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'ABSTRACT 

Uranium was bombarded with 5.7-Bev protons. Formation cross 

sections are reported for products in the mass region 7.< A < 66. 

The peak yields for each mass number were found to occur along the 

stability line or slightly to the neutron-excess side of it. The 

data fit in well with current ideas concerning processes involved 

in high-energy nuclear reactions. 

\ 
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NUCLEAR REACTIONS OF URANIUM INDUCED BY 5 ,7-Bev PROTONS; 

RADIOCEEMICAL YIELDS OF LIGHT ELEMENTS 

C. L. Carnahan 

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

I. INTRODUCTION 

Since the completion.of.the Bevatron at Berkeley, studies have 

been made of the fission-spallation products of several elements when 

exposed to a 5,7-Bev proton beam. These target elements include 

uranium 1  copper, 2  tantalum, 3  , 	indium, and several light elements. 
1 

Shudde studied products from uranium in the mass region 52< A.< 210; 

this work is concerned with very light products, in the mass region 

7 < A <66. it was considered desirable to .extend the data on. uranium 

into the low-mass region at a high bombarding energy in .order to obtain 

a more complete description of the processes involved in high-eneigy 

nuclear reactions. 

In the last several years, as particle-accelerating machines 

of higher energies have become available, many,  radiochemical- studies 

of nuclear reactions have been made. Several, reasonably complete sum-

maries of thes,e studies have been compiled and are available in the 

literature, 1, 
5 

 

At low incident-particle energies (E < 50Mev) theobserved 

reu1ts can be explained quite adequately by the Bohr ôompound-nucleus 

theory, °  This model describes a nuclear reaction as taking place in 

two steps: (a) the incident particle is absorbed by the target nucleus, 

forpiing a compound system, while the kinetic energy of the projectile 

is distributed among the other nucleons; (b) the compound system decas 

according to various possible modes of particle emission, independently 

of the method of formation. The-first step is a relatively"slow" 

process; the kinetic energy of the incident particle is distributed 

dueing a time that is long compared with the time required for the parti-

cle to traverse the nucleus, 

I 
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At higher incident-particle energies (so Mev <E -  < liOO Mev) the 
data are no longer consistent with the compound-nucleus model. Excita-

tion functions at these higher energies vary more slowly than would be 

predicted from a compound-nucleus mechanism. Serber has advanced the 

hypothesis that at higher energies the kinetic energy of the incoming 

particle is dissipated in collisions with individual nucleons, resulting 

in a nucleon cascade which occurs in a time comparable to the time re-

quired for the incident particle to traverse the nucleus, 7  Nucleons are 

knocked out of the nucleus with a continuous distribution of energies 

up to that of the incident particle, leaving the nucleus with .a wide 

range of excitation energies. The nucleon cascade- is then followed by 

a relatively slow de-excitatioñ process in which nucleons and -  light 

fragments are evaporated. The increase with energy of the mean free 

path of a nucleon in the nucleus causes the nucleus to become increas-

ingly transparent to the incident particle as the bombarding energy is 

raised, and .thus the amount of excitation imparted to the nucleus in-

creases only slowly. Studies byFoilie 	Stevenson, and Seaborg on the 

fission of uranium by 3 110-Mev protons and the high-energy studies by 

Lindner and Osborne9  indicate that at high energies fission -is -preceded 

by the evaporation of up-to-25 nucleons, and that several different 

species may contribute to the total fission yield. 

At incident-particle energies above .400 Mev, other trends be-

come evident. Products that require large amounts of -excitation energy 

for their formation show steeply rising excitation functions. 10  Meson 

production also becomes significant- in this energy region. Wolfgang 
10 	 . - and others have introduced the term - fragmentation to describe a 

process in which it mesons are produced and reabsorbed, depositing large 

amounts of excitation energy in relatively small zones within the 

nucleus. Light fragments are -then emitted in a time that is short com-

pared with the lifetime of a compound nucleus; these fragments sub; 

sequently de-excite by..evaoration. It is-expected that the fragmenta-

tion process plays an increasingly important role in the production of 

light species (and their heavy partners) as the bombarding energy is 

raised into the multi-Bev region. 
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II. ECE:RflvNTAL PROCEDURES 

A. Target Arrangement 

The usual target arrangement was a stack of four, foils: a .1-mu 

aluminim guard foil, a 3-mil  aluminum moni'or foil, aiother 1.-mu 

aluminum guard foil, and a 5-mU uranium target foil. The total thick-

ness o, this foil stack was 270 mg/cm 2 . When products lighter than 

aluminum were to be -examined, a uranium, guard foil was placed between 

the second aluminum guard foil and the target foil, 

All foils were precisely machined to dimensions .of 0.746  to 

0 .7-9 in, by 2 .± 1/16 in, The edges of .the stacked foils were aligned 

as carefully as possible with the aid of a magnifying glass, and the 

foils were held ,  together with several small pieces of scotch tape. The 

foil stack was then inserted into a lucite holder which.was attached to 

an aluminum .probe head designed to fit the Bevatron target. ram. The 

foil stack protruded 1,25 in beyond the end of the lucite holder. After 

bombardmert the foils were removed from the holder and used for radio-

chemical analysis,  

B. Target Materials 

Natural uranium foil was .used as the target material''. Spectro-

graphic analysis 'showed the presence of .0.005% "iron, '0,001% nickel, and 

0.0001% manganese, The aluminum foil contained approximately 0,5% 

silicon, 0.05% iron, and 0.01% magnesium. Impurities present in' .these 

amounts make negligible contributions to the prodiicts formed fromhe 

uranium and aluminum foils 'during a bombardment. 

C. Beam Monitors 

In order to calculate cross sections for the .'products formed 

from uranium, it was 'necess'ary'to have ome'measure of the 'number of 

protons .striking the actual taxget area. This was accomplished by 

comparing the activities of the various nuclides 'forthed in .the uranium 



-7- 

foil with the N 1  activity formed. ±n the aluminum monitor foil by the 

reaction Al (p,3pn) Na . The monitor foils were allowed to cool for 

about 24 hours, and then their radiations were counted directly in a 
24 

proportional counter. The 15.0-hour Na activity was .the only one ob- 

served in these foils after the shorter-lived activities had died out. 

A number of workers have determIned cross sections for the re-

action Al (p,3pn) Na from threshold up into the Bev region. 

In this work the cross section.was asstimed to be éonstant from 2.0 to 

5,7Bev and equal to 10.5 millibarns. The error in this value is esti-

mated as ± 30%. 

In the early stages of this work nickel was separated from the 

uranium foil in each bombardment and the cross section for the reaction 

.0 	(p,--.) Ni was determined relative to the 10.5-mb cross section 

for Al2'  (p,3pn) Na2.  This was done with the idea .of eventually using 

Ni as an internal monitor in bombardments in which it wotild be Un- 

• desirable to .eploy a stack of aluminum foils The radiochemical puri-

ficatiOn procedure for nickel was relatively simle, and the .2.56-hour 

Ni activity.could very easily be resolved from the gross decay curves. 

One bombardment was carried out with a bare 5-mu uranium foil as the 

target; the results obtaIned using Ni05  as the internal monitor agreed 

well with results obtained .previouly using the external aluminum 

mOnitor A value of 2.8 mb was found for the reaction u238 (n.)  Ni05 

at 5.7•Bev; this is in good agreement with Shudde's data. 1 

D. Chemical Procedures 

In all the chemical procedures used in this work the uranium 

target foil was dissolved in concentrated HNO
3 
 containing known quanti-

tIes of various element8.acting,as inert carriers for the radioactive 

species to be investigated The resultant solution was then adjusted 

• to + M in 03  and the uranyl  nitrate was extracted with a mixture of 

30%tributyI phosphate and 70% carbon tetrachloride The elements to 

be investigated were then separated chemically from the aqueous phase. 

Most of the chemical purifications used are modifications of those used 
17-19 

by other workers. 



The purified precipitates were dried and mounted,and after 

counting were analyzed by the Analytical Chemistry Group to determine 

the chemical yields. 

Beryllium 

Beryllium was first removed as the hydroxide with ammonia, The 

precipitate was dissolved in concentrated HC1, Fe(III) was added, and 

the solution was made almost neutral with NaOH. It was then poured 

slowly with vigorous stirring into another cone containing enough 20% 

NaOH to give the resultant solution a base concentration of about 5%. 
The solution was digested and the Fe(OH) 3  was .centrifuged out. One 

milligram more of Pe(III) was added to the supernate, the mixture was 

stirred vigorously, and then it was centrifuged. The Fe(OH) 3  was saved 

for recovery o,f any beryllium that might have been carried. down. The 

supernate containing beryllate ion was neutralized with HCl )  and Be(OH) 2  

was reprecipitated with ammonia. This precipitate was dissolved in 3N 

NaOH and the Fe(OH) 3  scavenging step was repeated. A saturated solution 

of NHCl was added to the .supernate from .the Fe(OH) 3  scavenge, and the 

mixture was digested to reprecipitate Be(OH) 2 , which was centrifuged, 

washed, and redissolved in the minimum amount of Rd. About 15 ml of 

a pH-6 I'Ta2S03 -NaRSO3  buffer was added. Beryllium was. extracted into 

30 ml of a 0,4 M solution of thenoyltrifluoroacetone in .benzene with 

vigorous stirring for 20 minutes, The organic phase was then washed 

.twice with water, twice with .8 N ImO3 , once with water, twice quickly 

with .1 .N NaOH, and once quickly with water. Beryllium was then re-

extracted into a 2: 1 mixture of concentrated formic acid—concentrated 

HC1. This mixture was neutralized and Be(OH) 2  was precipitated with 

ammonia, washed with water, and dried. . Chemical. yields .were about 30%, 

Sodium 

Sodium was removed from the target solution by precipitating 

NaCl from a solution saturated with .HC1 in an ice bath, The NaCl was 

dissolved in water; .ferric, barium, and lanthanum carriers were added; 

NH3  was bubbled through the solution; and a small amount of a freshly 
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prepared saturated solution of (N11 11) 2CO3  was added,. Potassium, rubidium, 

and cesium holdback carriers were added to the supernate, which was then 

saturated with HCl in an ice bath. The precipitate of NaCl was centri-

fuged and redissolved in water, This solution was made 0,5 N in HC1, 

copper carrier was added, and CuB was precipitated with H2S, The 

supernate was boiled to remove H2S, and NaCl was precipitated with HC1, 

then redissolved in water. This solution was madeslightly ammoniacal )  

calcium, zinc, and magnesium carriers were added, a freshly prepared 

ammonium phosphate solution was added; and the mixture was centrifuged. 

To .the supernate were added nickel and manganous carriers, The solution 

was saturated with H 2 S and centrifuged, and the supernate was boiled. 

Potassium, rubidium, and cesium carriers were added and the solution 

was saturated with HCl in an ice bath to precipitate NaCl. The NaCl 

was dissolved and repreäipitated. The final precipitate was .washed 

twice with ether and filtered. Chemical yields were 40% to 60%. 

Magnesium 

Magnesium was initially removed. by the addition of (NH 1) 2HP01  

to the ammoniacal target solution to precipitate MgNH ) P0) . The pre-

cipitate was dissolved in the minimum volume of lid, the solution was 

adjusted to 0,1 M in lid, and the mixture was passed through a 6-mm-by-

10-cm column packed with .Dowex-50 cation-exchange rsin The eluate 

was discarded. The column was .washed with .water and magnesium was 

.eluted with 6 N HC1, CuB and then Fe(OH) 3 	 r scavenges wee performed 

upon this .eluate. The supernate from the hydroxide scavenge was ad-

justed to pH ii- with acetic acid; calcium, strontium, and barium carriers 

were added; and the oxalates were. precipitated with saturated .oxalic 

acid, The oxalate precipitation was .repeated twice, The supernate 

containing magnesium was .evaporated to dryness, excessoxalate was 

destroyed with .}ll'03  and the residue was dissolved in water. MHP0 )  

was precipitated from this solution and the whole procedure was re-

peated, The final MgNH) P0.precipitate was washed .twice with .water and 

twice with.ethanoi. Chemicl yields were about 20%, 
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Silicon 

Silicon was.present in the target solution as i.ifluosilicate. ion, 

Boric acid was added to complex thefiuoride ion and silicic acid gel 

was precipitated by digestion .of the solution with concentrated HC10. 

The gel was dissolved in NaOH solution and .a titanium scavenge was per-

formed. The solution containing silicate ion was then acidified with 

HC1 and digested with HC10 to repre.cipitate silicic acid. The 

solution, scavenging, and reprecipitation steps were repeated twice. 

The final silicic aCid precipitate was washed with dilute .HC1, water, 

and ethanol. Yields were about .50%, 

Phosphorus 

Phosphorus, as phosphate, was removed from the target solution 

by precipitating zirconium phosphate. This precipitate was washed with 

water and dissolved in 0,2 ml of 48% HF, To this solution were added 

10 ml of 3 N HC1 and one milligram of As(V) carrier, The mixture was 

saturated with H 2 S while being heated in .a steam bath. Lanthanum car-

rier was added to the supernate to precipitate LaF 3 , To this precipi-

tate were added Ii. ml of concentrated HNO
3 
 and 5 ml of aminonium molyb-

date reagent. . The ammonium phosphomolybdate precipitate was dissolved 

in 0,5 ml of NH) 0H. Ten milliliters of water and 4 drops of 30% 

were added, and the solution was stirred vigorously. . Zirconium phos-

phate was precipitated from this solution by the addition of 10 ml of 

concen.trated HC1 followed by zirconium carrier. The zirconium phosphate 

was separated and the procedure was repeated twice, the second time only 

through the precipitation .of ammonium phosphomolybdate. This precipitate 

was dissolved in 1 ml of concentrated NH0H; then 2 ml of citric acid 

solution (0,5 g/ml) plus 10 nil of magnesia mixture were added. NH) 0H 

was added dropwise until MgH 1 P0 st.arted to precipitate, and then l -.ml 

of NH0H were added in excess. The mixture was allowed to stand in .an 

ice bath for 10 minutes. The MgNHP0 was centrifuged off, washed with 

.1: 20 NH0H, and redis solved in dilute HC1. The pepit:tion of .MgNH1 P0 

was then repeated and the final precipitate was washed with 1:20 NH ) 0H, 

50% ethanol, and 95% ethanol, :Chemical yields were about 30%. 



-11- 

Sulfur 

Sulfur, as sulfate ion, was separated by precipitating BaS0 

from the target solution, which had been made 1 N,in HC1. This pre-

cipitate was metathesizedfor. 30 minutes in a steam bath .with a 20% 

NaOH solution saturated with Na 2CO3 ., The supernate was then neutralized 

with 11NO3  and scavenged with Fe(011) 3  and La(OH) 3 ,. The supernate from 

the hydroxide scavenge was made slightly acidic and aAgC1 scavenge was 

performed. To the solutIon, containing sulfate ion were then added 

Se(IV) and Te(IV) carriers followed by about 1 g of chromous acetate. 

The mixture was digested and filtered. BaS0 was precipitated from 

the filtrate with BaCl 2 , and the metathesis was repeated. The solution 

containing sulfate ion was acidified, the selenium and tellurium 

scavenge was repeated; and BaS0'was reprecipitated. This final pre-

cipitate was washed with water and .ethano1 Chemical yields were 20% 

to 45%.  

Chlorine 

The target.foil was placed in a small distilling flask along 

with the chlorine carrier (NaCl). Concentrated HNO
3 
 was added and the 

system was immediately closed. The liberated gases were passed into 

receiving vessel containing .5 ml.. of 6 N NaOH solution plus several 

drops of 11202.  The distilling flask was heated for several minutes 

after the target foil had completely dissolved. The solution in the 

receiving vessel was neutralized with HNO
3 
 and then made slightly basic 

with N11) 0}[. Fluoride carrier was added and ,CaF 2  was precipitated by 

the addition of Ca(NO3 ) 2  solution. The superna1e was made 0.5 N in 

KNO, bromide carrier and about 0.3 g of animonium persulfate were added, 

and the solution was boiled until all the Br2  had been evolved. AgCl 

was then precipitated by the addition of excess AgNO 3 . The centrifuged 

AgCl was dissolved in concentrated NH0H, and Fe(III) (as the nitrate) 

was added to precipitate 'Fe(OH) 3 . Holdback carriers of copper, nickel, 

cobalt., and zinc were added. to the supernate and the 'solution was acidi-

fied with KNO3 . Excess silver .ion was added to the acidic solution to 

ensure complete precipitation of the AgC1, . The final precipitate was 

washed with water and acetone. Chemical yields were about 60%, 
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Potassium 

The target solution was adjusted to pH 5 with acetic acid, and 

• cooled in an ice bath, and K3C0(NO2 ) 6  was precipitated by the addition 

• of excess Na3Co(NO2 ) 6 , The precipitate was washed and dissolved in 1 ml 

of concentrated HC1. 	02  was boiled off, the solution was diluted to 

10 ml, and a CuS scavenge was performed. H 2S was boiled out of the 

supernate; ferric, lanthanum, and barium carriers were added; the solution 

was made ammoniacal; and 1/2 ml of saturated (NH) 2CO 3  solution was added. 

Nickel and manganous carriers were added to the supernate and the solution 

was saturated with H2S. After centrifuging, the supernate was acidified 

with HC1 and boiled, and the chlorides and ammonium salts were destroyed 

by evaporating to dryness with HNO
3 
 Cesium and rubidium holdback car -

riers were added before the evaporation. The residue was taken up in 

5 ml of 72% HC104  and the mixture was evaporated to dryness. Again, 5 ml 

of HC10 were added to the residue and the mixture was washed into a 

small heavy-walled cone with several portions of chilled absolute ethanol, 

The cone was cooled in an ice bath and the precipijated KC10
4 
 was centri-

fuged off. This precipitate was dissolved in a small amount of water, 

the solution was evaporated to dryness, and the evaporation and precipi-

tation with KC10 were repeated. The final KC10 precipitate was filtered 

and washed with ethanol. During one of the runs an extra step was in-

corporated into the proceure 2°  Following thefirst HC10 precipitation, 

the KC10 was dissolved in water, cesium and rubidium carriers •were added, 

and the solution was passed through .a 6-mxn-by-12-cm column packed with 

acid-washed Duolite C-3 cation-exchange resin. Potassium was .eluted from 

the column with ..Ol N HC1, a process, which took an inconveniently long, 

time. With this concentration of acid .a good separation .can be achieved 

between potassium and rubidium; when a higher concentration was used in 

order to reduce the elution time, it was found that potassium and rubidium 

came off at best very close together, and, in a few cases, together. Also, 

the use of a flame photometer was requiied in order to determine which 

fractions contained potassium, The methodias rathel' timeconsuming and 

did not seem to give an apreciable improvement in radiochemical purity, 

therefore it was not used in subséqueñt bombardments, 
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Calcium 

Calcium was precipitated from the aminoniacal target solution as 

CaCO3 . The precipitate was dissolved in the minimum volume of BJT0 3 , the 

solution was diluted to 10 ml with water., and a AgC1 scavenge was per-

formed. The supernate was adjusted to 0,1 M in HC1 and a CuS scavenge 

was performed. The supernate was boiled to remove H 2S, ferric carrier 

was added, and Fe(OH) 3  was precipitated by the addition of NH 1 0H. Nickel 

and cobalt carriers were added to the ammoniacal supernate and the solu-

tion was saturated with H2S. The supernate from the basic sulfide 

scavenge was boiled, and then a Ii-% solution of (NH )) 2C 20),  was added, 

The CaC 20 1,  precipitate was dissolved in ,a small amount of dilute .11NO3 , 

and barium and strontium carriers were added. Thirty milliliters of 

white, fuming 11NO3  was added and the mixture was cooled in an ice bath. 

The mixed barium and strontium nitrates were centrifuged off and the 

supernate, containing calcium, was evaporated to 1 to 2. ml. Barium and 

strontium carriers were added to the supernate and the treatment with 

fuming HNO
3 
 was repeated. The supernate was evaporated to 2 to 3 ml and 

made up to 30 ml with water. This solution was made ammoniacal and 

CaC201  was precipitated by the addition of (NH 4 ) 2C 2
0. The precipitate 

was dissolved in HNO and 2. ml of 1 N NaBrO solution was added. This 

solution was diluted to 30 ml and made strongly anmioniacal; then CaCO 3  

was precipitated by the addition of (I'u 4 ) 2co3 . The .CaCO3  was dissolved 

in EM03 . and the solution was diluted to 25 ml, Lanthanum carrier was 

added and La(OH) 3  was precipitated by the addition of NH0H. Finally, 

CaC20 ,  was precipitated from the supernate by the addition of (NH 11) 2C20 1, , 

and was washed with water and.ethanol. Chemical yields were about 20%, 

Manganese 

Manganese carrier was added- to the target solution as .manganous 

ion, The i-i- MEMO3  solution from the uranium extraction was evaporated 

to dryness with IICl to destroy the liMO3 . The residue was taken up in 

water and the resulting slightly acidic solution was saturated with SO 2  

to ensure that all the manganese was .present as manganous ion. After 

boiling of the solution to. expel excess SO 2 , excess solid .K3r0 3. was added 
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and the mixture was heated until Mn0 2  precipitated. The .Mn02  was dis-

solved in concentrated HC1. This solution was boiled to expel Cl2 , and 

was then passed through a 6-mm-by-10-cm column packed with Dowex A-2 

anion-exchange resin previously washed with concentrated HC1. The eluate 

was evaporated to reduce its volume and was made 1 N in HC1. Silver car-

rier was added and the AgC1 was removed by centrifugation. The super-

natant solution was then scavenged with CuS. The supernate from this 

operation was evaporated to dryness with HNO
3* 
 The residue was dissolved 

in water and the solution was made 0.1 N in HNO, Excess solid .NaBiO 3 	 3  

was then added to oxidize manganous ion to permanganate. NaOH was added 

untIl the solution had a p11 of 10, and aFe(OH) 3  scavenge was performed. 

The supernate was made .1 N in 1UIO 3  and the permanganate was reduced to 

the plus-two state by the addition of oxalic acid. Excess solid K3r03  

was added and the solution was heated until Mn0 2  precipitated, This 

precipitate was washed with dilute HNO
3 
 and the purification procedure 

was repeated. After the second purification cycle the JvJnQ 2  .was dis-

solved in dilute HNO
3 
 containing some 11202,  the solution was diluted to 

10 ml with water, and Mn02  was reprecipitated with K3r03 . The final 

precipitate was washed with water and acetone. Chemical yields were 

less than 20%. 

Iron 

The target solution containing ferric ion as carrier was made 

basic with NH40H. The Fe(OH) 3  that precipitated was washed and then 

dissolved in a small volume of concen.trated HC1. Five milligrams of 

gallium carrier was added and the solution was passed through a 6-mm-by-

10-cm column packed with Dowex A-2 anion-exchange resin previously washed 

with concentrated IlCl. The column was washed once with 12 N HCl and once 

with 6 N HC1, and iron .was eluted with 05 N HCl, Molybdenum, gallium, 

antimony, arsenic, germanium, tellurium, and tin carriers were added to 

the eluate and the solution was saturted with.11 2S, The supe±nate was 

made basic with I'I1 ) 0H and was again saturated with H 2S, The FeS pre 

cipitate was dissolved in the minimum o1ume of concentrated 1m0 3 , 

Tungsten and barium carriers were added, a few drops of concentrated 

H2SO4  were added, and the precipitate was discarded. Five milligrams of 
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gallium carrier was added to the supernate and Fe(OH) 3  was precipitated 

by the addition of NaOH. The Fe(OH) 3  was dissolved in concentrated HC1. 

The solution was made 7,5 N in HC1 and the iron was extracted into iso-

propyl ether. The ether phase was washed with 7.5 N HC1 and was then 

evaporated over water. Molybdenum, gallium, antimony, tin, and germanium 

carriers were added to this solution and Fe(OH) 3  was precipitated by the 

addition of NaOH, The Fe(OH) 3  was dissolved in HC1 and the extraction 

and precipitation steps were repeated. The purified Fe(OH) 3  was washed 

with water and was filtered. Chemical yields were 30% to 50%. 

Nickel 

The target solutIon containing nickl carrier was made basic with 

NH1 0H, a saturated solution ..of dimethyiglyoxime was added, and the nickel 

dimethylglyoxime precipitate was filtered off, washed, and dissolved in 

the minimum volume of concentrated HNO
3* 
 The solution wasboiled, diluted 

with water, and adjusted to a pHof 1. A AgCl scavenge was performed; 

this was i'o1lowed by a mixed copper and palladium sulfide scavenge. The 

supernate was boiled to expel .H 2S, ferric carrier was added, and Fe(OH) 3  

was precipitatedby the addition of I'H ) 0H. Nickel dimethylglyoxime was 

precipitated from the supernate by the addition of dimethylglyoxime, and 

the purification procedure was repeated. The purified nickel dimethyl-

glyoxime was washed with dilute NH 1 0H, water, and ethanol. Chemical 

yields were 30% to 60%. 

E. Sample Mounting 

The final purified precipitate was washed into a filter chimney 

with an irwide diameter of 18,5 mm, The precipitate was collected on a 

circle of Whatman Filter Paper No. 112 of 7/8-In, diameter, supported by 

a 7/8-in. diameter sintered glass frit. The total sample area was 2.7 
2 	 o cm . After washing, the precip itate was dried for 15 minutes at 110 C. 

The filter paper holding the sample was then placed on a 1-in. -square 

piece of double-sided masking tape which had previously been centered 
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on a standard aluminum sample holder, 2.5 by35 in. by 350 mg/cm , A 

1-in. -square piece of rubbe.hydrochioride film (0.6 mg/cm ) was then 

placed over the sample and stuck on. the, edges to the making tape. With 

this arrangement portions of the sample could not be lost during the 

counting operations. 

The aluminum monitor foils were cut into threepieces of equal 

size and each piece was mounted on an aluminum plate with double-sided 

tape. These foils were not covered with rubber hydxáchlbride film, 

III, ThEATIvNT OF DATA 

A. Cross-Section Calculations 

The rate of formation and decay of a single radioactive species 

during a bombardment is expressed by the differential equation 

dN • 	= IfltY_XN, 

where 1 is the number of protons hitting the target per uni.t time, 

is the number of targetnuciei per square centimeter, 

a is the formation cross section of the product in square centi.-

meters, 	 . 	. . 

• 	7. isthe decay constantof the product, 

N is the number of:atoms.of.thé product 

Under the conditions that the beam current I is constant and that N equals 

zero at the beginhing of the bombardment, the above equation has the 

solution. 	 . 	. 	• •• 	• 	• 	• 	• 

T 	(1_e _t). ' 

• where t is the duration :of the bombardment and N is the nuniber of atoms 

of the product present at the end of the bombardment. 
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In this study, all cross sections were comparedtthat for 
21i- Na. production in aluminum 0  Letting the subscript "I" den10te the 

24 	-- 
nuclide of interest and letting' 2 denote Na produced in the aluminum 

foil, we have 

A°  W M 	-?t 
= 	1 * 2 	1 	(l-e 2 ) 	°2 ' 

1 	A ° 	TI 	 (i 	-7t 
2 	'l 	''2 

where the A° 's are the disintegration rates at the end of bombardment, 

the w"s are the weights of the foils used, 

the M t s are the atomic weights of the foil materials. 

Shudde gives an expression that is useful for the interrupted 

bombardments sometimes experienced on the Bevatron, 1  

B. Beta Counting 

An end-window methane -flow proportional counter with an 1.0-

mg/cm2  aluminized mylar window was used to count 1 eta radiation. 

Several corrections must be applied in converting observed 

counting rates to disintegration rates. Of these, the most important 

are geometry, air-and-window absorption, backscattering, self-scattering 

and self-absorption, radiation abundance, and chemicalyield. Coinci-

dence corrections for the type of counter used are negligible up through 

10 counts per .minute and were neglected. 1t was assumed that all beta 

particles that penetrated the counter window were counted. 

Owing to the low activities encountered in this work, all samples, 

including monitors, were counted 'on the top shelf of the sample holder. 

It was calculated, from data provided by Dr, D.. W. Barr, 21  that this 

shelf has a geometry.of 0.33. 
The air-and-window absorption factors, f w 11 were calculated by 

use of the formula 

f 	e w 

where xis the air-plus-window thickness in .mg/cm 2  and p. is the absorption 



coefficiei 	Values for p. were calculated by use of the formula pro- 
22 

vided by Gleason, Taylor, and Tabern, 

p. = 0,017 	E.71.43 , 

where E is the maximum beta-particle energy, 

.Backscattering factors, fB' were taken from Burtt's data for 

negatron backscattering. 23  Positron counting rates were increased b 

10% because the backscattering effect is smaller for positrons than for 
2 1  

negatrons, 	 - 

'Self -scattering and self-absorption factors, fSY were obtained 

from the data of Nervik and Stevenson. 25  

Data on radiation abundance and beta-particle energies were 

taken from the compilations by Hollander, Penman, and Seborg,26  and 

by Way.et al. 
27 
 The correction factor for radiation abundance, f A' 

 was 

unity for all the negatron emitters .tudied here, 

With these correction factors, the expression for the .disinti-

gration rate of a nuclide is 

A 
0 ,33xfx..fB xfSxfA xY 

where .D is the disintegration rate, A is the observed counting rate, 

and Y is the chemical yield. 

C. Gamma Counting 

For gamma-ray counting, a sodium iodide (thallium-activated) 

crystal 1,5-in, in diameter by 1-in, high was used with a 50-channel 

pulse-height analyzer. A thin beryllium window separated the crystal 

from the sample being counted, 

Several corrections must be applied in converting gamma-kay 

counting rates to disintegration rates, . They are counting efficiency, 

geometry, escape-peak 'loss, radIation abtndance and chemical yield. 

Counting efficiencies for the size of crystal used at. Berkeley 
-. 	28 

have .been determined by Kalkstein and Hoilander; their data were used 

exclusively in this work. 
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Geometry factors were also taken from the data of Kalkstein 

and ilollander, 28 

The integrated photopeak counting rates were corrected for 
29 

escape-peak loss by means of .the data of Axel. 

Radiation abundances were taken from the compilation by 

Hollander, Penman., and Seaborg, 2  

The disintegration rate of a nuclide is then related to its 

• 	gamma-ray counting rate by the eQuation 

D 	
A 

.CExGxEPx:Rx.Y'. 

where D is the disintegration .rate, 

A is the observed counting rate, 

CE is the counting efficiency, 

G is the geometry factor, 

EP is the correction for the escape-peak.loss, 

R is the radiation abundance. 

Y is the chemical yield, 

D, Decay Characteristics 

Beryllium 

The •Ii.78-kev gamma rays accompanying the decay of 53-day Be 7' 

were, counted in the gamma scintillation counter., The abundance of 

this radiation was taken to be 12%, 0  No beta activity was detected 

in the beryllium samples,  

Sodium 	 . 
21 

The negatron activity from 15,0-hour Na was detected in a 

proportionalcounter.. In samples from long bombardments .the 15,0-hour 

activity tailed .nto several counts per minute of a long-lived activity 

which decayed only slightly over a long period of time This was 
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attributed to 2, -year Na , which .decays 90% by positron emission. Both 

the 0,51-Mev annihilation radiation and the 1.28-Mev gamma ray from the 

decay of Na22  were easily detected on the scintillation spectrometer. 

Magnesium 

The only activity observed in the magnesium samples was 21,3-hour 

Mg 
28. 
	 i . in The negatrons from this nuclide were counted n eqlibrium with 

those from the 2.30-minute Al 2  daughter. The counting was done on a 

proportional counter. 

Silicon 

The silicon samples were counted in a proportional counter, The 
31 

only activity observed was that of 2.62-hour Si , a negatron emitter, 

Phosphorus 

The phosphorus samples were counted in.a proportional counter to 

detect the .negatron.s from il-. 11.-day P32  and 24,8-day P33 . Least-squares 

analysis and Biller plots were used to resolve the two activities, 

Sulfur 

The first two sulfur samples examined in this work were separated 

from; foils that had been allowed to. cool for severul days aftr having 

been bombarded. As a result, the only activity observed in .these samples 

was that of 87.1-day S35 , which decays completely by negatron emission. 

However, in two later bombardments the samples were purified and counted 

immediately, and both showed the 170-minute activity of .S 3  , wt4ch.was 

discovered recently by Nethaway and Caretto. 31  The samples were counted 

in .a proportional counter, and the assignment of the 170-minute activity 

to S3  was confirmed by using the scintillation spectrometer to detect 

the 1,88-Mev gamma ray from the .decay of this isotope. 

Chlorine 

The.deay of 32)-minute Cl 	was studied by observing the 510- 

key annihilation radIation from the positrons emitted in 100% of the 
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decays of this nuclide. The disintegration rate of C134m,  as determined 

In this manner, was converted to the corresponding proportional-ounter 

counting rate.. The latter was then subtracted from the gross proportion-

al-counter decay curves to give the combined activities of 37,3-minute 

and 55-minute  C139, which are both negatron emitters- The indi-

vidual acti'rities of C13  and C139  were then resolved by 1east-square 

analysis. 

Potassium 

Least-sq.u.ares analysis was used to resolve 12.5-hour K 
2 
 and 

43 22,I-hour K from proportional-counter decay curves 0  An activity with 

ahaif-lifeof about 30 minutes was also observed in the potassium 

samples, and was attributed to 22-minute K and 34-minute K 41532 

However, the data were never sufficient to resolve this shortactivity 

into two components, 

Calcium 

The calcium samples were counted in a proportional counter over 

a time sufficiently long so that the decay curves showed only the 164- 
45 

day activity of the negatron emitter Ca 	This activity wassub - 

tracted from the gross decay curves and a lèast-squares analysis was 

done to separate the aCtivities of 4,8-day Ca and its daughter 3,13 
47 day 

Manganese 

The gross proportional-counter decay curves were easily resolved 

into the .ctivitis of 5.72-day 
52 
 and 2,58-hour Mn 6, Mn 

52  decays 

33% by poitron emission) and Mn 5  decays by negatron emission, 

Iron 	 . 

The activities of 8,3-hour Fe52  and 1 5.1-day Fe 59  were easily 

resolved from the proportional-counter decay curves, Fe 52 . decays 59% 

'by positron emission and was counteft in equilIbrium with 2103 -minute 

• ,Mn5 , which in turn decays 985% by positron emission, Fe 59  is a 

.negatron emitter, 
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Nickel 

Only twoactivities were observed in the nickel samples. The 
65 negatron-emitting .2.5 -hour Ni was easilyresolved on proportional- 

66 counter decay curves from .5 -hour Ni , which was counted in equilibrium 

with .5.1-minute Cu°°6 	.: 

IV. BESULTS AND DISCUSSION 

The cross sections measured are presented in Table I and are 

shown graphically in Fig. 1. . Yields are in millibarns and are based 

on the valixe of 10 5 mb assumed for the reaction Al 27  (p)3pn) Na2  at 

5.7Bev. Errors due to counting statistics, uncertainties in counting 

corrections, analysis of decay curves, etc., are estimated to be .about 

± 20%. This .does not include the ± 30% error estimated for the absolute-

cross-section standard. 

The results obtained in this study, when combined with Shudde's 

wk .on uranim fission induced by 5,7-Bev protons, 1  are consistent with 

present ideas concerning high-energy reactions. The cross sections 

measured by.Shudde are presented in Table II, 

At lower energies (E , 0.40 Bev) the products from bombard-

ment of the heavier elements (e.g., lead,.bismuth, thorium, and uraniurn) 

fall into several clearly defined mass regions. The spallation .region. 

includes nuclides within 30 or 140 units of A of the target; the for-

mation cross sectiQns of these nuclides decrease sharply with decreasing 

A.. There is a corresponding region composed of extremely -low-mass 

nuclides (neutrons protons, and helium nuclei) which are the partners 

of the heavy spallation products; in this, second region yields decrease 

sharply"with increasing A. The fission .region lies .between these two 

regions and is separated from them by valleys of very low yields, 
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Table I 

Cross sections for production of nuclides 
from uranium bombarded bv 5.7-Bev protons 

Nuclide. 	 cross section 
	 Type of 

I(rnillibarns) 	 .Yield* 

Be7  15. C 

Na22  ~ y 1r4 2 . 4 .  C 
24 s7- 7,(,3 12. C 

Mg 8  3.8 C 

S131  /-I 2.i. C .  

P32  ! '.o?j' 1.8 I 

• 	p3  . ' 	 Y 0,87 	 . C 

3.7 C 
38 . 	

. .0.77 	 . 	 . C 
• 	13m 

 C 

•3
8 

C1 37•,  

11 3 2.5 	 • 	 • C 

• 	.K 2  i , 

• 7,3 	• I 
- 4 . 5 •• 

• ( 	
• 2.9 	• 	 • 	 • c 

Ca 45 , 5 . 6 • . a 
Ca • 'tflD 1.6 	 • 

2  '9 1,3 (ground state only.) I 

7.1 	. 

F 52  e . 0.045 	 . C 

Fe 59  3. 7 	. 	 . 	 . 	 . 	 . 	
. C 

Ni 2.8.. 	. 	 . 	 . 	 .. C 

Ni66 
 1.6 C 

and .1  are :ued to desiiate . cumulative 	rie1ds and. . independent yields, 

re spectivel.. 	. 
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Fig. 1. Experentally measured cross sections 
(in millibarns) (Stable nuclides are shaded). 
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Table II 

Cross sections for production of nuclides from uraniu 	bombarded 
by 5.7-Bev protons (measured by R. H. Shudde ) 

Nuclide Cross section Type of 
(millibarns) Yield 

Mn 52 0.68 
56 6.3 

Fe 59  2.3 C 
61 

Co 6.5 C 

Ni6  2.8 C 
.66 

1.2 
•6l . 	5 

Cu 0,53 . 	C 

5 . 4 i 

Cu 
67 

. C 

Zn6  20 C 

Z 72  n 0,68 	 . C 
68 

Ga •7,1 I 

Ga72 . 	5, 	 . _ 1 

6,1 C 

M099  42, C 

Ru103  28, C 
105 

Ru .28, . 	 C 
106 • • . 

Ru 	• 25, .0 

Pd109 	• 23, 	 - • 	. 

11 ' Pd • 	2,7 C 

Pd111  7,2 .0 
112 

Pd 1,.1 
llOm 

Ag 
. 	 I 

	

3,0 	.• . I 
.111 

Ag 
. 	 . 	 . 

2.i.. C 
112 

Ag 
-) 

95 
113 

Ag 
. 

. 	 15, 
. 

C 
115 

Ag 703 . 	C 

(continued) 
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Table II (continued) 

* 
Nuclide 	 Cross section 	 . 	Type of 

(millibarns) . 	 Yield 

.9,5 	 . 	. 	C 

Cd15 	 . 	 28, 	 . 	. 	 C 

13, 	 C 
ill in 	 5,9 	 C 

I 

128  a 	 20 6 	 C 
Bà10 	 32, 	 C 

L 10  a 	 O,9 	 i 
132,133,11 1 	. 	

29, 
Ta178 	 59 

Tä8 	 . 	 8,6 	 C 
201 m2  . 	

15, 	 , •1 

Pb209 	 3.9 	 • 	 C 
212 	 c 

21°  Bi 	 360 	• 	 C 

* 
Cross . sections presented . in Table II have been adjusted to a value of 

10,5 mb for the monitor. reaction. Shuddes original figures were 

based on a value of 8,3 mb, - 



-27- 

As the bombarding energy is raised, several trends become evident. 

Comparisons of yields of products resulting from the bombardment of 

uranium with 30-Mev, 8 1 80Mev, 33  3.0-Bev, 1  and 5.7-3ev1  protons; of 

bismuth with 3 1 0-Mev, 35  80-Mev, 33  660-Mey, 6  and 2.2-Bev37  protons; and 

of lead with protons in the energy range 0.6 to 3.0 3ev, show that as 

the bombarding energy is increased, significant changes occur in the 

yields-vs-mass curves. The over-all curves begin to ' tflatten out" with 

increasing energy, and the deep valleys between the fission and spal-

lation regions progressively become shallower 0  Quantitatively, chain 

yields in the fission region tend to remain about the same within an 

order of magnitude, while the yields of products in the valleys may In-

crease by several orders of magnitude. Wolfgang et al.lo  have found 

that in bombardment of lead with 3.0-3ev protons the cross sections for 

forming a product of any mass number below the target mass are the same 

within an order of magnitude, in striking contrast with results obtained 

at lower energies. 33 ' 35  Thus the fission and spallation regIons are no 

longer well-defined, and it is sometimes very difficult .to assign speci-

fic mechanisms to the production of various nuclides. 

These same trends are apparent when yields of products obtained 

in this work are compared with, yields obtained from uranium at lower 

proton 'energies. The yield of Na at 5.73ev is 200 times as high as 

that at 0.341ev 8  the P32  yield is 250 times as high as at 0,. 1 8 -3ev; 33  

the Fe59  yield is 20 times that at 0.31--3ev; 8  while the yields of nickel 

isotopes are 2 to 5 times as hIgh as at 0.34-Bev. 

Wolfgang et al 0  have found that the excitation function for Na 24  

production from lead increased only from 2 mb to about 4 mb between 2.0 

and 3.0 Bev, while the yields of P 32 , Mg28, and F1  leveled off at a 
- 	 .. 	 10 	' 	. value of about 0.5 mb in the same energy range. 	The yields of 

21  
Na , 

P32 , and 
2o 

-obtained in this work are 6 to 9 times as high as the yields 
from lead at 3.0 Bev. 

Caretto and Hudis have determined excitation functions for pro-

duction of F1  and Na2  from various target elements at proton energies 

i up to 6.0 Bev. 38  The curves rise steeply from a threshold n the neighbor- 

hood of 0.5 Bev and 'begin to level off at values of the order of millibarns 
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above 3.0 3ev 0  The sharp rise from a' threshold at about 0,5 Bev suggests 

that a different mchanisrn comes into play in the Bev region, and lends 

credibility to the fraentation mechanism,. Curves, of Na 2  yields vs 

target mass for bombarding energies of 1.0 Bev, 2.0 3ev, and 6.0 Bev also 

exhibit interesting features. 
38 The curves all show discontinuities near' 

mass 170. The curves for the two lower energies decrease steadily to this 

point and then rIse steeply; the 6,0-3ev curve has a thinimum near mass 100 

a.nd.a slight peak at mass 170, after which the yields increase slowly. If 

one is willing to accept the meson-prdduction-and-reabsorption process 
10 

postulated byWolfgang et al,, the increasing 'ields for heavy target 

nuclei could be explained by saying that as the target mass (end rn.cle.ar  

size) increase,, the mesons have a greater probability of being reabsorbed 

and making their energy available for franentation. The, high yields from 

low-mass targets are probably due to the familiar cascade-evaporation 

mechanism. 

With the evidence of Caretto and Hudis in mind, the yields from 

'uranium at 5.7 Bev are not inconsistent with the much lower yields from 

lead at .3,0 Bev, Not only is there an energy effect, but also the higher 

mass of uraniui would contribute to higher yields. 

In connection with this Pate and Friedlander have determined 

cross sections for 'a number of protactinium and astatine isotopes produced 

in the bombardment of uranium with 3,0-Bev protons. 3  The protactinium 

yields are lower by factors of 2 to 4 than those at 340 Mev, 39  while the 

yields of the .neutron-deficient.protactinium isotopes are very low and 

drop off sharply with distance from the stability line. (Some of the 
,- 

cross sections reported 'are 0,17 mb for Pa 227' , 0,o 	
228 mb for Pa , and 

2,4 mb for Pa229, 
34 ) 

 On the .other hand, the yields of astatine isotopes 
209 	211 (At , At ) with approximately the same neutron-proton ratios as the 

very light protactinium isotopes are of the .order of a milliban, 1  The 

high.:.: astatine yields, relative to the protactinium yields, are difficult 

to explain in terms of spallation followed by successive alpha decays. 

However, if it is assumed that relatively large fraents are broken off 

from an excited protactinium nucleus in a fast process, producing high. 

yields of entities in the .region of astatine, t1ncrresponding1y. high 
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yields would be expected in the low-mass region. Iffigh yields are indeed 

observed in the low-mass region in this work and in other high-energy 

studies mentioned previously. 

Close examination of the data presented in Table 1, combined with 

some admittedly crude interpolations, indicates that the maximum yields 

for each mass number occur along the stability line or slightly to the 

neutron-excess side of it. This is consistent with the fragmentation 

mechanism. This mechanism would be fast compared with the lifetime of a 

compound nucleus, and the neutron-proton ratios in the initial fragments 

.are expected to be the same as in the undisrupted nucleus. Thus light 

fragments (A I-i.0) would be initially neutron-rich In the de-excitation 

process the evaporation cascade would tend firs.t toward the stability 

line and then, owing to the low Coulomb barriers toward proton emission 

in this region, along.the stability line, 
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