
Lawrence Berkeley National Laboratory
Recent Work

Title
THE REACTIONS OF URANIUM-238 WITH CARBON IONS

Permalink
https://escholarship.org/uc/item/0418t6wg

Authors
Sikkeland, Torbjorn.
Thompson, Stanley G.
Ghiorso, Albert.

Publication Date
1958-03-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0418t6wg
https://escholarship.org
http://www.cdlib.org/


UCRL 8142 

cy 2 

University of California 

Ernest 0. 
Radiation 

Lawrence 
Laboratory 

TWO-WEEK LOAN COPY 
-1) 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



... . 'l· .. ' 

,., 

UNIVERSITY OF CALIFORNIA 

Radiation Laboratory 
Berkeley, California 

Contract No. W-74o5-eng-48 

THE REACTIONS OF URANIUM-238 WITH CARBON IONS 

UCRL-8142 

Torbj¢rn Sikkeland, Stanley G. Thompson, and Albert Ghiorso 

March 1958 

Printed for the U. S. Atomic Energy Commission 



.. 

'.> -,.,-

THE REACTIONS OF URANIUM-238 WITH CARBON IONS 

UCRL-8142 

Torbj¢rn Sikkeland, Stanley G. Thompson, and Albert Ghiorso 

March 1958 

ABSTRACT 

The ex.ci tation functions for some reactions of u238 with monoenergetic 

c
12 

ions have been measured by use of the stacked-foil technique. The (C,4n) 

and (C,6n) reactions were found to occur through the formation of a compound 

nucleus followed by neutron evaporation. The results were consistent with 

calculations made by a modified Jackson-type treatment. Application of the 

information from the u238 ( C ,xn) reactions to the calculation of cross section:J 

for the Pu
242 (C,4n) Fm25° reaction was found to give agreement with experi

mental results •. 

The (c,a4n) reaction .probably proceeds mainly by a stripping mechanism, 

but there is also an indication of evaporation of alpha particles from a compOlmd 

system. 
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INTRODUCTION 

Most of the quantitative information on nuclear reactions in the neavy.

element region has been confined to investigations with helium ions or lighter 

particles because of the difficulties of obtaining intense monoenergetic beams 

of heavier ions. Heavy ions such as carbon, nitrogen, ox.ygen, and neon have 

been accelerated in cyclotrons, but usually with relatively low intensities and 

with broad energy spectra so that quantitative interpretation of the ex.perimental 

results is difficult.
1

-7 However, more recently, investigations have been made 

in Russia of the dependences of the spallation cross sections of gold bombarded 
8 

with monoenergetic nitrogen ions using the 150 em cyclotron of the ANSSSR. 

The cross-section curves exhibited sharp max.ima consistent with the theory of 

evaporation processes. Another group at the same location studied the fission 

cross sections as a function of energy of ytterbium, rhenium, gold, bismuth, 

u235, and u258 , 9 using the monoenergetic nitrogen ions. 

The use of a linear accelerator for obtaining beams of monoenergetic 

heavy ions has many advantages. It is readily adaptable to the acceleration of 

a wide range of different ions. The linear accelerator can be changed rapidly 

to accelerate the desired particles, the ex.ternal beams are well focused and of 

high intensities, and the particles are of well-defined energies. Such linear 
10 11 accelerators have been constructed at Berkeley ' and at Yale University. 

These accelerators produce ions with energies of 10 Mev per nucleon. 

The heavy-element region is particularly interesting for the study of 

the reaction mechanisms, since fission competition has a large influence on the 

spallation cross sections. 12 A knowledge of the ex.ci tation functions with heavy 

ions is also of interest in the production of new heavy isotopes and new elements •13 

This work was performed under the auspices of the United States Atomic Energy 

Commission. 
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It was convenient to begin the general investigation of heavy-ion re

actions in the heavy-element region with bombardments of u2
3

8 
with c12 

ions. 

u238 is av~ilable in large amounts, has a low specific activity, and is there

fore readily adaptable to the stacked-foil technique. Most of the spallation 

products are well kriown; they decay by alpha-particle emission and have favor

able half lives. 

EXPERIMENTAL 

Bombardments 

The stacked foils were made by vaporizing UF4 onto nickel foils of 2.3 

mg per cm2 thickness. u238 (99.3%) was used and its thickness was approximately 

1 mgjcm2• In front of the foils was an aluminum absorber of 14.1 mgjcm2 thick

ness, which reduced the energy of the carbon ions from 120 to 102 Mev. A 

collimator 0.91 by 0.50 em was used so that the total beam measured by the 

Faraday cup would pass through the UF
4

• For each foil the UF
4 

layer was facing 

the beam; therefore all spallation recoils were stopped in either the UF4 layer 

or the nickel backing. The energies of the C ions in the different foils were 

evaluated from calculated range-energy curves for carbon in uranium, nickel, 

and fluorine.
14 

Eighteen foils were used and the energy in the last one was 

45 Mev. The intensity of the beam was assumed to be constant through the foils, 

and equal to that measured by the Faraday cup. The pulses were of 2-millisecond 

duration and the time between the pulses was 0.5 sec, giving a duty cycle of 

4 x 10-3. The measured beam varied between 2 and 20 millimicroamperes with an 

average intensity of 11 m~a per cm2• Since the t~e of these experiments 

several improvements have been made which have increased the beam intensity to 

approximately one meter microampere. 

Chemistry 

The different foils were dissolved in concentrated HCl containing a 

trace of H2o2, H
3
Bo

3
, and HNo

3
• The transplutonium elements in 6 M HCl were 

separated from uranium by sorbing the latter on a column packed with Dowex.-1 

anion-~x.change resin, and from nickel by elution with 6 M HCl from a column 

packed with Dowex.-50 cation-exchange resin. 15,l6 The higher actinides are 
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eluted after nic~and before thorium and actinium. The transplutonium

element fraction was finally electroplated on platinum plates17 and was sub

jected to alpha-particle pulse-height ~malysis. The different nuclides were 

identified by their alpha energies and decay properties. In each case the 

chemical yield was determined by using Am241 
yield tracer in the solution. 

Results 

The cross sections of the spallation products Cf
246

, Cf244, and cm242 

as a function of the c12 
ion energy in the laboratory system are given in 

Fig. 1. The errors given are statistical errors. The yield of Cm242 is cor-
242 246 rected for the growth of Cm from the decay of Cf • 

The spallation product Cm240 (27-day half life) was also observed, but 

with large errors in measurement resulting from the low levels of activities. 

We have, therefore, not included the low-energy part of its curve. 

Products from the reaction (C,4n) are observed 2 Mev below the thresh-

old. This may arise from the following sources: 

1. Straggling of the carbon ions in the foils. 

2. Imperfections in the foils. 

3. Errors in measurements of the thickness of the foils. 

4. Uncertainties in the maximum energies of the ions accelerated by 

the linear accelerator. 

5. Errors in the range-energy curves. 

Straggling in the foils will increase the energy distribution by 0.3 Mev at the 
c 18 

(c,4n) threshold. Both .1 and 2 should make the observed peak of the ex.citation 

function curve for the (C,4n) reaction broader, whereas it is actually at least 

as narrow as that calculated from Jackson 1 s formula. This is also demonstrated 

by the curve for the reaction Pu242 (C,4n) F.m25° (Fig. 2). Item 3 should not 

introduce larger errors than 0.5 Mev and item 4 negligible errors in this ~nergy 

range. 

These suggest therefore possible systematic errors in the range-energy 

curves. These have been evaluated from data for ions not heavier than helium,19 
because accurate range-energy measurements have not been made for heavy ions. 

2~e combined error from all sources is believed to be less than 5 Mev. 
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The point on the ( C ,4n) cross E:ection curve corresponding to a carbon

ion energy of 94 Mev seems high by a factor of three, a discrepancy which can 

not be explained by statistical errors. This might be an indication of the 

presence of a lower-energy component in the beam. 

DISCUSSION 

A. ( C ,xn) Reactions 

The (C,4n) and (c.,6n) curves are characterized by sharp peaks indicating 

compound-nucleus formation followed by neutron evaporation. If this interpre

tation is correct the cross section, o(C,xn)' may be expressed according to a 

modified Jackson formula: 20 

(1) 

where oC(E ) 
250 c 

is the cross section for the formation of the compound nucleus 

Cf at the bombarding energy E c 
12 of the C ions: 

n .., 'n 
Gl = (~)i ~ ( h + f)i is the branching ratio for the emission of 

the ith neutron in an evaporation process. -x The product (G) = (G1 • G2 ••• GX) 

therefore gives the fraction of the initially formed compoUnd nuclei. which survive 

fission in X successive evaporations of neutrons; 

* P (E ) = I (~ , 2 .X.· .. 3) - I (A 1 , 2x. - 1) is the probability for evap-xn x. -x+. 
. * orating exactly x neutrons at the ex.citation energy E , and I (z,n) is Pearson 1 s 

incomplete gamma function; 

~ = 
* E 

X 

.. Z B1 21 
T , where Bi is the binding energy of the i th neutron 

and T is the nuclear temperature (assumed to be constant through the evaporation 

process); 

and ~ 1 = X+ 

* E 
x+l 

- Z B 

T 
i 

X. 
* E - z Bi - Eth 

or ----T~:..-----, when Eth < Bx.+l' where Eth 

is the activation energy for fission. 22 ,Z3,Z4 The nuclear temperature for 

fission is assumed to be e~ual to that for neutron evaporation. 
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The crc can be calculated for carbon ions of energies (EC) greater than 

1.2 times the Coulomb barrier (VC) by use of the formula:
2
5 

2 vc 
cr c = 1C (~ + RC) ( 1 - E-), ( 2) 

c 
where R = r 

0 
Al/3, V C = Coulomb barrier, and EC = energy of the carbon ions. 

At lower energies the calculations are complicated and uncertain. In

stead we shall use Formula (1) to evaluate ere (E). 

We shall now .make the following assumptions::.! 

(a) For the average value of G ,. [G = (G1 ·G2• • ·Gx)x. ], we use those calcu-
. X X 

lated from helium-induced reactions on nuclei, which give the same compound 

nuclei as those for the heavy ions. The G values are those obtained for (a,4n) 

reactions which also proceed mainly through compound-nucleus formation and 

neutron evaporation. In this case the 1 process following the compound-nucleus 

formation is independent of the mode of formation and the G values should be 

the same for helium-ion and carbon-ion reactions. When experimental data are 

unavailable, an estinlate of the G may be obtained from the systematics for 

(a,4n) reactions compiled by Vandenbosch and Seaberg. 24 In this way we obtain 

the values (G) 4 = 1.6 x. 10 "'3 and (G) 6 = 1.0 x 10-5. We shall also assume G to 
. 12 o a. 

be independent of the ex.citat~on energy, *'~= 0), in th~ energy range 

involved. o E 

(b) Direct processes may be neglected, since the probability should be small 

that a heavy ion of energy less than 10 Mev per nucleon bould knock out four 

neutrons. 

The best fit to a smooth curve for ere was obtained by using the param

eter r = 1.5 fermis. This is the same as that found to give the best fit for 

helium~induced reactions on heavy nuclei. 26 For nitrogen-induced reactions a 

parameter r = 1.55 fermis has given a good fit.9 For the average nuclear 
0 

temperature, T, we have to use 0.90 Mev at the peak for the (C;4n), and we have 

to increase it to 1.06 ~~v at the peak for the (c,6n) reaction in order to 

obtain a good fit. The results of these calculations are expressed by the 

curve for ere in Fig. 1. 
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The increase of the nuclear temperature with ex.ci tation energy is in 

accordance with what might be ex.pected from simple theory. This indicates 

that the assumption of constant nuclear temperature implicit in Jackson 1 s 

treatment is not rigorously justified. The value for the nuclear temperature 

is lower than that found in helium-~nduced reactions.
26 

The nuclear temperature 

obtained in this work, however, may be too low by as much as 0.6 Mev owing to 

systematic errors in the energies of the carbon ions. A very much higher nu~ 

clear temperature must be assumed in interpreting the results of Baraboschkin 

et al. on the reactions of gold with nitrogen ions. 8 It might well be that the 

discrepancy is due to uncertainties in the energies of the heavy ions. 

The errors in crC given in Fig. l now are of the order of the errors for 

the (G) X. factors, which might be as high as 50%. 

A very large fraction of the reaction products following compound nucleus 

formation in very heavy isotopes consists of fission products. It should there

fore be possible to obtain a good estimate of crC by measuring the fission cross 

section. In this case fission can also be induced by secondary neutrons and 

alpha particles. This effect would be enhanced by reactions in the foils used 

to degrade the carbon-ion energy. Thus corrections might be necessary in using 

this method. Preliminary results from radiochemical measurements of crf give,, 27 

within the experimental errors, agreement with crC obtained in this work. 

It is now possible to calculate the cross sections for the (C,xn) re

actions of other heavy isotopes. In this case we assume, as a first approx.i

mation, that for isotopes of not too widely different atomic number the cross 

sections for c~mpound-nucleus formation (crC) are equal at the same value of the 

parameter x. = VC • (EC' VC previously defined). Accordingly we have calculated 

the cross secti9n for the reaction Pu
242 (C,4n) F.m

25°, using a nuclear temper

ature of 0.90 Mev, and the agreement with the ex.perimental results was good as 

shown in Fig. 2. A recoil method similar to that for helium induced reactions 

was used in these ex.periments. It is reasonable to assume that the same method 

can be applied to the reactions of other heavy ions with heavy isotopes. 



-11- UCRL-8142 

Bo (C,a4n) Reactions 

The cross-section curve for the (c,a4n) reaction (shown in Fig. 1) seems 

to contain at least two components. There is a broad peak upon which a sharper 

one with a mkx.imum at 76 Mev is ·superimposed, Energy considerations show that 

in both cases alpha particles rather than other charged particles must actually 

be emitted in the reactions at lower energies. 

From our data it is not possible to arrive at definite conclusions con

cerning the mechanisms involved in the (c,a4n) reaction. However, the following 

discussion represents our point of view on this question, The broad peak is 

probably a .consequence of reactions that do not involve the evaporation of alpha 

particles from a compound system. An evaporation process should give a sharper 

peak, Furthermore, it should result in a sharp drop in the cross section below 

the threshold corresponding to a kinetic energy of the emitted alpha particle 

equal to the Coulomb barrier. For the (c,a6n) reaction this threshold is 83 

Mev (for the c12 ions), whereas we observe products from the reaction far belmr 

this energy. The drop in the (c,a4n) curve below the evaporation threshold at 

69 Mev might be due to the influence of the barrier on the c
12

.ions. 

One possible explanation of the broad part of the (c,a4n) reaction curve 

is obtained if we assume that alpha-particle structure exists in the carbon ion 

for sufficiently long periods of time to allow stripping or electric disinte

gration to occur. Disintegration of c
12 

into He4 and Be8 is actually observed 

in photographic emulsions. 29 In stripping, certain orientations would favor the 
8 penetration of the Be , whereas the alpha particle would be prevented from amal-

gamation by the centrifugal and Coulombic barrier. In electric disintegration 

in the Coulomb field, Be8 could enter the target nucleus whereas the alpha parti

cle would be scattered. The alpha particle might. carry off a wide range of 

energies, resulting in a broad peak for the (C,axn) cross section curve. If now 

cr(C,a) is the total cross section for reactions involving (c,a) stripping the 

cross section for the (c,a4n) reaction is: 

-4 (G) is taken 

p4n is always 

obtain cr ( C ,a) 

= cr (c,a) • (a) 4 
cr ( C ,a4n) 

from data . 242 242 on the react1on Pu (a,4n) Cm to 

less than one and cr(C,a4n) is a measured value, 

> 10 mb. 

(3) 

-3 be 8 x. 10 • 12 

At 76 Mev we 
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The sharp-peak component of the (c,a4n) curve might actually be due to 

the evaporation of alpha particles from the compound system. In this case, an 

order-of-magnitude estimate of the partial level width for alpha emission 

[ G
0 

= _j!_ ] can be obtained. If the alpha particle is evaporated first, 
t 

the cross section for the (c,a4n) reaction may be expressed as follows: 

a (c,a4n) ( 4) 

4 242 242 12 
Here, (G) is again taken from data on the reaction Pu (a,4n) Cm • 

P4n is always less than 1 and a (C,a4n) and ac are known values. At 76 Mev 

we obtain G
0 

> 0.01. If the alpha particle is evaporated in a later step, 

Gi for the neutron-level width becomes smaller and thus G
0 

becomes larger. 

If the alpha particle is evaporated after the neutrons, we obtain G
0 

> 0.04. 

The sharp-~eak component could also be explained if in the electric 

disintegration the alpha particles carry off one-third of the kinetic, internal 

and potential energy of the carbon ions. 

ACKNOWLEDGMENTS 

We are grateful to Edward L. Hubbard and the crew of the Hilac for 

their operation of the machine. We thank Llad Phillips and Raymond Gatti for 

preparing the UF4 and helping with the experimental work. We also wish to 

thank Bernard G. Harvey for many helpful suggestions. The continued encourage

ment of Professor Glenn T. Seaborg is also gratefully acknowledged. One of 

us (TS) is grateful for the financial support of The Royal Norwegian Council 

for Industrial and Scientific Research and to the University of California 

Radiation Laboratory. 



-13- UCRL-8142 

REFERENCES 

1. L. W. Alvare:z, Phys. Rev, 58, 192 (194o). 

2. York, Hildebrand, Putnam, and HE~ilton, Phys. Rev. 70, 446 (1946). 

3. Ghiorso, Tho~pson, Street, and Seaborg, Phys. Rev. 81, 154 (1951). 

lJ.. Rossi, Jones, Hollander, and Hamilton, Phys, Rev. 93, 256 (1954). 

5. Ghiorso, Rossi, Harvey, and Thompson, Phys. Rev. 93, 257 (1954). 

6. Fremlin, Glover, and Milsted, J. Inorg. Nuclear Chern. ~' 263 (1956). 

7. H. Atterling, Arkiv Fysik I, 503 (1954). 

8. Baraboshkin, Karamion, and Flerov, J. Exptl, Theoret. Phys. (U.S.S.R. ) 

32, 1294 (1957). 

9. Druin, Polikanov, and Flerov, J. Exptl. Theoret, Phys. (U.S.S.R.) 32, 

1298 ( 1957) . 

10. Beringer, Gluckstern, Malkin, Hubbard, Smith, and VanAtta, Linear 

Accelerator for Heavy Ions, UCRL-2796, Nov. 1954. 

11. Gerdinand Voelker, The Electrical Design of a Heavy-Ion Accelerator, 

UCRL-3777, Aug, 1957. 

12. Glass, Carr, Cobbl~, and Seaborg, Phys. Rev. 104, 434 (1956). 

13. S. G. Thompson, Svensk Kern. Tidsk. 69, 357 (1957). 

14. Rosemary Barrett, (UCRL) private communication (1957). 

15. Diamond, Street, and Seaborg, J. Am. Chern. Soc. 76, 1461 (1954). 

16. Thompson, Harvey, Chopp in, and Seaborg, J. Am, Chern. Soc. 76, 6229 ( 195·~) • 

17. Harvey, Chetham-Strode, Ghiorso·, Choppin, and Thompson, Phys. Rev. 104, 

1315 (1956). 

18. R. Gluckstern, Berkeley Eng. Notes 7317-30 CV-11, Dec. 1954. 

19. Aron, Hoffman, and Williams, Range Energy Curves, AECU-663, Oct. 1949, 

unpublished, 



-14- UCRL-8142 . 

20. J. D. Jackson, Can. J. Phys. 347 767 (1956)o 

21. Glass, Thompson, and Seaborg, J. Inorg. Nuclear Chern.!, 3 (1955). 

22. W. J. Swiatecki, Phys. Rev. 101, 651 (1956). 

23. J. D. Jackson, Chalk River Symposium on Fission (May 1956) CRP-642A, 

paper B2 •. 

24. Vandenbosch, and Seaborg, UCRL, Some Considerations on the Probability 

of Nuclear Fission (Phys. Rev., to be published). 

25. Blatt and Weiskopf, Theoretical Nuclear Physics, (John Wiley and Sons, 

Inc., New Yor, 1952). 

26. Vandenbosch, Thomas, Vandenbosch, Glass, and Seaborg, Spallation-Fission 

Competition in Heaviest Elements; Helium-Ion-Induced Reactions in Uranium 

Isotopes, (Phys. Rev., to be published). 

27. s. G. Thompson, (UCRL), unpublished data, Dec. 1957. 

28. James. F. Miller, Reactions of Fast Carbon Nuclei in Photographic Emulsions 

(thesis), UCRL-1902, July 1952. 






