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New photodisintegration threshold observable in3He
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Measurements of the cross section, vector and tensor analyzing powers, and linear gamma-ray polarization
in the radiative capture reactionsD(p,g)3He andp(d,g)3He at c.m. energies in the range 0–53 keV allow the
determination of the reduced matrix elements~RMEs! relevant for these transitions. From these RMEs the
value of the integral which determines the Gerasimov-Drell-Hearn sum rule for3He is obtained in the thresh-
old region, corresponding to two-body breakup, and compared with the results of anab initio microscopic
three-body model calculation. The theoretical predictions for the value of this integral based on a ‘‘nucleons-
only’’ assumption are an order of magnitude smaller than experiment. The discrepancy is reduced to about a
factor of 2 when two-body currents are taken into account. This factor of 2 is due to an almost exact
cancellation between the dominantE1 RMEs in the theoretical calculation. The excessE1 strength observed
experimentally could provide useful insights into the nuclear interaction at low energies.

PACS number~s!: 21.45.1v, 24.70.1s, 25.20.2x, 25.10.1s
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Previous measurements and calculations in the thres
region of theD(n,g)3H and theD(p,g)3He reactions have
demonstrated the important role played by non-nucleonic
grees of freedom in this reaction at these energies. For
ample, the inclusion of two-body currents~meson-exchange
currents! increases the thermalD(n,g)3H capture cross sec
tion by a factor of 2@1#, in accord with experiment. In the
case ofD(p,g)3He, it has been observed@2# that the vector
analyzing power measured atEp580 keV is about a factor
of 2 smaller than calculated if two-body currents are n
glected.

In the present work, we have been able to evaluate
integral which determines the Gerasimov-Drell-Hea
~GDH! sum rule @3,4# in the threshold photodisintegratio
region of 3He. The results indicate that this region contain
negligible contribution to the total value of the GDH su
rule for 3He. However, we also find that the experimenta
determined value of this ‘‘GDH integral’’ is about a factor o
10 greater than calculated if two-body currents are neglec
In fact, a factor of 2 discrepancy remains even with tw
body currents included. The integral shows great promis
a sensitive new means for studying the subnucleonic deg
of freedom of3He and the detailed nature of the the two- a
three-body nuclear force.

The GDH sum rule connects the helicity structure of t
photo-absorption cross section to the anomalous magn
moment of the nuclear target. It is derived using Lorentz a
gauge invariance, crossing symmetry, causality, and unita
of the forward Compton scattering amplitude, and is exp
itly given by

I T5E
v th

`

dv
sP~v!2sA~v!

v
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wheresP andsA are the cross sections for the absorption
polarized photons of energyv and helicities parallel and
antiparallel to the target spinsT ~in its maximum state!, v th is
the threshold photon energy for inelastic processes,a is the
fine-structure constant, andmT and kT are the target mas
and anomalous magnetic moment, respectively.

The recent interest in the nucleon and deuteron GDH s
rules stems from the study of the spin-dependent struc
functions in deep inelastic scattering@5#. Since the proton
and neutron have relatively large anomalous momentskp

51.793 andkn521.913), the corresponding values ofI T

obtained from Eq.~1! are large, I p5204.8 mb and I n

5232.5 mb, while the deuteron, for whichkd520.143,
has a comparatively smallI d50.652 mb. As has been pre
viously discussed@6,7#, one should expect to observe th
sum of the proton and neutron strengths~and more! in the
deuteron above pion threshold, indicating that a large ne
tive contribution of about this size (2436 mb) should exist
below this threshold. Indeed, the authors of Ref.@8# point out
that the photodisintegration channel, which is the only ph
toabsorption process below the pion threshold, should giv
large negative contribution arising from theM1 transition to
the resonant1S0 state just above the deuteron break
threshold (v2v th,100 keV), since this state can only b
formed if the deuteron spin and photon helicity are antip
allel. This has not, to our knowledge, been observed exp
mentally. In 3He, the GDH sum rule isI 3He5498 mb, using
the experimental valuek 3He528.366. As in the case of the
deuteron, it is useful to divide the integral into the part up
pion threshold, and the part above this threshold. For the
above pion threshold, the3He nucleus should have roughl
©1999 The American Physical Society01-1
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the same strength as the neutron, i.e.,.230 mb. Such an
expectation is based on the fact that the3He ground state
consists predominantly of a spherically symmetricS-wave
component, in which the proton spin projections are oppo
and the net polarization is therefore due entirely to the n
tron. Ignoring corrections to this naive estimate, it is e
pected that thev region from the photodisintegration thres
old (v th55.4949 MeV) up to the pion threshold shou
contribute about 266mb to the 3He GDH sum rule. Follow-
ing the case of the deuteron, it is of interest to study3He in
the region just above breakup threshold. As will be se
below, the experimental results for3He indicate that a very
insignificant amount of the GDH sum rule for3He is located
in the threshold region. However, it is found that the value
the integral which determines this sum-rule@see Eq.~1!# is
extremely sensitive to non-nucleonic degrees of freedom
the region ofv2v th,53 keV.

We define~limiting our discussion hereafter to the3He
case!

I ~v̄ !5E
v th

v̄
dv

sP~v!2sA~v!

v
, ~2!

with, obviously,I (v̄→`)5I 3He. We have not made a direc
measurement of thesP and sA photoabsorption cross sec
tions to determine the contribution toI (v̄). Instead we have
determined its value from measurements of the cross
tions, and vector and tensor analyzing powers for the ra
tive capture reactionsD(p,g)3He andp(d,g)3He. In fact,
these measurements allow the determination of the com
reduced matrix elements~RMEs! of these reactions. This ha
been performed at Triangle Universities Nuclear Laborat
~TUNL! for proton and deuteron incident energies in t
range 0–80 keV, corresponding to valuesv th<v
<5.548 MeV.

The pd continuum states are specified by the relative
bital angular momentumL between thep andd clusters, the
channel spinS (S51/2,3/2), and the total angular mome
tum J. The amplitude for absorption of a photon of mome
tum q and helicityl on a 3He nucleus with spin projection
s3 resulting in a transition to apd state with quantum num
bersLSJJz is given by

j Jzls3

LSJ ~q!5^C211
LSJJzu êl~q!• j ~q!uC3

(1/2)s3&, ~3!

whereêl561 is the photon polarization vector andj (q) is the
nuclear electromagnetic current operator. The c.m. photo
integration cross section then reads

sls3
~v!5

8pamp

v (
LSJJz

u j Jzls3

LSJ ~v ẑ!u2, ~4!

where v5uqu is the photon energy,m is the pd reduced
mass, andp is their relative momentum, which is fixed b
energy conservation. In the energy region under consi
ation here (pd relative energies less than 53 keV!, there are
only six significant RMEs corresponding to magnetic a
electric dipole transitions (M1 andE1, respectively! result-
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ing in emission ofpd pairs in relativeS- andP-wave states.
Thus, ignoring the contribution of higher order multipole
we find @16#

Ds[sP2sA

5
16p2amp

v F2us2u21
us4u2

2
2up2u21

up4u2

2

2uq2u21
uq4u2

2 G , ~5!

where for ease of presentation we have introduced the n
tion s2J11[M1

0JJ , p2J11[E1
1(1/2)J , andq2J11[E1

1(3/2)J for
J51/2 and 3/2~the superscripts inXl

LSJ, X5M ,E, refer
respectively to the quantum numbersLSJ defined above!.
The energy dependence of the RMEs andDs is understood.

The RMEs have been determined by fitting our polariz
capture data obtained using polarized proton and polar
deuteron beams incident on unpolarized deuteron and pr
targets, respectively. Because of time reversal invariance
RMEs for the capture reaction are related to those for
photoabsorption reaction by phase factors, which are ir
evant for theDs defined above. The current data set a
shown in Fig. 1 along with the fit used to determine t
amplitudes and phases of the six contributing transition m
trix elements. These data are all at a c.m. energy ofEc.m.
526.6 keV, corresponding to Ed580 keV or Ep
540 keV. Although many of these data have been pre
ously published@2#, additional data have been added to t
Ay set. Furthermore, new data have been obtained for
tensor analyzing powersT21 andT22, the linear gamma-ray
polarization data have been remeasured, and data for the
observableAg , corresponding to the difference in the line
gamma-ray polarizations for spin-up versus spin-down in
dent polarized protons, have been added.

These data are sufficient to determine the six contribut
matrix elements and their five relative phases in an unc
strained fit. However, in order to reduce the error on
amplitudes of the RMEs, theE1 S51/2 and M1 phases
were held equal to the theory values. The initial values of
other phases and amplitudes were set equal to the calcu
ones@9#. Fixing these phases causes a less than 2% chan
the totalx2 of the fit relative to the unconstrained result.

The results of this procedure provide the value ofDs at
v̄155.522 MeV. Our previous work@2# gave the value of
the absolute cross section forEp from 0 to 80 keV~corre-
sponding tov from 5.495 MeV up to 5.548 MeV!, and also
extracted the fraction of this cross section which was due
M1 ~versusE1) as a function of energy. If we assume th
the ratio of the doublet-to-quartetM1 strengths and theJ
53/2 to 1/2E1 strengths are equal to the values we obtain
at Ec.m.526.6 keV~the uncertainty in our results due to th
assumption will be evaluated, see below!, we can perform
the integral of Eq.~2!. The results corresponding to integra
ing up to v̄155.522 MeV (Ep540 keV) or to v̄2
55.548 MeV (Ep580 keV) are presented in Table
While this is an insignificant~negative! contribution to the
1-2



e
ry

s
-
ri
in

en-
fact
s, so

alue
ly
ase

ns
ion
een

-
ria-
-
de

than
ta
y
n
d a
Fig.

l-

il-

-
the

d

cu-

rate

rv-
tion,
al
s of
s

dy

s

of

ta
u
d
n

e-
o
p

RAPID COMMUNICATIONS

NEW PHOTODISINTEGRATION THRESHOLD . . . PHYSICAL REVIEW C61 021601~R!
total strength expected below pion threshold, it is an int
esting result which can be compared directly with theo
The uncertainties given on the value obtained in Eq.~5!
come primarily from the uncertainty in the absolute cro
sections quoted in Ref.@2# ~9%!, and the statistical uncertain
ties associated with the RME fit which determined the va
ous amplitudes. The contribution to the uncertainty result

TABLE I. The contributionsI (v̄) ~in nb! for two energiesv̄. In
the third column, the values obtained from a fit of the experimen
pd capture data are reported. The results of the theoretical calc
tions obtained with one-body only and both one- and two-bo
currents are listed in the fourth and fifth columns, labeled IA a
FULL, respectively. The lines denoted byM1, E1 S51/2 and

E1 S53/2 report the partial contributions toI (v̄55.522 MeV) of
the corresponding RMEs.

v̄ (MeV) I (v̄) FIT IA FULL

5.522 M1 20.053060.0077 20.0029 20.0609
5.522 E1 S51/2 20.037360.0092 20.0030 10.0027
5.522 E1 S53/2 20.002460.0007 20.0050 20.0001
5.522 Total 20.092860.0121 20.0112 20.0583
5.548 Total 21.14460.212 20.161 20.582

FIG. 1. pd capture observables~full dots with error bars! and
their fit ~solid lines! used to determine the six leading RMEs. Th
oretical predictions including one-body only and both one- and tw
body currents are shown by the dotted and dashed lines, res
tively.
02160
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from the assumption of constant ratios as a function of
ergy, described above, was found to be small due to the
that the cross section falls rapidly as the energy decrease
that large changes in these ratios~say 20%, which is twice
the value predicted by theory@9#! at low energies~say near
20 keV! have a small effect~less than 2%! on our result.
Since theory indicates changes of less than 10% in the v
of these ratios when going from 10 to 40 keV, it is unlike
that this assumption affects our results, especially in the c
where we integrate only up toEp540 keV.

A detailed description of the theoretical calculatio
which provide the basis for a comparison and interpretat
of the experimental capture results obtained above has b
previously published@9#. With respect to this earlier refer
ence, however, we note that in the present work the va
tional treatment of thepd continuum states has been im
proved. As a result, the present calculations which inclu
both one- and two-body currents are in better agreement
reported in 1996@9# with the many experimental capture da
obtained below 80 keV@2#. In particular, the discrepanc
between the calculated and measuredAy observable has bee
reduced substantially. Theoretical predictions for this an
number of other observables are compared with data in
1 where the results for both one-body~nucleons only! and
one- and two-body currents are presented.

As in Ref. @9#, we use the correlated-hyperspherica
harmonics~CHH! method@10# to generate theA53 bound-
and scattering-state wave functions from a realistic Ham
tonian consisting of the Argonnev18 two-nucleon@11# and
Urbana-IX three nucleon@12# interactions. The nuclear elec
tromagnetic current includes a one-body component of
standard impulse approximation~IA ! form, and two-body
components@13#, leading terms of which are constructe
from the charge independent part of the Argonnev18 inter-
action. A comprehensive review of this aspect of the cal
lation as well as issues related to the treatment ofD-isobar
degrees of freedom can be found in Refs.@9,14#. Here, we
only emphasize that this model for the current~and charge!
operators has been shown to provide, at low and mode
values of momentum transfers (<1 GeV/c), a satisfactory
description of many few-nucleon electromagnetic obse
ables, such as the deuteron threshold electrodisintegra
the 1H(n,g)2H radiative capture cross section at therm
neutron energies, the magnetic moments and form factor
the trinucleons, and thed(p,g)3He radiative capture cros
section at low energies~again, see Ref.@14# for a review!.

The value of the GDH sum rule integralI (v̄) predicted
with inclusion of one-body only and both one- and two-bo
currents~columns labeled IA and FULL, respectively! are
reported in Table I for v̄155.522 MeV and v̄2
55.548 MeV. Table I also lists the individual contribution
to I (v̄1) from the 2us2u21us4u2/2, 2up2u21up4u2/2, and
2uq2u21uq4u2/2 RME combinations~rows labeled M1,
E1 S51/2, andE1 S53/2, respectively!.

The total contributions in IA including theM1, E1 S
51/2 andE1 S53/2 strengths are found to be an order
magnitude smaller than data. This is because in IAus2u2

.0.53us4u2, up2u2.0.53up4u2 and the quartet (S53/2)E1
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strength is very small. If we consider the long-waveleng
approximation in which theE1-multipole operator is spin
independent, then transitions from the3He ground state to
the S53/2 channelpd states are inhibited since they mu
proceed through the relatively smallD-wave component of
the 3He wave function. Hence the quartetE1 RMEs are
individually small. Such is not the case for the doubletE1
RMEs, which result from transitions involving theS51/2 pd
states and the dominant S-wave component of the3He
ground state. Yet, the doubletE1 strength combination oc
curring in Ds happens to nearly vanish. The ratio.0.5 for
the doublet to quartetM1 strength obtained in IA is consis
tent with predictions for thepd capture at zero relative en
ergy obtained with the Faddeev method using a variety
realistic Hamiltonians@15# ~the ratio is found to have only a
weak energy dependence!.

When two-body currents are included, the doubletM1
strengthus2u2 becomes roughly twice as large as the qua
M1 strengthus4u2, a result also consistent with the earli
calculations@15#. This makes the overallM1 contribution to
I (v̄) negative and relatively large. The quartetE1 RMEs
remain negligible. However, the nearly exact cancellat
between the doubletE1 strengthsup2u2 and up4u2/2 is not
significantly influenced by the inclusion of two-body cu
rents. Thus the total contribution toI (v̄) according to theory
is mostly due toM1 strength.

The factor of ten discrepancy between the integral of
~1! for the IA calculation and experiment~see Table I! can
also be observed as discrepancies with several of the ob
ables of Fig. 1. Note, for example the large discrepancie
Ay(u), iT11(u), and T20(u). While these are largely re
moved when two-body currents are included~see Fig. 1!, the
remaining discrepancy of a factor of two for the GDH int
s

s.

l.
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gral observable show up in Fig. 1 primarily as discrepanc
in s(0°) andT20(0°). These discrepancies, quantified mo
succinctly in the value of the GDH integral, arise main
from the difference between theup2u2 and theup4u2/2 E1
strengths, as Table I makes clear. The physical origin of
effect could be hidden in the detailed nature of thep-wave
part of theNN force or even a possible spin-dependent thr
body force@17#, but remains unexplained.

In summary, polarized capture data have made it poss
to determine the value of the integral which defines the G
sum rule in the region just above threshold in3He. While the
results indicate that an extremely tiny piece of the total su
rule strength is located in this region, we have found,
direct comparison with theory, that this integral is very se
sitive to the effects of two-body currents. The inclusion
these currents reduces the discrepancy between theory
experiment from a factor of 10 to a factor of 2. Furth
theoretical progress is needed to understand the physica
gin of the difference in thep-waveE1 RMEs responsible for
the remaining discrepancy. This first glimpse of the GD
integral for 3He, although insignificant to the sum rule valu
demonstrates the new knowledge contained in this quan
and emphasizes the need for measurements at higher
gies.
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