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Effect of Coulomb interaction in quasifree scattering and quasifree reactions
in three body breakup processes
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The effect of Coulomb interaction in quasifree scattering and quasifree reactions has been in-
vestigated under different kinematical conditions for the processes involving up to two charges per
particle and a total of six nucleons in the incoming channel, and three particles in the outgoing
channel. The differential cross section was calculated using the plane wave impulse approximation.
The in8uence of the Coulomb interaction on the magnitude and shape of these spectra were deter-
mined and compared with experimental data. It has been found that for the quasifree peak of the
Coulomb effect within this model depends only on the outgoing particles in quasifree vertex and on
energy between them. At low energies the infiuence of the Coulomb interaction cannot account for
the discrepancy between the quasifree data and the impulse approximation predictions, although
it can produce effects of several orders of magnitude, depending on the energy and the charges of
particles. The Coulomb interaction changes only the magnitude, and has a very weak inBuence on
the shape of the quasifree spectra. At high energies the Coulomb in6uence on the maxima of the
spectra is in the 5—20'%%uo range. When those Coulomb effects are taken into account and when a
proper wave function for the spectator-transfer particle system is used, then at energies above 200
MeV this model agrees with data.

PACS number(s): 25.10.+s, 24.10.—i, 27.10.+h, 03.65.Nk

I. INTRODUCTION

Quasifree scattering (QFS) [1—4] and quasi&ee reac-
tions (/FR) [5,6] can be described by the spectator
model, using the plane or distorted wave impulse ap-
proximation (PWIA) [7—9]. It is known [10] that PWIA
in general fits the shape of energy spectra (better fit can
be obtained by, e.g. , introducing a cutofF radius), but
at incident energies below 100 MeV PWIA cross section
is much larger than the magnitude of the experimental
data. A normalization factor N is introduced:

Haeringen have shown [27] that the relation

ohair = oo„(E,q )Co(p)D'(p, k) (2)

D(p, k) = 1 p&1c,
p&k,

holds true for the case when, in addition to Coulomb,
there is also a short-range potential. Here k and p are
6nal and initial relative momenta and q = p —k is the
momentum transfer. The quantity D(p, k) is given by

~ Oexp
3

d Opvria
3

where p—:ze2/2k is the Sommerfeld parameter and

(4)
and its value depends on the quasifree (QF) process, it
decreases when the energy of the incoming particle is re-
duced [11—15] and it is always smaller than one, e.g. , for
H(p, 2p)n at E;„=15 MeV, N = 0.1 [16], while at 85

MeV, N = 0.72 [17],for He( He,pt)2p at E; = 65 MeV,
N = 0.07 [18]. This discrepancy between theory and ex-
periment cannot be explained completely by uncertain-
ties in the target wave function, nor by the half-shell cross
section [9].

Many papers [19—26] pointed out the importance of
the Coulomb effect in quasi&ee processes. Kok and van
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x lim I(ps, qzIUo;(E + ie)@*'q')I&,'=E. (5)

is the Coulomb penetrability. It has been also shown that
the difference between oh ~g and e „can be large for low
incident energies or for small momentum transfer [28].
Therefore, one must introduce the Coulomb interaction
into PWIA .

Bajzer included the Coulomb effect in the quasifree
processes treated as a three-body process with two or
three charged bodies in the final state [29]. His approach
is based on the exact three-body treatment [30—34] and
the factorization of the exact breakup amplitude To; into
a directly calculable Coulomb interaction dependent fac-
tor and the part which requires the solution of the Alt-
Grassberger-Sandhas (AGS) equations:
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Here index i E (1,2, 3) denotes the initial channel and
E; are the bound-state wave function and the to-

tal energy in this channel. Index 0 denotes the Anal

(breakup) channel. p, and q, are relative momentum
variables invariant to the choice of coordinate system,
de6ned as

where cos81q —k1 k2, cos8z ——kp k2, and 0'1(k, )
(k, ~4'1) is the bound-state wave function of the spec-
tator particle "8" and the transfer particle "t" calculated
at the final momentum of the spectator particle. In Eq.
(7) the drr„t/dB is a two body differential cross section
at the energy E and at the scattering angle 0 between
the transfer particle and projectile "p,"

p, = &~1(m~k1, —mr, kz)/(m~ + m1, ),
~12 623 6'3& = 1& 6zj = 6jz& (6)

q; = [m, (ki + kr, ) —(m~ + my)k;]/(m, + mz + ml, ),

F= P (m1+ m2)/(2m1m2), cos8 = Q P,
P= ps ——(m1k2 —m2k1)/(m1+ m2),
Q= —kp + m1(k1 + k2)/(m1 + m2),

(9)

where k; are the momenta of the particles in three body
c.m. (or laboratory) system andi, j, and k are the cyclic
channel indexes (having values 1, 2, 3). p' and q' in
Eq. (5) are the final-state relative momentum variables
with the corresponding kinetic energy E'. The gamma
functions in Eq. (5) describe the long-range nature of the
Coulomb interaction and

n'(p, ) = e, e~» '/», ,

that is, between the particles taking part in QFS. The
factor fKH in Eq. (7) is the Kok —van Haeringen factor
[see (3) and (4)]:

fKH(P Q) = Cp(g )sD(P, Q), rjs = e1e2ps/P, (10)

which together with Coulomb distortion factor in inci-
dent channel fIc,

flc(kp) = ~I'(1 —i01)
~

' = sinh vrO, /7rO„

0; = e, (e, + e1,)v1, /q, ,

v; = m;(m~ + mg)/(m; + m, + mg),

Ol e1e2ml/~p

represents the whole Coulomb distortion factor,

fc = ~fKH(P, Q)~ frc(kp) (12)

»1; = m, mr, /(m, pm', ),

where e; is the charge of the particle i. The operator
Up' 1s the breakup AGS operator [30] defined as Up, (z) =
(z —Hp)(z —H) (z H;), Im z g—0, where H = Hp +
Vj + V2 + V3 and H; = Ho + V, are the total and the
channel Hamiltonians of the system. [We wish to note
here that in the corresponding definition for the AGS
operator in paper [29] Eq (12) .is incorrect and U p
should be replaced by Uo . However, this mistake is not
propagated in the paper. ]

For the quasifree conditions, Bajzer applied the im-

pulse approximation to formula (5) and found that the
Coulomb effect, besides the already mentioned Kok-
van Haeringen factor, contains also an additional factor
resulting &om the Coulomb interaction in the incom-
ing channel. Assuming that ko is the laboratory mo-
mentum of the incident particle and that kq, k2, and
ks = k, (spectator particle) are the laboratory momenta
of three outgoing particles with corresponding solid an-
gles Oz, 02, and 03, and Ez is the energy of the outgoing
particle 1, the following explicit formula for differential
cross section was obtained [29]:

0 = fps &&' 1@1(k.)l IfKH~ frc.

Here fps is phase space factor:

fps = ms(m1 + m2) k&A;1/[mzk2(l + ms/mq)

+k1 cos 012 —kP cos 62'],

(8)

Both fIc and fKH appear as multiplicative factors in
Eq. (7) for the QF cross section. The factor frc is greater
than 1 and it tends to 1 when incident energy increases.
The factor fKH is smaller than 1.

The aim of this work is to determine the Coulomb ef-
fects using Eqs. (12) and (7) for many different processes
and a broad set of kinematical conditions. The purpose
is to determine under which conditions this inclusion of
Coulomb effects tends to eliminate the discrepancy be-
tween the PODIA and the experimental cross section.

As it has been emphasized by Bajzer [29] this treat-
ment of the Coulomb effect is expected to be applicable
for QF processes with a neutral particle as a spectator.
If the spectator particle is charged, possibly important
Coulomb effects are not taken into account by the pre-
sented formulae. However, for comparison we included
several such processes in our considerations.

II. RESULTS AND DISCUSSION

We restricted our study to energies less than 600 MeV.
At energies higher than 600 MeV, the PODIA explains
the magnitude of the QFS data quite well [17,35,36] and
Coulomb effects are negligible. Our interest here is pri-
marily on the few-body systems and consequently we lim-

ited ourselves to systems with less than 6 nucleons.
Our model has been developed for QFS processes and

it is strictly valid only when the spectator particle is neu-
tral and therefore, there is no Coulomb interaction be-
tween the QFS pair and the spectator. Nevertheless, we

will apply our model also to those QF processes where
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FIG. 1. Coulomb distortion factor for H(t, pt)n QFS. FIG. 2. Coulomb distortion factor for H(t, pt)n QFS.

the spectator is a charged particle, and also to QFR. We
will show later that our model is about equally success-
ful for true QFS processes as well as for those with a
charged spectator and for QFR processes. This result,
maybe, provides an a posteriori justification for applying
our model so broadly.

DifFerential cross section for QF processes is given by
Eq. (7), and specifically, the Coulomb correction is given
by two factors fKH and f1& The abs.olute square of the
two body amplitude is replaced by an experimental two

body cross section &&' at the energies and angles given

by formula (9). Experimental two-body cross sections
are those from [37j.

From Eqs. (7)—(12) one sees that the Coulomb cor-
rection increases as the incident energy decreases (i.e.,
factor fc becomes smaller and smaller) and that it de-
pends only on the outgoing particles at the QF vertex
and on energy Ti2 between them (see Table I). For exam-
p}e, the Coulomb correction factors fc for the processes
He(p, pt) H and H( H, pt)n with Ti2 energies (relative

energy of two detected particle 1 and 2 in the exit chan-
nel) of 5 MeV for the two QF particles, are identical,

TABLE I. Coulomb distortion factor at energies 5, 10, 20, aud 40 MeV for various QFS and
+FR.

Quasifree process

H(p, pp)n
H(p, pp)2n

He(p, pp) H

He(p, pp) H

H( H, pd)n
H( H, pd)2n

He( H, pd) H

He( H, pd) H

He(p, pd) H

He(p, pd)'H
H(p, pd)n

He(p, pt)'H
H( H, pt)n
'H(t, pt)n
'H(t, pt)2n
He(t, pt) H

He( H, pt) H
He(t, pt) H

He(p, p He)n
H( He,p He)n

H( He,p He)2n
He( He, p He) H
He( He,p He) H

Tyg ——5
(MeV)

0.853
0.853
0.853
0.853
0.832
0.832
0.832
0.832
0.832
0.832
0.832
0.821
0.821
0.821
0.821
0.821
0.821
0.821
0.667
0.667
0.667
0.667
0.667

T12 ——10
(MeV)

0.895
0.895
0.895
0.895
0.879
0.879
0.8?9
0.879
0.879
0.879
0.879
0.872
0.872
0.872
0.872
0.872
0.872
0.872
0.756
0.756
0.756
0.756
0.756

T1g ——20
(MeV)

0.925
0.925
0.925
0.925
0.914
0.914
0.914
0.914
0.914
0.914
0.914
0.909
0.909
0.909
0.909
0.909
0.909
0.909
0.823
0.823
0.823
0.823
0.823

T1g ——40
(MeV)

0.947
0.947
0.947
0.947
0.939
0.939
0.939
0.939
0.939
0.939
0.939
0.935
0.935
0.935
0.935
0.935
0.935
0.935
0.873
0.873
0.873
0.873
0.873
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TABLE II. Coulomb distortion factor at various Tqq for different QF processes.

QFS
pp
p-d
p-t

d-t
t-t

p- He
d- He
t- He
He- He
He- He

Tg2 ——0.1
(MeV)

0.272
0.215
0.192
0.143
0.115
0.0847
0.024
0.0072
0.0036
3.0x 10
7.0x 10

Tg2 ——0.5
(MeV)

0.589
0.536
0.513
0.460
0.422
0.377
0.236
0.151
0.116
0.008
0.005

Tgg ——1.0
(MeV)

0.694
0.651
0.632
0.588
0.555
0.514
0.377
0.282
0.238
0.040
0.034

Tg2 ——5.0
(MeV)

0.853
0.832
0.821
0.798
0.778
0.755
0.667
0.596
0.559
0.290
0.271

Tg2 ——10
(MeV)

0.895
0.879
0.872
0.854
0.839
0.822
0.756
0.?00
0.671
0.435
0.406

Tg2 ——20
(MeV)

0.925
0.914
0.909
0.895
0.885
0.872
0.823
0.780
0.758
0.568
0.533

Tg2 ——40
(MeV)

0.947
0.939
0.935
0.925
0.918
0.909
0.873
0.841
0.824
0.677
0.642

Tg2 ——50
(MeV)

0.952
0.945
0.942
0.933
0.926
0.918
0.886
0.857
0.842
0.706
0.673

TABLE III. In6uence of the Coulomb factor
kinematical conditions.

fc on the normalization factor N for different QF processes and different

QF process
p-J QFS
H(p, 2p)n

E;„(MeV)
14.45
65.00
85.00

100.0

Hg

30.0
43.6
43.6
43.6

82

30.0
43.6
43.6
43.6

fc
0.814
0.938
0.946
0.951

N
0.206
0.560
0.720
0.770

N' = Ni fc
0.253
0.597
0.761
0.810

p-d m p-d QFS
H( H,pd)n

19.8
24.8
24.8
30.6

32.0
25.0
32.0
32.0

23.9
25.0
25.2
26.0

0.821
0.844
0.844
0.864

0.232
0.260
0.255
0.223

0.283
0.308
0.302
0.258

d-d QFS
H( H, dd)n

35.0
35.0

32.0
34.0

32.0
43.3

0.837
0.862

0.170
0.160

0.203
0.186

He( H, dd) H 35.0 32.0 32.0 0.838 0.130 0.155

d-d -+ ptQFR-
H( H, pt)n

35.0 34.0 43.3 0.862 0.060 0.070

He-p QFS
H( He,p He)2n

50.0 20.0 20.0 0.735 0.078 0.106

He-d QFS
H( He, d He)n

50.0 37.5 30.0 0.737 0.160 0.217

He-n m ptQFR-
H( He, pt) H

50.0 37.0 18.18 0.762 0.530 0.690

He-d + p-cr QFR
'H(sHe, pa)n

50.0 37.5 30.0 0.768 0.100 0.130

TABLE IV. Normalization factors [17,35,36,39j N and N' with and without factor fc, respec-
tively, and factor N" that includes D state of deuteron.

H(p, 2p)n
QFS

E;„(MeV)
65
85
100
145
200
600

0.56
0.72
0.77
0.82
0.86
0.92

0.938
G.946
0.950
0.960
0.965
0.980

N

0.60
0.76
0.81
0.85
0.89
0.94

N" obtained after correction
of N' by 7% D state

0.64
0.81
0.87
0.91
0.95
1.00
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QF Process

'H(p, pd)n
H( He,pn)n

'He(p, p He)n
He{ He, p He) H

He(H, p He)n
He( He,p He) H

C

at E;„=600 MeV

0.981
0.947
0.963
0.934
0.963
0.930

TABLE VI. Coulomb factor fc for different QF processes
at energy projectile E;„=600 MeV.

the fact that the ground state of the nucleus containing
the spectator is not only the S state, but it contains the
D state: 4—7% in H, 4—11% in H, and 5—15% in He
and He, depending on the potential for which the wave
function is being calculated. When the correct ground-
state function is used then the PWIA together with the
present Coulomb correction factor fc fully accounts for
the data at higher energies N" = 1 at 600 MeV for the
process 2H(p, 2p)n (see Table IV).

agreement between the PWIA and the data. However,
at energies below 100 MeV the multiple scattering series
does not converge and the PWIA is a very poor descrip-
tion of the data, and consequently the correction fc does
not bring the calculation close enough to the data.

At energies higher than 100 MeV, the assumptions
built into the PWIA are more and more satisfied [7,38I.
Therefore, it is of interest to study how well the PWIA
with Coulomb factors fc describes the data and whether
the Couloxnb correction fc elixninates all differences be-
tween the PWIA and the experiment. For this purpose
we considered the QF processes where for the target we
chose 2H, H, He, He and for the projectile p and 3He
with energies from 65 (or 100 for He) to 600 MeV. Table
IV lists Coulomb and normalization factors for z H(p, 2p) n
QFS from 65 to 600 MeV, Table V lists factor fc for the
reaction zH(sHe, p sHe)n from 100 to 600 MeV and Ta-
ble VI for reactions with H, He, and He targets at
600 MeV energy. At energies higher than 100 MeV the
PWIA almost accounts for the data, i.e. , the predicted
cross section is only 10—22% larger than the measured
one [17,38,39j. Coulomb factors fc account for a part of
this difference 2—7%, the rest of difFerence is related to

III. CONCLUSION

We conclude that at low energies the Coulomb correc-
tion factor fc can change the spectator model predicted
values even for several orders of magnitude without, how-

ever, appreciably changing the shapes of the spectra. For
the QFS conditions, the factor fc will depend only on the
incident particle energy and on the outgoing particles in
the QF vertex. The Coulomb effect cannot explain the
entire discrepancy between the spectator model and the
experiment at energies below 100 MeV. At higher ener-
gies the inclusion of the Coulomb corrections brings the
spectator model into full agreement with the experiment
if the proper partial wave components of the wave func-
tion (describing the spectator-transfer particle system)
are taken into account.
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