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CONVERSION ELECTRON AND PHOTON SPECTRA OF Ga ! axp Ga™'d

) : : * .
Virginia 5. Shirley, Warren G. Smith, and John O. Rasmussen

Radiation Laboratory and Depertment of Chemistry
University of California, Berkeley, California

ABSTRACT

A new gadolinium isotope decaying Ly electron capture with a
29-hour half-life was found, Its mass number was determined to be 147

by examinaticn of ite excitation function for producuion by alpha

pariticle bombardment of om2h7 3.- The eleciron-capture 1ootope Gd 149
was also studied, and its half-life was ‘redetermined as 9.3 % .3 days.
The conversion-electron and photom spectra of Gd lh? and C-dll%‘9 were

studied, Relative phoion and electron intensities were determined
for some of the transitions, and coincidence weasurements were made,
From the data a few multipolarities are assigned and partial decay

schemes are suggested,

¥*

Present address: Department of Physics, University of Indians
Bloomington, Indiama
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CONVERSION-ELECTRON AND PHOTON SFECTRA OF Gd AT AND GdlL9

Virginia S, Shirley, Warren G. Smith, and . John 0. Rasmussen

Radiation Leboratory and Department of Chemistry
University of ‘California, Berkeley, California

INTRODUCTION

No previous electron or gamma spectroocoplc work on. any gadolinium
151 has been reportea up to this time, ‘The region
around the light gadolinium isotopes is of special interest because of the
many sudden changes in nuclear properties seen in passing between 88 and

90 neutrons. From optical spectroscopic results, Brix and Kopfermannl have
called‘attention.to sharp breaks in isotope shifts occurring bvetween iso-
topes haﬁing.BB'and 90 neutrons, They have also noted’ the large difference
in the guadrupole moments of the stable europium isotopes, which have 88
and 90 neutrons. The-first excited states of even-even nuclel drop sharply
at 90 neutrons, and well-developed nuclear rotational bands appear. The -

3

large deformation approximation of the Buhr-Mottelcon rnodel~” has been suc-
cessful in describing nuclei in this region of K > 90 but not in the reglon
of B-< 88, '

In this work information on the excited levels in’ Eu

T na Eatd

wags obtained by studying the conversion electron and photon spectra of
gadolinium activities produced by alphs partlcle bambardments on samarium

oxide and deuteron bhombardments on euvropium oxide.

EXPERIMENTAL PROCEDURES
Bombardments:
Activities were preducsd inathé Berkéley‘éo-inch cyclotrbn by
alpha particles accelerated %to LD Mev and deuterons to 24 Mev. The samarium

and europium target materials were bombarded in the oxide form in "boats”

' stémfed in 10-mil platinum foil with 1/k-mil platinum foil covers. These

"poats" fit into standard target assemblies and were cooled by water

directed at the back of the tergets.

‘e
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Chemistry:

The platinum boats containing the irradiated rare earth oxides
were placed in hot 8.@ hydrochloric acid until the oxides dissolvead,
The platinwi was then removed and ammonia was passed into the acid
soclution until the rare earihs precipitated as hydroxides. The pre-
cipitate was washed and dissolved in a minimuwr amount of & M hydro-
chloric acid. The gédolinium produced was separated from the remainingA
rare carths by an ion-exchange method identical to that described by
Thompson, Hervey, Choppin,and Seaborg.b' The column (3 mm in diameter,
5 c¢m in length) was heated to 87°C by-a.trichlordethylene vapor jacket.
The eluting agent was Ok M alpha-hydroxyisobutyric acid buffered to
a pH of 3.93 with ammonium hydfoxide, and the resin was Dowex-50
gpherical resin, 200-400 mesh size, 12% cross-linked. Since the
maximum capacity of the colum was ~10 mg of rare earths, it was
necessary to remove the bulk of the target material by another method.v
A sodium amelgem reduction method was used for this purpose. Sodium
amalgam is capable of reducing tripositive rare earth ioms to the
metal and amalgamating them; and since both samarium and europium
have dipositive states to act as intermediate states, the reduction
of Sm+3 and Eu+3 is much faster than that of Gd+3. The rare earths,
dicsolved in a minimum emount of & M hydrochloric acid, were transferred
to a separatory funnel, and 10 ml of water and & drops of glacial acetic
acid (to maintain the hydrogen ion concentration) were added. O0.3%
sodium amalgam (15 ml for 150 mg rare earths) was added and the mixture
shaken for 10 seconds. After the amalgan layer was rewmoved, the re-
maining agueous layer seemed to retain about 10% of the original
target material, The procedure was repéated three times in order to.
be sure that the total rare earth mass retained was under 10 mg,
Ammonia vas passed into the final agueous layer until the rare earths
precipitated as hydroxides, Thé precipitate was washed, dissolved in
a mininum amount of 1 M hydrochloric acid, and finally concentrated
into 2 drops of 0.05_§ hydrochloric acid for adsorption on the colﬁmn.

ATter completing the ion-exchange separation of the remaining rare

~ earth maés, the drops of alpha~hydroxyisobutyric acid solution contain-

ing the gadolinium activity were combined and made 0.5 - 1M in hydro-

chloric acid, This solution was placed om a Dowex-50, U% cross-linked,
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3mm X 5 em column ab room temperature. 0.5 M hydrochloric acid was passéd
through until all of the alpha-hydroxyiscbutyric acid was removed, and the

activity was then eluted with & M hydrochloric scid.

Instruments:

an argon~-flow-type ionization chamber was used for alpha cuuntihg.
The instruments used for measuring the conversion-electron specira of the
gadolinium activities were four permsnent-magnet 1800‘ spectrographs de- .

seribed by Smith and Hollander.5

They have_fields of approximately 50,
100, 200, and 350 gauss and operate at resolﬁtions of about 0.15%.' Ga&o—
linium sources for them were plated onto 10-mil platinum wires from a
soluticn of 0.1 N ammonium bisulfatg av 2 pﬁ of 3.6. The procedure dsed'
wag that suggested by Harvey et 5&.0 in which the wire is made the cathode

of an electrolysis cell, Since the hydrbxide iocn concentration around

the cathcde is high, the rare earths are deposited onto the wire as

nydroxides, The wire is held in a bunsen burner flame for a few seconds
before placing it in the spectrograph. . Electrons from the source impinge
on a photographic plate. By previous ¢alibration of the instruments with

electrons of known endgrgiss the energies of conversion electrons may be
" o

detexrmined sccurately. To measwre the relative intensities of the electrons,

densitometer traces of the spectrogre lates were made, BRBelative inten-
P

sities of ccnversion electrons were alsc measured with more accurecy with

: . . T - . s B ,
a double-focussing spectrometer.{ This is a shaped-field, 2567, prismatic

spectrometer operating at about 0.3% resolution. 4 100-channel gamma

ai:us.l:,rzerij with about 8.5% resclution was-used to measure ganma -ray energies
and intensities, This instrument is a gemaa pulse-height analyzer used
with a scintillation counter with a 1" x 1-1/2" sodium iodide crystal end
photomultipliér tube, It records data by means of a magnetic-core matrix

memcry, and is able o record at relatively high counting rates,

17 1k9

CONVERSION ELECTRON SPECTRA OF Gd AND G4

L

From bombardments of natural samarium (3.15% Sm~ , 15.07% Smlh7,

{ L& 1 4 . e :’L Z P “gomeymy oA o, l o D
11,276 Smluc, 13.84% Sml*g, T.57H Smlso, 25.63% Sm 55, and 2253% Sm 5h)"
with alpha particles, one would expect to mare a variety of gadolinium

- 8 y 10
isctopes. fAmcng the unstable of these are GdlLL (1k0-year alpha),

e
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by - 5y
|t t? (9-day electron capture~alpha) 9 gat?® (1ong~11ved alpha), 171
153

(156-day electron capturc}9 and GA 7 {(236-day eleciron captare) 9 In
ik
addition, one might expect to produce the anrcported isotope, Gd 7 by
N . 1hi lhi 147 117
the reactions Sm- {a,n) Gd ond Sm (o,4m) Gd
Using the permancnt-magnet pecurouraahs electron lines vere

studied relative to the limes for the 150~kev- transition, which was

‘known to decay with a j—day half-1ife from geama analyzer work. Hoff,

Rasmussen, aud ”hompoon t reporied 8 nalf-life of 9 2 1 day for G udllg
We have remeasured it more accurately as 9.3 t ,3 days by following the
decay of the conversion electrons of the 156-kev transition. ' A1l lines
where the energy differences between the co nv~r51on electrop energies
carresponded tc euwropiun binding-energy dlfierences vere assigned to
wadoliniwn acfivities. Of these, 8ll lines the intensities of which

stayed the seme relative to the intensities of the lines of the 150<kev

. o . PR R . : . .
transition were asvlgned %o G4~ 7. A second set of gadeliniua lines

with a half-life of apurox1maubl) 1- l/o day“ (later redetermined as

25 hours) was tentatively assigned to Gd 'T. The rest of the gadolinium

iines were longer-lived, Those resulting from the decay of Gd15
(}d15j cculd be positvively identified by seeing if they showed up in a
dewteron bombardment designed to producéfénly.6d15l-and heavier gadolinium

isctopes. In this experiment natural eurcpluwm, vhich is composed

151 B3

entirely of Bu and B , vas bombarded with Zh-Mev deuterons, A

few remaining long-lived gadolinium lines, vhich were geen in the alpha-
particle bombardmentis %m O. but not in the deuteron bowbardments of
Euroﬂ,cculd not be aselgnad EO the decay of any isotope. These lines

o)
ray belong to an isomer of one of the gadolinium isctopes, tut further

~study is needed. lLines sppearing in later plates which dia not appear

in earlier ones were assigned to buth“lkg if, in additionm, the energy
differences between the conversion electron encsrgies corresponded to.

samarium binding-energy differences, Eu147 nes a half-life of 2k days,
Eglhy one of abodt 120 aavs,q and Burt 153 are stavle.

-

and Bu
Table I lists the transitions assigned to the various isotopes
vith the lines seen for ecach, The intensities given are visual ones

read from the permanent-magnet spectrogreph plates. Energies are. given
to the nearest 0,1 kev if Tive cor more different energy determinations
vere made and o the nearest 1 kev if less than five were made,

¢
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Table I
Transition . Visual Relative Intensities¥ v
Bnerg; Lines : _ :
‘(ke'-iv:{ seen K Ly Lyg LIII M) Ny |
et 13 K VW
142 K W-M
k7 X W
217 K vV
226 K vV
225.5 K Ly Vs W ‘
M1 Wy VW VVW
2h1 K - by : '
261.0 K Iy VW VVW
310 K NE
548 K Vi
370 K Lj W VVVH
37h K VW
391 K YV
390.¢ K Ly iy M-S We VVH
485 K Vi
502 K YV
ca™® 107 K . YW
120 X Vi .
126.1 K L W-M W
‘132 K W= .
1405 K Ly Iy VB Vg v 4
Lyyr My Ny VW W W
pAo K ig ViV VVVW
253 K VvV
o377 K Li-r7 W Vv
My o VW
298.8 Ly WK . W :
3857 K L VS RY .
My Ry ' Vil VVVW
LAY K VYV =
455 K Ly-17 Vi VVVd
517 K VW
534 K VW :
750 X Iy VWYY . VYV
{"7\.) X- VW
Gd? 2z.9 Ly Lyr Lirz ¥ W W
M1 Wy M Vi
T7.7 K YV
11k.7 K Ly Lz /S M VVVW
115.% K17 11 Vs M Vi :
My Ny « VVH vV
1546 K Ly M-5 W
. My Hy - Vi VYW
198.8 K Ly W VW '
" {continued)
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* . Table I - continued

Transition .Visual Relative Intensitisg*
Energy Lines ' '

Yoy ) ’ aEo M T
(kev) seen K | Ll f ‘LII L;II 1y | L

o Lh7-1h9
B 38. Ly Lgpp By v VI VW
52 Ly LTy VW Ve
66 X v
68 X b
- 659 K Vi
121,73 K Ly M-8 Vi : :
My Ny . o A4% VUV
210.5 K 1y Vi VYV ‘ :
277 K Ly W VVVY

% .
3 = strong, M = moderate, W = weak, V = very.

157
BXCITATION FUNCTIONS FOR ALPHA-INDUYCED REACTIONS OH Sm} i
: 1h7 1

Samariun oxide enriched to 85 atomic percent in GEL}T, 12
) Iy

15 ypercent chiefly Smlh and Sml 9

with the cther

, was bombarded with alphs partiéles ina
Faraday cup assembly. A stacked-foil technique was used so that excitation
functions cculd be determined, The function for tho a7 (05,311)‘(}&1&8j reaction
vas obtained by alpha-counting theeight target samples, . and the function for the

e
Sml*f {

channel ganma pulse-height analyser and integrating the 9~day, 150-kev peak in

-~

o) a2 . . . .
(a,2n) Gd&~ 7 reaction was determined by counting the samples in the 100-

each plate, A functicn for the z9-hour activity was determined in the sage

vay using the 229-Lkev peak, and its form and position are clearly those expected

of.'an (a,kn) reaction, Thus, we have assigned the &9-hour activity to Gdlw7.
The best half-life determined for GdluY‘was measured by following the

decay of the 229-kev photopeak with the 100 ~charnel geama analyzer., This half-

life of 29 hours is consgictent with half-lives of 30 hours found in resolving

5 a3 ; . . 147 S B s
K x-ray and Geiger-Mueller decay curves into their Gd 1 and Gd 9 components,

Figurs I gives the excitation functions for alpha-induced reactions on

1k \ . <
S 7. It wes not possible to calculaite eboolute cross sections with any

Iy
ga- !

confidence because of lack of knowledie of the detailed dscay schemes of

e 13
and 6a~*2 and of the half-lifz of Gt e,

v

(N 149

RELATIVE PROTON AND BLECTRON INTENSITIES OF Gdlk{ AND Gd GAMKIA RAYS

i

£ Figzure II shows the gamma spectrun of Gd

A

, and Figure IIT gives the

. L LES » . 3
spectrum of ¢d~ "7, Since energies were accurately known from permenent-magnet
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spectrograph work, complex peaks could be resolved with some confidence, and

vhere peaks were swall and indefinite» upper limits for photon intensities
<

could be set, The values of Davisson and Evans - were used in correcting
. i . . 1k
for absorption through lead absorbers., Curves from Kelkstein and Hollander

were used to obtain Nal erystal counting efficiencies. Ho photopeaks were -
seen for any of those Uransitions not assigned to the decay of a particular
gadolinium isctope. In later runs on the 100-channel gamma anglyzer the  120-
and 210-~kev trensitions f{rom the decay of Eu 1T were scen. Relative electron
intensities were measured with the double-focusing "ﬁcctrcmetcr and also from -
the permancnt magnet f; us by use of a photodenusitometer, Because of the
meny correciions necessary in obtaining intensities from the densitometer,
more meaning is alisched to the values ODt@LnLd Trom the double-focusing

spectrometer,
Te ke N , PR B
Table 11 givc the intensity values for some of the gammas of G4

. 149 : o . . .
and Gé 9. In the case of G4 "7 the electron intensities are given relative

e
ty of 1.00 for the K-line of the 345.7-kev transition, and in the

case of G4 the,same bdlﬂb is Qonc using the X-line of the 336.2-kev transition,
To put the relative photon 1ntenalties on the same scale as the electron inten-
. - - 145 . !
sities, multipolarities for the 149.Y-kev transition of G& 4 and 229.5-kev

-

. s R
transition of Gd {
15

calculated by Rose

were consideresd, Le-subshell conversion coefficients

-

16

A3 ]

and K-shell conversion coefficients calculated by S1iv
were used in assigning multipolerities to these transitions. Since 8liv's
K~-shell conversion coefficieants are wery similar to Rose's in the region of
I o= 63, K/L ratios couwld be oﬂpared without normalization, From K/LI ratios,
L subshell ratios, and K/ﬁ ratios, both the 129,9- and 229.5-ke transitioﬂ$
appeer to be magnetic dipole (or possitly Mz) transitions, Eleectric multi- .

>

polarity ascsigmment for either transition ruled out because of the small
amcunt of cunversion in the Lil subshell, and higner magnetic multipole orders
were not cunsidered because of. their long lifetiwes and because of the lack of
cenversion in the LIII‘éubshell. In doing colincidence work on these isotopes
neither f{ransition was found to be delayed (i.e., both lifetimes less than a
millimiCrosecond). Assuning that both of these transitions were megnetic
dipole, the relative photon intensities were norwalized to give these transitions
the proper Kyshell conversion coefficients. Gammnas for which photons bub no

conversion electrons were seen sre placed in parentheses, Their energices are

uncertain by several kilovolts.
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Relative Tntensities of Gdiﬁ?{;and»(}df‘5 Ganmas
Electron S - .
Ganma intensity from Electron o Total ,
energy .double-focussing intensity from Photon Aransition
(xev) Line - specirometer densitoueter intensity intengity
: c%ilﬁﬁ?
229.5 ' 2.4 K
K 1.93 1.57 -
Ly 0,56 0.29
MI 011
Ny 0.06
2hl ‘ 0.0k
K 0.0k _
261.0 0.09
K ©.09 ,
310 ' , < 0.75 < 0.88
K 0.13 o
370 o z.1 2.3
XK 0.25 0.15 '
355.2 ‘ 5.2 6.3
X 1.00 1.00 '
Lt ‘ 0.14 0.51
(517) 1.1 1.1
(570) 1.4 1.2
(515) 2.6 2.6
(770) L6 k.6
(900) 4.9 b9
Elohog 1.5 1.5
1295 - 0.72 0.72
Gdlhg
107 ‘ < C.32 < 0.32
126.1 < 0.26 - <0,26
145.9 8.6 13.7
K 4,30 ’
L1 G.55 0.5
My 0.19 .18
o 0.06
2hh < C.33 < 0.33
272.7 N < 1.0 <1l.2
K 0.59 0.0
Ig-1 ' 0.305
é% 11 0.06
298.8 5.9 5.5
K 0.4 0.4k '
0.03 - 0.08
36,7 B ' 3.6 h.g
H 1,00 1.00
L 0.23 0.20 _
451 < 0.32 < 0,32
i) 0.32 0.32
517 0. 84 0.0k
534 0.76 0.76
(850) 9.55 0.55
150 < 1.4 < 1.k
790 < 1.4 < 1.k
0.567 0.67

i
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COIRCIDENCE MEASUREMENTS.

Table TIII gives the results of coincidence measurements made on a .
1 ’

+9 l 7 i

mixed ‘sample of‘GdlAT and Gd by Strominger, 4% the same time he looked

for positrons and was able to set limits on the positron emission to K-capture
. e . 1kg : . .

decay ratioz. The limit for positron emilssion by Gd “ was determined to be
+ 4 it . a7 - . .
£ /K < 0.4 and that for Gd T %o ve < 1.2%.

~Table III
' :

Gate
pema energy - Energy of gammas in
Isotope ) (kev) coincidence (kev)

150

640
DIGCUSSION OF RESULTA
159

The multipolarity of the 149, O-kev itransition in G decay heas
already been discussed as being either ML or M2. Although the ML assigament

has alresdy been assumed in normelizing the photon intensities, the M2 pose

"51bility was considered to determine if the first assuuption was correct,

IT the 149.9-kev gamma were an Ml transition, the- 355 T-kev gemme would have

a K-szhell conversion coefficient of 0.16 *# .02 and a K/LI retio of 5.0 % .6,

 These are both consisiént with an MZ trensition (ay = 0,150; K/LI = 5.30).
9

Mi, El; and B2 assigmments could be ruled out because they  would have K-
shell conversion coefficienis lower by a fector of & or more. IT the 1k9.9-
kev gamma were sn M2 transition, the 340,7-kev gamma would have a Keshell

conversion coefficient of 1.7 # .2, which is at least a factor of 9 greater

than the theoretical vslues Tor iransitions of multipolaritvy less than three,

"It therefors seems likely that the M1 assignment to the 1li9,9-kev gamna and

subseqguent MZ assigmment te the 345.7-kev gamma are correct, In addition,

an assignment could be made Lo the 190 ,B-kev ganme, This transition has a
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K-shell conversion coefficient of 0.06 = ,01 and a.,K/L.I ratio of 5;5 x .7,
hoth consistent with an ML (ak = 00,0773 K/LI = 5.,92). EZ was ruled out as

a possible assigument because a fairly s trong\LI line was seen bul no 111
B

or LIII’ f the transition were an B2, the LII line would definitely be seen

-
)

{2 was ruled out Lecguse of its high o, El because of its 1owvaK, and higher

1)
multipole order's because of thelr long Iifeiimes. Nothing may be sald aboutb

&

the mudtipele crders of the other transiticns, except that of the 272.7-kev gamma.
ELl may be ruled out as a multipolerity for this trensition because the theoretiical
vaelue of aK for an E) transition is 0,017 and the 272 ev gemma has a minimum ’ N

o > > 0. Ou& + ,006, No
7

efinite multipolarity assignments cam bhe made . %o any

ransitions,
147 N i

Pigure IV shows partial decay schemes for Gd and G4 . These

1

schemes are uniguely consistent with the avaeilable cnergy, intensity, and

2

coincidence data, but are far from complete. Their complexity is evidently
such thav, without further information about each transition, t;eﬂgaﬁmas 1ay be
fitted into several different schemes, An IBM 650 computer programlu was used

, determine all casss where gums of two transition ensrgies agree withic 0,1%
with another energy or swe Of two other energies. Table IV tsbulates thé'results
of - tho comparison., The transitien-energy values are reporied to a gres uer |

nuwoer of lenlchanu figures iu this table than they are elsevhere in the

ver; althoush the absolute values of the epergies are nobt kaown Lo betier

than 0,554, the relative energy values sre Brcbabl" sumawhat tetter,

Code Letber Transition Energy Code Ietier
lQC)., & ' v 296,80 J
113.8 _ i) w457 K
6.1 ¥ 450, - L
w2
155, D 595, H
D e . 7 5
1h9. 7 i §L().,? i}
21 4 o=
audy, 1) 534, 0
3 Z

2707 il 785 ¢
ou

Sums Pound

B+ K =i D+ C=%8+1}
F o+ G M D+ P =XK+0
e H=H o+ K= F 4+ 0
G+ =P F+FP=L4+0
4+ H =9 G+ H=U+HM

H+ 0=K+ L
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The number of sums of two energies with one bnerby exnccbed by chance
is 1.4 and the-number of sums of two with two expected by chanco is &.2. 'qu
this reeson one may atbtach some statistical significance e the sums ofAiwo
with one, but pfobably’not to those of two with two, '

The 596,.6-kev state in the levels of Eulgg is of special- interest
because of possible isomerism, since it is depopulated by a 345,7-kev M2
transition. The theorstical mean life’for this transition, using MoszkowskiFSlg»
formula, was calculated Lo be ~5 x 10 S zec, Thus, the lifetime of this stater

is probably measurable by delayed-coincidence techniques, but we have not qad

the opportunity to atitempt the measurement,

o , . . . s « L . 1

No rotetional struciure 1s imsediately obvicus in the levels of Bu i

1479 20 o aa

and Eu ). In Coulomdb excitation work Heydenburg and Tesmer found o definiie
=2 ¢

ground~state rotational band in Lul < (90 -neutrons) and distbrted rotational
1h7

I

structure in Eul)l (868 neutrons). The presént work indicates that Bu
Eu 9 have wvery complex level schemes without appareni rotational band structure.
Their proximity to the closed SB—neutro‘ shell probeanly favore a sphericdl

rather than spheroidal nucleer equilibrium shape. Some theoretical treat.unUUql’dz
‘have correlated levels and properties of even-cven nuclei in this intermediaté
regicn between the closed shells and onset of siable spheroidal deformation.
Theoretical work on odd-mass nuclel of ithe intermediate reglom would be of

Zreacest interest,

-+
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FIGURE CAPTIONS

4
Figure I ' .'_E;zcifia’cio;l function for alpha-induced reactidng on
| )Sm;w. - Ordinstes are in 'ﬁrbitrary anits, o
‘ Flgurc It Sodium icdide seintillation gaums spectrum of C‘:dnﬂ
(background subtracted). The 150-kev peak is the |
Strong{gst photopeak of G&l#g, present in small

. o 1y L
abundance in the Gd 7 sampde,-

» . - Yoy
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Figure II1 Sodlun iodide scintillation gamma specirum of -Gal ‘
' (background subtracted), '
. ) L e ' ‘ o ’ . lhf . 1;{‘."'
Figure IV Partial decay scheme Tor G4 f and G4 + .
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