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Fermi motion and Pauli exclusion principle effects in d(m *,7 *p)n in the A-resonance region
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An ab initio method of taking Fermi motion effects in pion scattering into account com-
bined with proper antisymmetrization of the two nucleon final state in d (7 *,7 ¥p)n shows
that the reaction amplitude consists of not only a contribution from pion scattering on a
proton, but also pion scattering on a neutron, and that the two amplitudes differ consider-
ably in their 7-N c.m. energies. The neutron scattering contribution to the differential cross
section exceeds 10% in as many as 51 out of 195 7~ events recorded in a recent kinemati-
cally complete experiment by Hoftiezer et al. in the A-resonance region. In several
kinematical situations the neutron contribution exceeds 100% and could even be as high as

~400%.

NUCLEAR REACTIONS d (ﬂi,ﬂip )n, ab initio method for Fermi
motion effects, Pauli principle, effective mass, exchange amplitude.

Recently, a kinematically complete experiment in
d (m*,m%p)n was reported' in the A-resonance region
which offers good scope for an incisive theoretical
analysis for the Fermi motion and the Pauli
exclusion principle (PEP) effects since the
experiment determines precisely (i) the 7-p c.m.
energy W, at which the scattering takes place on the
proton, (ii) the initial Fermi momentum of the
proton, and (iii) the extent to which the =7-p
scattering is off the energy shell. If we follow the
ab initio method developed recently? for taking the
Fermi motion into consideration, and take due
account of the PEP acting on the two nucleons in
the final state, the amplitude for d(m*,mip)n
involves terms which represent the pion scattering
on the neutron in addition to the terms representing
the pion scattering on the proton. The kinematically
complete experiment determines also (iv) the m-n
c.m. energy W,, (v) the initial Fermi momentum of
the neutron and, (vi) the extent to which the m-n
scattering is off the energy shell. Since the (%,;—)
scattering phase shift is dominant in the energy
region under consideration, and since the =7~
sacattering on the neutron is completely in the isospin
5 channel, one expects the Pauli term contribution
to be sizable at least in the case of 7~ scattering.

The purpose of this paper is primarily to draw
immediate attention to the importance of the PEP
correction. We find that it could be as high as
~400% in certain kinematical situations. Attention
is also drawn to the effects of Fermi motion by tak-
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ing it exactly into consideration right from the be-
ginning. The effects of the deuteron D state, pion
distortion, final state interactions, and possible di-
baryon contributions are completely neglected for
the present since the purpose here is to focus atten-
tion on the PEP corrections.

If g,(dpio;), pa(0,iMy), qr(Tyios), p,(B,iE,),
and p,(P,,iE,) denote, respectively, the four-
momenta of the incident pion, the target deuteron,
the scattered pion, the “knockout” proton, and the
“spectator” neutron in the laboratory frame, the dif-
ferential cross section as measured in the correlation
experiment is given by
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where s denotes the final spin state of the two nu-
cleons with spin projection u and m denotes the
deuteron spin projection. The on-energy-shell T ma-
trix for the process is given in the impulse approxi-
mation by
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where the 7-N scattering amplitude ¢ has the form

147,
2
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(2b)

in terms of the 7-p and 7-n scattering amplitudes ¢?
and t" and the isospin Pauli matrix 7, of the nu-
cleon. If the initial deuteron state |i) is written in
terms of its momentum space wave function G(p) as
I

1
(2m)”?
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X [dp'G(p"expliB (F1—T)] | 1m)

x p(n(2)—p(2)n(1)
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and the fully antisymmetric final state |f) of the
two nucleons as

(3)
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it is clear that
ST D=~ [a3pcp2ms
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Integration over P’ gives the overall momentum conservation factor 8( E—b’p —P.) in each of the four terms
of which the first two correspond to 7-p scattering while the last two correspond to the 7-n scattering. Noting
that the initial Fermi momentum of the nucleon labeled 1 is P ' while that of 2 is — P ', we observe that the ini-
tial and final momenta B; and B of the nucleon are —P, and P, in ¢ while those in ¢" are —P, and B,. It
follows that ¢? is characterized by

W,=[—(p, +qs)*1'"?
while #" is characterized by
Wa=[—(pn+qr71'".
The momentum transfer in either case is, however, the same. Moreover, the deuteron structure function G(p,)
multiplies the first two terms, and the last two terms are multiplied by G(p,). We thus have

(2m)*"?
2

(su|M|1m)= [Gp)(sp | A (—=Pp)—(—=1Y5(—B,) | 1m)

—(=1PG(p,)(su [ t1(—B,)—(—1Pt5(—B,) | Im)], (6)
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where t(Pr) are taken, ab initio, to be dependent on
the Fermi motion of the nucleon which is shown in-
side the brackets. Following Ref. 2, the initial ener-
gy E; of the nucleon may be determined assuming
the conservation law

but attributing an effective mass M* <M to the
bound nucleon (the Archimedes effect). In Eq. (7),

Ej is, respectively, E, and E, in t? and t". M* is
given by

E;=[|Br|*+M*?]'?

and is Lorentz invariant. The extent AE is to which
the amplitude ¢ in Eq. (6) is the off energy shell in
the laboratory can easily be computed now through

AE:(pF2+M2)l/2_(pF2_+_M*2)I/2 . (8)
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We may now relate the ab initio Fermi momentum
dependent amplitudes to the corresponding Feyn-
man amplitudes ¢ through

MM* 172

e N 9)
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where the invariant amplitudes have to be con-
sidered as functions of M* in addition to the usual
kinematical variables of Mandelstam.

We observe that the differential cross section for
m-N scattering in the c.m. frame is given now as

do ; M M 9 l;| ’ (10)
d‘Q’ spins (47TW)

where 4, and {, denote the initial and final pion
momentum in the c.m. frame. Since the explicit
dependence of 7 on M* is not known at present, we
equate (10) to the conventional expression

|

22,|f|2 (1

spins

where f is expressible in terms of the phase shift and
has the standard form

f=f1+ 20 @GNT§)=g+iho 7 . (12)

We thus write
172

1 (g-+ih )

=4 S S
t=4nWi- 9, 4EEfa),cof

=iz K+L , (13)

which defines the spin dependent and the spin in-
dependent amplitudes K and L, respectively.

The spin summation over | (su|M |1m)|? can
now be carried out in a straightforward manner to
yield

32 | (sp M| 1m) |2 =52mP[36(p (| Ly | 2+ | K, [D+3G(p) (| Ly |2+ | Ky | D

spm
+2G(p,)G(py,
so that we can now write the differential cross section as
s 1_4p 1
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where the initial energies E; of the proton and the
neutron are obtained using (7) and are denoted by
E, and E,, respectlvely b4 denotes (27)3/%G. If we
set E =E, and E; =E, and neglect altogether the
second and third terms m (15), we obtain expression
(1) used by Hoftiezer et al. for their impulse approx-
imation (IA) calculation.’ As we have already
remarked, the reaction amplitude for d(7%,7%p)n
consists of two amplitudes, one corresponding to the
pion scattering on the proton and the other on neut-
ron, and the first term in (15) results purely from
pion scattering on the proton. The second term in
(15) represents purely the scattering of pion on the
neutron. In view of the fact that the structure func-
tion ¢4(p) is a decreasing function of p and since
Pp >Dn in the experiment under consideration, one
might expect the second term to be comparatively
unimportant since it is multiplied by ¢4(p,)*. How-
ever, one has to bear in mind here that the 7-N
scattering amplitude in the resonance region could

mp —>Tp

){Re(K}K,)+3Re(L)L,)}] (14)

c.m.
E

+ (4T W, P$a(p, ) —=
E,

91 do
q, ds)

Th —>Tn

(15)

I
be quite considerable for 7~ scattering on neutrons,

owing to the isospin % channel dominance. The
third term in (15) represents the interference between
the 7-p and 7-n scattering amplitudes and this
naturally contains ¢4(p,) in the first degree only.
We shall denote these three terms by D, E, and I,
respectively. The relative importance of the neutron
contribution to the cross section can therefore be as-
sessed by estimating the ratio

_E+41
==0

Since the purpose of this paper is to bring out the
importance of PEP and in view of the finding of
Jackson et al.,* in a different context, that off-shell
effects are not important as compared to the PEP,
we neglect for the present off-shell deviations in 7-p
and m-n scattering amplitudes and represent them by
their respective on-energy-shell values for which we
use the phase shift formulas given by Berends and

(16)
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TABLE 1. Distribution of events for 7+ and 7~
scattering over the range of values for R.

Range of R No. of events
(%) mt T
—10—-5 0 5
—-5-0 49 46
0-5 153 60
5—-10 16 33
10-50 9 37
50—100 0 7
100—400 0 7

Donnachie.’ It may be noted that we have not com-
pletely neglected the Fermi motion effects since
these amplitudes are evaluated at different 7-N c.m.
energies W, and W,. For the deuteron structure
function, we use the simple Hulthen wave function.
A more detailed analysis of the reaction, taking
into account the D state contribution and other pos-
sibilities like dibaryon resonance contributions, is in
progress. For the present, we note that the ratio R is
quite appreciable in the case of 7~ scattering, as an-
ticipated. It is clear from Table I that in as many as
51 out of 195 7~ scattering events, R exceeds 10%,
while in the case of 71 scattering R exceeds 10%
only for nine out of 227 events. Our calculations
show also that R is not necessarily positive but can
also assume negative values due to the appearance of

the interference term I. In fact, R assumes negative
values to the extent of —7% in the case of 7~
scattering and —4% in the case of 7 scattering. It
is very interesting to note that in as many as 14 7~
events R exceeds 100% and goes almost up to
400%, as can be seen from Table II which lists some
of these interesting features. It is worth noting that

6a(pp)/da(pn)

does not exceed a value of 0.35 even when R is
385%. 1t is also interesting to note that while W),
lies between 1124.3 and 1277.6 MeV, W, varies over
a range from 1081.1 to 1238.8 MeV, and W, < W,
always. The effective proton mass M, decreases up
to 788 MeV while M, goes as low as 538.2 MeV.
We have, however, not studied the dependence of
the 7-N amplitude on M* here. This will be taken
up elsewhere.
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TABLE II. The 7-p and 7-n c.m. energies and effective proton and neutron masses along with the ratio of the structure

functions and R (%) for a select number of interesting events.

Pp Pn W, W, My My R(m*)  R(w7)
(MeV/e) 6y 67  (MeV/e) (MeV)  (MeV)  (MeV)  (MeV)  $4(p,)/dalps) (%) (%)
325 30 105 156.2 1269.6 12382  909.8  820.6 0.14 10.43 84.4
325 50 95 154.6 12774 12181 9103  820.6 0.14 8.56 71.8
325 50 105 197.0 1275.1  1218.1  894.1 820.6 0.25 2218 2509
325 60 100 223.7 1271.1 12051 8818 8206 0.34 2127 3846
335 30 105 144.9 12703 12345 9135  813.0 0.11 8.20 60.9
335 50 105 190.4 12756 12138 8969  813.0 0.20 1750 1799
335 60 100 220.5 12709 12003 8834  813.0 0.30 1633 2792
345 50 105 184.3 12758 12092  899.4  805.1 0.17 13.55 1254
345 60 100 218.1 12704 11953 8845  805.1 0.27 1235 199.0
355 50 105 1789 12757 12046  901.6 7969 0.15 10.29 84.3
355 60 100 216.6 1269.7 11902 8853  796.9 0.24 920 1394
365 50 105 1742 12753 1199.7  903.4 7884 0.13 7.66 54.1
365 60 100 215.9 1268.3 11848 8856 7884 0.22 6.77 96.0
375 60 100 216.3 1266.6  1179.3 8854  779.6 0.20 4.92 65.2
475 60 100 289.7 12148 11135 8440 6732 0.20 —3.64 10.7
485 60 50 314.8 11660 11058 8268  660.4 0.24 9.84 4.4
495 60 50 337.2 1153.6  1097.9  809.9  647.7 0.28 13.83 —7.6
495 60 100 325.6 1189.7 10979  818.8  647.1 0.25 —1.41 11.6
505 60 100 349.9 1171.7  1089.8  799.8  633.3 0.29 —3.35 8.5
535 50 105 3119 1171.6  1088.4 8288 5887 0.17 —4.28 10.7
545 50 105 358.7 11360  1080.1 7924  572.6 0.24 —1920  —2.6
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