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Elementary 2H„p,p8p1
…n reaction
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~Received 2 February 1998!

A detailed study of the elementary2H(p,p8p1)n reaction is presented using theD isobar model. In this
model, in the first step one of the two protons in the initial state gets excited toD. This, in the second step,
decays into a nucleon and a pion. For thepp→ND step the parametrized form of the distorted-wave Born
approximationt matrix of Jain and Santra, which reproduces most of the available data onpp→nD11, is
used. The cross sections studied include the outgoing proton momentum spectra in coincidence with the pion,
the outgoing pion momentum spectra, and the integrated total cross section. We find that all the calculated
numbers are in good agreement with the corresponding measured cross sections.@S0556-2813~98!01609-4#

PACS number~s!: 25.40.Ve, 13.75.2n, 25.55.2e
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I. INTRODUCTION

In the past various authors@1,2#, including two of the
present authors~Jain and Santra!, have analyzed theoreticall
the data on thepp→nD11 reaction to extract the potentia
for pp→ND transition. In them, the calculations of Ja
et al. @2# were done in the distorted-wave Born approxim
tion ~DWBA! and those of Dmitriev@1# were done in the
plane-wave Born approximation~PWBA!. They concluded
that the spin averaged data on thepp→ND reaction can be
reproduced very well by a one pion-exchange potential w
the length parameterLp around 1 –1.2 GeV/c in DWBA
and around 650 MeV/c in the PWBA. The difference in the
two values ofLp is due to distortion effects. In fact, subs
quently, when Jainet al. parametrized their DWBAt matrix
@3#, they found that the imaginary part of thist matrix is very
weak and the real part resembles to a great extent the
pion-exchange potential, withLp reduced to around
650 MeV/c.

The experimental data which the above studies used w
somewhat inclusive@4,5#. They were deduced from thepp
→np8p1 reaction data which did not have the comple
exclusive kinematics. TheD was identified in them by seein
a bump in the missing mass spectrum. A kinematically co
plete data set, however, exists on thepp→p8p1n reaction
at 800 MeV beam energy from LAMPF due to Hancocket
al. @6#. They are a good coincidence data, and, thus, prov
an excellent opportunity to test in detail the correctness
the pp→nD11 DWBA t matrix developed by two of us
earlier@3#. In the present paper we analyze the LAMPF d
using thist matrix. This includes the analysis of the vario
proton and pion energy spectra measured in coincidence
the total integrated cross section for thepp→p8p1n reac-
tion. We assume that thepp→p8p1n reaction proceeds in
two steps. In the first step, one of the protons in the entra
channel gets converted toD, and in the second step thisD
decays into a pion and a nucleon. The transition matrix
the pp→DN step is taken to be the DWBAt matrix men-
tioned above. The decay of theD is described by the
pseudovector nonrelativistic Lagrangian,

LpND5 i
f p*

mp
~S•kp!~T•f!, ~1!
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where f p* is the coupling constant at thepND vertex.S and
T are the spin and isospin transition operators, respectiv
This framework for thepp→pp1n reaction includes in a
certain way the final state interaction~FSI! amongstpp1n in
the final state. The FSI consists of the interaction betweep
andp1 and between thepp1 pair and the recoiling neutron
The dominant effect of the interaction betweenp andp1 is
to produce theD11 resonance. This is explicitly included i
our framework. The interaction betweenpp1 and the neu-
tron in our framework is approximated by that between
D11 and the neutron. A recent work by Jain and Kundu@7#
on theD decay in nuclear medium suggests that this appro
mation is reasonably good.

Thepp→np8p1 process has also been worked out in t
literature by Engelet al. @8#. However, these calculations us
plane waves for the continuum particles. Thus, unlike o
work, this work does not include the effect of distortions
the entrance and the exit channels.

Inclusion or omission ofr exchange in the description o
the pp→nD11 reaction has been the topic of much deba
in the literature. The general conclusion is that the spin
eraged data on thepp→D11n reaction are well reproduce
by one pion-exchange potential only@1,2,9,10#. Any attempt
to include ther exchange worsens the agreement with
experiments, and yield unsatisfactory results. In this con
it is also interesting to see the work of Jainet al. @11# which
discusses the relative importance ofr exchange inp(n,p)n
and p(p,n)D11 reactions. They conclude that, while it
absolutely essential to include ther exchange in the descrip
tion of thep(n,p)n reaction, ther exchange is not required
for accounting thep(p,n)D11 data. This study deals with
the spin averaged cross sections. A recent theoretical s
on the microscopic structure of therND vertex by Haider
et al. @12# supports this conclusion. They find that the micr
scopically calculated value of thef rND coupling constant is
much smaller than what is normally assumed. The measu
spin averaged cross sections on nuclei in charge excha
reactions are also reproduced with only a pion excha
@13#. It is, however, true that the measurements of Pr
et al. @14# with a polarized proton beam on nuclei, and ea
lier by Ellegaardet al. @15# do show a large transverse pa
But, as shown by Dmitriev@13# and Samset al. @16#, large
1614 © 1998 The American Physical Society
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transverse contribution can also arise from the distortion
the continuum particles. All these discussions thus sug
that, at best, the role ofr exchange in the charge-exchan
reaction in theD region is controversial. The spin averag
cross sections do not need it, the spin transfer measurem
show some indications for it. Since the present work de
with the spin averaged cross sections, our use of one
exchange is consistent with other work in this field.

In Sec. II we write the formalism for thepp→np8p1

process. Section III gives calculated cross sections for
proton and pion energy spectra at 800 MeV beam energy
the total cross section from 500 MeV to 2 GeV. These res
are compared with the available experimental cross secti
Good agreement is obtained.

II. FORMALISM

The cross section for thepp→np8p1 process is given by

ds5^u~ tpp→p8p1n!u2&@PS#, ~2!

where the angular brackets denote the sum and average
the spins in the initial and final states, respectively.@PS# is
the factor associated with the phase space and the beam
rent. For the proton and pion detected in coincidence in
final state, in the lab frame it is given by

@PS#5
mp

2mnkp8
2kp

3

2~2p!5kpEp8

1

kp
2 ~Ei2Ep8!2Epu„kp2kp8)•kpu

3dVp8dVpdkp8 . ~3!

tpp→p8p1n is the t matrix for thepp→p8p1n process. It
consists of two parts: one corresponding to the excitation
the proton in the initial state toD11 and another correspond
ing to its excitation toD1 ~Fig. 1!. That is,

tpp→p8p1n5tD11
1tD1

. ~4!

Furthermore, because of the antisymmetrization of the p
tons, eacht matrix in turn consists of two terms, one corr
sponding to the excitation of the beam proton and ano
corresponding to the excitation of the target proton. We c
them ‘‘direct’’ and ‘‘exchange’’ terms, respectively.

Putting everything together, we get

FIG. 1. The direct and exchange diagrams for theD excitation.
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tpp→NNp5(
D

^NpuS•kpT•fpuD&GD^tpp→ND&, ~5!

whereN represents a proton or a neutron in the final st
corresponding to the decay ofD11→p1p andD1→p1n,
respectively.D stands for aD11 or D1 excitation in the
intermediate state.kp at theD-decay vertex is the outgoing
pion momentum in thepN center-of-mass. It is given by

kp~m2,mp
2 !5@~m21m22mp

2 !2/4m22m2#1/2. ~6!

This relation reflects the restrictions on the available ph
space for the decay of aD of massm into an on-shell pion of
massmp ~5140 MeV! and a nucleon. Since the final outgo
ing pion is on shell, theDNp vertex does not contain th
usual form factorF* . GD in Eq. ~5! is the delta propagator
Its form is taken as

GD5
2mD

m22mD
2 1 iGDmD

, ~7!

wheremD~51232 MeV! and GD are the resonance param
eters associated with a freeD. The free widthGD depends
upon the invariant mass and is written as

GD5G0F k~m2,mp
2 !

k~mD
2 ,mp

2 !
G 3

k2~mD
2 ,mp

2 !1g2

k2~m2,mp
2 !1g2

, ~8!

with G05120 MeV andg5200 MeV. m is the invariant
mass of theNp1 system and is given by

m25~EN1Ep!22~kN1kp!2. ~9!

tpp→ND is the DWBA t matrix for thepp→ND transition.
Following Jain and Santra@2#, it is given by

tpp→ND5~xk f

2 ,^nD11uvpu$pp%&,xki

1!, ~10!

where curly brackets aroundpp represent the antisymmetr
zation of thepp wave function.vp is the one pion-exchang
potential forpp→ND transition.x ’s are the distorted waves
They describe the elastic scattering of thepp and thenD
systems. Jain and Santra@4# have evaluated Eq.~10! using
eikonal approximation forx ’s. With Lp51 GeV/c at both
the pNN and pND vertices, they found that thist matrix
reproduces the available experimental data on this reac
over a large energy range very well.

Jain and Santra also found that their DWBAt matrix can
be easily parametrized@3#. The parametrizedt matrix is com-
plex, but its imaginary part is very weak. The real part
sembles very much with the one pion-exchange poten
with its length parameter Lp , reduced to around
600–700 MeV/c. For the present calculations, instead
repeating the full calculation of thet matrix, we have used
the parametrized form, i.e.,
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tpp→ND'y p
pp→ND~Lp5650 MeV/c)

52
f f *

mp
2

FF*
S1

•qs•q

mp
2 1q22v2

T1
•t, ~11!

wheref and f * at thepNN andpND vertices are 1.008 and
2.156, respectively@17#. q is the momentum transfer in th
pion-nucleon rest frame. Since the exchanged pion is virt
it is not straightforward to define this momentum quite u
ambiguously. For thepND vertex we use the following Gal
ilean invariant form:

FIG. 2. The outgoing proton momentum spectrum in coin
dence with the pion.Tp5800 MeV. up8514.5°, andup5221°.
The experimental points are from Ref.@6#. The long-dashed curve i
calculated using the directD11 diagram and the short-dashed cur
includes both the direct and the exchangeD11 diagrams. The solid
curve is calculated using both theD11 and D1 diagrams added
coherently. The dash-dot curve is theD1 contribution multiplied by
5. Lp5650 MeV/c.

FIG. 3. Same as Fig. 2 withup8514.5° andup5242°. Experi-
mental points are from Ref.@6#. All the curves have the same mea
ing as in Fig. 2.Lp5650 MeV/c.
l,
-

q5kp2kD@5~kN1kp!#2
vkD

ED
, ~12!

wherev is the energy transfer in exciting theD. At thepNN
vertex we replace

q2→2t, ~13!

wheret is the four momentum squared.

III. RESULTS AND DISCUSSION

Using the above formalism we calculate the exclus
proton momentum spectra, the outgoing pion moment
spectra, and the integrated total2H(p,p8p1)n cross section.

As the detailed measurements for the2H(p,p8p1)n pro-
cess exist at 800 MeV beam energy, we first calculate
differential cross sections at this energy. In Fig. 2, we p
the calculated as well as the measured@6# exclusive proton
momentum spectra for the proton and the pion angles
14.5° and221°, respectively. These angles correspond
theD going at 0°. The figure has four calculated curves. T
short-dashed and dot-dashed curves correspond toD11 and
D1 contributions~including both the ‘‘direct’’ as well as
‘‘exchange’’ diagrams!, respectively. The solid curve is th
coherent sum of these two contributions. We find that t
curve agrees well with the measured cross sections. We
note that the main contribution to the solid curve comes fr
the D11 diagram. TheD1 contributes only to the extent o
5–10 %.

To show the contribution of the ‘‘exchange’’ diagram,
Fig. 2 we also show~by the long-dashed curve! the cross
section for theD11 diagram using only the ‘‘direct’’ term.
Comparing this with the short-dashed curve, which includ
both the direct and exchange diagrams, we find that the c
tribution of the exchange term is around 15–20 %.

In Fig. 3, we show the proton spectrum for another set
proton and pion angles. This pair of angles also correspo
to the delta going at 0°. The outgoing proton and pion ang
are 14.5° and242°, respectively. All the curves have th
same meaning as those in Fig. 2. Here too the calcula
proton spectrum is in good accord with the measured sp

-

FIG. 4. The outgoing pion momentum spectra for t
2H(p,p8p1)n reaction atTp5800 MeV. up520°. The experi-
mental points are from Ref.@18#. The solid curve is calculated usin
both theD11 andD1 diagrams added coherently. The short-dash
and dot-dashed curves show separately the contribution due toD11

andD1, respectively.Lp5650 MeV/c.
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trum. Other observations also remain same as in Fig. 2.
In Fig. 4 we show the double differential cross section

a function of the outgoing pion momentum. The prot
angles are integrated. Experimentally such measurement
ist for 800 MeV beam energy and the pion detected at
@18#. In this figure we have three curves along with the e
perimental data. The dash and dash-dot curves corres

FIG. 5. Total cross section for the2H(p,p8p1)n reaction. The
calculated curve includes both the direct and exchangeD11 exci-
tation diagrams.Lp5650 MeV/c. The experimental points ar
from Ref. @19#.
s

ex-
°
-
nd

separately to theD11 and D1 diagrams, respectively. Th
solid curve is calculated including both the diagrams. All t
curves include the direct as well as exchange diagrams.
cluding the peak in the measured cross sections around
MeV, the solid curve is in overall accord with the measur
cross sections. Relative contributions of theD1 andD11 to
the cross sections are at the same level as in the ea
curves. The peak around 550 MeV, as kinematic consid
ations suggest, may arise from the resonance structure
tween neutron and proton in the final state.

Finally in Fig. 5 we present the calculated total integrat
cross section as a function of the beam energy from thres
to 2 GeV. Since, as seen from the results in Figs. 2–4,
contribution of theD1 is only at the level of 10%, we give
the calculated results for theD11 only. The calculated re-
sults include both the direct and the exchange contributio
We find an excellent agreement between the calculated
measured cross sections@19#.

IV. CONCLUSIONS

In conclusion, the findings of this paper can be summ
rized as follows.~1! Experimentally measured exclusive pr
ton momentum spectra, the pion momentum spectrum,
the total integrated cross sections over a large energy ra
can be reproduced well with one-pion exchange potential
the D excitation in the intermediate state.~2! The contribu-
tion of theD11 dominates.D1 contributes only to the exten
of 5–10 %.~3! The effect of the exchange process is to bri
down the cross section. Its contribution, however, is only
the level 10–20 %.
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