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Projectile D excitations in 1H„p,n…Np reactions
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It has recently been proved from measurements of the spin-transfer coefficientsDxx andDzz that there is a
small but nonvanishingDS50 components0 in the inclusivep(p,n)Np differential reaction cross section
s in the forward direction. It is shown that the dominant part of the measureds0 at forward neutron angles can
be explained in terms of the projectileD excitation mechanism. An estimate is further made of contributions
to s0 from s-wave rescattering processes. It is found that thes-wave rescattering contribution is much smaller
than the contribution coming from the projectileD excitation mechanism. The addition of ans-wave rescat-
tering contribution to the dominant part, however, improves the fit to the data.@S0556-2813~96!04008-3#

PACS number~s!: 25.10.1s, 25.40.Hs, 25.40.Ve
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Thep(p,n)Np reaction at intermediate energies has be
a subject of a number of studies from both experimen
@1–5# and theoretical@6–9# point of views. The understand-
ing of the reaction is important in its own sake; it is one o
the basic processes in intermediate energy nuclear phys
One of the dynamical processes involved in the reaction
theprojectileD excitation process@in the following, we ab-
breviate this process as the PDP~the PDP is defined as the
projectileD excitation process!#. The PDP is usually ignored
in inclusive (p,n) cross sections calculations, since for for-
ward angless is dominated by the contribution coming from
the targetD excitation process@in the following, we abbre-
viate this process as the TDP~the TDP is defined as the
targetD excitation process!#. The contribution from the PDP
for forward neutron angles gives only a small correction
the dominant TDP cross section. Therefore, it has been
ficult to test the predicted PDP cross section by the inclus
cross section data.

Recently, however, several measurements of the sp
transfer coefficientsDxx and Dzz have been made@1,2,5#.
Using these coefficients, it is possible to extract the no-sp
transfer (DS50) components0 from the inclusive cross
sections. In fact, we show that the extracteds0 from the
inclusive cross sections and spin transfer coefficients@see
Eq. ~1!#, can be explained well in terms of the PDP. In th
present study, we restrict our interests to the zero degr
case, i.e., the case where the neutron is emitted at ze
degree (un50°) with respect to the incident beam. Unde
this restriction,s0 can be expressed in terms of the observ
inclusive cross sections and the spin-transfer coefficients
Dxx andDzz as

s05
1

4
s~112Dxx1Dzz!. ~1!

In order to present the theoretical cross sectionss0 and
s, let us denote the p(p,n)Np reaction as
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a1A→b1B1pa, wherea (b) andA (B) denote the pro-
jectile ~ejectile! and target~residual nucleus!, respectively,
andpa is the emitted pion that carries the chargea. In the
center of mass system, the differential inclusive cross sec
s may be written as

s5
d2s

dEbdVb
uub505

mambmAmB

~2p!52As
pb
pa
E dVp

d
pp
d

sd
uTu2,

~2!

wheremi and pi ( i5a,b,A,B) are the mass and the fou
momentum of the particlei , sd is the invariant mass of the
final N1p system, ands5(pa1pA)

2. Further,Vp
d andpp

d

are the solid angle and the momentum of the emitted pion
theN1p rest frame, whileT is the Lorentz-invariant tran-
sition amplitude.uTu2 means to take the sum over both initi
and final spin states and the average over the initial s
states, namely,

uTu25
1

4 (
all spin

uTu2. ~3!

All possible diagrams forD excitation processes ar
shown in Figs. 1~a!–1~d!, wherep1 andp2 denote the four-
momenta of the projectile and target protons, respectiv
Then it is clear that Figs. 1~a! and 1~c! represent the dia-
grams for the TDP and PDP processes, respectively, w
Figs. 1~b! and 1~d! are the corresponding exchange diagra
coming from the antisymmetrization of the incident and t
get protons. The contributions from these exchange diagr
for the (p,n) reaction to the forward direction are expect
to be negligibly small and hence we neglect the contributio
in the present calculations. Note, however, that we take
account thes-wave rescattering processes as schematic
shown in Figs. 1~e! and 1~f!.

TheD excitation processes@for both the PDP and TDP in
Figs. 1~a! and 1~c!, respectively# are treated by means of th
transition amplitudet̂NN,ND used in Ref.@10# andD decay
Hamiltonian. The explicit form oft̂NN,ND is
952 © 1996 The American Physical Society
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t̂ NN,ND5VL~ q̂•sW !~ q̂•SW †!1VT~ q̂3sW !•~ q̂3SW †!, ~4!

where q̂ is a unit vector whose direction is that of the m
mentum transfer involved in the excitation process,sW is the
Pauli spin operator, andSW † is the spin operator for the
N→D transition.VL andVT are the strength parameters
the spin-longitudinal~LO! and spin-transverse~TR! direc-
tions which are used in Ref.@10#. These are parametrized a

VL'VT5tND8 JpNDS L
p

82
2mp

2

L
p

82
2t

D 2

. ~5!

The strength parametertND8 and the cutoff massLp8 are ad-
justed to experimental data such asp(p,n)D11 and
p(3He ,t)D

11 ~see Sec. III A of Ref.@10# for details!. The
couplingJpND5 f ppNf pND /mp . The Hamiltonian for theD
decay is

HpND5
f *

m
~pW p•SW

†!Ta1H.c., ~6!

FIG. 1. Feynman diagrams forp(p,n)Np reaction.~a!, ~b!, ~c!,
and ~d! show thep-wave interaction (D excitations! in the target
and the projectile, respectively, while~e! and ~f! shows-wave res-
catterings in the target and the projectile.p1 and p2 are the four-
momenta of the projectile and target protons, respectively.
-

f

s

wherem denotes pion mass andTa is isospin transition op-
erator with chargea. For the coupling constant we take
f *

2
/4p50.36.
The s-wave rescattering processes are calculated as

Ref. @11#. The basic couplings in this process areNNp cou-
pling andNp→Np s-wave amplitude. TheNNp coupling
is given by

HpNN5
f

m
~pW p•sW !ta, ~7!

wherepW p is the momentum of the pion and the coupling i
given as f 2/4p50.08. The Hamiltonian for thes-wave
Np→Np is given as

HppNN54pdmsms8H 2l1

m
dmtmt8

dll8

1 i eall8

2l2

m
^mt8ut

aumt&J , ~8!

where the indicesms ,ms8 ,mt ,mt8 are the spin and isospin
variables of the incoming and outgoing nucleons. For th
couplings, we take@11#

l15l1810.000 222@ MeV21#~As2m2M !,

l185 0.0075, l25 0.0528, ~9!

wheres is the Mandelstam variable for thepN system and
M is the nucleon mass.

The totalT amplitude can then be given as

2 iT5 (
s1m1s2m2

~21!1/22ma^
1
2 ,mb ;

1
2 ,2maus1 ,m1&~21!1/2

2mA^ 1
2 ,mB ;

1
2 ,2mAus2 ,m2&Cs1m1s2m2

, ~10!

where (s1 ,m1) and (s2 ,m2) represent the spin transfers in
volved in thea→b andA→B transition processes, respec
tively. The partial amplitudeCs1m1s2m2

may be decomposed

into the two contributionsAs1m1s2m2
andBs1m1s2m2

, coming

from theD excitation ands-wave rescattering processes, re
spectively:

Cs1m1s2m2
5As1m1s2m2

1Bs1m1s2m2
, ~11!

where

A000050.0, ~12!

A1m0052
4

3

f

m
$~ q̂•pW p!q̂m*VL1@pW pm* 2~ q̂•pW p!q̂m* #VT%GtCt ,

~13!

A001m5
4

3

f

m
$~ q̂8•pW p8 !q̂8m*VL

1~pW 8pm* 2~ q̂8•pW p8 !q̂8m* #VT%GpCp , ~14!
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A1m11m2
52

2A2
3

f

m
@ q̂m1
* ~ q̂•pW p!m2

* ~VL2VT!GtCt1

~21!m1^1,2m1 ;1,n2u 1,m2&ppn2
* VTGtCt

2q̂8m2
* ~ q̂8•pW p8 !m1

* ~VL2VT!GpCp

1~21!m2^1,2m2 ;1,n2u 1,m1&p8pn2
* VTGpCp,

~15!

Bs1m1s2m2
58p

f

m
@2ds11ds20q̂m1

* A2l1

1ds10ds21q̂8m2
* l0DpFp . ~16!

In the above expressions,l0 andl1 are given as

l052
2A2
m

l2 , l15
2

m
~l11l2!, ~17!

Ci is the isospin factor forpND vertexes which are given a
Ct52A2 andCp52A2/3, and the indexi refers to both
target (t) and projectile (p) D excitations. The propagator
and the pion form factor are defined as

Gi5
1

Asi2MD1 iG~si !/2
, D propagator, ~18!

Dp5
1

v22q22m2 , p propagator, ~19!

Fp5
L22mp

2

L22t
, pNN form factor withL51200 MeV.

~20!

It is then easy to see that

uTu25
1

4 (
s1m1s2m2

uCs1m1s2m2
u2. ~21!

We further note thats0 can be evaluated by simply pickin
up the component with (s1 ,m1)5(0,0), which comes from
both PDP ands-wave rescattering from the projectile. Thu
defining uT0u2 as

uT0u25
1

4(
s2m2

uC00s2m2
u2, ~22!

s0 can be given as

s05
d2s0

dEbdVb
uub505

mambmAmB

~2p!52As
pb
pa
E dVp

d
pp
d

sd
uT0u2.

~23!

Figures 2~a! and 2~b! show the final results ofs and
R[s0 /s. They are compared with the experimental da
The solid lines are our final results including both PDP a
s-wave scattering, while the dotted line shown in Fig. 2~b!
represents the result obtained when only the contribut
from PDP is taken into account. obtaining Comparing t
,

a.
nd

ion
he

two theoretical cross sections in Fig. 2~b!, it can be seen that
the PDP dominatess0. The contribution from thes-wave
rescattering process tos0 is thus small, though it helps to
improve the fit of the calculated finals0 to the experimental
data, particularly at the off-resonance region. The expe
mental inclusive cross section datasexpt are taken from Ref.
@5#, while the experimentalR (Rexpt) are obtained byDxx
andDzz of Refs. @2,5# andsexpt of Ref. @5#. As seen in the
Fig. 2~a!, sexpt is reproduced very well by the calculation. In
the resonance region, theRexpt values are rather small,
Rexpt'0.025, implying thatsexpt contributes only about 2.5%
to the total exclusive cross section. However,Rexpt becomes
larger at both tail regions of the resonance.

The good fit of the calculatedR to the data seems to
support strongly that the observeds0 indeed comes from the
PDP. This conclusion is further supported by the data ofR
for nuclear targets available for thed, 12C, 40Ca, and208Pb
targets. In the case of the deuteron target, for example, t
Rexpt values are larger by a factor of about 2–4 as compar
with those of the proton target. TheR values for other
nuclear targets are about the same as those of the deute
target. The observed increase of theR values for the nuclei
target may be easily understood if one assumes thats0
comes from the PDP. Since the dominant part ofs comes
from the TDP,s for the deuteron target is expected to be
about 4/3 times of that for the proton target due to isospi
while s0 of the deuteron should be about 4 times ofs0 for
the proton target. Thus, it is expected that theR values may
become larger by a factor of about 3 for the deuteron targ

FIG. 2. Zero-degree neutron spectra for the reactio
p(p,n)Np atEp5795 MeV. The inclusive cross section~a! and the
ratio R5s0 /s ~b! are shown. See text for details.
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case, as compared with the proton target case. This ag
very well with the experimental factor of 2–4. Since the rat
of the number of protons to that of neutrons contributing
the reaction may roughly stay as unity, theR value for the
heavy nuclei should roughly be equal to that of the deuter
target case, which also agrees with the observation.

Finally, we remark thats0 may come from the TDP via
the DS50 interaction term involved in thet̂NN,DN . Such a
term has recently been determined from the analysis of
p(p,n)D11 reaction data@9#. Using thet̂NN,DN operator de-
termined in Ref.@9#, one can estimates0. It has been found
that both the magnitude and energy dependences ofs0 thus
estimated do not fit the data very well; the magnitude
larger by about a factor of 2 thanRexpt, and also thev de-
pendence is quite different from what is observed. Th
ees
o
to

on

he

is

is

might have been caused by the fact that the analysis mad
Ref. @9# is done without taking into account the PDP.

In summary, we have shown thats0, deduced from the
data of the spin-transfer dataDxx andDzz together with the
inclusive cross sections, can be well explained by the cal-
culations that take into account the PDP ands-wave rescat-
tering effects.
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