Lawrence Berkeley National Laboratory
LBL Publications

Title
Spallation-Fission Competition in Heaviest Elements; Triton Production

Permalink
bttgs:ggescholarshiQ.orgéucgitem43543w6rd
Authors

Wade, William H
Gonzalez-Vidal, Jose
Glass, Richard A

Publication Date
1957-03-01

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at bttgs://creativecommons.org/licenses/bv/4.0/{

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3543w6rn
https://escholarship.org/uc/item/3543w6rn#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

e

UCRL_3640

UNIVERSITY OF
CALIFORNIA

Radiation
‘ :;E,ab L A00TALOY

TWO-WEEK LOAN COPY

- 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.



UCRL-3640

" UNIVERSITY OF CALIFORNIA

Radiation Laboratory
Berkeley, California

Contract No. W T405 eng 48

SPALLATION -FISSION COMPETITION IN HEAVIEST ELEMENTS ;
TRITON PRODUCTION

William H. Wade, Jose Gonzalez-Vidal, Richard A. Glass,* and Glenn T, Seaborg

March, 1957

Printed for the U. S. Atomic Energy Commission

m,



e UCRL -36L0

SPALLATION-FISSION COMPETITION .IN HEAVIEST ELEMENTS;
TRITON - PRODUCTION -

Contents
CADSETAECT . .. e v e e e e e e e e e e e e e e e e e e e e e e e e e e 3
Introduction T T T T N . b
Experimental .
%Results »
The (q,t) reaction . . . . . . .. e e e e e e e 6
The (d,t) and (p,t) reactions . ' ’
Discussion .

REFETeNCES + v e v ot e e e e e e e e e e e e e e e e e e e e e s o1



-3- - : | UCRL-3640

SPALLATTON~FISSION COMPETITION IN HEAVIEST‘ELEMENTS:
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ABSTRACT

97 38

. i . l
Stacked foils of Au !, Th?3*

, and U2 were bombarded, in a series of

experiments, with 48-Mev helium ions, 24-Mev deuterons, and 32-Mev protons,
Tritium from each foil was collected and then measured by a gas-counting tech-
nique. The qualitative results indicate that high-energy tritons are emitted
in relatively large abundance from all targets' and with .each of the bombard-
ing particles. Cross sections for triton production from fissionable.U238
and Th232‘and from non-fissionable Au’lg7 are comparable, The integrated

238 and'Th232‘are nearly the same

(a,t) eross sections thus determined for U
as the integrated cross .sections for the "(a,p2n)" reactions as determined by
measuring the yield of the produét heavy isotopes .in radiochemical experiments,
"Al1 of the facts are consistent.with a picture of emission of high-energy | v
tritons (whether due to a stripping, pick-up, or other mechanism) in which
fissionable intermediate nuclei are formed mainly at levels of expitation be-

low their fission.thresholds.

Present address, Stanford Research Institute, Palo Alto, California,
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SPALLATION-FISSION COMPETITION IN HEAVIEST ELEMENTS:
' TRITON PRODUCTION

William H. Wade, Jose Gonzalez-Vidal; Richard A. Glass,” and Glenn T. Seaborg
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
March * 1957
I. INTRODUCTION

Considerable information about nuclear reaction mechanisms can be ob-
tained both from radiochemical yield studies of residual nuclel and from ih-
vestigations of outgoing neutrons, protons, and other small particles., Initial
studies of the présent seriesl-u dealt with radiochemical yields while the pres-
ent study is the first to measure the yield of an outgoing particle.

In the first paper -of the seriesl radiochemically determined yields
were reported for spallation products from helium-ion-induced reactions in
plutonium isotopes.  These yieids were characterized by the similar magnitude
‘of the (a,xn) and (@;pxn) type cross sections. .The more recent radiochenical
studi__esznl‘L of heavy-element nuclear reactions induced by helium ions of'ener-
gies less than 50 Mev also have -shown that_certain cross sections, particularly
that for the production of the (a,p2n) product, are too large relative to those
for the production of the (a,xn) product to be explained on the basis of a com-
pound-nucleus, evaporation pidture in which charged-particle emission would be

238 2 2 23
32 2353 2333

I IN B

discrimhﬁﬁ@d.againét. It has been o¢bserved that for U
232 4
and Th

(a,xn) and (a,pxn) reactions observed. .These considerations led to the hypothe-

the (a,pZn) reaction is, in‘genérél, the most prominent of all the

sis that the large values of the (¢,p2n) cross sections in the region of fissic~
able nuclei are due to direct interaction of helium ions and target nuclei in
which are produced tritons of sufficient energy to ofteﬁ leave the résidual
nuclei in states below fission and particle-emission thresholds. If this is
_ true, it is reasonable to expect comparable (a,p2n) type cross sections for the
heavy fissionable and the somewhat lighter non-fissionable nuclides. -The fol-
lowing'work was_ undertaken tb_test this hypotheéis,and includes work on the
(4,t) and (pyt) reactions.

Only a'few’experimenfs on tritium emission have previously been de= -

cscribed. Tritons from the o and d and p,t reactions in bombardments with pro-
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Jectile energles greater than lOO Mev nave been observed, 5’6’7, In experi-
ments with 600- and 2000-Mev protons Currie, Libbx and Wolfgang8 eollected trit-
ium from a number of elements and measured its radioactivity. With lower-en-
ergy partiClee‘( < 25 Mev), tritium production from deuteron and proton bom- .
bardments has been the subject of experimental inyestigatibn ih’both the light-
‘element9’ and heavy but non-fissionable eligentll regions. The stripping

theory of'Butlerlz has been applied by Newns™ ° by considering the (d,t) proe-

ess as.the inverse of stripping, i.e., neutron pick-up.
IT. EXPERIMENTAL

. For the helium-ion and deuteron bombardments, stacked .05-mm foils of
natural Au 97 and isotopically pure U 238 ,and O0,1-mm foils of natural Th 23z
were subjected to the external beams of the 60-inch Crocker Laboratory cyclo-
 tron. The proton bombardments were carried out on the Berkeley_linear.accel-
kerator using the same technique. In a later paper it will be shown ﬁhat tri-
ton production by these three bombarding particles is quite general over the
entire periodic table. For this Teason it was impossible to vary the beam en-,
ergy by imposing degrading folls in front of the target without introducing an
extraneous source of tritons. Thus, only maximum-energy beams were available.
to the first foil in.the stack (h8-MeQ helium ions, 24 -Mev deuterons, and 32-
Mev protons). ‘ _ '

The tritium was extracted by heating the foils to lZQOOC'in a meas-
_ﬁred amount of hydrogen carrier followed by selective'diffusion of hydrogen
isotopes through a palladium thimble and introduction into a counter tube.

This apparatus is essentially the same as used by Currle, Libby, ‘and Wolfgang,
who discussed the possible experimental errors inherent in the apparatus.
Counting was done in the proportionel region using a methane filling of 1 atmos
pressure and a partial pressure of hydrogen of ~0. Ohatmos.Counting rates
varied from 2 x lO to 1x lO c/m,representing a total yield of tritium from,
the target into the counter tube of 35 to hO%,
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ITI. RESULTS

A. The (a,t) reaction.

‘The apparent cross-sections (¢) in mb for the (a,t) reaction calcu-
lated on thé basis of thin-target approximations are shown in-Figure 1-A as a
function of the mg/cm2 of‘gold, thorium, and uranium as measured from the -end
of the stack upon which the beam was incident. .The number of tritium atoms
found in a foil, the number of particles incident on the stack, and. the atoms
per cmz in the foil were employed in each calculation. Since the helium-ion
beam ranges are 460, 485, and 500 mgn/cm2 of gold, thorium, and uranium re-.
épectively, the maximum cross section cbnsistently seems to be observed at
depths in the target beyond the range of the helium iOnSL. The integrated
(a,t).cross sections determined for gold, thorium, and uranium are listed in
Table I in uﬁits of millibarn-mm and tritons per incident helium ion.* The
cross -sections are compared with cross sections for the production of ‘the cor-
responding reéidual nuclei determined by the radiochemical method in the cases
of’thorium)1L and ura_niumzn It will be noted that tritium-emission and residu-
al-nuclei cross sections ‘agree within 20% in both cases. Table I also shows
that the integrated.(o,t) cross section for gold agrees within 20% with the
" radiochemical yield values for the corresponding reaction for uranium and "

thorium,

"B. The (d4,t) and (p,t) reactions.
Figures 1B and 1C show plots for the yields of tritium in the (d,t)

and (p,t) reactions. In these cases no radiochemical cross-section determina-
tions are available for comparison. The deuteron beam is completely stopped
by 93@, 995, and 1000 mg,/cmz of gold, thorium, and uranium respectively, and

‘the pfbton beam by 2450, 2580, and 2660 mgn/cm2 of gold, thorium, and uranium

respectively.

* In general, the number of tritons per incident particle is

6 = 6.02 x 1077 B <
i ) -

e A, W, <

- where B is the target density in mge/cmZ-mm, A. W, .is the atomic weight, and

ag

(max.)
X 3

o, is the cross section in millibarns for foil x.
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IV. DISCUSSION

The striking result that the apparent'cross section for the yield of
tritium in the (a,t) reaction reaches a peak in target foils that the beam
does not reach, leads, on detailed examination of the data, to the conclusion.
that tritons with velocities comparable wit&(those of the helium ions incident
on the foil stack must be emitted in forward directions. The high energy of
the tritons'(ZO—ao Mev from an analysis of Fig. 1A) indicates that for a large
‘share of interacﬁidns the residual heavy product must be left in the ground
state or in a low-lying excited state, and hence little fission competition is
possible for U238 and Th232

sion is given confirmation by the agreement seen in Table I between the cross

. This congilusion that these nuclei survive fis-

sections for the production of the "(a,p2n)" product determined by radiochemi-
cal methods which measure only the events sﬁrvivingvfission, and the tritium-
production cross sections. The fact that the integrated cross sections for
tritium productioh are somewhat higher than the copresponding (o,p2n or t)
cross sections determined radiochemically may indicate the presence of a spec-
trum of triton energies. of which approximately 20% results in residual nuclei
being left in states sufficiently-éxcitéd-to undergo fission. The differences
as they stand, howe&er, are -such that it is possible that the two types of
cross sections are actually equal. . It should be noted that élthough it is be-
Jlieved that the tritiumAactivity collected and the corresponding heavy frag-
'ménts observed radiochemically in the main represent simply (o,t) reactions,
the tritium actually may result from (a,t), (a,tn), and (a,tf) reactions and
the "(o,p2n)" products may result from (a,t), (a,p2n), and (o,dn) reactions.
For this reason and also because of the fact that the experimental procedures
" are so different, one must exercise caution. in interpreting the data.

A direct interaction mechanism such as stripping of a proton from the
helium ion is suggested by experimental data presented here. If the residual
nucleus is to be left in an energy state between ground and the fission thresh-
0ld, the tritons must carry off an energy of between (48 + Q) Mev and (48 +
Q- 5) MeY,or approximately(35 —-3@)Mev in the case of full-energy helium ions.
If tritium production is assumed most pfedominant in the first few mils of
foil, that 1s, with helium-ion energies greater than 30 Mev ag shown by the

radiochemical data, then the energy of the tritons found deep in the stacked
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foils can be calculafed without too much uncertainty. The results show that
these tritons, having an angular dependence strongly favored in the direction
of the helium ion beam, have energies of 30 = 5 Mev. Further, analysis of the
data of Fig. 1-A shows that if the majority of tritons have energies between |
25 « 35 Mev they are emiﬁted within a cone of total included‘angle of 600,.
The data for triton production by deuteron projectiles appear reason-
able in the light of a mechanism by which the deuteron "picks. up" a-neutron.as
it passes neér the target nucleus. Harveyll has studied the excited states of

197

the residual nuclei produced from this reaction in Au and found the produc-
tiOn of nuclei. in their ground state quite prevalent. Table I shows that the
cross sections for triton produétion in (d,t) reactions are actually consider-
ably larger in‘Th232 and,U238 than in Au197 despite the fissionability of the
former two. The nature of the experiments is such that the high enefgy of the
tritons. is not as obvious in deuteron bombardments, since the range of the
deuterons is greater than the range of the maximum-energy tritons so fhat.no
tritium is'fOund.in-fOiis beyond the_deuteron range. _
Crosé sections for triton préduction in (p,t) reactions are similar in -
all three of the nuclides although the integrated cross sections are slightly

232 . 238

larger ‘in the case of Th ‘and U . Thus, the magnitudesof the cross sec-

tions again reflect a lack of fiséion»competition with the (p;t)‘reaction for
Th-232 and‘.U238° This reaction .is a possible example of a pick-up of two nu--
cleons (double pick-up). Cohen™? has studied the (p,t) reaction in beryllium
and iron and considers it to be a direct interaction process. Again the range
of the tritons is less than that of the protons, and it is not possible to de-
termine the range of the triions by the present simple experimental techniques.
Thus, it has béen established in a qualitative way that highfenergy
tritium emission 1s occurring to an important extent in heavy fissionable and
non-fissionable isotopes; that most, if not all, of the production of "(a,p2n)"
'\productsviSG accounted for by the (a,t) process; and that tritium emission re-
actions proceéd at these energies through a mechanism not invelving formation
of a compound nucleus. The (a,t) reaction probably proceeds by a stripping
mechanism with a high-energy triton emergént in the- forward direction. On the
basis of their large production cross sections the tritons from the (d,t) and
(p,t) reactions would also appear to be generated by a mechanism circumventing

compoundinucleus formation, and probébly represent examples of "pick-up" react .
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tions. It is interesting to note that chss-séction vélues for the helium-ionm,
deuteron, and proton reactions are in the order (a,t) < (p,t) < (d,t), which
is the generally accepted order -of increasfng ease of the processes, helium-ion
stripping, double neuﬁron'pick-up, single neutron'pick-up;

At the present time, independent determinations of the range and angu-
lar distribution of tritons produced in these‘#arious reactions are under in-
vestigation in this laboratory and will be feported shortly.

Thids project was performed under‘the auspiees of the Udé. Atomic Ener- :
gy Commission. Apprediétion is expressed to the crews of the 60-inch cyclofron

and the linear accelerator for their assistance.
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Téble I. Integrated Triton Production Cross -Sections

Integral ¢ ‘Radiochemical
Reaction .Isotope mb -mm Tritons/incident particle . value
(a,t) peadl 2.17 1.28  0.11 x 1077 B -
232 5.15 1.56+ 0.13 x 1077 1.27 x 1072 %
238 2.60 1.23 £ 0.09 x 1072 1.08 x 1077 **
(a,t) ol , 8.55 5.0h £ 0.45 x 1077 -
| m23° ‘37.u 11.4 £ 1.0 x 1077 . .
y238 20.0  9.45 £ 0.75 x 1070 ' -
(p,t) I 6.84 - L.Ok '+ 0.52 % 1077 -
h?32 2k.2 6.15 + 0.70 x 10™° —
-U238 13.7 5.81L % 0.62 x 1072 ' -
.-)(-.

Assuming a counting efficiency of 100%.

Assuming a counting efficiency of 70%.
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FIGURE CAPTION
Fig. 1. Cross section for triton production in Au197, | Th232, and u3® in. ‘
duced by helium ions, deuterons, and protons. All abscissas are ex-
pressed in mg/c:m2 of target material with numerical scales as given
- below Sections 1A, 1B, and 1C. The ordinates are in units of millibarns

with the individual numerical scales shown for each of the nine curves.

Fig. 1A, Cross sections for triton production induced by helium ions;
Fig. 1B, Cross sections for triton production induced by deuterons;

Fig. 1C, Cross sections for triton production induced by protons.
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