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ABSTRACT . 

The Treiman-Yang criterion has been studied with reference to the study of quasi-free pro
cesses at low energies . The conditions to which the experimental set-up must satisfy in order to 
allow the measurement of a Treiman - Yang distribution are discusse d. The application to a speci
fic case , namely the 9Be(3He ,aa)41-l e reaction, is also presented. 
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1. - INTRODUCTION. 

Nuclear reactions with three bodies in their final state may proceed th rough a variety of r! 

action mechanisms; i n general the calculation of the reaction cross -section should include terms 

from quasi-free processes, expeciaUy when appropriate regions of the phase-space are selected. 

In the descri ption of the latter processes the incident particle a interacts only with a part 

(T) of the target nucleus, which has a cluster structure 

N "' S+T~ while the cluster S maintains its momentum Ps 
(see Fig . I) . 

Many models have been developed to describe such 

dire ct reactions; amon g these the Feynman graph 

que has been widely used(l) but unfortunately it is 

techni 

very 

5 

difficult in general to select the particular graphs that 

are dominant for a given process. In particular the role 

of the pole mechanism has been investigated in detail and 

attempts have been made to find sensit i ve criteria able to 

establish its relative importance. One of these criteria 

I N 

is the study of the distribution with respect to the TreJ:. 

man-Yang an gle ; this criterion, first painted out by S. 

FIG. I - Pole diagram for the 
quasi-free reaction N(O, 12)S. 

R. Treiman and C . N. Yang(2) shows that under given conditions sllr.h a distribution should be iso

tropic , provided the pole mechanism is dominant in the reaction. Despite of the fact that the Tre..! 

man-Yang criterion is a necessary but not a sufficient condition for the dominance of the pole 

graph, due to some triangular graph that may fulfil this criterion(3) J it remains strongly indica

tive of the pole character of the process under consideration . 

In this note the Treiman-Yang criterion is considered for the study of quasi-free reactions . 

In Section 2 th e invaliance propertie s that the amplitude of the reaction should have according to 

this criterion is dis cussed, while Section 3 is devoted to the calculation of the experimental con 

ditions allowing a Tre iman-Yan g distribution to be measured. In the last Section the application 

of t il e Treiman-Yang crite l'ion to the 9Bc( 311e, nn)411e reaction is presented. 

2. - TilE TREIMAN-Y!\NG CRITERION . -----------
The atTlplitude of a rea ction of the type 1 + 2 -1103 + 4 depends on two invariant variables, that 

can be chosen for instanc:e between the s, t , u invariants, defined by: 

where the qi1 s a t~e the four-momenta, and s+t+u =-
4 2 
2: mi' 

i = 1 
In the general case , when more than 

4 particles are involved in the process, the nnmber of ind ependent invariants is 3n -10, n being 

the numb e r of par'ticles. 
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For a reaction involving 5 particles, of the type: 

O+N-'J+2+S 

we have therefore 5 invariant variables on which the amplitude may depend. In the non-relativi

stic case the following quantities can be chosen: 

t' 

s' s 

s" 

where PK' m
K

, EK are the momentum, rest mass and kinetic energy of particle K. 

When the amplitude of the reaction is represented by the pole graph in the Feynman series, 

and the spin of the intermediat e particle i s zer o, it can be expressed as follows(4); 

M;: canst 
r(t) F(s', t', t) 

where the term r(t) is the amplitude of the process N -40T + S, and depends only on the invariant 

t related to the first vertex in the pole graph, while t h e second term F(st, t 1
, t) is the amplitude 

of the reaction 0 +T -+ 1 +2, depending on the invariants that can be formed from the momenta of 

particles 0, 1,2 in the other vertex (in this case s 1, t' , t). 

In the previous equation C T is the binding ener gy of the system T + S in the nucleus N: 

and the system of units in which 1'1 -:: c :: 1 is used throughout. 

In t his case i t can be seen that the amplitude of t he entire process as a whole depends onl y 

on three independent vadalJles t , t', Sl. 

According to the Treiman-Yang criterion the amplitude of the reaction l?hould be invariant 

when performing a rotation of the P
1 

- P2 pl ane around the sum of these momenta; if we study 

.... 0 h d· . f - ... the process in the antilaboratory system, i. e. the system in which PO = , t e lrectlon 0 p] +P2 

is the same of the intermediate p3rticle momentum P
T

, 

Under such a rotation the invariants t, t', s' do not change so that the amplitude M depens! 

ing only on such quantit ies must remain constant. 

If ·d h -I .... , ~, -'1 
we conSl er t e momenta PN' Ps' PT ' P1' 

antilab system), two planes can be fixed: the first - .... ...,. 
one (8) by PT, PI' P2· 

P2 (where the primed quantities refer to the 

(a) is defined by PN' 'PS' Pr while the second 
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The 'freiman -Yang angl e QTY is denoted as the angle between the planes a and 

framework the rotation of PI' P2 around ·P
T 

can be seen as a rotation of p around the 

ticn of an angle QTY' 

~. In this 

pI direc 
T 

The Treiman - Yang criter ion does not hold in general for the relativistic case when the spin 

of the intermediate parti cle is non zero. However, as shown by Shapiro et al. the factorization is 

also possible for non relativistic cases with non zero spin of the intermediate particle(5). 

This analysil'i requires the knowledge of the square of the matrix element modulus of the 

reaction, averaged over spin states of the initial particles and summed over those of the final 

particles: 

where I is the density of the r e lative nux of particles T and 0: 

.-~ - -PO,Pl,P2 are tile momenta of parUdes 0,1,2 in the laboratory system and m
S

' m
T

, m l , m 2 
<'we the rest masses or th e particles involved in the pole reaction (Fig. 1), 

:1. - EXPElllMENTAL CONDITIONS. 

1\5 Rhown in the previolls Section, the application of the Treiman-Yang criterion is related 

t. o th c comparison of the differential cross -sections measured at different detection conditions 

CO [Tcsponciing to tile same value of the invariants t, t', s' but with differents angles QTY' In 

parti cular a Tr e iman-Yan g eJjstdiJution is obtained by considerin g coincidence events correspon~ 

ing to a J.-.riven value of the momentum P.r of t he intermediate particle as a function of the Treiman 

-Yang angle QTY' 

The Treiman-Yang angl e YTy can be obtained, for a gi ven kinematical situation, by consi -

d C' I' ing that the plane n is defincd by P,'rAPN . the plane p by PTAP1" From Fig. 2 it is 

seen tliat 

and by takin g into account thl~ identity: 

-'10... _ "-}> 

(A · D)' (B' C) 

\ 
\ 



- ,J -

I 
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, 
\ 

\ -j 
F IG . 2 - The N(O, 12)5 reaction a s seen in t he antilaboratory frame of 
refe r ence . The angle between a and ~ planes is the Freiman - Yarig(T)') 
a n gle 0TY ' 

it can be shown that 

2 
_pI p I + pI (pI pI +p' p ' +p l pI ) 

T J z Tz Tx 1x Ty 1y Tz 1z 

V(p ' P ' P' p' )2+( 'p' ' P ' )2+( 'p' p ' p ' )2 
Tylz-Tzlz PTzlx - PTxl z PTxly-Tylx 

where a ll t h e momenta are in the antilaboratory system. 

F rom the exper i mental point of view the applicat i on of the Treiman - Yang crit erion r equ i 

res the knowl edge of the de tection configurations , once a value for the intermediate particle mo 
.... 

mentum Py and the Treirnan -Yang a ngle QTY have been selected _ 

'I'o this aim we denot e with n t he unit vecto r gi ven by 

~ 
p i + pI 

.~ T 2 
n 

I ~PT' ~ I + pZ 

By perfor m ing a rotation of the plane ~ around n of an a ngl e QTY each momentu m 'P
k 

is trans 

formed into Pk(QTY) accordi n g to 

and by takin g into account that i n the transformation from the laborato r y to the antilaboratory sl 

stem we have 

(mj / m )p 
{ 0 0 

1-"-
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we can obtai n the following r e lationship 

TJo ese l ast equations a\low t he calculation of the an gles (Ql' PI) and (Q2' P2 ) in the l abora

tory syst e m a t which particles 1 and 2 must be det ected in coincidence for fixed values of piT 
and QTY' 

A 8 it can be seen the appli cation of this cr iterion to the study of quasi-free reactions r e 

qui res a 1arge quantity of ex perimental data, taken at different PT values <;lnd for different de

t{'clion eon fi gurations to allow the variati on of the Tre iman - Yang angle QTY in a sufficiently wi 
de interval. In particular data for QTY I 00

, 1800 r e quire the u se of non- coplanar experiments, 

t hat ha ve been scarcely pe rformed up to now(6-10) to te st the polar mechanism under the Trei 

man-Yang crite rion. A detailed experimental study of the quasi-free contributions to three - body 

,'cadions in the non- eoplanar case would be th e n in order before quantitative conclu s ions can be 

l'ca{;hed about the imp ortan ce of the pol ar mechanism in such dir ec t processes . 

4 . - TIm 9Be(3 1Ic"w)41Ie Q UASI - FREE REACTION AT LOW E NERGY . 

The Trc iman-Yang cr'ite rion can be applie d also to qlJasi-free r eactions that can take pla-

ce at low illeident energies if the process has a s uff iciently high Q - value. This is the case for 

instance of til e l'eact ion !)He(3 " e, na )4 " e havl !! )! Q .., 1 !l.D09 MeV, t hat has been wid ely studied(1l-14). 

T he appli c.ation of th e Treirnan -Ya,g cr ite ri on to such reactions at low ener gie s is complJ. 

eated hy the pt'cse ncc of sequenti al contributions that make difficult th e study of the Treiman

-Yallj..(' dis t ribution in a s uffi ciently wiele interval. 

Pig. 3 shows th e s c hematic diagrams co rrespolldin ,g to the qua~i - free process and to the se

quential processes proceeding t h rough the formation of the SBe nucleus, 

--

(': 

-.. 

a) b) 

FIG. 3 - Dia g:l'a m s fol' the I~eactioll !)Be(3H e , nn )4T1 e . a) Quasi-free process; b) Sequential 
procf'SS t hrough the BRe intermediate nucleus . 

f 

/ 
! 
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The study of this reaction r equires then the choice of appropriate kinematical situations in 

order to s eparate sequentia l from quasi -free contributions. 

Since the 4He _5He motion i n 9Be is mainly in a 3:3 stat.e, the momentum distribution has 

i.ts maximum at Ps -= 0 with a measured FWHM of 118 MeV/ c; by taking into account the prese~ 

ce of the sequential peaks, the region of inte res t is for Ps values between - 50 and +50 MeV/ c(12). 

In the reaction p:a.1e all the couples of angles Q1' 02 can be ohtained from the relation 

where 

Once the starting Co.1t'lgu ration in the reaction plane has been chosen, a valu e for the mo

mentum Ps ,""us t be selected and the angles (Ol' ~l)' (Q2' ~2) should be cal culated correspond

ing to the Treiman - Yang an gle QTY. 

angle. 

Fig, 4 shows the bahaviour of the minimum p..,.. value as a function of the Treiman-Ya.'.1g 
" 

a 
--~-------

i 
1 

- 50i
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I 
1 
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FIG. 4 - Minimum spectator momentum P Smin as a function of the 
Treiman-Yang angle, for di.fferent configurations allowing the mea
surement of a given momentum PS. a) 10 MeV/ c; b) 30 MeV/ c; 
c) 50 MeV/ c. 



- 8 -

-The better choi ce of the value at Ps is mad e by considering that it s hould not be too low in 

order to ensure a value of the azimuthal angle not. too close to 0° (in which case due to th e Hnite 

de te c tion geometry a ll non-coplanar ex:perimen+.s would be indistinguishable from in -p~a.ne expe

riments, see 1'01" instance Pig. 5: on t he other hand Ps shoul d not be too far from zero, in order 

to measure a cross-section not. too low, and to have a clear separation from sequ ential contribu

tions. 

For this reason a value of I Ps I " 30 MeV/ (' seems to be the best choice in the case of our 

exp~rimc nt.al conditions. 

o 

12 

o a -

o 
L, -

o· 
0" 

- - -,---,----'-----r------l-------. 

/ 

~" 

b -----......... .. 
'-"" 

a 

_-',L.; ___ -' __ ---1 ___ ~~~, 
30° 600 90° 1200 1500 100· 

P .... ) " ,' 

1"10. 5 - Out-of-plane dete cto r angle as a function of the Treiman
-Yang angle, for til e different configurations r eported in Fig, 4. 
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