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PRODUCTION OF TRITONS 
IN HIGH·-ENERGY DEUTERCN-DEUTERON COLLISIONS 

C. S. Gedfrey 

Radiation Laboratcry, De._i)artment of Physics 
University of Caiift~rnia, Berkeley, C.alifornL ... 

June 9, 1954 

ABSTRACT 

The differential cross :?:ection fer the process d ; d-+ H
3 

' p has been 

measured at six angles extending from 2.0° to 85° in the center-of-mass system. 

Deuterons of 1q0 Mev from the Berkeley 1S4•inch synchrocyclotron were used. 

A coincidence counting system, consisting of scintillation counter~ for both 

t~o.rticles, was emplcyed. Time of flight and range d the ;:>articles were made 

use c1J, both in identifying the process and in discriminating against b<1ckgrc•und. 

The resulting cross section is highly peal<:ed in the forward directil.•n. The b~!~ 

havicr is e:<::pl.ained qualitatively by a theoretica.l c<t.lculati<m based on an extension 

of the stripping mechanism first propo~ed by Serber. 

for the reaction is estimated t() be 4.1 miHibarns. 

INTRODUCTION 

The total cross seci:h:n • 

When high-energy deuterons in the Berkeley 184-inch sync:hrocycloti.:•on 

were first allowed to strike a target, it was found that an intense cone cf high~ 

energy neutrons was projected in the same direction of motion ;:o.s the incident 
' l 

deuterons. Serber'· ?reposed a "stripping'' medunisrn tr.; explain its forn•aticn. 

In this pr·ccess, one nudec·n of the deuteron interacts suddenly with the target 

nucleus while the oth~r nucleon is L.rgerly unt1ffected in its n.1<'Jticr.. It was 
. .. '• 

felt th,lt the formation c,f lr and He) particles in deuteron-deuteron eolli.<>i.c,na 

might be considered as a stri\)ping ;:.>roces s in which the neutron or i>roton, 

respectivelr, r.·f one deutercn rnight inte:ra.ct with and "stid-;. to 11 the other deu-

teron - leaving its ru.rtner t..-, continue- with essenb.dliy the sa.nte r.c,cmentum -

it had at the instant of stripping. A theoretic;ll c.,tlc:ulation by Drs. Heckrotte 

;;,nd Bl.udman2 ,:bt.dnerl the general sh:ipe of the ,;~.ngul.u distributicn for the .ntre 

stri?ping process. The present experiment wa:3 designed tn rr:ea~mre the :,bsoiute 
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? 

differential cross section for the process d + d- HJ .,. p over as wide a range 

of angles as possible and cor:opare it with that expected of a strii)ping precess. 

EXPE-RIMENTAL PROCEDURE 

Since the external deuteron beam is essentially nHJn(teliergetic. the 

kinematics cf the above process can be calculated uniquely for any scattering 

angl.e by applying the laws of ·:::onservaticm of energy and rnomentum. This ca.l­

culati< .. n was carried out relativistically. Since the colliding deuterons are in­

distinguishable, the cress section must be symmetric ,:~.bout 90 ° center of m:1ss. 

It is necessary to measure the sc:..;.tteritlg only from 0° to ?G
0 

to c·btain the complete 

differential cross section. 

The high background in the Berkeley "cave" has been one cf the majcr 

difficulties to be overcome fer any low- crC•S!i- secticn exr:.erimenL Recently t 

time-cf-flight techniques have been used successfully in the cave to reduce the 

effect of this background. The range cf energies and a.ngles required in this 

experiment seemed quite suitable for the application d sirnila;: methods in the 

above process. Since the tin~e of flight of the tritons over ,:..n eleven-foot ;Jath 

{the usable length cf the cave) from target to detector was the order of 30 mUli­

microaeconds, it was necessary to use ~1 coincidence circuit considerably fa~~ter 

than this. The circuit used had a resolving time of abput 3 rnillin1icro8eco:•ds. 

As a further aid in discriminating againli>t background knd providing identification, 

absorbers were used in front of the detectors. 

1'he experimental arrangement !<1r a typical scattering angle is shown 

in Figure 1. The apparJ.tus, electronics, 

similar to those described by D.r. Nilson 

cross section for the 1·eacti<1n? +d ...... H 3 

here. 

and experimental p·rocedure a:r.e sc 

Frank
3 

in measuring the differential 
.;. 

i· rr , that they need not be repeated 

R.E.SULTS .~ND CORRECTIONS 

Data for an angular distributkn were taxen at six lab<':ratory angles 

chosen to ccver as~·'nearly a.s possible the center·-o.f-ma.ss sca.ttering range of 

0° to 90°. These uncorrected data are summJ.ri!.ed in Table I. 



Trit,·:m C. M. angle. 

20° 
30 
45 
60 
75 
85 

' -j-

Difference between 
CD;:. <And C :r.ates -----.---------

7. 69 !.- 0. 85 
6. 88 ± 0. 76 

10. 31 ± 0. 65 
s.~~3.X=O.J6 

2.4.7 ±2.9 
10.9 ±1.0 
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Ratio o:£ 
::D z to C:.!_~. 

z. j 

5.3 
7.4 
5.3 ., ~ 

I • ~ 

' "} " ;.::.,. \.,.1 

1 
1 
1 
1 
l 
1 

This difference rate is the counting rate R that appeare ii1 the cross·· section 

formula. The apparent high counting ra.t~s for the lar:it two readi:n.gs are dxw 

to use for these data of a rnonitor having a calibration differed by ~.:, far.:tor of 

ten from that used £or the other data. 

Three corrections were applied to the original difference counting rat~. 

The first was caused 'by abeorption of proton:t~ in p~ssing through the a.luminurn 

absorber. This correction was calculated frt1rn the absorption cross sections 
A . 

measured bv Kirschbaun1'. :r The correcticn was onlv 7'/c in the worat ca.se. 
• ~ ; . # 

The sccc.nd correction wao necessitated by absorption of the tirtons in 

the aluminum absorbers or in the first stilbene crystal. It is not possible to 

make ·a rigorous correction for this effect. The follt.1wing <:l.ttack wa5 employed 

to give an estim:-l..te of the cor:::ection. W. Crandall5 
has measured the tota.l 

inelastic cross section .of high-energy H~ 3 particles for various elements. 

Assuming that the, probability of a nuclear event at high r::nergy is the sa. me for 

~ H 3 a5 for a He 3, it is possible to c<l.lculate the attenu.a.tic:n of the tritonH in 

going through .the absorber. The n1ajority of the inel.utic event a, ho·wever ~ 

constitute stripping proces iiCS in approximately two-thirds o! which a fast deu-­

teron continues in the forward direction. Since theee deute::rons, in general. 

still prc-duce a pulse in the triton detector, only something of thH order of one­

third of 'the inelastic events are lost. Since the inelastic attenuation in the wcrst 

·case was ;:g:(,, the ma~dmum co:rre_ction ia around 7·"!, ..... 

The third cC" .. rrection was that ft:>r small-angle scattering losses. These 

losses were minimill:.ed by having the proton detector subtend a considerably 

larger solid angle 'thJtn the triton detector. Under these c<:nditi<ms, the wc,rst 

correction amounted to go;.:(. 

The correction factors are summarized in Table II. 
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t 19o-ME:V DEUTE.RON BE.AM 

4~£V PROTONS 

~ ALU/ti/JNLJM 
CDz. I CH2 OF? c 

IA'RGET 

,, ,, 
2 X 4 129-MEV TI?ITONS 
.STILBE.NE 
CRYSTALS ~ALUMINIJM 
~~~ ABSORBER~ 

Expe.rimenta: arrangement for observing the process 
d+d-H 3 +p. 

'\ ABSO~B~R 
tJ ''x 3" STILBENE 

CRYSTAL 
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_Tritc_n C ._]:•L .. Angle 

"'00 L' ... l 

JO 
4~, 

60 
75 
85 

Proton 
a.bsor-.:>tion ----·-··-

l. 00 
l. 00 
l. 00 
l. 0 1 
L 04 
l. 07 

... s-

Table II 

Triton 
ahsorpti_C::~ 

l. 06 
l. 05 
1. 03 
l. 02 
1. 01 

UCRL-239 J Rev . 

;::cattering _____ .......,.._ 

l. 07 
l. 03 
l. 08 
1. 07 
L 08 
l. 08 

Total 

I. 14 
1. 09 
1.13 
1. 11 
l. 15 
1. 17 

The center-of·mass diffe:r~ntiai cross section ia obta1.ned hom the 

do H. C 
-::t?'T- ::: ~....--~ 
o.h N, r.,;t /.':..t 

0 0 . 0 

The nun.1era.tor is th!S product of the origin:1l difference rate R and the total ccr-­

recti'm factcr C. Nb is the deute:ton be<:~.m flu:>. in d<e4Uterons per integrated beam 

unit; it is calculated from the .icn-· chamber c.-~.libration factor· G.nd the cap.1.dta .. nce 

of the integratin.g condenser . .., Nt is the ta:-·get t:~article density in deuterons per 

em'~; it depends on the weight, a;-ea, anrt compositicn c·f the target and the angle 

made b,, the target with respect tc the beam. ,~~2 is the ccnte:r -of -rnass solid 
J ~ () 

angle subtended by the tritcn detector; it is calculated from the laboratory solid 

angie by means of the calculated relativistic tr:~..nsforrna.tic.n .. The final :-esult.:; 

J.re given in Tabie ill and .plotted in Fig. 2. 

20° 
30 
45 
60 
75 
85 

Table Ill 

t; ( mil1 ib<J.rns/stera.dian) 

Q - -------------------
1. 54 
0.905 
0. 2 58 
0.0871 
0.0486 

:!: 0. 17 
·k 0. 100 
± 0. 016 
~:: 0. 0060 
1 0.0057 

0. 0317 ± 0. OOl'J 

The error e. shf.:iwn ;tre the Btatistical devia.tiona r~latecl to the number 

e.f" ~.1nts cvnstttuting ·tne or1gmar d:.ita. Thi-:) errors in Nb' Nt• a.nd 1\;10 hdve 



Fig. 2 
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TRITON CE.NTE.Ff-OF-MAS.S ANGLE. (OE.G.) 

Experiment-1l clngular distribution for the process 
d + d ..-. H3 + p on semilog coordinates. 

90 

? I 7 Q I I 
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AFT£!? COLLISION 

Fig. 3 Diagram showing typical laboratory ~cment.1 cf particles 
before and a.fter collision in the p + H 5 - .. d + d process: 
{a.) fer pure pickup interaction, (b) for indirect pickup 
interaction resulting in some external momenta. 

I 
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been neglected a.e fc·l.r as relative angul.:..r distribution d~ta are '-~oncerned, Hince 

they are the same for each angle and affect only the tctal absolute crest> section. 

the e:trcr in Nb is estimated to be several percent; in Nt abcu~ i 't., or .. : _,..:; and 

in ~n around 5~:(!, The corrections to the dat€< .:lre retatively smaH, but if H 
0 

ie aatmiT!ed that they co,uld C•)ntri.bute <Ul error.' of 5 ~J, one can estim:~.te th;;.t the 

absolute resulttl ha.ve an uncertair..ty of about 15-~':,. 'Nhen a. Bmc,oth cu.rve b dr?...wn 

through the data of Fig. 2, the integr.ated tota.l cross section i.3 estimated tc 

be 4.1 ;-r,illibarns. 

CONCLUSION 

A discusaiou. of the mechanism for the pl·;::;duc:titm of tritons in the re­

·a.cticm d + d - He 
3 

• p can be facilit;:;ted by considering insteJ.d the invr:n· se ;:n·oce ss 

p l- H
3 

_.. d .,_ d. '!'hi$" mere}y changes on·~' s point o:f vie·N; i.e. vve now .;:onsidcr 

a pick-up mechanism instead of a. strippl.n.g rra:chanisn:L P·y the la-..v of. det;-:d.l 

baLance, hcwever, the interactic-n ntatrix rernains the same. One postuL.tcs 
-~ 

that then; is ,,~ sudden inter.acticn betweer. th<! proton ::tnd. one of the I·r' nudei, 

dlld further that the r::nc-n1entil (,£ the other twc nucld o! the 1-r3 
a 1·e es :>entia.lly 

unaffected by the interaction. Two cases arc::_; of interest~ (;t) v.-hcre the t•uo 

intera:cting nuclei end up in the same de· .• teron, and (b) where they end 1.~p i:::t 

different de'..lterons. :tvic·rhC::I"lturYJ diagrama for thesf> two inter,'>.ctions :1re shewn 

in Fig. 3. Both these processes have been obeerved in the proton bon:-:ba:::d~r1ent 

of nuclei. The first t\ituaticm i~; identical to the pickup niech,>.nisn; pro;.H.,sed 

~y Che<.v and Guldberge:r.
6 

to explain the presence of fal'lt deuterons ir, the forvvtn·d 

direction when mc.1.tter is bn·nbarded. with high--energy pt·otor.s or neutrons. 

The second situation might be called an indirect pickup, ::..s it consist!; of .:l pro­

ton's scattering in a nucleus and then Hnding .1. pickup p2.rtner of rncr:r:~C~ntun:i 

compatible to the fcrrnation c;£ a deuteror:.. This indirect picl:~up ?rr.>ces.s cou.ld 

contribute to the scattering ~ir..->.::el:Hl at wide angles where the pure ?ickUt-1 •:.:ross 
'I 

section would be negligible. Wilmot Hess is mer-~. suring the i.r~direct picku;) c: ross 
7 sectiou for various elements, using 360 ·-Mev ?rotona. Preliminary res'll.~Ls 

indic;~.te tha.t a substantial fraction of the deut.ercms ubscrved 2-t 40° labor<:>.tory 

system £,,r p - d scattering are a result of indirect pickup rather than purf.' pki;:-
< 

up. In the p i· H.;>- d f d pr-:-;cess, one .. ~,ould expect J. comparatively ivn cros:o 
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.section, since the 1mcmenta must be compatible tc the f-c1rmation of twc· deute~ons 

instead of just one. In the pure picku;' interaction. for example, not only n:~ust 

the two interacting particles form· a deuteron, but a} so the tw<' :remaining nudei. 

of the a3 
must be left in a state corresponding to that of a deuteron. 

Using the B(~rn approximation, Drs. Bludnan and Heckrotte set up 

the integrals for the _matrix ·elements of the cross sections for the d .c d .....,. H 3 
i· p 

reaction. There we1 .. e two integrals invc.lved; one corre a:pf•w.:1ing to the pure pic1,­

·up an;.i the other corresponding to the indirect pickup contribution.. The pure 

. pickup cross section was re:adily solved in terrr. ; of the mc.tx;entum rlL~tributic·ns 

of the deute1.·on and the triton. On the assumpticn of the Hulth~n Vi.rt'ive iuucth::,n 

for the deuteron, and the \vave function prop.osed by Messi<i.h for the triton. th~;.~ 

distributicn of the d 1 d - H
3 

t i' cross secti.;)n wa::. calculated. It w:->.8 found 

to behave e:xponenti~lly in the forw.ard direction in a manner: ~i!. .. r·:S.lar to the e:,so_-
' 

perimental data. The elcpe of the theoretical curve, however, wa.<;~ grea~el:' 

than tha.t o£ the ~D~perimental curve. The contribution of th<? pure pickup c<Ll­

culati<:;:n at wide scattering e.nglee became negligible, \Vh<;-reaS the ex9e:d:ner.:.ta.l 

curve showr. an apj_)recLable contribution at these ~nglcs. 

Hess's experiment:> suggest th.:t.t tha indirect f.ti<.:ir.up; n:ech.:tnis::n ccn­

tributes substantially to the cross secti<m at wide 'scattering angle8. Unio:rtu:a::..tely, 

the integral for the indirect rAckup interactio;:-1 was teo difiie:t:t.lt tc sclve vrithc·ut 

an undue expenditure of til'l:c. 

One can conclude that the pure ?kkup (or st:dp·;)ing} :net h.::misn·; c>m 

explain qualitatively the sha.pe·.of the c:::-o.;;s section for ::;catte1·ing i).llgl.e~;: u;.J t,. 

a. bout 45° C. £.4. , but that subst:l.ntial contributions must be made by other pr· ..... ~es se s. 
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