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The study of H+ He reactions at E3He —50 MeV, H+ H reactions at E~ =35 MeV, as well as
the reanalysis of 2H(3He, pt)p reaction demonstrates that the quasifree reaction mechanism
plays an important role. Evidence for the quasifree reaction mechanism is found in the pro-
cesses 3H(3He, dd)d, HH(3He, pt)d, ~H(3He, dt)p, 3H(3He, pn)n, 2H(3He, pt)p, and 3H(H, pt)e.
Evidence for d-d, p-3He, d-3He, and p-t quasifree scattering is found in the processes
H( H, dd)n, H(3He, p He)2n, ~H(~He, d He)n, and 3H( H, pt)n, respectively. Comparing the

absolute cross sections of these reactions, one concludes that though the shapes of the cor-
relation spectra indicate the significance of quasifree reaction mechanisms, the pole dia-
gram is not dominant.

I. INTRODUCTION

Multiparticle reactions have provided important
information on nuclear structure and nuclear reac-
tion mechanisms. One of the simplest of these
reactions is the nucleon-induced deuteron breakup.
It has become obvious that to fit the ++d data it
is necessary to use a model derived from the
Faddeev theory. Unfortunately, for systems with
more than three particles we still do not have any
usable model based upon rigorous theory. It is
imperative to develop such a theory. However,
bearing in mind the lesson learned from the N+d
studies we should gain understanding of the basic
reactions mechanisms which will then aid in the
development of such a usable model based upon
rigorous theory. '

The prominent reaction mechanism of multi-
particle reactions is the quasifree scattering
(QFS). Recently, evidence has been presented
that there are other quasifree (QF) processes: the
guasifree reaction (QFR) mechanism in the 'Li-
(P, 2d)n' reaction (P+ t-d+d QFR), the QF pro-
cess in the 'Li('Li, 2n) o. reaction, ' while QF n-P

capture was observed several years ago. '
In this paper we present a systematic study of

reactions which are most favorable to establish the

role of QFR mechanisms. In our opinion these are
'H+'He and 'H+'H interactions which we analyze
in the framework of the plane-wave impulse approx-
imation (PWIA). We also similarly reanalyze the
available data' on the 'H('He, jt)P reaction assum-
ing the QFR mechanism.

It is desirable to investigate the role of such
QFR in a case where there are no competing strong
final-state interaction (FSI) effects [e.g.a-d or
n-o. FSI as in the reactions 'Li(P, 2d)n and 'Li-
('Li, 2n)o. ]. If the QFR is important the data should
show specific structure associated with the kine-
matical conditions for QFR, and if in addition the
FSI effects are small and the QF pole diagram is
a dominant diagram, the ratio of cross sections
for several QF processes should be given by the
ratio of respective free cross sections as long as
the processes have the same virtual decomposition
vertex [e.g. processes (a), (c), (d), and (f) in
Fig. I, 'H- dn]. The cross section ratio of pro
cesses with different virtual decomposition verti-
ces might differ and the ratio might depend on
detailed properties of the nuclei involved, e.g.
small components of ground-state wave functions
and/or short-range correlations from the hard
core of the N-N interaction.

A most convenient reaction to study QFR is 'H-
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+'He. Several possible QF processes with the
spectator in the target ('H) are shown in Fig. I.
Attractive features of these reactions are: (I)
reasonably weak FSI effects, particularly in cases
(b) and (c), (2) several open channels which al-
low one to test the relative yield of various QF
processes, and (3) the QFR cross section corre-
sponds to the enhancement in the yield where the
spectator momentum Q, =0, since the 'H wave
function is predominantly 8 state.

It is also desirable to investigate the role of QFR
and QFS in a case where there are strong FSI
effects. In reactions such as 'H('H, Pt)n and 'H-
('He, dt)P both FSI and QF processes are impor-
tant. The study of deuteron-plus-triton breakup
processes' revealed the importance of nucle-
on-nucleon and nucleon-triton final-state inter-
actions. Angular distributions of tritons and cor-
relation spectra from the 'He+28- t+P +P reac-
tion have demonstrated that pickup and charge ex-
change are important reaction mechanisms. """
Pronounced quasifree 'He-P scattering has been
observed in the 'H('He, P'He)n reaction. " Several
simple theoretical models, e.g. Watson-Migdal
(WM), PWIA, plane-wave Born approximation
(PWBA), and distorted-wave Born approximation
(DWBA) have been used, ' ~" to describe the data,
but it seems that neither the absolute magnitude
of the cross section, nor the relative yield of
various processes and often not even the shape of
the spectra have been quantitatively explained.
This all points out that the multiparticle reactions

involving five nucleons are indeed very complex.
There are several final-state interactions and
several reaction mechanisms that are interwoven
in a complex way. Nevertheless, almost para-
doxically, deuteron-plus-triton breakup processes
have been used to extract spectroscopic infor-
mation, notably neutron-neutron scattering param-
eters.

The quasifree scattering of a deuteron incident
on either a deuteron or a proton in a triton has not

been studied. Though QFS has been observed in
many reactions and at very low energies, it seem-
ed unlikely that an important mechanism is one in
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FIG. 1. QFS (a), {b) and QFR {c)-(f)in the reaction
3H+3He. Note that processes (a), (f) and (c), (d) each
transfer the same particle and that process {e) repre-
sents a two-neutron target. The spectator particle is
always at the upper right of each pole diagram.

(c)

FIG. 2. Quasifree mechanisms in 38+28 interaction.
(a), and (c) are QFS, whQe (b) is QFR. Note that in (a)
the spectator is in the projectile. The spectator particle
is always at the upper right of each pole diagram.
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which a diffuse structure like a deuteron knocks
out another deuteron from a more tightly bound
triton. The QF processes involved in the 'H+'H
reaction discussed in the present paper are shown
in Fig. 2.

II. THEORY
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To analyze the data presented in this paper, we
use the PWIA and various forms of the tritium
wave function. The cross section in the PWIA is
expressed as

dE~q d„=(KF)l+(Q.)I'c(e &E)f
1 2

where i@(Q,)i is the Fourier transform of the wave
function, and KF (kinematical factor) includes the
phase-space factor. The free cross section
a(e, , E)„ for the process involved, QFS or QFR,
is determined assuming the postcollision-energy
prescription' and

(0 .-v~)'(v~-v4)cos 8~~—

where v „v„,v„and v~ are velocities of incident,
transferred, and two detected particles, respec-
tively [e.g. in Fig. 1(d), 'He is the incident par-
ticle, the neutron is the transferred particle, and
the detected particles are P and &]. The free cross
sections were tabulated from the literature, as
will be indicated later. The forms of the wave
function we have used in the present calculation
are: (1) the overlap between the Irving-Gunn 'H

wave function and the Hulthen deuteron wave func-
tion, and (2) the expression
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with 5=1.202 fm ' and g=0.4478 fm ' correspond-
ing to the neutron removal energy from 'H or
g=0.5225 fm ' which corresponds to the 'H bind-
ing energy. To obtain agreement between the cal-
culated and experimentally determined absolute
cross section we have used normalization factors
and/or we have introduced a radial cutoff' in the
wave function given by expression (2).

III. EXPERIMENTAL
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The 50-MeV 'He beam and the 35-MeV 'H beam
from the Naval Research Laboratory sector-fo-
cusing cyclotron are used to bombard a Ti-'8
target. In one set of runs the target consists of a
layer of Ti 2.5 mg/cm' on a 12-mg/cm' gold foil
and in another set of runs the Ti layer is 4.92
mg/cm' on a gold foil of thickness 50 mg/cm'.
The number of 'H atoms/Ti atom is assumed to be
between i.V and 1.V5 (information furnished by
supplier). Two &E-E counter telescopes, coplanar
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FIG. 3. Data from the processes (a)-(e) of Fig. 1.
The observed cross sections are divided by the kine-
matic factor and the free cross sections for the pro-
cesses indicated. The data are then plotted as a func-
tion of the spectator momenta (Q~) for the various angle
pairs, shown in (c). The PWIA calculations are normal-
ized (N) to fit the data. The angle of the spectator par-
ticle (8,) is indicated above. Note that the key for the
angle pairs is in (c) only.
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and on either side of the beam are used to detect
and identify charged particles. Each counter tele-
scope has an angular resolution of 1.0' and a
solid angle of 5.V &&10 4 sr. The energy calibra-
tion, and therefore also the energy interval dE per
channel, is determined from elastic 'He-'H scat-
tering. Over-all, the uncertainty in the energy
calibration is estimated to be + 200 keV. Coinci-
dence events are recorded at various pairs of
angles with the ~E and E signals stored on tape
using the EMR-6050 on-line computer, thereby
enabling us to measure simultaneously all pro-
cesses of interest as shown in Figs. 1 or 2 for the
'He and 'H beam experiments, respectively.

The absolute cross section is calculated using
the areal density of 'H atoms as given above, the
charge integrated beam, the solid angles, the
energy interval, and the yield (number of counts)

per channel. We estimate the absolute uncertainty
in the cross section to be +20%%up. Uncertainties in
the relative cross sections are taken to be the
statistics of the number of counts as shown in the
figures.

Pairs of angles are chosen to emphasize quasi-
free events (QFS and QFR), as well as N& and NT
final-state interactions. Although pairs of angles
are selected to emphasize certain interactions, it
is possible on repetitive tape playback to obtain
information on 'He or 'H induced reactions for all
angle pairs via the software particle identification.
During a run the coincidence events between a
selected pair of particles are displayed via hard-
ware particle identification.

The ~ counter thicknesses are chosen to opti-
mize the detection limits for all reactions ob-
served, although in specific cases other thick-
nesses would improve the experimental situation.

The background is determined from the recorded

events near the kinematic locus. There are cases
where the cross sections for the breakup of the
projectile in the field of a heavy nucleus (in this
case titanium and gold) is large and, therefore,
this background could be important. However, for
all correlated pairs presented in this work, back-
ground is negligible.

IV. RESULTS AND DISCUSSION

In all the reactions studied in this work we find
pronounced enhancements corresponding to QF
processes. To correlate data obtained at dif-
ferent angles we present them in a form of the
square of the nucleon-deuteron or nucleon-dinucle-
on pair cluster momentum wave function ~4(Q, ~

of 'H using the PWIA. From Eg. (1) it can be seen
that by dividing the observed cross section by the
kinematic factor and the free cross section, the
momentum form of the wave function is obtained.
If the quasifree process is important, the data
from various angle pairs should be consistent for
the same spectator momentum Q, and should show
a pronounced enhancement at Q, =0. The results
are plotted in Fig. 3. Figure 3(a)-3(e) corresponds
to Fig. 1(a)-1(e). Similarly, the neutron-deuteron
cluster momentum wave function of 'H is extracted
from the 'H('H, dd)n data as shown in Fig. 4.

The various reactions we have studied are dis-
cussed separately below. Table I lists these re-
actions, the mechanism involved (which can be
seen in Figs. 1 and 2) and the references for the
data sets used in the PWIA calculation. Detailed
balance is used when the available data set is for
the inverse reaction.

A. H( He, d He)n Reaction

This is a case of QFS. An example of cross-sec-
tion data is shown in Fig. 5 for the angle pair L9~
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FIG. 4. The square of the neutron-deuteron cluster
momentum wave function of 3H from the H( H, dd)n data.
The angle of the spectator particle is indicated above.

FIG. 5. A comparison of observed cross section and
various calculations for the 3H(3He, d3He)n reaction.
Here F.T. is the Fourier transform.
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TABLE I. Summary of elastic scattering and reaction cross-section data used in PWIA calculations.

Reaction
mechanism

Data used in PWIA

Energy, lab c.m. angle Source
Reaction Data used in PWIA

mechanism Energy, lab c.m. angle Source

3H{3He, d 3He) n

~He+ d He+ d

E3 =4.0

8.4
12.42

18.08
19.4
2'0. 68
25.0
30.55
34.60
39.63
41.63
43.73

52.5

70'-115' Extrapolated

16.7'-160'
16.7'-160'

35'-150
35'-150'
35 -150
35 -150
35'-150'
35'-150'
35'-150'
35'-150'
35 -150'

Brolley et al. '

King and
Smythe"

35'-170' Extrapolated

~H{3He, dd) d
3He+n d+ d
3H(2H, pt)n

as
p+t -d+d

E~ = 0.156 60'-120' Bennet et
al. "

0.96
3.02

5.8

8.15
10.4
12.2
13,8

22'-158'

22.9'-157'
23.6'-156.4'

24'-156'
24.3'-155.7'

Brolley and
Fowler "

8rolley et
al. 0

47'-].33' Blair et al. ~
51'-129'

3H{ He, p3He)2n
and

2H{~He, p~He) n

3He+ p 3He+ p

3H{ H, pt)n
p+t-p+t

E3H = 7.14
10.62

16.53
25.53
34.4

40.8
49.8
58.4

93.0

Ep =2.12
3.5

6.5
8.3

13.6
16.23
19.48

26

67'-135'
67'-135'

Drigo et al. ~

58.6 -168'
55'-169'

20'-160'
20'-160'

20'-170'
20'-170'
20'-170'

Classen
et al. ~

Brolley
et al

Detch
et al. "

26.7'-166' Extrapolated

27.6'-166.6' Clegg et al
27.6'-166.6'
27.6'-166.6'

16'-172' Hutson et al. c

16'-173 3
20'-166.6'

16.1'-166.6' Kim et al. ~

3H{3He, pt) d
and

'H('He, pt) p

3He+n p+t

'H{'He, pe) n

He+d p+Q

16.6
19.4
24.5
26.6
32.5

Ep =2.45

4.9
7.43

10.42
12.9

26.7

E~ = 5.9
7.5

10.4
12.3
13.7
24.7
27

25'-1554
31 7o 148 3o

18.9'-161 1'
11.4'-162'
15.3'-162.4'

30'-160'

30'-160'
30 -160
30'-160'
30'-160'

30'-160'

11.7'-146.2'
23.72'-169.8'
18.1'-174'
18.3'-170.2'
18.4'-170 4'

30'-120'
3Po-180

Fegley and
Cahill &

Willard et
al. I'

Wilson et al. q

Extrapolated

Stewart et
al. '

8ilaniuk and
Slobodrian '

3H(~H, dd)n
d+ d~d+ d

E4 =6.0
8.2
9.53

10.55
12.1

14.7
16.6
20.9
24.5
26.6
31.6
34.9

30'-150'
20'-160'
40'-140'
40'-140'
20'-160'

Wilson et
al. '

30'-149.9' Fegley and
30.1'-149.9' Cahill &

30.1'-149.9'
30.1'-149 94

30.1'-149.8
30.1 -149.8'
30.1'-149 9'

3H(3He, dt)p
3He +2n d+ t

40
65

10
20
30
40
50
60

30'-150'
30'-150'

30 -145
30 -145
30 -145
30 -145
3P -145
30'-145'
30 -145'

Extrapolated

There is no available
data. Angular dis-
tribution data are
available for the
reaction 2H(3He, t)—

2p E3H =17.5 and
21 MeV (Ref. 16)
and E3H~ —-60 MeV

(Ref. 17). See text.
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=37.5' and 8,. =30'. This angle pair enhances38e
the QF condition for this reaction. The solid curve
is the PWIA prediction using for the nucleon-deu-
teron wave function expression (2) with g = 0.4478
fm ' and a normalization factor N=0.16. An iden-
tical curve is obtained using the overlap between
the 'H Irving-Gunn wave function and the Hulthbn

deuteron wave function with a normalization factor
X=0.13.

At this point it is worthwhile mentioning that the
position of the maximum in calculated spectra is
determined by both the Fourier transform and the
free cross section, and indeed at some angle pairs
(20'-20', 15'-15') for the 'H('He, d'He)n reaction
the positions of the PWIA and Fourier transform
maxima are as much as 6 to 8 MeV apart. The
data always follow the PWIA prediction, thereby
providing some support for the assumption of the
postcollision-energy prescription which has been
used in the present calculations.

A reasonable fit to the composite data [see Fig.
3(a)) is obtained if one describes the nucleon-deu-
teron wave function with expression (2) where g
=0.4478 fm ', and a normalization factor N=0.16
is used. A cutoff radius with R =3 to 4 fm seems
to give a better fit to the shape. These values for
N and ft are in good agreement with data on QFS."

The enhancement at Q, =0.4 fm ' (for 15'-15')
indicates that another process may contribute to
the cross section. However, this evidence is un-

certain since for 8„=8 =15', we had to extra-
polate existing data to o tain cross sections nec-
essary to make the calculation (see Table I).

8{x4e, p He)2n Reaction

This is also a QFS. In Fig. 6 we show the data
projected on the E~ axis for 8~ = 8,„=20', togeth-
er with the PWIA prediction usmg Eg. (2) for the
'H wave function with g=0.5225 fm ' and a normal-
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FIG. 7. A comparison of the observed cross section
and P%IA calculation for the reaction H{3He, dd)d; Two
different normalization factors N =0.3 and ¹0.4 are
shown.

ization of 0.07. Note that the peak in the PWIA

coincides closely with the peak in the data. The
peak in the Fourier transform comes at about 23
MeV, but the free cross section is dropping about

a factor of 23 from 16 to 26 MeV, which is suf-
ficient to bring the experimentally observed peak
to its observed value, thus again giving credence
to the PWIA and the use of the postcollision-energy
prescription to determine the correct free cross
section.

Kinematical conditions for P-'He QFS [Fig. 3(b)]
correspond to very forward angles, and thus we
studied this process only for Q, ~ 0.2 fm '. We
were able to use the data from the angle pairs
15'-15', 20 -20', and 47.5'-24.7'. At other angle
pairs the cross section for the 'H('He, p'He)2n
reaction is very low. In this Q, domain, it appears
that the data agree with the assumption of the QFS.
Both 15'-15' and 20'-20' show the proper QFS
enhancement, though there is a difference in the
absolute magnitude, which is somewhat outside our
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FIG. 6. A comparison of observed cross section and

PWIA calculation for the reaction H{SHe,psHe)2n.
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FIG. 8. A comparison of the observed cross section
and PWIA calculations for the reaction 3H{ He, pt)d.
Two different normalization factors N =0.933 and N
=0.5 are shown.
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absolute cross section measurements. To obtain
the fit we used a normalization factor of 0.07 and
we assumed that the P-2n relative motion is repre-
sented by Eq. (2) using g=0.5225 fm ' (which cor-
responds to the 'H binding energy)

5.0-

2.0—

&H{Qe, dt) p
ed= e,= ZO'

C. H( He, dd)d Reaction

This is the first of the QFR we have studied in
the 'H-'He interaction. An interesting feature of
this reaction is that it was easily seen experimen-
tally in all angle pairs, even those far away from
the QF region. The 'H momentum wave function
extracted from the data is shown in Fig. 3(c).
typical spectrum is shown in Fig. 7. A reasonable
fit is obtained if one describes the nucleon-deu-
teron wave function with expression (2} and uses
a normalization factor +=0.3, with g=0.4VVS fm '.

The effect of d-d FBI is very weak, and we found
no evidence of it in any of the spectra.

Another interesting feature of this n+'He-d+d
QFR is that it leads also to the unbound n Psyste-m.
In particular, we see evidence for the reaction
'H('He, dd)d~, which is separated kinematically
from the 'H('He, dd)d reaction by -2 MeV. The
cross section for d~ is low and comparable to
similar four-body breakup cross sections.

H( He, pt)d Reaction

This is another QFR. Figure 8 shows the ob-
served cross section plotted as a projection on the
proton axis for the angle pair 8~=37.5', and 8,
=30'. Also shown are the PWIA predictions assum-
ing for the 'H wave function expression (2), with
g=0.4VVS fm ', and normalization factors of 0.93
and 0.5.

A»n the 'H('He, p 'He)2n QFS process kinematical
conditions for QFR in the 'H('He, Pt)d reaction
correspond to forward angles so we studied this
reaction only for angle pairs giving Q, )0.2 fm '.
The 'H momentum wave function extracted from
the data is shown in Fig. 3(d). A reasonable fit

RO,

BW»l

I I I I I I

4 8 l2 f6 20 24 28 32 56

Ed(MeV)

FIG. 9. Data from the 3H(SHe, dt)P reaction and PWIA
calculations. The rise in the data near 35 MeV can be
explained by the 22-MeV state in 4He shown by the cal-
culated curve BW (Breit-Wigner expression to describe
the Pt FBI).

to the data from all angle pairs is given using N
=0.5 and g =0.4VVS fm '. We saw no evidence for
FSI effects in any of the spectra.

E. H( He, dt)p Reaction

This process can proceed through the @FR mech-
anism when there is effectively a two-neutron
"target" [see Fig. 1(e)].

In Fig. 9 we show the observed cross section for
the 'H('He, dt)P reaction at the angle pair 8, = 8,
=20'. The peak in the Fourier transform for this
reaction occurs at about 32 MeV, but the data
appear to peak at about 26 MeV, essentially as
predicted by the PWIA. The rise in the data near
34 MeV can be explained by the t-P FSI due to the
22-MeV state in 'He*. This rise is shown by the
curve BW which is calculated from the Breit-Wig-
ner expression with the parameters of the 22-MeV
state: E~'=2.14 MeV, I'=2 MeV.

In contrast to the reactions previously discussed,
the 'H('He, dt)P reaction shows dominant t PFSI. -

TABLE II. H( H, 3He)2n data generated from 3He( H, t)2p data at E&=17.5, 21, and 60 MeV, assuming the energy
dependence of 2H-3He elastic scattering data.

c.m. angle Energy E3H
(deg) (Me V)

10 20 30 40
Differential cross section (mb/sr)

50 60

30
45
60
75
90

105
120
135
145

78
20
2.4
0.7
0.62
1.5
4 4
0.98
1.10

27
6.2
2.4
1.7
1.5
1.8
2.5
2.2
2.4

3.9
1.08
1.95
1.7
1.5
1.22
1.58
2.35
3.0

1.1
0.8
1.3
0.84
0.7
0.84
1.16
1.7
2.35

0.77
0.72
0.74
0.44
0.33
0.66
0.98
1.2
1.75

0.52
0.45
0.37
0.21
0.13
0.40
0.69
0.80
1.35

0.27
0.23
0.10
0,08
0.04
0.19
0.37
0.58
0.89
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TABLE III. Summary of the data and reaction mechanisms. The transferred particle is the second particle listed in

column mechanism.

Experiment Cross section
Theory Mechanism Figure

Quasifree scattering

3H(3He, d He)n
3H(3He, p3He) 2n
'H('H, pt) n
3H( H, dd)n
2H(3He, SHep)n

0.14 + 0.03
0.07 +0.03
0.06 +0.03
0,17 +0,01
0.21 + 0.08

Quasif ree reactions

3He+ d 3He+ d
3He+ p SHe+ p
t+p t+p
d+d d+d
3He+ p 3He+ p

1(a)
1(b)
2(a)
2(c)

14(a)

3H(3He, dd) d
3H(~He, dd) d*
3H(3He, pt) d
3H(3He, dt)p
3H(3He, po.') n
3H(2H, pt )n
2H(3He, tp)p

0.3 + 0.03
0.045 + 0.030
0,5 + 0.2
1.0 + 0.6
0.10 + 0.07
1.3 + 0.6
0,53 + 0.15

3He+n d+ d
3He+ n -d + d
3He+n p+t
3He+2n d+ t
3He+ d p +n
d+d~p +t
'He+n p+t

1(c)
1(c)
1(d)
1{e)
1(f)
2(b)

14(b)

The data presented in Fig. 3(e) for the 'H('He, dt)P
are those for which ~E~", —E„,~

~ 3 MeV, thereby
excluding the effect of the P-t FSI due to states in
'He just above the P-t threshold. The quantity E„,
is the P-t relative energy corresponding to the 22-
MeV 4He* state. One should stress that the data
as presented in Fig. 3(e}are subject to a large
uncertainty due to the complete absence of the
'H('H, 'He)2n cross-section data needed as an in-
put in the PWIA calculation. Only two measure-
ments of angular distributions of the charge sym-
metric reaction 'He('H, t)2P exist ""We. genera-
ted" the data set for 'H('H, 'He)2n reaction (see
Table li), assuming that the energy variation of
'H('H, 'He)2n data would be similar to existing d-
'He elastic scattering data, and that the absolute
cross sections for 'H('H, 'He)2n data at @,
21, and 60 MeV are equal to those in Refs. 16 and

1V.

8„=43.3'. Note that the use of a radial cutoff in
expression (2) more nearly explains the shape and
magnitude of the data than does the use of the over-
lap of the Irving-Gunn and Hulthen functions.

The composite data are compared in Fig. 4 with
the calculation using the Irving-Gunn 'H wave
function with the Hulthen deuteron wave function
in the PWIA. Again, this combination does not do
as well in both shape and magnitude as does the
use of expression (2) for the 'H wave function
(where g=0.4478 fm ') with a cutoff radius of 4
fm.

The value of the normalization factor for the
Irving-Gunn wave function, or equivalently the
cutoff radius, are in agreement with those found
in 'H('H, 2P)n and 'He('H, Pd)P reactions. "

5,0-

H( He, po')n Reaction
3 3

This process is dominated by the nucleon-&
FSI. We do, however, see evidence for the QFR
mechanism illustrated in Fig. I(f). The cross
section is very low and we summarize these re-
sults in Table III only.

8( 8 dd)n Reaction

~g 4.0-

s
CO~ S.O-
E

LLI

oi 2.0"

!A)™

H( H, ddjn

+ps 54
Og 45.5

--R ~4.0 fe blnO+9

}
—I.G. NsO. IS

The d-d QFS process dominates this reaction
and there are no FSI effects. Indeed, the data
show QFS behavior even for Q, as large as 0.5 fm '.

Cross-section data for the 'H('H, dd}n reaction
are shown in Fig. 10 for the angle pair 8„=34',

I I f I I t

8 lO l4 le 22 28

Ed (MeY) (ed=34)

FIG. 10. Experimental cross sections and P%IA cal-
culations for the reaction H( H, dd) n.
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FIG. 11. Spectra at 8& =8t =50 . Solid curves are WM
predictions using only ~S() FSI.
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This is the case where many reaction mechanisms
are important and are interwoven with various FSI.

An example of the n-P FSI enhancement in this
reaction is shown in Fig. 11. The kinematical
conditions (8~ = 8, = 50'} were chosen so that one is
far from n-f QFS, and a good agreement is ob-
tained between the data and the %VM model using
only 'So FSI and known singlet effective range
parameters. A summary of all 'H('H, Pt)n data
is shown in Fig. 12 as a ratio of the cross section
and the phase-space factor (PSF) as a function
of the n-P relative energy (see Fig. 4 for a list of
angle pairs studied) One .concludes that only data
with E„~~1 MeV are in agreement with the WM

model, even if one chooses data far from dominant
n-t FSI and P-f QFS (see Fig. 12).

A similar plot of &'&/PSF as a function of n-t
relative energy does not show any pronounced
peaks, even if P-f QFS and n-P FSI kinematical
regions are removed. Individual spectra some-
times show enchancements that could be due to the

0
5-

~H( M, pt)n

"Typical
. . Error

(b)

lU

E

b cD
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b
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I
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es(fm '}

I I

l.2 14

0.8-
X

0.6-
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X T&x o~ 1.8 and }Tdt -E&}+~4
P Tc. l.e and Tg-E„) &4

.8 and Tn~ Ex}4 4
0

0.4-
o

o o0 pp
0 I I 0 0

0 0.2 0.4 0.6 09 l.0 l.2 l.4
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4H level about 3.4 MeV above the n-t mass with
I'=5 MeV. However, the poor fit of these spectra
suggests that the enhancement represents a com-
plex interplay of n-~ FSI and various reaction
mechanisms.

To investigate the contribution of P-t QFS, the
neutron in the projectile being the spectator [see
Fig, 2(a)] the data are presented in Fig. 13(a) as
experimental differential cross section divided by
kinematical factors and free P-t cross section as
a function of momentum transfer. The solid curve
is the square of the Fourier transform of the deu-
teron Hulthen wave function. It is obvious that
though in some cases P-t QFS is important, as the
peak at Q, =0 shows, there are other reaction
mechanisms (peak at Q, =1 fm ') which also play
important roles. The peak at Q, =1 fm ' is not
due either to n-P or to n-~ FSI. A possible reac-
tion mechanism could be the quasifree dd-Pt re-
action with a neutron in the target being the spec-
tator [see Fig. 2(b)]. Figure 13(b) shows the data

I Qgl I I i I I I

0 l 2 5 4 5 6 T 8 9

E» (Mev)

FIG. 12. The sH(2H, pt)n cross section divided by the
phase-space factor as a function of n-p relative energy
for all angles studied.

FIG. 13. (a) Square of the deuteron momentum wave
function extracted from the 3H(2H, pt) n data, assuming
P-t QFS. (b) The square of the neutron-deuteron mo-
mentum wave function of H extracted from the H-
(2H, Pt)n data, assuming the dd pt quasifree reac-
tion. Solid curves are predictions using the Hulthbn
wave function 8 =0, and normalization factors N =0.06
(a), N =1.3 (b), respectively.
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(b)

eHe ~~ ~eHe

{a)
FIG. 14. QFS (a) and QFR (b) in the reaction 2H+3He.

The spectator particle is always at the upper right of
each pole diagram.

presented as the square of the n-d cluster momen-
tum wave function of 'H. If one excludes the con-
tribution of the n-P FSI kinematical domain (T~„
~ 1.8 MeV), one can conclude that the quasifree
dd-P~ reaction mechanism may be an important
contribution. It should be mentioned that the ratio
of the experimentally observed yield and the theo-
retically predicted P-t QFS is 0.06, while the
analogous ratio for the dd-Pt QFR is 1.9.

I. Other Evidence for @FR

Warner eI al. ' showed evidence for intense spec-
tator proton peaks in the reaction 'H('He, &P)P.
Assuming that the process proceeds as a 'He(n, P)t
QFR Isee Fig. 14(b)] and using 'He(n, p)& free
cross sections in the PWIA, we were able to pre-
dict correctly the shape of the spectra using the
same normalization factor of 0.53 for both 8, =15',
(9~=25' and 8, =15', 0~=44', which the model used
in Ref. 5 could not explain.

V. SUMMARY AND CONCLUSION

The fact that the data in Sec. IV. A-I, analyzed
assuming the dominance of pole graphs (see Figs.
1, 2, and 14) reveal pronounced enhancements at
momentum transfer Q, =0, provides clear evidence
for the importance of QFS and QFR mechanisms.

We conclude, therefore, that a successful model
of these multiparticle reactions should include
such processes as QFR and d-d QFS, which none
of the phenomenological models have done to date
so far. This does not imply that other diagrams
are not important even for these specific kine-
matic conditions chosen so as to emphasize QF
processes. Many tests have been performed"'"
to determine the relative importance of pole graphs.
In the study of nucleon induced deuteron breakup
clear evidence that the pole diagram is not the
dominant term has come from the comparison of
absolute 'H('H, 2P)n and 'H('H, Pn)P cross sections.
Therefore, we believe that the importance of the
pole diagrams studied in the present work should
be similarly tested.

In Table III we summarize the work reported in
this paper and our analysis of the work reported
in Ref. 5. The errors assigned to the ratios of
experimental to theoretical cross sections repre-
sent our estimate of the over-all uncertainty.

It is obvious that the ratios of experimental to
theoretical cross sections given in Table III are
quite different, varying from about 0.05 +0.03 to
1.3+0.6. However, three different incident chan-
nels ('H+'He, 'H+'H, and 2H+'He) and three dif-
ferent virtual decomposition vertices are pres-
ented in Table III, and one would not expect all of
them to yj,eM the same ratio.

If we group the reactions according to the virtual
decomposition vertex, we see that within each
group the ratios are inconsistent:

reactions 1, 4, 6, 8, 10, 11: 'H - nd vertex;

reactions 2, V, 9: 'H-nnP vertex;

reactions 3, 5, 12; 'H-nP vertex.

However, if we subgroup according to transferred
particle we find that the ratios are significantly
smaller if the transferred particle is charged.
Moreover, there is a tendency for the ratios to be
in agreement if the reactions are grouped accord-
ing to whether the transferred particle is charged
or uncharged. For example, ratios for the reac-
tions 1, 2, 3, 4, 5, and 10 are similar and all
smaller than the ratios for reactions 6, 8, and 12,
which are similar to each other. For two reac-
tions, 9 and 11, the ratios are very large. The
large uncertainty quoted for the ratio of reaction
9 stems from the absence of 'H('H, 'He)2n cross-
section data and it is quite possible for this ratio
to be very different from the value listed. For the
reaction 'H('H, P&)n the ratio may have no signif-
icance as an examination of Fig. 13 suggests no
clear evidence for appreciable QFR contribution.

It should be pointed out that in general the ratio
is larger for QFR than for QFS processes. Even
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if the ratios for processes 9 and 11 are discarded
because of large uncertainties, the ratios of ex-
perimental to theoretical cross sections for QFR
are more than twice that for QFS.

The discrepancies and regularities discussed
above could not be correlated with the influence
of the various FSI.

Table III demonstrates that the PWIA does not
correctly predict the absolute magnitude of the
cross section [except for the 'H('He, dt)P reaction
which could be fortuitous].

It is possible that some processes reported in
this work are constrained to be peripheral and thus

the number of two-body collisions is limited and

the multiscattering series is less divergent. This
could account for a reasonably good Fourier trans-
form extracted from the data and for normaliza-
tion factors close to 1. The reason for the peri-
pheral nature of these processes could be related
to the fact that very large structures, e.g. 2n or
d, have to be transferred and it is most likely to
find them in the tail of the 'H wave function.

Though the enhancements at Q, =0 indicate the
significance of QFR mechanisms, since there are
serious discrepancies in the absolute magnitudes,
and since the Treiman-Yang criterion' is probably
not fulfilled, "we conclude that, in much the same
way as for the N+d system, the multiple scat-
tering series presumably does not converge and

a rigorous theoretical treatment is needed.

The appreciable cross sections observed for
processes where in the pole diagram a transferred
particle is a two-nucleon system (deuteron or n n-
pair) indicates the importance of nucleon-nucleon
correlations in the 'H ground-state wave function.

In our analysis we did not include all pole dia-
grams. For example, the reaction 'H('He, d'He)n
can proceed as a 'He-'H QFS [Fig. l(a)] but also
as 'He-n QFS (d in the target acts as a spectator,
E,=0) as 'H+2P - d+ 'He QFR (n in the projectile
acts as a spectator, &,„=3 &~~ and 8„=0), and as
'H+'H- n+ 'He QFR (d in the projectile acts as
spectator, &, = 3 &. , and 6„=0) and though we have
selected kinematic conditions to enhance the 'He-
'H QFS in this particular case, the interference
curves between various pole graphs might be quite
important. " One is led to the conclusion that if
the QFR mechanism is important as our results
seem to indicate, then what we assumed so far to
be only a QFS (involving complex particles) is
even in the picture of pole graphs a complex inter-
play of QFS and QFR.
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2The interference between the He+2n 4+t QFR in
the reaction 3H{3He, dt) p and the p-t QFS with the deu-
teron in the projectile acting as a spectator could be

one of the reasons for a large cross section observed
experimentally for this reaction.


