes in the rare earth region.-l These isotopes -exhibited
.alpha radioactivity. A number of such nuclides wereldiscovered;and_studied
individually. | | '

Among the ~alpha-emitting nuclides reported were three dyspr051um
isotopes, whose alpha energies and half—llves were as follows.

(a) 4.2 £ .06 Mev, 7 % 2 min,

(b) 4.06 £ .04 Mev, 19 * L min,

(c) 3.61' % .08 Mev, 2.3 * .2 hr.

A.limit‘wes set on the mass numbers of the dysprosium.activities,
153 > A > 1k9. _ _ '

The study presented here was begun with the 1ntent of mass-assigning the
2.3-hr activity, using alpha‘partlcles-from the Berkeley 60-inch cyclotron.
uWhen.the-ekperiment was performed, new information was uncovered, which stimu-
lated further work in this region. This paper is'concerned with the study of
hitherto unreported dysprosium activities and additional information that has
been found in connectlon with previously known rare earth nuclides.

Table I summarizes the information avallable.on the new isotopes. - Fig. 1
is a section of the isotope chart, which shows the nuclides that have been

studied and used in the investigation.
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‘Table I

Informatlon on New Isotopes
» - Mode of _ Alpha—partlcle
Isotope Half-life. decay seen energy (Mev)
D,'yllL9 8 min* 2 E.C. and/or B+
:Dyl53 5 hr.t 0.5 . @ o 3.48+% .05
Dy 13prtz o | 3.35 & .05
Dpyt?? 10 hr ~ ~ E.C.

'EXPERIMENTAL METHOD

In the work reported here, elements of atomic number Z were bombarded
with alphavpafticles in the Berkeley 60-inch cyclotron to produce isotopes of
_elements Z + 2 by means of (o, %n) reactions. One experiment was carried out
using a heavy ion (Nlu) as the bombarding particle in the same cyclotron. The
energy of the alpha partlcles was varied between L8 Mev and 20 Mev to glve
different values of x.

Materials used in this investigation were

(a) gadolinium enriched in Gd152
(b) " " " Gdl%,
(c) natural gadolinium,

(a) " . europium,

(e) : "._ praseodymium.

\

-Table II gives the isotopic percentages of the three gadollnlum oxides.

Bu 151 and.. Eu153

141

Praseodymium has only one stable isotope, Pr . . The -elements were all bom-

- Buropium has two stable isotopes,: , in almost equal abundance.

barded as the powdered oxides. The two enriched gadolinium oxides will be

152 154

referred to as Gd and Gd in further discussions.
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Table II .
Isotopic Abundances of Target Gadolinium :

152 5% 155 156 . 157 158 160
Enriched | ‘ : |
aat?? 14,96  9.75  27.26  19.32  10.08 11.67 6.97
Enrichéd _ . ’
aatot .32 33.17 38.57 15.92 i 5.49 4.50 2.05
Natural _ |
e .20 2.15 14.73 2047 15.68 2k.87 21.90

The rare.earths were separated from-eachgothef by:én ion-exchange method
described else‘where.2 The,éluting,agentﬁwaslo.h M alpha-hydroxy-isobutyric
~acid, buffered to a pHibf 3.90 with ammonium hydroxide. Separations were very
satisfactory. The activity, after being eluted, was evaporated to dryness on
platinﬁm,plates. - The latter were then flamed to destroy the organic eluant and
to make ‘the samples essentially’weightless for‘al@ha—particle counting.

.Two of the experiments were carried.outuusing a,stacked-foil technique.
The oxide was glued onto aluminum foils with a solution of "Duco" cement in =
amyl acetate, ‘Four such plates were prepared in éach»casa, and were .stacked
with other aluminum absorber foils to give required energies on the target
piates. After irradiation no chemical separations were made; . The aluminum
plates,were‘alpha~couﬁtedvdirectly because it was assumed that the aluminum
would not form any alpha emitters. SThe-alpha;acfivity seen would belong to
the rare -earths produced in .the course of the bombardment. _

' Alpha &activity was detected in these experiments by counting-samples in an
»argon.flow-fype ion chamber. Alpha-particle energies were determined by use of

a. b8-channel differential pulse--height,analyzer.3

'RESULTS

152 andDy153

Dy : . . .
Gadolinium-152 was bombarded with 48-Mev alpha particles. After

jrradiation the material was chemically separated;by»the procedure described
in the previous section. The dysprosium fraction Was.evaporatéd,on,a platinum .

plate'and.counted.in,the 48-channel alpha~pulse analyzer. Two peaks appeared.
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‘The peaks were integrated and their half-lives were determined. .The one with’
the higher energy decayed with a 3-hr half-life, while the other peak decayed
with a 6-hr half-life. Gadolinium-148 (3.16 Mev), Np°3! (4.79 Mev) and PuZ3’
(5.15 Mev) were used as alpha energy standards. . The two dysprosium peaks wére
in this menner measured to be at 3.66 Mev and 3.48 Mev.

.The nuclide with an alpha-particle energy of 3.66 Mev and & 3-hr half-
life certainlybwas the -same isotope as reporfed by Rasmussen'gz'gl.l The
other alphavemitter was recognized as a new activity. The alpha spectrum
with the two activities is shown in Fig. 2.

To mass-assign both of the activities an experimeqt was carried.out using~
the stacked-foil technique described in the section.on.experimental.methods;
The energies of the alpha particles'striking,each of the four target foils are
listed below, together with the most probable reactions expected at these
energies. ' ' o

Target 1 48 Mev (a,bn), (a,3n)

"2 4.5 Mev (a,3n), some (a,kn), some (&,2n)
"3 33,5 Mev (&,2n), some (o,3n)
"4 23.3 Mev (a,2n), (@,n)

‘The target foils were counted directly in the alpha pulse analyier.and
in an alpha counter.  The alpha-ccunter.resuits were as follows:
Target 1, 2.5-hr half-life, with a 17-hr "tail”
" 2, 5-hr half-life, with a 15-hr "tail"

" 3, scattered counts

4, no noticeable alpha actiﬁity.v

The targets were thick because no chemical separations were made, and no
distinct peaks were observed in the pulée analyzer. - The couﬁts on various
channels were summed and plotted against time on semilog paper. Results were
essentially the same as given above. Since the targets were not counted for
as long a time on the pulse analyzer as on the alpha counter, the tail, men-
tioned above, was not seen on either Target 1 or Target 2. Counts on ‘Target 3
in.this case were observed to decay with a 5-hr half-life, ]

The 2.5-hr isotope was seen in the first targe£ foil at 48 Mev but was
absent at 41.5 Mev., At least, it was not present in a sufficient amount to be

noticed. - The (a,ln) reactions, in this region, have thresholds at-about 39 Mev.
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It seems quite reasonable to assume then that the activity was produced by an

152vand must be DylEB. The SPhr‘isotope was present only

(@,in) reaction on Gd
in a small amount .at 33.5 Mev and was absent .at 23.3 Mev. Since (a;3n)v
threéholds are approximately at 28 Mbv,'one is forced to the conclusion that
the 5-<hr alpha emltter must have been made by an (a,3n) reaction on Gd 152
. It must be Dy153 7
By analogy, the (@,5n) threshold must lie in the neighborhood of 48 to

50 Mev. It would be quite imprbbable for an (a,En) to occur at 48 Mev and
account for a.large amount of act1v1ty. It follows that the 2.5-hr activity

could not be Di 151. -The two isotopes dlscussed here could have been producéd

by (e,4n) and (@,3n) reactions ondelsu. However, bombardments of that nature
have been carried out and have resulted in new activities. The bombardments

are ‘discussed in the next sections.

DzlslL :
It was thought that the 16-hr activity observed in the stacked-foil
experiment described above could have been Dleh. Therefore, a series of

15k

experiments was carried out in which Gd was irradiated with alpha particles.
The discussion in-the present subsection is limited'to the alpha radiocactivity
that resulted. ' |

After a.fulluenergy bombardment the material was chemically separated and
| the dysprosium fraction.studied in thé alpha-pulse analyzer. -Alpha activity
was low, but three peaks of comparable heights were recognizable. The peak
with the highest alpha energy decayed with & 2.5<hr half- 1ife; Presumably
the activity must the-been'DylSZ, produced by an (a,hn) reaction on Gd152
an isotope which constituted 0.3% of the bombarded material. -The peak with
the next-to-highest alpha .energy had a 4.5-hr half-life. This was thought to

be Dy 53, made by an (@, 3n) reaction on Gd 52, The third peak decayed with a
152

13=hr half-life. Since no such third peak was in evidence in - the Gd bom-
‘bardments, the new alpha emitter could not have been an isomer of either Dyl52
154 15

or Dy™”3. Rather, it had to be.Dy
(33% of the bombarded material). of course,,)y 155 could not be ruled out as a
155

possibility. However, if the new activity were. Dy

alpha emitter, (with partlal half-life surely less than 10

made by an . (e, 4n) reaction on Gd

, this would place an

> yrs by yield
156

considerations) just one mass number away from naturally-occurring By .



-8- ' UCRL-3841
54

Placing the new activity aS’Dyl relieves -the situation_somewhat, although

there is .evidently a very unusual diséontinuity in the trend .of partial alpha
half=lives in going from.ﬁyl51+ to Dyl56
"and failed to find,alpha‘activityﬂin natural dysprosium. From their study one
can say that the alpha_half_life of Dyls6_is greater than 5 x 1016 yrs. .The

‘alpha decay rate discontinuity between-Dyl54 and Dy156 may be the result of a

. Porschen_andeiezlerhvsearched for

discontinuity in.decay.energy,'in the Specificvrate dependence on energy, or
on both. Perhaps the discontinuity is relmted to the'abrupt.nuciear structural
changes between 88 and 96 neutrons in‘néighboring‘lower rare earths, as reflec-
ted in first excited state energies and spectroscopic isotope shifts of even-

L ang 2?3,

The experiment was repeated. The dysprosium fractionm, .in this case,:was

even nucleil and of guadrupole and maghétic moments in Eu

counted for the first time in the pulse analyzer a day after bombardment time.
.Only two peaks were obséived; -Their half-lives were 5 hr and 13 hr, -The peak
with the longer half-life dominated the spectrum. The pulse analysis curve is
shown in Fig. 3. With the 5«hr activity (3.48 .Mev) as one standard ,a.nd.Gdlh8
(3.16.Mev)_as the ofher sténdard, ﬁhe 13-hr peak was calibrated and found to
be at 3.37. % .OL Mev. '

The same material wags irradiated.at.37 Mev., As the energy was below the
(a,ﬁn) threshold, only the 5<hr peak was. visible. .DysprosiumFiSZ and - 15k

152 o

would not be produced by (a,hn) reactions.-on Gd andel54 respectively.

{Dysprosium—l5h-could have heen made by an (a,Zn) reaction .on Gd152

. One would:
not .expect to produce a sufficient amount of alpha activity by'this means, |
because the nuclide in qﬁestion must have  an exceedingly low alpha—branching
ratio. . The reason that one expects é Iow;branching ratio is-that,Dyl52 and
~Dy153, though produced from 0.3% of the bombarded material, accounted fof more
alpha activity than.dialDylsu, this in spite of the fact that thé»latter isotope
was made frOm.33% of the bombarded oxide. . The new alpha emitter could not have
been Dylss. This isotope could have been made in a large quantity by’anA(a,3n)
reaction_on.Gdlsu,at the energy used, buf_in contrast, the 13<hr alphé emitter
was definitely missing. | : ,

In a bombardment .carried out at 27 Mev, below the-(a,3h) threshold, no
alpha activity was observed. .The result .can be explained .on the basis of the
same kind of arguments as in the previous paragraph; The new 13-hr alpha

154

.emitter was. in this manner mass-assigned as Dy
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A new 10 hr electron-capture dysprosium isotope has been identified as

nyl55.' The nuclide was produced by (&,kn) and (a,3n) reactions on.Gdlss and

erlSk respectively. Dysprosium-~155 was discbvered.independently at Oak Ridge
by Mihelich and,coworkers.5 .They made the isotope by a (p,pn)‘reaction.on

B 156, and they repertAa half life of 20 hrs. They list a 230 kev gamma tran-

155

gsition belonging to Dy decay.

155

Our mass assignment of Dy was accomplished in the following manner:
This new isotope has a prominent gamma transition of 225 kev which was found
to decay with -a 10 hr half-life. .The photon was seen in. greatest abundance in
a 48 Mev alpha bombardment on GdlSh. The isotope could be made by an (@,kn)
reactlon on Gato? (38% of bombarded material) and by an (@, 3n) reaction on

Ga 1 (33% of bombarded material). The photon was present in lesser abundance
in a .37 Mev bombardment. The - .energy was below the-(a~hn) thresholduand the

. 15 .This

since the latter

isotope could have been produced only’by an (a 3n) reaction on .Ga
‘particular information shows that the isotope could not be Dy 154
nuclide could not be made below the (a,hn) threshold. . The photon was also seen
in much less abundance in 48 Mev bombardments on.hatural gadolinium. Here the
isotope could be made by an (@,kn) reaction.on 15% of the material bombarded and
by an (a,3n) reaction on 2%. The photon was absent in bombardments below the
(a,3n)‘£hreshold on both Gdlsu and natural gadollnlum -This information shows
that the photon could not belong to Dy 157 (8 hr).

vlh9, Byl and}Dyl5l

Stable praseodymlum was bombarded in the Berkeley 60-inch cyclotron with

Nlu ions to produce dysprosium isotopes by means of . (N xn) reactions. No chem-
ical separation was made because short-lived activities were sought. When the
semple was counted on the alpha pulse-height analyzer, oniy‘a broad, unfesolved
peak was observed.on account of degredation in the thick sample. .The .counts
on the various channels were summed in groups of five. Decay cuses.werevthen
obtained by following the change with time in activity of each group .of five
channels. ‘

The shorter half-lives indieated-the presence of the 19 min and 7 min
dysprosium.alpha,emitters,l_but the two outstaﬂding_results.Were,. _

(a) a Y-hr acti&ity that appeared in all channels, except the higher

ones (abdve channel 35);
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(b) a period of time wherein the alpha activity increased rather than
decreased. This was again seen on all channels -but the higher ones.

The 4-hr activity was quite prbbably Tblhg, anwalpha:emitter with a decay
energy of 3.96 Mevol The activity could have been made originally in the bom-
bardment by. an (N,pxn) reaction. It also might hawve grown in from its dyspro-
éiumAparent,;Dylug. The increase in alpha activity withvtime indicated that
one of the .alpha emitters seen. in the,experiment grew in from a parent. None
of the dysprosium isotopes could have grown in because it would have been .
impossible fof any holmium isotopes to be produced by nitrogen ions on
praseodymium. Therefore the increase in alpha act1v1ty was due to the growth
of a terbium isotope.. The only terbium nuclide seen was Tb 9. .Furthermore,
some of the decay curves showed the growing-in period followed directly by

19

the h—hf activity. It would'seem reasonable to assume that Dy was produced
originally in the bombardment. The isotope, having 83 neutrons, would be
expected to decay primarily by positron emission, electron capture, or both,
rather than by alpha .decay because the maximum in the rare earth alpha-decay
energies occurs at 84 neutrons as a consequence of the decreased neutron bind~
ing energies just beyond the closed shell‘of 82 neutrons. -This is in analogy
to the maximum at 128 neutrons resultlng from the low neutron blndlng energies
just beyond the closed shell of 126 neutrons. . The Tb k9 growth curve indicates
‘the presence of Dylh9, which decays to‘Tbl 9. The growing-in period and the
- h-hr tail -are shown in Fig. 4, and from this curve we determine a half life of
8% 2 min for Dy M9
The 19-min and T-min dysprosium alpha emitters, mentioned at the
beginning of this paper, have not been definitely mass- a551gned However,
because of the evidence for the existence of a new 1sotope ylu9, and because
the 2.5~hr dyspr051um alpha emitter has been shown to. be By 52, it would be

150 151

logical to assume that the T-min and l9-m1n nuclides are Dy and. Dy s

Also, if alpha energy systematlcs holds in the rare earth reglon, then the
T-min 1sotope with an alpha energy of 4.2 Mev must be Dy , and the l?-mln
isotope w1th a 4.06-Mev alpha energy must be BylEl

Tb151

In 1953 Rasmussen et al. reported a terbium alpha emitter with a half-life
of 19 hrsand an alpha .energy of 3.4 Mev.l Later, Rasmussen and Rollier
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tentatively mass-assigned this isotope as either'Tblso or.TblSl. 6 Handley

T

and Lyon' reported that no alpha activity was seen in 14.5- and 22-Mev proton

152

‘bombardments on Gd"” . Going on .this evidence, the latest General Electric
Chart of Isotopes has the activity listed as-TblSoo
In order to mass-assign this alpha emitter a stacked-foil experiment was
performed similar to the one described previously. Natural europium was glued
to the target foils. !The energies of the impinging alpha particles on each
target foil,_togethér with the readtions,expected té take place at those
energies were: ‘
Target 1 48 Mev (a,kn), (@,3n) _
" 2 4.6 Mev (@,3n), some (a@,kn), some (,2n)
"3 31.2 Mev (e@,2n), some (@,3n)
" 4 20.2 Mev (@,2n), (a,n)

Alpha radiation was present in only the first two targets. The total
amount of alpha activity on the second target was down by a factor of 20
below the amount on the first target. In each case the only half-life seen
was 19 hrg

If the 19-hr isotope were Tbl5o, it would have had to be made by an (a,Sn)
reaction on EulSl. That this reaction would take place at a bombarding energy
of 48 Mev is quite improbable. As mentioned before, one would estimate the
(a,Sn) threshold to be about 50 Mev. In the event that éuch a reaction did
take place at 48 Mev, it would certainly not account for the appreciable amount
of activity that was observed on Targe£ 1. The nuclide was also seen on Target
2 at an energy of 40.6 Mev.  An (a,Sn) reaction at this energy would seem to
be even more improbable. . The alpha emitter was not observed at 31.2.MEV;

The results indicate that the 19-hr isotope was producéd by a character-

istic (a,hn) reaction and, hence must-be»TblSl. Terbium-151 was also mass

p)

assigned independently by Mihelich and coworkers at.Osk Ridge,” who studied
the electron capture'decay of the isotope.

Alpha activity due to Tb152 was looked for in Targets 2 .and 3. Other
than the 19-hr Tb151
recent communication, the half-life of Tb152 is. 1 hr.

counted directly after bombardment, the alpha activity of.Tbl52 should have

no alpha activity could be detected. According to a
5

.Since the samples were

been seen if its alpha branchiné ratio were of a reasonable magnitude.,  The

conclusion is that the alpha branching must be extremely small.
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LEGENDS FOR FIGURES

1l. The section of the chart of isotopes with which the study'repértéd
here has dealt. | A
2, A pulse-analysis curve which showé two peaks, repreéenﬁing Dy152’and
DylSB. -One of the standards used in the calibfation, GdlhB,_is alsé
shown, 7 v'v
3. A puls¢~anaiysis curve Which shows twoipeaks, Dy153 and‘DylSh; The
standard, Gdlhs, is also showﬁ.
s Growth and decay curvé cobtained in a nitrogen-ion bombardment 6n
praseodymium, .The growth period exhibits an 8-min half-life., The line

representing the 84min¢Dylh9 is drawn on an expanded time scale,
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