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Polarization observables in the semiexclusive photoinduced three-body breakup of *He
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The photon and *He analyzing powers as well as spin correlation coefficients in the semiexclusive three-
body photodisintegration of *He are investigated for incoming photon laboratory energies E, = 12, 40, and
120 MeV. The nuclear states are obtained by solving three-body Faddeev equations with the AV18 nucleon-
nucleon potential alone or supplemented with the UrbanalX three-nucleon force. Explicit 7- and p-meson
exchange currents are taken into account, but we also compare to other models of the electromagnetic current. In
some kinematical conditions we have found strong effects of the three-nucleon force for the *He analyzing power
and spin correlation coefficients, as well strong sensitivities to the choice of the currents. This set of predictions
should be a useful guidance for the planning of measurements. In addition, we compare our results for two-body
3He breakup induced by polarized photons with a few existing data.
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I. INTRODUCTION

The study of polarization phenomena is a natural exten-
sion of investigation of unpolarized processes. It provides
additional information on details of the underlying nuclear
Hamiltonian not available in unpolarized reactions. In nucleon-
nucleon (NN) systems the polarized processes provide a
necessary data set to construct the NN potentials [1]. The
investigation of nucleon-deuteron (Nd) elastic scattering and
the deuteron breakup reaction with polarized incoming nuclei
or polarization of the outgoing particles measured is indis-
pensable to learn about properties of the three-nucleon (3N)
forces. Nowadays spin observables in Nd elastic scattering
where the initial deuteron and/or nucleon is polarized and also
the polarization of the final particles is measured are available
and can be compared with rigorous theoretical predictions
[2-5]. Also for deuteron breakup such studies were performed,
both experimentally [6-8] as well as theoretically [9,10].
Altogether, this allowed to test the current models of the
nuclear Hamiltonian.

In addition to the strong forces, the electromagnetic
processes contain new dynamical ingredients because of the
interaction between real or virtual photons with the currents
of nuclei. It was found that in such processes contributions
to the nuclear current because of meson exchanges play
an important role. Studies of polarization observables in
photo- and electro-induced processes on the deuteron [11],
as well as in the Nd radiative capture [12—16] can be used to
determine the structure of nuclear currents. The combination
of strong and electromagnetic interactions is a demanding
test for theoretical models. The results up to now show an
overall good agreement of theoretical predictions with the
data; however, there is still room for improvement [17].
Recently an important progress is observed in experimen-
tal investigations of processes with polarized photons. The
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high-intensity sources of highly polarized photon beams
obtained by the Compton backscattering give hope for future
precise data [18]. The analysis of the first measurement of
the 3He breakup using polarized photons at low energies is in
progress and was reported recently in Ref. [19].

In this article we present the results of theoretical in-
vestigations of spin observables in kinematically incomplete
)7(3I-fe, N)NN processes in which the incoming photon and/or
the *He nucleus are polarized. This study is done for three
photon laboratory energies E, = 12,40, and 120 MeV. For
each photon energy, the energy spectrum of the detected
outgoing nucleon at different angles has been calculated. We
restrict ourselves to photon energies below the pion production
threshold and have chosen the above energies as examples of
low, intermediate, and high photon energies. It was shown
in Ref. [20] that for those energies one can expect different
manifestations of the action of the 3N force in two-body
photodisintegration of 3He. Although at low energies the
inclusion of the three-nucleon forces decreases the cross
section, at higher energies 3N forces act in the opposite
direction. At intermediate energies the influence of 3N forces
on the two- and three-body breakup cross sections is negligible.
As shown in Sec. III for several spin observables the influence
of 3N forces is visible in the semiexclusive spectrum of the
outgoing nucleon also at intermediate energies of the incoming
photon. The presented results should be a useful guide for
future experiments. Up to now, to the best of our knowledge,
no such predictions have been published.

In Sec. I we shortly describe the theoretical formalism
underlying our calculations and give definitions for the studied
spin observables. In Sec. III we present our predictions for
three-body breakup. In addition we turn into two-body *He
breakup and compare our results to a few existing data. We
summarize in Sec. IV.
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II. THEORETICAL FRAMEWORK

The theoretical framework we use is described in detail
in Refs. [13,17,20,21]. For the convenience of the reader we
briefly summarize the most important steps. The basic nuclear
matrix element NN is expressed through the state |om,

which fulfills the Faddeev-like equation

|T7) = (1 + P)ju(D)| Wi ) + [tGo P + 51 + PV,
x Go(tGo + 1)P]|0"). (1

Here jr(é) is a spherical T component of the *He electro-
magnetic current operator, ¢ the NN #-matrix, G the free 3N
propagator, and P the sum of the cyclical and anticyclical
permutations of three particles. Further V4(l) is that part of the
3NF, which is symmetrical (like the NN ¢ matrix) under the
exchange of nucleons 2 and 3, and |3}, ) is the 3He bound
state with spin projection m. The nuclear matrix element for
three-body breakup of *He is given via

N = o GGo+ 0PI, @

m;,T,m
where (®g| is the properly antisymmetrized (in the two-
body subsystem) state of three free nucleons with their spin
projections m;.

Given the N,fl r.n amplitudes, one can calculate any
polarization observables. They are expressed through the
nuclear matrix elements with different spin projections carried
by the initial photon, the *He nucleus, and by the outgoing
nucleons.

Choosing the z axis to be the direction of the incoming
photon and allowing for a linear photon polarization Pj
along the x axis, with the polarization component Pg/ =-1,
and for the *He target nucleus polarization P;He along the y
axis, the cross section in a kinematically incomplete reaction
)7(3I-fe, N),NN when the outgoing nucleon is detected at angles
(8, ¢), is given by the following:

op"fﬁe(e @) = unp01(9)[1 + P} cos(2¢)AY(0)

3He
+PHe cos(¢>)AyHe )
+PJ cos(2¢) Py cos(¢)CT He(6)
+ P! sin(2¢) P, sin(@)CY", He(9)] 3)
Here the nonvanishing spin observables are the photon
[AY(6)] and the 3He [A';HC(G)] analyzing powers, and the

spin correlation coefficients C}’,’;HE(G) and Ci’,’;ﬁe(é). They
can be obtained by measuring the spectra of the outgoing
nucleon using a proper combination of ¢ angles and are
expressed through the nuclear matrix element NN by the
following:

Zm,m (zg't{Nmia—lva;;;,-&-l,m})

AY(0) =
Zmim (iNn1;,+l,m|2 + |Nm,,—l,m|2)
Aine(e)
Yo (=23{N,y, 1 1N 1’%}—2 {Np, 411 N% 1})

2

mim (|Nmi,+l,m| + ’Nm,-,—l,m|2)
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C;’ ;He(g)

o (F23{N,, N %}+2\s{Nm LN L "})

Zmim (|Nm;,+1,m| + |Nm[,—l,m‘2)

)
_ o OV Ny 28N, Ny )
Zm,m (|Nmi,+1,m’2 + ‘Nm,-,—l,m‘z)
“)

III. RESULTS

We solved Eq. (1) using a momentum space partial-wave
decomposition and the AV 18 nucleon-nucleon potential [22]
alone or supplemented with the UrbanalX 3NF [23]. The
Coulomb interaction was taken into account in the *He bound
state but was neglected in the final scattering states. Although at
E, =40 and 120 MeV the effects of the Coulomb interaction
in the final state should be rather small, at the lower energy
of E, =12 MeV one can probably expect visible effects
[24]. However, only a calculation with exact inclusion of the
Coulomb interaction in the final state can verify this statement.
For both parities and the total angular momentum of the 3N
system J < 1—25 all partial waves with angular momenta in
the two-body subsystem j < 3 have been used. We refer to
Ref. [21] for more details on our basis, partial-wave decom-
position and numerics. The electromagnetic nuclear current
operator was taken as the single nucleon current supple-
mented by the exchange currents of the m- and p-like
nature [12].

Before presenting the polarization observables, for the sake
of completeness, we would like to show the unpolarized
cross section for the y(3 He, N)NN reaction with the detected
outgoing nucleon to be a proton (Fig. 1) or a neutron (Fig. 2).
We choose the detection polar angle 6 to be 6§ = 30°, 60°, 90°,
120°, or 150°. The spectra at 8 = 90° were already presented
in Ref. [20]. The structures seen in these spectra originate from
an interplay between strong final-state interactions, meson
exchange currents, phase-space factors, and the properties of
the 3N bound-state wave function. For example, for the neutron
spectrum at E, = 120 MeV and 6 = 90° two peaks around
E, ~ 20 and 70 MeV come from the final-state interactions
between two nucleons. The maximum around 50 MeV comes
from the interplay between the two-body currents, the phase-
space factors, and the properties of the *He bound-state wave
function. As is seen in Figs. 1 and 2 that structure depends
smoothly on the angle of the outgoing nucleon with the
largest cross sections around 6 = 90°. The UrbanalX 3NF
effects are visible at the lower and the upper energies of the
incoming photon and are nearly negligible at the intermediate
energy.

The photon analyzing power A%(6) is shown in
Figs. 3 and 4. For photon energies E,, = 12 and 40 MeV and
detecting protons this observable decreases with increasing
proton energy and reaches values —1 and —0.8 at the highest
proton energies, respectively. A} (9) is rather insensitive to the
3NF at these photon energies. However, at £, = 120 MeV

044002-2



POLARIZATION OBSERVABLES INTHE . . .

'Mev']

[fmzsr

p

d’6/dQ. dE

MeV']

-1

p

[fmzsr

d’6/dQ dE

n

n

0.008 —

0.006
0.004
0.002

<

0=
0.008

0.004

0.012
0.008

0.004 f

0.009
0.006
0.003

0.006 -

0.003

0.003 =T

0.002

0.001 =,

0.008
0.006
0.004
0.002

0.008

0.004

0.008
0.006
0.004
0.002 -

0.002

0.001

E, [MeV]

w —

0.0005

PHYSICAL REVIEW C 72, 044002 (2005)

0.0004
0.0003
0.0002
0.0001

0

8x10”
6x10”
4x10°”
2x10°7

0.0006
0.0004

0.0002

6x10”

3x107

oF
0.0008
0.0006
0.0004
0.0002

6x10”

3x10”

0.0006
0.0004

0.0002

b oV TR T B B SRR T FERTE FRENE NE, JAH WS NS N R

(=)

6107
4x10”

2x10”

0.0003
0.0002
0.0001

(=)

6x10”
4x10”

2x10”

10
Ep [MeV]

20

0.0004

0.0002

I|IL

0.001 [—

0.0005 [—

(=]

0.001

0.0005

(=]

0.0006

0.0003

(=]

0.0002

0.0001

10
E [MeV]

20

20 40 60 80

E [MeV]

2x107

1x10°”

2x107

1x10”

2x10°7

1x10”

2x10°7

1x10”

[«

1.5x10”
1.0x10”
5.0x10°

0.0

044002-3

Nel IIII|IIII|IIII|II IIII|IIII|I

0

FIG. 1. The differential cross
section do®/dQ,dE, for E, =
12 MeV (the first column),
40 MeV (the second column), and
120 MeV (the third column) at dif-
ferent outgoing proton angles. The
first, second, third, fourth, and fifth
row correspond to the detection
angles 6, = 30°, 60°, 90°, 120°,
and 150°, respectively. The dashed
(solid) curve represents the AV18
(AV18+UrbanalX) predictions.

FIG. 2. The same as in Fig. 1
but for the neutron knockout.
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FIG. 3. The photon analyzing power AY ()
for the proton emission. The incoming photon
energies, angles, and curves are the same as those

in Fig 1.

FIG. 4. The same as in Fig. 3 but for the

neutron knockout.
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the 3NF effects become sizable, and they change the photon
analyzing power by up to ~10%. The strongest effects are
visible at protons energies around 25-50 MeV and at lower
detection angles. For the detected neutron AY (@) reaches
values —1 for E, =12 and 40 MeV at the upper ends
of the spectra. At E, = 120 MeV the value of the photon
analyzing power is small (up to & —0.2) except in the region of
maximal energies of the detected neutrons. At all investigated
energies the 3NF effects are negligible when the neutron is
detected.

Contrary to a rather small 3NF effects in the photon
analyzing power, the 3He analyzing power A;He(e) is sensitive
to the action of 3N forces (see Figs. 5 and 6). This is the
case especially for the two lowest photon energies and the
detected neutron and at E,, = 12 MeV and E, = 120 MeV
when the proton is measured. For the detected neutron the
largest 3NF effects of up to 15% are at E,, = 12 MeV and they
are seen in the whole neutron spectrum. In the proton case the
most interesting situation is the highest photon energy E, =
120 MeV, where 3NF effects of a magnitude above ~20% are
seen nearly for all energies of the detected proton. The action
of the 3NF shifts the predictions in the opposite directions for
the lowest and the highest photon energy. Unfortunately in the
case of the detected proton the 3NF effects occur at relatively
small (below 0.1) absolute values of A;“e(e). For the detected

neutron 3NF effects occur also for A;HS(G) <0.12. However,
in this case 3NF effects are seen even at intermediate photon
energy, at all neutron angles and in the whole energy range. The
structure of the spectrum is again because of an interplay of
all dynamical components in the nuclear matrix elements. The
dependence of the nuclear analyzing power on the direction

of the outgoing nucleon is rather smooth, but the shape of the
spectra changes significantly for different photon energies.

The spin correlation coefficients C}{,’;HC(G) are shown in
Figs. 7 and 8. In that case the largest 3NF effects (*15%) occur
in the whole spectrum at E,, = 12 MeV when the neutron is
measured. Smaller 3NF effects are also visible at other photon
energies; however, their magnitude depends on the detection
angle. For the measured proton, 3NF effects are negligible
at the two higher photon energies. The absolute values

of C}',’;He(é‘) for the detected proton (neutron) stays below
~0.25 (~0.1) at £, = 12 MeV and ~0.4 (~0.25) at the two
higher photon energies.

A similar picture arises for the spin correlation coefficients

C ;',’;He(e) (see Figs. 9 and 10). Here 3NF effects are also visible
at higher photon energies. For £, = 40 MeV and the measured
neutron, 3NF effects are largest around the outgoing neutron
energy ~16 MeV and 6 = 60°-120°. The absolute values of

C ;',’;He(é?) for neutron detection are below ~0.1 for E, =
12 and 40 MeV and approach up to ~0.4 for E,, = 120 MeV.

For the measured proton C ;;j“e(e) reaches 0.25, 0.5, and 0.25
for E, = 12,40, and 120 MeV, respectively. In the case of the
detected proton the small 3NF effects (below 10%) occur at
all photon and nucleon energies and at all detection angles.
Now we address the sensitivity of the spin observables to the
nuclear current used. To study this, we compare the predictions
for the above spin observables at the detection angle 6 = 90°
for three different choices of the current operator: the single
nucleon current (SNC) only, when the explicit two-body meson
exchange currents are added to the SNC, and finally when the
current operator is constructed using the Siegert theorem [12].
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The Siegert approach will also include 3N currents in the
electric multipoles. We should mention, however, that in our
realization of the Siegert theorem [12] we keep only single
nucleon operators and do not (yet) supplement the magnetic
multipoles by the explicit 7 and p exchange currents. Also
the explicit m and p currents are not fully consistent with
the underlying AV18 NN force, but only with its dominant
parts [25]. For a recent investigation filling that gap see
Ref. [16]. Despite these defects we think that the comparison
of our Siegert approach with the explicit use of the = and p
currents will enable us to identify those observables, which
are especially sensitive to the choice of two- and possibly
three-body currents.

The photon analyzing power A% () is insensitive to such
a change of the nuclear current at the lowest energy (see
Fig. 11). At E, =40 MeV only a slight shift of predictions
is observed under inclusion of the meson exchange currents.
The effects coming from the two models of exchange currents
are insignificant for the neutron knockout but lead to a small
spread of theoretical predictions for the proton detection. At
E, =120 MeV one finds a clear difference when the two
models including exchange currents are used and when only
the single nucleon current is taken into account. The difference
between SNC predictions and explicit 7 and p currents
(Siegert) results amounts up to 140% (180%) at E,, ~ 20 MeV
and up to 650% (880%) at E, ~ 17 MeV, respectively.

For Ai,He(Q), shown in Fig. 12 the single nucleon current
predictions differ from others at all photon energies. Although
for the detected neutron meson exchange currents play an
important role at all studied energies, in the proton case they
are important only at £, = 120 MeV. The differences between

30

60
E, [MeV]

O
S

Siegert and MEC are visible at all photon energies. At E, =
40 MeV they reach up to ~50% for neutron energies around
5-10 MeV. The case of the measured proton around E, <
15 MeV and for E, =120 MeV seems to be very in-
teresting, because the different nuclear currents lead to a
different sign of AiHe(Q) (see Fig. 12). The differences

3
are also seen for the spin correlation coefficients C}C’,’yHe(G)

and C7"(0), presented in Figs. 13 and 14. For C/,™(0)
and the measured neutron there are clear differences, when
using Siegert approach or direct - and p- currents. They
amount up to ~50% at E, =40 MeV. For both cases, the
neutron or proton detection, and E,, = 12 MeV the predictions
without 3NF differ significantly, whereas the inclusion of
the UrbanalX force leads to an agreement between both
predictions. Both spin correlation coefficients are strongly
influenced by the meson exchange currents. Even at E, =
12 MeV single nucleon current predictions differ significantly
from results based on the nuclear current supplemented by
exchange currents. The role of exchange currents grows with

the photon energy. In the case of C;fjj.He(Q), E, =40 MeV
and proton energies below E, <9 MeV, we observe different
action of the exchange currents when they are included via
Siegert or by the explicit 7 and p exchanges. It shows that this
observable is very interesting to study details of the nuclear
current operator and deserves experimental efforts.

Despite the fact that our nuclear current operator suffers
mentioned above theoreticalﬁ defects, we can state that the
spin observables in the y(*He, N)NN reaction can provide
interesting information about the nuclear current operator.
However, the particular results obtained in this article should
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FIG. 11. The photon analyzing power AY (@) for the neutron (left
column) and the proton (right column) at E, = 12 MeV (the first
row), 40 MeV (the second row), and 120 MeV (the third row).
The nucleon detection angle is 6 = 90°. The double-dot-dashed
line corresponds to AV18 predictions with nuclear current taken as
single nucleon current only. The dashed (solid) line corresponds
to AV18 (AV18+UrbanalX) predictions based on single nucleon
current supplemented by m — and p— meson exchange currents. The
dotted (dash-dotted) line corresponds to AV18 (AV18+UrbanalX)
predictions with many-body contributions to the current taken into
account via the Siegert theorem.
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FIG. 12. The same as in Fig. 11 but for the nuclear analyzing
power Ai.He ).
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be checked when defects in both approaches are removed and
when a current operator fully consistent with the nuclear forces
will be applied. .

Finally, we address ourselves to the ¥ (PHe, p)d process
and compare our results with the data of Ref. [26]. There the
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FIG. 14. The same as in Fig. 11 but for the spin correlation
coefficients C7-,H¢(6).
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FIG. 15. The cross section asymmetry X at E, =120 MeV.
The dashed (solid) curve represents the AV18 (AV18+UrbanalX)
predictions. Data are from Ref. [26].

cross-section asymmetry
d0|| — dO‘L

Y = ,
dGH +dUJ_

&)
where doy (doy) is the cross section measured parallely
(perpendicularly) to the photon polarization direction and was
investigated for linearly polarized photons with energies above
90 MeV. In Fig. 15 we compare our predictions to the data of
Ref. [26] at the photon energy E, = 120 MeV. We see that
two of the three data points are in good agreement with our
theory. Our prediction at the third data point is too low in
comparison to data. The 3NF shifts the theory in the right
direction into the two data points. Unfortunately, most of the
data points taken in [26] are at photon energies above the pion
production threshold where our formalism is not adequate.
Nevertheless, in Fig. 16 we compare our predictions with data
at £, = 200 MeV to check if our predictions at higher energies
give at least a qualitative description of the data. We see that
although the shape of the theoretical predictions is similar to
the shape of the data, the absolute values of the predicted
analyzing power are too small by a factor of 2. This probably
can be traced back to the missing dynamical ingredients in
our theoretical framework, which may become important at
such high energies. As was the case at £, = 120 MeV, also at
E, =200 MeV the 3NF improves the description of the data.
Because our calculations are much more advanced than the
one used in Ref. [26], we would like to point out that the very
good description of the data presented in Ref. [26] might be to
some extent accidental.

IV. SUMMARY

We investigated all the nonvanishing spin observables
in the three-body, semiexclusive *He photodisintegration

PHYSICAL REVIEW C 72, 044002 (2005)
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FIG. 16. The cross section asymmetry at £, = 200 MeV. Curves
as in Fig. 15. Data are from Ref. [26].

process when the incoming photon and/or the *He target
nucleus are polarized. We found that the dependence of
those spin observables on the angle of the outgoing nu-
cleon is rather smooth and in most cases the shape of the
energy spectra slightly changes with the incoming photon
energy. In the case of the AB\,He(G) analyzing power and

the spin correlation coefficients C}(’;;H"’(g) and C;/y,;He(e)
clear effects of the 3NF are seen. Some of the observables

[e.g., C;’,’;He(é’)] are sensitive to the details of the many-
body contributions to the nuclear current operator, which
we examplified by using the single nucleon current alone
and by supplementing it either with explicit inclusion of &
and p meson exchange currents or by applying the Siegert
theorem.

The presented results show that the polarization observ-
ables for *He photodisintegration, even in the relatively
simple semiexclusive experiments, could provide valuable data
to test the nuclear forces and/or the reaction mechanism.
These observables should be studied experimentally. Con-
versely, there are observables [e.g., AZ(9) at E, =12 MeV]
that are insensitive to the choosen current operator model
and to the inclusion of the 3N force. Such observables
are natural candidates to test the most simple dynamical
ingredients.
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