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Observables for thepd\3Hp¿ and pd\3Hep0 reactions in a pp\dp¿ model

W. R. Falk
Department of Physics, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2

~Received 27 September 1999; published 16 February 2000!

Differential cross sections and spin observablesAy , iT11, T20, andT22 are calculated for thepd→3Hp1

reaction in app→dp1 model at energies near threshold. The results are compared with experimental data for
the reactionspW d→3Hep0 anddW p→3Hep0. Good agreement of these predictions with the data for the proton
analyzing powers is obtained, and for most of the other observables satisfactory agreement is found. Effects of
various assumptions in the model are investigated and discussed.

PACS number~s!: 25.40.Qa, 25.10.1s, 21.45.1v, 24.70.1s
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I. INTRODUCTION

Understanding pion production in the three nucleonp
1d system is important since it represents a level of co
plexity next to that of the elementaryNN→NNp reaction.
Effects of the nuclear environment may begin to manif
themselves at this level which has major implications
dealing withA(p,p1)B reactions. Since the wave function
of the light nuclei2H, 3H, and 3He are well understood, it is
to be hoped that a theoretical treatment in the three nuc
sector would be possible. Pion production in thep1d sys-
tem may well also be important in understandingh produc-
tion in p1d collisions, where the former may act in an in
termediate step@1#. Interpreting double pion production i
p1d collisions is another area where the single pion prod
tion process must first be understood.

In general, theoretical descriptions ofpd→Xp reactions
have not been particularly successful, despite great effort
many groups over the years. References to this earlier w
including some of the experimental results, can be found
Cantonet al. @2#. In order to circumvent many of the prob
lems that beset fully microscopic model calculations G
mond and Wilkin@3# introduced experimental amplitude da
from the pp→dp1 reaction into the three nucleon secto
They were able to obtain a rather good description of
energy dependence of the forward and backward differen
cross section and tensor analyzing powerT20 using a collin-
ear geometry. Their results near the threshold of the reac
are particularly successful. At energies near threshold
reaction occurs in a kinematic regime where it may
viewed as proceeding via the elementa
NN→NNp reaction. Extending this general idea to the ca
of a three body final state, Meyer and Niskanen@4# analyzed
the total cross section for thepd→pdp0 reaction under the
assumption that it arises entirely from the quasifree elem
tary processpn→dp0. They obtained a very good descrip
tion of the total cross section data of Rohdjesset al. @5# when
final state interactions were included.

A phenomenologicalpp→dp1 model developed re
cently @6# was previously applied to the general case
A(p,p1)B reactions, for predicting differential cross se
tions and analyzing powers. Here this model is used, w
only minor modifications, to make predictions of the num
ous experimental observables measured for thepd→3Hep0
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reaction near threshold. Although the model specifically c
culates observables for (p,p1) reactions, via thepp
→dp1 process, it can also be used to calculate observa
for the p0 reaction, provided that the elementarypn
→(pn)p0 process occurs primarily through theNN isospin
transition 1→0. The formalism presently makes no prov
sion for including thed* , which would then also allow an
NN isospin transition 1→1. Nevertheless, near threshold
is expected that thed* contribution will be quite small. On
the other hand, Germond and Wilkin@3# find this contribu-
tion to be especially significant very close to threshold.

Experimental measurements near threshold for thedW p
→3Hep0 reaction have been carried out by Nikulinet al.
@7#. Their analysis presents differential cross sections and
polarization observablesiT11, T20, andT22 for 20 energies
for pion c.m. momenta (h5pp /mpc) 0.022<h<0.389.
Differential cross sections and proton analyzing powers
the pW d→3Hep0 have been measured near threshold in t
different experiments at IUCF by Pickaret al. @8# and War-
man @9#. No experimental data near threshold exist for t
pd→3Hp1 reaction.

II. MODEL

The model is described in detail in Ref.@6#; it was modi-
fied only to include calculation of the deuteron tensor a
lyzing powers from the reaction amplitudes. A brief ove
view, pertinent to the present discussion, is presented he
the context of theA(p,p1)B reaction. An incoming proton
with momentumkW p @in the (p1A) center-of-mass~c.m.! sys-
tem# interacts with a target proton of momentumkW0 produc-
ing a pion with momentumkWp , and an associated deutero
This deuteron recombines with the recoil nucleus to form
final nucleusB. All interactions are treated as local. In
plane wave representation the relative momentumqW of this
deuteron with respect to the recoil nucleus is given by

qW 5S A21

A D kW p1kW02S A21

A11D kWp . ~1!

The recoil nucleus is assumed to be on shell.@For the pd
→3Hp1 reaction at 211 MeV or 4.2 MeV~lab! above
threshold,kp5422 MeV/c and kp527 MeV/c.# From the
energies and momenta of the two interacting protons, all
©2000 The American Physical Society05-1



th

a

th

fre
th
at

-

as
a

.

v
rg

r

ib

e
c
es
ef

th

o

for
en-
form

or
. In
l
tary
d

b
t

of

ol-
ng

ies

–5;
om-
ri-

of

n
5.
the
ut

W. R. FALK PHYSICAL REVIEW C 61 034005
requisite kinematical quantities in thepp c.m. frame~i.e., the
relative momentumkW pp of the two protons! can be calcu-
lated. However, since thepp→dp1 reaction occurs in a
nuclear environment, the process is off shell. Indeed,
momentakW pp and kWp are not compatible with the freepp
→dp1 process. As described in Ref.@6#, it was determined
empirically that the overall most satisfactory description w
obtained when~1! the angle between the vectorskW pp andkWp

was used as the pion scattering angle for evaluation of
pp→dp1 reaction amplitudes and~2! the dynamical pa-
rameter that defined the energy at which thepp→dp1

reaction amplitudes were evaluated was specified bykWp .
Specifically, kWp , the pion momentum in the (p1A) c.m.
frame, was also taken as the pion momentum in the
pp→dp1 reaction. Consequently, the energy at which
pp→dp1 reaction amplitudes are evaluated is constant
given bombarding energy for theA(p,p1)B reaction, inde-
pendent ofkW0 and of angle.

The momentum distribution of the struck nucleon is im
portant since this defines the momentum distribution ofq in
the final nuclear state. In the present case the~target! deu-
teron wave function was taken from Machleidtet al. @10#.
Inclusion of theD state was found to be very important,
will be shown later. For reasons of analytical simplicity
very simple form for the3H wave function was employed
Indeed, the relative motion wave function of (n1d) was
calculated in an harmonic oscillator~HO! basis, the
asymptotic region modified by attaching an asymptotic wa
function characteristic of the appropriate separation ene
and angular momentumL. This composite wave function
was then expanded in an HO basis. From Eq.~1! the magni-
tude of the momentumq @the relative momentum of (n
1d)# is about 200 MeV/c. Indeed, the important range fo
this quantity is more like'100–200 MeV/c. In this interval
the above wave function describes the momentum distr
tion in 3H, given in Ref.@11#, reasonably well.

Low energy parameters for thepp→dp1 reaction have
been measured by Korkmazet al. @12#, and more recently by
Drochneret al. @13# and Heimberget al. @14#. While there is
some disagreement in the normalization of these differ
experiments a representative set of amplitudes was extra
from these results for the lowest pion partial waves. Th
are given in Table I, and follow the definitions used in R
@15#.

In comparing pn→dp0 and pp→dp1 reactions one
must first of all take into account the different masses of
particles involved~principally the different pion masses!.
This is effectively accomplished by making the comparis

TABLE I. Low energy amplitudes for thepp→dp1 reaction.

l p Amplitude (mb1/2) Phase~deg!

0 ua1u50.86h1/2 26.0
1 ua0u50.086h3/2 226.8
1 ua2u52.15h3/2 9.6
2 ua6u50.52h5/2 22.9
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at the same values of the pion c.m. momenta. In addition,
the p1 reaction, Coulomb effects are present. The dep
dence of the total cross sections near threshold have the
@16#

s tot~pp→dp1!5aC0
2h1bC1

2h3,

s tot~np→dp0!5 1
2 ~ah1bh3!,

where theC’s are Coulomb correction factors and the fact
of 1/2 arises from the isospin Clebsch-Gordan coefficient
light of the discussion under point~2! above and the tota
cross section dependences of the elemen
NN→NNp reactions, the following criterion was adopte
for selecting matching pion momenta in thepd→Xp reac-
tions: C0

2hp15hp0. The parametrization of the Coulom
correction factor given in@16# was used. Table II shows tha
experimental measurements for thepW d→3Hep0 and dW p
→3Hep0 reactions have been made at very similar values
hp0 in a number of cases. An average value ofhp1, calcu-
lated according to the above prescription, is shown in c
umn 5 of Table II. The corresponding proton bombardi
energies used in the calculations for thepd→3Hp1 reaction
are shown in column 6.

III. RESULTS

A. Near threshold

Calculations for all the observables for thepd→3Hp1

reaction were made at the proton bombarding energ
shown in Table II. The reference calculations used thepp
→dp1 reaction amplitudes given in Table I, aD state com-
ponent in the wave function for the deuteron target@10# and
anSstate only3H final nucleus wave function@6#. Results of
these calculations are shown by the solid lines in Figs. 1
the number shown in each panel represents the proton b
barding energy shown in the last column of Table II. Expe
mental data for thepW d→3Hep0 reaction analyzing powers
@9# corresponding to the energies shown in column 1
Table II are shown in Fig. 2; experimental data for thedW p
→3Hep0 reaction@7# corresponding to the energies show
in column 3 of Table II are shown in Fig. 1 and Figs. 3–

Figure 1 shows the differential cross sections where
pd→3Hp1 reaction calculations have been plotted witho

TABLE II. Bombarding energies~lab! and pion ~c.m.! mo-
menta.

pW 1d→3He1p0 dW 1p→3He1p0 p1d→3H1p1

Tp (MeV) hp0 Td (MeV) hp0 hp1 Tp (MeV)

199.4 0.079 398.75 0.082 0.099 207.9
200.5 0.127 400.75 0.126 0.145 209.2
202.1 0.175 0.192 211.0

405.75 0.197 0.214 212.0
205.0 0.240 409.75 0.239 0.256 214.2
210.0 0.323 419.75 0.322 0.337 219.5

429.75 0.389 0.402 224.8
5-2
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OBSERVABLES FOR THEpd→3Hp1 AND pd→3Hep0 . . . PHYSICAL REVIEW C 61 034005
any normalization factors applied. However, since an isos
factor ~Clebsch-Gordan coefficient! of 1/2 should be applied
to this reaction before comparison with thepW d→3Hep0 re-
action, it is observed that the calculated cross sections are
low by approximately a factor of 2. In general the forwar
backward angle asymmetry is somewhat greater in the
culated angular distributions than in the data. Nikulinet al.
@7# show that near threshold the differential cross secti
exhibits scaling as a function ofh cosu. The calculated val-
ues from the present model do, indeed, follow this scali
forming a narrow band with little scatter.

Analyzing power angular distributions are shown in F
2. The calculations fit the data very well, and reproduce
asymmetry about 90 ° observed at the higher energies.
experimental values ofiT11 for the dW p→3Hep0 reaction
shown in Fig. 3 are consistent with zero. The calculatio
consistently predict positive values, reaching magnitude
high as'0.25, which are inconsistent with the data. Angu
distributions ofT20 are shown in Fig. 4. At the lowest tw
energies the calculations are just slightly more negative t
the data, but in good agreement with their general shape
the energy is increased the calculations tend to show gre

FIG. 1. Differential cross sections for thepd→Xp reaction.

The data are from Ref.@7# for thedW p→3Hep0 reaction. The calcu-
lations are for thepd→3Hp1 reaction at the energies shown
each of the panels~as specified in Table II!. The solid line is for the
reference calculation as described in the text; the short dashed
are calculations where the2H target wave function is represente
by anS state only; the long dashed lines are calculations using
pp→dp1 reaction amplitudea1 as given in Table I, and thea2

amplitude reduced to half its value. For the normalization see
planation in the text.
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forward-backward angle asymmetry and are less nega
than the data. The scaling withh cosu of the differential
cross section was also found to apply to theT20 data@7#, but
with somewhat greater scatter of the data points. This sca
is only approximately followed for the results calculate
from the present model. Finally, in Fig. 5 are shown t
angular distributions ofT22. Both the experimental data an
the ~reference! calculation are consistent with zero at a
angles and energies.

At several selected energies additional calculations w
performed in order to test the sensitivities of the calculatio
to the input parameters. First of all, calculations were p
formed using only thepp→dp1 reaction amplitudesa1
~pion s wave! anda2 ~dominant pionp wave!. These results
were essentially indistinguishable from the reference ca
lations for all observables at all energies. Thus the piod
wave does not appear to be significant at these low ener
and thep-wave amplitudea0 is small compared with thea2
amplitude. Next, calculations were performed using only
amplitudea1. As expected, the observablesAy , iT11, and
T22 are zero withs-wave pions only;T20 assumes the limit-
ing value of2A2, and the predicted cross sections are mu
reduced. An intermediate set of calculations was perform
using a1 and a2, with the latter amplitude reduced by one
half. These results are shown in Figs. 1–5 by the long das
lines for selected energies. The reducedp-wave strength re-

es

e

x-

FIG. 2. Analyzing power distributions for thepd→Xp reaction.

The data are from Ref.@9# for the pW d→3Hep0 reaction. The calcu-
lations are for thepd→3Hp1 reaction at the energies shown
each of the panels~as specified in Table II!. Other details are as
given in Fig. 1.
5-3
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W. R. FALK PHYSICAL REVIEW C 61 034005
sults in flatter angular distributions for the differential cro
sections ~Fig. 1!, underestimating the forward-backwa
angle asymmetry. Also, as expected, the analyzing pow
~Fig. 2! become much shallower, which is inconsistent w
the data. The values ofiT11 are reduced to about half of th
value of the earlier calculations~Fig. 3!, and theT22 values
remain consistent with zero~Fig. 5!. For T20 the forward-
backward angle asymmetry is much reduced and the va
are more negative, now generally falling below the data.

Additional calculations were also performed to exam
the effects ofD state components in the wave functions
2H and 3H. When aD state component for3H was included,
as well as for2H ~reference calculation!, the results gener
ally showed no improvement for the various observables
the different energies. However, if anS state wave function
was used for2H as well as for3H, the results were in poore
agreement with the data for all observables. These result
shown by the short dashed line in Figs. 1–5. The presenc
higher momentum components in the target wave func
thus appears to be more important than in the final nucle
Possible explanations for this behavior are discussed in
IV.

B. Higher energies

Some further investigations at energies well above thre
old were also carried out. Previous results for calculations
the differential cross sections and analyzing powers for
pd→3Hp1 reaction using this model have been reported@6#

FIG. 3. Angular distributions ofiT11. Other details are as give
in Fig. 1.
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in the energy range from 250 to 500 MeV. These calcu
tions used the full amplitude set for thepp→dp1 reaction
from the data of Bugget al. @18#, as discussed in Ref.@6#. As
a check on these amplitudes calculated differential cross
tions and analyzing powers for thepp→dp1 reaction were
compared with those obtained fromSAID @19# using the
phase shift solution SP94. The results are compared in T
II of Ref. @20#; the agreement is very good.

A general feature of the calculated analyzing powers
pd→3Hp1 in the range from 277 to 350 MeV is that the
are considerably less negative at the minimum than the
perimental data. At 500 MeV they are in strong disagreem
with the data. On the other hand, the shape of the differen
cross sections is quite well reproduced, but their magnitu
are too large by a factor of'2.6. This observation on the
normalization for the differential cross sections also app
to the 0 ° and 180 ° data of Kerboulet al. @17# for the dW p
→3Hep0 reaction for deuteron bombarding energies of 50
790 MeV. Kerboulet al. @17# also report tensor analyzin
powersT20 at 0 ° and 180 ° for the same reaction. Comb
ing these data with those of Nikulinet al. @7# reveals that
from 400 to 790 MeV the 0 ° data forT20 increase mono-
tonically from a value of'21.4 to'20.9. The calculated
values at the equivalent bombarding energies for thepd
→3Hp1 reaction rise rapidly from a value of21.4 to a
value of'20.6 at 500 MeV, and remain relatively consta
at this value up to 790 MeV. At 180 ° theT20 data rise very
rapidly from a value of'21.2 at 400 MeV to'20.2 at

FIG. 4. Angular distributions ofT20. Other details are as given
in Fig. 1.
5-4
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OBSERVABLES FOR THEpd→3Hp1 AND pd→3Hep0 . . . PHYSICAL REVIEW C 61 034005
450 MeV, and then decrease smoothly once more
'21.3 at 670 MeV. The calculated values show this ra
rise, but a more gradual dropoff thereafter.

IV. DISCUSSION

A pp→dp1 reaction model has been used to calcul
differential cross sections and spin observables for thepd
→3Hp1 reaction, and comparisons made with data from
pW d→3Hep0 and dW p→3Hep0 reactions. Near threshold
s-wave andp-wave pions are sufficient in describing th
data; inclusion ofd-wave pions has negligible effects on th
results. The differential cross section displays scaling a
function of h cosu, as observed in Ref.@7#. On the other
hand, forT20 this scaling is only approximately followed i
the model. For the differential cross sections the calcula
forward-backward asymmetry is somewhat greater than
served in the data. This asymmetry can be reduced by re
ing the pionp-wave amplitude, that is, by reducing the a
gular dependence of the underlyingpp→dp1 reaction. The
asymmetry also depends on the momentum distribution
2H and 3H. The magnitudes of the cross sections are und
estimated by approximately a factor of 2.~At higher energies
the cross sections are overestimated.!

Analyzing power data are very well described by th
model, requiring the fulls-wave andp-wave amplitudes as
determined by independent low energy measurements fo
pp→dp1 reaction. Any reduction in thep-wave amplitude
results in less negative values of the analyzing powers.

FIG. 5. Angular distributions ofT22. Other details are as give
in Fig. 1.
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the other hand, a reduction in thep-wave amplitude would
result in a better fit to theT20 data. The reference calcula
tions reproduce the shapes of theT20 distributions quite well,
although they are generally shifted to somewhat more p
tive values than observed experimentally. Likewise, theiT11
data would prefer a smaller value of thep-wave amplitude,
to yield values closer to the experimental values that
consistent with zero. Perhaps these observations sugges
the use of the on-shellpp→dp1 amplitudes affects the dif-
ferent observables in different ways, and only a more rig
ous calculation can account for these effects.

The reference calculations used aD state component in
the 2H target wave function but not in the residual3H wave
function. However, using anS state component only in the
2H wave function resulted in much inferior fits to all th
observables. Much less sensitivity in the calculations w
observed for the3H D state strength compared with th
2H D state strength. A possible explanation for this may
due to the fact that in the pertinent momentum intervals
the target and residual nucleus the relativeD state toS state
momentum strength in the deuteron is much greater tha
3H. On the other hand, Germond and Wilkin@3# in their
calculation find aD state component in the residual nucleu
as well as the target, to be important. Their inclusion
nonlocal effects may well enhance the relative contribut
from theD state component in the residual nucleus. The
of a better 3H wave function in the present model wou
undoubtedly change the sensitivity of observables to theD
state strength; however, it is not expected that the main c
clusions would be altered significantly.

Experimental values ofT22, as for iT11, are consistent
with zero for all energies and angles. The calculations forT22
are in agreement with this, with the exception of the calc
lations that do not include aD state component in2H; these
exhibit small, but non-negligble positive values. ForiT11, all
calculations yield significant positive values, in disagreem
with the data. Indeed, the predictions giveiT11'20.5Ay . In
an attempt to understand this relationship the observa
iT11 and Ay were expressed in terms of the partial cro
sections calculated in a transverse~or Madison! frame. Al-
though some of these partial cross sections are quite sm
relative to others, there is no simple relationship that can
deduced from this comparison as to the value of the ab
ratio.

One possible shortcoming of this model is that in the
ementary pp→pnp1 process only the isoscalar fina
nucleon pair is taken into account. Germond and Wilkin@3#
show that the forward angle differential cross sections a
T20 values are sensitive to the isovectord* contribution in
their model. Indeed, the forward angleT20 values as a func-
tion of energy predicted by this model are qualitatively ve
similar to their results when they use the isoscalar amplitu
alone. At backward angles they find little difference in ca
culations that use isoscalar amplitudes only and those
use isoscalar plus isovector amplitudes. The predictions
the present model fall midway between their results. For
differential cross section, on the other hand, better agreem
at forward angles is observed between the models w
comparing with their isoscalar plus isovector calculatio
5-5
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W. R. FALK PHYSICAL REVIEW C 61 034005
The role of the isovectord* contribution thus remains to b
clarified.

Another shortcoming of the model relates to the rat
arbitrary and empirical manner used in defining the p
scattering angle and pion energy at which the amplitudes
the pp→dp1 reaction were evaluated. Nevertheless,
spite these limitations, this simple model based on the un
lying pp→dp1 mechanism has demonstrated the ability
correlate a sizable body of diverse experimental data. Re
calculations for thepd→3Hp1 reaction that deal with pion
.
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production in the three nucleon system from a much m
rigorous approach are presented by Cantonet al. @2#.
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