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NUCLEAR REACTIJNS IN ANTIMONY WITH HIGH ENERGY PARTICLES

Manfred Lindner B

PR

Radiation Laboratory, Uhiversit&”of Califorria

X ? o
Berkeley, California P8 T
' CLASSIFICATION CAN gwﬁmmww'
OF Till DI IT BNGIRESR U Lafl)

BY Tl—ﬂ: DECLASSIFICATION COMI”D RS

- ABSTRACT
Thirty-six radioesctive species have been identified as productS'bf the

spallation of antimcony irradiated with high-energy particles produced in the 184-
inch cvclotron at the University of California Radiation Laboratory in Berkeley.
The manner in which thé yields chanese with change in the energy of the bombard-
ihg particle was afso investigated. A simple mechanism has been proposed which
incorporates the bonbept of binding energy of neuitrons, protons, and alpha
pafticles« This mechanism lﬁadé\to conclusi&ns in»satisfactory agreement

!

with the observed results.

The radiation characteristics of nine new radioactive species are described -

in detail. These include two tellurium, one antimony, two tin, two palladium and

two rhodium activities. ’

To be declassified for / - ;
use as a thesis.

Contract No. W-7405-Eng-48. "
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NUCLEAR REACTIONS IN ANTIMONY WITH HIGH ENERGY PARTICLES

Manfred Lindner

Radlatlon Laboratory, University of California —
Berkeley, Califory By i o o o e |

INTRODUCTION CLASSIFICATION CANCTLL™D RY AUTHAITY
OF T.AT BI5iX! ST ENGIAE .

The subject matter covered by this thesls is pf“%@?ﬁ%@ﬁyLﬁﬁﬁﬁé¥ﬁUﬁ“ &?h“theh
identification of those products which result from the 1rrad1at10n of elements in
the region of atomic pumber 50-51 with deuterons»and helium ions produced in the
184~inch cyclotron.

Inlthis region of the periodic table, the mass defect curve is near its
minimum, i.e., the nuclei of elements in this region are more stable with respeét
to their individual nucleons than elements in any other section of the periodic
tebls. it is to be expected, thefefore, that disintegratioﬁ products should
differ in degree, if not in kind, from those produced Sy these same beams on .
-nuclei represeﬁtative of other regions of the periodic system. A study of such
disintegration products and their mode of‘formation may therefore‘serve to aid in
the understanding of the forces occurring Witﬁinvthe nucleus. ~

The investigation‘ﬁas early handicapped by the fact that many of the neutron-
deficient radioactive isotdpes‘obtained were either unknown or, having been
previously reported by other investigato}s,could not be assigned definite mass
numbers. In several cases, mass assignments andwradiatﬁon chgracteristics were
made on previously unreported isotopes. ‘Fortunately, the situation regarding
isotopes containing an excess of néutrons, that is, redioapgtive nuclei which
decay by emission of a beta particle, is much better; the inténsive work -

(1)

conducted on the uranium fission products has served %o identify many of the

beta emittqrs;found in this region.
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‘The first several sections, therefore, concern themselvés with the eluci-
dation of some §f these unknown activities encountered upon irradiations, together
With their radiation characteristics and decay constants.

The results of irradiations with high-enerpy deuterons and helium ions are
discussed in later sectioné. For these boﬁbardments antimony was generally,
théugh'by no means exclusively, used as the target material. Chemical products
investigated in this case include elements from atomic numbers 52 to 39, inclusive.
These are discussed in the lirht of the cross sections for their formation, as is
also the effect of varying the energy of the bombarding particle.

Radioagtive decay was followed by means of a Scott-type Geigér—Mﬁller counter
tube containing a mica windoﬁ at one end, §f approximately three mg/bmz thickness.
The tube was supported on a plastic stand containing five sets of sléts which f
served to hold the cards ce&taining the samples to he measured; The e ffective
geometry of the s amples, when placed in these siots, was'known from priér cali-
bration with a uranium standard; when placed in the second set of slots from the
tqp, the 9§ometry was approximately 10%. This was a standerd value used_througﬁ-
out all the bombardments.

The decay of electromagnetic radiations was foliowed by interposing & block
~of beryllium of about 1900 mg/bmz between the sample and the counter tube. This
stops cqmpletely all electrons up to energies of fQur,Mev, while absorbing only
about 30% of the K x-rays of the region arouna’Z = 50. It is for this latter |
reasoﬁ that beryllium rather than alﬁminum was used. The'half?thiekness of the
K x-rays of, say, tin, is approximetely 150-200 mg/bmg of Al. It would therefére
be difficult to distinguigh the absorption of various eléctrons from that éf the
x-rays if aluminum were used as absorber .

When it was desired to follow the decay of pamma-rays alone, the x-radiétion

»was‘absorbed through a layer of about 130 mg/bmz of lead; x-rays have a half-
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thickness of about 10 mg/bmz, hence are effectively absorbed. It was also

found necessary to add a layer of several hundred pilligrams of berylliﬁm‘on fop
of the léaé to stop Compton electrons ejected from the lead by interaction with
any hard pamma radiation being measured} since these electrons have a counting
efficiency roughly one hundred times that of samma radiation, thé formér could
-cause serious errors iqvmeasurement of a gamma—fay if not stopped in this ﬁanner.
In obtaining absorption data of electrons,beryllium absorbers were used; for
x-ray absorption, sufficient beryllium %o blozk ail electrons, plﬁs varying
thicknesses of aluminum. For herd pamma radistion, cufficient aluminum to screen
’6ut the x~raysvand electrons plus vérying thicknesser nf lead were used.

Anothe¥ instrument of which frequent use was wmede was a cruds baia-ray
spectrometér which had an H€ corsvant of about 53 <auss-cm per milliampere of
current Shrough the field coil. Both negative agd positive elecirons could be
distinguished, as ﬁell as the approximate shafe of.the EN2TLY distribution curve.
It was,’therefore, quite often possible to distinguish betwesr a "line" of
conversion electrons and & true heta-spectrum and to determine small amounts of
Bf activity in the presence of large amounts of negativelelectrons and B
particles. From the constant of the instrument, the energy of a conversion.elec-
tron or the maximum energy of either a B~ or 8% spectrum could be approximately
ascertained.

The beam intensities used in all bombardments on the 184-inch cvclotron
were more or less constant. Deuteron beam currents wefe about one microampere,
~while helium ion beams were taken to be about 0.1 microampere. These values will
henceforth be understood to apply to all bombardments unless sbecific statements

are made to the contrary.
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Section I

NEUTRON-DEFICIENT ISOTOPES OF PALLADIUM AND RHODIUM

When antimony was irrédiated with 200 Mev deuterons, among the products
formed were palladium activifies; In Section V the chemical separation procedure
by which a palladiumifiaction was obtained will bhe descrihed. For the present, it
cuffices merely to state"that two rhodium daughtor activities could be removed
from this palladium fraction, having half-lives of about one day and six days.
the parents of which appeared to have half-lives of at least several days and ten
hours, respectively. \

" Two such rhodium activities had previously heen reported by Sullivan,

(2)

who obtained the activitiecs from deuterons cn ruthenium.

100

Sleizht, and Gladrow

, and the six-day activity to
100

They assiegned the one-day activity %o 45Rh

191

I7 these assignments are correct, then 2d has a half~life of the

46
order of days, 46Pdl(.)l

45Rh
about 10 hours.

The total yield of(palladium activity o?fained from a bombardment of anti-
mony was so low that it ﬁas not possible to conduct an accurate appréisal of the:
activities of either the palladium or its rhodium daﬁéhters. Becausehit was
bhighly désirable to known bothlthe counting.efficiencies and the'mass assignments
of these activities, they were produced by another means.

From considerations of the simple energetics involved, it was reasoned that

103, when irradiated

rhodium foil, consisfing of only one natural isotbpe, 4sRh

withVSO-Mé# deuterons from tﬁe 184-inch cyclotron should produce the following

activities: | | |
Rhlos(d,n)Pd104 (stable)
Rn103 (4, 5n)palos L 4 K g, 103+

-Rhlos(d,Sn)Pdlo2 (stable)
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Rhlos(d;4n)Pd101 . Rthl — Ru101
Rh193(q,5n)Pal%° —s  Rn190 g 100
’hl%(a,6n)Pa%0 e RH%® e R
Pdlo3 is known to decay by K-electron cépture(3) with a half-life of 17 days, Pdlo2
is stable. Pdlol and'Pdloo, unknown, should have measurable half-lives whereas

pg%®

should be formed in lower yield; +the possibility of its presence cannof, how-
.ever, be discounted.

| Accordingly, a strip of rhodium foil was bombarded’With 50 Mev deuterons for
.one hour. The strip was then fused with molten potassium ﬁisﬁlfate<4), After the
melt had cooled it was dissolved in water. ngnty milligraﬁs of palladium; as
chloride, were added, and the solution made 0.5 E in HCl to a volume of about 20 ml.
Five ml. of dimethylglyoxihe--saturated ethanol were added, the rszsultant yellow
precipitate Being dipested for five minutes in a hot water batq‘apd_centrifuged¢
' The precipitate was washed, dissolved in a minimum of aqua regia, diluted to 20 ml
and the procedure repeated twice in the presence of gdded rhodium carrier. At
specified intervals of time rhodium dauchter fractions were removed from the
palladium fraction inthe followine manner. The neutralized palladium solution was
made about 2 N in KNOZ.' Several milligrams of rhoaium'carrier were added and the‘
solution heated to boiling.  The white inséluble precipitate of potgssium

rhodonitrite was then centrifuged, washed and filtered. A typical decay curve is

shown in Fig. I-1. Obviously, two componénts are present, a 20-hour and a four-day

activity. Table 1 summarizes the data pertinant to the decrease in yield of these

N

activities with each supcessive removal of rhodium from the palladium.
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Table I-1

TOTAL Q/M'OF 20-HOUR AND FOUR~DAY RHODIUM ACTIVITIES OBTAINED
FROM PALLADIUM FRACTION, AS FUNCTION OF TIME )

Hrs. between 20-hour Activity 4-day Activity

Rh Removals Total c/m through Be “Total c/m through Be
12.0 ' 15,500 . 4680
12.0 ‘ 17,600 - , 2780
12.0 13,650 960
12.0 :_- . 18,100 850
12.0 15,100 610 -
24,0 11,600 270
24.0 15,300 390

Althourh phese‘data do not readily lend themselves to quantitaﬁi?é reckoning,
several important conclusions may be drawn. First, the yield of four-day activity
diminishes with rougﬁly a half-life of from eipht to twelve hours. The apparent
"ﬁailing" of yield was shown later to be due to small quantities of impurities of
a palladium activity of similaf half-1ife. Since the rhodiﬁm daughter f;actions

‘were never repurified from the palladium, this is not unreasonable. Secondly,
the 2Q-hmn;rhodium deuzghter appears to grow from = paren; ﬁbose half-life is of
the ordér of many days.. The remainder of the work thus became concerned with a
more accurate appraisal of these relationships.

The “palladium fraction eariy showed & positron of maximum energy of approxi-
mately 2.5 Mev which appeared to.decay, from measurements of the decrease in area
of the positron peak, with a half-life of ten hours. Nb negative electrons we;e

found to behave similafly. In addition, this component showed up readily‘in the
gross palladium decey curve; twenty per cent of ghe counting rate was found %o be
due to x-rays. Assuming-the'counting.efficiency of x-rays to be about one per
cent, one concludes that this period decays ninety pef éent by K-electron capture,
' ten percent by positron emission. This was presumed to be the parent of the four=-

day rhodium activity.
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The latter was characterized after the decay of the 20~-hour component in the
early rhodium daughter fractions. 4n absérption curve is shown in lig. I-2, In
the beta~ray séectroﬁéter it was found that this activity consisted entirely of
conversion electrons of energy 0.2 Mev.(Fip. I-3)

If the presumptions concerning thevchain,

pg L0-hr. oo 4.3-d . o

are correct,.then,_after a time sufficient for the virtually complete decay of

the ten-héur palladium. further rhodium removals should -- and as has beén geen;
did-~- result only in the presence of the 20-hou¢ acfivity. A parent-daughter growth
relationship on repurified palladium was obtained'bﬁ following the growth of the

- 20-hour activity. Its parent. was found to have a hhif=life of four days. This

is shown in Fig. I-4. I% will be noted that tﬁe.différénce betweeﬁ the_extrapolated‘
deéay curve of the eqdilib?idﬁ mixture and the experimental points gives a decay
curve characteristic of the dauzhter.l Fig. I-S‘gxtedds tﬁese decay curves, in-

\

cludes the growth-decay curve also for the case in which no absorber was used in

"the counting, and shows the eventual "tailing" into the 17-day K;capture pat03,

Because gf the low abundance of the latter, its daughter RthS* was never deteoted
in rhodium daughter’separatiqns. |

An absorption curve of the 4~day palladium was toeken immediately after sepa-
ration of the one-day dgughter. This is shown in Fig. I-6., No electrons could
be detected. Tﬁié phendmenon explains the reason fhat the upper curves in Fig.
I-5 show a lgrger growth than thg Jower curves, for, in the case of the one-day
rhodium,.the beta-ray spectrometer measuréments indicate the_presence of both

. positrons and conversion electrons (Figs. I-8 and I-9).

An absorption curve for the 20~hour rhodium is shown in Fig. I-7.
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Mass Assignments
The two decay chains are
4 44
ﬁ K
Pd 10 hr. Rh 4.3 d. Ri

46 5 45 44
: K, B : K, e ,Y

Table I-2 shows the present status of isotopes in this region.

Table I-2
. j96] 97| 98 |99 | 100] 101] 102| 105 | 104 105
ra (S ] fS s fs [s 1s 1% 0s 4]
m || I I S I L RN I
- P | f | | s |rtaxs | s \

A décay chain representing isobars of even mass number woulé be the only typé
likely to lead to a situation in which an»"even-even" parent would give rise to a:
shorter-lived "odd-odd" daughter. The most reasonable possibility.for the first
chain shown ébove is, therefore, mass numbef 100, Mass number 98 cen bé excluded
on the grounds that it w§§1d probably not have been produced with 50 Mev deuterons

%8 would likely have a much shorter half-life.

and that Rh
For reasons ahalogous to those mentioned above, if‘appears that the second
chain is probably of odd mass number. The two immediate possibilities are 99 and
101._ Althoﬁgh 99 camnot be definitely excluded, it seems unlikely that it would be
. formed at these energies. PFurther if one does assign this to mass number 99, then
it_must sfili be explained why ahother activity which could be assigned to 101 was
pot found; since Pdm:5 has e haif—life of 17 days, Pdlo1 probably has a shorter

period and hence would be detectable, Through this reasoning, the aSsignment was

.made as mass 101 for the second chain.
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~ Three pailgdi;m activities were'thus‘ﬁrbduced ik tHeé ifradiation of rhodium
with 50 Mev deuteréﬁs; The cross sections, in barns, for these processes are given.
below in Table I-5i
Table I-3

GROSS SECTION FOR FORMATION OF Pd ISOTOPES FROM Rh + 50 Mev DEUTERONS.

;?d,Isotbge Reaction cr
103 d,2n 0.0012
101 ' d,4n 0.12
100 d,sn 0.14

Informatlon concerning the radiation characterlstlcs of these activ1t1es is

(13)

summarlzed in Table I-4. The notatlon conforms to that of Seaborg

, ( Table I-4
: . e B : i Y L._k,éz_. i " \ i
Isotope | _Half-Life Type of Energy of Radiation;Mbv
. L - Radiation Particles Y-Rays
46Pd101 8 hrss ~ Pd decay (107) (+) 2.5 B Spect
10 hrs. deer. yld (907) ~ S : -
RthI
10 hrs. B peak decay
4GPdloo 4.0d. - Pd equilib. K.Y None 0.09(abs.Ag)
decay (av. 4 vals) ' 1.8(7) (abs
: Pb)
Rhlp1 4.28 d.(av. 15 vals) | K,e™,Y Q.21(§’)ﬁ spect.
_ 0.3(e” )abs. Be 0.35(abs.Pb)
Rh100 i' 19.4 hrs.(av.24 vals) | 8* (5%) 3.0(g") spect. 1.2(abs.Pb)
o K,e”,¥Y 0.6(e™) spect.
(95%)
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Sec tion II'

PREVIOUSLY UNKNOWN ISOTOPES OF TELLURIUM AND THEIR ANTIMONY DAUGHT ERS

ﬁombardment of antimony with 200 Mev deuterons has led to the productioﬁ of a
numbef of ﬁew acﬁivitiés, the elucidation of which we shall be concerned with in
this éeétibni A typical decay curve for the tellurium fraction obtained from such
a bombardment is given in Pig. II-1. The presence of a 2.6-hour and a 6.0~day
per1od is proyinent.

A beryllium a@sorptién curve for the 6.0-dav period is shown in Fig. II-2,

(5)

togétﬁer with a Feather analysis while?Fig. I1-3 illustraﬁes the typical result
of tge Hf) curves obtained for.this activity: Evidently a positron of hppfbiimatél
3 Mev energy acCOﬁnté for neafly all of the activity of the éixQday teilufih&
compoﬁeh£, while the contribution from negative electrons is essentialiy negligible.
It was found tha£ this positron acti&iéy ﬁas due‘entirely to a 3.5§miﬁute
antimony daﬁghﬁér which céuld be remoyed from the tellurium in the following
manner: SOz‘gas was passed through a hdt solution 2 N in ﬁCl containing the
tellurium activity and several milligrams of Sb car:ier until precipitation as
Te metal was.cmnplete. The supernatant wes boiled and HZS passed through the
solution. The resultant‘SbZS3 was filtered.and counted. In this manner, the
totnl lapse of time from‘the separation to the time of counting seldom exceeded
nine minutes. 4 typical decay curve for this daughter activity is shown in
Fig, II-4. This period is probably identical to that reported by Risser,
Larkaordwitz and Smith(s) who obtained a three-minute period by bombarding
indium with alpha particles. "They reasoned that the most.likely mass assignment
v;ras either 116 or 118.

The half-life of tAe parent of this 3.5-minute activity was corroborated by

measurement of the decrease in yield of the 3.5-minute antimony activity obtained

in a separation of tellurium and its antimony daughtefs. This is shown in the
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upper curve of Fig. II-7. Nof only does thé yield of the 3.5-minute antimony
decrease with a six-day half-life, but within experimental error, virtually all of
the sii-da&}tellufium activity is accounted for by this antimony daughter. It is
thereféfe evident'thét the six-day tellﬁrium parent must decay by electron capture.
Whethef the lattef¥ Qas accompanied‘by garma  emission and some subsequent conversion
was nofrdetermined;

Because of the rapidity with which‘the_separation of the 3.5-minute antimony
Jaughter had to bé made from the tell&riﬁm parent, repurification of the antimony
was not feasible and there élways occuréed a "taiiing" due to tellurium impuritiec
remaining in the antimony.supennatant.'-ih general, %o iﬁcrease.éccuracy in deter-
aination of the amotint of 3.5-minute ééti?ity'associated with the tellurium,
“three %o five Te—Ss separétioné were made on the same Te sample within several

hours 5o that an average yield could be taken. Invariably, however, the background

"£2il" obtained in the first antimony sample removed from the tellurium was de-

cidedly higher than that in sgbsequent antimony éamples removed within several
hours. Further investigation of this abnofmally high background showed that the
éounting rate was only slichtly affected by nearly two'gm/bmz of beryllium
absorber, but éddition of 130 mg/bmzvof lead absorbs'virtually all of the

activity. This is shown in Table II-1 below:

Table II-1

CHARACTERISTICS OF HIGH BACKGROUND RADIATION REMOVED FROM
TELLURIUM WITH THE 3.5-MINUTE ANTIMONY ACTIVITY

Absorber, mg/%m? : ¢/m

[ mmm— 5290

1870 Be - 3740

130 Fb - 10
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Evidently theg,this activity must be another antimony daughter formed from
tellurium, consisting entirely of x-rays, no hard gemma radiation, and no electrons
~ detectable with the apparatus used. Separation and repurification of antimony
daughters from é very large tellurium sample provided sufficient adtivity to
follow closely the decay of the period, and also to run a critical abso}ption
curve of the x-radiation in the antimohy sample..

The period of this antimony actlvity provéd to be 39 hours, and is shown in
Fig. II-5. The upper line shows that the use of 1870 mg/bm of beryllium has only
slight effect upon the counting rate: This act1v1ty is undoubtedly that repdrted
by Coleman and Pool( ) who detected the perlod and assigned to it the mass
number 119

Table II-2 shows the energy of the K-x~rays of antimony and éin, while

irble II-3 shows the "K-edge" for the elements cadmium, silver,.and palladium.

Table 1I-2
ENERGY, IN Kev, OF THE K-x-rays of Sb AND Sn
& 1 % 5
Sb 26.2 - 30.4
Sn 25.1 28.5 - 29.2
Table II-3

K-EDGES, IN Kev, .OF Cd, Ag, AND Pd

Eiement IE E (Kev)
Cd 26.7
Chg. . 25.6
P3 24.4




UCRL-143
Page 16

If the 39-hour period is due to an isomeric transition, the K-x-rays should be
those of antimony, and will hence be critically absorbed by silver and palladlum,
but n&ﬁ'by cadmiums If, on the other hand, the decay procéss.is one of K~electron
capture, then the éhitted x-rays should be those of tin, and hence should be
criﬁ}cally absorbed by palladium but not by cadmium or silvéré The eXperimcntal
critical absorption measurements leave ho douﬁt but that the iafter i5 the case
and thét the mode of decay is indeed K-electron cépfhfei This eritical absorpfion
curve is shown in Fig. 11-8.

‘Thus far, nothing has been said of the pareht of the 39~hobf period. It
sould not be observed directly in the decay of thé telluriumkffaction because
‘he counting rate of this isobaric pair never represents more than several percent
of the total counting rate of the tellurium fraction. Rough determination of the
verent tellurium period by measuring the decrease in yield of the 39-hour antimony
veriod indicated a half-life perhaps slightly less than that of the six-day-3.5-
minute isobaric pair. Assuming then a half-life of 4.8 days, the theoretical
equation for the total counting rate in a sample of hypothetically pure 4.8-day
tellurium in which no ®-hour antimony'daughter is originally present, is given:

- 0,144t 4 (o0c -0.414%,

Counting rate = k (0.0985 e

Graphically,this is represented in Fig. 11-6. 1t will.be noted that parent-
daughter equilibrium is not essentlally attained until about ‘eight days after the
zero of time. Thus, with thls rough guide, the half-life of the tellurlum parent
of the 39«hour antimony was determingd quite accurately in the following menner:
A large fraction of the total tellurium initially separated from the antimony
bombarded with 200 Mev deuterons,was‘set aside for about 10 days. After this time
identical aliquots were taken every sevéral days, and the aﬁtimony activity

removed from these aliquots. In this manner, volumetric errors were minimized

and each aliquot was treated only once for the removal of the 39-hour daughter.
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The results are illustrated by the lower curve of Fig. II-7. The half-life of the
tellurium pgarent is thus 4.5 days, presumably decaying by electron capture.

Mass Assignments

The two decay chains may be re?rgéented by

(1) Te 6.0d K;;l: Sb 3.5 min B,}; Sh '
(2) Te 4.5 4 K . Sb 39 h‘r:. K> Sn

Aéain, reference éo the present confipuration in the periodie table proves
l.elpful (Table II-4).
Table 114

"iis‘ﬁglz__ils 119 120 121 122 123
Pols| s| s| s ] _{ sj h

s |
f I s ¢ i S
8 1 % ‘ s' S

Bb

Te

The first isobaric pair must be less than 119 since “isser, Lark—Horowitz,
and Smith first prepared the antimony isoﬁar by bombarding indium with alpha
particles; Their assignment to mass number 116 or 118 is consistent with the assign-
ménf of the isobaric pair to mass 118, Thevhalf-lives of six days and 3.5 minutes
~ suggest an "even-even" isotope decaying to an "odd-odd". Mass 116 isvprobably
not correct since the removel from stability might be expected fo lead %o an’anti;
mony daughter of exfremeley short half-life since even Sblzq has a period of only
17 minutes. This pair will thus be given the tentative assignﬁent of mass 118.
Because of the similarity in half-lives, the 4.5-day—39-hoﬁr pair undoubtedly
represents a transition from an "even-g9dd" to an "odd-even" isotope. Most likely

possibilities are 119 and 117. But if the 6-day tellurium is 118, then it is not
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likely that Te117 would have a period almost identical to 118. On the other hand,

118 (even-even) have similar

it is far more likely that Tel]_'9 (odd-even) and Te
periods. The 4}5-day-39-hour pair were thus assipned to mass 119. This is in
agreement wiﬁh the. 39-hour period assignment made by Coleman and Pool.

These assignﬁents were,corroborated.by bombarding antimony with 40 Mev
deuterons. Since fhe reactions are ;
| {d;4n)1611°
TéllS

$b 21 (a,5n) 16118 Sb

121
Sblzs

(a,7n)Tel18 56123 (4, 6n)

118

it was reasoned that at lower energies the yield of Tell9 relative to Te should

oe enhanced. That this is the fact is seen from Table II-5 which lists the cross

sections found for the forfhation of the isctopes Te118 and Te119 at 200 Mev and at

40 Mev.

Table II-5

CROSS SECTION FOR FORMATION OF Te'!® ayp 1e!1®

FROM ANTIMONY WITH DEUT 7RONS

i 200 Mévi 40 Mev
1e11¥ 0.021 | 0.068
Tell8 0.017 | 0.0016

The experiment at 40 Mev made it possible to obtain an absorption curve

19

for the electromagnetic radiation from Te1 ‘after the 3.5-minute positrons were

absorbed out, for through beryllium absorber, the contribution from the mass
118 pair is negligible in comparison with that from the 119 pair. An absorption
curve is siven in Fig. II-9. Itis seen to consist of chéracteristig x-rays and
a gamma ray of 1.6 Mev.

Tvgical results of the beta-ray sfectrometer measurementé of a tellurium
fractiqn at 40 Mév are given in Fig. I11-10. The positrons are those of the S'Qﬁ

day Tglle. The conversion electrons must belong to Te119 since these could not be

b
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detected ir bombardments at 200 Mev {cf. Fig. II-3), and their presencé in bom=-

" bardments at 40 Mev is correlated with the relatively large amount of fellg known
to be present by the presence of its Sb daughter. Furthermore, the area of this
conversion electfon peak appears to decrease with time with a period nearly like
that of the 6.0-day.positron. The presence of two conversion electrons is seen

to be a possibility§ The tailing of the donversion lines irito what appéérs to be a
high—enéfgy B; particle is probably due to secondary Compton électroﬁSISCattefed
into the countinem chamber by the highly aEundan% 1i6 Mev gammﬁ rays.

~ Table II-6 summarizes the properties of the two new tellurium isotopes and

those of their antimony daughters.

Table 1I-6
Isotope Half-1life Type of Energy of Radiation,Mev
Radiation Particle - Y-ravs
76117 454, | mey | 0.2, 0.5 | 1.6
|7e!® | .04 K - -
spit? 39 hr K - Moy
s’ | ssmin | - g 2.5 -
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Section III

ISOTOPES OF ANTIMONY AND TIN PRODUCED BY BOMBARDMENT
oF s0'2° WITH 19 Mev DEUTERONS

Among the several activities which were formed in the antimony fraction as a
result of the irradiation of antimony metal with 200 Mev deuterons was a period
of approximately sii days which was préominent in the decay followed through ’
1.87 gm/%mz of beryllium. I%lwds ;lso detectable when no hbsorber waé,ﬁéea but

under the latter conditions the préseﬁce of the 2.§-day Sblzz 3f emitter nearly

masked the six-day activity. It was nevertheless possible to show that the period

’

in question consisted of x~-rays, very hard gamma fadiation, and some conversion
electrons. Inspection of Table III-1 reveals that this activity is probably an

isomer of an already known isotope. The most likely possibilities are:

a) An isomer of the 2.8-day B~ emitter spl2?

capture to Snlzz.

, but decaying by electron

b) “n isomer of the l7-minute p+ emitter Sblzo.

Table III-1

bowe |ome | 120 | e | 122 | 125 | 124 ]
|sn s | s | s | | s s
|sv 3.5 minB*| 39 hr K 117 min B* { ‘ 2.8 d p S
] . —
Te 6,0adK | 4.54K } s ‘ ! S s

In order to determine which, if either, of the above postulates be so;»a

120 ¥

sample of 95% isotopically pure Sn metal foil, obtained through the

courtesy of the Atomic Vnergy Comm1ss1on from Oak fidge, Tennessee, was irradiated
. “
%

H sotopic analysis of this sample is as follows:

Isotope . % abund. Isotope % ebund. . Isotope % abuhd.‘
112 1.1 116 0.4% 0.1 119 1.32 0.5
114 0.2 o 2117 1-1; 0.5 120 95. % -1.0
115 0.1 _ 118 0.8~ 0.1 122 0.2« 0.1

124 0.2(+0.1)(~0.3)
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with 19 Mev deuterons in the Berkeley 60-inch cyclotron. Reactions expected

would be:

snt2%(4,n)sp % (stable) |
+ .
6n120(q, o) gpl20 17 min BT

(4, 3n)gpl19 B9 hre K

sn120(a, p)snl?l B spl2l

It should thus be poésible to detect the 39-hr K-capture activity due to Sb

sn120

119

and the 17-minute p*i If the six-day isomer should show up, it is probably an

isomer of the 17-minute activity or of stable Sblzl. lf it were an isomer of

o122

S s ;hen it could not be reached by‘this bombardment. In addition, it should
be possible to ‘identify the isotope Sn121, whose identity was not known.

The chemical procedure emploved consisted in dissolving the tin in hot
concentrated HCl., A platinum'wire was kept in contact with the foil to prevent
polarization by occluded hydrogen gas. 20 mg of Sb carrier was added and the
solution made to 20 ml of 2 N HC1, This was placed in a hot water bath and HZS
passed through the solution for ﬁot more than five minutes. The SbZSS was centri-

S, and severai milli-

fuged. The supérnatant was decanted, boiled to expel the H2

grams of antimony carrier added. st was again passed through the solution and
the entire procedure repeated. The final supernatant was then taken to be free of .
antimony activity. The acidity was reduced to 0.3 X andeZS passed through, the
SanO S being centrifuped out and dissolved in HCl.

The orierinal Sb283 pfécipitgte was dissolved in HC1, boiledlto expel the H,S,

and diluted to 2 N in HCl. Several milligrams of ordinary Sn- carrier were added

and the solution placed in a hot.water bath. Treatment with HZS again precipi-
tated the szss, essentially free of tin activities. The activities obtained in
the antimony fraction were the 17-minute activity confirmed as positrons in the

beta-ray spectrometer, a 5.7-day activity and the 39-hour x-ray emitter. The
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decay curves are shown in Figs. Iii—l.III-Z, and III-3., Thé 5.7-day activity had
decay characteristics in agreement with those obssrved as the six-day antimony in
bombardmentg,of antimony with hirh-energy deuterons in that there is a high abﬁn-
dance of x-rays and very hard Y-iays, énd some conversion ele¢trons. The complete
absorption curve is showﬁ in Fig. III-4 while the beta-ray distribution curve is
shown in Fig. 111-9. The prominent radietions are a 1.5 Mev Y-ray, & similar
abundance of x-rays charaéteristic of this region of the_periodié table, and
conversion electrons of roughly 150 kilovolts energyil fhe x-rays of this acfivity
were shown to be those of tin by the use of the crltlcal absorbers cadmlum, silver
and palladlum. The crit1ca1 absorptlon curve is shown in Flg III-5. Because

of the hiéh ramma background, the resdlﬁs of this criticel absorption are not as
striking as those obtained for Sbllg &esc;ibed in Section IT, but the conoclusion is
nonetheless the same{ It is not altogether clear why,the pamme tay corresponding
to this conversion line was not readlly observed. The sharp upsweep at the
beginning of the lead absorpt1on curve for the 115 Mov Y<ray could have a haife
thickness of 150~300 mg/bm Pb, a more exact value not being possible. This

could correspond to a Y-ray of approximately the requisite energy, and tﬁus account
for the apparent aﬁomaly. Consequently it is not possible with these data to know
with any degrece of certainty the exact deéay mechanism occqrring. To do this it
would be necessary to émploy a large spebtrométer and coincidence methods for

the camma radiations. Nevertheless several possible decay mechanisms could be

postulated. These are shown below:
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Sb - . Sn S sb Sn
- K . .. .

e e S - . __1_(_-__),_

0.7 ¥ .__L > +— o - } 0.17 ¥
1.5-1.6 ¥ : -
] 103"104Y ’ 105"106Y

SCHEME (a) ‘ '~ SCHEME (b)

In scheme (a),‘the two hard Y rays postulated would not be differentiated by

absorption methods but rather would feqhife careful measurement of secondary

electrons.

Mass Assignment Referrlng again to Table I11- -1, almost by & process of
elimination it is apparent that the most 11kely mass number of the 517 day
antlmony electron capture 1sotope is 120; for, as predlcted, Sbl showed up, as

well as the 17 minute 9 émitter Sb1 O

The tin fraction from the bombardment of Sn120 with 19 Mev deuterons yielded

a single B~ aétivity_of 28-hour half-life. The decay curve is shown in Fig. III-6.

A beryllium absorption curve, illustrated in Fig. III-7, indicates that no gamma
radiation is associated with this. The maximum energy thus obtained by a Feather
analysis is 0.4 Mev; in approximate agreement witﬁ\the value of 0.45 Mev obtained
from the He value on the beta-ray spectrometer shown in Flg. ITI-8.

~Since only one p act1V1ty could possibly have heen produced by thls bombard-
ment, namely “

SanO 121

)s
the mass assignment of the 28-hour tin is obviously 121, and is probably the 26—hour v

()

tin activity reported by Livingood and Seaborg
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produced in this bombardment are given below in Table III-2.
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The cross-sections for the various radioactive species

_Because the half-life

: ) . \
of the 17-minute period was short compared to the time of borbardment, it was

necessary to take this into atccount in calculating the cross: section.

CROSS-SECTION FOR FORMATION OF iSOTOPES
FROM -19-MEV DEUTERONS ON Sn

Table III-2

120

Elem. & Mass ;:. Tl/? Produc§d byL- . (varns)
sp20 517 4 K sn'?°(4,2n) 0.14
spr20 17 min g (d,2n) 0.11
spll® 39 hr K (d,34) 0,044
$nt?l - (d;p)f. | o018

Table III-3 summarizes the decay characteristics of the two activities thus

found:
A\
Table III-3
Isotope | Half-life Type of Radiation Energy of Radiation, Mev
' ‘Particles Y-rays
sh129 5.7 days K,e™,Y 1.5, 0.2
sni?! 28 hours g~ 0.4-0.45 no ¥
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" Section IV

PREVi)USLY UNREPORTED ISOTOPES OF TIN FORMED IN BOMBARDMENTS
OF ANTIMONY METAL WITH 200~MEV DEUTERONS

This chapter will be devoted to the elqoidation of several tin isotopes
isolated frdm the mixture‘of radiocactive praduéts formed from ﬁﬁe bombérdment of
antimony with ZOO*Mevvdeuterons‘ |

Among the activities éncountered were a 4¢5hc-puﬁod shoﬁing initial growth, the

'28-hourﬁB' emittef described in Section III, a l4-day activity; and the 110-day

Sn113 (9) which decays by electron capture to an excitéd‘stateiof Inlls. o

4.5-hour Sn. Ihe initial‘stages in the decay of the Sn fraction showing the
growth and decey Q‘ssbdiéi;-e'é with the 4.5-hour ac.tiviif;y is shown in Figi IV-1. The
difference between thé extrapolated deday durve after Estétlishment of équilibrium
end the growth curve indicates the growth of a‘daughtef of éppfoximateiy 75
minutes halfflife. After equilibrium had been estaﬁlished,.an absorption curve,
'shqwn in Fiq. IV-2, was obtained, indicating the presence of a 2.2-Mev beta particle.
A distribution curve obtained from the low-resolution beta-fay spectrometer shdwéd
" that these particles weré positréns of energy 2.5 Mev, and that ét this time, the
positron accounted for approximately 90% of the activity of the sample. It was
subsequently shown that the 4.S-h9ur activity, at equilibrium, likewise accoun;ed
for 90% of the activity 6fvthe saﬁple.' Hence the growth cannot be aSSociated with
one of the longer-lived tin isotbpes present,band the growth, the positron, and
the 4.5-hour ectivity are gndeed inter-related. |

It was then found that the 2.5-Mev positronvbelonged to an indium daughter of
approiimately 70-minutes half-life which could be separated from the tin. The
identity of the particlé was corroborated with both the beta-ray spectrometer and
by a beryllium absorption curve. These are shown in Figs. IV-3 énd IV-4, respec-

tigg%x. A typical decay ourve for this indium daughter is shown in Fig. IV-5.
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As a further check, it was found that the yield of the 70-minute activity isolated
from tin, decreased with rouéhly 8 four—hour_half-lifeﬂ until finally the only
 activity obtained from a Sn=In separation was thet of the 105-minute nil%*,
The si=ple chemicél proéedure employed for the separatidn of the in@ium and tin
consisted of the precipitatiqn of In(OH)3 with NaOH, the tin reﬁaining iﬁ soldtion§

Mass Assipgnment. Barnes(g) observed a 65-minute indium activity, produced by

irradiation of cadmium with protons, which decayed by the emission of 1l.6-Mev

110 (10)

vositrons. This he assirned to In More recently, Tendam and Bradt

showed that the excitation curve for the production of this isotope by irradiating

~silver with alpha particles corresponded %o that for an (a,n) reaction, and is

hence either In112 or Inllo.

Ghoshal(ll) has confirmed the assienment made by Tendem and Bradt. In view of
the similarity in properties between the 70-minute ﬁ+ daughter and the 65-minute

isotope reported by the above investigators, it might seem that the 4.5-hour tin

110

activity be Sn decaying by electron capture (since no poéitrons other than

those of the In daughter were found ). There are, however, several objections to

this conclusion. In the first place, inspection of Table IV-1 sugeests that

110 b

Sn , two mass numbers below the last wtable tin isotope, may be a long-lived

"even-even" isotope, decaying to a much shorter~lived "odd-odd" indium daughter.

(12)

Several examnles of the phenomenon exist ’ alﬁhouéh no general rule can be

stated. The fact that the half-lives of the isobaric pair are of the same order

Table IV-1
1108 | 109 5119'!111 l112 {113 114 ) 115

Cofea | s ? b is |s s | 8 | s J
In ’ ’ ‘ | S i @ S

Sn ‘ S 1 " s { s



that the maximum energy of 1i6 Mev of the positron repor%ed by Barnes
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of mapgnitude suggests an odd mass number for the pair. A similar situation was
encountered in Section- II in two tellurium—antimdny isobaric relationships in which
the comparison of the half-livesvof the pa}ent-and daushter aided in the assign-
ment of mass numbers.

The second objection to the assignmént of the even mass number 110 is the fact
) is in
serious disagreement with that found for the equilibrium mixture of the tin and
inditm, and for the 70-minute indium above (cfi Fig. IV+2 and IV—S) as a result of
beryllium absorption measurements. The values of 2.2 Meév are in fair agreement
with the value of 2.5 Mev pbtaihéd from the end point of the crude beta-ray
distribution curve shown in Fig. IV-3. Hence, unless the value of 1.6 Mev of
Barnes is in serious error, it seems probable‘that the 65;minute indium positron
of Barnes, snd Tendam and Bbadt is different from the 70-minute daughter of 4.5-
hour +tin in the present treatment. This would seem to suggest that the latter

111

pair could be assigned either to mass number 111 or 109. Since In has been

(10)

reported by Tendam and Bradt definitely to be the 2.7-day K capture isotope,
it is possible that the mass be 109. It could still be 111 in which the indium
dauchter is an unrelated isomer of the 2.7~day activity. If the mass number be
109, it remains to be explained why another tin activity was not found which could

be assiened to Snlllé

l4-day IT Sn. The decay curve of the tin fraction illustrating the exis-

tence of the fourteen-day component will be deferred until a discussion of spal-
lation reacéion prodhcts. However, a complete_absorptioﬁ curve is shown in

Fig., IV-6. This, together with the conversion line illustrated by Fig. IV-7 from
beta-ray spectrometric measurements indicates that electrons of approximately 150

Kev, x-rays characteristic of the tin recion, and a Y-ray corresponding to the
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150-Kev electrons are all prominent. Thus, the Y-ray is about 80% converted,
assuming a one=percent Qounting efficiency for the Y-ray and 100% efficienéy for
the electrors. Fig. iV¥8 is a coritical absorption curve for the x-rays. This
indicates that the x-rays are those of tin, and that the decay process is én
isomeric transition from an excited state. Althoueh adeduate prdof will be de-
ferred until later, the maés tumber of this activity is almost certainly high, for
thé gctivity was obtained in felatively hieh vield over a deutecron energy range
from 50 Hev to 200 Mev. This was found to be quite charatteristic of masses in
the region of 120 I 2 for any 2, whereas, for example, the yield of Sn113 deécroased
very markedly from 200 Mev to 50 Mev. Hence the preseht period represents an
isoheric traﬁsition with a high conversion factéf; to some stable fin isotope;
probebiy of highAMQSS numbef;

Table IV<2 summarizes the data thus found concerding these tin activities.

Table IV-2
ﬁsotope Half-life |  Tvpe of Energy of Radiation, Mev.
Radiation A Perticles o Y~-rays
| 5052 144 IT, e ,¥ v 0.175
1107 o
5OSn 4.5 hr v X ?» : ?
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, Section V

i - THE SPALLATION PRODUCTS OF ANTIMONY -IRRADIATED
WITH HIGH ENERGY PARTICLES OF THE 184" CYCLOTRON

N

Previous to the operation of the 184" cyclotron, targets exposed to’the beams
of £he world’'s cyclﬁtrons would, in peneral, contain radiocactive isotopes of two,
or at most,three-eleﬁents (an exception to this rule is the fission reaction).
For example, antimony, if irradiated ﬁith 20-Mev deuterons would be expected to
produce tellurium, antimony th perhaps tin activities &k a résult of (d,xn),
(d;pxn) and (d,axn) reactioné; fesﬁectively.. Iﬁ generai x is an integer vanying.
from one to three. Similar reactions would come abou% aé‘the resuit of bombard-

- monts with_proténs or alpha partidles; Thus dne wouldvexbecﬁ pfddﬁéf dutlel off
twoi ;r, at most; three afoﬁié numgers to be formed. The abundant literature

peftinent to such nuclear reactions is so vast that reference is given only to
0 (13) '

/Seaborg's "Table of Isotopes in which an extensive literature survey of the
field of artificially produced radioactivities is given. From this one can verify
the reaction types briefly mentioned above. Irradiation with 200-Mev deuterons
and 400-Mev alpha particles from the 184" cyclotron has, in general, ziven rise
to so large a number of radioagtive products that\rather elaboraﬁe chemicai pro-
cedures had t;.be worked out in order %o identifyrthege products. Thus it has
been found in the case of antimony targets that activities were produced which
differ in mass from the tarpget atoms by 36 units, and in atomic number by 15
units. Of course, a multi£ude of isothes in between these limits was also formed.
The elements liéted below include those which were identified from the complex
mixture of spallation products of hich-energy deuter;ns and alpha\particles of the

3
‘ 5oSn, SISb’ and séTe. Zr, Cb, and Te were not investigated, and rhodium proved

" . ’ ‘
184" cyclotrons 59Y, 4OZr, 419b, 4205 4 Tc, 44Ru, 45Rh, 46Pd, 47Ag, 480d’ 491



¢

UCRL-143
Page 30

too difficult to remove from thé complex mixture. However, the rémaining elements,
‘ .Y, Mo, Ru, Pd, Ag, €d, In, Sn, Sb, and Te were investigated. Since many of the

‘proéucts 6f lower atomic number (Y, Mb, ete.) were found to be formed in exceed-
ingly low vield, it was necessary to effect complete scparation of & gi%en element
followed by several repurifiéation steps. A kﬁown weighf‘of carrier (hsually_
twenty milligrams in the fofm of a solution of a readily éoluble salt) was always
éd&ed to the gross mixture df activities before éhemiéal éeparations were made.
Thié procedure inéures apainst the adsorﬁtion of any tiacer activity on foreign
precipitates. The fbllbwiﬁé proéedafe was found to_wak satisfactorily for the
separation of those elemen£§ listed id table I excepé fér 2r, Cb and Te.

The dimensions of the metallic &ﬁtimoﬁy fargcts wefe aﬁduﬁ i M x 2 mm % 30 mm,
weiching about 0.45 grams.

The procedures given below serve to isolate a giveg element in a state frée
from any contaminating activities. In many insggnces, the procedures Qere not

suitable to. the determination of periods of the order of one-hour half-life, due

to the time\involvedvin separation and purificetion. In such instances, it was
“usually necessary that initial efforts be conceﬁtrated in isolation of such a
short-lived activity or that the chemical procedure be shortened if the sepafation
and decontamination frém other elements is not seriously impaired.
The following is é qualitative description of the schéme'of éeparation and the
nature of the activities found, listed by elements. The fractions were -investi-
bxgated over a'féngelof enerpies varyiﬁg from 400-Mev helium ions to 50-Mev

deuterons. The discussion will attemﬁt also to describe the results of various

bombarding cnergies. -
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Procedure A, Dissolution of Tarset; Precipitation of Silver and Yttrium.

18b metal

Add 15 drops 27 N HF in lusteroid tube
in hot water bath. Add conc. HNO3 drop-

| : : wise until dissolved ( 10 min.) Dilute
’ 1 to ca 20 ml:

SbF, solution]

Add 20 mgi each Te, Sn, In, Cd, Ag, Pd,
Ru, Mo, Y oarriers as soluble salts.
Add 2 drops cone: HCl. Centrifuge.

PR oy Je Bt LA

R ' : : _——
‘AgCl].YFs Te, Sb; Sny In
- w— Cd; Pd; Ru;: Mo

Wash with 1 ¥ HP

i . _ |

: lAgCI: YFS v Wash |

Divide solution into two

X equal parts. Treat accord-
Discard . ing to D and E.

Add 1 ml conc. NH,, OH
i , 1

| YF, | | ‘Ag(mns)gf

b

dilute to 5 ml,
Treet by B Treat by C '
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' Procedure B - Isolation and Purification of Yttrium. . n
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IF

3

Dissoclve in 0i5 mi sat'd HSBOQ; 1.0
ml conc. HNO, on hot water® bath.  Add

TR S U ST RO

; [
WS S 5 2
: [Superna?ﬁnt

Wash, dissolve in omne Discard

‘drop conc. HCl. Dilute to

1,

20

ml. Add 1 em NH Ac(S). Add

2 mg In""T(s01'n). Saturate with

S. Centrifuge.

it

In

253 |

Discard

Y

e 4

++t,

Boil to expel H,S.Add 3 drops 27 N HF

—
Supernatant 'discani

dissolve in H_BO_-HNO,. Add
NaOH, etc. as above. Make to
20 ml in 2 E'HCI.

N
A Add 2 mg SbCl, carrier. Saturate hot with
H,S. Centrifupe.
[ I
% | y+++
szss, Y
Discard "Repeat fluoride c¢ycle
Ly : |
Dilute aliquot to 10 ml. Boil,
1
add 5 ml sat'd H20204.
— 1 A 1
Y2(0204)3 . HZO‘ Supernatant | Discard

Wash with 3 ml H
EtOH, 3 times wi%h ether. Dry
.in dessicator under vacuum. Weigh

0, then 5 ml



UCRL-143
Page 33

Procedure € - Isolation and Purification of Silver.

From Proc. A

-
3)2

Add 2 mg Fe' ™" carrier. Centrifuge

. o Ag(NH

Fe(OH)s?
Discard ‘ Ag(

=¥
-3)2

Add 1 mg ea. Sb, Sn, In, Cd carriers.
Add 1 ml conc. HNOS; 1 drop conc. HC1

s

. il » L 1
{fEEEJ' - o |Supernatant
llmi GOno. NH, OH 7
Repeat tcyclei

] Discard

.Ag01

Add 2 ml G‘H NaOH. Digest 10 min ih hot
water bath. Dilute to 10 ml. Centrifuge.

g

, . ‘ A v ‘_%‘:
' Agzo ' ‘Discard

7 Wash, add 1 drop conec. HNO5
Ag+

Weigh as AgCl.

Procedure D1 - Isolation and Purification of Palladium.

50% Total

{ Te, Sb, Sn, In
Cd,.Pd, Ru, Mo

5 ml 1% dimethylglyoxime in

aleohol
fi ]
 Pa"DitG" o e, Sb, Sn, In, Ca, Ru, Wo|
Wash, diss. aq.reg. Evap. v Treat according to
to dryness. Add 10 ml 2 N - Procedure D2

Hel. Add Sb, Sn, In, Cd hold-
back carriers, 5 ml 1% "DMG" reagent.

il A 1
; PA"DMG" | fSupernatant
~repeat cycle Discard

twice
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'Procedure D2 - Isolation and Purification of Mblybdeﬁum.
| Te, Sb, Sn, In, .
Cd, Ru, Mo from D1

" Place in ice bath, add 5 ml 2% a-
benzoin-oxime, digest 2 min. Centrifuge.

[ "a-b-o" | \ Te, Sb, Sn, In, Cd, Ru
‘ Viash. 4dd 2 ml - .
‘ conc. HNO,; 1 ml 70% Treat by froc. D3
HClO4. Bdil to fuming :

(o]

I’ Dil. to 20 ml, add § mg Fe*++, 2 ml conec. NH4OH :
O L A . \
Fe (oH)3 Moo4f |
Discard ‘ 5 ml conc. HNO,, 5 ml "a~b-o"

Repeat cycle twice.

MoO4

Dilute aliquot to 30 ml, neutralize
with NH, OH and make just acid with
6 N H,S8,. Add 2 ml 10% Nakc sol'n.
Boil.? Add 0.5 ml 0.5 M AgNO_. Cool,
filter, wash 7 times with 5 ml
0.03 M AgNO,, 3 times with 5 ml 95%

.\  BtOH. Dry R M0, at 110° C, weigh.
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Procedure D3 - Isolation and Purification of Ruthenium.

Te; Sb, Sn, In; Cd, Ru

Add 10 ml H,O0, 2

70% HC19,., " Boil

R

from D2

Evaporate to near-dryness on hot plate.

ml conc. H. SO, and

evaporate t6 fuming for 20 min. Trans-
fer to Ru distilling flask, add 5ml

to fuming for 10 min.,

| catching” distillate in 5§ ml 6 N NaOH.

[

]

residue

Te, Sb, Sn, In, ¢ | | Ru04 {;'NaOH‘

Discard

|Add 2 ml EtOH, boil.
1 Centrifuge.

‘ guoz

Minimum 6

+4++

Ru

5 ml 70%

4+ ++

Ru

slowly.
~late Ru®.

¥ HCl

|

Supernatant]

Discard

HC10,. Repeat dis-

tillation, E40H reduction
) S and dissolution of Ru0

o

Add 0.2 gm Mg powder to aliquot

Boil gently to coagu-
Add 5 ml conec. HC1

‘to dissolve excess Mg and boil.

Il

Ru

{ Supezjnatant

Yiscard
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Procedure El - Isolation and Purification of Tellurium.

50% Total

Te, Sb, Sn, In
td, P4, *uw, Mo

Eﬁap. to near-dryness. Cool, add 20 ml
3 N HCl. Saturate with SO, gas 10
minutes.

le} Sn,FI‘t;ii“"Cd.n.

Wash, dissolve ifi one drop

conc. HNO,. Add 15 ml 3 XN
HCl, 1 mg’ea. Sb, Sn, In, Cd
holdback. Saturste with 80, gas.

Treat by Proc. E2

Supernatant‘

Repeat cycle. _ :
Weigh as Te°. v Discard

Procedure E2 - Isolation and Purification of Antimony.

{ .
Sb, Sn, In’ Cd : Fl"om E"l

{Boil to expel SO,, add 5 ml H_O. Sat-
urate hot with ﬁés until szgs
precipitation complete. ‘
N —

SbyS, - §Sn, In, Cd ¢

Wash with 2 N HCl sat'd with H,S. Dis- Treat by froc. E3
solve in & df'conc.HCI. Evap.to dryness

with air stream in hot water bath, add

30 ml 2 N HC1, 2 mg ea. of Sn, In, Cd carriers.

Seturate hot with HZS and repeat cycle.

s | .-s

szss ' Supernatant
v 2 ml conc. HC1 ‘ Discard‘
-Sb+++ .

Vieigh aliquot as szs3
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Sﬁpernatant from E2

(R
'Cd(OH)z, In(OH)

Cdff, In++f

|aad 5 mg 6™, 2 mg Te0,”
saturate with H,S

Wash w1th very &11ute NaOH,_.
dissolve in HCl: Add 2 mg
| Sn*4 holdback. Repeat NaOH.
Dissolve and make to 16 ml in 2 N HC1.

SnO

Evaporate to near-dryness. Take up in
15 ml 1 N NaOH.

Treat by E4

2
| L | + - +++
L + +
Sb,S, lca**, m**
TeS . . .
‘ 2 , Boil %o expel-HZS. Add excess NH4OH.
Discard ' \ '
il | I
++
In(OH), ca(nns)4
Dissolve in HCl. Add 2 mg Ca** Add 2 mg In**t
Repeat NH4OH treatment
. ) i1
[ 1 In(oH), ca(NH3)4H
‘In(OH) - - {Supernatant] —
3 Discard S
. . vy Discard aturate
Dissolve in HC1 o - with H,S
‘ N — 1
- €4S ‘Supernatant[
Dy in
HéiSOIVG mn Discard
—.—+;+

Cd

i

ilute aliquot to 15 ml.
Add 1ml 3 MNH Cl, 1 ml 1, 5
(NH ) HPO and weigh.

CdNH4PO4 H20

]

'Supernatant

Discard
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Procedure BE-4 - Isolation and Purification of Tin

$n0,” from E3

5 . Srn—

| cd (on)

aj‘,.’* In (OH) :

Dlscard

{

SnQ

g

Add 2 mg In*™, 2 mg ca™”

INeutralize, dropwise, with conc. H2804
jmake 0.3 N in HC1l, saturate with HZS'

'i ShSé

{

‘Supernatant

I
{ Undissolved |

discard

Dissolve in 2 ml cone. HC1,
boil to expel HéS, dilute to
12 ml; reject any dndissolved
mate rlal(Sb)

Sn+

4, some Sb

3

Ldd 2 mg Sb
- Seturate with st

Ry

(1L

SbZSS

discard

18n

+4 ]

Re—saturate w1tg H S.

discard

Boil to expel H_S, meke 0.3 N in HC1.

SnS2

Diss

s

Evap. aliquot to dryness.
-16 N HNO
times. §11ter.

olve in minimum HC1

[}

il

e 2

.Transfer aliquot %o crucible.

Sn0,* x H,O

SupernatantJ

"Discard.

Ignite 1 hr. to SnOz. Weigh.

o4
Supernatant

Discard

Take up with 10 ml
boil to near-dryness, repeat several
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TELLURIUM FRACTION
121

This’ act1v1ty was ascertalned through a complete ‘absorption curve and also
through a decav of at least one half- 11fe. The ’no-absorber decav and the decay
followed through berylllum both tailed off w1th this activ1ty.

118

119 . hd 6.0-day Te '°.

4,5-day Te

119 | 118

and. 6.,0~-day Te periods have been

The characterlstmcs of these 4.5-day Te

119

descrlbed in detail in Section II. Te was not detectable in the tellurium

fraction decay followed without absorbers, being overshadowed by the 3:5-minute

118. However, when decay was followed through

119

positron daughter of 6.0-day Te

teryllium, approximetely half of the 4-6 day activity was due to Te

half to Te'l®. Lower energies (i.e.50 Mev) +tend to favor the o119

in relation to the Tells. In all cases, the yield of the Te119

119

, the other
somewha t
was determined

through the presence of its 39-hour Sb daughter.

2.+.5-hour Te

This activity has not been exteﬁsiveiy studied, other than to note that tﬁe
decay mechanism appears to be one of positron emission. One.would thus postulate
a mass number of 117 or less. This appears to be borne out by the fact thaf,
unlike the activities mentioned above, this periéd is not detectable at 50-Mev
bombardingvenérgy, and had undergone & sharper drop in yield at 75 Mev than the
above. | ‘,' - - o RN

ANTIMONY FRACTION

3-5-hour Sb Activities

Except at 50-Mev bombarding energy, a short-lived period with half-life ranging
from three to five hours could be resolved from the decay curves without beryl-

lium, with beryllium and with beryllium and lead. The period, or periods, thus

¢ontains a high gbundance of x- and Y-fays, and electrons, indicating some conversime
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This is probahly a mixture of the 5.2-hour and 2.8-hour activity reported by

Coleman and Pool(7). These workers tentatively assigned the 5.2-hour periocd to

118 117

Sh and the 2.8-hour period to Sb » Such an assignment might be compatible

‘with the fact that these activities could only be formed, or at least detected, at

¢

energies of 75 Mev or higher.

39-hour Sbllgw

This 39-hour K-capbure isotope wes discussed 'in detail in Section II as the

daughter of Telld

. It was‘found, however, that the activity was formed independ-
entlv, at all bombardment energies, since the yield found in the Sb fraction wes
far‘too great to be accounted for on the basis of the amount grown from the tel-
lurium in the irradiated metal between the time of bombtardment and the time of
separetion of the téllurium fraction. The period could not be detécted without

122

ahsorbar because of the large amount of the 2.8~day Sb present. With berylF

lium, however, the period wss prominent, althourh it was naturally absent from the
»
curve obtained by following decay'through beryllium and lead.

§.7-day SHiC

Deseribed in full in Section III, this activity was very prominent in decey
followed through berwllium and with beryllium and lead, It was also detectable

in the decay followed with no absorber,.but in the latbter case the electronS'wefe

122

larsely thourh not completely concealed by the large amount of Sb present,

2.8-day spt2?

This beta~emitter was the prodominating aetivity in the "no-gbsorber" decay but

could not be detccted at all in decay followed through absorbers owing to the pre-

119 and the 5.7-day Sblzo. As a

dominance of the rediations associated with Sb
consequence, the decay curves followed with no absorber were very different from

those obtained with bervllium or with beryllium and lead. The identity of +the

2+8-day activity was confirmed through 2 beta-ray absorption curve,
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60-day Sb 2%

: _ A
A1l Sb decay curves "tailed" into this period which was folldwed over several

half-lives and for which the very characteristic beta-ray absorption curve was

determined in beryllium. The curve so obtained agrees ciosely with that reported

by Meyerhoff and &charff—Goldhaber(14).

In the bombardment of Sb with 400-Mev helium ions there is the possibility

123 125

that the 2.7-yea} Sb125 be formed by Sb (a,2p)Sb . However a beryllium absorp-

tion curve run on a sample which had stood fof four months failed to reveal

' . 124
positive evidence of the presence of any period other than the 60-day Sb .

TIN FRACTIONW-

4.5-hour Snllo(?)'

Already described in Section IV, this activity was detected as a spallation
product only with 400-Mev helium ions and 200-Mev deuterons; at 100 Mev, there was
no evidence of its presence in the tin fraction.

ANy
28~hour_Sn121

This activity appeared in bombardments st all energies from 50 to 400 Mev.
Since there is no gamma ray associated with this period, it could be detected
only in the decay followed without absorber.

l4-day Sn (I.T.)

Over the range of bombarding enercies from 50 to 400 Mev, this period, dese

cribed in’Section IV, is formed in yields somewhat greater than, but rourhly

proportional %o, the 28-hour Sanl. It is, therefore, likely that the'agtivity

has a mass number not far differentlfrbm 121. Becagse Livingood and.Seaborg(g)
reported a 13-day tin activity which they obtained from the irradiation of cad-
mium with helium ions and reasoned that it‘could have a maximum mass number of 119,
Perlman has tentatively assigned this the status of an excited state of the

stable Snllg.
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110-day Sn l° S L | g

This period could be followed aftér decav of the ld=day isomeric-abtivity was

essentially compiete. It could also-be detected even in the presente of ;other

) *
activities by the removal of its 1lO-minute Inll"5 daughter.

INDIUM FRACTION

Periods of Several Hours

Lo ez e,

The indium. fraction, like the antimony, always contained what appeared to be a
complex mixture of activities ranging in half-life from léss than an hour to
sbout five hours. Consequently, resolution was not possible. It was known from

foilowing positron decay in the beta-ray spectrometer that the 20-minute

positron(IS) 110 were certainly present, although no quan-

%k
118% " the 4.5-hour Int1®

and the 65-70-minute In

titetive estimate could be made since the 105~minute In

116 117

~the S4-minute In and the 117-minute In were also probably present in the

eoniplex mixture.

2.'7~day Inlll | — : -

eyt #0853 n o ——— A —

‘Inis period which decays by electron capture was much more abuudant at the

higher bembarding energies than at low. It was also more prominent in decay fol-

lowed through beryllium than in those decay curves taken with no absorber, due to

the fact that this activity tailed into the 48-day In114*; the latter being

associated with less than 1% electromagnetic. radiation. It was found that, on

the average, there were about seven eléctron counts for each x-ray count associated
with the 2.7-day activity. This would indicate somewhat less fhan lO%_conVérsioﬁ
of the pamma ray.

48-day Egiii

————

This period, followed through five half-lives, was'confirmed by its charac-

teristic absorption curve through beryvllium. The décay scheme 1is:
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In ¥114 Sn
Y 48 days
'
72 sec B
™~

-

A barvllium absorption curve is «iven in Ficure V-1; showing the presence of
. .

the conversion electron as well as the 2-Mev beta particle. The maximum energy

¢? 2.0 Mev is in close agreement with that reported by Lawson and Cork(lG).

The
rasio ¢f beta counts to counts due t§ the convefsionlline is seen to be roughly
unity -
‘ : . CADMIUM FgACTIdN
Short lived Periods
A% high energies, at least one activity with a half-life of perhaps4§né to

two hovrs was found in the cadmium fraction. However, &s in the case of antimony

and inciam a graphical analyéis could not be carried out successfully. Since this .

- was not round at lower bombardment energies, it is likely that the period (or

periods) is one of mass number less than the lowest stable cadmium, i.e., less than
. a ‘
mass 1086.

6. 7-nou~ CalY’

A Gt o e, —nt

Pecaying by K-eleciron capture, this activity could be detected byithe separa-
Gion of its 40-second silver daughter, Ag107* as well as by its greét.pfominence
in *he decay followed.through beryllium. It could be only feebly detected with-
vut aheorber, being masked by the shorter-lived {cf. above) and the longer~lived

-

beta»acbi"ities(cf» b@lOW)a

’
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2.3-day Cdlls*

Thits beta-emitter was prominent in decay followed without absorber and almost

undetectable in the decay followed through beryllium. The yield could also be

: *
verified by the separation, after equilibrium, of its 4.2-hour daughter, Inll5 .

115

- 5

42-dav Cd

O L e o

No gamma being associated with this activity, it could only be observed in the
deoey followed without absorber. It decays directly +to the ground state cf ln;lq
hente has no detectable daughter.

- 330- auy 0alo®

This long-lived activity was detesctable in the decav Followed through Leryl-
‘1ium shortly after the 6;7-hour activity decay was essentially complete. TUlti-

s
mately. of course, it was also detectable in the no-absorber dezey after the 42~

109 ©109%

dav aciivity was gone. Cd also has a 43-second Ag daughter which could be

separated from the parent. Figure V-2 shows the relative counting rate of +this
silver dmughter with no absorber, and with nearly two grams of beryllium. The
}atjo of fifty, uncorrected for about 4-5 milligrams of air and mica window, indi-
cates that the 0,094-Mev gamme ray is highly converted.

From the description of the cadmium activities, it is clear that the decay
' . . 107
ourves octzined with and without absorber are entirely different, the Cd and

cql0? being prominent in the ‘absorber decay, while short-lived (probebly positron)

115%* 5

activibies and the beta-emitters Cd and Cd11 constituted most of the no-

atsorber decay-
SILVER FRACTION °

Llthourh “he silver frection contained several short-lived activities including
12

o 3
al least the Z4-minute Ag;oé, a 70-minute period, and the 3.2~hour Ag™

, 1t was

;mpcssible to unambigucusly analyze the decay curve followed without absorber,
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24-minute Agt0® g*

Although its presence could not be quantitatively determined, this period was
found in the positron decay observed on the beta-ray spectrometer. It could not
be satisfactorily analvzed in the decay curve followed on the Geiger counter

70-micute 87, K

O L o  —_t

(17)

This perind, probably that reported by Enns was detectable along with the
24-miuase Ag106 described above, in the pqsitron decay followed on the beta-ray
speatrometer. It could ﬁot be satisfactorily resolved out of the decay curve of
the s3ilver fracfionﬁfollowed ﬁithout absorber. How%ﬁer, through beryllium, this
parica 1s very prominent; gn fact, it 'is the only short-~lived a;tivity found in
i absorber decay. This fact leads one to concludé that the 70-minute period
decays both by positrcn emission and by K-capture. The branching ratio could nét
be desermined because of the presence of the other activities but it is likely that
the greater percent decays by electron capture. |

111 ond 8.2-day 4108

7.5-day Ag

These two activities, at first thought to be one and the same, both occur in
111

\

spallation. The 7.5-day Ag s being a beta-emitter with no associated camma

. 18
radxatlon( ) would not show up in the decav followed throuzh beryllium.

Consequently when an activity of about this period did occur under the latter

.conditions, it was necessarily due to the x- and gamma-radiation associated with -

(19)

the 8.2-day Aglosvperiod. Furthermore, it was shown bv Feather and Dunworth

that the ratio of beta to gamma radiation counts was 1.05 in Aglos, so that

only about L% conversion accompanies the decay. 4s a result, the yields of the

isvylopes under consideration were such that nearly all of the 8-day activity fol-

jowed without absorber was due %o Aglll

threnetr hervllium was due o AglOG‘

5

, while all of the 8-day activity followed
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It was found, furthermore, that the 8-day counting rate through beryllium
decreased with bombarding energy in a mannér different from the corresponding rate
: without eabsorber--further proof that two different 8—déy periods are present.

45-day Agt0? (2)

There is ddubt‘as to the mass assignmenti However, this activity was found in
bombardments at 200 and at 400 Mev. It was more prominent in decay follewed

through beryllium than in decay with no abSOfber, Resolution from the decay curve

; : . ‘ 110
was difficult owirg to the fact that the mctivity "tailed" into the 225-day Ag™ ™ -~
a time long compared with the time of the experiment.

225~day Agllo

For the reason mentioned above, it was difficult to obtain an enti?eiy satis-

factory resolution of the 225-day and 45-day periods.

3.2-hour Agllz

This activity was observed in all bombafdmeﬁts'from 50 to 400 Mev. It was
less promineﬁt at 400 and 200 Mev owing to the'increased abundance of other silver
activities at these higﬁer energies. At the lower energies the period was easily
confirmed by the absorption curve and beta-ray distribution curve of the very hard
beta-particle, | |

PALLADIUM FRACTION
The palledium fraction contginéd so many activities whose half-lives were of
the same order of magnitudevthat the resolution of the decay‘qurveé proved alm&st
impossible. instedd, déughter separations_were'made wherevef possible,
In bombardments below ZOQ Mev, the yields of all activities of or below
palladium were so small that they were not measured.

21-hour Pd'1Z

This period could easily be identified by its 3.2-hour Agllz daughter.

Decrease in yield of the latter as a function of time served to determine the
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112 )

amount of Pd present.

« 26-minute Pd111

When the initial palladium separation was performed rapidly enough so that the

final purified fraction still contained some of the 26-minute period, the first

111

silver daughter fraction(contained_the 7.5-day Ag as well as the 3.2-hour period»

12-hour Pdlo9

Also & beta-emitter, this period was determined by the separation of its 43-

‘«eond daurghter Aglog*i' It was essumed that all the 109 isotope decayved to this

excited state of silver:
103

17-day Pd
When the palladium wes allowed to age for about five weeks, the sole remaining

period was this activity. It was characterized by almost pure x-rays. Actually,

1] % : '
its Rhlo3 daughter has a conversion line, but its range is less than that of the

mica window and air present in the counting arrangement.

lO-hour Pdl_01

This period was detected by measurement of the decreased yield of 4.2-day

Rh101 daughter separated at successive time intervals. A complete description

of this isobaric peir is piven in Section I.

4.0-day Pat®f

Also described in Section I, this activity was measured, as above, by the

100

successive decrease in the amount of 2l-hour Rh daughter separated from it.

RUTHENIUM FRACTION

4 ,5=-hour Rulo5

105

L

Ru was the onlyv short period found in the ruthenium fraction. Since the

decay chain is

Rl0% _4:B-hr BT, o 105 1.54d. f7.

106

105

Pa

the(yield of the Ru was checked by allowing a samnle of  the ruthenium fraction
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to decay for one day, distilling the ruthenium from perchloric acid and collecting

105 daughter;

the residual Rh
2.7-day Ru97(?)
This activity could be detected in the decay both with end without absorber

but was more prominent in the former.

42 -dav Ru1031

Detectable in the no-absorber decay, this period and the 2,7-day Ru®' (?)

105

v .re also found in the ruthenium distilled from the Rh daughter after éging for

one day.v

Ogg—year_Ru%?E

103

This period was detected throurh the tailing of the 42~day Ru and earlier

through a very hard beta~ray component which was presumed to be due fo the

106 106

30=-second Rh daughter of Ru™ . The relative quantities by the two m=thods

were in essential agreement,

MOLYBDENUM FRACTION

87-hour Mo99

Nb99 was the only activity found in the mdybdenum fraction, no activity shorter
| : . \ , . o
than one day being looked for, The beta-ray absorption curve confirmed the

activity, which was followed through six half-lives.

YTTRIUM FRACTION .

80-hour Y87

No yttrium activities of half-life less than one dav were sought. Initial

growth in the decay curve sugrested the pair

87 K or87F eThr. o g 87

This wes confirmed by s=parating from an équilibrium mixture the 2.7-hour

87% | .
Sr in the following mamner. To the Y(NOQ)Q

v

solution was added 2 mg. Sr(N03)2°
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This was evaporated to dryness end taken up in fuming nitric acidi The insoluble

Sr{(NO was centrifuged, washed, dissolved in one dfop’of water, and .repurified

3)2
by addition of 2'mg‘ Y and‘repetition of the above procedure.
The deéay curve for the vttrium fraction did not give very close agreement

with the value of 80 hours for the half-life of e, This suggests that the 62-

hour Y90 wes also present, although in an indeterminable amount.

stnay X

The 80-hour yttrium tailed into this period which was followed for nearly

three half-livess
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CROSS SECTION IN BARNS FOR FORMATION OF SPALLATION PRODUCTS OF ALNTIMONY AT’ VA

MASS

ELEMENT

Te

Sb

Sn

In

cd

121
121

©119

118

124
122
120
119

121
T 7
113
1107

114
111

115%*
115
109
107.

112
111
110
106
1057

5y, IIPE 400a
1404 IT
17 d K . :

4454 K 0.067
6.0d K 0.029
2.6hr B 0.020
60d B _ 0.015 .~
2.8d B 0.072
5.7d X 0.18
3%hr K 0,10
28 hr 87 0.0022
T4d IT 0.028
110d K 0.030
4.5hr K 0,008
.48d IT,8 0.023
2.74 K 0.16
2.3a 8 3.5x107%
42d 8 1.1x1073
330d K 0.014
6.7hr K .- 0.043
3:2hr B 5.7x10"4
7.5¢ B~ 2.3x10°3
2254 K
8.2d K- 3.5x10"2
454 K '

TABLE V-2-

1.0x10-2

200D 200D 200D
0.013  0.009
0.021 0.023
0.018  0.017
- - 0.021
0.0011 0.0016
0.042°  0.045
0.070  0.14
- 0.16
0.017 -
0.017 -
0.008 0.015 0.016
 0.08 0.065
- 1.1x10"% 1.5x10~% 1.8x10"%
: 7.0x10"% 6.5x10~4
2.7x10~3 3,2x10-3 3.6x10-3
- - 0.005
0.0014" 2.8x10-4
2.2x10"3 4,5x10-4 8.0x107%
7.6x10"3
' 1.5x1072 7.0x10-3

1.2x10~2 <10°°

UCRL-143
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100D 75D
0.066 0,065
0.053 0.031
0,020 040044
10,0025 0.0015
0.065 10.028
0.186 0.040
0.18 0.063
5.1x10"%  3,2x107%
0017 0.0056
0.0062 7%10-4
<10-5

0.0051 7.4%10~-4
9.5x10-4 <1079
2.6x105  4.1x10"6
1.1x10"%  8.8x10-6
51 0‘3};10-4_

<.hx10~6 -
3.8x107%  2.9x1076
8.0x10"°  #.5x10-6

RIOUS ENERGIES

50D

et

0.077 .
0,023
<7 x 105

0,031
0.047
0.029

 1.4x10-4
0.0022
< 3x10=9

< 2x10"6

€1.,7x10°6
£4,1x10~6

4.2x10-7
<1.7x10°7



ELEMENT  MASS - 3/2 TPPE  400a

Pd 112 21lhr 8~
111 26min B~
109 13hr 8
103 17d K
101  8-10hr B7,K
100 - 44 K

Ru 106 1lyr B _

' 105 . 4.2hr 8
103 404 B~
97 2.7d4 K

Mo 99 67hr B~

Y 91 57 B~

87

80hr K

" Table V-2(cont'd)
{ CROSS SECTION IN BARNS FOR FORMATION OF SPALLATI)N PRODUCTS OF ANTIMONY AT VARIOUS ENERGIES

200D

‘9x10-7
3x10-9
8x10~6
1.2x10-4

2.4x1074
8x10-6
4.1x10-6
6x10-6

200D

7x1077

4.7x10=9

' 5.5x10"

2.3x10”8

2,1x10"8

3.9x10~6
1 . 4)(10-

2.3x10™6

9x10~7
3310-7
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200D - 100D 75D 50D

<10™7
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QUANTITATIVE RESULTS OF SPALLATION OF ANTIMONY AND DEPENDENCE ON
BOIBARDMENT ENERGY

Table V-1 depicts a chaft of the region studied.‘ The héllow circles represelt
: rédioaétive prodhcts positively identified in the sballation process, the concentric
circles the naturally occurring stable species of the elements.

The data in Table V-2 comprise the results of yields for,thirty six different
activities for bombarding energies of 504 753 100-and 20Q-Mev deuterons, and for
£00-Mev helium ions |

éefber's theory(zo) of high-energy nuclear fransformations obtained on the 184"

_éyclétron pfeaicts the formation of products ranping from few particles ejected
from the compouﬁd nucleus to many ejected. Even a brief inspection of Tables V-1
and V-2 shows this to be so. According to this theory many-particle ejection would
result from the.projectile particle "sticking" in the nucleus and distributing
its energy over the entire nucleus, in which case the resulting reaction would be
explained on the basis of the liquid drop model, with subsequent evaporation of
many nucleons. Such a product is ﬁypified by M6°%, on the.other hané? the mean
free path of a high-energy projectile in a nucleus being very large, a "grazing"
céllision might result in only a comparatively small fraction of the total energy
of the projectile transferred to the nucleus, with a consequent loss of very few
particles. Thus, products sych as Sb124;>Sb122, and Telz'1 are obtained, préducts
which Would be expected of deuterons of much lowerlenergy, say, 20 Mev,.

(21)

Perhaps the stripping process should be mentioned at this point. By this

mechanism, either of the two component particies of a deuteron may imbed itself in
8 target nucleus while the other component continues along its path. Thus the
deuteron is "stripped" of either its neutron or proton, In effect then, because

of stripping, three incident particles are possible: the deuteron, the neutron,

and the proton. Howsver, it has been estimated by Horning(zz) that the stripping -
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process in the region of antimony occurs for only about 20% of the deuterons. Thus;

+ although this value is appreciable, nevertheless unchanred deuterons are responsible

for most of the trénsféfmations QEServed;

These géﬁeéal ideés having beer noted, more specific details from TaBle V-2

will now be 00nsideréd§
DECREASE TN YIELD WITH DEUTERON ENERGY AS DEPENDENT ON MA3S NUMBER'

It will be ﬁoted that the yields of most aﬁ%imony end tellurium isotopes are
~elatively constant in the range of 50-Mev to 200~M§v deuterons. These isotopes
811 have mass numbers within about five mass units of the target nuclei. The one
exception to this is the 2.6~hour tellurium activity; which, because of its
short half-life probably has a low mass number.

110 113

The yiéld of Sn121, as compared to that of Sn and Sn is also relatively

constant with varying bombardment energy.
One is therefore led to assume that the picture is rather general: yields

of products of hipgh mass numbers are less affected by changes in deuteron energy

than are products of relatively low mass numbers. Thus, the féurteen-day exclted
state of tin described in Section IV is thought to be of relatively 'high mass

number, since its yleld veries with energy in approximately the same manner as does

that of Sn121; It will be noted that nothing has thus far been said about the

magnitude of the cross-sections observed; merely the change in cross section
with energy.

The analogy is seen to hold roughly throughout the entire region in which deta

are avallable; e.g., the vields of Cd107 and Cd109 decrease much more markedly

than do either of the isomers of Cdlls. Aglos and Aglos decrease very much more

111 112

rapidly than do either Ag or Ag » 25 the energy available for disintegration

is decreased.
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The facts observed from such variation in vield with energy apﬁear to have a
rather éiﬁpie expiﬁnation: as more energy becomes available for the formation of

* lower mass numbers, then such reactions will naturally occur.

"POSSIBLE MECHANISM FOR SPALLATION AT 200 MEV

There is, however, a fact which is not obvious at all. It will be noted

107 ona cat®® greatly exceed that of both isomers

111 and Agllz,

“hat, at 200 Mev, the vyields of Cd
of Cdlls. The same is t rue for Aglos and Ag106 as compared to Ag

114 110 113 121

as well as In111 compared to In"" ", and Sn and Sn as compared to Sn~ . For

400—M%V helium ions, the situation is emphasized to an even greater extent. Why
then do the yields of the neutron-deficient isotopes attain values so much greater
than those ever attained by the "heavier" isotopes, or beta emitters? A though
no simple explanation is immediately obvious, one argument may be advanced as fol-
~owss: |

A highly-~excited nucleus might émit either neutrons, profons, or alpha par-

ticles. Table V-3 gives a rough measure of the average binding and coulomb energies

‘for these particles in the antimony‘region(zz).
Table V-3
Particle B.E.(Mev) C.E, (Mév) Total
n 8 0 8
P - 8 8 16
a - 16 19

Only about 8 Mevvare fherefore rqquired'for neutron ejection és coméared to
twiée this quantity for either proton or alvha particle emission., .Although
sufficient energy is certainly available for emission of any of these, mﬁltiple
neutron emission would seem to be the most likely especially since there are more-

neutrons than protons. Of course, the above value of neutron binding energy
¥ '
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applies only to the first neutron emitted, or perhaps the first severali As the
nubleus becomes furthér degraded of neutrons, the binding energy of the neutrons

is increaSeQ; with the fesult that the eicited nucleus will then emit protons.
Consequently, it might be éxpected.that the most'pfbbable feaétion would be multiple
neutron emission foliéwed by a ﬁumber of protons sufficient to produce a nucleus
reiatively stable with respect to its total remaining neutrons and protons.

Thaclel so formeq will be neutron-deficient, hence lie tovthexleft of the line of
maximum stability shown in Table V-1. This line represents a certain relafionship

between the neutrons and protons in a nucleus, given by

J

Eq. (1) results from dbtaining the minimum (i.e., the derivative) of the

/7
A/ 1 \
AR R—— Eq' (l)
2 1+ ya2%/3
' dac¢

A
expression(23’24) for the bindineg energy of a nucleus 2
2 ,
(a-22) 2 YZ
= A - - .
E=ht - og == L Eq. (2)

wvhere a, Y and & are constants.
In eq. (1), Z is not necessarily an integer. Several values of Z have been
calculated fgr various valués of A, the line connecting these thué being the
line of maximum stability - i.e.; for a piven Z, the binding energy is a maximum.
The binding energy per particle is oﬁly slightly higher on eithér side of this
line so that one must not éxpect only those isotopes to form which lie alongside =
or very.close to - this line. PFurthermore, since neutron emission seemed a likely
means for the excited nucleus to lose its excess energy, if mirht be expected that

the greater vield of the product nuclei would liec on the neutron- deficient side

St —————p—

of this line. This is certainly the case. All of those isotopes which lie to
the right of the stability iine, from Sn to Ag, are formed in lower yield at 200

Mev than those which lie to the left of this line (This statement is readily
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110

verified by inspection of Tables V-1 and V-2. Ag is formed at 200 Mev in yield

‘much. larger than for either Aglll or Agllz - in fact, in yield comparable to that

1105 106*

of Ag and Ag This_was.at first puzzling; but if we admit of the above

explanation; it is seen that AgllO; unlike the low-yield group of beta emitters,

actually falls on the line of maximum stability and could thus be formed by the

114

neutron-emission process. HAnother result of this idea is that In , & beta

umitter, is formed in very much higher yield than any other beta emitter. This also
wa2s§ difficult to understend until it wes seen that In114 actually lies on the left
side of the line of maximum stability, hence can be reached via multiple neutron
emission.

"The fact that isotopes are formed at all to the right side of this line is

easily explained on the basis of alpha particle emission. This process may be less

likely than neutron emission but it certainly ocrursy Since alpha emission
inoreases the ratio of neutrons to protons in a nucleus, beta;emitters should be'
expected to result from alpha particle ejection, but in lower yield tgan the
neutron-deficient iso£opesvresu1ting from multiple neutron ejection. This
phenomenon is precisely what is obs~rved.

To carry the case further, as the energy available for disintegration is
decreased, alpha particle emission may become favored over the emission of the
equivalent in neutrons an& protons; hence the beta emitters would become more
prominent as the energy becomes decreased. : !

DISCONTINUITY OF YIZLDS AT PALLADIUM

Vhile the above ideas seem satisfactory for those elements from tin to silver,

yields of isptopes below silver do not appear to fit into this schemé. "It will be

noticed; for cxample, that the yields of Pleo and Pdlo3 are not appreciably

different from those of Pdlllvand paliz,
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But even more poteworthy is the fact that the yields themselves of palladium,

ruthenium, etc., are suddehly several orders of magnitude lower than those of silver,

+ cadmium, etc. A possible explanation of this phenomenon might be that Pdlll and

;112 \ ’ . ; o ,
PA""" would be formed in lower yield than the corresponding silver isobars since |

the former involves emission of a charged pafticle not required for the formation

of Ap isotopes. It is to-be noted that the yield for both Ag and Pd is in the

direction 111>112. Thus Pall?

is farther from the line of maximum stability, as
inspection of Figure V-1 shows. As for the low-mass palladium isotopes, the small
yield may simply be due to the fact that the energy available for the production
of them is near the thréshold,'for a total of‘about twenty mass units must be
ejected tobarrive at these palladium activities. One'might‘therefore expeét that

peutron-deficient palladium isotopes would be formed in much greater yield with

400-Mev helium ions. The heavier palladium isotopes might, on the other hand,

show a relatively small increase in yield.

ISOBAR FORMATION

12

112 and Agl is

The example cited above of the independent formation of Pd

one of several cases of isobar formation found in antimony spallation, Others are:

Telzl and.Snlzl, Tell9 and Sbllg, Agllz and Pdllz, Inlll, Aglll and Pdlll; Sn110

and Agllo, AglOG 103

3

105 « The isobars

6 105 103

and Rulo , Ag and Ru , and Pd and Ru

of mass 119 are formed in similar yieid because of the possibility of forming

119

Sb byba neutron loss reaction, but in every other case except the 110 isobariec-

pair, the isobar of higher atomic number is formed in greater yield. It will be

10

noted from Table V-1 that in all cases except that of Agl » the isobar of lower

Z lies %o the richt of the line of maximum stability, the isobar of higher Z to

the left of this line. Hence one should expect greater yields of the latter since’
they can be formed by emission of fewer charged particles. In the case of the 110
110

‘isobaric peir, however, Ag itself lies at the most stable configuration.
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'This might be expected to somewhat countér the effect of neutral particle emission

* to the extent that the yield of-the two periods might be comparable. This is

observed.,
\

It is interésting to note that, in that instance in which data are available,

the yield of the isobar with higher Z approached that of the isobar with lower 2

as the bombarding energy is decreased. The case of In111 and Aglxl demonstrates

-this. At 75 lev bombarding energy, the yields of these isobars are probably

similar.

RELATIVZ ) I ELDS OF (d p) AND (d,p2n) RELCTIONS (JR THEIR EQUIVALENTS)
122

The cross-section for formation of Sb with 200-Mev deuterons is approximate~
ly an order of magnitude gr;ater than that of Sb124. The latter can be formed only
by |

Sblzs(d,p)8b124
or by the equivalent neutron capture resction. However, Sblz2 can be formed by
two reactions:
sb2L(a,p)spl?? and by
sbL23(d, p2n)spl??
It therefore appears that the relatively greater yield bf’Sblgz in comparison
%o Sb124 is due to ‘the (4, p2n) reactioﬁ. The d,p2n reaction is therefore ébout

thirty times as probable as the (d,p) reaction for 200-Mev deuterons. This ratio
has decr ased to about 20 for 75-Mév deuterons, and is in the dlrectlon which

would be anticipated since lowering of the bombarding energy has increased the

~

cross section for fewer particles ejected.

An interesting corollary of the above reaction is the cross-section for forma-

tion of Sblzo by the reactions:
121

(4, p2n )Sblzo

Sblzs (4,p4n)spi?
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If one assumes the cross-~ section for formation by the former process to be

122 from 85123, then the difference in the actual wvalues

~and those for the (d,pZn) reaction should give an indication of the cross-section

for the (d,p4n) reaction. These differences are given as for the various’bomba}d-
ing energies in Table V-4:

Table V-4

ensfgz . for d,p4n
400 0.11 barns
200 | 0.03

200 0.03

100 -0410

75 0.012

50 | © 0.016

Althougﬁ these values are hot very well suited to éuantitative expression; thé
trend is probabi& significant and would indicéte that the cross-section for (d;p4n)
decreascs somewhat iike that of the (é,p?n) %eaction, as eneregy is éécreased;
ISOMER FORMATION

An interesting situation has presented itself in the cadmium fraction.Cdll5

is known to consist of two independent isomers decaying as follows:

Cd115 42 4 B > In115

4.2-hr I.To

'Cd115* 2.3 d 5 I1’1115* 4.2hr I.T, Inlls_

(25)

In slow-neutron fission of uranium end in the fission of thorium with 40~

liev helium ions(26), the ratio of 2.3-day calld ¢, 43-day ca''® is ten. This

115

has been sugegested as evidence by Néwton(26)~that the Ag precursor of these +two

isomers branch decays by this ratio.

Seren, Engelkemeier, et a1.(27) ‘have reported that the ratio of 2.3-day to

43-day isomer formed in slow-neutron capture of cadmium is about five. On the other

hand, it is stated that the fast~neutron formation of call® from indium via

8, p)cal P
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gives a ratio for 2.3-day to 43-day isomer of a bout one.

It has been observed in antimony spallation(cf. Tahle V-2) that the ratio of
| 115 | |

I

2.3-day to 43-day Cd is about one-third. Ffurthermore, this ratio remains

vor sensibly constant over the range of bombarding energies from 400 Nev (helium ions)
to 50 Mev(deuterons).

115

One may thus summarize in Table V-5 the relative yields of the Cd isomers

:s obtained in various processes. : P

Table V-5

COMPLRISON OF ISOMERIC RATIO OF 2.3-DAY AND 43-DLY Cd115

Method Ratio, 2.3 d/43 d

fission 10
» s low n‘dapﬁure _ 5
& ' »Inns(n,p) : 1
C Sb spallation 1/3
Although several other cases of nuclear isomerism occur in this region
. 121 120 106 o
e.zs Te s Sh » and Ag ) none is suitable to determination with the certainty
115

of the Cd pair.
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APPENDIX

Bervlllum Absorptlon Charactorlstlcs

In the introduction it was pointed out that because of the frequent occur-
reﬁce of K x-rays)whose half-thickness could become confused with that of many
peta particles in absorption curves run with aluminum absorbers, it was necessary
to resort to the use of beryllium to distinguish between beta particles and x-rays
of about 20-25.kilovolts energy. Since it was desirable - at least in the case of
wreviously unreported iSofobes - to run Feather analyses on:many Be%awray absofption
curves, it was essentlal %o have bervlllum absorption data for some standard beba

(5)

ray whose absorptloh characteflstlcs Have been studled with alumlnuma Feather

210) 4o ve 476 mg/bm

has determlned the range df the " particle from radium E (Bi
of aluminﬁm. Since the electron density of most materials is essentially constanpt,
and since beta particle absorption is due chiefly to the interaction of beta rays
with these electrons, one can arbitrarily take the exact maiimum range of the radium
E beta particles as 476 mg/gmz of matter. Likewise Feather found that the maximum

254) was 1104 mv/bm of Al, and so

range for the beta particles of UX2(1.14-m Pg
for any absorber. If “hese values be assumed for the exact range of RaE and UX2
in beryllium, then it is possiblé, through the use of the befyllium absorption
curves shown in Figs, A~I and A-II to construct "Feather Analyzers", devices by
means of which it is possible to compare the range of an unknown betaffay over its
entire'rapge, with the curves for known beta rays, RaE and UXZ' A summary dis-
cussion of the method of.the Feather Analysis has_been treated by Glendenin(za).

The RaE curve was obtained from a sample of 20-year RaD-E-F in equilibrium.
The soft RaD beta was initially stopped by 15 mg of aluminum.

The UX2 absorption curve was run on a sgmple of UX.-UX_,. The UXI(Bé-day

1 2
234 Cos '
Th™"") was co-precipitated on LaF3 from a solution of uranyl nitrate. This
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procedure carries the Thz34 on the Lan leaving othér activities in solution.
. The 1.14-min. Paz34 soon grows in. Fips, A-I  and A-II show that the ranges

in bervllium are indeed visually similar to those in aluminum given by Feather.

Of course, the arbitrary values mentioned above were used.
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