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Treiman-Yang criterion as a test of the pole approximation
in the Be( He, aa) He reaction
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The Be{'He,aa)~He reaction has been studied at low incident energy to test the predic-
tions of the pole approximation. Treiman-Yang distributions have been deduced from the
measured differential cross sections for a wide range of the Treiman-Yang angle and of the
spectator momentum. The data are consistent with the isotropic distribution predicted by
the pole mechanism.
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I. INTRODUCTION

In recent years there has been a considerable in-

terest in the study of quasifree scattering (QFS) and
of quasifree reactions (QFR). The experiments have
been carried on at energies of the order of 100
MeV, and the plane wave impulse approximation
(PWIA) as well as the distorted wave impulse ap-
proximation (DWIA) have been used to interpret
the data. Evidence for QFR has also been found
even at low incident energies, ' ' where the condi-
tions for the validity of the impulse approximation
are generally considered to be no more satisfied.

The reaction E(0,12)S is represented by the polar
graph of Fig. 1, under the condition that only the
first term. in the Feynman series is retained. Here N
is the target nucleus, 0 is the projectile, 1 and 2 are

FIG. 1. Pole diagram for the quasifree reaction
N(0, 12)S.

the two detected outgoing particles, and S is the
spectator of the process. The amplitude of the reac-
tion can then be factorized into two parts corre-
sponding to the two vertices of the graph. Factori-
zation tests, such as the Treiman-Yang (TY) cri-
terion, ' ' can then be performed to verify the polar
nature of the reaction.

The TY test has been applied to (p,2p), (a,2a),
and (rr, ~p) QFS. ' 22 Experiments have also been
performed to apply this criterion to QFS at low in-

cident energies, but the results do not allow
any definitive conclusion to be drawn. For instance,
the need for further graphs is indicated by the TY
distributions in the cases of the 'H(d, 2p)n and

H(d, dp)n reactions at 20 MeV, ' whereas the TY
distributions were consistent with the theoretical
predictions for the Li(p,pd) He reaction at 19 MeV
(Ref. 25) and the 'H(d, pn)'H reaction at 12.2
MeV.

The aim of the present work was to apply the TY
criterion to the Be( He, aa) He reaction at 2.8 MeV
incident energy. This reaction has been already stu-

died extensively at low energies. ' ' ' Information
on the QF mechanism and on the momentum dis-
tribution of the He- He relative motion in Be has
been obtained. This test seemed then to be useful in

order to see to what extent the measured cross sec-
tion could be accounted for by a single pole graph.
The application of the TY criterion to this reaction
at low incident energies is, however, complicated by
the presence of the sequential contributions that
make the study of the TY distribution difficult in a
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sufficiently wide angular range. This has required a
careful choice of the detection configurations to
have little disturbance from other mechanisms.

II. THE TREIMAN- YANG TEST

Nuclear reactions with three bodies in their final

state may proceed through different reaction
mechanisms. The Feynman graph technique has
been widely used to describe such reactions.
However, it is very difficult in general to select the

graphs that dominate a given process. In particular
the role of the pole mechanism has been investigated
in detail and attempts have been made to find sensi-

tive criteria in order to establish its relative impor-
tance.

When the amplitude of the reaction N(0, 12)S is
written for the pole graph in the Feynman series,
and the spin of the intermediate particle is zero, it
can be expressed as'

, r(t)F(s', t', t)M = const
I' —2m' ez-

where

s' = —(p] + pl) + 2(m] + my)(E] + El),
t' = —(p]+ p]]) + 2(m] —m]])(E] —E]]),

t = —(ps —p]v) + 2(ms —m]v)(Es —EN)

(2)

are three invariants quantities, pj, mj, and EJ being
the momentum, rest mass, and total energy of the
particle j, respectively. In Eq. (1) the term I (t) is

the amplitude of the process 1V~S + T and the
term F(s', t', t) is the amplitude of the reaction

0+ T~ 1+ 2. e& is the binding energy of the sys-

tem T + S in the nucleus N. The units used are
]]]= c = 1 throughout.

According to the TY criterion, the amplitude of
the reaction should be invariant under rotation of
the (p],pl) plane about the sum of these momenta,
in a reference frame in which the projectile or the

FIG. 2. The N(0, 12)S reaction in the antilaboratory

system.

target cluster T is at rest. Therefore, in the present
case since the He cluster in Be is a spectator of the
virtual reaction He+ He —+u + a, the TY cri-
terion is most conveniently considered in the antila-

boratory system; that is, the system in which

po ——0. In this case, the direction n of (p] + pl) is
the same of that of the momentum of the intermedi-
ate particle T. In Fig. 2 the pole diagram for the
N(0, 12)S reaction in the antilaboratory system is
shown. The primed quantities refer to the antila-
boratory system. The TY angle 8~ is the angle
between the (p]v, ps) plane (a) and the (p],pq)
plane (P). In this framework the rotation of the

(p], pl) plane around the sum of these momenta is
seen as a rotation of a around P by an angle Orv.
The measured reaction amplitude as a function of
the TY angle Hrr for a fixed value of the intermedi-
ate particle momentum p z is called the TY distri-
bution. '

The TY criterion has been shown to be valid for
L = 0 at nonrelativistic energies. ' Thus the cri-
terion must hold for the case in question since the
relative motion of the He and He in Be is known
to be well described by a 3S state.

The analysis made by Shapiro et al. ' requires the
comparison of different measurements of the quanti-

ty

(iM i') = 1(2%) (1+m]I m2)pz —po cos()o] +p] cos'()u dlo.
4PlsNl z pz d Qid QpdEi

where d o/dQidQ~dEi is the experimental dif-
ferential cross section, (

~

M
~

) is the square of the
matrix element modulus averaged over spin states of
the initial particles and summed over those of the fi-
nal particles. I is the density of the relative flux of
particles T and 0

r

2 s'

moT 2(m] + m2)

1/2

N1 pz is the reduced mass of the 0-T system and

Q = mo+ mr —m] —ml.
The region where the pole diagram is expected to
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be predomiant in the reaction mechanism was sug-

gested to be

(4)

projected on the E
&

axis. A few examples of the
triple differential cross section thus obtained are
shown in Fig. 3.

where p is the reduced mass in the target nucleus
and Q is the Q value for the virtual decay. In the
case of the Be( He, aa) He reaction, this condition

gives a value of about 100 MeV/c for the maximum
spectator momentum. In this experiment the pres-
ence of the sequential contributions in the reaction
further limits the maximum spectator momentum to
about 60 MeV/c; this value is comparable with the
half-width at half maximum (HWHM) of the He-
He 3S momentum distribution, which is known'

to be around 60 MeV/c.
According to Shapiro, the shape of the pole dis-

tribution should be given in general by a polynomial
in cosOT&, whose degree is related to the different

angular momenta and spins involved in the reaction.
In the case of the Be( He, au) He reaction the

above considerations lead to an isotropic TY distri-

bution.

III. THE EXPERIMENT

The TY distributions were obtained by measuring
the absolute differential cross section in kinematical-

ly complete experiments at nine sets of angles. The
angles were chosen to cover a wide range of OTY

and spectator momenta, at the same time keeping
constant the values of the quantities s', t', and t.

The experiment was performed at the Centro Si-
ciliano di Fisica Nucleare/ Struttura della Materia
(CSFN/SM) Van de Graaff laboratory in Catania.
A 50 pg/cm Be target, evaporated on a 40 pg/
cm carbon backing was used. The He+ beam en-

ergy was 2.8 MeV, with a current of about 200 nA.
The outgoing particles were detected by two solid-
state detectors, . One of them could be moved only
in the horizontal plane (P& ——0), while the other
could be set out of the horizontal plane. A moni-
tor was set at 140' and was used to normalize the
data with respect to the He ions elastically scat-
tered from Be.

The energy pulses were sent to a 4096-channel
analyzer operating in a bidimensional mode. Tim-

ing signals were sent to a time-to-amplitude convert-
er (TAC) through constant fraction discriminators.

The multichannel analyzer was gated by setting a
time window on the output of the TAC. The spuri-
ous counting rate on the kinematical locus in the

E& —E2 plane was estimated to be less than 1go.
The bidimensional E& —E2 spectra were then

IV. DATA ANALYSIS AND RESULT

Sequential contributions were subtracted in each
spectrum by assuming a Breit-%igner spreading of
the involved 2.9, 11.4, and 19.9 MeV levels of Be,
with F%HM.'s of 1.5, 5, and 0.9 MeV, respectively.
The amplitudes of these contributions were summed
coherently and the resulting cross section added
incoherently to a QF cross section calculated ac-
cording to Refs. 8 and 14. The weights of all
sequential and QF contributions were adjusted as
free parameters for each spectrum.

The data were analyzed by assigning each event
to a TY angle and a spectator momentum q. TY
distributions for different ranges of q were obtained

by adding events in equal bins of OT~, and normal-
izing the differential cross section by the kinematical
factor according to Eq. (3).

The resulting TY distribution is shown in Fig. 4.
Some of these data have been published elsewhere.
Horizontal bars represent the uncertainty on OT&

due to the finite angular and energetic resolution in

the experiment. Vertical bars represent the statisti-
cal errors only. The dashed line is the weighed
average of the experimental reaction amplitudes.

The analysis of the data was performed according
to two different approaches. Each method has in

fact inherent limitations so that the use of both of
them was intended to give us more confidence in

the conclusions.
(i) Only those events falling within a narrow

range of q were taken into account in the first
analysis, according to the procedure reported in

Ref. 24. This allowed for negligible variations in s,
t, and t'. The value of the q range, namely

q = (30+ 2) MeV/c was chosen so as to satisfy Eq.
(4).

The data are in good agreement with the predic-
tion of the pole approximation, where for L = 0 the
expected TY distribution is isotropic. A contamina-
tion of L = 2, which is allowed by the cluster
model, would not contribute appreciably to the
small q values we are dealing with since the corre-
sponding momentum distribution is zero at q = 0.
The main drawback of this kind of analysis is the
introduction of large statistical errors, due to the
narrowness of the q range.

(ii) A second data analysis was performed by con-
sidering all events obtained from all the measured
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FIG. 3. Projection of the El —E2 spectrum on the E& axis. The TY angles are 20' (a), 60' (b) 100' (c), and 140' (d)
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bJ
CI 4-

Q
tiI

Qc
D

2-
Cf

I I I I

q = (28 -32) Mev/c

I I I I I

40 80 120 160

OTY

FIG. 4. Treiman-Yang distribution for the 28 —32
MeV/c q range after subtraction of the estimated contri-
butions from sequential mechanisms.

spectra after subtraction of the sequential
contributions. The values of q and OTY were calculat-
ed for each event, which was then classified within

finite bins both of q and OTY. Only events with

q & 60 MeV/c were retained, thus satisfying condi-
tion (4).

In Fig. 5 the resulting TY distributions are re-
ported for the diA'erent intervals (0—20, 20—40,
and 40—60 MeV/c) of the spectator momentum q,
while Fig. 6 reports the TY distribution correspond-
ing to the whole interval 0—60 MeV/c. The miss-

ing bins in the distributions correspond to values of
OTY not kinematically allowed in our experiment.
The distributions of Figs. 5 and 6 are consistent
with the isotropic behavior predicted by the theory
and reported as a straight line.

The advantage of this analysis with respect to the
previous one is the possibility to look on larger
ranges of q, at the same time reducing statistical er-
rors. However, the finite extension of the q intervals
introduces variations in the quantities (2) so that the
condition of the constancy of the amplitude (I) may
not. be well satisfied.

V. CONCLUSIONS

The analyses reported in the previous section give
a clear indication in favor of the QF nature of the
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momentum q.

He( He, a) He virtual process which takes places in

He while the residual He nucleus acts as a specta-
tor.

It may be argued that, while a nonisotropic TY
distribution would have indicated the presence of
nonpolar mechanisms, an isotropic distribution
could be the accidental result of many reaction
graphs contributing to the process. However, the
isotropic distribution has been obtained within two
different complementary types of analysis, and for
diff'erent values of q (Fig. 5).

The QF contribution to the 9Be( He, aa) He reac-
tion at a low incident energy is now a well esta-
blished fact for the following reasons.

(i) The QF peak has been found only at QF an-
gles for various incident energies. '

(ii) For most of the measurements there is no pos-
sible contribution or contamination from sequential
processes, at least in the region where q & 30
MeV/c. A series of measurements has been per-
formed at 2.8 MeV and for different angle settings
to confirm this point. '

(iii) The momentum distribution which can be ex-

FIG. 6. Treiman-Yang distribution for the entire
0—60 MeV/c region of the spectator momentum q.

tracted from the low energy data, in the PWIA, is

consistent with the findings obtained from other QF
reactions at higher energies. '

(iv) The TY distribution agrees with the theoreti-
cal predictions (this work).

No satisfactory theoretical explanation has been
given so far, to our knowledge, to justify the ex-
istence of QF processes at such low energies. How-
ever, the high Q of the reaction (19.09 MeV) is

responsible for high momenta (= 300 MeV/c)
transferred to the outgoing particles. This is the
case also for (m+, 2n) and (m, 2p) reactions with low

energy pions which have been reported for many
years as showing evidence for QF processes.

Apart from the well known difficulties (Sec. I) of
describing the QF process at low energies in the
PWIA or even in the DWIA, one may argue which
kind of information can be obtained by a more de-
tailed study of the TY distribution. A higher reso-
lution in OT& and spectator momentum, in addition
to a better statistics would be highly desirable in
order to measure significant delation from the pre-
diction of the pole approximation.
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