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Measurement of the 2H„g,p0
… reaction near threshold
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~Received 3 December 1997!

Total and differential cross sections for the reaction2H(g,p0) have been investigated within 20 MeV of
threshold using the tagged photon facility at SAL in conjunction with thep0 spectrometer IGLOO. The
differential measurements are the first to be reported in the threshold region, while the total cross section is a
significant improvement over the only previous measurement. We give the first determination of the electric
dipole amplitude forp0 photoproduction from the deuteron in the threshold region. The threshold amplitude
(Ed) has recently been calculated within the framework of chiral perturbation theory~ChPT!. The present
result for Ed falls about 20% below the ChPT value. We confirm the predicted sign~negative!. Above
threshold we find no evidence for a unitarity cusp such as is observed in the dipole amplitude for1H(g,p0).
Finally, the elementaryP-wave amplitudeP1

(1) as deduced from the angular distributions is compared with
ChPT predictions. A substantial discrepancy with theory is evident, perhaps a signal of two-body effects.
@S0556-2813~98!03306-8#

PACS number~s!: 25.20.Lj, 13.60.Le
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I. INTRODUCTION

The total and differential cross sections for the react
2H(g,p0) have been measured within 20 MeV of thresho
at SAL ~Saskatchewan Accelerator Laboratory! using tagged
photons and the large acceptancep0 spectrometer IGLOO.
This represents the first comprehensive investigation ofp0

photoproduction from the deuteron in the threshold regi
The literature reports only one previous investigation at l
energy, and this was confined to a measurement of the
cross section within 10 MeV of threshold@1#. The results
were presented in the form of an error band and are of l
ited statistical quality. No previous angular distribution me
surements exist in the low energy domain.

One focus of our study concerns the effectiveS-wave
photoproduction amplitude for theelastic process
2H~g,p0!2H, both at threshold and above threshold. Since
inelastic reaction 2H(g,p0)np also contributes and is unre
solved in the measurements, the relative contribution of
channel has been estimated by a theoretical model, a v
tion of which gives a good description of the relat
2H(g,p1)nn reaction. We estimate that the inelastic cha
nel contributes about 16% of the total experimen
2H(g,p0) cross section at our highest energy and rapi
decreases in relative strength with decreasing energy.

Let us review some of the general issues pertinent to
2H~g,p0!2H reaction at low energies. In the impulse appro
mation it is sufficient to consider only the isovector-evenS-
and P-wave pion-nucleon (pN) photoproduction ampli-
tudes, higher partial waves being negligible. TheS-wave
electric dipole amplitude is denoted byE01

(1) and is defined in
terms of the individual nucleon amplitudes by

*Electronic address: bergstrom@skatter.usask.ca
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E01
~1 !5

1

2
@E01~p0p!1E01~p0n!#. ~1!

The P-wave pN amplitudes are denoted byP1,2,3
(1) and are

defined in terms of the usual multipole amplitudes by

P1
~1 !53E11

~1 !1M11
~1 !2M12

~1 ! ,

P2
~1 !53E11

~1 !2M11
~1 !1M12

~1 ! ,

P3
~1 !52M11

~1 !1M12
~1 ! . ~2!

The individual amplitudesP2,3
(1) are unimportant here sinc

they occur as a particular combination in the cross secti
and cannot be separated in the absence of polarized de
of freedom. The amplitudeP1

(1) , however, is distinguished
since, together withE01

(1) , it drives the forward-backward
asymmetry in the differential cross section.

Application of the free amplitudes to an extended nucl
system such as the deuteron immediately leads to sev
complications. For example, the spatial extent of the d
teron ~as represented by its form factor! in effect induces
higher partial waves as viewed from the pion-nuclear (pA)
frame.Thus analysis of the data solely in terms of S and
waves in thepA frame will not suffice. At the theoretical
level it is necessary to transform the fundamental amplitu
from thepN frame to thepA frame, and this together with
the attendant Fermi motion tends to obscure the free nuc
amplitudes.

Nevertheless, to a certain degree of approximation
can accommodate the preceding in a simple formalism
still reflects the underlyingpN amplitudes. This formalism
is developed in Appendix A and will be employed in o
3203 © 1998 The American Physical Society
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3204 57J. C. BERGSTROMet al.
analysis of the effectiveS-wave amplitude above thresho
and in addition will permit us to comment on theP-wave
amplitudeP1

(1) .
A few of the more specific issues relevant to the pres

study are outlined as follows.
~1! As demonstrated through recent measurements of

p(g,p0) reaction near threshold@2,3#, theS-wave amplitude
E01(p0p) displays a remarkable energy dependence.
tween thep0 andp1 thresholds~about 6 MeV!, the ampli-
tude decreases from21.3 to 20.5 ~in units of 1023/mp1!,
after which it recovers to21.1 about 20 MeV above thep0

threshold. This behavior is interpreted as a ‘‘unitarity cus
deriving from isospin breakdown that splits the neutral a
charged pion masses@3,4#. A similar cusp should be eviden
in the neutron amplitudeE01(p0n), and indeed the sign o
the modulating term driving the cusp must be identical
the proton and neutron as can be argued from elemen
considerations. Thus the amplitudeE01

(1) of Eq. ~1! should
display a substantial modulation since the individual nucle
cusps combine constructively. Yet as will be seen, we fi
no evidence for a cusp in the deuteron dipole amplitude.

~2! The unitarity cusp is driven by a one-nucleon resc
tering process, whereinpN charge exchange on the targ
nucleon leads to the final neutral pion. In the deutero
two-nucleon rescattering process can also occur, where
charged pion is photoproduced on one nucleon and su
quently undergoespN charge exchange on the second~spec-
tator! nucleon. Koch and Woloshyn@5# pioneered the calcu
lation of this process and concluded that it should tota
dominate over the elementary2H~g,p0!2H mechanism. There
has been debate in the literature over this conclusion.
example, Blaazeret al. @6# employed a Faddeev techniqu
and contend that the one-nucleon rescattering should d
nate over the two-nucleon process. Recently, the ques
has been addressed by Beaneet al. @7# using the formalism
of chiral perturbation theory~ChPT!, and the two-nucleon
rescattering was found to be very large, sufficient in fact
change the sign of the effectiveS-wave amplitude at thresh
old from a positive quantity to a negative one. It is importa
to note here that the ChPT version ofE01

(1) as defined by Eq.
~1! is numerically positive, in marked contrast to the neg
tive amplitude predicted by the pre-ChPT low energy th
rems ~LET’s! and employed by all other authors in the
calculations of 2H(g,p0). The threshold amplitudes o
Beaneet al. are

E01~p0p!521.16,

E01~p0n!512.13, ~3!

in the usual units of 1023/mp1 . The proton amplitude is in
reasonable agreement with the experimental va
E01(p0p)521.360.08@2,3#. The amplitudes of Eq.~3! in-
clude the ChPT equivalent of one-nucleon rescattering.
terestingly, in the absence of two-nucleon rescattering,
ChPT amplitudeE01

(1) extrapolated slightly above thresho
produces a forward-peaked pion angular distribution. Inc
sion of the two-nucleon rescattering causes it to be backw
peaked. Our results clearly demonstrate that the cross se
is indeed backward peaked.
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~3! Above threshold, the two-nucleon rescattering proc
introduces an angular dependence into the effectiveS-wave
amplitude. To see how this arises, let us first consider
situation atp0 threshold. At threshold the reduced cross s
tion may be expressed as@7#

k

q

ds

dVU
q50

5
8

3
Ed

2, ~4!

whereEd is the threshold dipole amplitude for the deuter
andk andq are, respectively, the photon and pion mome
in the pA frame. The dipole amplitude may be further d
composed,

Ed5S 12
3

2
PDDhF~k!Ē~1 !, ~5!

where PD'0.06 is theD-state probability,h'1.07 is a
frame-transformation factor defined in Appendix A,F(k) is
the deuteron form factor evaluated at threshold, andĒ(1) is
the quantity referred to herein as the ‘‘effective’’S-wave
amplitude. The assumptions underlying Eq.~5! are described
in Appendix A. In the absence of two-nucleon rescatter
~and ignoring theP-wave modification toĒ(1) induced by
Fermi motion!, we have the obvious relation

F~k!Ē~1 !5F~k!E01
~1 ! , ~6!

whereE01
(1) is defined by Eq.~1!. In the presence of resca

tering we replace Eq.~6! by

F~k!Ē~1 !5F~k!@E01
~1 !1DE#, ~7!

where

DE52
h

2
@E01~p1n!2E01~p2p!#acx

1

F~k! K 1

r
eikW•rW/2L .

~8!

Hereacx5&(a12a3)/3 is thep1n→p0p charge exchange
amplitude, while the expectation value is evaluated betw
deuteron states. The rescattering correction as expresse
Eq. ~8! is a convenient approximation, but ignores Fer
motion, which may play an important role. For an introdu
tion to the derivation ofDE, we refer to the book by Ericson
and Weise@8#.

The effectiveS-wave amplitude at threshold is now de
fined by

Ē~1 !5E01
~1 !1DE. ~9!

In the regionabovethreshold Eq.~8! is modified due to the
finite pion momentumqW . For example, we replacekW→kW
1qW in the expectation value andF(k)→F(Q) in the de-
nominator, whereQW 5kW2qW is the angular-dependent mo
mentum transfer.@The full expression is presented in Appe
dix C, Eq.~C5!.# Therefore, through the correctionDE, the
effective amplitudeĒ(1) now becomes a function of angle
the dependence being largely driven by the form factor in
denominator of Eq.~8!.
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It is impossible to quantify the angular dependence
Ē(1) solely from the experimental angular distributions sin
there are other degrees of freedom in our model cross se
which can imitate the angular dependence. Nevertheles
part of our investigation we will also consider an angu
dependence forĒ(1) in proportion to 1/F(Q). The effect is
minimal, except to reduce the extractedP-wave amplitude
P1

(1) and move it closer to the free-nucleon ChPT predict
@7,11#.

~4! The ChPT calculations@7# provide the first definitive
prediction for the threshold dipole amplitudeEd , namely,

Ed5~21.860.2!31023/mp1 . ~10!

Stripping away the nuclear factors using Eq.~5! gives the
effectiveS-wave amplitude at threshold,

Ēth
~1 !5~22.360.3!31023/mp1 . ~11!

A major contribution to this amplitude arises from thre
body corrections~roughly, our two-nucleon rescattering!,
sufficient in fact to flip the sign ofĒth

(1) as previously noted
The present measurements confirm the prediction as to s
As to magnitude, extrapolation of the~reduced! total cross
section to threshold yields an amplitude about 20% sma
than Eq.~10!.

~5! The neutron amplitudeE01(p0n) cannot be deduced
from the deuteron cross sections without a reliable estim
of the two-nucleon rescattering contribution to the effect
S-wave amplitude. Although at present we are still unable
make a quantitative statement concerning the neutron am
tude, we are able to make a qualitative statement. Spe
cally, we will demonstrate that the threshold amplitudeEd

~or Ē(1)! as derived from the data is more compatible w
the ChPT neutron amplitude of Eq.~3! than with the LET
value E01(p0n)510.5. The striking incongruity betwee
the ChPT and LET predictions for the neutron amplitu
arises in part from the contribution of the so-called ‘‘triang
diagram,’’ where the photon connects to a virtual in-flig
charged pion and which diagram is excluded from the c
sical LET’s. Thep(g,p0) experiments@2,3# seem to have
resolved the issue in the proton sector in favor of the Ch
prediction. The present results point to a similar but tenta
conclusion in the neutron sector.

Theoretical predictions of the2H~g,p0!2H cross section in
the region 0–10 MeV above threshold differ markedly
their conclusions@5,6,9,10#. There is general agreement th
the angular distributions should be backward peaked, but
automatically follows from the LET value forE01

(1) em-
ployed in these calculations. The main point of disagreem
between the various estimates appears to lie in the t
nucleon rescattering contributionDE. For example, Bosted
and Laget@9#, using Reid soft-core wave functions, calcula
a much smaller contribution than Koch and Woloshyn@5#
who employed Hulthe´n wave functions, and the respectiv
~reduced! cross sections accordingly differ markedly ne
threshold. The recent calculation by Kamalovet al. @10# ex-
plores the variation ofE01

(1) as it effects the total and differ
ential cross sections 8 MeV above threshold. However
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with the other calculations, the total cross section n
threshold is somewhat larger than the present experime
findings.

The angular dependence of the differential cross sectio
very sensitive to theP-wave amplitudesP1,2,3

(1) as defined by
Eq. ~2!, andP1

(1) in particular drives the forward-backwar
asymmetry. Contrary to the predictions of Refs.@9,10#, we
observe significant strength in the forward direction for e
ergies about 8 MeV above threshold. These models sha
common reliance on the well-known Blomqvist-Laget~BL!
amplitude, and a comparison between the BL predictions
P1,2,3

(1) at low energy and the rather successful ChPT pred
tions @11# might shed some light on the forward discrepanc

This paper is organized as follows. Experimental deta
are described in Sec. II. In Sec. III we present the total cr
section and deduce the electric dipole amplitude at thresh
by extrapolation. The pion angular distributions are given
Sec. IV and are analyzed within a theoretical framework
yield the electric dipole amplitude as a function of energy.
discussion of our findings is given in Sec. V, and conclud
remarks are summarized in Sec. VI. In Appendixes A and
we outline our models for the elastic and inelastic cross s
tions used in the data analyses. Finally, in Appendix C
provide a brief discussion of the imaginary part of the ele
tric dipole amplitude.

II. EXPERIMENTAL DETAILS

This experiment was performed at SAL using the tagg
photon facility@12# in conjunction with thep0 spectrometer
IGLOO @13#. Bremsstrahlung was generated by a 206.2 M
electron beam with an energy spread of about 50 keV an
duty factor of 60–70 % as provided by the pulse-stretc
ring EROS. The photon tagger was equipped with a
channel medium-resolution detector array that permit
measurements over an excitation region of 20 MeV usin
single setting of the tagging spectrometer. Each channe
the array spanned about 500 keV in tagged photon ener

Thep0 spectrometer IGLOO is described in detail in Re
@13#. Basically, it consists of a rectangular box of 68 le
glass detectors symmetrically arranged to define a hol
cave of dimensions 100340340 cm3, and in this ‘‘closed’’
configuration it is employed exclusively for total cross se
tion measurements, exploiting the large geometric acc
tance. The efficiency forp0 detection is about 83% nea
threshold, decreasing to about 74% at the maximum ene
and is relatively insensitive to the pion angular distributio
The absolute response of the spectrometer has been e
sively modeled by Monte Carlo simulations, which ha
been substantiated by measurements of the12C(g,p0) reac-
tion @13,14# through comparison with the world database.

For pion angular distribution measurements, IGLOO
split along a diagonal of the cave and each L-shaped arm
retracted about 42 cm in order to enhance the angular r
lution to thep0-decay photons. In this ‘‘open’’ mode, pio
detection efficiency is reduced to about 28% near thresh
Pion emission angles are reconstructed from the respec
photon angles and energies using the reconstruction a
rithm described in@13#.

Pions are identified from their characteristic decay in
two photons as observed by IGLOO in coincidence with
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3206 57J. C. BERGSTROMet al.
photon tagging spectrometer. There are two sources of b
ground to contend with. One is due to untagged pions cre
by photons beyond the tagging range and in accidental c
cidence with the photon tagger. The other source of ba
ground is e1e2 pair production, followed by large angl
rescattering, thus mimickingp0 decay photons. Since th
spectrometer does not employ charged-particle veto coun
for reasons discussed in@13#, thee1e2 background has to be
rejected by software.

Some of the background events are rejected through
on the individual apparent decay photon energies. Howe
a much more effective cut is based on the angular correla
between the twop0 decay photons, which, especially ne
threshold, is very different from the forward-peakede1e2

background. This cut is most effective in the region wher
is most needed, i.e., where the true photopion cross secti
smallest. As described in@13#, illegal pairs are masked ou
by comparing the detector patterns against an extensive
of Monte Carlo generated patterns that encompass nearl
legal p0 events.

The remaining background consists of untagged neu
pions ande1e2 pairs, and a small quantity of taggede1e2

events. The untagged background contribution is estima
from TDC ~time-to-digital converter! spectra that measur
the timing correlation between IGLOO and tagged photo
The remaining taggede1e2 background is deduced by com
paring masked data against unmasked data, as discuss
@13#.

The target consisted of liquid deuterium contained with
a cylindrical Mylar cell 10.8 cm long and 8.5 cm in diamet
situated in the center of thep0 spectrometer. The effectiv
target thickness was determinedin situ to an accuracy of
60.6% by measuring the forward pair production relative
a calibrated aluminum target, utilizing the well-know
atomic cross sections. Data were also accumulated on
reaction 12C(g,p0) as a continuity check of the IGLOO re
sponse against previous12C(g,p0) measurements at SAL.

The photon tagging efficiency was about 70% and w
repeatedly measured throughout the run using a lead-g
detector.

III. TOTAL CROSS SECTION AND EXTRAPOLATION
TO THRESHOLD

The total cross sections within about 20 MeV of thresh-
old (Eth5139.8 MeV), including the unresolved inelast
contribution from 2H(g,p0)np, is shown in Fig. 1. The er-
rors in s reflect the counting statistics, uncertainties in t
measured photon tagging efficiencies, and background
tractions, but do not reflect the overall systematic error e
mated to be about 4%. The data points in the figure co
spond to the individual channels of the tagging spectrom
detector array.

The reducedcross section (k/q)s is displayed in Fig. 2.
Herek andq are the photon and pion momenta in the c.
frame, withq evaluated for the elastic channel2H~g,p0!2H.
The square point at threshold derives from the ChPT pre
tion @7# for the dipole amplitudeEd @Eq. ~10!#.

The solid curve in Fig. 2 is our theoretical estimate for t
reduced inelastic cross section2H(g,p0)np, described in
detail in Appendix B. The inelastic threshold is 142.2 Me
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A theoretical uncertainty of roughly625% is ascribed to
this cross section based on an error analysis of the m
parameters. The elastic value forq is used in defining the
reduced cross section since the pion momentum is not un
in the breakup channel. The inelastic cross section r
quickly with energy as dictated by elementary phase-sp
considerations and contributes about 16% to the total exp
mental cross section at maximum energy.

The dipole amplitudeEd is deduced by extrapolating th
reduced cross section to threshold and employing the iden
Eq. ~4!. To this purpose the reduced cross section is fit
least squares to a polynomial in (E2Eth) whereEth is the

FIG. 1. Total cross section for2H(g,p0) in the threshold region
as a function of photon energy. These results include the unreso
contribution from the inelastic process2H(g,p0)np. The elastic
threshold is 139.8 MeV, and the inelastic threshold is 142.2 Me

FIG. 2. Reduced total cross section for2H(g,p0). The square
point at threshold~139.8 MeV! is the prediction from chiral pertur-
bation theory@7#. The curve is the theoretical estimate for the i
elastic reaction2H(g,p0)np described in Appendix B. An uncer
tainty of roughly625% is assigned to this estimate.
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threshold energy. The maximum order of the polynomia
determined by application of the ‘‘F test’’ of an additional
term in a finite polynomial representation of a fitting functio
@15#. The experimental data portrayed in Fig. 2 clearly de
onstrate a nonlinear dependence, but this is largely due to
inelastic contribution. Removal of the latter yields a resid
~presumably elastic! reduced cross section which is almo
linear in energy, and indeed theF test as applied to the
residual cross section indicates that terms of third order
higher in (E2Eth) are redundant.

The threshold amplitudeEd is summarized in Table I un
der various analysis scenarios. These scenarios encom
the complete data set~0–20 MeV!, half the data set~0–10
MeV!, and a linear fit. Although we assign an uncertainty
25% to the inelastic contribution, ignoring this compone
completely is seen to have only a modest influence on
extrapolation to threshold. All things considered, we co
clude

Ed5~21.4560.09!31023/mp , ~12!

which is about 20% lower than the ChPT prediction, E
~10!. The effectiveS-wave amplitude from Eq.~5! is

Ēth
~1 !5~21.8960.12!31023/mp , ~13!

to be compared with Eq.~11!. The corresponding reduce
cross section at threshold is 1.4160.18mb. The signs of the
above amplitudes anticipate the analysis of the pion ang
distributions, described in the following section.

The discrepancy between Eq.~12! and the ChPT predic
tion, although not excessive, deserves some comment.
underlying effective S-wave amplitude is expressed b
Ē(1)5E01

(1)1DE, whereE01
(1) is defined by Eq.~1! andDE

is the two-nucleon rescattering correction~or ChPT equiva-
lent!. It is very unlikely that the source of the discrepan
resides inE01

(1) since this would require a neutron amplitud
E01(p0n) in considerable excess of the ChPT prediction
Eq. ~3!. However, if we adopt the predictions of Eq.~3!, then
a slight downward renormalization ofDE,

DE'0.8DEChPT, ~14!

TABLE I. Dipole amplitudeEd as deduced by extrapolating th
reduced cross section (k/q)s to threshold under various scenario
The maximum order of the polynomial in (E2Eth) is represented
by n. The quality of the fit is indicated by the chi square per deg
of freedom,xn

2. The error assigned to the final estimate forEd

includes statistical and systematic uncertainties.

n xn
2 Ed(1023/mp)

Inelastic contribution removed
All data ~0–20 MeV! 2 1.3 21.4960.04

Half data~0–10 MeV!
2 1.2 21.4760.06
1 1.2 21.4260.04

Inelastic contribution not removed
All data ~0–20 MeV! 2 1.4 21.4360.04

Half data~0–10 MeV!
2 1.4 21.4360.06
1 1.7 21.2660.04

Final estimate 21.4560.09
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brings theory and experiment into alignment.
We are not in a position to extract the neutron amplitu

E01(p0n) given the theoretical uncertainty inDE. How-
ever, we can differentiate between the ChPT values for
nucleon amplitudes and the ‘‘old’’ LET predictions. Th
former leads to the modest renormalization expressed by
~14!. The latter would imply a rescattering correctionDE
'0.4DEChPT. On the other hand, if we adopt the experime
tal proton amplitude@E01(p0p)521.3# and maintain the
LET neutron amplitude @E01(p0n)510.5#, then DE
'0.5DEChPT. In either case, these renormalizations wou
imply a serious deficiency in the current theoretical estim
of the rescattering correction.If one accepts the prediction o
DE within 625% or so, then the experimental value of Ed
definitely favors the ChPT prediction for the neutron amp
tude given by Eq. (3).

An additional correction toĒ(1), which we denote as
DEp , arises from thepN→pA frame transformation of the
elementaryP-wave amplitudes and is closely associated w
the Fermi motion. The authors of Ref.@7# conclude that this
additional correction is negligible. Our estimates sugg
otherwise, and we findDEp'20.331023/mp @see Appen-
dix A, Eqs. ~A14! and ~A15!#. This unresolved discrepanc
may reflect on the above discussion.

We conclude the present discussion with a comment c
cerning the extrapolation procedure described above.
analysis assumes a monotonic and smoothly increasing
cross section as a function of photon energy. In principle t
assumption could be compromised if, for example, the eff
tive S-wave amplitudeĒ(1) exhibits a strong cusp as in th
free-proton case@2,3#. However, analysis of the pion angula
distributions described below fails to reveal any cusplike
havior of significance.

IV. PION ANGULAR DISTRIBUTIONS

A. Preamble

The pion angular distributions in the c.m. frame a
shown in Fig. 3. Each is based on a grouping of four detec
channels of the photon tagging spectrometer and subte
about 2 MeV of excitation. The distributions display a stro
angular asymmetry at low energy, which tends to weak
with increasing energy. This behavior is attributed to
gradual increase in thepN P-wave strength against a rela
tively stableS-wave contribution as will be demonstrate
Included in Fig. 3 are theoretical estimates for the inelas
cross section2H(g,p0)np, as described in Appendix B.

Our aim here is to deduce the effective amplitudeĒ(1) as
a function of energy from the pion angular distribution
Clearly, some sort of parametrization of the differential cro
section is necessary, and for this purpose we will employ
model cross section described in detail in Appendix A. T
model is derived in the plane-wave impulse approximat
~PWIA! and is given by Eq.~A22!:

k

q

ds

dV
5F2~Q!H S 12

3

2
PDD 2F8

3
~hĒ~1 !1P1

~1 !cosu!2

1
4

3
~P2

~1 !sin u!2G12~P3
~1 !sin u!2J , ~15!

e
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FIG. 3. Pion angular distributions for2H(g,p0) in the c.m. frame. Each datum point subtends 10°, while each distribution subtends
2 MeV of photon energy. These distributions include the unresolved contribution from the inelastic reaction2H(g,p0)np. The curves
represent the theoretical estimates for the inelastic cross section as described in Appendix B. An uncertainty of roughly625% is assigned
to these estimates. Indicated photon energies are in the laboratory frame.
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where F(Q) is the deuteron structure form factor,Q5ukW
2qW u is the momentum transfer,PD50.06 is theD-state
probability, andh is the frame-transformation factor define
by Eq. ~A7!.

As noted in Appendix A, the effective amplitudeĒ(1) is
comprised of the ‘‘bare’’ nucleon amplitudes, the one- a
two-nucleon rescattering contributions, and t
P-wave-induced shift due to Fermi motion@Eq. ~A15!#. In
principle,Ē(1) is a complex quantity even at low energy, b
as argued in Appendix C, the imaginary part is negligible
the threshold region and therefore in the analysis all am
tudes in Eq.~15! will be treated as essentially real quantitie

Although the model cross section was evaluated in
PWIA, it is well known that final-state elastic pion-nucleu
rescattering @i.e., distorted-wave impulse approximatio
~DWIA ! corrections# can considerably enhance the PW
cross sections, up to 28%, for example, in the12C(g,p0)
reaction @16#. Similar rescattering corrections have be
d

i-
.
e

evaluated for the2H(g,p0) reaction by Kamalovet al. @10#
and were found to be very small, apparently because of
small isoscalarpN scattering amplitude. Therefore, we wi
ignore the DWIA corrections and reserve comment for lat

Since it is obvious from Eq.~15! that the angular distri-
butions do not permit a unique separation of the amplitu
P2

(1) andP3
(1) , we have elected to combine them into a ne

amplitudeH0 defined by Eq.~A26!. This is analogous~but
not identical! to the amplitudeF0 invented for the analysis o
the 1H(g,p0) measurements@3#, defined by Eq.~A28!. As
noted in Appendix A, the particular form ofH0 yields a
simple expression for the total cross section where all
P-wave contributions are lumped into a single term@just as
F0 serves in the total1H(g,p0) cross section#.

The differential cross section, Eq.~15!, can be expressed
in the form

k

q

ds

dV
5F2~Q!~A1Bx1Cx2!, ~16!
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wherex5cosu and the coefficients are given by

A5
4

3
D2@2~hĒ!22P1

2#18H0
2,

B5
16

3
D2hĒP1,

C54D2P1
228H0

2, ~17!

and D512 3
2 PD . The ~1! superscript has been suppress

for clarity, isovector-even amplitudes being understood. T
analysis is now reduced to determining the three real qu
tities Ē(1), P1

(1) , andH0 as a function of energy.
It is generally accepted thatP1,2,3

(1) ~and henceH0! are
smooth functions of energy. In particular, ifP1

(1) andH0 are
monotonicfunctions of energy, this provides a powerful co
straint on the general analysis of the angular distributions
enforcing continuity on two of the unknowns appearing
Eq. ~17!, which in turn reflects on the extraction of the pri
ciple amplitudeĒ(1). Enforcing continuity is most helpfu
very close to threshold where theP-wave contributions are
otherwise subject to rather large experimental uncertain
Such continuity was a constraint, for example, in the ana
ses of the1H(g,p0) experiments@3,4#.

We will assume that the energy development ofP1
(1) and

H0 in the threshold region can effectively be described b

P1
~1 !5p1

~1 !
•kq ~18!

and

H05h0•kq, ~19!

wherek andq are the photon and pion momentain the pA
frame ~expressed in units of the pion mass! and the ‘‘re-
duced’’ amplitudesp1

(1) and h0 are presumed to be con
stants. The above follow directly~Appendix A! from the
familiar ansatz wherein the free-nucleon amplitudes are p
portional tokq in thepN frame. In Ref.@3# we demonstrated
conclusively that the proton amplitudeF0 is very well de-
scribed by thekq conjecture. In fact, we also demonstrat
on theoretical grounds thatF0 /kq shouldbe nearly constant
varying by about 2% within 25 MeV of the1H(g,p0)
threshold.

B. Energy-independent analysis

We begin by examining the energy dependence of the
P-wave amplitudesP1

(1) andH0 . We will demonstrate here
that Eqs. ~18! and ~19! provide adequate descriptions
these amplitudes within 20 MeV of threshold and later w
impose them as continuity constraints in an ener
dependent analysis of the angular distributions.

We proceed by fitting Eqs.~16! and ~17! to the differen-
tial 2H~g,p0!2H cross sections, independently at each ene
These elastic cross sections are defined by the differe
between the experimental cross sections of Fig. 3 and
indicated~theoretical! inelastic contributions. The resultin
reduced amplitudes, expressed asP1

(1)/kq and H0 /kq, are
plotted as a function of photon energy in Figs. 4 and
d
e
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y

s.
-
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o

l
-

y.
ce
he

,

respectively. The heavy error bars are purely statistica
nature, while the light bars define the systematic limits as
ciated with the625% confidence level in the theoretic
inelastic cross section. The statistical fluctuations incre
significantly near threshold with diminishingP-wave
strength. On the other hand, the systematic uncertainty
creases with energy, reflecting the rapid growth of the ine
tic cross section.

The results displayed in Figs. 4 and 5 support the ene
dependence proposed by Eqs.~18! and~19!. Whether or not
these are the precise descriptions ofP1

(1) and H0 at low
energy, they certainly represent very convenient approxim

FIG. 4. Reduced amplitudeP1
(1)/kq as a function of photon

energy as deduced from the energy-independent analysis of th
gular distributions. The heavy error bars are purely statistica
nature. The light bars reflect the625% uncertainty ascribed to th
theoretical inelastic cross sections shown in Fig. 3.

FIG. 5. Reduced amplitudeH0 /kq as a function of photon en
ergy as deduced from the energy-independent analysis of the a
lar distributions. The error bars are as described in Fig. 4.
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tions. Other representations are of course possible. For
ample, since the photon energyk is uniquely related to the
pion momentumq, one could envisage a power-series re
resentation inqn, of necessarily odd order. From Figs. 4 a
5 it becomes clear that terms of orderq3 must be included in
such an expansion.

Finally, in Fig. 6 we show the effective amplitudeĒ(1) as
a function of energy. Also shown is the threshold amplitu
Eq. ~13!, deduced from the total cross section. Within sta
tics the two analyses are consistent.

C. Energy-dependent analysis

Energy continuity in theP-wave amplitudes will now be
enforced using Eqs.~18! and ~19!. All elastic differential
cross sections are fit simultaneously with Eqs.~16! and~17!,
where the amplitudesĒ(1) are still free at each energy, bu
the reduced amplitudesp1

(1) and h0 are treated as globa
constants. The quality of the fits is good—we obtain a
duced chi square of 1.2 for 180 data points and 12 free
rameters, ignoring the systematic uncertainty in the inela
contribution.

The reduced P-wave amplitudes from the energy
dependent analysis are

p1
~1 !5~12.8860.28!31023/mp1 ~20!

and

h05~8.5960.15!31023/mp1 , ~21!

where the indicated errors are dominated by the system
uncertainty in the inelastic cross section. The above ar
good agreement with the energy-independent amplitudes
played in Figs. 4 and 5.

The effectiveS-wave amplitudes are shown in Fig.
where as before the heavy error bars are purely statistical
the light bars define the systematic limits. The present res

FIG. 6. EffectiveS-wave amplitudeĒ(1) as deduced from the
energy-independent analysis of the angular distributions. The e
bars are as described in Fig. 4. The square point is the thres
amplitude, Eq.~13!, obtained from the total cross section.
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are consistent with the amplitudes of Fig. 6, but display
expected statistical improvement at low energy from
P-wave continuity constraints.

From Fig. 7 one discerns a mild increase inĒ(1) with
energy, but more significantly there is no evidence for a u
tarity cusp. The cusp should be most evident atEg
5146– 147 MeV from considerations of the correspond
free-nucleon S-wave amplitudes. For comparison, th
E01(p0p) amplitude from measurements of thep(g,p0) re-
action @2,3# varies byDE01'0.831023/mp between cusp
extremes. This far surpasses the slight variation seen in
7, which is not considered statistically significant.

It is instructive to extrapolate theĒ(1) amplitudes of Fig.
7 to threshold as a quantitative comparison of the curr
angular analysis with the total cross section analysis of S
III. For extrapolating functions we have employed both li
ear and quadratic polynomials inE2Eth where Eth is the
threshold energy. Both functions yield virtually identical r
sults, and we obtain

Ēth
~1 !5~21.8560.03!31023/mp1 ~22!

or, using Eq.~5!,

Ed5~21.4260.02!31023/mp1 . ~23!

The systematic uncertainties inĒ(1) have been ignored here
These results are in excellent agreement with our previ
findings, Eqs.~12! and~13!, perhaps indicating that the sys
tematic uncertainties associated with the inelastic cross
tion are too conservative.

or
ld

FIG. 7. EffectiveS-wave amplitudeĒ(1) as deduced from the
energy-dependent analysis of the angular distributions. These q
tities are treated as free parameters at each energy, but energy
tinuity of theP-wave amplitudes is now enforced through Eqs.~18!
and~19!. The error bars are as described in Fig. 4. The square p
is the threshold amplitude, Eq.~13!, obtained from the total cross
section. The results portrayed here are indistinguishable from
amplitudes evaluated atu590° when the angular dependence fro
rescattering is incorporated in the analysis.
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D. Angular dependence ofĒ „1…

Until now we have treated the effective amplitudeĒ(1)

solely as a function of energy. However, as noted in Sec
the two-nucleon rescattering termDE induces an angula
dependence roughly in proportion to 1/F(Q), thus enhancing
the back-angle amplitude relative to the forward amplitu
Here we will briefly consider how this angular dependen
relates to our previous conclusions.

As outlined in Appendix A, the effective amplitude ma
be expressed as

Ē~1 !5E01
~1 !1DEp1DE, ~24!

where the individual terms are given, respectively, by E
~1!, ~A15!, and~C5!. The expression forDE @Eq. ~C5!# de-
pends on the ratio of expectation values, both of which
functions of angle. The denominator is identified as the d
teron form factorF(Q) and is given by experiment@Eq.
~A23!#. The numerator has been estimated using a Hulth´n-
type wave function. Empirically it is found that the numer
tor varies approximately asF(Q)2« where«'0.4 andF(Q)
is the Hulthén form factor. We will assume that this func
tional dependence holds in general for more realistic w
functions, although in the final analysis the precise value o«
is not crucial.

The ansatz forĒ(1) now assumes the form

Ē~1 !5e11
e2

F~Q!11« , ~25!

wheree15E01
(1)1DEp and e2 is a free parameter definin

the magnitude ofDE.
The amplitudeE01

(1) is given by the ChPT nucleon ampl
tudes of Eq.~3!. As noted previously, there is disagreeme
over the magnitude of theP-wave-induced shiftDEp . Beane
et al. @7# conclude thatDEp is negligible, while our estimate
DEp'20.3 ~Appendix A! is nearly sufficient to cancel th
contribution fromE01

(1) in e1 . Both possibilities will there-
fore be considered.

A repeat of the energy-dependent analysis of the differ
tial cross sections, but now incorporating the angular dep
dence implicit in Eq.~25!, yields essentially the same ch
square as before. The reducedP-wave amplitudes corre
sponding to the two possibilities forDEp now become~in
the usual units!

p1
~1 !511.2860.28 ~DEp50!,

p1
~1 !511.4760.28 ~DEp520.3! ~26!

and

h058.2860.15 ~DEp50!,

h058.3160.15 ~DEp520.3!. ~27!

Compared with our initial results, Eqs.~20! and ~21!, the
only notable change is a decrease inp1

(1) . As discussed
later, theoretical predictions forp1

(1) for the free nucleon fall
well below our initial finding. However, the above values
I,

.
e

.

e
-

e

t

-
n-

p1
(1) reduce the discrepancy with theory somewhat, perh

indirectly affirming the angular dependence ofĒ(1).
Since the present amplitudesĒ(1) are a function of angle,

direct comparison with the previous amplitudes is proble
atical. Assuming the amplitudes evaluated atu590° are rep-
resentative, we find negligible differences from the resu
displayed in Fig. 7. This is not unexpected since, as s
from Eq. ~15!, the P1

(1) term vanishes atu590° and hence
no trade-off betweenĒ(1) and P1

(1) can occur here. The
stability of Ē(1) at u590° to the variations inDEp simply
reflects an exchange of strength between thee1 ande2 coef-
ficients in Eq.~25! in a manner which conserves the amp
tude.

In summary, the angular dependence ofĒ(1) introduced
by the two-nucleon rescattering correctionDE reduces our
estimate of theP-wave amplitudep1

(1) , but otherwise our
previous conclusions remain essentially unchanged.

V. DISCUSSION

The backward enhancement of the pion angular distri
tions is proof that the electric dipole amplitude is negative
sign in the threshold region, in agreement with the sign p
dicted by the ChPT calculation of Ref.@7#. Furthermore, the
experimental value for the threshold amplitudeEd is only
about 20% below the ChPT estimate, testifying to the do
nant role played by rescattering, as indeed had long b
predicted@5#.

Above threshold, the effectiveS-wave amplitudeĒ(1)

shows no indication of the unitarity cusp that is so promin
in the proton amplitude@2–4# and, presumably, also in th
neutron amplitude. Elementary considerations dictate that
nucleon cusp modulations combine constructively in the d
teron. The absence of any structure inĒ(1) is therefore an
indication that those particular manifestations of isos
breakdown which are responsible for the nucleon cusps
somehow subdued in the deuteron.

One might argue that the deuteron cusp has been wa
out by the Fermi motion of the nucleons. While it is pla
sible that Fermi motion has a diluting influence, it would
surprising if it were sufficient to remove virtuallyall evi-
dence of the deep nucleon cusps.

A more plausible argument for the absence of the d
teron cusp builds on an analogy with the free nucleon a
hinges on unitarity. As noted in Appendix C, the nucle
S-wave amplitudesE01 acquire imaginary components from
the loop diagrams as described by Eq.~C3!, whereq̄ in these
expressions is the on-shell momentum of the virtual char
pion. Isospin breakdown splits the pion masses, and be
the charged-pion threshold one replacesq̄→ i uq̄u as dictated
by analyticity. It follows that below thep6 threshold the
terms described by Eq.~C3! contribute only to thereal am-
plitudes, in effect generating the unitarity cusps in ReE01 .
Of course, this is an oversimplification since we are ignor
the underlying off-shell dynamics, but it serves to illustra
the connection between ImE01 and ReE01 on either side of
the p6 thresholds. Now let us apply these concepts to
deuteron. If the deuteron were a truly structureless isosc
particle, then the imaginary amplitude would necessa
vanish~neglectingp0 loops! and, hence, the cusp as well.
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3212 57J. C. BERGSTROMet al.
The deuteron, of course, is not structureless, but as arg
in Appendix C, the imaginary amplitude is still expected
be quite small. Pressing the free-nucleon analogy, the c
would therefore also be small. This hypothesis is made m
quantitative by reference to Appendix C, where we dem
strate a cancellation between the one- and two-nucleon
cattering terms at orderq̄, which remains in effect in the
region below the charged-pion threshold as well. The can
lation of terms of orderq̄ in the deuteron but not the nucleo
is significant because, as one recalls, it is the rapid ene
dependence ofuq̄u between thep0 and p1 thresholds that
generates the free-proton cusp, at least in the sim
K-matrix picture. In this picture, then, the same mechan
that suppresses the imaginary part ofĒ(1) in the deuteron
above thep6 threshold also suppresses the cusp in ReĒ(1)

below threshold.
Let us now turn to theP-wave amplitudesP1

(1) andH0 .
The latter is comprised ofP1,2,3

(1) and the deuteronD-state
probability @Eq. ~A26!#, and was introduced to express th
differential cross section more conveniently in terms of th
separable amplitudes.

From the energy-independent analysis of the differen
cross sections, we have demonstrated thatP1

(1) and H0 are
very well parametrized by the expressions~18! and ~19! in
the threshold region. This finding lends support to the k
conjectures underlying the model cross section of Appen
A, since those conjectures ultimately lead to an identical
rametrization of these amplitudes@see Eqs.~A8!–~A13!#.
Our comparison with theory will therefore be made throu
the reduced amplitudesp1

(1) andh0 .
The reducedP-wave amplitudes for free nucleons ha

been calculatedat threshold in ChPT @11,17#, and where
comparison with experiment has been feasible, agreeme
generally observed within a few percent or so@2,3,14#. In
other words, the predictive power of ChPT in this sec
appears to be rather good and defines the basis for the
lowing discussion.

The ChPT estimates for the reduced nucleon amplitu
of interest are~in units of 1023/mp!

p1
~1 !58.9,

h057.5, ~28!

whereh0 was evaluated for a 6%D-state probability. These
amplitudes are considerably lower than the initial experim
tal findings represented by Eqs.~20! and~21!. The compari-
son improves, especially forp1

(1) , when the angular depen
dence ofĒ(1) is taken into account as reflected in the revis
amplitudes of Eqs.~26! and~27!. Nevertheless, a substanti
discrepancy with theory is still evident, and we comment
the possible origin.

First, let us note the ChPT predictions for each of t
isovector-even amplitudes@11,17#:

p1
~1 !58.9, p2

~1 !529.7, p3
~1 !511.4. ~29!

The amplitudep3
(1) was not explicitly calculated in ChPT—

rather it was assembled as described in Ref.@14# from the
proton amplitude together with known relations between
so-called low-energy constants. The experimental estim
ed
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for p3
(1) as deduced from the12C(g,p0) reaction@14# is in

excellent agreement with Eq.~29!, and so we have noa
priori reason to suspectp3

(1) . Attention thus shifts to the
other two amplitudes.

Unlike P3
(1) , both P1

(1) andP2
(1) are associated with the

spin-dependent part of the elementary transition oper
@Eqs.~A2! and~A3!#. Moreover, from the defining equation
~2! we have the approximate relationP2

(1)'2P1
(1) since the

multipole E11
(1) is small. Let us therefore propose that th

ChPT amplitudeP2
(1) suffers the same~relative! upward

renormalization as we perceive in the experimental value
P1

(1) in comparing Eq.~26! with Eq. ~28!. A reevaluation of
h0 , now using the experimental estimate forp1

(1) , the renor-
malized ChPT value forp2

(1) , and the unaltered ChPT valu
for p3

(1) , yields the result

h058.4, ~30!

which compares much more favorably with the experimen
result, Eq.~27!, than does the unmodified ChPT amplitude
Eq. ~28!. The argument is crude, but it does point toboth
p1

(1) andp2
(1) as the sources of the discrepancy with theo

The apparent upward renormalization ofp1,2
(1) relative to

the free-nucleon amplitudes, as inferred from the deute
photopion reaction, is suggestive of some sort of two-bo
contribution which goes beyond the usual impulse appro
mation. Two-body contributions to thed(g,p0)d reaction
have been explored by Wilhelm and Arenho¨vel @18#, and
although they focus on higher energies than here, some
pects may pertain to the threshold region. Of note is
process wherein the photon couples to one nucleon while
pion is emitted by the other. As discussed in@18#, this is a
nonresonant mechanism, which means it would influe
P1

(1) and P2
(1) but not P3

(1) since the latter amplitude is
almost exclusively driven by theD~1232!. While consistent
with our above hypothesis, there is a serious drawback.
cording to @18#, the ‘‘crossed’’ diagram nearly cancels th
forward diagram, suggesting a small residual two-body a
plitude. We are unaware of any such estimates at low ene
that also reflect the off-shell nature of the bound nucleon

Finally, two recent theoretical developments dese
mention. The first@19# is an investigation of the threshol
photoproduction of pions from the nucleon using fixed-t dis-
persion relations. Threshold amplitudes were predicted
fitting to experiment in the energy range 160–420 Me
From those results we deducep1

(1)59.2, which agrees nicely
with the ChPT prediction, Eq.~28!, and reaffirms the dis-
crepancy with the present finding. No description ofp3 is
given, and so we can not comment onh0 .

In the other development@20#, unitarity arguments are
used to calculate the imaginary contribution toEd from the
virtual process gd→np→p0d. Although the resulting
change in the cross section is small, the author notes tha
real amplitude should also be affected by the process. No
has yet calculated the effect onEd , but if large, it could have
an impact upon the ChPT prediction. This is relevant since
we have seen, our relative agreement with the ChPT am
tude favored the ChPT estimate for the neutron amplitu
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E01(p0n) over the classical LET prediction. A better unde
standing of the role of thenp channel is clearly called for.

As emphasized in@20#, the threshold amplitude is actuall
comprised of two distinct components—the familiar elect
dipole (E1) amplitude plus a magnetic quadrupole (M2)
amplitude as permitted by the 11→12 nature of the had-
ronic transition. Since the two amplitudes combine incoh
ently in the total cross section, our result forEd @Eq. ~12!#
must be interpreted as an upper limit on theE1 contribution.

We conclude with a comment about the model cross s
tion which was employed in the analysis of the different
cross sections. As stated in Sec. IV, the DWIA correctio
from elastic pion-nucleus rescattering were ignored. Such
fects tend to increase the cross section due to the attra
nature of the pion-nucleus interaction, and so their inclus
tends to reduce the amplitudes as deduced from experim
A feeling for the sensitivity is given by an example. Let
assume the DWIA correction increases linearly with ener
reaching a maximum of 10% at our highest energy. Un
reanalysis, the amplitudesĒ(1), p1

(1) , andh0 shifted at most
by 4%, while the chi square worsened. Interestingly, the
timal chi square occurs when there is no slope to the hy
thetical DWIA correction.

VI. CONCLUSION

We present new measurements of both the total and
ferential cross sections for the reaction2H(g,p0) within 20
MeV of threshold. The total cross section is in general agr
ment with the only previous measurement@1#, but is of
greatly improved statistical quality. No previous angular d
tributions have been reported in the threshold region.

One focus of the present investigation is the effect
S-wave photoproduction amplitudeĒ(1) for the elastic reac-
tion 2H~g,p0!2H both at threshold and above threshold. T
necessary formulation for comparison with the experimen
cross sections and a theoretical estimate for the unreso
inelastic contribution2H(g,p0)np are developed in the Ap
pendixes. Included there is an estimate of the imaginary
of Ē(1), shown to be relatively small and therefore neglec
in the analysis. It must be noted, however, that if the e
mates for ImĒ(1) are in serious error, then certain of o
conclusions could be compromised, in particular the dedu
energy dependence of theP-wave amplitudes as portraye
by Figs. 4 and 5.

The threshold amplitudeEd has been deduced from sep
rate analyses of the total and differential cross sections, w
mutually consistent results. The experimental value fa
about 20% below the electric dipole amplitude predicted
chiral perturbation theory@7#, but agrees in sign~negative!.
The discrepancy may originate in part in the theoretical tre
ment of the two-nucleon charge-exchange rescattering
rection. Until this is under better control, the best we can
concerning the neutron amplitudeE01(p0n) is that the
present results favor the ChPT prediction over the class
LET prediction. Besides the rescattering contribution, ot
factors still require careful theoretical consideration, for e
ample, the precise role of Fermi motion, the contributi
from the two-step processgd→pn→p0d, and the magnetic
quadrupole contribution to the threshold amplitude.
r-

c-
l
s
f-

ive
n
nt.

,
r

-
o-

if-

e-

-

e

l
ed

rt
d
i-

d

th
s
y

t-
r-
y

al
r
-

Analysis of the differential cross sections proceeded
three stages. The familiar ansatz wherein the energy de
opment ofP-wave multipoles is proportional tokq was con-
firmed for the two particular amplitudes of concern here, a
this was subsequently utilized as a continuity constraint
the energy-dependent fits. For the final analysis, the effec
amplitudeĒ(1) was permitted to vary with angle in acco
dance with the two-nucleon rescattering correctionDE.

Significantly, all three analyses returned nearly the sa
central values for theĒ(1) ~the errors, however, change a
expected!. The results show a mild monotonic increase w
energy, but display no evidence of a unitarity cusp. The
sence of a cusp was resolved by a simple argument base
part on theK-matrix formalism, but this needs a more rigo
ous theoretical treatment.

The initial estimate for the reducedP-wave amplitude
p1

(1) as deduced from the angular distributions is mu
larger than the corresponding free-nucleon amplitude p
dicted by ChPT. The gap is reduced somewhat when
angular dependence ofĒ(1) is incorporated in the analysi
and is further reduced if the DWIA corrections to our PWI
model cross section are not negligible, as we have assum
However, even under the most optimistic scenario there
mains a discrepancy of roughly 20%. A smaller but still s
nificant discrepancy remains in the amplitudeh0 .

We have suggested that the problem lies with the t
amplitudesp1

(1) and p2
(1) , but not with p3

(1) . One mecha-
nism seemingly capable of renormalizing the former amp
tudes but not the latter is the two-body process where
photon reacts with one nucleon while the pion is emitted
the other. This explanation, however, appears compromi
due to a strong cancellation with the ‘‘crossed’’ diagra
@18#, and we have no estimate of the residual two-body a
plitude in the threshold region. We hope that the pres
measurements will encourage further theoretical deve
ments in the threshold region.

Tabulated values of the total and differential cross s
tions ~including or excluding the inelastic component! are
available on the SAL webpage at http://sal.usask.ca.

ACKNOWLEDGMENTS

We wish to thank the SAL staff whose hard work in pr
viding the high quality cw beam from the pulse-stretcher ri
made this experiment possible. Special thanks go to Dr
Hallin and Dr. G. Retzlaff who provided help and advic
with many of the experimental details. Stimulating discu
sions with Dr. E. L. Tomusiak and Dr. M. Benmerrouch
about the theory for this reaction are also gratefully ackno
edged. This work was performed in part with a grant su
plied by the Natural Sciences and Engineering Resea
Council ~NSERC!.

APPENDIX A: ELASTIC CROSS SECTION

We describe here the construction of the model cross
tion for 2H~g,p0!2H at low energies. The model is founde
on the usual impulse approximation in which free-nucle
amplitudes describe photoproduction from each bou
nucleon. The model then evolves to incorporate the deute
structure, the transformation from thepN to pA frames, and
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Fermi motion, all in various degrees of approximation.
quantitative treatment of those issues lies beyond the sc
of the present paper. Rather, we seek a qualitative des
tion that is sufficient for our purpose, in particular one th
clearly reflects the underlying nucleon amplitudes.

The differential cross section is given by the general
pression

k

q

ds

dV
5

1

2~2Ji11! (
lMM8

U^du(
i

Mgp~ i !ud&U2

, ~A1!

wherel, M , andM 8 are the photon and deuteron spin pr
jections, Ji51 is the deuteron spin, andMgp( i ) is the
nucleon photoproduction operator. The latter may be writ

Mgp~ i !5 isW •KW 1L, ~A2!

where

KW 5 «̂l~E011 k̂•q̂P1!1 k̂~ «̂l•q̂!P2 ,

L5~ q̂3 k̂!• «̂lP3 . ~A3!

The P-wave amplitudesP1,2,3 are the proton and neutro
equivalents of Eq.~2!, and at this stage all quantities in E
~A3! are defined in the pion-nucleon (pN) frame. Ignoring
the nuclear structure of the deuteron for the moment, E
~A1!–~A3! yield the prototype cross section

k

q

ds

dV
5

8

3
~E01

~1 !1P1
~1 !cosu* !21

4

3
~P2

~1 !sin u* !2

12~P3
~1 !sin u* !2, ~A4!

whereA(1) in general denotes the isovector-even amplitu
@recall Eq.~1!# andu* is the pion angle in thepN frame.

Next, we transform from thepN frame to thepA ~pion-
nuclear! frame, but this cannot be decoupled from consid
ation of the Fermi motion. For the latter we resort to t
so-called factorization approximation, which simply as-
sumes

PW f52PW i , ~A5!

these being the final and initial momenta of the act
nucleon in the frame of the nucleus. Invoking the impu
approximation together with Eq.~A5!, one finds@16,21#

PW i52
1

2 S 12
1

ADQW , ~A6!

whereQW 5kW2qW is the momentum transfer in thepA frame
andA52 for the deuteron. The approximation encompas
by Eqs.~A5! and~A6! has been tested against explicit tre
ments of Fermi motion to quite satisfactory effect as dem
strated, for example, in Refs.@10, 21#.

Under the transformation to thepA frame, all amplitudes
in Eq. ~A3! acquire a factorh, which in the threshold region
is given by

h'
11mp /m

11mp /md
51.07, ~A7!
pe
ip-
t

-

n

s.

s

-

e

d
-
-

wheremp , m, andmd are the pion, nucleon, and deutero
masses. This factor originates from the convention of abso
ing the phase-space factorm/W into the definition of the free
amplitudes, whereW is thepN invariant mass.

Transformation of Eq.~A3! to the pA frame is quite
straightforward if we assume that theP-wave amplitudes
follow the familiar low-energy conjecture

Pj5pj•k* q* ~ j 51 – 3!, ~A8!

where the ‘‘reduced’’ amplitudespj ~different for the proton
and neutron! are presumed to be constants and the mome
k* and q* are defined in thepN frame. The momentum
dependence of Eq.~A3! is then confined to terms propor
tional toqW * 3kW* andqW * •kW* . The Lorentz transformations o
qW * andkW* to thepA frame have been described elsewhe
@16#. Those transformations together with the factorizati
approximation then yield

qW * 3kW* '
1

h
qW 3kW , ~A9!

qW * •kW* '
1

h2 ~qW •kW2«Q2!, ~A10!

where, to ordermp
2 ,

«5
mp

4m S 12
mp

4mD . ~A11!

The photon and pion momenta,kW and qW , respectively, are
defined in thepA frame and the nuclear momentum trans
is defined byQW 5kW2qW . The term proportional to« originates
from our treatment of Fermi motion. To ordermp it is iden-
tical to the corresponding term arising from the so-cal
‘‘angle transformation’’ in pion-nucleus scattering@8#.

The prototype cross section, Eq.~A4!, now becomes

k

q

ds

dV
5

8

3 FhE01
~1 !1

1

h
P1

~1 !S cosu2«
Q2

kqD G2

1
4

3
~P2

~1 !sin u!212~P3
~1 !sin u!2, ~A12!

whereu is the pion angle in thepA frame and theP-wave
amplitudes are

Pj
~1 !5pj

~1 !
•kq. ~A13!

The reduced isovector-even amplitudespj
(1) are directly re-

lated to the corresponding free nucleonpj of Eq. ~A8!.
Note that even at threshold the Fermi term proportiona

« remains finite. Above threshold, it may be expanded i
angular-dependent and isotropic terms. Let us adopt the
vention that in thepA frame the effectiveP-wave ampli-
tudes vanish at threshold. It is then necessary to absorb
isotropic parts of the Fermi term into a redefinition of th
S-wave amplitude,

Ē~1 !5E01
~1 !1DEp , ~A14!
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where

DEp52
«

h2 ~k21q2!
P1

~1 !

kq
~A15!

and P1
(1) is defined by Eq.~A13!. In effect, theP waves

‘‘induce’’ a shift DEp in the S-wave amplitude due to the
Fermi motion, whereDEp'20.331023/mp1 at threshold.
We note in passing that a term very similar to Eq.~A15!
follows from the work of Koch and Woloshyn@5# when one
imposes the factorization approximation, Eqs.~A5! and
~A6!, upon their direct term.

The effectiveS-wave amplitudeĒ(1) is still incomplete
since rescattering has so far been ignored. We assume
two-nucleon rescattering contributionDE described in Sec. I
modifies the effective amplitude in simple additive fashio

Ē~1 !5E01
~1 !1DEp1DE. ~A16!

Finally, one-nucleon rescattering is automatically included
E01

(1) if, for example, we adopt the ChPT amplitudes of E
~3!.

In terms of the effectiveS-wave amplitude represented b
Eq. ~A16!, the prototype cross section to good approximat
becomes

k

q

ds

dV
5

8

3
~hĒ~1 !1P1

~1 !cosu!21
4

3
~P2

~1 !sin u!2

12~P3
~1 !sin u!2. ~A17!

The deuteron nuclear structure enters the cross sec
through four structure form factors@22#. Two form factors
are of the monopole type and correspond toS→S and D
→D transitions between the deuteronS and D states. The
other form factors are of the quadrupole type and inclu
S↔D transitions. The quadrupole terms are negligible n
threshold and will not be considered further. The monop
form factors are defined by

F1~Q!5E dr j 0S 1

2
Qr D @u21w2#,

F2~Q!5E dr j 0S 1

2
Qr D Fu22

1

2
w2G , ~A18!

whereu andw are the usual radial wave functions. The for
factorF1 is associated with theL term of Eq.~A3! while F2

is associated with theKW term. ThusF1 will only modulate
the P3

(1) term in the prototype cross section, Eq.~A17!,
while F2 modulates all other terms. If one neglects theD
state, then clearlyF25F1 .

The D state is easily accommodated to good approxim
tion in the threshold region. Denoting theD-state probability
by PD , we have the identity

F2~Q!5S 12
3

2
PDDF1~Q!2

3

2
PD~12PD!G~Q!,

~A19!

where
the

n
.

n

on

e
r

e

-

G~Q!5
1

6
Q2r S

2H 12S r D

r S
D 2J 1¯ ~A20!

is a rapidly converging power series. Herer S and r D are,
respectively, the rms radii of theS and D statesu and w
when the latter are individually normalized to unity. For e
ample, for the Paris potential one findsr S52.01 fm andr D
51.25 fm, with other potentials yielding similar values. Th
final term in Eq.~A19! amounts to a correction of about 2%
which we will ignore, this being a much better approxim
tion than if we had setPD50 everywhere.@The correction is
actually smaller than 2% since the next term in Eq.~A20! is
negative in sign.# Thus we may write

F2~Q!'S 12
3

2
PDDF1~Q! ~A21!

and the differential cross section takes its final form

k

q

ds

dV
5F2~Q!H S 12

3

2
PDD 2F8

3
~hĒ~1 !1P1

~1 !cosu!2

1
4

3
~P2

~1 !sin u!2G12~P3
~1 !sin u!2J , ~A22!

whereF(Q)5F1(Q). Note that theD-state contribution re-
duces the cross section near threshold by about 17%~for
PD50.06! and therefore cannot be neglected. In writing E
~A22! we are treating the effective amplitudeĒ(1) as a real
quantity. In principle, of course, it is a complex quantity, b
as demonstrated in Appendix C, the imaginary componen
expected to be small in the threshold region.

The structure form factorF(Q) may be deduced from the
electron scattering results of Simonet al. @23# after the pro-
ton charge form factor is removed. For the momentum tra
fer regionQ2<1.55 fm22, we achieve an excellent descrip
tion using the phenomenological function

F2~Q!5e2Q2r 2/3~11pQ4!, ~A23!

with r 51.90 fm andp50.317 fm4. The parameterr may be
compared with the rms structure radius^r d

2&1/251.96 as de-
duced by Simonet al. @23#. At pion threshold we obtain
F(k)50.79, in agreement with the value employed by Bea
et al. @7#.

The cross section given by Eq.~A22! can be expressed a

k

q

ds

dV
5F2~Q!~A1Bx1Cx2!, ~A24!

wherex5cosu and the coefficientsA, B, andC are func-
tions of the multipole amplitudes. The form factorF(Q),
however, is also a function of angle, and so extraction of
coefficients from the angular distributions is not as clear-
as in thep(g,p0) measurements@2#.

The coefficientsA–C are defined by
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A5
8

3
D2~hĒ!21

2

3
~2D2P2

213P3
2!,

B5
16

3
D2~hĒP1!,

C5
2

3
~4D2P1

222D2P2
223P3

2!, ~A25!

whereD512 3
2 PD and the~1! indicator has been remove

for brevity, isovector-even amplitudes being understood
erywhere. TheP-wave amplitudes in thepA frame have
been previously defined through Eq.~A13!.

One sees from the above expressions that theD factor in
effect renormalizes each of the multipole amplitudes~except
P3! by about 9%. Since it is also apparent thatP2 and P3
cannot be isolated, we will combine them into a single qu
tity, thus forming a third independent amplitude. This co
posite amplitude is defined by

H0
25

1

6 H D2~P1
21P2

21P3
2!1S 3

2
2D2D P3

2J , ~A26!

and the coefficients of Eq.~A25! now assume the form give
by Eq. ~17!. The differential cross section thus becomes
function of the~separable! amplitudesĒ(1), P1

(1) , andH0 .
The total cross section may be expressed in terms of th

amplitudes in the approximate form

k

q
s'4p

8

3
^F2&~D2h2uĒ~1 !u212H0

2!, ~A27!

where^F2& denotes the angular mean value ofF2(Q). The
peculiar definition ofH0

2 was chosen, in part, in order t
consolidate all thepN P-wave amplitudes into a single term
in the total cross section. A similar construction was inc
porated in our treatment of thep(g,p0) cross section@3#,
where the amplitude corresponding toH0

2 was defined by

F0
25

1

6
~P1

21P2
21P3

2!, ~A28!

proton amplitudes being understood forP1,2,3. The total
p(g,p0) cross section is then given by

k

q
s54p~ uE01u212F0

2!, ~A29!

similar in structure to the deuteron cross section, Eq.~A27!.
Finally, in Ref. @3# we demonstrated that the behavior

F0 within 25 MeV of threshold was well described by th
expression

F05 f 0•kq, ~A30!

where the reduced amplitudef 0 is a constant. Since the qua
dratic sum ofP1,2,3 is also the predominant component
H0

2, we assume a similar low-energy ansatz

H05h0•kq, ~A31!
-

-
-

a

se

-

where the reduced amplitudeh0 is presumed constant. Note
however, that unlikeF0 , the quantityH0 is a function of the
isovector-even amplitudesPj

(1) .

APPENDIX B: INELASTIC CROSS SECTION

In this appendix we calculate the cross section for
inelastic reaction2H(g,p0)np where the final state nucleon
are not observed. To the best of our knowledge, no previ
calculation of this particular reaction in the threshold regi
exists in the literature. Our model is admittedly rather si
plistic. For example, we will employ square-well wave fun
tions and use the effective range approximation to desc
the final-staten-p interaction. Final-statep0N interactions
are ignored since the respective scattering lengths are
small. The deuteronD state is ignored, and the relativen-p
angular momenta are confined toS, P, andD waves.

The transition operator is again given by Eqs.~A2! and
~A3!, and in fact much of the formalism for the elastic rea
tion presented in Appendix A may be adopted to the pres
calculation, with the appropriate modifications for the fina
state continuum.

For a given photon energyk, energy conservation in the
photon-deuteron c.m. frame gives

k1
k2

2md
5B1Ep1

q2

8m
1

p2

2m
, ~B1!

whereEp5(mp
2 1q2)1/2, B52.225 MeV is the binding en-

ergy,m is theN-N reduced mass, andp denotes the momen
tum of either nucleon in the finaln-p center of mass frame
Since the nucleons are unobserved, we must integrate
their final degrees of freedom, and from energy conserva
this implies integration over the pion momentumq. For
given k, the maximum value ofp ~denotedpmax! occurs
when q50 as seen from Eq.~B1!. Using the elastic cross
section, Eq.~A22!, as a starting point, the unobservedn-p
continuum is incorporated through the substitution

qF2~Q!→
1

~2p!3 E
0

pmax
quFT~Q!u2p2dp dVp , ~B2!

whereFT(Q) is now a~complex! transition form factor. Of
course, the multipole amplitudes in Eq.~A22! must eventu-
ally be incorporated into the integrand since they depend
q.

The totaln-p spin can beS50 ~singlet! or S51 ~triplet!,
and each introduces a different spin factor into the cr
section. For the singlet state, an extra factor of 1/2 must
included in Eq.~A22! and the term proportional toP3 is
absent.

The transition form factor is

FT~Q!5^C f ueiQ¢ •r¢/2uCd&, ~B3!

whereCd is the 3S1 deuteron spatial wave function andC f
is the n-p continuum wave function. For the moment w
ignore all final-state interactions and write

C f5ei ~p¢•r¢!, ~B4!
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wherepW is the momentum of either nucleon in theN-N c.m.
frame andrW is the relative nucleon separation.

Next, we consider the integration overVp in Eq. ~B2!.
This is elementary since the orientation ofqW is independent
of the direction ofpW , and consequently the soleVp depen-
dence resides inC f . We expandC f and the exponentia
term of Eq. ~B3! in separate partial-wave series, and af
some manipulation obtain

E uFT~Q!u2dVp54p(
l

~2l 11!u f l~Q!u2, ~B5!

where

f l~Q!5E j l~pr ! j l~Qr/2!CddrW ~B6!

and l denotes the relativen-p orbital angular momentum
The above assumes a purelyS-state deuteron with normal
ization

E uCdu2drW51.

Since we will wish to classify the finaln-p continuum
~and the cross section! according to isospin, it is necessary
consider the spin-isospin symmetry of the individual terms
the sum overl in Eq. ~B5!. A given isospin separates th
terms into singlet and triplet spin states according to
value ofl . As noted, these spin states differ by a factor of 1
in their respective cross sections. It is convenient to abs
this factor into the isospin decomposition of Eq.~B5!, which
we write as

E uFT~Q!u2dVp54pS f 0
21

3

2
f 1

215 f 2
21¯ D

T50

54pS 1

2
f 0

213 f 1
21

5

2
f 2

21¯ D
T51

,

~B7!

whereT denotes the totaln-p isospin and the~real! partial-
wave form factors are given by Eq.~B6! in the absence o
final-state interactions.

Transitions to theT50 andT51 final states are driven
by the isovector-even amplitudesA(1) and the isoscalar am
plitudesA(0), respectively, these quantities differing only
the relative sign between the proton and neutron amplitu
@recall Eq.~1!#. The respective inelastic cross sections follo
directly by substituting Eq.~B2! with Eq. ~B7! into Eq.
~A22!, together with the appropriateS- and P-wave ampli-
tudesA(1,0). The integral overp must, of course, encompas
these amplitudes. The resulting expressions are ra
lengthy and will not be presented here.

In Appendix A the elastic cross section was expresse
the form @Eq. ~A24!#

ds

dV
5

q

k
F2~Q!@A1Bx1Cx2#. ~B8!
r

n

e

rb

es

er

in

The coefficientsA–C are defined in terms of the isovecto
amplitudes in Eq.~A25!. We will designate them asA(1),
B(1), and C(1) to distinguish them from coefficients con
structed from the isoscalar amplitudes, designated res
tively asA(0), etc. The quantityx5cosu, whereu is the pion
angle in the c.m. frame. From previous considerations
may also express the inelastic cross sections in terms of t
coefficients. Includingn-p partial waves up tol 52, we ob-
tain

S ds

dV D
T50

5
1

2p2k E
0

pmax
qp2S f 0

21
3

2
f 1

215 f 2
2D

3@A~1 !1B~1 !x1C~1 !x2#dp,

S ds

dV D
T51

5
1

2p2k E
0

pmax
qp2S 1

2
f 0

213 f 1
21

5

2
f 2

2D
3@A~0!1B~0!x1C~0!x2#dp, ~B9!

where the spin-dependence ofA–C is implicitly understood
~e.g.,P3 is absent in singlet transitions!.

The form factorsf l(Q) appearing in Eq.~B9! are defined
by Eq. ~B6! in the plane-wave limit. The deuteron spati
wave functionCd is given by the simple square-well mod
described in many textbooks. The well depth and radius
Vi538.5 MeV andRi51.93 fm @24#. Our results are not
very sensitive to these particular parameters since the c
sections are largely determined by the asymptotic beha
of the wave function,Cd;e2gr /r , whereg50.232 fm21 is
fixed by the binding energy.

The plane-wave approximation forf l(Q) is adequate for
n-p partial wavesl .0, since the respective scattering pha
shifts are small, but forS waves it is necessary to take int
account theN-N final-state interaction. The final-state wav
functions are evaluated in the square-well approximati
with parametersVf538.5 MeV andRf51.93 fm for the3S1
continuum andVf514.3 MeV andRf52.50 fm for the 1S0
continuum@24#. Beyond the rangeRf the continuum wave
functions are given by

C f~ l 50!→
eid0

pr
sin~pr1d0!, ~B10!

whered0 is theS-wave phase shift. Note that this does n
alter the basic formalism described by Eq.~B9!; one merely
replaces the Bessel functionj 0(pr) in Eq. ~B6! by the ap-
propriate distorted-wave function, asymptotically normaliz
to Eq.~B10!. Since theS-wave form factor is now a complex
quantity, it enters Eq.~B9! as u f 0u2.

Finally, the S-wave phase shiftsd0 are evaluated using
the effective range approximation

p cot d052
1

a0
1

1

2
r 0p2, ~B11!

where the scattering length and effective range are, res
tively, a055.4 fm, r 051.75 fm for the triplet state anda0
5224 fm, r 052.73 fm for the singlet state@24#. The bound
state and continuum parameters approximately satisfy the
thogonality requirement̂3S1u3S1&50.
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The coefficientsA( i ) –C( i ) in Eq. ~B9! are defined by Eq.
~17! as derived from Eq.~A25!, with D51 since theD state
is being ignored. TheP-wave amplitudes are parametrized
terms of reduced amplitudes following the usual conject
P1,2,3

(1,0)5p1,2,3
(1,0)

•kq andH0
(1,0)5h0

(1,0)
•kq, wherek andq are

expressed in units of the pion mass. Most analyses agree
the isoscalarP-wave amplitudes are very small, and here
will adopt the ChPT predictions of Refs.@7,11,17#. Trans-
lated to our notation, the reduced amplitudes~in units of
1023/mp1! are

p1
~0!51.5 and h0

~0!50.8. ~B12!

The effective isoscalarS-wave amplitude follows directly
from the ChPT nucleon amplitudes of Eq.~3!:

Ē~0!521.65. ~B13!

This should provide a reasonable estimate of the effec
amplitude since, as elementary isospin considerations d
onstrate, the two-nucleon rescattering corrections larg
cancel in the isoscalar amplitudeE01

(0) . The above roughly
agrees with the ‘‘old’’ LET predictionE01

(0)521.40, not un-
expected since the ChPT corrections from the ‘‘triangle d
gram’’ cancel in the isoscalar amplitude.

The reduced isovector-even amplitudes as deduced f
the ChPT results arep1

(1)58.9 andh0
(1)57.8. However, the

present measurements are consistent with slightly larger
plitudes and we compromise with the values

p1
~1 !'11 and h0

~1 !'8.1. ~B14!

Actually, the total inelastic cross section as evaluated by
plicit integration ofds/dV is rather insensitive top1

(1) ~for
a fixedh0

(1)!, as could be anticipated from the approxima
elastic cross section of Eq.~A27!.

The effectiveS-wave amplitudeĒ(1) is strongly influ-
enced by the two-nucleon rescattering correction. The thre
old amplitude deduced from the ChPT calculation@7# is
given by Eq.~11!, but in view of the present measuremen
we will adopt the slightly lower value

Ē~1 !'22.0, ~B15!

and in addition we will neglect any energy dependence s
as might arise from unitarity and other considerations.
adopting Eq.~B15! we are assuming the rescattering corre
tion is comparable for the elastic and inelastic channels,
this is not a crucial issue, since the transition to theT50
continuum is dominated by theP-wave terms.

An error analysis of the input parameters suggests a
oretical uncertainty of about625% in the cross section. Thi
uncertainty derives in large part from the isoscalar amplitu
Ē(0) @Eq. ~B13!#, to which we ascribe a nominal uncertain
of 60.3. The cross section is mildly dependent on the3S1
scattering length, but is quite insensitive to the1S0 scattering
length.

We are unaware of any discussion in the literature w
which we may compare the present calculation. As an al
native, we consider the related reaction2H(g,p1)nn which
has been calculated by Noble@25# using a rather differen
e
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formalism than here. As applied to the charged pion chan
only the second (T51) cross section of Eq.~B9! is relevant.
The transformation top1 production introduces an extra fac
tor of 1/2 in the cross section, and of course the appropr
p(g,p1) multipoles enter theA–C coefficients. For the
S-wave multipole we adopt the usual Born valu
E01(p1n)528, while the reducedP-wave amplitudes are
given byp1522.0 andh0515.6 @26#, all in the usual units.
Finally, the n-n scattering length isa05216.4 fm, as in
@25#. All other parameters are as previously specified.

The resulting total2H(g,p1)nn cross section is in very
good agreement with the cross section evaluated by No
@25#. Both calculations fall about 10% below the experime
tal cross section of Boothet al. @27# ~see Fig. 3 of Ref.@25#
for a representative comparison of theory and experimen!.

The same reaction was also measured by Auditet al. @28#
with somewhat improved statistical precision, and the res
are about 10%lower than reported by Boothet al.According
to Ref. @28#, the discrepancy has been resolved in favor
the lower cross section, which places the present calcula
of 2H(g,p1) in excellent agreement with experiment and
an encouraging test of the formalism.

APPENDIX C: IMAGINARY PART OF Ē „1…

We present a simple estimate of the imaginary part of
effective amplitudeĒ(1) and argue that it is negligible in th
energy domain of the present experiment.

Generalizing Eq.~9! to include complex amplitudes in th
region above threshold, we have the identity

Im Ē~1 !5Im E01
~1 !1Im DE, ~C1!

where

Im E01
~1 !5

1

2
@ Im E01~p0p!1Im E01~p0n!# ~C2!

andDE is the two-nucleon rescattering contribution~below!.
The two terms in Eq.~C2! derive from one-nucleon resca
tering and can be estimated from unitarity constraints us
for example, the conventionalK-matrix formalism. For free
nucleons one obtains

Im E01~p0p!5E01~p1n!acxq̄,

Im E01~p0n!52E01~p2p!acxq̄, ~C3!

where acx5&(a12a3)/3 is the p1n→p0p charge ex-
change amplitude andq̄ is the on-shell momentum of th
intermediate charged pion. The otherS-wave multipoles de-
scribegp→p1n andgn→p2p. Combining Eqs.~C2! and
~C3!, we obtain

Im E01
~1 !5

1

2
h@E01~p1n!2E01~p2p!#acxq̄, ~C4!

where the factorh @Eq. ~A7!# arises from thepN→pA
frame transformation.

The two-nucleon rescattering contributionDE is given in
the static approximation by@10#
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DE52
1

2
h@E01~p1n!

2E01~p2p!#acx

^~1/r !eiq̄rei ~k¢1q¢ !•r¢/2&

^ei ~k¢2q¢ !•r¢/2&
, ~C5!

where the expectation values are evaluated between deu
states. To simplify the discussion we will neglect theD-state
contribution, and from Eq.~C5! we then obtain

Im DE52
1

2
h@E01~p1n!

2E01~p2p!#acx

^~1/r !sin q̄r j 0~Q1r /2!&

^ j 0~Q2r /2!&
,

~C6!

whereQ65ukW6qW u.
Note that ImDE as defined by Eq.~C6! is a negative

quantity. However, unitarity demands that the physical a
plitude ImĒ(1) be positive definite, and so some addition
compensating term must be present, and of course th
precisely the one-nucleon rescattering term ImE01

(1) . The
point is that a consistent treatment of ImĒ(1) requires that
both rescattering contributions be evaluated within a sin
common framework, as opposed to treating them as mutu
independent processes.
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Consider now the expansion of Eq.~C6! in terms of the
generic pion momenta (q,q̄). To lowest order we find

Im DE52
1

2
h@E01~p1n!2E01~p2p!#acxq̄, ~C7!

which exactly cancels the contribution expressed by
~C4!. We thus reach the remarkable conclusion that the fr
nucleon imaginary amplitudes, Eq.~C3!, which are substan-
tial even at low energy, are not a deciding factor in t
strength of ImĒ(1). Indeed, in our simplified scheme th
strength of ImĒ(1) is mainly decided by terms of orderq̄3,
which are demonstrably much smaller than the imagin
parts of the free-nucleon amplitudes. These conclusions
confirmed by explicit numerical evaluation of Eq.~C6!.
Since ImĒ(1) enters the differential cross section in qu
dratic form ~there are no interference terms!, little loss in
generality results from setting ImĒ(1)50 in the analysis of
Sec. IV.

We expect that the leading-order cancellation will s
prevail in a more refined calculation; for example, one wh
properly incorporates Fermi motion. Indeed, preliminary
sults from such a comprehensive calculation@26# support our
conclusion that ImĒ(1) is negligible over the present energ
domain.
ys.

er,

e
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