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NUCLEA"1 REACTDNS IN ANTIMONY WI.TII HIGH ENERGY PARTICLES 

Radiation 

ABSTRACT 

Thirty-six radioactive species have been identified as products of the 

spallation of antimony irradiated with hi~h-ener~y particles produced in the 184-

inch cvclotron at the University of California Radiation Laboratory in Berkeley. 

The manner in which the yields chane;e with change in the energy of the bombard-
. 

ing particle was also investigated. A simple mechanism has been proposed which 

incorporates the bonbept of binding energy of neutrons, protons, and alpha 

particles-. 'Ibis mechanism l"·ads\to conclusions in satisfactory agreement· 

with the observed results. 

The radiation characteristics of nine new ra.dioactive 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 \~ITH HIGH ENERGY PARTICLES 

Manfred Lindner 

Radiation Laboratory, University of California 
Berkeley, Califor~-~a~~.~.~.~~~~~~~~~~~~~~~~~~ 

INTRODUCTION CLASSIFICATION CANC~U50 I'W AUTH!'l:<:on'Y 
OF Td:Z [):1~:;,•,::~ .:T Ei'~c;1 d.~ A 

The subject matter covered by this thesis .is p~1bdf]J'a!>fY'~~~b"'b'8;tw'f~h'~-BK&'tJ.c 

identification of those products which result from the irradiation of elements in 

the region of atomic number 50-51 with deuterons and helium ions produced in the 

184-inch cyclotron. 

In this rerion of the periodic table, the mass defect curve is near its 

minimum, i.e., the nuclei of elements in this region are morP stable with respect 

to their individual nucleons than elements in any other section of the periodic 

table. It is to be expected, therefore, that disintegration products should 

differ in degree, if not in kind, from those produced by these same beams on 

nuclei representative of other regions of the periodic system. A study of such 

disintegration products and their mode of formation may thereforeJserve to aid in 

the understanding of the forces occurring within the nucleus.~ 

The investigation was early handicapped by the fact that many of the neutron-

deficient radioactive isotopes obtained were either unknown or, having been 

previously reported by other investigators,could hot be assigned definite mass 

numbers. In several oases, mass assignments and rPdiation characteristics were 

rne.de on. previously unreported isotopes. Fortunately, the situation regarding 

isotopes containing an excess of neutrons, that is, radioactive nuclei which 

decay by emission of a beta· particle, is much better; the intensive work 

conducted on the uranium fission products(l) has served to identify many of the 

beta emitters:found in this rer:ion. 
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The first several sections, therefore, concern themselves with" the eluci-

dation of some of these unknown activities encountered upon irradiations, together 

with their radiation characteristics and decay constants. 

The results of irradiations with high-enerf.y deuterons and helium ions are 

discussed in later sections. For these bombardments antimony was generally~ 

though by no means exclusively, used as the target material. Chemical products 

investigated in this case include elements from atomic pumbers 52 to 39, inclusive. 

These are discussed in the lirrht of the cross sections for their formation, as is 

also the effect of varyinr; the energy of the bombarding: particle. 

Radioactive decay was followed by means of a Sl,o"tt-type Geiger-M£ller counter 
., 

tube containing a mica window at one end, of approximately three mg/cm"' thickness. 

The tube was supported on a plastic stand containinr five sets of slots which 

served to hold the cards containing the samples to he measured. The effective 
'\;;) .. 

geometry of the s amples, when placed in these slots, was known from prior cali-

bration with a uranium standard; when placed in the second set of slots from the 

top, the ~eometry was approximately 10%. This was a standard value used through-
' 

out all the bombardments. 

The decay of electromagnetic radiations was followed by interposing a block 

of beryllium of about 1900 m~/cm2 between the sample and the counter tube. This 

stops completely all electrons up to energies of four Mev, while absorbing only 

about 30% of the K x-rays of the region around Z = 50. It is for this latter 

reason that beryllium rather than aluminum was used; The half-thickness of the 

K x-rays of, sr,y, tin, is approximately 150-200 mg/cm2 of Al. It would therefore 

be difficult to distinguish the absorption of various electrops from that of the 

x-rays if aluminum were_used as absorber • 

I'Vhen it was des ired to follow the decay of l"amma-rays alone, the x-radia tion 

was absorbed throu~rh a layer of about 130 rnp.:/cm2 of lead; x-rays have a half-
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thickness of about 10 mg/cm2, hence are effectively absorbed. It was also 

found necessary to add a layer of several hundred milli~rams of beryllium on top 

of the lead to stop Compton electrons ejected from the lead by interaction with 

any hard ramma radiation bein~ measured; since these electrons have a counting 

efficiency rou~hly one hundred times that of ~amma radiation, the former could 

·cause serious errors in measurement of a ~amma-ray if not stopped in this manner. 

In obtainin~ absorption data of ele.ctrons, beryllium absorbers were used; for 

x-ray absorption, sufficient beryUium to blo-::k all electrons, plus "-aryihg 

thicknesses of aluminum. For he:::-d r.:amma radiEition, Eufficient aluminum to S()reen 

out the x-rays and electrons plus varyinp: thicknesse:· 'If lead were t.:sed .. 

Another' instrument of which frequent use ,,,:;.s itH'.de was a c::ude ba··.;a-ray 

spectrometer which had an H.o cor.s-te.nt of about 53 n:aus s-cm per lll~lliampere of 
i 

current ·;;hr0UJ?:h the field coiL Both negative a:11i p0sitiY0 eleci:rons could be 

distinguished, as well as the e.pp1·oximate shape of the cn·~rgy distribution curve. 

It was, therefore, quite often possible to distinruish betv.·esor: r1 "line" of 

conversion electrons and a true ~eta-spectrum and to determine s~all amounts of 

~+ activity in the presence of large amounts of ne~ative electrons and ~-

particles. From the constant of the instrument, the energy of a conversion·elec-

- . + 
tron or the maximum enerr,y of either a ~ or ~ spectrum could be approximately 

ascertained. 

The beam intensities used in all bombardments on the 184-inch cyclotron 

were more or less constant. Detiteron beam currents were 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 specific statements 

- are made to the contrary. 



... 

Section I 

UCRL-143 
Page 7 

NEUTRON-DEFICIENT ISOTOPES OF PALLADIUM AND RHODIUM 

When antimony was irradiated with 200 VJ.ev deuterons, among the products 

formed were palladium activities. In Section V the chemical separation procedure 

by which a palladium· f~aotion was obtained will h.e descrihed. For the present, it 

t:uffices merely to state 'that two rhodium daur.;htr;r activities could be removed 

from this palladium fraction, havinp; half-lives <)f about one day and six days: 

the parents of whicp appeared to have half-lives of at least several daj'S a:1u t:m 

hours, respectively. 

Two such rhodium activities had previously ~1cen repo::-tec. by Sulliva11. 

Slei~ht, and Gladrow(2 ) who obtained the activities from deut~rrms c.n ruthenium, 

They assie:ned the one-day activity to 45Rh100, and the six-day A.c.t:i..vity to 

101 100 
45

Rh • Ii' these assil!.nments are correct, then 46 ?d"· Las a half-life of the 

order of days, 
46

Pd1?1 about lu hours. 

The total yield of palladium activity obtained from a i.J>om;,ardment of anti-

mony was so low that it was not possible to conduct an accurate appraisal of the 

activities of either the palladium or its rhodium daul!.hters. Because it was 

highly desirable to known both the 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 

rhodium foil, consisting of only one natural isotope, 
45

Rb103 , when irradiated 

with 50 Mev deuterons from the 184-inch cyclotron should produce the following 

activities: 

Rh
103

(d,n)Pd104 (stable) 

Rh 103 (d, 2n)Pdl03 17 d K )e Rh 103* 

Rh
103

(d,3n)Pd102 (ste.ble) 



,.· 

Rhl03(d~4n)Pdl01 

Rhl03 (d, 5n)Pdl00 -~>~ 

Rh103,(d,6n)Pd99 
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RhlOl ) RulOl 

Rh100 . )..! Ru1oo 

Pd103 is known to decay by K-electron capture (:s) with a half-life of 17 ·days, Pd
102 

PdlOl p 100 h lf 1· is stable. and d , unknown, should have measurable a - 1ves whereas 

99 Pd , should be formed in lower yield; the possibility of its presence cannot, how-

ever, be aiscounted. 

Accordingly, a strip of rhodium foil was bombarded with 50 Mev deuterons for 

one hour. The strip was then fused with mol ten potassium bisulfate (4 ). After the 

melt had cooled it was dissolved in water. Twenty milligrams of palladium, as 

chloride, were added, and the solution made 0.5 N in HCl to a volume of about 20 ml. 

Five ml. of dimethylglyoxime--saturated ethanol were added, the 1"9SU1tant yellow 

precipitate being dip:ested for five minutes, in a hot water bath o.nd.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 added rhodium carrier. At 

specified intervals of time rhodium dau~hter fractions were removed from the 

palladium fraction in the followinP: manner. The neutralized palladium solution was 

made about 2 ! in KN02• Several milligrams of rhodium carrier were added and the 

solution heated to boiling. The white insoluble precipitate of potassium 

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

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

activ:ity. Table 1 sunnnarizes the data pertinent to the decrease in yield of these 

activities with each su~cessive removal of rhodium from the palladium. 
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TOTAL C/M OF 20•HOUR AND FOUR•DAY RHODIUM ACTIVIriES OBTAINED 
!'ROM PALLADIUM FRACTlJN, AS FUNCTI·JN OF TIME 

Hrs. between 20-hour Activity 4-day Activity 
Rh Removals Total eLm through Be · Total c/m through 

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~.o 11,600 270 
24.0 15~300 390 

Be 

A1thou~h these data do not readily lend themseives to quantitatiVe reckoning, 

several important conclusions may be drawn. First, the yield of four-day activity 

diminishes with rou~hly a half-life of from eisht ~o twelve hours. The apparent 

"tailing" of yield was shown later to be due to small quantities of impurities of 

a palladium activity of similar half-life. Since the rhodium daughter fractions 

were never repurified from the palladium, this is not unreasonable. Secondly, 

the 20-hour rhodium dau~hter appears to g;row from a parent whose half-life is of 

the order of .many days. The remainder of the work thus became concerned with a 

more accurate appraisal of these relationships. 

The-palladium fraction early showed a 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. No negative electrons were 

found to behave similarly. In addition, this component showed up readily in the 
-

gross palladium decay curve_; twenty per cent of the counting re.te was found to 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 per cent by K-electron cap,ture, 

·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 rhodi~m daug-hter fractions. An absorption curve is shown in l''ig. I-2. In 

the beta~ray spectrometer it was found that this,activity consisted entirely of 

conversion electrons of· energy o.~ Mev.(Fi,. I-3) 

If the presumptions concernin~ the chain, 

Pd 10-hr. )o Rh Ru 

q,re correct, then, after a time sufficient for the virtually complete decay of 

the ten-hour palladium, further rhodium removals should -- and as has been seen, 

did-- result only in the presence of the 20-hour activity. /A parent-daughter r-rowt'.l 

::-elationship on repurified palladium was. obtaiped by following the growth of the 

~0-hour activity. Its parent. was found to have a hklf•life of four days. This 

is shown in Fift. I-4. It will be noted that the difference between the extrapolated 

' 1e:;cay curve of the eqtiilibrit.im tnixtJre ahd the experimental points .P:ives a decay 

..:urve characteristic of the daue:hter. Fig. I-5 extends these decay curves, in-

eludes 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 Pd103 • 

' 103* Because of the low abundance of the latter, its daughter Rh was never detected 

in rhodium daughter separations. 

An absorption curve of the 4-day palladium was taken immediately after sepa-

ration of the one-day daue;hter. This is shown in Fig. I-6. No electrons could 

be detected. This phenomenon explains the reason 'Ehat the upper curves in Fig. 

I·S show a larger r-rowth than the lower curves, fgr, in the case of the one-day 

rhodium, the beta-ray spectrometer measurements 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 

46Pd 
4 d. K) 

45Rh 

46Pd 
10 hr ·~ 

45Rh 
K,p+ 

20 hr •. ~.-. 

~+ ,K 

4. 3 d~ 
~ 

K, -e ,Y 

44Ru 

44Ru 
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and 

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

Table I-2 

I 96 
I I 97 I 98 99 l 100 I lOlj 1021 103 I 104 105 

Ru t s I i s I s I s I s I s f 
42 d I s t + I t . 

I I f I 1 I I I ~I t + Rh 1 s 
; 

Pd I I l l I I I s I 171·d. Kl s I s 

A decay chain representin~ isobars of even mass number would be the only type 

likely to lead to a situation in which an "even-even" parent would give rise t9 a 

shorter-lived "odd-odd" daughter. The most reasonable possibility for the first 

chain shown above is, therefore, mass number 100. Mass number 98 can be excluded 

on the grounds that it would probably not have been produced with 50 Mev deuterons 

98 and that Rh would likely have a much shorter half-life. 

For reasons analoe;ous to those mentioned above, it appears that the second 

ohain is probably of odd mass number. The two immediate possibilities are 99 and 

101. Although 99 cannot be definitely excluded, it seems unlikely that it would be 

formed at these enerr.ies. Further if one does assign this to mass number 99, then 

it must still be explained why another activity which _could be a.ssi~ned to 101 was 

not found; since Pd
103 

has a half-life of 17 days, Pd101 probably has a shorter 

period and hence would be detectable. Through this reasoning, the assi1mment Wfi"_s 
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Three pa1lad ium activities were thus produced iii the i?radiation of rhodium 

with 50 Mev deutar6hs~ The cross sections, in barns~ for these processes are given 

below in Table I-S• 
Table I-3 

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

:Pd.Isotope Reaction 

103 d,2n 0.0012 

101 d,4n 0.12 

100 d,5n 0.14 

Information boncerning the radiation characteristics of these activities is 

&urnmarized in Table I-4. The notation conforms to that of Seaborg(l3 ). 

Isotope 

PdlOi 
46 

PdlOO 
46 

Rh lOl 
45 

RhlOO 
45 

'I 

• l 
: 
I 
I 
I 
i 

I 
I 
j 

Table I~4 
.l> •• 

. Half-Life 

a hrs~ • Pd decay 
10 hrs. deer. y1d . 

RhlOl . 
+ 10 hrs.f3 peak decay 

I Type of 
l ~~~i~ ti.Qn 

! f3+ (10%) 
! K (90%) 

I 
4. Od • - Pd e q u il i b. i K, Y 

decay (av. 4 vals) ! 

4.28 d. (av. 15 vals) I K,e-, Y 

19.4 hrs. (av.24 vals) I ~+ (5%) 
i K,e-,Y 
I (95%) 

' 
' ·. :; :: . . ... ; ' ; ~ ; . ' 

.?~e.rty .of Radi~Hoii}Me~ 
Part1c !es Y-Rays 

(+) 2.5 f3 Spect 

None 

Q.21(e-)~ spect. 

0.09 (abs .Ag) 
l.B (?)(abs 

Pb) 

0.3(e-)abs. Be 0.35(abs.Pb) 

3.0(~+) spect. 1.2(abs.Pb) 
0.6(e-) spect. 
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PREVIOUSLY UNKNOWN IS<Jl'OPES OF TELLURIUM AND THEIR ANTIMONY DAUGHrERS 

Bombardment of antimony with 200 Mev deuterons has led to the production of a 

number of hew activities, the elucidation of which we shall be concerned with in 

this section. A typical decay curve for the tellurium fraction obtained from such 

a bombardment is given in Fig. II-1. The presence of a 2.6-hour and a 6.0-day 

peri6d is prominent. 

A beryllium absorption curve for the 6.0-ga.y period is shown in Fig. II-2, 

together with a Feat·her analysis (5 ) while Fig. II-3 illustrates the typical result 

o:f' the H f cui-ves obtained for this activity• Evidentiy a positron of apprbxi.matel, 

3 Mev energy aceounts for nearly all of the ~ctivity of the six-day telluri~ 

comporient, while the contribution from negative electrons is essentially negligibl~ 

It was found that this positron acti~ity was due ent~rely to a. 3.5-minute 

antimony dau~hter which could be removed from the tellurium in the following 

manner: so2 gas was passed through a hot solution 2 N in HCl containing the 

tellurium activity and several milligrams of Sb carrier until precipitation as 

Te metal was complete. The supernatant was boiled and H2s passed through the 

solution. The resultant Sb2S3 was filtered and counted. In this manner, the 

total lapse of time from the separation to the time of counting seldom exceeded 

nine minutes. A typica 1 decay curve for this daup.hter activity is shown in 

Fig. II-4. This period is probe. bly identical to that reported by Risser, 

Lark-Horowitz and Smith ( 6) who obtained a three-minute period by bombarding 

indium with alpha p&rticles. ·They reasoned that the most likely mass assignment 

was either 116 or 118. 

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

measurement of the decrease in yield of the r3.5-minute antimony activity obtained 

in a separation of tellurium and its antimony dau~hters. This is shown in ·the 
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upper curve of Fig. II-7. Not only does the yield of the 3.5-minute antimony 

decrease with a six-day half-life, but within experimental error, virtually all of 

the six-day tellurium activity is accounted for by this antimony dau~hter. It is 

therefore evident that the six-day tellurium parent must decay by electron capture. 

Yfuether the lattef was accompanied by ~a~a.emission and some subsequent conversion 

was not determined. 

Because of the rt:l.pidi ty with which the separation of the 3.5-minute antimony 

daughter had to be made from the tellurium parenti repurification of the antimony 

was not feasible and there ~ iways occurred a 11taiiing" due to tellurium inipuritier 

~~emaining in the antimony super.natant. !n general, to i~crease accuracy in deter-

.• unation of the amount of 3.5-minute activity associated with the tellurium; 

·three to five Te-Sb separe.tions were tnade on the same Te sample within several 

1-Juurs so that an average yield could be taken. Invariably, however, the background 

''t'lil" obtained in the first antimony sample removed from the tellurium was de-

cidedly higher than that in subsequent antimony samples removed within several 

hours. Further investigation of this abnormally high background showed that the 

~ounting rate was only slil!:htly affected by nearly two · gm/cm2 of beryllium 

absorber, but addition of 130 mg/cm2 of lead absorbs virtually ail 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-MINurE ANTIMONY ACTIVITY 

Absorber, mg/cm2 
eLm 

5290 

1870 Be 3740 

130 Pb 10 
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Evidently then,this activity must be another antimony daughter formed from 

tellurium, consisting entirely of x-rays, no hard ~_ram:ma. _radiation, and no electrons 

detectable with the appnr!ltus used. Separation and repurificntion of antimony 

daughters from a very larre tellurium sample provided sufficient activity to 

follow closely the decay of the period, and also to run a critical absorption 

curve of the x-radiation in the antimony sample. 

The period of this antimony activity proved to be 39 hours,- and is shown in 
. :. . 2 

l<'ig. II-5. The upper line shows that the use of 1870 m{!:/cm of beryllium h(\S only 

.11i~ht effect upon the counting rate~ This activity is undoubtedly that repdrted 

by Coleman and Pooi(?) who detected the ~eriod and assigned to it the mass 

11umber ii9~ 

Table II-2 shows the energy-of the K-x-rays of antimony nnd tin, while 

·Ir.ble n:..3 shows the "K-edge 11 for the elements cadmium, silver,. and palladium. 

Table II-2 

ENERGY, IN Kev, OF THE K-x-rays of Sb AND Sn 

Sb 

Sn 

K 
.a 

26.2 

25.1 

30.4 

28.5 29.2 

Table II-3 

K-EDGES, IN Kev, .QF Cd, Ap;, AND Pd 

Ei.ement I E (Kev) I. 

Cd 26.7 

. Ag .• 25.6 

Pd 24.4 
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If the 39-hour period is due to an isomeric transition, the K-x-ra~ should be 

those of antimony, and will hence be critically absorbed by silver and palladium, 

but not by cadmium. If, on the other hand, the decay process is one of K-electron 

capture, then the emitted x-rays should be those of tin, and hence shouid be 

>Jriticb.lly absorbed by palladium but not by cadmium or silve:h The experimental 
\ 

critical absorption measurements leave no doubt but that the latter is the case 

and that the mode of decay is indeed Ki..electron cnptutel This critical absorption 

curve is shown in Fig~ II-8. 

Thus far, nothing has been said of the parent of the 39-hour period~ tt 

~auld not be observed ditectly in the decay of the tellurium fraction bedause 

-:.he counting rate of this isobaric pair never represents more than severe,l percent 

vf the totnl counting rate of the tellurium fraction. Roug~ determination of the 

p2. rent tellurium period by measuring the decrease in yield of the 39-hour antimony 

?eriod indicated a half-life perhaps slightly less than that ~f the six-d~y-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: 

Countinr rate.= k (0.0985 e- 0 •144t-0.0596e-0•414t) 

Graphically ,this is represented in Fi~. II-6. It wi 11 be noted that parent-

daughter equilibrium is not essentially attained until about ·eight days after the 

zero of time. Thus, with this roul!:h guide, the half-life of the tellurium parent 

of the 39-hour antimony was determined quite accurately in the following manner: 

.~ 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 several days, and the antimony 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 parent is thus 4.5 days, presumably decaying by electron capture. 

Mass Assignment,s 

The two decay chains may be represented by 

inih + 
(1) Te 6.0d K'. 

Sb 3.5 @ () sii ~ 

(2) Te 4.5 d K .. >- Sb 39 hr. K ')". Sri 

Again, reference to the present confiyuration in the periodic table proves 

k~lpful {T~ble II-4). 

' 
116 111 118 119 120 121 122 123 ''))' 

~n s I s ~, s l s f s t I s j 
I' 

,, 

Sb I I I , I t I s I +I s 
f--

TI I I + I 
... ... 

Te '· s sl s 

The first isobaric pair must be less the.n 119 since L'isser, l.ark-Horowitz, 

and Smith first prepared the antimony isobar by bombarding indium with alpha 

particles. Their assignment to mass number 116 or 118 is cons is tent with the assi~n-

ment of the isobaric pair to mass 118. The half-lives of six days and 3.5 minutes 

suggest an "even-even" isotope decaying to an 11odd-odd". Mlss 116 is probably 

not correct since the removal from stability might be expected to lead to an anti

mony daughter of extremeley short half-life sinoe even Sb120 has a period of only 

: 17 minutes. This pair will thus be given the tentative assignment of mass 118. 

,.,/' 
Because of the similarity in half-lives, the 4.5-day-39-hour pair undoubtedly 

represents a transition from an "even-odd" to an "odd-even" isotope. most likely 

p~ssibilities 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, 

it is far more likely that Te 119 (odd-even) and Te 118 (even-even) have similar 

periods. The 4.5-day-39·hour pair were thus assirned to mass 119. This is in 

agreement with the. 39-hour period assignment made by Coleman and Pool. 

These assignments were corroborated by bombarding antimony with 40 Mev 

deuterons. Since the reactions are 

. . 

Sb123 (d, 7n)Te il8 

So~ 21 {d~4n)±e 119 

Sbi23 (d, 6n)T~ 119 
. 118 

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

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

sections found for the formation of the isotopes TellS and Te 119 at 200 Mev and at 

40 Mev. 

Table II-5 

CROSS SECTION FOR FOR~TION OF Te 118 .AND Te 119 

FROM ANTIMONY WITH DEDT ffiONS 

I 200 Mev j 40 Mev I 
' 119 

Te I 0.021 I 0.068 

Tell8 ·I I 

0.017 I 0.0016 

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

for the electroma~netic radiation from Te119 after the 3.5-minute positrons were 

absorbed out, for throurh beryllium absorber, the contribution from the mass 

118 pair is negligible in comparison with that from the 119 pair. An absorption 

curve is dven in Fig. II-9. It is seen to consist of characteristic x,..rays and 

a ~amma ray of 1.6 Mev. 

TvPyical results of the beta-ray spectrometer measurements of a tellurium 

fraotiqn at 40 Mev are r-:iven in Fig". II-10. The positrons are those of the 6.0.,. ,,'.\\ 

day TellS. 
'I 

The conversion electrons must belong to Te119 since these could no.t be 
\:~\· .. t•·; 
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detected in bombardments at 200 Mev (cr. Fig. II-3), and their presence in bom

• 119 bardments at 40 Mev is correlated with the relatively large amount of Te known 

to be present by the presence of its Sb daughter. Furthermore, the area of this 

conversion electron 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 possibil1.ty~ The tailing of the donversion lines il'ito what appehrs to be a 

high-energy ~- particle is probably due to secondary Compton electrons scatteted 

into the countin.o: chamber by the highly abundant U 6 Mev gamma rays. 

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

those of their antimony daughters. 

Table II-6 

Isotope I Half-life I Type of I Eheq~~Y of Radiation,Mev I Radiation I Particle j Y-rays 

Tell9 
. ! 

4.5 d. K,e - 0.2, 0.5 1.6 ,Y 

' 118 6.0 d Te K - -
Sbll9 '39 hr K - No y 

Sbll8 3.5 min ~+ 2.5 -
i ! 
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ISOTOPES OF ANTIMONY AND !IN PRODUCED BY BOMBARDMENT 

OF Sn120 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 si~ days which was pr6minent in the decay followed through 

It was also detedtable wheri no absorber WaS used but 

under the latter ccinditions 
. : ' l22 - . the presence of the 2.8-day Sb ~ 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 radiation, and some conversion 

electrons. Inspection of Table III-1 reveals that this activity is probahly an 

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

a) An isomer of the 2.8-day ~- emitter Sb122 , but decayinr by electron 

122 capture to Sn • 

b) + . 120 An isomer of the 17~minute p em1tter Sb • 

Table III-1 
I 118 I 119 120 I 121 l 122 123 124 : 

Sn 

13.5 :in~•l 
s s 1 s s 

---
I Sb 39 hr '1{ 17 min ~+ s 2.8 d ~- s 

Te j s.b d K I 4.5 d K. l s t I s I s 

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

S. nl20 t sample of 95% isotopically pure metal foil, obtained through the 

courtesy of the Atomic Energy Commission from Oak :rtid11;e, Tennessee, was irradiated, 
"~--~.:~·~~ 

+ ~sotopic analysis of this + sample is as follows: 
: ... ~,,: ~.:,- ; 

Isotope. % abund. Isotope % abund. Isotope % abund. 

112 1.1 116 + 0.1 + 0.4- 119 1.3- o. 5 
114 0.2 .117 + + 1.1- 0.5 120 95 ·1-1.0 
115 0.1 118 + 0.8- 0.1 122 o. 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: 

sn120 (d,n)Sb121 (stable) 

Sn120 (d,2n) Sb120 17 min 

Sn120 (d, 3n)Sb119 39 hr. 

-

f 
K 

Sn120(d,p)Sn121 ~ ;to· 

t 

>--
Sbl21 

It shouid thus be possible to detect the 39-hr K-ce.pture activity due to Sb119 

and the i7-mlnute ~+~ lf the six-day isdmer should show upj it is probably an 

isomer of the 17-minute activity or of' stable Sb121 • 1f it were an isomer of 

Sb122 , ~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 employed consisted in dissolving the tin in hot 

concentrated HCl, A platinum wire was kept in contact with the foil to prevent 

polarization by occluded hydrop:en r.as. 20 mg of Sb carrier was added and the 

solution made to 20 ml of 2! HCl. This was placed in a hot water bath and H2S 

passed throu~h the solution for not more than five minute~. The Sb 2s3 
was centri

fuged. The supernatant was decanted, boiled to expel the H2S, and several milli

g-rams of antimony carrier added. H2S was a~ain 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 Nand H
2

S passed through, the 

Sn120 S being centrifup:ed out and dissolved-in Hcl. 

The ori~inal Sb2S3 precipitate was dissolved in HCl, boiled to expel the H
2
s, 

and diluted to 2! in HCl. Several milligrams of ordinary Sn· carrier were added 

and the solution placed in a hot-water bath. Treatment with n2s again precipi-
. 

tated the Sb
2
S

3
, essentially free of tin activities. The activities obtained in 

the antimony fraction were the 17-m~nute activity confirmed as positrons in the 

beta-ray spectrometer, a 5.7,..gay activity and the 39-hour x-ray emitter. The 
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decay curves are shown in Figs. III-l,III-2, and III-3. The 5.7-day activity had 

decay characteristics in agreement with those ob~?rved as the six-day antimony in 

bombardments of antimony with hi~h-energy deuterons in that there is a high abun

dance of Y-rays and ver~r hard Y-rays, and some conversion electrons. The complete 

absorption curve is shown in Fig. III-4 while the beta-ray distribution curve is 

shown in Fig. III-9. The prominent radiations are a loS Mev Y~ray, a similar 

abundance of' x-rays characteristic of this region of the periodic table, and 

conversion electrons of rou~hly 150 ~ilovolts energy~ The x-rays of this activity 

were shown to be those of tin by the dse of the critical abs~rbet-s cadmium, silver 
. ' 

and palladium. The critical absorption curve is shown iri Fi!r· III-5. Because 

of the hirh r:-amrna background, the restH ts of this critical absorption are not as 

striking as those obtained for Sb119 described in Section III but the conclusion is 
' . . . 

nonetheless the same i. It is not altogether clear why th7 gamine. ray corresponding 

to this conversion line was not readily observed. The sharp upsweep at the 

beginnin~ of the lead ab~orption curve foi the ils Me~ r~ray could have a haif• 

thickness of 150-300 mg/cm
2 Pb, a more exact value not bein~ possible. This 

could correspond to a Y-ray of approximately the requisite energy, and thus account 

for the apparent anomaly. Consequently it is not possible with these data to know 

with any dep:ree of certainty the exact decay mechanism occ~rring. To do this it 

would be necessary to employ a larf!'e spectrometer and coincidence methods for 

the ~amma radiations. Nevertheless several possible decay mechanisms could be 

.postulated. These are shown below: 
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- --~----)*--

SCHEME (b) 

Sn 

0.17 y 

1.5-1. 6Y 

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

absorption methods but rather would requite careful measurement of secondary 

electrons. 

Mass Assip.-nment Referring a~ain to TB.ble III-i; alrnbSt by a process of 

elimination it is apparen~ that the most likely mass nUmber of the 511 day 

antimony electrori capture isotope is 120 ~ for~ as predict~d; sb119 showed up, as 

well as the 17 minute ~+ emitter Sbl2b. 

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

a single ~- activity of 28-hour half-life. The decay curve is shown in fi~. III-6. 

-A beryllium absorption curve, illustrated in Fi~. III-7, indicates that no gamma , 

radiation is asso.ciated with this. The maximum energy thus obtained by a Feather 

analysis is o;4 Mev, in approximate a~reement with' the value of 0.45 Mev obtained 

from the Hf value on the beta-ray spectrometer shown in Fig. III-8. 

• -.Since only one p- activity could possibly have l:Jeen ptoduced by this bombard-

ment; namely 

Snl20(d,p)Snl21 

the mass assignment of the 28-hour tin is obviously 121, and is probably the 26-ho·ur 

tin activity reported by Livingood and Seaborg(a). 
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Cross sections. The cross-sections for the various radioactive species 

produced in this bombardment are ~iven below in Table III-2. Because the half-li~ 
\ 

of the 17-minute period was short compared to the time of borrhardment, it was 

necessary to take this into abcount in calculating the cross· section. 

Table III-2 
' . 

CROSS-SECTION FOR FORMATION OF !SOTOPES 

FRJM 19-MEV DEurERONS ON sn120 

Elem. & Mass I 'I\;z I Produced by I (barns) 
' i 

'· 

Sbl20 I 5,7 d K I sn120 (d,2n) I 0.14 

Sbl20 I . ' 
~+ I (d,2n) I 17 min 0.11 

Sbll9' I 

I (d;3h). 1 
-·-~-

I 39 hr K 0•044 I ·-

Sn 121 J (d.p) 

,J' 
oioia l -.'e•• " ·" " . t"·:, ;., ' . ~· : .. ' ~··. . I . ~ •,', 

'-~ ...•.. ,. • •.. <·. 

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

found: 

Table III-:3 

~sotope Half-life Type of Radiation Energy of Radiation, Mev 
Particles I Y-rays 

Sbl20 I I 

. 
I I 5.7 days K,e-,Y 1.5, 0.2 

----· ·-.. ----
Snl21 28 hours ~ 

- 0.4-0.45 I no Y 

I 
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PREVIWSLY UNREPORTED IS01'0PES vF TIN FORMED IN BOMBARDMENTS 

OF ANTIMO!lY MEtAL WITH 200-MEV DEUTER,)NS 

This chapter will be devoted to the eiucidation of several tin is6topes 
. . ·. 

isolated from the mixture of radioactive products formed from the bombardment of 

antimony with 200-Mev deuterons. 

Amonf! the activities encountered were a 4•5 hi! x:m'iOd showing initial growth, the 

· 28-hour: ~- el!litter described in Section III, a 14-day aotivityi and the 110-day 

sn113 (9 ) which decays by electron capture to an excited state.of Ini13 • 

4.5-hour Sn. The initial stap.'es in the decay of the Sn fraction showing the 
. . 

rr0wth and decay ass~cH!\ted with the 4.5-hour activity is ~hown in Fir-~ IV-1. Th9 

difference getween the extrapolated decay d~rve after ~stablishment of equilibrium 
. I 

and the growth curve indicates the growth of a daughter of apptoximateiy 75 

minutes half-life. After equilibrium had been established, an absorption curve, 

shown in Fi~. IV-2, was obtained, indicating the presence of a 2.2-Mev beta particle. 

A distribution curve obtained from the low-resolution beta-ray spectrometer showed 

that these particles were positrons of energy 2.5 Mev, and that at this time, the 

positron accounted for approximately 90% of the activity of the sample. It was 

subsequently shown that the 4.5-hour activity, at equilibrium, likewise accounted 

for 90% of the activity of the sample. · Hence the rrowth cannot be associated with 

one of the lonrer-lived tin isotopes present, and the e;rowth, the positron, and 

the 4.5-hour activity are indeed inter-related. 

It was then found that the 2.5-Mev positron belonged tci an indium daughter of 

approximately 70-minutes half-life which could be separated from the tin. The 

identity of the particle was corroborated with both the beta-ray spectrometer and 

by a beryllium absorption curve. These are shown in Figs. IV-3 and IV-4, respec-

tiy~~M· 
~' ~ 

\ . 
A typical decay ou;ve 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 wii:;h roup:hly a four-hour half-life,
1 

until finally the only 

I 113* 
activity' obtained from a Sn ... In separation was the.t of the 105-minute n • 

The si~ple chemical procedure employed for the separation of the indium and tin 

consisted of the precipitation of ln(OH)
3 

with NadH, the tin remaining in soh.i.tioni 

Mass Assir-;,nment. Barnes (g) observed a 65.;.mirtute indium activi t~r, produced by 

irradiation of cadmium with protons, which decayed by the emission of 1.6-Mev 

T)Ositrons. 
110 (10) 

This he assi~ned 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 to that for an (a,n) reaction, and is 

h .. h I 112 I 110 ence e1~ er n or n • 

Ghoshal (ll) has confirmed the assirmment made by Tendam and Bradt. In view of 

the similarity in properties between the 70-minute ~+ daughter and the 65-minute 

isotope reported by the above investigators, it might seem that the 4. 5-hour tin 

t . . t b s 110 d . b 1 t t ( . . t th th ac 1v1 y e n ecay1ng y e ec ron cap ure s1nce no pos1 rons o er · an 

those of the In daue;hter were found ). There are, however, several objections to 

this conclusion. In the first place, inspection of Table IV-1 sug~ests that 

sn110, two mass numbers below the last wtable tin isotope, may be~ long-lived 

"even-even" isotope, decayinr to a much shorter-lived 11odd-odd 11 indium daur;hter. 

(12) . . 
Several examnles 9f the phenomenon exist , althoue;h no general rule can be 

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

Table IV-1 

I 1os !1o9 I no l 111 lu2 ln3lu4 I 115 

Cd I s l + I s t s I s I s I s I t 
In I I I I l I s I t I s I -
Sn I I I I I s I t f s I s 

-,.. ·~ 
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' of magnitude sug~ests an odd mass number for the pair. A similar situation was 

encountered in Section II in two tellurium-antimony isobaric relationships in which 

the comparison of the half-lives of the parent and dau~hter aided in the assign-

ment of mass numbers. 

The second objection to the assignment of the even mass number 110 is the fact 

that the maximum energy of 1~6 Mev of the positron reported by Ba~nes(g) is in 

serious disagreement with that found for the equilibrium mixture of the tin and 

indium, and for the 70-mindte indium above (cf~ Fig. IV~2 and IV-3) as a result of 

beryllium absorption measutements. The values of 2.2 Mev are in fair agreement 

with the value of 2. 5 Mev obta ihed from the end point of the crude beta-ray 

distribution curve shown in Fig. IV-3. Hence, unless the value of L 6 Mev of 

Barnes is in serious error, it seems probable that the 65~minute indium positron 

of Barnes, nnd Tendam and B~adt is different from the 70-niinute daughter of 4.5-

hour tin in the present treatment. This would seem to sugg-est that the latter 

pair could be assigned either to mass number 111 or 109. Since In111 has been 

reported by Tendam and Bradt(lO) definitely to ee the 2.7-day K capture isotope, 

it is possible that the mass be 109. It c0uld still be 111 in which the indium 

dau~hter 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 assi~ned to Sn111 • 

14-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 reaction products. However, a complete absorption curve is shown in 

Fi~. IV-6. This, to~ether with the conversion line illustrated by Fi~. IV-7 from 

beta-ray spectrometric measurements indicates that electrons of approximately 150 

Kev, x-rays characteristic of the tin re~ion, and a Y-ray corresponding to the 
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150-Kev electrons are all prominent. Thus, theY-ray is about SO% converted, 

assumin~ a one-percent counting efficiency Tor the Y-ray and 100% efficiency for 

the e lectrorLS. Fip:. IV-8 is a critical absorption curve for the x-rays. 1'his 

indicates that the x-rays are those of tin, and that the decay process is an 

isomeric transition from an excited state. Althou~h adequate proof will be de-

ferred until later, the mass humber of this activity is almost certainly high, for 

the activity was obtained in relatively hi!!:h yield over a deuteron energy r~nge 

from 50 Mev to 200 Mev. This was found to be quite chataeteristic of masses in 

the re{!ion of 120 ! 2 for any Z, whereas, for example, the yield of Sn113 decreasec". 

very markedly from 200 r~v to 50 Mev. Hence the present period represents an 

isomeric transition with a high conversion factor• to some stable tin isotope, 

probably of high mass number• 

' Table IV~2 summarizes the data thus found concerning these tin activities. 

Table IV-2 

lsotope Half-life Type of I Energy of Radiation, Mev. 
Radiation Particles I Y-rays 

50Sn I 14 d I IT, e - t t ,Y 0.175 
~-.... . ~-

50 n s 110?1 
' 

4.5 hr K ? ? 
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THE SPALLATIJN PRODUCTS OF ANTIMyNY IRRAD!ATED 

WITH HIGH ENERGY PARTICLES JF THE 18411 CYCLOTRON 

Previous to the operation of the 184" cyclotron, tarfrets exposed to the beams 

of the world's cyclotrons would, in reneral. contain radioactive isotopes of two, 

or at most, three elements (an exception to this rule is the fission reaction) • 

For example, antimony, if irradiated with 20-Mev deuterons would be expected to 
' \ 

prdduce tellurium, antimony and perhaps tin activities as a result of (d,xn), 

(d,pxn) and (d,axn) reactions, respectively. Ih general x is an intel!'er varying 

from one to three. Similar reactions would come about as the result of bombard

m"nts with protons or alpha particles. Thus one would expect prddu6t nubiei oi' 

two• or, at most, three atomic numbers to be formed. The abundant literature 

pertinent to such nuclear reactions is so vast that reference is ~iven only to 

Seaborl!''s "Table of Isotopes"(l3 ) in yvhich an extensive literature survey of the 

field of artificially produced radioactivities is p:iven. 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, ~iven rise 

\ 

to so large a number oi' radioactive products that rather elaborate chemical pro-

cedures had to. be worked out in order ~o identify these producj;s. Thus it has 

been found in the case of antimony targets that activities were produced which 

differ in mass from the tarret atoms by 36 units; and in atomic number by 15 , 

units. Of course, a multitude of isotopes in between these limits was also formed. 

The elements listed below include those which were identified from the complex 

mixture of spallation products of hiv;h-energy deuterons and alpha particles of the 

184 11 cyclotron: 39Y, 40zr, 41 cb, 42Mo, 
43

Tc, 
44

Ru, 
45

Rh, 
46

Pd, 
4

,Ag, 
48

Cd, 
49

In, 

50sn, 51Sb, and 52Te. Zr, Cb, and Tc were not investigated, and rhodium proved 
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too difficult to remove from the complex mixture. However, the remaining elements, 

Y, MO, Ru, Pd, Ag, Cd, In, Sn, Sb, and Te were investigated. 3ince many of the 

·products of lower atomic number (Y, Mo, etc.) were fbund to be fotmed ih exceed-

in,.:ly low ~rield, it was necessary to effect complete separation of a r-;iven element 

followed by seYeral repurification steps. A known weirht of carrier {usually 

twenty milligrams in the form of a solution of a readily soluble salt) was always 

added to the r,ross mixture of activities before chemical sepe.rations were made. 

This procedure insures al!.ainst the adsorption of any tracer activity dn foreign 

precipitates. The followirig procedUre was found to work satisfactorily for the 

separBtion of those elements listed in table I except for Zr, Cb and Tc. 

The dimensions of the metallic l:i.ritimohy tarj!cts were abdut 1 nini x 2 mm x 30 nun: 

wei~hing about 0.45 r.rams. 

The procedures fbrcn below serve to isolate a riven element in a state free 
\ 

from any contaminating activities. In many instances, the procedures were not 

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

to the time, involved in separ~ttion and purification. In such instances, it was 

usually necessary that initial efforts be concentrated in isolation of such a ' 

short-lived activity or that the chemical procedure be shortened if the separation 

and decontamination from other elements is not seriously impaired. 

The following is a qualitative description of the scheme of separation and the 

nature of the activities found, listed by elements. The fractions were '·investi-

gated over a ranr:e of enerP'ies varying from 400·-lvlev helium ions to 50-Mev 

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

bombardin~ cnerries. 



.· 

.. 



: 

.. 
~· 

f-
.l~r-e
H-:f-1.:. 

·---

q:e ii;;·['i<"it ~I '2!rl 
rr= 
e'fli" 

i.:;t-= 1--f.'; ,__. 

1:..!- ~~ 
~r.-

' ~l~~· ~H:1-:~+++ ~- 1~ ~ ~ ~ f-r-~-+~++++-~~-.,~-·. \00 t-e·-+1+-,,-~-+-+~F'-'·· '""'Fl r-J 1-++rt-+-H·.f~· -<-1~'--+-tt_~t_~'.J-+--lf.-j....._-!--1---+'+~~l-l--14--t--~~_'11,.,:~~---t-"·t-t·•.i--t· i ::.::-: 1:-;~1'· 
d·'?;•. ~f'<-fi~~i:'~:~:: ll'r.!.. ~''~0:: '~€= 1~t~~1=. 

rtr:.'~~~'~1 "s ~''"l·.n-r-:T ~~ 'lrll!.':!tr•iD:: ·· ~i:."~i-7:. 

· n . . . \ · ·_ - · l'- · 6 · '6 



, .. 

UCRL-143 
Page 31 

Procedu•re A. Dissolution of Tarp.:et; Precipitation of Silver and Yttrium. 

IAgCl, YF3l 

-fsb metal 

Add 15 drops 27 N HF in lusteroid tube 
in hot water bath. Add cone. HN0

3 
drop-

wise until dissolved ( 10 min.) Dilute 
to ca 20 mli 

jsbF4- solution} 

Wesh with 1 ! HF 

t 

~~ 

Add 20 mg~ each are, Sn, ln, Cd, Ar, Pd, 
Ru, MO; Y oatriers as soluble salts. 
Add 2 drop~ cone• HCl. Centrifuge. 

Sn1 Iri 
Ru•; !&> 

Discard 

Divide solution into two 
equal parts. Treat accord
ing to D and E. 

Add 1 ml cone. NH40H 

1Ag(NH3)f1 
dilute to 5 ml, 

Treat by B Tr0at by C 
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. ' 
· Procedure B - Isolation and Purification .of Yttrium. 

Discard 

Discard 

~I 

Dissolve in OL5 ml .~a·Vd H 3B03~ 1.0 
ml cone. HN~3 .on hot water bath. Add 
5 ml 6 N NaOH. 

( ·f :. .· r : . ..•. . ·- ~ 

. I tL 
I. Superna~~~f 

Wesh, disso~ve in one Discard 
drop c~nc. HCl. Dilute to 
20 ml. Add 1 ~ NH Ac(S)~ Add 
2 mr.; In+++(sol'n). ~aturate with 
~2s. ·centrifuge. 

to expel H
2

S.Add 3 drops ~7 N HF 

Supernatant discam 

dissolve in H
3

Bo
3
-HNo3 • Add 

NuOH, etc. as above. Make to 
20 ml in 2 N Hcl. · 

Add 2 mg SbC1 3 carrier. Saturate hot with 
H2s. Centrifur-e• 

·Repeat ·fluoride eyo le 

10 ml. Boil, 1 
H2C204. 

I Supernatant l Discard 

Wash with 3 ml H 0, then · 5 ml 
EtOH, 3 times wi~h ether. Dry 
.in dessicator under vacuum. Weigh 
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Procedure e - Isolation and Purification of Silver. 

From Proc. A 

2 F 
+++ . Add mg e oarr1er. Centrifuge 

Add 1 m~ ea. Sb, Sn, In, Cd carriers. 
Add 1 ml cone. HN03 ~ 1 drop cone. HCl 

Discard 

Digest 10 min in hot 
to 10 ml. Centrifuge. 

' ' . . I 
{Discard 

Vv'"ash, add 1 drop cone. HN03 

· Weigh as AgCl. 

' 

Procedure Dl - Isolation and Purification of Palladium. 

··:'repeat cycle 
twice 

so% Total 

T e , Sb, Sn, In 
Cd,. Pd, Ru, Mo 

5 ml 1% dimethylglyoxime in 
alcohol 

t 
[~e, Sb, s?, In, Cd, Ru; lib J 

Wash, diss. aq.reg. Evap. 
to dryness. Add lO.ml 2 li 
HCl. Add Sb, Sn, In, Cd hold

Treat according to 
Procedure D2 

back carriers, 5 ml 1% "DMG" reagent.· 

t 
f Supernatant J 

Discard 
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Procedure D2 - Isolation and Purification of Molybdenum. 

If 

1 Te , Sb , Sn, In , 
1 Cd, Ru, Ab from Dl 

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

jMo "a-b-o" J lTe, Sb,, Sn, In, Cd, Ru j 

I 

f.Fe (OH)3 1 

Discard 

Wash. Add 2 ml 
cone. HN0

0
, 1 ml 70% 

HC104 • Bo1l to fuming 

! 

Treat by Proc. D3 

+++ Dil. to 20 ml, add 5 ·mg Fe , 2 ml cone. NH40H 

I MoO : 
4. 

5 ml.conc. HN0
3

, 5 ml "a·b-o" 
Repeat cycle twice. 

{Moo
4
= I , 
Dilute aliquot to 30 ml, neutralize 
with NH40H and make just acid with 
S ! H2So • Add 2 ml 10% NaAc sol ',n. 
Boil. A&d 0.5 ml 0.5 !AgN0

3
• Cool, 

filter, .wash 7 times with 5 ml 
0.03 !AgNO~, 3 times with 5 ml 95% 
EtOH. Dry Ag2Moo4 at 110° C, weigh. 
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Procedure D3 -. Iso lat. ion and Purification of Ruthenium. 

[. Te, 

Te-~ Sb, Sn, In; Cd, Ru j 

,! ,; .: 

Sb:. Sn, In, 
residue 

from D2 

Evaporate to near-dryness on hot plate. 
Add 10 ml H

2
0, 2 ml cone. H

2
so

4 
and 

evaporate to fuming for 20 min. Trans
fer to Ru distilling flask, add 5ml 
70% HClv4• Boil to fumin~ for 10 min., 
catching distillate in 5 ml 6 N NaOH. 

i; : • .. !i 

jaub4 in l~ I 
Add 2 ml EtOH, boil. 
Centrifuge. 

. I 11 
~uo2} Supe rna tan t j 

Dis"card } Minimum 6 N HCl 

~I 
5 ml 70% HClO • Repeat dis
tillation·, Et~H reduction 
and dissolution of Ru02 . 

~ 
Add 0.2 gm Mg powder to aliquot 
slowly. boil gently to coagu
late Ru 0 • Add 5 ml cone. HCl 
to disso1 ve excess Mg and boil. 

{ Supernatant J 

J.Jiscard 
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Procedure El - Isolation and Purification of Tellurium. 

0 

50% Total 

~Sb I . ~.·1;.1 
~d, u,~ 

· minutes. , I Evap. t.o near-dryness. Cool, add 20 ml 
. 3! HCl. Satutate with S02 gas 10 

~------------~~----------~·---·------~·· . ' . 

1 T~f J Lsb, Sn,, .rrd Cd •••• J 
Wash, dissolve in one drop 
cone. HN0

3
• Add 15 ml 3! Treat by Proc• E2 

HCl, 1 mr ea. Sb, Sn, In, Cd 
holdback. Sature.te With so2 ras. 

Repeat cycle. 
Weigh as Te0

• 
Discard 

Procedure E2 - Isolation and Purification of Antimon~. 
1 

r= Sb, Sn, In, cdJ l<'rom E-1 

Boil to expel SO~,·add 5 ml H20. Sat
urate ~ with H

2
S until Sb2s

3 precipitation complete. 

l Sn, In, c~J ( 

Wash'with 2! HCl sat'd with H2S. Dis
solve in 5 ml conc.HCl. Evap.to dryness 

Treat by ¥roc. E3 

with air stream in hot water bath, add 
30ml 2 NHCl, 2mg ea. of Sn, In, Cd carriers. 
Saturate-hot with H2S and repeat cycle. 

I S~2S3 J 
~ 2 ml cone. HCl 

fsb+++l 
Discard 

Weigh aliquot as Sb2s3 
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S
3 

1 TeS2 . 

Discard 

Sn, In, Cd 
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Supernatant from E2 

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

ash w1 th very iilut_e NaOH. 
dissolve in HCli Add 2 mg 
sn+4 holdback. Repeat NaOH. 
Di$solve and make to 16 m1 in 2 N HCl. 

I 
+++ 

n . 

' +++ 0 --Jl.dd 5 mg Sb , 2 mg Te 
3 saturate with H

2
S 

j Cd + +, In+++ 

Treat by E4 

fn<o!)3 J jcd(NH3)4++ j 
Dissolve in HCl. Add 2 mg Cd++. JAdd 2 mg In+++ 
Repeat NH40H treatment ::J____ 

I I I In(~.) 31 - I Cd (NH3.) 4 ++I 
· Superna tant-j . _ 

· 1scard Saturate 
Dissolve in HCl Discard 

with H
2
S 

- ,. 

~issolve in 

Supernatant( 

f ;Cl Discard 

1 Cd+++ I 
~ute aliquot to 15 ml. 

Add 1 ml 3 M NH Cl, 1 ml 
! (NH4 ) 2HPO~ ana weigh. 

I 

I Supernatant J 

Discard 

1.5 
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Procedure E-4 - Isolation and Purification of Tin 

I Sno3= from E3 f 
1 +++ ++ -------------so Add 2 mg In , 2 mg Cd 

t--c---d(~~~--)--· fsno3=:~ t 
;"I'In(OH);_ .· - ~ · 

v lNeutralize, dropwise, with cone. H2so4 make 0.3 ! in HCl, saturate with H2S. 

' I ;=I Discard 

. ·C l ShS2 . l 
~olve in 2 ml cone. HCl, 

r~-S-u_p_e,_rn-a--t--a-n-.~"'"'i] 

discard 

I 
boil to expel H2S, dilute to 
12 ml; reject any undissolved 

_' material(Sb). 
,~--------------~~ . . 

f.-. -Un_d_i_s_s_o:-1-v-ed-· J ( Sn + 4, s orne Sb + 3 I 
discard 

l Sb2~3 .l 
discard 

! Add 2 mg Sb+++ 
. Se. tura te with H

2
S 

.. -......] 
.1 Sn+4 . 

l Sn~2 J 

I Boil to expel_H
2

S, m£~.ke 
Re-saturate witn H2S. 

~_Eissolve in minimum HCl 
I Sn +4 r ' 

0.3 N in HCl. 
~ 

I 
. ' . ' 

Discard 

Evap. aliquot to dryness. Take up with 10 ml 
· 16 ]: HN03 , boil to near-dryness, repeat several 
times • Filter. 

j Supe rna tan t f 
Transfer aliquot to crucible. · Discard. 

Ignite 1 hr. to Sno
2

• Weigh. 



'. . 121 
~40-day Te 

TELLURIUM FRACTION 
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This· activity was ascertained through a complete absorption curve and also 

through a ·decay of at least one half-life. ' " The "no-absorber decay and the decay 

followed throu~;h beryllium both tailed off with thi~ activity. 

119 . . . 118 
4.5-da~ Te and 6.0-day Te • 

T 119 d 6 0 d T 118 ' d h b The characteristics of these 4.5-day e an . • - ay e peno s · ave een 

described in detail in Section n. Te119 was not detectable in the :tellurium 

fraction decay followed without ab!3orbers, beinft ·overshadowed by the 3.5-minute 

118 positron daurhter of 6.0-day Te • How0ver, when decay was followed through 

t3ryllium, approximately ha:lf of the 4-6 da~r activity was due to Te 119, ·the other 

half to Te 118 • Lower enerries (i.e.SO Mev) tend to favor the Te119 somewhat 

i~·relation to the Te 118 • In all cases, the yield of the Te 119 was determined 

' 119 
through the presence of its 39-hour Sb daughter.· 

2 .5-hour Te 

This activity has not been extensively studied, other than to note that the 

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 that, 

unlike the activities mentioned"' ubove, this period is not detectable at 50-Mev 

bombardinr, .energy, and had undergone a sharper drop in yield at 75 Mev than the 

above. 

ANTIMONY F:R/.CTION 

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

contains a hi~h abundance of x- and Y-rays, and electrons, indicatin~ some convcrsm 
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This is probr.bly a mixture of the 5.2-hour end 2.8-hour activity reported by 

Coleman and Pool (
7
). 'l'hese workers tentatively asc~i!!;ned the 5.2-hour pericd to 

Sb
118 

and the 2. 8-hour period to Sb117 • Such nn nssiv,nmcnt might be compatible 

with the fnct that these actiYities could only be formed, or at least detected, at 

enerpios of 75 Mev or higher. 

119 39-hour Sb •. 

This 39-hour K-captu:re isotope we.s discussed 'in detail in Sect ion II as the 

daup:hter of Te
119

• It was found, however, that the activity wns formed independ-

<?ntly, nt all bombardment eneqrics, since the yield found in the Sb fraction was 

fgr ·too @:reet to be accounted for on the basis of the amount ~rown from the tel-

lurium in the irradiated metnl between the the of bombardtnent and the time of 

sepnre. tion of the tellurium frflction. Th~J period could not be detected without 

122 absorber bedause of the le.tge amount of the 2.8-dny Sb present~ With beryl-

1 ium, however, the period vw.s prominent, nl thou.rrh ).t wc..s naturally absent from the 

curve obta:i.ned by followinr doce.y throur:h beryllium r.nd lend. 

5.7-day Sb
120 

Described in full in Section III, this activity WRS very prominent in deoay 

followed throufh beryllium and with beryllium and lead, It was alsd detectable 

in the decny followed with no absorber, but in the latter case the electrons were 

larP"ely thouC"h not completely concealed by the large Rmount of Sb
122 present. 

2.8-dny Sb122 

This betn-emitter was the predominatin<r activity in the "no-ubsorber" decay but 

.. , could not be detected at nll in decay followed throufh absorbers owin~ to the pre-

ll9 120 dominance of the ra~intions associated with Sb and the 5.7-day Sb • Aa a 

consequence, the deC!\Y curves foll.owec;l with no absorber were very different from 

thoss obto.:i.ned with ber:vllium or with beryllium e.nd lend. The identity of the 

2-eR-day activity WAS confirmed throu!"h e. bc:ta-ray absorption curve~ 



60-day Sb 
124 
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All Sb decay curves "tailed" into tlilis period which was followed over several 

half-lives and for which the vcry characteristic betn-ro.y absorption curve was 

determined in beryllium. The curve so obtained egrees closely with that reported 

by Meyerhoff and Scharff-Goldhaber (l4). 

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

that the 2.7-y~ar Sb125 be formed by Sb
123

(a,2p)Sb
125

• However a beryllium absorp-

tion curve ru.n on a sample which had stood fof' four months failed to reveal 

. s 124 
p0~:itive evidence of the presence of any period other than the 60-day b . 

TIN FRACTION 

no _i. 5-hour Sn (?) 

Alreo.dy 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. 

121 
23-hour Sn 

This activity a'ppeared in bombardments_at all enerries 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. 

14-day Sn (I. T.) 

Over the ranp.e of bombarding enero:ies from 50 to 400 lVlev, this period, des~ 

cribed in/Section IV, is formed in yields somewhat greater than, but rou!!hly 

proportional to, the 28-hour Sn
121

• It is, therefore, likely that the activity 

has a mass number not far different from 121. Because Livin?ood and Seaborg(B) 

reported a 13-day tin activity which they obtained from. the irradiation of cad-

mium with helium ions and reasoned that it could hav-e a maximum mass number of 119, 

Pe~·lmo.n has tentatively assigned this the status of an excited state of the 

stable Sn
119

• 



113 
llO-day Sn 
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This period could be followed after decay of the 14-day isomeric -activity was 

essentially complete. It could also be detected even in the presen~e of,other 

113* 
a0tivities by the removal of its 110-minute In dau~hter. 

INDIUM FRACTION 

Periods of Severa 1 Hours 

The indium. fraction, like the antimony, always contained what appeared to be 3. 

complex mixture of activities ranging in half.-life from iess than an hour to 

bbcut five hours. Consequently, resolution was not possible. It was known from 

f'oJ lo·wing positron decay in the bEta-ray spectrometer that the 20-minute 

p:">si tron (l 5 ) 9.nd the 65-70-minute In 110 were certainly present, al thoue:h no quan:--

, I , 113* 115* ti+:a.·i;ive estimate could be made s1nce the 105-mumte In , the 4.5-hour In , 

the 54-minute In
116 

and the 117-minute I~117 were also probably present in the 

c0n1plex :raixture. 

(.rhis period which decays by electron papture was much more abundant at the 

higher bcmbardinl!' energies than at low. It VIas also more prominent in decay fol

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

114* the fact that this acttvi ty tailed into the 48-day In , the latter being 

e:ssociated with less than 1% electromar;netic radiation. It was found that, on 

the averafe, there were about seven electron counts for each x--ray count associated 

with the 2.7-day activity. This 'Nould indicate somewhat less than 10% conversion 

of the ramma ray. 

48_:_~_:{ .. In
114 

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

tE:ristic ~bsorption curve through beryllium. The decay scheme is: 
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A bar;rllium absorption curve is c•iven in Fiq;ure V-1; showing the p:resen.::Je o."i' 

thA conversion electron as well as the 2-Mev beta particle. The maximum enei'LY 

cf 2.0 Mev is in close a.r:,reement with that reported by Lawson and Cork(l 6). 'lho 

:;-::t ~io c f beta counts to counts due to the conversion line is s.een to be roughly 

un-~ i:y, 

CADMIUM FRACTION 
I 

Short-Lived Periods 

A-t .high energies, at least one activity with a half-life of perhaps. one to 

tw-:. h;t.:rs was found in the cadmium fraction. However, as in the case of antimony 

and inrlia~ a graphical analysis could not be carried out successfully. Since this 

was not found 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 
/ 

lJ1ass 106. 

6 7 . Cdl07 . -:.10~: . 

J:sonyi.ng: by K-elec·i.;ron capture, this activity could be de_tected by the separa

tion of its 40-second silver dau~hter, Agl 07* · 1 ~- as we 1 as by its great prominence 

in J~J::e decay followed throuo:h ber-y. ll'.·um. I 
c .L t could be only feebly detected with-

c:.,ut a~:::0rber, bein~ masked by the shorter-lived (cf. above) and the longer-li1red 

b:Ga. acci,~ities(cf. below), 
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Thms beta-emitter was prominent in decay followed without absorber and almost 

undetectable in the decay followed throur:h beryllium. The yield could also be 

115* 
ve;.~ified by the separation, after equilibrium, of its 4.2-hour daughter, In • 

!~:-:_?a:~.9d.ll~ 
No gammn beintr associated with this activity, it could only be observed in +,he 

c"le~H~Y followed without absorb8r. It decays directly to the ground state cf' :::c-'·l~ 

hene>e has no detectable daup:hter. 

~~,: .~':'..:.'C_ Cd 109 

T'lis lontr-lived activity was detectable in the decav followed through te:ryJ .. 

l :l.J.T1! cr.lo.~tly after the 6• 7-hour activity decay was essentially complete. Vl ti-

/ 
mately,. of' course, it was also detectable in the no .. absorber deJay af'ter the 42-

~ay a~tivity was gone. C 109 A. 109* d also hns a 43-second g daug:hter which could be 

s2pan:0ed from the parent. Fir.:ure V-2 shows the relative counting rate of this 

sEve"· dm.uf!hter with no absorber, and with nearly two ~rams of beryllium. The 

' 
rati~ of fifty, uncorrected for about 4-5 milligrams of air and mica window, indi-

cates that the 0~094-Mev gamma ray is highly converted. 

From the description of the cadmium activities, it is clear that' the decay 

curves octE:ined with and without absorber are entirely different, the Cct
107 

and 

cct109 ·oeing prominent in the 'absorber decay, while short-lived (probeblJr positron) 

activities and the beta-emitters cct115* and Cd
115 

constituted most of the no-

atsorb"l:r decay, 

81LVER FRACTION 

L!.·chourh +;he silver i'rection conta:ined several short-·lived activities including 

" "'-Ju luafd. ti;e 24-minute Ag.:..06 , a 70-minute period, and the 3.2-hour Ag;)
2

, it was 

~ ri<fC~t:i ibl,; to unambiguously una lyze the decay curve followed without absorber, 
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Although Hs presence could not be quantitatively determined, this period was 

found in the positron decay observed on the beta-ray spectrometer. It could not 

be satisfac.;torily analvzed ih the deca;r curve followed on the Geiger counter• 

(17) . 
'l'tis period, probably that reported by Enns · was detectable a:long with the 

21· :·ni;:tL:;e Ag
106 des~ribed above, in the positron decay followed on the beta-ray 

sv.,;.;t;:ometer. It could not be satisfactorily resolved out of the decay curve of 

the 3:aver fraction-followed vlithout absorber. How<'ver, thrbugh beryllium, th~.::-

p~=!"iorl i::; very prominent; in fact, it is the only sho~·th·liYed activity fot.UJ.<.~. in 

-:~.:10 abso:tber decay. This fact leads one to conclude' that the 70-minute per~_od 

decays bot:1 by positron emission and by K-capture. The branching ratio could not 

be de-~ermjned because of the presence of the other activit}es but it is likely that 

the greater percent decays by electron capture• 

7 5 d A 111 106 
·~._::-.!!.Y ~1.g and 8.2-day Ag · 

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

spallation. Th 7 r:: d A' 111 b · b t "tt · 1 d e .o- ay g , e1ng e. e .a-em1 er >nt.1 no associate gamma 

d . t'• (18) 1 ra 1a 1on wou d not show up in the decav followed through 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· 

the 8.2-day Ag106 period. Furthermore, it wa_s shown by Feather and Dunworth(lg) 

th t 'h t· ·f h t t d" t· t l.os' 1·n Ag106 • so that ,_a ·; e ra· 1.0 o . e a o gamma ra 1a 1on coun s was • 

cnly A.bout 1% conversion accompanies the decay. As a result, the yields of the 

is d;opos under consideration we~e such that nearl;;r all of the. 8-day activity fol

J owed vri thout absorber was due to Ag111 , while all of the 8-day activity followed 

thrc'l":r 'hRr:rllium was due to Ag 106 • 
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It was found, furthennore, that the 8-day countinp_: rate throug:h beryllium 

decreased with bombarding energy in a manner different from the corresponding rate 

·without absorber--further proof that two different 8-day periods are present. 

/'105 
45-day Ag (?) 

There is doubt as to the mass assir,nment' However, this activity was found in 

bombardments at 200 and at 400 Mev. It was more prominent in decoy fo1lwwed 

throu~h beryllium than in decay with no absorber. Resolution from the decay curve 
' 110 

was difficult owirtp: to the fact that the a.ct~vity 11 tailed" into the 225-day Ag ---

a t'5lnie long compared with the ti'"'.e of the experiment • 

225-day Ag
110 

For the reason mentioned above, it was difficult to obtain an entifely sa tis-

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

112 3.2-hour Ag 

This activity was observed in all bombardments from 50 to 400 Mev. It was 

less prominent at 400 and 200 Mev owing to the increased abundance of other silver 
• 

activities at these. higher 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 palladium fraction contained so many activities whose half-lives were of 

the same order of map_:nitude that the resolution of the decay curve~ proved almost 

impossible. Instead, daughter separations were made wherever possible, 

In bombardments below 200 Mev, the yields of all activities of or below 

palladium were so small that they were not measured. 

21-hour Pd112 

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

Decrease in yield of the latter as a function of time served to determine the 
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amount of Pd112 present. 

· 26-minute Pd111 
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When the ini tie.1 palladium separe. t1on was performed ra pid1y enough so that the 

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

silver daughter fraction· contained the 7.5.;.day Ag111 as wcll as the 3.2-hour period .. 

12-hour Pd 
109 

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

109*, . 
'fo·c•)ond daup:hter Ag • It was assumed that all the 109 isotope decayed to this 

excited state of silver• 

17-da Pd103 
........ ' ' y ,,,, 

\TiJhen the palladium was allowed to age for about f'i ve weeks, the sole remaining 

period was this activit~'· It was characterized by alm::>st pure x-rays. Actually, 

i+.~ Rh
103

* dau~hter has a conversion line, but its range is less than that of the 

mica window and air present in the countin~ arrangement. 

101 10-hour Pd . 

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

R11
101 

daug-hter separated at successive time intervals. A complete desc.ription 

of this isobaric pair is ~iven in Section I. 

4.0-day P~ 100 

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

successive decrease in the amo~nt of 21-hour Rh100 daughter separated from it. 

105' 
4.5-hour Ru 

RUTHENIUM FRACTION 

105 . 
Ru was the onl~r short period found in the ruthenium fraction. Since the 

decay chain is 

Rul05 4.5~hr. B-). Rh 105 1.5 d. If~ Pdl05 

105 
the yield of the Ru was checked by aUow1.np,: a sample of· the ruthenium fraction 
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to decay for one day, distillinr- the ruthenium from perchloric acid and collecting 

' 105 
the residual Rh dau~hter. 

97 2.7-day Ru (?) 

This activity could be detected in the decay both with and without absorber 

but was mar(~ prominent in the former. 

103 42-day Ru 

Detectable in the no-absorber decay, this period and the 2.7-day Ru 97 (?) 

·, . . re also found il1 the ruthenium distilled from the Rh
105 

daughter after aging fc.-

one day. 

Ene-year Ru
106 

This period was detected throur·h the tailing of the 42-day Ru 103 and earlier 

. .... 
through a very hard beta-ray component which. was presumed to be due to the 

106 
30-second Rh dau~hter f R 106 

0 u • 

11vere in essential agreement, 

The relative quantities by the two mc:thods 

MOLYBDENUM FRACTION 

. 99 
67-hour Mo 

Mo99 
was the only activity found in the m<%'bdenum fraction, no activity shorter 

I 

than one day beinr looked for • The beta-ray absorpti:Jn 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 day were sought. Initial 

growth in the decay curve sugr,ested the pair 

,.., y87 K Sr87* 2. 7 hr. ·>· Sr87 

This w~1s confirmed by s -paratirir- from an equilibrium mixture the 2. 7-hour 

87* 
S.r in the following manner. To the Y(No

3
)
3 

solution was added 2 mg. Sr(N0
3

)
2

• 
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This was evaporated to dryness e.nd taken u·p in fumine; nitric a.c id~ The insoluble 

Sr(N0
3

)
2 

was centrifuged, washed, dissolved in one drop of water, and .repurified 

by addition of 2 mg. y+++ and repetition of the above procedure. 

The decay curve for the yttrium fraction did not give very close ag;reement 

'Nith the w.lue of 80 hours for the half-life of Y
87

. This suggests that the 62-

90 
hour Y was also present, although in an indeterminable ~-mount, 

. ·"l " . y91 
~~~::;G.Y . 

The 80-hour yttrium tailed into this period which was followed f'or nearly 

three half-lives~ 

\ 

' 
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CROSS SEQTIJN IN BARNS FOR FORMATIJN OF SPALLA'l'IJ:l\I PRODUCTS 6F ANTIMONY AT' VARIOUS ENERGIES 

ELEMENT VIASS !1/2!.!!! 400a 200D 200D 200D lOOD 75D 50D 

Te 121 l40d IT 0.013 0.009 
121 17 d K . 
ll-9 4 .• 5d K 0.067 0.021 0.023 0.066 0.065 0.077 
118' 6.0d K 0.029 0.018 0.017 0.053 0.031 0.023 

2 .6hr p+ 0.020 - - 0.021 6.020 0.0044 -< 1 x w-5 

Sb 124 60d {3- 0.015 ,J o.oon 0.0016 0.0025 0.0015 
122 2.8d {3- 0.072 0.042' 0.045 0.065 '0.028 0.031 

' 120 5 .. 7d K 0-18 0 •. 070 0.14 0.16 0.0-:i:O o.o47 
119 39hr K 0.10 - 0.16 0.18 0.063 0.029 

Sn 121 28 hr B - 0.0022 - - G.1x1o-4 3.2x1o-4 l.4x10-4 
? 14d- IT 0.028 0.017 - 0.017 0.0056 0.0022 

113 llOd K 0.030 0 •. 017 - 0.0062 7x10-4 <3x1o-5 
llO? 4.5hr K o.oos ~lo-5 

In 114 .48d IT,B - 0.023 0.008 0.015 0.016 0 .. 0051 7.4xlo-4 < 2xlo- 6 
111 2.7d K d.l6 o.os 0.065 9 .5xlo-4 ~lo-5 

Cd 115* 2.3d ~ - 3.5xlo-4 l.lx1o-4 1.5xlo-4 1.8x1o-4 2.s:x:1o-s 4.lxlo-6 ~1.7xl0- 6 

115 42d [3- ,L 1xlo-3 7.0xlo-4 6.5x10-4 1~1xlo-4 8.8xlo-6 1!> 4 .lxlo- 6 
109 330d K 0.014 2.7xlo-3 3.2xlo-3 3.6xlo-3 til. 3xlo-4_ 
107 6. 7hr K 0.043 ' - - 0.005 <Sxl0-6 

Ag 112 3. 2hr {3 - 5.7xlo-4 2.8x1o-4 3.8x1o-5 -6 4.2xl0-7 0.0014. 2 •. 9x10 
111 7_.5d ~- 2. 3xlo-3 2.2xlo-3 4.5xlo-4 8.0xlo~4 8 .oxw-5 3".5xio-6 < 1.7xlo-7 
110 225d K 7.6xlo-3 
106 8. 2d K, 3. 5x1o-2 1.5xlo-·2 7.0x1o-3 1.2xlo-2 <1o-5 
105? 45d K l.Oxlo-2 
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(CROSS SECTION IN BARNS FOR FORMATIJN OF SPALLATI )N PRODUCTS OF ANTIMONY AT VARIOUS ENERGIES 

ELEMENT Mf:..SS 'l'l/2.TFPE 400a. 200D 200D 200D · lOOD 75D - -
Pd 112 2lhr '3 - 9xl0-? 7xl0-fl; <10-7 

111 26min ~- 3x10-5 
109 13hr {3- ' 8xlo-6 4.7x1o:~ 
103 17d K 1. 2x1o-4 5.5x10 
101 + 8-10hr B ·,K 

2.3xl0- 6 100 4d K 2.4x1o-4 

Ru 106 1yr {3- _ - 2.lx1o- 6 

105 4 .• 2hr ~ e:x:Io-6 -
103 40d {3- 4.1x10-6 3.9x10'"'6 
97 2.7d K 6x1o-6 1.4x10-5 

Mo 99 67hr ~- 2. 3xl0-6 

y 91 s7d e- 9xlo-7 
87 BOhr K 3xlo-7 

50D 
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QUANTITATIVE RESULTS OF SPALLATION OF ANTIMONY AND DEPENDENCE ON 
B,JLffiARDHENT EN'ER GY 

T8ble V-1 depicts a chert of the region studied. The hollow circles represdmt 

• radioactive products positively identified in the spallation 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 

nct:ivities for bombarding energies of 50-; 75J 100-and 200-Mev deuterons, and for 

'00--Mev helium ions• 

. (26) 
Serber's thebry of high-energy nucleazi ti·ansformations obtained on the 184' 

cyclotron predicts the formation of ptoducts randnr from few particles ejected 

from the compound 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 typified by Mo 99 • On the. other hand, the mean 

free path of a high-energy projectile in a nucleus being very large, a "grazing" 

collision 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. 124 1~2 121 
Thus, products such as Sb , Sb "" , and Te · are obtained, products 

which would be expected of deuterons of much lower energy, say, 20 Mev. 

Perhaps the stripping process(
2
l) should be mentioned at this point. By this 

mechanism, either of the two component particles of a deuteron may imbed itself in 

a 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 strippin~:, three incident pa~ticles are pos.sible: the deuteron, the neutron, 

and the proton. How~ver, it has been estimated by Horning(22 ) that the stripping·. 
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process in the region of antimony occurs fo'r only about 20% of the deutei-ons. Thus; 

• a.lthouf!h this value is appreciable; nevertheless unchan!'"ed deuterons are responsible 

for most of the transformations observed. 

These gene~l ideas ha~ing beeri noted, more specific details from Table V-2 

wiil now be cortsideredi 

. ' . 
DECRE'ASE IN YIELD WITH DEUTERON ENERGY AS DEPENDENT ON MA:3S NUMBER. 

It \.~Till be noted that the yields of niost antimony e.nd tellurium isotopes are 

:.'t: lati veiy t:onstant in the range of 50-Mev to 200-Mev deuterons. These isotopes 

all 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. 

Th · ·· d f s 121 d t th t f s 110 ~ s 113 · 1 1 t· 1 e y1el o n , as compare o a o n an~ n lS a so re a 1ve y 

constant with varyin~ bombardment energy. 

One is therefore led to assume that the picture is rather ~eneral: yields 

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

than are products of relatively low mass numbers. Thus, the fourteen-day excited 

state of tin described in Section IV is thought to be of relatively high mass 

number, since its yield varies with energy in approximately the same manner as does 

that of Sn
121

• It will be noted that nothing has thus far been said about the 

magrii tude of the cross-sections observed; merely the change in cross section 

with energy. 

The analo~y is seen to hold rou~hly throurhout the entire region in which data 

are available; e.r_r., the yields of Cd
107 

and Cd109 decrease much more markedly 

than do either of the isomers of Cd115 • Ag105 and Ag106 decrease very much more 

rapidly than do either Ag
111 

or Ag
112

, e.s the energy available for disintegration 

is decreased • 
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The facts obserVed from such vatiation in yield with energy appear to have a 

rather simpie explanation: as more energy becomes a\railable for the formation of 

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

POSSIBLE MECHANISM FOR SPALLhTION AT 200 MEV 

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

·hat, at 200 Mev., the vields of Cd107 and Cd109 greatly exceed that of both isomers 

0f Cd115 • The same is true for Ag105 and Ag106 as compared to Agll
1 

and Ag
112

, 

1 I 111 d I 114 S 110 d S 113 d t S 121 as we 1 as n compare to, n , and n an n as compare o n • For 

400-Mev helium ions, the situation is emphasized to an even ~reater extent. Why 

then do the yields of the neutron-deficient isotopes attain values so much ereater 

than those ever attained by the "heavier" isotopes, or beta emitters? Jq th)ugh 

no simple explanation is immediately obvious, one argument may be advanced as fol-

:.ows: 

A highly-excited nucleus mif.ht emit either neutrons, protons, or alpha par-

tjcles. Table V-3 :gives a rough measure of the averar.e binding and coulomb energie~ 

Tor these particles in the antimony region (22 ). 

Table V-3 

Particle B. E. (Mev) C.E.(Mev) Total -
n 8 0 8 

p 8 8 16 

a. 3 16 19 

Only about 8 Mev are therefore r~,quired for neutron ejection as compared to 

twice this quantity for either proton or alpha particle emis'sion. A.l though 

sufficient energy is certainly available for emission of any of these, multiple 

neutron emission would seem to be the most likely especially sj_nce there are more 

neutrons than protons. Of course, the above value of neutron binding energy 

I 
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applies only to the first neutron emitted, or perhaps the first several• As the 

• nucleus bec')mes further degraded of neutrons, the bindine; energy of the neutrons 

is increased; with the ~esu1t that the excited nucleus will then emit protons. 

Consequently, it mifht be expected that the most probable reaction would be multiple 

I ' 
neutron emission followed by a number of protons sufficient to produce a nucleus 

relatively stable with respect to its total remaining neutrons and protons. 

Uuclei so formed wi 11 be neutron-deficient, hence lie to the left of the line of 
\ . 

1Jiaximum stability shown in Table V-1. This line represents a certain relationship 

between the neutrons and protons in a nucleus, e:iven by 

A z = -
2 

/ 1 ) 
r_ ;_-+--YA.;..,2...,.,/3~-) 
\ 4aE: 

Eq. (1) 

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

· (23 • 24 ) .f h b. d. f' 1 ZA express1on or t e 1n 1n~ energy o a nuc eus 

E = M: -
(A-2Z) 2 yz

2 

A -~3 
Eq. (2) 

v'lie re a, Y and €:: are constants. 

In eq. (1), Z is not necessarily an integer. Several values of Z have been 

calculated for various values of A, the line connecting these thus being the 

line of maximum stability- i.e., for a fiven Z, the binding energy is a maximum. 

The binding energy per particle is only slightly hi~her on either side of this 

line so that one must not expect only those isotopes to form which lie alongside -

or very. close to .,.. this l:i.ne. Furthermore, since neutron emission seemed a likely 

means for the excited nucleus to lose its excess energy, it mifht be expected that 

the greater yield of the product nuclei would lie on the neutron- deficient side 

of this line. This is certainly the case. All of those isotopes which lie to 

the riFht of the stability line, from Sn to Ag, are formed in lower yield at 200 

Mev than those which lie to the ~ ~f this line (This statement is readily 
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verified by inspection of Tables V-1 and V-2. Ag110 is formed at 200 Mev in yield 

111 112 •much. lar~er than for either Ag or Ag - in fact, in yield comparable to that 

of A 105 and A~.l06~ g t-. 'this was at first putzlirigl but if we admit of the above 

explanationj it is seen that Aglio, unlike the low-yield group of beta emittets, 

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

neutron-emission process. 114 Another result of this idea is that In , a beta 

Jmitter, is formed in very much higher yield than any other beta emitter. This also 

·"';9_s difficult to understand until it we s seen that rn114 actually lies on the left 

side of the line of maximum stability' hence can be reached via mul tip~e 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 oc'>urs, . Sihee alpha emission 

~ncreases the ratio of neutrons to protons in a nucleus, beta-emitters should be 

expected to result from alpha particle ejection, but in lower yield than the 
) 

;o_eutron-deficient isotopes resulting 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 and protons; hence the beta emitters would become more 

prominent as the energ~r becomes decreased. 

DISCONTINUITY OF YIELDS AT PALLADI1JM 

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

yields of isotopes below silver do not appear to fit into this scheme. It will be 

100 103 noticed, for example, that the yields of' Pd' and Pd are not appreciably 

. 111 112 different from those of Pd and Pd • 
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But even more noteworthy is the fact that the yields themselves of palladium, 

ruthenium, etc., .are suddenly several orders of map:nitude lower than those of silver, 

cadmium, etc. A possible expl~nation of this phenomenon might be that Pd111 and 

',iil2 ' . I 

Pu · would be formed in lower yield thah the cotrespondihg silver isobars since 

the fo:Mtier involves emission of a charged patticle not required fot the formation 

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

direction 111> 112. 'rhus Pd
112 

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 thre'shold, for a total of about twenty mass units must be 

e,;ected to arrive at these palladium activities. One mip.'ht therefore expect that· 

neutron-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 

The example cited above of the independent formation of Pd
112 

and Ag
112 

is 

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

Te 121 and sn121 , Te 119 and Sb119 , A~112 and Pd
112

, In111 , Ag 111 and Pd111 ,' Sn
110 

'\ 

110 l06 R 106 Ag105 and Ru105 , and Pd103 and Ru103• The isobars and Ag , Ag and u , 

of mass 119 are formed in similar yield because of the possibility., of forming 

Sb119 by a neutron loss reaction, but in every other case except the 110 isobaric 

pair, the isobar of hip:-her atomic number is formed in ·greater yield. It will be 

11 t th t Of A.,.110, the .;sobar of lower noted from Table V-1 that in a cases excep a 0 • 

z lies to the ri?;ht 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 emissi.on of fewer charged particles. In the case of the 110 

isobaric pair, however, Ag110 itself lies at the most stable configuration. 
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This might be expected to someiuhat counter the effect of neutral particle emission 

.~, ~ • to the extent that the yield of the two periods mirht be comparable. This is 
I,.,Jiff~~_;.. 

observed. 

It is interestinp.: to note that, in that instance in which data are available, 

the yield of the isob,arwith higher Z approached that of the isobar with lower Z 

th b b d . · d d The case of In111 and A.a-.111 demonstrat:-:s as e_.om ar 1ng eEerr.y lS ecrease • r ·:: 

this. At 75 N~v bombarding energy, the yields of these isobars are probably 

similar. 

RELATIVs YIELDS OF (d,p) AND (d,p2n) RE/i.CTIONS (OR THEIR EQUIVLLENTS) 

The cross-section for formation of Sb
122 

with 200-Iv!ev deuterons is approximate-

, iN 
ly an order of magnitude greater than that of Sb • The latter can be formed only 

by 

Sbl23(d )Sbl24 ,p . 

or by the equivalent neutron capture reaction. 

two reactions: 

Sbl2l(d,p)Sbl22 

Sbl23(d,p2n)Sbl22 

' . . 122 However:. Sb can be formed by 

and by 

It therefore appears the t the relatively greater yield of, Sb
122 

in comparison 

to Sb124 is due to the (d,p2n) reaction. The d,p2n reaction is therefore about 

thirty times as probable as the (d, p) reaction for 200-Mev deute7ons • This ratio 

has decreased to a bout 20 for 75-Mev deuterons, and is in the direction which 

w,ould be anticipated since lowering of the bombarding energ~r has increased the 

•• eros• section for fewer particles ejected. 

An intf'restin~ corollary of the above reaction is the cross-section for forma• 

tion of Sb
120 

by the reactions: 

Sb
121

(d,p2n)Sb
120 

Sb
123 

(d,p4n)Sb
120 
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If one assumes the cross- section for formation by the former process to be 

·the same as that of Sb122 from Sb
123

, then the difference in the actual values 

and those for the (d.,p2n) reaction should give an indication of the cross-section. 

for the (d, p4n) reaction.. These differences are given as 

ing energies in Table V-4: 

400 
200 
2b0 
100 

?5 
50 

Table V-4 

for d,p4n 

0.11 barns 
0.03 
0.03 

. 0.10 
0.012 
0.016 

for the various bombard-

Althou~h these valbes ate not very well suited to quantitative expression• the 

trend il'i probably significant and would indicate that the c ross·-secbon for (d~ p4n) 

decreasr;s somewhat like that of the (d,p2n) reaction, as eherey is decreased. 

ISOMER F,OIDIL'~TION 

An interestin~ situation has presen~ed itself in the cadmium fraction.Cd 115 

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

Cdll5 42 d @-~ Inll5 
4.2-hr I.T. 

In slow-neutron fission of uranium( 2S) and in tr.e fission of thorium with 40-

Mev helium ions (Z 6 ), the ratio of 2.3-day Cd115 to 43-day Cd115 is ten. This 

has been su?;gested as evidence by Newton (:? 6 ) that the Ag115 precursor of these two 

isomers branch decays by this ratio. · 

r" Seren, Engelkemeier, et B.l· (
2?) 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 Cd115 from indium via 
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It has been observed in antimony spa11ation(cf. Tah1e V-2) that the ratio of 

2.3-day to 43-day Cd115 is about one~third. Furthermore, this ratio remains 

~ r sensibly constant over the range of bombardine; energies from 400 Mev (helium ions) 

to 50 h~v(deuterons). 

One may thus summarize in Table V-5 the relative yields of the Cdf15 isomers 

~s obtained in various processes. / 

Table V-5 

COMPLRISON OF ISOMERIC R!:,TIO OP 2.3-DAY "\ND 43-DLY Cd115 

.Metl)od 

fission 

slo;y :n capture 

115 In (n,p) 

Sb spallation 

Ratio, 2.3 d/4~ ;d 

10 

1 

l/3 

I 

Al thouf!.h several' other cases of nuclear isomerism occur in this re~!ion 
106 

(e.P.:• Te
121

, Sb
120

, and Ag ) none is suitable to determination with the certainty 

of the Cd115 pair. 
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In the introduction it was pointed out that because df the frequent occur-
)• 

renee of K x-rays whose half-thickness could become confused v1ith that of many 

Deta particles in absorption curves run with aluminum absorbers, it was necessary 

to resort to the use of beryllium to distin~uish between beta particles and x-rays 

of about 20·25 kilovolts en~rgy. Since it was desirable - at least in the case of 

:-reviously unreported ~sotopes - to run Feather analyses or;t many beta-ray absorption 

curves, it was essential to have beryllium absorption data for some standard be:ta \ 
' . . . . . ; ' (5) 

ray whose absorptioh charaotetistics. have been sti.tdied with aluminui\'u Feathe:t 

has dete:Hnine d the ran~~ of the ~- !J~rticle from radium E (Bi 
210

) to be 476 mg/cm2 

of alu,minum. Since the electron density of most materials is essentially consta~t, 

and since beta particle absorption is due chiefly to the interaction of beta rays 

with these electrons, one can arbitrarily take the exact maximum range of the radium 

' 2 
E beta particles as 476 mr/cm of matter. Likewise Feather found that the maximum 

234 J 2 ranre for the beta particles of ux
2

(l.l4-m Pa ) was 1104 mg1 cm of Al, and so 

for any absorber. If ~hese values be assumed for the exact range of RaE and ux
2 

in betyllium, then it is possible, through the use of the beryllium absorption 

curves shown in Fir-s~ A-I and A-II to construct "Feather Analyzers", devices by 

means of which it is possible to compare the range of an unknown beta· ray over its 

entire ranp.:e, with the curves for known beta· rays, RaE and ux
2

• A summary dis

cussion of the method of the Feather Analysis has been treated by Glendenin (2S). 

The RaE curve was obtained fr:)m a sample of 20-year RaD-E-F in equilibrium. 

The soft RaD beta was initially stopped by 15 mr. of aluminum. 

The ux2 absorption curve was run on a sample of ux
1
-ux

2
• The ux

1 
(24-day 

Th234) . . t d T -F 'fll_ was co-prec1.p1 ate on .1-tl. 
3 

from a solution of uranyl nitrate. .a.nis 
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234 
procedure carries the Th on the LaF

3 
leavinp: other activities in solution. 

The 1.14-min. Pa
234 

soon ~~ows in. Firs. A-I and A-II show that the ranges 

in beryllium are indeed visually similar to those irt aluminum riven by Feather~ 

~ . or course. the arpitrary values mentioned above were used. 
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