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PRODUCTICN OF TRITONS
IN HIGH-ENERGY DEUTERCN-DEUTERCN COLLISIONS

C. 8. Godfz‘ey

) Radiation Laboratcry, Department of Physics
Univerazity of Califcrnia, Berkeley, California

June 9, 1954
ARSTRACT

~ The differential cross section for the process d v d - HS + p has been
measured at six angles extending from ;’.Oovto 85° in the center-of-mass system.
Reuterons of 190 Mev from the Berkeley 184«inch synchrocyclotron were used.
A coincidence counting system, consisting of scintillation counters for both
particles, was employed. Time of flight and range cf the particles were made
use of, both in identifying the process and in discriminating against background.
The resulting cross section is highly peaked in the {orward directivn. The be-

havior is explained gualitatively by a theoretical calculation based on an extension

‘of the stripping mechanism first proposed by Serber. "Ihe total cross secticn

for the reacfic:n ig estimated to be 4.1 millibarns.

INTRODUCTION

When high~eﬁergy deuterong in the Berkeley 184-inch synchrocyclotron
were first allowed to strike a target, it was found that an intense cone of high-
energy neutrons wae projected in the same direction of motion as the incident
deuterons, Serb‘e/r}‘ sroposed a "stripping' mechanism to explain its formation.
In this process, one nucleon of the deutercn interacts suddenly with the target
nucleus while the othdr nuc;eon is mrg rily unaffected in its moticn, It was
felt that the formation of H’ and He” particles in deuteron-deuteron ccliisicns
might be considered as a stripping process in which the neutron or proton,
regpectively, of one deutercn might interact with and "stick to'' the cther deu-
teron - leaving its partner to continue with essentially the same momentum
it had at the invtam of stripping. A theoretical calculation by Drs. Heckrotte
and Bz.yﬁman «btained the general shipe of the angulir distributicn for the sure

stripping process. The present experiment was designed to measure the absciute
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differential cross section for the process d + d = 117 - p over as wide a range

of angles as possible and cowpare it with that expected of a stripping process.

EXPERIMENTAL PROCEDURE

Since the external deutercn beam is essentially monocenergetic, the
kinematics cf the above process can be calcuiated uniguely for any scattering
angle by applying the lawe of zonservaticn of energy and momentum. This cal-
culaticn was carried cut relativistically. Since the colliding deuterons are in-
distinguishable, the crcss section must be symmetric about 20" center of mass.

It is necessary to measure the scattering only {rom 0% to 95° to cbtain the complete
differential cross section.

The high background in the Berkeley ""cave' has been cne ¢f the major
difficulties to be overcome for any low-cross-section experiment. Recently,
time-ci-flight techniques have been used successfully in the cave to reduce the
effect of this background. The range ¢f energies and angies reguired in this
experiment seemed quite suitable for the application of similar methods in the
above process. Since the time of flight of the tritons over an eleven-toot path
(the usable length of the cave) from target to detector was the order of 30 milli-
microseconds, it was necessa&y to use 3 coincidence circuit considerably faster
than this. The circuit used had a resolving time of abput 3 millimicroseconds.

As a further aid in discriminating against background and providing identification,
abacrbers were used in front of the detectors.

‘The experimental arrangement for a typical scattering angle is shown
in Figure 1. The apparatus, electronics, and experimental procedure are sc
similar to those described by Dr. Wilsen l'»‘ra.nk3 in measuring the differential
cross section for the reacticn p + d - B : I?I;‘,. that they need not be repeated

here.

RESULTS AND CORRECTIONE

Data for an angular distributicn were taken at six laberatery angles
chosen to cover as nearly as possible the center-cf-mass scattering range of

0 Q . , X
07 to 207, These uncorrected dafta are summuarized in Table I,
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Tabie
Difference between Hatic of
Triton C. M. angle CD» and C rates Chz to C rates
26° 7.469 + 0,85 2.3 01
30 6,88 £ 0,76 5.3 : 1
45 10,31 & 0, 65 7.4 :1
60 5.23 £ 0, 3¢ 5.3 .1
75 24.7 £ 2.9 7.5 1
85 ‘ : 0.9 = 1.0 12,0 0 1

This difference rate is the counting rate R that appears in the cross-section
forraula. The apparent high counting rates for the last two readings are due
to use for these data of 2 monitor having 2 calibration differed by a factor of
ten from that used for the other data. .

Three corrections were applied to the original difference counting rate.
The {irst was caused by abscrption of protonz in phssing through the aluminum
absorber. This correction was calculated from the absorption cross sections
measured by Kirschbaum. % The correcticn was only 7% in the worst case,

The sccend correction was necessitated by absorption of the tirtons in
the aluminum abscrbers or in the {irst stilbene crystal. It is not possible to
make a rigerous correction for this effect. The following attack was empleyed
to give an estimate of the correction. W, Crandalls has mengured the total
inelastic cross section of high-energy He3 particles for varicus elements.
Assuming that the probability of 2 nuclear event at high ¢nergy is the same for
A }13 as for a He3, it is pdssibia to calculate the attenuation of the tritony in
going through the absonber. The majority of the inelastic events, however,
constitute stripping processes {n approximately two-thirds of which & fast den-
teron continues in the forward direction. Since these deuterons, in general,
still produce a pulse in the triton detector, only something of the order of one-
third of the inelastic events are iost. Since the inelastic attenuaticn in the worst
‘case was ;ili’f%;, the maxirnum cerrection is around T, -

The third correction was that for small-angle scattering losses. These
losses were minimized by having the proton detector subtend a considerably
larger solid angle than the triten detecter. Under these conditions, the worst
correction amounted to 8%,

The correction factors are summarized in Table II.
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Experimental arrangement for observing the process
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. Table I1
Proton Triton

Triten C. M. Anple absorption absorption Seattering Total
20° 1,01 1,07 1.07 L. 14

30 1,00 1.G6 1.03 1.62

45 1,090 1.05 i.08 : 1,18

&0 1.01 1.03 1,07 1,11

75 1.04 1.02 1.08 I.15

85 1.07 1.G1 .08 117

The center-of-muaas differential cross section ig obtained from the

reration

The numerator is the product of the original difference rate R and the total cor-

rection facter C. N, is the deuteron beam flus in deuterons per integrated beam

b
unit; it ig calculated from the ion-chamber calibration factor and the capacitance
of the mtegratm condenser. Nt is the target partic le density in deuterons per

crn; it depends on the weight, area, and composition ¢f the target and the angle

made by the target with respect te the beam. A2 is the center-of-mass solid

angle subtended by the tritcn detector; it is calculated from the laboratory solid
angie by means of the calculated relativistic transformation. The final results

are given in Table III and piotted in Fig. 2.

Table 11l

Triton C. M. Angle C?ﬁ«— (millibarns/steradian)
: G

20° 1.54 0,17

30 0.205 20,100

45 0.2%8 & 0,016

50 0.0871 = C. 006D

T 0,0486 « 0, 0057

85 0,0317 » G, 0029

The errors shewn are the statistical deviations related te the number

— of sounts constituting the originsl data. The errcrs inhﬁb; Ny, and A2 have
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BEFORE COLLISION AFTER COLLISION

N o

(a)

‘ (b
® PROTON )
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| - - L Ml b7 E
Fig. 3 Diagram showing typical laboratory mementa of particles
b before and after collision in the ptH? -~ d+ dprocess:
{a) fer pure pickup interaction, (b) for indirect pickup
interaction resulting in some external momenta.
Ld
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‘been neglected as far as relative angular distribution data are concerned, since
they are the same for each angle and affect only the tctal absolute cress secticn,
The errcr in Nb is estimated to be several percent; in Nt about [ eor 27 and

in .»M’io around 5%, The corrections to the data are relatively éma}l, but if it

ig asgurned that they could contribute an error of 5%, one can estimate that the
absolute resuits have an uncertainty of about 15%. When s smcoth curve is drawn
through the data of Fig. 2, the integrated total cross section is estimated Lo

be 4.1 millibarns,
CONCLUSION
A discussion of the mechaniasm {or the production of tritons in the re-

actiond + d > He” ¢ p can be facilitated by considering instead the invevse srocees

3 . . . oy
p tH™ ~d +d. This merely changes one's noint of view; 1. e. we now consider

Tt

a pick-up mechanism indtead of a stripping wechanism. By the law of datal
balance, however, the interaction matrix remains the same. One postulates
that there is « sudden interaction between the proten and one of the Hj nuclet,
and further that the momenta of the other twe puclei of the Hj’ are essentially
unaffected by the interaction. Two cases are of intereost® (3} where the two
interacting nuclei end up in the same deuteron, and (k) where they end up in
different deuterons. Maomentum diagrams for these two interactions are shown
in Fig. 3. Both these processes have been obeerved in the proton bombardment
of nuclei. The first gituaticn is identical to the pickup mechanism proosused

liy Chew and Guldbergeré to explain the presence of fast deuterons in the forward
direction when matter is bembarded with high-energy preotons or neutrons.

The second situation might be called an indirect pickup, =as it consists of a pro-
ton's gcattering in a nucleus and then finding 2 pickup partner of momentum
compatible to the fermation of a deuteron. This indirect pickup process could
contribute te the scatie;ing arocess at wide angles where the pure pickup cross

¥
section would be negligible. Wilmot Hess (s measuring the indirect pick

an
=
[p)]

secticn for various elements, using 260-Mev srotons. Prelirminary results
s . . ; o,

indicate that a substantial {raction of the deuterons observed at 407 liboratory
system for » - d scattering are a result of indirect pickup rather than pure pick-

: ?
: R4 3 s 5 .
up. Inthep + H™ —~ d ! d process, one would expect 2 comparatively icw cross
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gection, since the momenta must be compatible te the foermation of two deuterons
instead of just one. In the pure pickup interaction, for example, not only must
the two interacting particles form a deuteron, but aiso the twe remaining nuclel
of the H3 must be left in 3 state corresponding to that of a deuteron,

Using the B@rnépyroximation, Irs. Bludman and Heckrotte set up
the integrals fo,r_ihe- matrix elemnents of the cross sections for the d + d - Hj E

rezction. There were two integrals involved; one corresponding to the pure pick-
up and the other corresponding to the indirect pickup contribution. The pure
-pickup cross section was réadily sclved in terw : of the momentum distributicas
of the deuteron and the triton. Cn the assumpticn of the Huithép wave function
for the deuteron, and the wave function proposed by Messiah for the friton, the
distributicn of the d + d - HY v » cross section was calculated. It was found

to behauve exponentially in the forward direction in a manner similar to the ex-
peri}ﬁehtal data. The slcpe of the theorstical curve, however, was greater
than that of the experimental curve. The contribution of the pure pickup cal-
culation at wide scattering angles becarne negligible, whereas the experimental
curve shows an appreciable contribution at these angles.

Hess's experviments suggest that the indirect pickup mechanism con-
iributes substantially to the cross section at wide scatiering angles. Unforiunately,
the integral for the indirect pickup interaction was teo difficull to solve without
an undue expenditure of time.

One can conclude that the pure pickup {or stripping) mechanisn: can

explain qualitatively the shape of the cross section for scattering angles uy b

o

o . , . o s

about 457 4. M., but that substantial contributions must be made by other pro.esses.
¢
i

g

ACKNOWLEDGMENTS

o

The author is particularly indebted to Dr., Burton J. Moyer for his ad-
vice and encouragement throughout the experiment. Drs. Kenneth Bandtel and
Wilson Frank shared much of the onerous work of carrying cut the cycioiron
runs, and Dr. Richard Madey led the develupment of the electronic eguipment
used. Thanks are due to the graduate students of Dr. Moyer's group for their
help in executing the cyclotron runs. Paul Nikonenko has fabricated much of
the electronic equipment used.

This work was perfermed under the auspices of the ~Atemic Energy

Commission. y



(AR

B |

- 10~ UURL-2392 Rev,

Rz;fbert Serber, Phys. Rev. 72, 1008 (1947).

Warren Heckrotte and Sidney Bludman, private comimunication.

Wilson J. Frank, The Anguiar Distributicon and Yield of the Process o ¢ d -
torw (thesis}, University of California Radiatien Laboratory Report No.
UGCHL.-2292,

Albert J. Kirschbaum, Nuclear Absorption Cross Sections for High-Energy

Protons (thesis), University of California Radiation Lz:gbc:rat@ry Report

Ne. UCRL-1967.

Walter E. Crandail, private communication.
Geoffrey F, Chew and Marvin L. Goldberger, Phys. Rev, 77, 470 {1350},

Wilmot N. Hess, private conumunication.

g





