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Characteristics of Bismuth Fission with High Ener~y Particles 

Rbbert H. Goeckermann 

Radiation Laboratory, University of California 
Berkeley, California _..,-~ 

Decamb~r 14, 194~~~1~~~:;,-~~~~~, 
ABSTRACT - _,.,. ·~'r .\U1'\·!0RlTY 

• • . N (' '\ l'V>'.l .I . . " '·' " - • 
cL.ASSH:tr.\f:·'~: ::::".·' :r t:·~._; . 'TTEI 

A study has been -made of the characteristics of th~'? f1.E· tclgE\,r.i.:P.duc:-ecJ:COr,Mi -
tW THE D 

in bismuth by irradiation with the :1igh ener~.Y deuterons and alphas from the 

Berkeley 184-inch frequency-modulated cyclotron, usin~ radiochemical 

methods for the determination of yields of the fissio~ products. The 

fission yield curve resultinf" from 190 Mev deuteron fissior: of bismuth was 

found to be a single symmetrical peak with a maximum of 5.0 percent at a 

mass number of approximately 100. The ratio of neutrons to protons was ob-

served to be nearly constant for all nuclides formed in relatively good yield. 

A survey of the effect of varying the bombardment energy indicated that the 

fission remains predominantly symmetrical, although the mechanism and the 

height of the maximum change. The excitation function of the Mo 99 
yield in 

two lead samples enriched, respectively, in Pb204 and Pb208 showed that the 

fission cross section is larger and decreases less rapidly as the deuteron 

energy decreases in the lead sample which has a hi~her proportion of the 

light isotopes. A survey of the fissionability of bismuth, lead, thallium, 

platinum, and tantalum irradiated with 380 Mev alphas showed that the fission 

cross section decreased by a factor of approximately 1000 from bismuth 

to tantalums A mechanism has been postulated for the nuclear reaction 

which involves prior neutron evaporation from the initial hi~hly excited 

nucleus followed by fission with unchanged charge distribution. 
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CHARACTERISTICS OF BISi•nJTH FISSION V!ITH HIGH ENERGY PARTICLES 

Robert H. Goeckermann 

Radiation Laboratory, University of California 
Berkeley, California 

Section I 

Introduction 

Interest in the mechanism of nuclear fission and the fissionability of 

a nuclide beran with the observation of fission of u235 
induced by absorp-

tion of a slow neutron. Neutrons of a few Mev energy have been found 

sufficient to induce fission in thorium and all higher elements. The heaviest 

t bl 1 t t · t' 1'n B1· 209 , h b · d' t d · ly s a e e emen s, erm1na 1nr ave een 1rra 1a e prev1ous 

with 14 Mev neutrons, 20 Mev deuterons, 40 Mev helium ions, and 100 Mev 

bremsstrahlung with no fission detected and reported at these or lower 

energies. The 184-inch frequency-modulated cyclotron made available at 

Berkeley 90 Mev neutrons, 190 Mev deuterons, and 380 Mev helium ions. 

Fission of elements over the range from tantalum to bismuth induced by one 

or more of these projectiles was first observed by Templeton, Howland, 

Perlman,and r~eckermann, by chemical identification of radioactive fission 

products, soon after the cyclotron began operatinr1 . This thesis describes 

work which followed the discovery of the fission of these elements. It is 

concerned principally with the fission of bismuth with 190 Mev deuterons and 

shows that the characteristics and apparent mechanism of the reaction dif-

2 fers markedly from fission induced by low enerry particles or quanta • 

Physical studies
3

'
4 

of the fission fragment energies in irradiations with 

the 90 Mev neutrons support the general conclusions presented in Section VII. 

The yields of nuclides resulting from 190 Mev deuteron fission of 

bismuthware determined by studyin~ the activities of 27 elements from 
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Z = 20 to Z = 63 ---- Ca, Cr, Fe, Ni, Cu, Zn, C~, As, Se, Br, Rb, Sr, Y, 

Zr, Cb, fb, Ru, Pd, Af!, Cd, Sb, Te, I, Cs, Ba, Ce, and Eu. The yields of 

fifty radioactive nuclides from mass number 45 to 149 were measured and 

used to determine the distribution of fission yield as a function of mass 

number. Bismuth and two lead samples of different isotopic composition 

were bombarded at several enerries to further elucidate the nature of the 

fission process. 
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Experimental Procedures 
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Since the main investigation was that of the fission of bismuth with 

190 Mev deuterons and the techniques used in other phases of the work were 

similar, the experimental procedures will be discussed in detail for this 

bismuth fission and any imoortant differences in the other studies will be 

mentioned in the section devoted to that study. 

Bombardment Technique 

The circulating beam of the 184-inch frequency-modulated cyclotron was 

used almost exclusively because its intensity is much greater than the de-

fleeted beams. The avera~e beam is of the order of one microampere, but 

neither it nor its day-to-day variations were measured or known accurately. 

Therefore it was necessary to use-an internal monitor--in this case 67 hr 

n--em;ttin~ Mo
99

--in each bombardment and measure all vields relative to it. 

99 
The absolute yield of Mo was later determined using a deflected collimated 

-5 measured beam (3 .o x 10 pa) of 190 Mev deuterons. 

Bismuth strips 0.1 x 1 x 3 em were machined from an ingot obtained from 

the American Smelting and Refininr Companye Spectrographic analyses showed 

the absence of any impurity that mi~ht interfere with the measurements. 

Because the circulatinp: beam is subject to radial oscillations of~'-j 0.2 em 

effective amplitude and a vertical spread of--~· 1 em at 81 11 radiue (190 Mev 

deuterons), the bismuth strips were mounted on a water-cooled copper block 

so as to exoose to the beam an area at least 0,3 x 3 em, which was assumed 

to intercept the entire beam. In the case of two targets bombarded inter-

mittently over a period of several weeks to study the lonr-lived fission 

products, the bismuth was actually melted into a slot cut in the leading 

edp:e of the copper block. One to three-hour bombardments were used in the 

study of the short-lived activities. Only a few elements were studied in 

any one of the short bombardments. 
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The irradiated portion of the bismuth was dissolved in hot 6! HN03 

and stored in a closed calibrated glass container. Aliquots of this solu-

tion were used for the study of the activities of a particular element. 

Liter amounts of carrier solutions had been prepared, by v1eighing out some 

suitable compound to contain 10 mg/ml of the element. (A few of these 
I 

carrier solutions have been standardized and found to be accurate within 

10%.) One or two ml of this solution of an element was added to the aliquot 

of the bismuth solution as carrier for the radioactive isotopes present, 

precautions to insure exchange of active and inactive atoms taken in some 

cases, and the element purified from all others which would interfere in 

the radioactivity measurements. Radioactive isotopes of most of the elements 

up to astatine are probably produced to some extent but the predominant 

fission products are in the calcium(20)' to europium(63) region and the 

predominant spallation products are in the hafnium(72) to astatine(85) 

re~ion. From the determined fission cross section it is estimated that 

the yield of spallation products is several times as great as the yield of 

fission products. Part or all of the purified element was then precipi-

tated as a weighable compound, filtered throu~h a Hirsch funnel on a tared 

r~l em diameter filter paper and the chemical yield determined. The filter 

paper is washed and dried like the precipitate it will carry prior to taring. 

MOst of the chemistry used was adapted from fission product procedure re­

ports to appear as part of the National Nuclear Energy Series5• The pro-

cedures are outlined here primarily because no compilation of them is yet 

generally available. The amounts of scavengers used are only approximate. 

All precipitates were separated by centrifugation eYcept the final one in 

each case. 
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(a) Add 20 mg Ca and 10 mg each of Ru, Cb, Fe, and La. Make 0.5N 

in HCl and precipitate with H2S. 

(b) Add 10 mr. Ru and Bi to supernatant and repeat H2S precipitation. 

(c) Boil out H2S and precipitate with NH
3

• 

(d) Add 10 mg Fe and Y to supernatant and repeat NH
3 

precipitation. 

(e) Boil down to 5 ml, add 10 mg Be. and Sr, and precipitate with 

cold fumine: mm3. 

(f) Add more Sr and Be. carriers to supernatant and repeat precipita-

tion three times. 

(~) Add Sr alone and repeat two times more. 

(h) Boil down to IV 5 ml, add 5 ml sat(NH4 )2c2o4 1 and make basic with 

NH3· 

(i) Dissolve Cac
2
o

4 
in HN031 destroy c

2
o

4
- with KCl0 3, and make basic 

with NH3 • Add Fe 1 La 1 and Y. 

(j) Add more Fo, La, and Y to supernatant and repeat precipitation. 

(k) Repeat step (e). 

(1) Boil supernatant down to tV' 5 ml, make basic with NH
3

, heat, add 

5 ml sat(NH4 )2c
2
o

4 
slowly. Stir 2 min., filter, wash three times with 

5 ml portions of H2o, three times with 5 ml 95% c
2
H

5
0H, three times 

with 5 ml ether. Dry in vacuum dessicator--2 min. evac., release, 

5 min. evacuation. Weigh as cac
2
o

4 
(31.97 mg per lO mr Ca). 

The chemical yield was tv 20%. 

(2) Chromium (new). 

(a) Add 10 m~ Cr as Cr2o7-. Add HCl and HCOOH to reduce to Cr+ 3 

Precipitate Bi 2S3 and Sb
2
s3 scavenger from lN HCl solution. 

(b) Precipitate Cr(OH)3 with x
2
co

3 
+ H

2
S, by long boiling. 

(c) Oxidize in 10 ml 0.5! NaOH with H
2
o

2
, scavenge with Fe(OH)

3
, 

and destroy H
2
o

2
• 
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(d) Make slightly acid with 6! H2so4 and wash with ether. 

(e) Add H
2
o

2 
and extract H3Cro8 into ether. 

(f) Reoxidize and re-extract aqueous phase. 

(g) Evaporate ether over an H
2
0 l~yer and repeat H

3
Cro8 extraction. 

(h) Evaporate ether over H
2

o, oxidize with H
2

o
2 

in alkaline solution, 

scavenge with Fe(OH)
3

• 

(i) Acidify with 6! HN03, add 1 ml 6! CH
3

COOH and 2 ml 6! CH3COONH4, 

heat, add several ml 50 g/1 Ba solution. Filter, wash with hot H
2

0 

and c
2
H

5
0H, dry 10 min. at 110° C. VTeir,h as BaCr0

4 
(48.73 mg per 10 

mg Cr). 

The chemical yield was IV 50%. 

(3) Iron (adaptation) 

(a) Extract 15 ml of 9_!! HCl containing 10 m.g Fe +
3 

with 15 ml isopropyl 

ether. Wash ether twelve times with 10 ml portions of 7.5 N HCl. 

+3 Extract Fe into 10 ml H2o and evaporate dissolved ether. 

(b) Scavenge with Sb
2
S

3 
from HCl solution--repeat. 

(c) Scavenge with TeS by R
2
S precipitation. 

(d) Precipitate Fe (OH)
3 

with NH
3 

and dissolve in HCl. 

(e) Fume twice with RCl04 after adding Ru. 

(f) Precipitate Fe(OH)
3 

wit1 NH
3
--repcat. 

(v) Scavenge with Baso
4

• 

(h) Scavenge with Ag-I (excess Ag). 

(i) Scavenge with CB
2
o
5 

by adding HN0
3 

and KCl0
3 

to oxalate solution. 

(j) Scavenge with Zr phenylarsonate. 

(k) Eth t t F + 3 . ' F ( ) . h er ex rae e aga1n, prec1pitate as e OH 
3 

w1t NH
3

, 

filter and ignite to Fe
2
o

3
• 

( 4) Nickel (new) 

(a) Add 20 mg Ni, make neutral, udd 3-5 ml 1% dimethylglyoxime in 
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(b) Dissolve Ni dimethylglyoxime in 1 ml concentrated HN03, dilute, 

and scavenge twice with CuS. 

(c) Scavenge three times with PdS. 

(d) Scavenge with Sb
2
s3• 

(e) Boil out H2S~ make basic with }JH
3

, scavenge twice with Fe(OH)
3

• 

(f) 1\&:l.ke 0.5! in HCl e.nd scavenge with Pd dimethyle:lyoxime. 

(g) Neutralize supcrna tant. 1'J"ash Ni dimethylglyoxime. 

(h) Dissolve in concentrated HN0
3

, make basic with 1'1I3 and scavenge 

with Agi. 

(i) Neutralize supernatant and precipitate Ni dimethylglyoxime. 

(j) Dissolve in concentrated HN03, reprecipitate Ni dimethylglyoxime, 

filter, wash with H20 and C2H50H, dry 10 min. at 110° C. Weigh as Ni 

dimethylglyoxime (29.44 mg per 10 mg Ni). 

The chemical yield was "V 60%. 

(5) Copper (new). 

(a) Add 10 mr, Cu, make basic with NH
3

, centrifuge out Bi(OH)
3 

and 

scavenge with Fe(OH) 3 and BaC03 (add K
2

co
3

). 

(b) Make O.SN in HCl. Bubble in so
2

, add KCNS until CuCNS precipitates. 

(c) Dissolve CuCNS in mm
3 

and make neutral. Add KCN and scavenge 

with CdS. 

(d) Acidify and boil off HCN, add Sr and Y, precipitate CuS from 3N 

HCl. 

(e) Dissolve in HN03 , add HCl and destroy HN0
3

• Dilute to O.SN HCl 

and scavenge twice with AgCl. 

(f) Precipitate CuCNS from supernatant, filter, wash with H20 and 

c2H50H, dry 15 min. at ll0°C. Weigh as CuCNS (19.15 mg per 10 mg Cu). 
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(6) Zinc (adaptation). 

(a) Add 10 mg Zn, 1-2 m1 saturated H2c2o
4

, and make 1! in HN03• 

* Cool in ice bath, add 3 ml Zn reagent , stir 3-5 min. (scratch glass to 

begin precipitation). 

(b) Dissolve ZnHg(SCN)4 in 5 ml 2! HN03 and dilute to lNe Add 1 ml 

saturated H2c2o
4 

and 3 ml Zn reagent. 

(c) Repeat (b). 

(d) Dissolve precipitate in 2N HN03, silute to 1!, and precipitate 

H~S. Neutralize 0.3! HN03 with HaOH and precipitate Bi 2S
3 

(5 mg Bi) 

three times. 

(e) Make 1M in CH3COONH4 and precipitate ZnS. 

(f) Dissolve precipitate in 5 ml concentrated HBr, evaporate to dryness 

several times, take up in 10 ml 0.5! HaOH, add 1 ml 2! Na2co3• Pre­

cipitate Fe(OH)
3 

(2 mg) and Baco
3 

(5 mg) three times from hot solution. 

(g) Add HCl to me.ke 1! and 1 ml saturated H2c2o4• Add 3 ml Zn reagent 

to cold solution, stir 3 min., filter, wash three times with 5 ml 

absolute c2H50H and three times with 5 ml ether, dry 7 min. in a vacuum 

dessicator. Weigh as ZnHg(SCN)4 (76.2 mg: per 10 mr Zn). 

The chemical yield was,v 80%. 

(7) Gallium (adaptation). 

* 

(a) Add 10 mg Ga and 2 mg Mo, destroy HN03 and make 6! in HCl. Ex­

tract with an equal volume of ether, wash with 1/3 volume 6N HCl. 

Re-extract r~ into 2/3 volume of H2o. 

(b) Boil out ether. Make 0.3N in HCl and add 1 ml alcohol solution 

of G-benzoin oxime to precipitate Mo. 

39 g KSCN dissolved in 200 ml H20. Stir in 27 r HgC1 2 while diluting to 
1 liter. 



(c) Precipitate Bi
2
s

3 
(5 mg) three times. 
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(d) Boil out H
2
S. Make 1! in NaOH, 0.2! in Na

2
co

3
, and precipitate 

Fe (OH)
3 

and Baco
3 

scaven@:ers three times. 

(e) Make solution 6N in HCl and extract with l-1/2 volumes ether. 

Wash ether with 6N HCl and re-extract Ga +3 into H
2

0. 

(f) Boil out ether. Evaporate to dryness with 5 ml concentrated 

HBr three times. Take up residue in 10 ml 6N HCl and repeat ether 

extraction. 

(g) 0 Dilute H
2
0 layer to 35 ml and heat to .60 c. Add 3 ml of 8-hy-

droxyquinoline solution (50 g/1 in 2! CH3COOH) and 6! CH3COONH4 dropwise 

until permanent yellow precipitate forms, then add l ml excess. hdd 

aerosol and filter, wash with 10 ml warm H20, twice with 5 ml cold 

H20, dry 15 min. at 110° C. Weigh as Ga 8-hydroxyquinolate (72 mg 

per 10 mg Ga ) • 

' The chemical yield was N 80%. C'rallium ferrocyanide precipitations were in-

eluded in the original procedure but were tested and discarded as unsatis-

·factory. 

(8) Arsenic (adaptation). 

(a) Add 20 mr As und 10 mg r~, boil ncurly to dryness, take up in 15 ml 

6! HCl, add crystal of NH4I, and saturate with H
2

S at ice temperature. 

Wash with H
2
S-saturated 6N H2so

4
• 

(b) Dissolve precipitate in 1 ml concentrated NH
4

0H and dilute to 

10 ml (discard any residue). Transfer to a glass still and add 10 mg 

each Te, Sb, and Sn. Add 10 ml c~ncentrated HCl and distill all but 

5 ml in a 01 2 stream into 5 ml H20 in an ice bath. Add 5 ml concen­

trated HCl and 10 mg Ge to residue ~nd repeat distillation. 

(c) To residue from GeC1
4 

distillation, pass in HCl gas to rcmove 01
2

, 

add 1 ml saturated CuCl in concentrated HCl, Rnd distill over 5 ml in 
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an HCl stream into 10 ml concentrated HCl in an ice bath. Add 

CuCl-HCl to residue and distill further. 

(d) Pass H2S into distillate and centrifuge out As
2
s

3
• Dissolve in 

l ml concentrated ~q4oH, add 10 mg Te, Sb, and Sn and repeat distilla­

tion. 

(e) Precipitate As
2
s

3 
again, dissolve in 1 ml concentrated 1TH

4
0H, 

add 10 ml concentrated HCl, saturate with H2S, filter, wash with H20, 

c
2
H

5
0H, and ether, dry 10 min. at 110° c. Weir-h as. As 2s

3 
(16.42 mg 

per 10 mg As). 

The chemical yield was •V 50%. 

(9) Selenium (adaptation). 

(a) Add 10 mg Se and Te, 10 ml concentrated HBr, ~nd 0.5 ml liquid 

Br
2 

in a glnss still. Distill in air stream to. 3 ml residue, into 5 ml 

saturated Br
2 

water in an ice bath. 

(b) 
0 . 

Keep at ice temperP.ture and reduce to Se (red) with so2 or 

NH20H•HC1. Add aerosol and centrifuge. 

(c) Dissolve Se0 in few drops concentrated HN0
3

, add 10 ml concentrated 

HCl and reduce with so2 in an ice bath. Centrifuge with aerosol. 

(d) Repeat SeBr
4 

distillation and Se0 precipitations as often as neces­

sary for desired purity. 

(e) Precipitute Se~ filter, wash three times with 5 ml n2o, three times 

with 5 ml c
2
H

5
0H, three times with 5 ml ether, dry 10 min. at 110°. 

Weigh as Se0
• 

The chemical yield was N 90%. 

(10) Bromine (adaptation). 

(a) Add 10 mg Br- and I , make 1!!, in HN0
3

, add a few drops of O.lM 

NaN02, and extract 1
2 

into an equal volume of Cc1
4

• 

(b) Add equal volume CC1
4 

to aqueous phase, and add 0.11'1._ KMn0
4 
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dropwise until color persists. liruh five extractions of Br
2 

• 

(c) Combine CC1
4 

and wash with l! HN0
3 

containing KMn0
4

, add 10 ml 

H20 and 0.1_! UaHS03 dropwise until both lay-:Jrs are colorless. Wash 

aqueous layer with cc14 . 

(d) Make l! in HN0
3

, add 10 mg I , warm a few min. to oxidize so
3
-, 

add a few drops of 0. U.f NaN0
2

, and extract 12 five times with 10 ml · 

CC1
4

• 

(e) 

(f) 

(g) 

Repeat KMn0
4 

oxidation and Br
2 

extraction and reduction. 

Repeat I 2 and Br2 extraction cycles as needed for purity. 

Make last aqueous solution of Br- lN in HN03 , heat, add 2 ml 

0.1! AgN0
3

, stir,digcst a few min., filter, wash three times with 

5 ml H
2
0, three times with 5 ml C

2
H

5
0H, three times with 5 ml ether, dry 

10 min. nt 110° C. Weigh v.s Ag:Br (23.5 mp- per 10 mg Br). 

The chemical yi.eld was N 60%. To prevent possible losses of the trace Br 

during: dissolving of the bismuth, one might dissolve the target in 6N 

HN0
3 

with the carrier Br- present in a glass still and distill Br
2 

or HBr 

directly from this solution into H20 in an ice bath. 

(11) Rubidium-Cesium (new). Rubidium and cesium were purified together 

and then separated. 

(a) Add 20 mg Rb and Cs and 5 ml concentrated HC10
4

• Evaporate to 

fuming, cool, transfer to centrifuge tube with 15 ml absolute C2H50H. 

Cool in ice bath 10 min. with stirring. Wash precipitate twice with 

10 ml absolute alcohol. 

(b) Dissolve in dilute hCl and scaven~e with Te, Ru, Sn, Sb, and Ag 

sulfides (2 mg each). 

(c) Scavenge with NH3 precipitation of La, Ce, Y, Zr, and Cb 

(2 mp- each). 

(d) Scavenge with Sr nnd Ba carbonates (4 mg). 



(e) 

(f) 

Acidify with HC1, repeat (b). 

Repeat (c). 

(~) Scavenge with La(0H) 3• 
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(h) Scavenge with Sr and ba carbonates and Y, Zrj and Cb hydroxides. 

(i) Acidify with HC1, evaporate to dryness, bake off NH4Cl (few 

drops HN0
3 

help). 

(j) Dissolve in a minimum of H
2
0, transfer to cone and centrifuge out 

any residue, evaporate to dryness. Add 6 ml H2PtC16 and 6 ml 

c
2
H

5
oH, wash Rb and Cs choroplatinates with c

2
H

5
0H. 

(k) 

(1) 

Dissolve in HCl and repeat Te sulfide scavenging. 

Repeat 1~3 precipitation of La and Fe hydroxides. 

(m) Repeat Sr and Ba carbonate scavenging. 

(n) Acidify with HN0
3

, add HCl, evaporate to dryness, bake off 

ammonium salts. 

(o) Cs - Take up residue in 20 ml 6!!_ HCl, add 1 ml silicotungstic 

acid solution and digest. (Save this supernatant for itb fraction). 

Wash twice with 5 ml 6! HCl (discard). Dissolve Gs silicotungstate 

in dilute NaOH, add 20 ml 6! HCl and discard yellow precipitate. Add 

1 ml Cs reagent, d:if!:est, filter,wash with 6! HCl, three times with 

5 ml acetone, dry 10 min. at 110° C. 1"·Teigh as Cs
8

SiW12o42 (37 .3 mg 

per 10 mg Cs)--standnrdize the Cs carrier solution by the same pro-

cedurc. The chemical yield wns f""J 40/o. 

(p) Rb - Precipitate a Cs silicotungstato scavenger from the super­

natant saved. Eva.pore.te until crystallization begins, add H2PtC16 

and C
2

H50H, filter, wash with C
2
H

5
0H, dry 10 min. at 110°. Weigh o.s 

Rb
2

PtC1
6

(33.9 mg per 10 mg Rb). The chemical yield was N 30%. 

Sodium 6-chloro-5-nitrotoluenemeta.sulfonate is a good specific pre-

cipitant for Hb but wo.s not obtainable in time to be used. 
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(12) Strontium - Barium (adaptation). Strontium and barium were partly 

purified together and then seperated. 

(a) Add 10 rng Sr and Ba, 30 ml fuming HN0
3

, digest cold 1-2 min. 

(b) Dissolve precipitate in 2 ml H20 and reprecipitate with 15 ml 

fuming HN0
3

• 

(c) +3 Dissolve precipitate in 5-10 H
2
0, add 5 mg Fe , and precipitate 

Fe(OH)
3 

with NH
3
(co

3
- freel). Repeat Fe(OH)

3 
scavenging. 

(d) Neutralize supernatant with 6,! HN03 , add 1 ml 6! CH3COOH and 

2 ml 6! CH
3

COONH
4

• Heat to boiling and add l ml 1.5! Na 2Cr04 dropwiso 

with stirring. Digest one min. (&lve the supernatant for 0r fraction). 

(e) Ba- Wash BaCr0
4 

precipitate with 10 ml hot H
2
o. Dissolve in 

1 ml 6! HCl, add Sr, and reprecipitate BaCr0
4

• Redissolve, add 15 ml 

ether - HCl reagent (5 parts concentrated HCl to l part ether), digest 

cold 2 min., wash with 5 ml qbsolute alcohol containing a few drops 

of HCl. 

Dissolve BaC1
2 

in l ml ~0, make just basic with NH
3 

and scavenge 

with Fe(OH) 3• Add 15 ml ether - HCl and reprecipitote BaC1
2

• Repeat 

if necessary. Filter last BaC12 prec ipi tate, wash three times with 

5 ml ether, dry in vacuum dessicator - 2 min. evacuation, release, 5 

min. evacuation. Weigh as Bac1
2 

• 2H
2
0 (l 7. 78 mg per 10 mg Ba). 

The chemical yield was IV 50-80%. 

(f) ~- Precipitate BaCr0
4 

scavenger from the supernatant saved. Add 

2 ml concentrated NH
4

0H, heat, add 5 ml saturated (NH
4

)
2
c

2
o
4 

slowly. 

Stir 2 min., filter, wash three times with 5 ml H
2
0, three times with 

5 ml C2H50H, three times with 5 ml ether, dry like BaCl
2

• Weigh as 

SrC2o4 ·H20(22.10 mg per 10 mg Sr). The chemical yield was IV 80~. 

(13) Yttrium {adaptation). 

(a) Add 10 rng Y, La, Ce, and Zr, mnko 2N in HCl, a.nd add 2 ml concen-
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trated HF. Wrsh precipitate with 10 ml 1! HCl containing HF. 

(b) Dissolve in l ml saturated H
3

Bo
3 

and 8 ml concentrated HN03 • 

Add 0.2 g KBr0
3 

and 20 ml 0.35 N HI0
3

, digest 3 min. in ice bath. 

Centrifuge Ce(ro
3

)
4

• 

(c) Add second portion KBro
3

, 10 mg Ce and Zr, and digest 5 min. in 

ice bath. 

(d) add 9 ml 19M NaOH to supernatant. Wash precipitate with H20. 

(e) Dissolve precipitate in 1 ml concentrated HCl, dilute to 8 ml, 

reduce with so
2

• Precipitate hydroxides with NH
3 

and wash. 

(f) Dissolve in HCl and scavenge with Bi2s3 twice. 

(g:) + Boil out H2S, make 2! in H and add 2 ml concentrated HF. Wash. 

(h) Metathesize with NaOH and wash. Dissolve in HCl and evaporate to 

dryness. Add 3 ml 50% K2co
3 

and heat to dissolve precipitate. Add 

20 ml H20 and heat until gelatinous precipitate becomes crystalline, 

then 2 min. longer. Centrifuge La f-roup precipitate. 

(i) bcidify supernatant with HCl, precipitate Y(OH) 3 with NH3 , and 

w~sh twice with H
2
0. (~~y repeat La group separation.) 

(j) Dissolve in 1 ml 6!!, HCl, add 15 ml H
2
o, boil, add 15 ml saturated 

H
2
c2o4 , digest 10 min. in ice bath, filter, wash with 3 ml H

2
o, three 

times with 5 ml C2H
5

0H, three times with 5 ml ether, dry in vacuum 

dessicator - 2 min. evacuation, release, 2 min. evacuation, release, 

2 min evacuation. Weigh as Y2 (c2o4 )3•loH
2
o (35.0 mg per 10 mg Y). 

The chemical yield was N 70%. Sometimes no separation from Ce or La group 

activities was made. 

(14) Zirconium (adaptation). 

(a) Add 10 mg Zr, make sample up to IV 5 ml of 5,! HN03 • Add 2 ml 

concentrated HF and 10 mv La. Repeat LaF
3 

precipitation. 

(b) Add 50 mg Ba to supernatant, Wash. 
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(c) Dissolve BaZrF6 in 2 ml 5% H3Bo 3, add 1 ml concentrated HN0
3 

~nd 5 ml H
2
0, repent LaF

3 
precipitation twice. 

(d) Dissolve with 2 ml H
3

Bo
3

, 2 ml concentr~ted HCl, and 5 ml H20. 

ndd 1 drop concentrated H
2
so

4 
and centrifuge out BaS0

4
• 

(e) Dilut0 supernatant to 20 ml and add 2 ml 6% cupferron in an ice 

bqth, filter, wash with cold l! HCl containing ~upferron, ignite in 

a porcelain crucible. Weigh as Zr0
2

(13.51 mg: per 10 mg Zr). 

The chemical yield was r-.1 60%. 

(15) Columbium (ndaptction). 

(o.) i.dd equnl volume of concentrated mro
3 

to sample, 1 ml 6.,!'! HCl, 

1 m1 saturated H2c2o
4

, 20 mg Cb, and 10 mf Zr. Heat and add 0.5 ~ 

KBr0
3 

in small portions. Digest 5 min. nnd centrifuge Cb
2

o
5

• Wash 

precipitate hot with 3 ml 6_! HN03, 2 ml 6!_ NH
4

0H, and 5 m1 H
2
0. 

(b) Dissolve in 1-2 ml saturated H2c2o4 + 10 drops 6N HC1. Make up to 

20 ml of 6! HC1, 0.05~ H2so3, and add 10 ml 0HC1
3

• Cool in ice bath, 

add 2 m1 fresh 61o cupferron and shake well. Extract a second time with 

more CHC13 and cupferron. Wash CHC1
3 

with 20 ml cold 6N HCl and 0.05M 

H2so3 containing more cupfcrron. 

(c) Boil with 10 ml concentrnted HN0
3

, adding KBr0
3 

until CHC1
3 

is 

gone, solution is p::cle yellow and Cb20
5 

has precipitated. 

(d) Transfer to lusteroid with dil. HNJ
3

• Dissolve by addinr-: l ml 

concentrated HF. Add 2 ml 6,!! HN0
3

, 10 mp: Zr, and 5 ml H
2
0. .hdd 50 mg 

Bn dropwise and centrifuge BnZrF 
6

• 

(e) Add 6 ml concentrated NH40H to supernatant (to pH. 8-10). 

Centrifuge Cb2o5, and wash with 3 ml 6! NH
4

0H, 1 ml 6,! HN0
3

, and 5 ml 

H20. Use a second wash to transfer precipitate back to glass. 

(f) Dissolve hot in 2 ml saturated H2c
2

o
4 

plus 10 drops 6! HNo
3

• 

Add 3 ml H20, 5 ml concentrated HN0
3

, heat, ndd 0.5 ~ KBro
3 

slowly, 
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digest 5 min., centrifuge. Stir precipitate up with 3 ml 6! HN03 , 

2 ml 6! NH
4

0H, and 5 ml H
2
0, heat, filter, ignite in a crucible 

15 min. Weigh as Cb2o
5 

(14.30 mg per 10 mg Cb). 

The chemical yield was/V50%. 

(16) Molybdenum (adaptation). 

(a) Add 10 m~ MD and concentrated HCl, destroy HN0
3

• Make up to 5 ml 

6N HCl, add one drop Br
2 

water, extract twice with 15 ml ether. Com­

bine ether layers and wash twice with 2 ml 6N HCl. Evnporate ether 

over 5 ml H
2
o. 

(b) Boil out ether, dilute to 20 ml, add 5 mg Fe+ 3 and precipitate 

with NH
3

• 

(c) l:..dd 6 ml concentrated HN0
3 

and 1 ml saturated H
2 
c2o 

4 
to super­

natant, cool, add 5 ml 2% solution of ~-benzoin oxime in alcohol, di-

gest 2 min., add aerosol and centrifuge 5 min. (If the Mo oxime does 

not settle well, dilute the solution with c
2
H50H). Wash twice with 

20 ml l!!_ HNO 
3

• 

(d) Ldd 2 ml concentrated HN0
3 

and 1 ml concentrated HCl04 and boil 

carefully · to fuminr. Cool, dilute to 15 ml with H20, add 5 mg 

Fe+ 3, and precipitate with NH
3

• 

(e) Add 1 drop methyl oranp:e to supernatant and make just acid 

with 6! H
2
so

4
• Buffer with l ml 10% CH

3
COONa, boil, add 10 drops 

l! AgN0
3

, cool slowly with stirrinf, filter, wash five times with 5 ml 

0.03! 1'.gN0
3

, three times with 5 ml c
2
n

5
on, dry 15 min. at 110° C. 

Weigh as Ag2Mo04 (39.16 mg per 10 mg Mo). 

The chemical yield was'*"' 50-80%. More cycles of ether extraction and oxime 

preoipi tat~oil .may be 6tdded if needed for purl ty~ · · 

(17) Ruthenium (adaptation). 

(a) Add 10 mgo Ru and Os, boil 6,! HN0
3 

solution to volatilize Oso
4

• 
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Transfer to glass still, add 10 mg I , 0.5 g NaBi0
3

, 1 ml concen­

trated H
3
Po

4
, and 10 ml 70% HCl0

4
• Boil in air stream without bumping 

and distill over Ruo4 into 12 ml 6! NaOH in an ice bath. Distill until 

l-2 ml of HC10
4 

have distilled (2-3 min. after fuming begins). 

(b) To distillate, add 3 ml c
2

H
5

0H and boil 1-2 min. until Ru oxide 

is coagulated. Wnsh with 10 ml H
2

0 and 1 ml 6N NaOH and boil. 

(c) Distill Ruo
4 

a~ain, if necessary, and reprecipitate oxide. 

(d) Dissolve precipitate in 2 ml hot 6N HCl and dilute to 12 ml. 

Ldd/\1 0.2 g Mg chips or coarse powder slowly (add aerosol) until solu­

tion passes through blue stage and Ru
0 

appears. Boil gently until 

coagulated. .::~dd 5 ml concentrated HC1 to remove excess Mg and boil, 

filter, wash three times with 5 ml hot H2o, three times with 5 ml 
. . 0 

c2H50H, three times with 5 ml ether, dry 10 min. at 110 C. Weigh 

as Ru0
• 

The chemical ~rield was N 60%. 

(18) Palladium (adaptation). 

(a) +2 
l.dd 10 ·mg Pd , make up to 20 ml 0.5! HCl, add 5 ml dimethyl-

glyoxime solution (1% in alcohol). Wash with dilute HCl. 

(b) Dissolve precipitate in 1 ml concentrated HN0
3

, dilute with 10 ml 

H
2
0, add 5 mg 

+3 
Fe and make basic with NH3• 

-(c) il.dd 10 mg i1.g to supernatant and enough I to precipitate all the 

\g. Repeat Agi scavenginP.;. 

(d) Make supernatant 0.5 ! in HCl and centrifur;e out any i~gCl. ..:'•dd 

5 ml dimethylglyoxime. Wash. 

(o) Repeat purification cycle if needed for higher purity • 

(f) 

min. 

Filter last Pd dimethyl~lyoxime, wash with H
2

o and c
2
H

5
0H, dry 10 

0 
at 110 C. V~igh as Pd dimethylglyoxime (20.70 mg per 10 rng Pd). 

The chemicA.! yield was ~<t.l 60%. 



(19) Sil ~rer (adaptation). 

UCRL-251 
Page 22 

(a) /;dd 10 mg A£!, aerosol, dilute to 20 ml, and precipitate AgCl with 

l m1 6N HCl. Wash with 10 ml H
2
0. 

(b) Dissolve LgC1 in 2 m1 6!:!_ NH
4

0H, dilute to 10 ml, and add 5 mg 

F 
+3 

e • 

(c) SaturAte supernatant with H
2

S in the cold, wash i~g2s. 

(d) Dissolve Lg
2

S in 1 ml concentrated HN0
3

, dilute to 20 ml, and 

precipitate AgCl with 1 ml 6N HCl. Wash with H
2
0. 

(e) Repeat (b). 

(f) Repeat (c). 

(g) Dissolve i~.g 2s in 1 ml concentrated HN0
3

, dilute to 10 ml, add 

F +3 5 mg e , and make basic with NH3 • 

(h) Add 5 drops 6_! HCl to supernatant, aerosol, make 1! in HN03 , 

heat, filter, wash three times with 5 ml H
2
0, three times with 5 m1 

c
2

H
5

oH, dry 10 min. at 110° c. Weigh ns AgCl (13,28 mtr. per 10 mg Ag). 

The chemical yield was N 80%. 

(20) Cadmium (adaptation). 

(a) hdd 10 mg Cd and make basic with NH
3

, centrifuge out Bi(OH)
3

• 

(b) ..t.dd 10 ml concentrnted HCl to supernatant and evaporate to dryness. 

Tr.ke up in 20 m1 0.2! HC1 and saturate with H
2
s. ''fnsh CdS. 

(c) Dissolve CdS in 1 m1 6! HCl, boil out H
2
S, dilute to 10 ml, add 

+3 
5 mg Fe and 6! NH

4
0H dropwise until Fe(OH)

3 
precipitation bee:ins. 

Redissolve in 1-2 drops HCl. heat, add 4-5 drops 6N CH
3

comm
4

, centri­

fuge out basic ferric acetate precipitate. 

(d) hdd 10-15 drops 6! HCl to supernatant and precipitate CdS. 

(e) Dissolve CdS in HCl and expel H
2
S, add In and precipitnte with NH

3
• 

(f) Re-acidify nnd precipitate CdS. 

(g) Dissolve CdS in 2 ml 6! HCl, dilute to 10 ml, add 10 mg Pd+
2

, heat, 
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and saturate with H2S. 

(h) 

(i) 

(j) 

+3 Add Sb to supernatant and scnvGnge with Sb
2
s

3
• 

To supernatant add excess NH
4

0H f.nd saturate with H
2

S. 

Dissolve CdS in a few drops of HCl, expel H
2
S, dilute to 15 ml, 

add 2 ml 3M HCl, boil, add 2 ml 1! (NH
4

) 2HP0
4

, ~nd digest hot 15 min • 

Filtcor, wash with H20, dry 10 min. nt ll0° C. Wei!'-h as CdNH
4 

PO 
4 

·H
2

0 

(21. 66 mg per 10 mg Cd). 

The chemical yield was,...; 70%. 

(21) ~·"ntimony. No sa tis factory procedure was found but the following three 

were tried: 

(a) Precipitations of Sb 20
5 

with fuming HNo
3

, distillations of SbC1
3 

from H
2
so

4 
in e.n HCl stream, precipitations of Sb

2
s

3 
from hot 3_!! HCl; 

separations of LsCl
3 

bv distillation, and As
2
s

3 
precipitation. 

(.h.daptation). 

(b) Precipitations of Sb
2
o

5
, electrolysis of SbH

3 
from 6E_ H

2
so

4 
with 

a Pb cathode
6

, reaction of SbH
3 

with AgN0
3 

solution to precipitate 

SbAg
3

, reaction of Ag
3

Sb with HCl to precipitate Ag and agCl to give 

SbC1
3

, scavenging with J.s
2
s

3
, precipi t'ltions of Sb

2
S

3 
from hot 3E_ 

HCL (New). 

(c) Precipitations of Sb2o
5 

and Sb
2
S

3
; scavenging with As

2
s

3
, Mos

3
, 

Te0
, Fe(OH)3 from KOH solution, and Bi

2
S

3 
from K

2
S solution. (New). 

(22) Tellurium. (adaptation). 

(a) J .. dd 10 mg Te and Se and concentrated HBr, boil nenrly to dryness 

a few times. Take up residuo in 10 ml concentrated HCl, add Se, pre­

cipitate Se0 with S0
2 

in an ice bath. 

(b) Dilute to 3! HCl, heat, and precipitate Te0 with so
2

, centrifuge 

with aerosol. Wash with HCl. 

(c) 0 Dissolve Te in a few drops HN0
3

, evaporate excess acid, dilute 
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to 10 ml, add 6! NaOH dropwise until H2Teo
3 

precipitate forms and 

then redissolves, 10 drops excess. Scavenge with 1-2 mg Fe(OH)
3

• 

(d) ~nke supernatant 3N in HCl and precipitnte Te0
• 

(c) Repeat Se 0
, Te0

, nnd Fe(OH)3 precipitations several times. 

(f) Filter last Te
0 

precipitate, wash three times with 5 ml H
2
o, 

three times with 5 ml C2H50H, three times with 5 ml ether, dry 10 min. 

at ll0°C. Weigh as Te0
• 

The chemice,l yield was 1'\1601•. 

(23) Iodine (First steps are new). 

(a) Place target in glass still, add 10 mg 1- and 10 ml 6! HN0
3

, 

warm to dissolve. When entirely dissolved, distill over the I 2 and a 

few ml HN03 into H20 in an ice bath. 

(b) Reduce I 2 with a minimum of NaHS0
3 

in the cold, adjust, to 0.5N 

HN0
3

, add a few drops 0.1~ NaN0
2

, and extract I
2 

into an equal volume 

of Ccl
4

• Extrt:lct aqueous with second portion CC1
4

• Wash CC1
4 

with 

dilute mm3. 

(o) Shake CC1
4 

with 10 ml H
2
0, adding NaHSo

3 
until both phases color­

less. Wash aqueous with Cc1
4

• 

(d) Repeat extraction cycle several times. 

(e) Mhke last aqueous I solution 0.5! in HN0
3

, heat to boiling, 

add 2 ml 0.1! AgN0
3

, digest, fil tor, wash three times with H
2
0, three 

times with 5 ml C2H50H, three times with 5 ml ether, dry 10 min. at 

110° C. l11ieif:"h as i..g:I (18 .50 mr per 10 mg I). 

The chemical yield was rv· 40%. Active iodine formed as periodate may not 

exchange with the carrier by this method. 

(24) Cesium. 

See rubidium procedure. 

(25) Bnrium. 

See strontium procedure. 



UCRL-251 
Page 25 

(26) Cerium-Europium (adaptation). Cerium and europium were purified to-

gether end then separr.ted from tha other rare earths. 

(n) J.dd 20 m~ Ce, Eu, and Y. Make 2N in HCl with Zr, Cb, and Sr pre-

sent and precipitate RE fluorides. 

(b) Dissolve and reprecipitate RE fluorides from 2~ m~o3 with Zr and 

Cb present. 

(c) 

(d) 

(e) 

(f) 

(go) 

(h) 

Scavenge twice with Bi
2

S
3 

and RuS from 0.5N HCl. 

-
Precipitate RE hydroxides twice with NH

3
(co

3
- free) and Sr present. 

Precipitate RE fluorides from 2! HCl twice with Zr und Gb present. 

Scaveng-e with Bi2S
3 

and RuS from 0.3! HCl. 

Precipitate RE hydroxides with NH3 three times with Sr present. 

Precipitate RE oxalates from dilute HCl. 

(i) Prccipi tate RE fluorides from HN03 •. 

(j) Repeat (g). 

(k) Displace air with N
2

, reduce with Zn amnlgnm, precipitate Y(OH)
3 

and Ce(OH)3 with NH
3

• Dissolve and reduce O.fain, reprecipitate hy­

droxides. 

(1) Eu - Oxidize supernatants from hydroxide precipitations with 

ozone, precipitate Eu(OH) 3 with NH3• Dissolve in HCl, add Ce, reduce 

+2 
to Eu and precipitate Ce(OH)3 • Repeat separation cycle three times. 

Precipitate Eu2 (c2o
4

)
3 

like Y2 (C2o
4

)
3 

and treat similc,rly. Weigh as 

Eu 2 (c2o4 )3 •loH20 (24.6 mg per 10m?: Eu). The chemical yield wasN 15%. 

(m) ~- Precipitate Ce(ro
3

)
4 

twice, then Ce
3

(P0
4

)
4 

three times. Pre­

cipitate CeF
3 

from HCl, metathesize to Ce(OH)
3

, dissolve in HCl, pre­

cipitate Ce(OH)
3 

with NH
3

• Dissolve in HCl. Weigh as Cez(C204)3• 

lOH
2

) (25.84 mg per 10 mg Ce). The chemical yield was N 30%. 
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The filter paper discs, on which tho final precipitates were spread 

over~ 1 cm
2

, were mounted in the center of rectangular cardboard holders 

and covered withA.l 2.5 mf!./cm
2 cellopha~e to hold the sample in place. The 

2 " samples were counted on a ....., 3 mg/cm mica end-window Geiger Muller tube 

mounted on a lucite base, having five sets of slots for samples, inside an 

aluminum-lined lead shield. Particles which enter the tube are assumed to 

count with lOOio efficiency. Quc.nta countinr efficiencies, however, were 

assumed to be as follows: 13 Kev- 1.0/o, 18 Kev- 0.8%, 26 Kev- 0.6%, 

0.3 - .5 Mev - 0.5% and 0.5 i/Iev - U'~ per Mev. il. natural urRnium stan-

dard was counted occasionally to correct for any systematic variation in 

tube or circuit operation. All counting rates were corrected for coin-

cidences and background of the tube. Absorption curves of the particles 

emitted, for identification and extrapolation to zero absorber, were taken 

in beryllium so that absorption of x-rays present and bremsstrahlung produc-

tion would be rninimiz:Jd. Absorption curves of the x-rays and gammas were 

obtained by placing the aluminum or lead absorbers on top of a slab of beryl-

lium thick enough to stop all the particles and then covering with another 

slab of beryllium to stop the Compton and photo-electrons. Decay curves 

of the various particle and quantum components of the radiation were ob-

tained by countin~ through beryllium absorbers and beryllium-lead-beryllium 

sandv..riches similRrly. No back-scattering corrections were made, but the 

correction to zero absorber included one-half the weight of the precipitate 

in addition to the second-shelf cellophane + air + window thickness of 

N 8 mg/cm
2

• 

0 
L simple form of 180 ~-re.y spectrometer was used frequently to deter-

mine the siP."n (positron or ne~<:atron), energy, e.nd nnture (~-or e-) of the 

particles as well as follow the decD.y of ~ smftll number of positrons in the 
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presence of c-;.n overwhelming number of negatrons. Yield values were obtained 

from this instrument by counting a natural uranium standard on it and on the 

standard counter. In addition to these counting techniques, separations of 

daughter activities which had grown into purified chemical fractions were 

sometimes used for identification or yield measurements. 

L.. summary of the nuclides identified in 190 Mev deuteron fission of 

bismuth follows. The properties of these nuclides are not listed here since 

they nppear in the Table of Isotopes
7

• Yields were calculRted from ~-,s 

emitted by the nuclide unless otherwise indicated. No mention of an iso-

tope of observable half-life in an element studied means that isotope was 

not looked for. 

(1) Calcium. Particles, which had a rate of 30 counts/min. initially 

in a 5% frr.ction of e. 10 uah bombardment
1

were- observed to decay with 

rvl55-day hnlf-life in a hirhly purified calcium fraction and were 

45 
assumed to be from Ca • 

(2) Chromium. No activity was observed in the sample but short-lived 

(T
1
;

2 
< one week) activities would have been missed - Cr

51 
must have 

a very low yield. 

-(3) Iron. 1~. 46-day ~ -emitter of !'VI 0.36 Mev was observed and iden-

tified as Fe 
59

• 

(4) Nickel. The decay curve resolved into a 3-hour and a 57-hour com­

ponent. The 3-hour period was taken to be Ni 
65

• The 57-hour period 

h t be Nl· 66 by f. 5 c 66 ht was s own o separation o 1ts -minute u daug er. 

Ni
66 

is a new isotope first assirned in these studies. 

(5) Copper. The main component of the decay curve was a 57-hour 

0.5 1Jlev ~--emitter assigned to Cu67
• C 67 . . t . d u 1s a new 1so ope ass1gne 

in t.hese studies on tho hnsis of its half-life nnd lnck of an active 

zinc daughter. 



UCRL-251 
Page 28 

(6) Zinc. The decny curve shewed the growth of n 14-hour daughter and 

then a 49-hour decay. Separc, tion of Ga 
72 

identified the isotope ns 

Zn
72 

(yield calcub.ted from f of Gn
72 

daughter.) 

(7) Gallium. The decay curve resolved into a 4.9-hour and a 14-hour 

t Th 5 h · d "d t"f' d "s ~"~ 73 , ,--,nd the lt.-hour com,onen • e - our pe r:1.o was 1 en :1. 1 e '-' ....-'-' ;;. • 

72 
as Ga • 

(8) J.,_rsenic. Components of 40 hours and 19 days were resolved from 

the decay curves. The 40-hour ~- hed an energy of rv 0. 6 Mev and we-s 

identified as Ls
77

• The 19-do.y activity, which was N 50% positrons, 

Wl\8 ·identified as the shielded As 74 • 

and ~ emitted. ) 

+ 
(Yield calculated from ~ 

(9) Selenium. The activity observed two hours after the midpoint of 

the bombardment decayed to background vti th n 57-minute period and was 

8lm -
identified as the 58-minute I.T. Se • (Yield calculated from~ of 

Se
81 

daughter.) 
75 

Se could not be found, even in a long bombardment. 

(10) Bromine. The activity observed three hours after the midpoint 

of the bombardment resolved into 2o7 and 35-hour periods. The 2.7-

hour period was identified as Br
83

, and the 35-hour ns the shielded 

B 
82 

r • 

(11) Rubidium. A 21-day 2.0 Mev~-, 23-day 1.5 Mev S+, 40-day 
/ 

12 Kev x-ray n.nd 40-day 0.6 Mev Y were observed. The 20-day 

periods were associated with shielded Rb
86

• (Yield calculated from 

+ 
and B emitter.) The 40-day periods were associated with shielded 

Rb
84

• (Yield calculated from K x-rays emitted.) 

(12) Strontium. The activity observed a month after the bombardment 

consisted of a 55-day 1.6 ~~v g 
89 

which was identified as Sr • The 

90 
presence of 30-year Sr was detected by separntion of its 62-hour 

Y
90 

daughter. 
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(13) Yttrium. Components of lO~hour, 62-hour, and 57-day periods were 

resolved from activity separated soon after the bombardment. The 10 ... 

hour period was identified as Y
93

, and the 62-hour as Y
90

• The yield 

91 
of 57-day Y was measured in an yttrium fraction separated three 

weeks after bombardment. The rare-earth activities present in the 

yttrium fraction did not interfere because their yields are much 

smaller. 

(14) Zirconium. The 68-day 0.4 IVIev ~- observed was identified as 

Z 95 
r • 

(15) Columbium. The activity consisted of a soft ~- and Y decaying 

with a 35-day half-life which was identified as the lower state of 

Cb
95

• (Yield calculated from Y emitted.) 

(16) Molybdenum. The activity observed a few hours after bombard­

ment consisted of a 67•hour 1.2 JI/Iev f identified as Mo
99

• 

(17) Ruthenium. The decay curve of activity from a short bombard-

ment resolved into a 4.5~hour, a 36-hour, and a long-lived component. 

T - 105 105 
he 4.5 and 36-hour periods were identified as Hu and its Rh 

daur,hter. In a ruthenium fraction from a long bombardment a 42-day 

0.2 Hev f and a much longer-lived verv hard ( were observed. The 

42 d . d 'd t'f' d R 103 T 1 . d . b bl - ay per~o was ~ en ~ ~e as u • he ong per~o ~s pro a y 

106 
the 1-year Ru detected by counting the 4 Mev ~- of its 30-second 

Rh 
106 

daughter. 

(18) Palladium. The decay curve resolved into a 13-hour and a .21-hour 

component. The 13•hour period was identified as Pd109 by separation 

of its 40•second Al
09

m daughter. The 21-hour period was identified 

Pdll2 by 112 as separation of its 3.2~hour Ag daughter. (Yield 

calculated from ~- of Ag 112 daughter.). 
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(19) Silver. The decay curve consisted of a 3.5~hour component 

112 - 111 
identified as Ag , and a 7.5-day 1.0 Mev~ identified as Ag 

The 225-day isomer of Ag
110 

was also observed, 

(20) Cadmium. The decay curve consisted of a 2.3•day and a 43-day 

comnonent, and a 4.5-hour indium daughter was separated. The ac­

tivities were identified as the two isomers of Cd
115

• 

(21) Antimony. An antimony fraction from a short bombardment con-

122 tained a 2.7-day 1.7 Mev~- which was taken to be Sb • A 6-day 

x-ray activity observed in another bombardment was tentatively iden­

tified as the 6~day isomer of Sb120• A 60-day 8 was also observed 

and identified as the lower isomer of Sb
124

• 

(22) Tellurium. Observation of a 6•day :+activity suggested the 

f th 6 d K t . T 118 h h f" d b presence o e - ay -cap ur1ng e w ic was con 1rme y separa-

tion of its 3•minute B+ -emitting Sb
118 

daughter. (Yield calculated 

R. + 118 ) 119 h 40 h from of Sb daughter. Te was detected by separating t e - our 

x-ray activity of its Sb
119 

daughter. (Yield calculated from K x-rays 

of Sb
119 

daughter.) The 130-day activity observed consisted of 0.2 

and 1.2 Mev electrons, 27 Kev x-rays, and 185 and 650 Kev r. This 

t . "t "d 'f d h 143 · f T121 d "t d ht ac 1v1 y was 1 ent1 ie as t e -day 1somer o e an 1 s aug ers. 

(Yield calculated from Y emitted.) 

(23) Iodine. Positrons, x-rays, and y's of 4.5-day half-life were 

observed and identified as r124
• (Yield calculated from K x-rays and 

+ . ) ~ em1tted. A 13-day 1.0 Mev p- was identified as r126• The third 

component of the decay curve was a 55•day x-ray emitter identified 

I l25 
as . 

(24) Cesium. The fraction contained a 6~day 0.65 Mev r, 10.5-day 

x-ray, l9~day 1.9 Mev~-. and a small amount of"' 30·day andN 300-day 

tails. The 6-day activity was identified as cs132 • (Yield calculated 
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from YJemitted.) The 10.5-day activity was identified as Cs
131

• 

(Yield calculate~ from K x-rays emitted.) The other activities could 

not be identified with known cesium isotopes and may have been ru-

bidium impurity. 

(25) E~rium. A 38-hour 280 Rev e- activity was identified.as the 

133m -38-hour I.T. Ba • (Yield calculated from 0.3 Mev e emitted.) 

A 40-hour lanthanum activity was separated from the barium in very 

small amount, showin~ the presence of Ba140 The presence of Ba
131 

was shown by growth in the x-ray decay curve and the separation of 

Cs
131 

daughter. (Yield calculated from K x-rays emitted.) 

(26) Cerium. A IV 30-dayN 0.6 Mev ff activity was identified as 

Ce
141

• The other component of the decay curve was a IV 140 day activity 

of soft electrons and x-ra.ys which was identified as Ce
139

• (Yield 

calculated from.K x-rays emitted.) 

(27) Europium. An initial activity'of 500 particles, 32 Y, and 5 

x-ray counts/Minute decayed with a 21 day half-life and was tentatively 

identified as Eu149 • (Yield averaged from calculation one-, Y, 

and x-rays.) 

Section III 

190 Mev Deuteron Fission of Bismuth 

The measured yield of a radioactive nuclide produced in a nuclear 

reaction such as fission ma~r be one of two types usually called cumulative· 

and independent yields. A cumulative yield includes the amount of the nu-

elide formed by g decay of its smaller atomic number isobars if it is 

+ neutron-excess, or K-capture and ~ decay of its larger Z isobars if it is 

neutron-deficient, in addition to the amount formed directly by the nuclear 

reaction. l~st of the yields measured are of this type. An independent 

yield value, which is the amount of the nuclide formed in the nuclear 
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reaction, can be obtained either when a nuclide is bracketed by stable 

isobars (i.e., shielded) or when its parent activity has an observable half-

life and yield and a correction is made for growth of the nuclide in ques-

tion. Thirteen independent yields, includin~ 8 shielded nuclides, were 

measured end are me,rked with an asterisk in Table I. 

Initially, all vields were expressed relative to the yield of Mo 
99

• 

When considerations of the mechanism of the reaction made it possible 

to draw a smooth curve for the fission yield as a function of mass num-

bcr, the area under this curve was set equal to 200fo (since binary fission 

seems to predominate ~reatly) and the yields expressed in percent of the 

total fissions. (Mo 99 
at the peak of the curve has a fission yield of 5.0%). 

Finally, a measurement of the absolute yield of Mo
99 , in a bombardment with 

a known deuteron beam ~ave a value for the fission cross section--

~· 0 2 l0- 24 2 .[ ~ f = • x em, with 190 ~cv deuterons. 

In order to present the data most intellip:-ibly,, it is necessary to 

discuss briefly the proposed mechanism for the reaction. When the yields of 

the fission products are plotted as a function of their mass numbers, u 

single-peaked symmetrical distribution curve centered at a mass of approxi-

matcly 100 is indicated. Horeover, cumulative and independent yield 

values show that the ratio of neutrons to protons (or Z/A) is nearly con-

stant for all nuclides formed in relatively good yield and that this value 

of Z/A is that for a polonium isotope of mass about 200. Careful analysis 

of the data led to tho conclusion that the reaction could be approximated 

b t b P 199 f. · · ·th h d h b h es y o 1Ss1on1ng w1 uno ange c arge distri ution, after t e 

evaporation of about a dozen neutrons from the initial highly excited nu-

oleus. On this basis it is possible to predict which element (or elements) 

is the most probable pri~~ry fission product (i.e., initial fra~mcnt) 

for each mass number, as indicated in Table I. The desie;nation A f (or ~~. B 



UCRL-251 
Pare 33 

in this table means that the first member is wholly or partly predicted, 

but its yield is measured as the daughter activity. In Fir-. 1, the yields 

of all nuclides and the sums of all isobars measured were plotted against 

their mass number. The points are desi~nated as 11 on11 if they include the 

yield of the most probable primary fission product, 11 near" if they include 

the yield of one of two predicted equally, and 11off11 if they do not 

include any probable primary fragment. The smooth curve was then drawn on 

the basis of the weighted data, and values read off this curve were used in 

the "predicted fission yield" column of Table I. 

A number of examples may be cited to illustrate the arreement of data 

with theory. Zinc and gallium are predicted for mass 72, and the sum of 

the cumulative ~rield of Zn
72 

plus the independent yield of Ga 72 agrees with 

the yield predicted for that mass. These yields are sLown as the half-

shaded circles in Fig. 1 with the sum as the solid circle. The independent 

82 
yield of Br , a shielded isotope, is one-third the total yield of that 

mass, for which the prediction is selenium and bromine. Se82 is stable 

and therefore not observed. The cumulative yield of Sr
90 

and the indepen-

dent yield of Y:o add to ~ive a point on the curve, as do the yields of 

Zr95 95 
and Cb • The approximately equal yields of the 2.3 day and 43 day 

isomers of Cd
115

, like the ratio resultinf from the (n,p) reaction, in 

contrast to the fourteen-to-one ratio of yields in slow neutron fission of 

uranium where they are produced by decay of Ag115 , indicate predominant 

8 formation of this nuclide as a primary fragment • The yield of mass number 

115 is predicted to be shared between cadmium and stable indium, and one-half 

is observed as cadmium. For mass number 124, the predicted elements arc 

tellurium and iodine; and independent yields of the shielded nuclides 

Sb
124 

nnd I
124 

bracketing stable Te
124 

are only a fraction of the total 

predicted yield. It is of interest to note that the Ba 140 yield is less 
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than one percent of the total yield of th8t mass, for which Pr
140 

is the 

predicted nuclide, and that neutron-deficient Ba133m is the major ac-

tivity in the barium fraction as predicted. 

A few points predicted to be on the curve are low. One of the 

largest discrepancies occurs in the case of r126
--the good yield of r125 

makes incomplete exchange of tracer and carrier an unlikely explanation, 

but Friedlander has suggested that an undetected K-capture branching may 

be responsible
9

• Th 1 . d d t . 'ld f c 131 . t 1 . d e ow 1n epen en y1a . o s 1s as ye unexp a1ne , 

but the possible experimental error is large in this case. 
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Table I 

Fission Yields in 190 Mev Deuteron Fission of Bismuth 
Total 

Mass Predicted FP Measured Measured Predicted 
Number Primary Meas- Yield Yield Fission 

Fp ured (%) for Mass Yield(%) 
Number(%) 

45 K fl.~ Ca Ca 0.002 0.002 0.0002 

59 MnB-) Fe Fe .05 .05 .04 

65 C~Ni Ni .oa .08 .23 

66 Ni Ni .11 .11 .32 
R-

67 Ni~ Cu Cu .40 .40 .40 

72 Zn Zn .35 .86 .93 
Ga Ga .51* 

73 ·Ga Ga. .55 .55 1.1 

74 Ga 
As .06* .06 1.2 

77 ce-4As As 1.5 1.5 1.9 

81 Se .41 2.8 
sem Sem .41 

82 Br Br 1.0* 1.0 3.0 
Se(stable) 

83 Br Br 1.7 1.7 3.2 

84 Br 1.3 3.4 
Kr(stable) 

Rb 1.3* 

86 Kr(stable) 1.9 3.8 
Rb Rb 1. 9* 

89 R~Sr Sr 4.7 4.7 4.4 

90 Sr Sr 2.9 4.5 4.5 
y 1.6* 

91 sz4y y 4.4 4.4 4.6 

93 y y 2.8 2.8 4.8 
Zr 

95 Zr Zr 3.4 4.9 4.9 
Cb 1.5* 

99 Uo Mo 5.0 5.0 5.0 
r-

103 Tc~ Ru Ru 3.9 3.9 4.95 

105 . Ru Ru 3.1 3.1 4.9 
Rh 

*Independent yields 
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Table I (Cont'd) 
Total 

Mass Predicted FP aeasured Measured Predicted 
Number Primary Me as• Yield Yield Fission 

FP ured (%) for Mass Yield(%) 
Number (%) 

106 Rh 1.5 4,8 
Ru Ru 1.5 

109 Pd Pd 4.6 4.6 4.6 

111 Ag Ag 3.4 3.4 4.2 

112 Ar; Ag 2.8* 3.7 4.1 
Cd(ste.ble) 

Pd .9 

115 In(stable) 1.7 3.6 
Cd (2. 3 d.) Cd(2.3 d.) 1.0 
Cd ( 43 d.) Cd(43 d.) • 7 

118 Sn(stable) .oo8 3.0 
Te .008 

119 Sn(stable) .14 2.7 
Te .14 

120 Sb ( 6 d.) Sb (6 d.) .90 .9 2.5 
Sb(17 m.) 
Sn (stable) 

121 Sb (stable) • 2 2.3 
Te (143d.) • 20 

122 Te (stable) .25 2.0 
Sb Sb .25* 

124 Te (stable), .55 1.6 
I . I .43* 

Sb ( 60 d.) .12 

125 I I 1.2 1.2 1.4 

126 I I .ll* .ll 1.2 

131 Cs Cs .002* .18 .54 
Ba Ba .18 

132 Ba (stable) .06 .45 
Cs Cs .056* 

133 Ba Ba .25 . 25 • 35 

139 K 
P~·Ce Ce .12 .12 .07 

140 Pr .0004 • 05 
Ba .0004 

141 Pr (stable) .017 .03 
Nd 

Ce .017 

149 Eu Eu .003 .003 .0015 

*Independent yields 
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Fig. 1. Plot of fission yield as a function of mass number for products 

of the irradiation of bismuth with 190 Mev deuterons. 

.. 
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Section IV 

Fission at Other Energies 
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A survey was made of the change in the distribution of mass versus 

yield of the fission products with variation of the energy of bombardment. 

67 
The yield curve was studied by measuring the yields of neutron-excess Cu 

and Mo
99 

and neutron-deficient Ba133m, the first two of which lie on and 

the last very near the 190 Mev deuteron curve. In Table II, theyields of 

cu
67 

and Ba133m are given relative to the yield of M0
99 

taken as one in 

each experiment, ·since Mo 99 lies at the peak of the 190 Mev deuteron curve. 
¢ 

Table II 

Relative Yields of Cu 
67

, Mo 
99

, d B 133m an a 

in Irradiations at Several Energies 

(Mev) 
Relative· Yields 

Energy Projectile Target 6"7 Mo·eg· · aa13Sm Cu 

380 a Bi 0.12 1 0.050 

190 d Bi 0.080 1 0.050 

100 d Bi 0.038 1 0.012 

100 d Pb 0.046 1 0.025 

75 d Pb 0.016 1 0.007 

50 d Pb 0.004 1 0.008 

It appears thnt any shifts of the yield versus mass curve are less 

importP.,nt than a tendency for the half-width to decrease as the projectile 

energy decreases; i.e., the probability for symmetrical fission increases 

as thG excitation enerr.y decreases. This is shown graphically in Fig. 2. 

As Fip:. 2 also shows, the fission cross section decreases as the excitation 

energy decreases as the excitation energy decreases and is approximately 

three times as large with 380 Mev a's and one-half as large with 100 Mev 

d's as with 190 Mev d's. The excitation function of the fission reaction is 
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The ratio of the yield of Br
83 

to the vi~,.ld of sbiolded Br
82 

was 

moa.sured in o. series of irradiations of bisMuth with deuterons of 50 to 190 

iViBv energ:y. The yield of Br
83 

is cumulative and f. p:ood measure of the total 

yield of mass numbers in thm rcp:ion. 

Table III 

Br
83

jar82 Yield Ratio in Bismuth Fission 

as a Function of Deuteron ~nergy 

Enerf!:y (Mev) Br83/Br82 Yield Riitio 

190 1.7 

150 3.0 

90 7.8 

70 20. 

50 ~100. 

It appears that the mechanism of the reaction changes in such a way as thu 

Of Br
82 

excitation energy decreases that the probability of formation as ~ 

primary product decreases very rapidly. 
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F . 2 Pl t f th b l t · ld of Cu
67 , Mo

99 B 133
m d d 1g. • o o e a so u e y1e s , and a pro uce 

by irradiation of bismuth with 100 lvlev r,nd 190 Mev deuterons 

- -- - -- -and-380-Mev -9.-l-phas. 
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Section V 

Isotopic Lead Fission 
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If the prior emission of neutrons to attain n nucleus like Po
200

, 

2 . 236 . whose Z /A value ~s comparable to that of U , ~s necess~ry before 

fission cen compete sip:niftcantly with other reactions in bismuth region 

elements, then a difference in the fission cross section as a function of 

. 204 208 
bombardment energy m1e;ht be expected between Pb and Pb • Since the 

pure isotopes were not available, two lend samples enriched, respectively~ 

in these isotopes were bombarded together at several deuteron energies. 

The yield of fission was measured by obtaining the MJ 
99 

yield at all energies 

e,nd the Cu 
67 

and Ba 133m yields also in the 50, 75, and 100 .i.vlev deuteron 

bombardments. 

The technique was as follows: 10 mg of Cu, 1110, and Bu were added to 

the 6! HN03 solution of the target, r~ a-benzoin oxime precipitated from 

3! HN0
3 

solution, Pb02 deposited elect,rolytically from 6! HN03 after the 

alcohol was boiled off, the supernatant fumed down with a few ml of 36N 

H2so4 and diluted to precipitate Baso4 ~ and CuCNS precipitated from the 

supernatant. The MO, Ba, and Cu fractions were then purified by the usual 

procedures. The Pb0
2 

was dissolved in HN0
3 

and H
2
o

21
and PbC0

3 
precipitated, 

dried, placed in a pure carbon boat, and reduced to metal by heating in a 

H
2 

stream inside a quartz tube. (For the low energy bombardment the lend 

was purified from Mo carrier by treatin~ a 6! HCl solution of it with 

ether.) The lead pellets were rolled out into foils a few mils thick for 

re-bombardment. 

The variations in the vertical location and spread of the deuteron beam 

are so great when intercepted at the lower energies (i.e., smaller radius) 

that any absolute yield calculations are very inaccurate, especially in 

this case since the lead foils were small in area. Furthermore, since the 
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fission yield versus mass curve changes shape us the energy changes, as 

discussed in Section IV, so thP.t Mo
99 

does not have a 5.0~ fission yield, 

99 
the fission cross section cannot readily be obtained from the Mo yield 

mensurements. H h l t . . ld f C 67 ,, 99 d B 133m owever, t e re a 1 vc y1e s o u , !\110 , an a 

in two isotopic le&d samples showed the curve was similar in both at the 

same deuteron energy, and therefore the ratio of the Mo
99 

yields in both 

samples measures the relative amounts of fissi.on produced nt ench energy. 

In Fig. 3, the dnt~e'. are summarized alonf with the isotopic composition of 

the lead samples. The fission' cross section is smaller and decreases more 

rapidly ~s the deuteron energy decreases in PbB, which has a. smaller pro-

portion of the light isotopes than PbA, as might be expected on the basis 

of the reactions represented by: 

Pb208 + d ~ Bil98 

J, 
(1) 

2FP 

and Pb204 + d ~ 206 
Bi --) Bn + Bil98 

J,-
2FP 

It must be remembered that the cross sections ns shown are for the lead of 

. t· h If . . t f . t . t· f Pb204 compos1 J.on s own. g1ven 1n e-rms o 1so op1c cross sec J.ons o 

and Pb
208 

respectively, the differences would be even greater than those 

shown. 
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Fig. 3. Plot of the absolute yields of M0
99 

in the fission of two lead 

samples of different isotopic composition as a function of 

deuteron energy. 

e·· 
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Fission of Elements from Tantalum to Bismuth 

One of the first experiments performed in the study of high energy 

fission was to make a survey of fissionability as a function of atomic 

numb·ar with 380 Mev alphas. Bismuth, lead, thallium, platinum, and tantalum 

foils were bombarded, and several neutron-excess nuclides observed in each 

case. The relative yields of fission product activity are given in Fig. 4, 

in which the dashed curve has no theoretical significance. In the case of 

fission with 90 Mev neutrons, the yield seems to decrease less rapidly as 

Z decreases (e. P>, the yield in Pt is five times as great relative to the 

bismuth 'yield as with 380 M>v a's )
3

• If the mechanism of prior neutron 

evaporation to attain a critical z2/A is correct for tantalum also, we would 

predict that its fission products would be predominantly neutron-deficient. 

Therefore the nuclides studied in this experiment would be a poor measure 

of the amount of fission occurring, which might be considerably greater 

relative to bismuth than indicated in Fig. 4 • 

.. 

r: 
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Fig. 4. Plot of relative yields of fission product activity, produced by 

irradiation with 380 l~v alphas, as a functio~ of atomic number 

of the target. 
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Sect ion VII 

Theory of Fission Process 

UCRL 251 
Page 46 

The very extensive investigation of the fission of the heavies elements 

. (i.e., Th, U, etc •) is used as a basis in this discussion. The fission which 

can be induced in these elements with a total excitation energy of 6-8 Hev has 

a number' of special characteristics10 ' 11• The most probable division is 

highly asymmetric, with a ratio of masses of the two fragments of--' l. 5, despite 

the fact that experiment and theory show that the maximum kinetic energy,nJ180 

Mev, is produced in a nearly symmetric splitting12 ,l3 , 14 • A fission into 

two given fragments varies in kinetic energy release over a 30 Mev range 12 .. 

There appears to be a tendency for the fission to become somewhat more 

symmetric as the atomic number increases15 • The primary fission products 

have 3-5 excess neutrons on the average and ~- decay to stability. Since 

the n/p ratio of the stable nuclides increases with increasing Z, this means 

that there has been a redistribution of charge in the fissioning nucleus so 

that neither fragment has the n/p ratio of the parent nucleus. The total 

energy released in decay is .....__. 30 Mev. Fission competes very well with other 

reactions, for example, even in the case of irradiation of thorium with 40 

Mev alphas for which Or is approximately one-fourth of the geometric cross-

• section23, The fission yield curve for u235 irradiated with slow neutrons 

is shown in Fig. 5 along with the curve of the 190 Mev deuteron fission of 

Bi209, 

Nuclides in the .bismuth region are still energetically unstable with 

respect to fission--e.g., lead fission releases 120 Mev kinetic energy--but 

a critical deformation is necessary before fission proceeds spontaneouslyl4, 

The liquid-drop model of the nucleus leads to the parameter z2/A as the crit­

terion for the threshold excitation energy associated with this critical 

deformation. For Z = 84, the fission threshold is calculated to be, __ , 12 

Mev for A= 210, and,.._) 6 Mev for A = 200 (i.e., the latter comparable to 

the thresholds in the uranium region) 16 • The liquid drop model does not 
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lead, as yet, to the prediction of favJred asymmetry in low excitation 

fission of the heavy elements. J. Frenkel has postulated a quantum mechani-

1? cal tunnel effect to account for the observed asymmetry '·but J. A. ~~eeler 

does not believe his treatment is valid18 . 

Four interrelated aspects of fission need to be examined in detail in 

developing a mechanism for high energy fission: the excitation function, 

mass distribution, charge distribution, and sequence of fission and neutron 

evaporation. The problem of relating these aspects to the excitation energy 

of the nucleus is complicated by/the fact that the transparency of 

nuclear matter to high energy projectile nucleons means that a wide range 

of excitation energies is produced by a projectile of given energyl9. 

In the case of bismuth irradiated with deuterons, compound nucleus formation 

is probably a very good approximation at least up to 50 Mev. Even at 190 

Mev, the probability for complete transparency is negligible so that the 

inelastic collision cross section equals the geometric cross section. 

It has been calculated that the cross section with 190 Mev deuterons for ex­
citations of less than 100 Mev is one-fourth and the cross sect ion for ex­
citations of 100 to 200 }.1ev is three-fourths of the geometric cross section, 

with a broad maximum probability for excitations of .-J 150 Mev20. The 

transparency effect decreases as the deuteron energy decreases in the 

intermediate region, and therefore identification of the excitation ener-

gy with the deuteron energy becomes a better approximation. 

!:.'hen transparency is taken into account, the data on neutron, deuteron, 

and alpha fission of bismuth indicate that the fission cross section is 

very small below 50 Mev excitation energy and rises approximately linearly 

from 50 to 350 Mev. Thus we are observing a relatively pure high energy 

reaction in the fission of bismuth with 190 Mev deuterons. In contrast, the 

Np23? fission cross section becomes qu.ite large within one Mev of the 

threshold and remains nearly constant for higher energies?B Probably the 

u238 fission cross section, which equals approximately 2 barns with 380 

Mev alphas, behaves similarly 



UCRL-251 
Page 48 

thFeaaola !Hl:Q pemaiaa aeaFly aoaste.;et 'bl~ to aeG M~P:, and therefore the 

products of 380 Hev alpha bombardment of urRnium ara the average of many 

21 
effects • 

The fission of bismuth appears to be predominantly symmetrical at all 

excitation energies where ~c.yield is appreciable. In the case of the 

heavy elemontsJ e.n excitation three to four 1iiev above the threshold makes 

symm8trical division about one-tenth as probable as asymmetric
22

, while 

a 40 W~v excitation increase~ the ratio to one-half
23

. In the latter case, 

if any neutron evaporation precedes the fission, the r€sidual excitation of 

the fissioninr- nucleus may be considerably less than 40 MevJ of course. 

The intermediate r~rion has not been studied, but the combined effects in 

a 380 Mev alpha bombardment of uranium give a single peak for the muss 

d . t 'b t' 21 1s r1 u 1on curve • 

C. D. Coryell has recently proposed a method of organizing the inde-

pendent fission yield do. ta to give a more quanti ta ti ve test for the charge 

d . t . b t' h . 24 1s r1 u 1on mec c,n1sm • We need to assume that the nuclear charge on a 

fragment of any particulr.r mass number resultin!1-' fr0m a given fission mecha-

nism can be expressed as a probability distributiou ~urve symmetrical 

about the most probable cl:.nrt;e for thut mass, Z : cnosen on the basis of 
p 

the mechanism--i.e., a plot of the ratio of the yield of a particular iso-

bar to the total yield of that mass versus the difference in charge units 

between the charge on that isobar e.nd Z for that mass, Z - Z , should be 
p p 

a smooth symmetrical peak with a maximum at Z -· Z equal to zero. When 
p 

the data from slow neutron fission of uf 35 and Pu239 are so treated, a 

smooth curve is obtained only when Z is chosen by the postulc·.te of equal 
p 

chain len[!'th·s--i.e., that Zp - ZA, the Bohr-VIhceler maximum stabil-ity charge, 

for each of the two fra{"ments resulting from any fission is the same. The 

equal chain length postulate does require a redistribution of charge in 

~:··.' 
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the fissionin~ nucleus und releases clos:;; to the maximum ;ne:rgv for a fis-

14 
sian into any two ~ivon fr~gments • When the sa.me system of orl1'e.nization 

ls e.pplicd to the 190 lviev bisruth fission dntc, th~ results are shown in 

FiP'. 6 where Z is chosen on the basis of Po
199 

splittinr with unchanged 
p 

charge distribution (i.e., Z = 84/199 A). Tho charge distribution curv.:: 
p 

from rf 35 
fission is shown for comparison e.l though one would not necess!_lrily 

,::xpect that the shape of this curve would be the same for all fission mech"-

nisms. The bismuth data r-.ro not accurate enoup:h to define uny curve but, 

with the exception of three low points which me,y be bad experimentally, 

support our hypothesis of the mechanism. If we assume for the moment that 

Po 
199 

has been substantia ted as rGpresenting: the fissioninJr nuclei, rcpplicu-

tion of the equal chain length postulate to it predicts predominantly stable 

products and is contradicted by the obs.srvation of division into a neutron-

d d f .. t f p 199 ~ B 133 N.66 excess an a neutron- e 1c1cn rn~ment--e.~ •• 
84 

o ~-
56 

a + 28 1 • 

If we consider the case of bismuth fission following very high ex-

citation resulting from 190 ~ev deuteron irradiation, the problem of dissi-

pation of this ener~y arises. The kinetic enerr-ias of the fission fragments 

nre within a few l~v of those predicted on the basis of fission with near 

threshold excitation. The mass distribution curve indicates the sum of the 

t1J.1o final fmgments is N 200 me. ss units. ~.10reover, if the compound nucleus 

Po
211 

were fissioning, application of either the unchf\nged charge distri-

bution or the equal chain lengths postulate to it land to predictions of 

Pntirely neutron-excess fission products in disa~reement with tho datu. 

If fission preceded the dissipation of much of this excitation energy, the 

fragments would have this excitation in addition to that normally resulting 

from the distortion of division and might be expected to b~have like n cor-

responding compound nucleus studied in spallation rosGarch. Because of a 

Coulumbic barrier effect rising rapidly with Z, neutron or chRrged particle 
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evaporation are of comparable probability for nuclides in the copper 

region25 but pr~dominant neutron evaporation is already favored in the an­

timony region
26

• Therefore, qualitatively one mi~ht expect the same kind 

of relRtion between beta instability t?pe nnd mass number of the fission 

products as observed. The model of prior neutron evaporation (highly 

favored by hirh Z) followed by fission with unchanged charge distribution 

leads to such ~ood agreement between predicted and observed yields that we 

believe it is correct, however. 

We mny now try to explain the results observed in irradiation of bis-

muth with 190 Mev deuterons. The yields observed,are a combination of tho 

reactions induced by the range of excitations produced by this projectile. 

The Br
83jBr82 rnt1"os ff" . t t h th t th 1 t· h ~ are su 1c1en o s ow a e nuc ear reac 10n mec c-

nism is considerably different for low excitations, but the small probability 

for such excitations and the small probability that fission will occur in 

these cases makes the contribution to the observed yields very small. With 

high excitations, the first step is the evaporation of a number of neutrons 

-20 which occurs in a time of the order of 10 seconds. Thr:: binding energy 

of each successive neutron evaporated increases in an unknown manner, al-

though its kinetic energy probably roma'ins of the order of one i~iov, and 

therefore possibly the half-life for evaporation incre!:'.ses somewhat. 

Studies of the (a.,xn) reaction, which essentially requires compound 

nucleus formation and therefore o. knowledge of the actual excitation energy, 

indicate that the evaporation of the ~rder of 10 neutrons has a me.ximum 

probability at about 150 J!lfev excitation
27

• As neutron evapore.tion proceeds 

2 
and the residual excitation energy decreases, Z /A increases and thG fission 

threshold decreases. With Po
211

J an excitation energy a few Mev above the 

fission threshold is also probably sufficient to evaporate up to two neutrons 

Etnd fission cannot be detected in competition with the other nucleur rene-

. ·.1 
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tions possible. 
211 

If 12 neutrons were first t.:vnpore. ted from Po to reach 

Po 199 , however, the fission threshold is probably considerably small~r thnn 

the enerr-y necessary to evaporate unother neutron. The symmetry and un-

chantted charge distribution, which is energetically wasteful, sug;gest that 

fission occurs here at a higher rate thr,n in slow neutron fission. It 

is still questionable whether neutron cvnpora tion continues until it is 

• 
cnergotico.lly impossible nnd then fission competes with gamma emission, or 

whether fission actually competes significn.ntly with neutron eva.porntion 

while the residual e:xci tation is still sufficient for the latter to occur. 

'l'he increase in fission cross section in the 380 Mev alpha bombardment in-

dicntes the fission probability is the same or increases for still higher 

excitation energies. Of coursG, the evaporation of ch~r~ed prrticles de-

creases very ranidly the probability of fission ever competing with other 

reactions. It is felt th&t the precedin~ ~nalysis gives a reasonable ex-

planation for the observed fission cross section in 190 Mev deuteron bombard-

mont of bismuth of one-tenth of the geometric cross section. 

It is temptinr to try to generalize the proposed mechanism for high 

energy fission. Tho data on 320 l!Iev alpha bombardment of uranium suP."gest 

but do not prove th~t prior neutron e•~poration h~s taken place in this 

case also, but nothing has been deduced about the charge distribution mocha-

nism. At the other extreme, this mechanism predicts that thu products of 

380 Mev alpha fission of Ta
181 

will be predominantly neutron-deficient. A 

study of tha fission of bismuth with 380 M··v alphas should indicate whether 

fission competes well with further neutron evaporation when 10 to 12 neu-

trons have been evaporated but a hir:h excitation energy still reme.ins. 

It is probable th~t further refinement of the theory outlined here can 

be made. It is felt, however, that refinement of the experimental data 

should precede such speculRtion. 
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Fig. 5. Comparison of the fission yield curves for products of the 

235 . 
irradiation of U w1th slow neutrons and bismuth with 190 Mev 

deuterons. 
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Fig. 6. Plot of the ratio of the yield of a nuclide to the total yield of 

that mass number versus the difference between the nuclear charge 

of the nuclide and the most probable charge for that mass number 

for products of 190 Mev deuteron fission of bismuth. The charge 

d · t · b t · r 1 t r · · · r· u2 35 · 1 h -1s r1 u 1on curve or s ow neu ron 1ss1on o 1s n so s own. 
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