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Abstract

Single polarization observables £, P and T are investigated for the nucleon (p, n)
and the trinucleon (3He, 3H). The threshold E,, and the resonance M, and E,,
multipoles are particularly studied. For the reaction He(y,7*)?H a recently devel-
oped nonlocal coupled-channel approach is presented that employs three-body Fad-
deev amplitudes and incorporates two-step processes such as *He(y, n°)*He(n®, #+)*H.
Enhancement effects of the contributions from small components of the 3He wave func-
tion as well as from the A resonance E2 transition to the polarization observables
have been found.

1. Introduction

Polarization observables have the promise of opening a new field in the electromagnetic
production of pions from nucleons and nuclear targets. Since many of these observables
contain interference terms, small but important amplitudes can be investigated in a unique
way. The new generation of 100% duty factor, high intensity electron accelerators will
have the potential to provide high quality polarized electron and photon beams as well
as the capabilities of performing coincidence experiments which could not be carried out
until now. Such measurements will be forthcoming at the accelerators in Mainz (MAMI),
NIKHEF-K (AmPS), Saskatoon and MIT/Bates.

In the elementary reaction on the nucleon there are two energy regions where po-
larization degrees of freedom are heavily needed to clearify important questions of the
underlying theoretical descriptions of pion photoproduction. These are the threshold re-
gion, where the validity of the Low Energy Theorems is still not finally clearified and the
resonance region, where the small E2 quadrupole excitation of the A resonance cannot
be accurately determined from present data.

Pion photoproduction off He is an ideal testing ground to investigate the interaction
of pions and photons with nuclei and search for possible modifications of delta properties
in the nuclear medium. Nuclear structure uncertainties in the trinucleon wave function
are under control since correlated three-body amplitudes can be obtained {1, 2, 3] by
solving the Faddeev equations with realistic nucleon-nucleon potentials.

In this paper we first study the threshold 4, 7° on the proton and show the impor-
tance of beam asymmetry and target polarization in order to get information on the
small p-wave multipoles Ey, and M;_ and the imaginary part of the Epy multipole,
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In the resonance region we demonstrate the small effect of the E2(A) which is mostly
pronounced in the beam asymmetry. In the main part of this work we then compare the
polarization observables on the nucleon with the observables on the trinucleon. The calcu-
lations are performed within a recently developed coupled-channel framework [4] that can
consistently describe #* and coherent 7° photoproduction as well as elastic and charge-
exchange pion scattering on 3He. After properly including pion final state interaction
(FSI) with the important two-step process *He(v, 7°)*He(r°, 7*}°H a good description of
the *He(y,7*)*H data for the differential cross sections has been achieved over a wide
range of photon energies and nuclear momentum transfers. Here we will focus less on
differential cross sections but rather on the sensitivity of P, T and ¥ to details in the
trinucleon wave function and in the elementary production operator.

2. Polarization Observables

For spin 1/2 particles (p, n, *He, ...) the differential cross section for reactions induced
by real photons including polarization degrees of freedom is given in the c.m. system by

d k n
7 = G((Br+P.RE) (1)

+1z((Rrr + PaRir) cos 2p — (PiRyr + PiRY)sin 2¢)
+1c(PRrr + PRy},

where II1 is the degree of linear polarization of the photon and ¢ the angle of the polar-
ization vector relative to the reaction plane, and II¢ is the degree of circular polarization.
For example, for completely linearly polarized photons and polarization vector normal
to the production plane, =1, p=7/2 and I¢=0, while right (left)-circularly polarized
photons have IIr=0 and Ic=+1(-1).

In addition to the pboton polarlzatlon there appear the projections of the target /recoil
spin unto the axes {n,I ,t}, where f=gqx k/sin©, (normal to the reaction plane), i
(along the proton momentum) and & = f x I. For example, P, = &g - # is the projection
of the spin vector (in the particle rest frame!) unto the axis normal to the production
plane. Throughout this paper we use q (k) for photon (pion) momenta.

The response functions Rr, Ry, efc. are bilinear combinations of the hadronic current
J and are defined in the same way as in an electroproduction experiment, where in
addition to the transverse components also longitudinal components appear. Details and
multipole expansions of the response functions can be found in ref [5].

In experiments with polarization degrees of freedom it is common to define the follow-
ing observables:

(i) the polarized photon asymmetry (beam asymmetry)

£(0) = ~Rrr/Rr (2)
(ii) the polarized target asymmetry
T(©) = Rr(ni)/Rr = —Rrr(ny)/Rr ®3)
(ii1) the recoil polarization
P(0) = Rr(ny)/Rr = ~Rrr(ni)/Rr, (1)



where n; and nj refers to the polarization of the nucleon (nucleus) in the initial and final
state and O is the pion angle in'the c.m. system. :

In addition there are four observables for polarization of beam and target, four of
beam and recoil and four of target and recoil polarization. [6, 7) As shown by Barker et
al [6] a complete experiment requires besides the differential cross section and the three
single polarization observables five double polarization observables, provided that no four
of them come from the same set (beam-target, beam-recoil and target-recoil).

Alternatively we can define the single polarization observables in the following way

do [dQ* — do/dQl!

L = Jo/d0T § do/d (5)

T - do /dQW) — dg /dQ(-) 6)
do [dQM) + do /dQ-)

P = do [dQ) — do /dQ(-) ™
do [dQU+) + do [dQU(-)

where +(—) refers to the initial or final nucleus polarized parallel (antiparallel) to the
r.-axis, and L (||) refers to a photon linearly polarized perpendicular (parallel) to the
production plane.

3. Pion Photoproduction on the Nucleon

As a first application for polarized observables we want to discuss the threshold pion
photoproduction on the nucleon. Expressed in s- and p-wave multipoles and neglecting
terms that are quadratic in the small p-wave multipoles E;, and M,._, the differential
cross section is given by

g—g = -:-(A + BcosO + Ccos’Q) (8)

5 .

A = |En|*+ -2-|M1+|’ ~ Re{M;,(3E1+ — M;-)}
B = 2R6{E5+(M1+ + 3E1+ - M1-)}

C = ~5 Myl +3Re(M\(3Ess - My-)),

In Fig. 1 we show the threshold amplitudes for p(7, #°)p determined from the cross section
data of the Mainz experiment, Beck et al [8).The error band for the M1 amplitude and the
five solid points are from the analysis of Drechsel and Tiator [5). The open circles show
the Eo; multipole obtained from the total cross sections, when the p-wave contributions
(5] are subtracted.

Close to the «,n° threshold the data approaches the prediction of the Low Energy
Theorems, around the 4, 7% threshold, however, the amplitude is consistent with zero. In
Fig. 1b we also show the calculations of Bernard et al [9, 10, 11} in chiral perturbation
theory. While a consistent 1-loop calculation [9] assuming isospin symmetry gives a
threshold value of —1.33 - 1073 /m,+, an approximate treatment cf isospin breaking due
to different pion and nucleon masses also calculated in 1-loop gives a cusp effect similar
to K-matrix calculations and a shape closer to the data [10).
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Fig. 1: Threshold s- and p-wave multipoles for p(y,n°)p. The p-wave error band and the full
dots show the combined analysis of differential and total cross sections [5] obtained from the data
of Beck et al [8]. The open circles show our analysis obtained from the total cross sections by
subtracting the p-wave amplitudes of ref [5). The error bars give the total correlated errors from
the cross sections and from the determination of the p-wave multipoles. The dotted and full lines
show the results of chiral perturbation theory [9, 10] for isospin symmetry and isospin breaking
due to the physical pion and nucleon masses respectively.

While the differential cross section is very sensitive to the asymmetry parameter B in
equ. (8), and therefore to the real parts of Eq, and the p-wave combination M1, a complete
analysis of the threshold region with separation of the individual p-wave multipoles and
the imaginary part of the s-wave can only be obtained with polarization observables. In

the same approximation as in equ. (8) the three single polarization observables are given
by

3ksin?0@ .
L= .’lqda/ds"l(|Ml+|2 + 2Re{M;,(E1+ + M1-)} (9)
3ksin®@ . .
T = E@%Im{Eo«u(Eu = My4) = cosOM;, (4E1y + My} (10)
k 'n@ . .
P = _W%Im{Eo+(3El+ + Myy +2M_) + 3cosO M M; - }. (11)

The target and recoil polarizations are very sensitive to the imaginary part of the s-wave
amplitude and the beam asymmetry gives together with the differential cross section
another linear independent measurement of the small p-wave multipoles. In Fig. 2 we
demonstrate these effects with a calculation done by Davidson [12). The target asymme-
try is directly proportional to ImEos and shows a very steep rise at the charged pion
threshold. As also pointed out by Bernstein (13], a measurement of this quantity pro-
vides the only possibility to measure directly the 7N scattering lengths which is a very
sensitive test to chiral dynamics. In the region below the charged pion threshold there is
even a possibility to observe the isoscalar scattering length for 7% scattering. However
due to the smallness of this amplitude, the target asymmetry will be around a hundred
times smaller than in the region where the isovector amplitude dominates. From the
small isoscalar scattering length not even the sign is known, the calculation presented

4



.here assumes a negative sign and a value of a(7°p) = —.005/m,. In Fig. 2b we show the
possibility to disentangle the small p-wave multipoles, all three curves would be totally
consistent with the differential cross section data.
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Fig. 2: Target asymmetry (T) and photon asymmetry (L) for threshold p(v,7°%)p at ©, . = 90°.
In a) the solid line shows the full calculation and the dash-dotted line the situation for ImE,, =0.
The dotted curve is a magnification of the full line by a factor of 100 in the region between the
neutral and the charged pion thresholds. In b) the full, dash-dotted and dotted lines are obtained
for (Ey4, M,_) = (-0.5, -2.3), (0, -0.8) and (0.3, 0) respectively. Note that all three sets give
3Ey4-M,_=0.8 in agreement with the analysis shown in Fig. 1. (All p-wave multipoles are given
in units of gk - 10-3/m3,)

!
Finally in Fig. 3 we show the beam asymmetry and the recoil polarization for the
reaction p(y,7*)n in the A region. Both observables are dominated by the A excitation
that is mainly M1 transition. While the recoil polarization and similarly the target asym-
metry are entirely determined by the resonance contribution and give zero result in Born
approximation, the beam asymmetry shows a nonnegligible background which is mainly
coming from the pion pole term. In 7° photoproduction, where this term vanishes, also
the beam asymmetry is almost entirely given by the resonance contribution. Assuming a
" 5% E2 contribution to the A excitation, which was parametrized by Laget [14) and used
in this calculation and in the calculations on *He below, we find almost no effect in the
recoil or target polarizations and a small but sizable effect in the beam asymmetry. This
sensitivity will be used in a Mainz experiment that has been proposed by Beck et al [15)
and that is measuring the photon asymmetry on the proton for neutral and charged pions
in order to separate the isospin 1/2 and 3/2 channels.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Fig. 8: Photon asymmetry (X) and recoil polarization (P) for p(y,7*)n at O, = 90° in the
A region. The solid line shows the full calculation and the dash-dotted line the situation with
E;,(A)=0. The dashed curve gives the contribution of the Born terms alone and vanishes for the
recoil polarization. The calculations are from [16).

4, Coupled-channels framework for *He(v, n*)*H

In momentum space the nuclear photoproduction amplitude can be written as

Pk Fropr(ky k' Wi (k' k)
7Z/MH)HH E(K) +ie

Fr(k,q) = (12)

Vaa(ky q)
where q (k) is the photon (pion) momentum, and 7 = 0, %1 is the pion charge in the
intermediate state. The total pion-nuclear energy is denoted by E(k) = E.(k) + E4(k),
the reduced mass is given by M (k) = E.(k)E4(k)/E(k) and a = (A—1)/A = 2/3. In the
framework of the impulse approximation V. is expressed in terms of the free pion-nucleon
photoproduction t-matrix:

MM

Vel 0) = =0 <), £ 16 L7(0) > (13
where | i > and | f > denote the nuclear initial and final states, respectively, and j refers
to the individual target nucleons. Detailed information about the way of construction
of V,,(k,q) is given in our previous paper [4]. Note only that for .y we shall use the
modern unitary version of the Blomqvist-Laget amplitude [14], which describes the real
and imaginary parts not only for the resonance magnetic My4 but also for the resonance
Ey 4+ multipole.

Using the KMT version of multiplescattering theory [17] the pion scattering amplitude

Fyrx is constructed as a solution of the Lippmann-Schwinger equation

dskil ,”;"(k kll) ﬁ‘"ﬂ’(k” k)
ZZ/MH' E(k) = E(k") + i€

Here the pion-nuclear interaction is described by the first-order potential Vi, which is
related to the free 7N scattering t-matrix 18]

F,,:,,(k',k) = V,,',,(k', k) - (14)
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For the description of *He and ®H we use the trinucleon wave function in momentum
space, expanded in the orbital angular momentum, spin, and isospin space as

¥(P,p) =Y ¢a(P,p) | (L)L, (S}) &, 1M >| (T}) IN > (15)1

where ¢,(P, p) are the numerical solutions of the Faddeev equations [1]. The individual
partial waves are denoted by a = {L{.Z S ¥ T}, where L, S, and T are the total orbital
momentum, spin and isospin of the pair (2,3) (L is correlated with momentum P), while
£ is the orbital momentum of particle (1) which is correlated with linear momentum p.
In our model we include 11 partial waves listed in table 1. The dominant part of the
wave function, about 90%, consists of S-state amplitudes while the D-state probabilities
combine to around 8%.

Table 1
@ L 14 g S S T P(%)
1 0 0 0 1 1/2 0 45.2
2 0 0 0 0 1/2 1 44.5
3 2 2 0 1 1/2 0 0.5
4 2 2 0 0 1/2 1 0.9
5 1 1 0 0 1/2 0 0.4
6 1 1 0 1 1/2 1 0.4
7 2 0 2 1 3/2 0 3.1
8 0 2 2 1 3/2 0 1.0
9 1 1 2 1 3/2 1 2.5
10 3 1 2 1 3/2 1 0.4
11 1 3 2 1 3/2 1 1.0

5. PWIA analysis

To qualitatively understand the results which will be given below we begin our investi-
gation with a very simple model using harmonic oscillator S-shell nuclear wave functions
and excluding pion rescattering (the second term in eq. (12)). In this case we obtain
simple relations between the observables for *He(y,7*)*H and the elementary process

p(y,7*)n
SCHe)=5(p), T(He)=-P(s) and P(He) = ~T(p), (16)

provided the Lorentz transformation from the 7N c.m. to the 7°He c.m. system has
been taken into account. The minus sign in eq. (16) is due to an opposite sign between
spin-flip and non spin-flip matrix elements in *He(y,7*)*H compared to the free process
p(7,7*)n. This is a result of the Pauli principle forbidding non spin-flip transitions on
that proton in ®*He whose spin is aligned with that of the neutron.



From the relations (16) one may conclude that it would be difficult to extract new
information from the study of polarization observables in *He. However, this is true only
for simple models in which the contributions from D-wave components of the *He wave
functions have been neglected. In realistic models these relatively small components can
produce drastic effects on polarization observables, as we shall see below.

For illustration let us consider the photon asymmetry X. If we keep only the largest
S-state components (a = 1 and a = 2 in the notation of table 1) in the three-body wave
function (15) and the lowest pion-nucleon s- and p-waves in the elementary amplitude
t.~, then the photon asymmetry can be expressed using the elementary multipoles Eiy
and M;; in the following way

. 3
B = A0 (@120, + 11 28t | e ] an

where
fem =3By — My + My, (18)

C(Q) and Sy are non spin-flip and spin-flip nuclear formfactors, respectively. The explicit
expressions for them are presented in ref {4). Note that in the harmonic oscillator S-shell
model the following simple relation between the spin-flip and non spin-flip formfactors

holds
Sm(Q) = - v3C(Q) (19)

Realistic trinucleon wave functions modify this relation only slightly as long as only S-
waves are considered. Substituting (19) in expression (17) leads to

k 3sin? 0

1 3 . .
s = 333337??7 {-2- | My, |2 "'2' | Ey lz +Re [EH(MH- - Ml-) + MH-M“]} (20)

The differential cross section expression for the process on *He in such a simple model is
the same as for the process on the proton, except for some common multiplicative factor
which is proportional to C(Q) and which cancels in the expressions for the polarization
observables (see equ. (9)).

If we take into account all 11 components of the trinucleon wave function additional
contributions to the photon asymmetry arise. The most important one is due to an
interference between S- and D-state components. Explicitly, the corresponding additional
contribution at Q,,. = 90° can be expressed in terms of the elementary multipoles in the
following way

2 12
Zs0(90°) ~ Sw(@)Du(@) | ReBos S = g | Bor ' =25 fone |, (21

Comparing expressions (21) and (20) it becomes apparent that we obtain an enhancement
of the D-state component contributions (the correspondin spin-flip formfactor is Dy) due
to the large Kroll-Ruderman FEp; multipole which is absent for a pure S-wave function,
as well as for the photon asymmetry of the elementary process.

Another interesting effect has to do with the contribution of the Ey4 amplitude, which
is of a particular interest because its resonance part describes the E2 transition in the

8



vN'A vertex. It is well known that the electromagnetic excitation of the A is mainly
magnetic dipole M1, leading to the multipole amplitude M+, since it proceeds through
a quark spin flip. However, its quadrupole component, showing up in the E;+ amplitude,
is of great interest since it is sensitive to the tensor force in the quark-quark interaction
and gives a measure of the deformation of the delta and subsequently also of the nucleon.
As we can see from eq. (21), the interference of the Eoy and E,, multipoles which
arises in the photon asymmetry due only to the D-state component drastically increases
the sensitivity of the photon asymmetry to this E2 transition, in contrast to the free
proton case. Note that in the differential cross section such an enhancement effect is
much smaller due to the large background produced by the Eq, and M), multipoles.

1'0 T B U ¢ ABRE B L B LR L 4 7 Y

Fig. 4: Plane wave results for the
energy dependence of the photon (X)
asymmetries at pion c.m. angle 90°.
The solid (dashed) curves are calcu-
lations with (without) D-state com-
ponents of the three-body wave func-
tion (1] and with the full production
operator [14]). The dash-dotted (dot-
ted) curves are calculations with-
out the E;, (A) multipole and with
(without) D-state components of the

0.5

0.0

=051 e = 90°

C.

-1.0 I B TR three-body wave function.
200 300 400 500
E. (MeV)

The effects found above are illustrated in Fig. 1. Here we compare our PWIA calcula-
tions at O, ;. = 90° obtained with the full trinucleon wave function and one that contains
only S-components (a =1 and a = 2). With increasing photon energy the contribution
from D-state components of *He becomes larger and at E, = 450 MeV the photon asym-
metry changes sign. We found that this can be attributed to the configuration o = 8
(see table 1) which has only 1% probability but entirely determines the isovector Dym(Q)
formfactor. This can easily be understood in PWIA, where the interaction takes place
only on one of the three nucleons therefore leaving the pair unaffected,ie. L = L', § = §'
and T = T'. From table 1 it then becomes clear that the only interference terms between
S- and D-state components will be (a,a') = (1,8) and (8,1).

Fig. 4 also compares PWIA calculations using the full elementary amplitude with one
that does not contain the E2(A) transition in the YNA vertex. From the results depicted
here it follows that the sensitivity of the photon asymmetry to the E2(A) transition is
enhanced when using the full wave function compared to using only their S-state com-
ponents. Thus D-wave configurations enhance the role of the Ey, multipole as expected
and, consequently, the role of the E2(A) transition.

The target asymmetry T is less sensitive to the details of nuclear structure and the
E, 4+ multipole contribution. This is due to the dominance of the Ep; and M;, multipoles
both in the numerator and denominator of eq. (10). Our calculations lead to the same

9



conclusion for the recoil asymmetry P.

In the next section we present the results of our full calculation which includes a proper
treatment of pion rescattering. Even though these contributions are important they do
not significantly change the effects found here.

8. Coupled-channels calculations

To take into account pion rescattering contributions (FSI) we will use the coupled-
channels method developed in our previous work 4. It is based on the numerical solution
of the system of equations (12) and (14) with three-body Faddeev wave functions and gives
an excellent description of pion elastic and pion single charge exchange (SCE) reactions
at low pion energies and in the A resonance region.

107

"‘l LA T T r ' v B ' Al v ' v v
. T ]
10F m—3He elostic 1
10° 3 7
107k T,=295 MeV
—_ . i Fig. b&: Differential cross sections
6, for % (solid curves) and 7~ (dashed
> 10°F curves) elastic scattering on 3He at
E X N pion kinetic energies T, = 295, 350
S 10 ; ===+ and 400 MeV calculated with the full
® E three-body wave function [1]. Exper-
° . [ imental data for 7% (e) and 7~ (o) are
0 °F from ref {19] for 295 MeV and ref [20]
; for 350 and 400 MeV.
107k
107°F
i 400 MeV x107*]
10—7 ORI SRS ST | Il FY | Y

0 30 60 90 120 150 180
8

cm.

Fig. 5 presents the results for 7% elastic scattering at higher energies which demon-
strates that in the region T, = 300 — 400 MeV (corresponding to photon energies
E, = 440 — 540 MeV) we can also reach good agreement with the experimental data
from refs [19, 20]

Note that the good agreement with the data both for 7t and 7~ elastic scattering at
forward direction gives us confidence in the accuracy of the isovector part of the pion-
nuclear interaction which is responsible for the pion SCE reaction. The small disagreement
at larger angles (were do/df1 is more than 102 times smaller) is not too serious since only
angle-integrated characteristics of the (n’, 7) reaction enter into the pion photoproduction
amplitude.

10
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Fig. 6: Angular distributions (a) and polarization observables (b-d) at E,=300 MeV calculated
with the full three-body wave function and the full production operator. Solid, dash-dotted and
dashed curves are the results obtained in the coupled-channels approach that includes two-step
processes, in DWIA and PWIA, respectively. Experimental data are from ref [21](c) and ref
[22)(e). The dotted curves are the results obtained by the coupled-channels method with the full
three-body wave function but only with Born terms in the production operator.

11



Returning to pion photoproduction we first discuss the angular distribution of the cross
section and polarization observables at a fixed photon energy to shed more light on pion
rescattering effects at different pion angles. In Fig. 6 we compare our results obtained with
the full Faddeev wave function using PWIA, standard DWIA which does not include two-
step processes, and the coupled-channels method which incorporates the contributions
from the *He(v,7°)*He(x°% »*)°H channel. This comparison shows that, even though
pion rescattering is important to reproduce the differential cross section, there is very
little change in the polarization observables in the forward direction (@m. < 50°). This
can be understood in the framework of the Eikonal approach, where FSI at small angles
can be described with a simple distortion factor, that drops out in the numerators and
denominators of eqs. (5-7). However, at larger angles this simple approach is not valid
any more and, therefore, pion rescattering contributions to the polarization observables
become more important. Note that the complete treatment of FSI provides a much
improved description of the Saclay measurements for the differential cross section at E., =
300 MeV [21].

The influence of pion final state interaction on the observables T' and P can also be
seen by removing the A contribution from the production operator. In this case the
amplitudes become real and, consequently, in PWIA calculations we obtain zero for these
observables because they are proportional to the imaginary part of the photoproduction
amplitude. Our coupled-channels calculations with only Born terms in the elementary
operator (dotted curves) yield rather small results for T and P at forward angles where
the influence of FSI is very small. However, at larger angles T and P computed with Born
terms only become larger due to increasing FSI effects.

In accordance with our previous results [4], the largest contribution of the two-step
process (7, 7°)(n°% #*) comes from the coherent non spin-flip transition in the (v, 7°) chan-
nel with subsequent spin-flip transition in the (1% %) channel. Therefore the spin degrees
of freedom in the pion-nuclear interaction significantly affect polarization observables in
charged pion photoproduction at backward angles.

Let us return to the study of nuclear structure and operator effects in the polarization
observables. In Fig. 7 we show our predictions for the target asymmetry T and the recoil
asymmetry P at O, = 30° as a function of the photon energy. As has been shown above,
in this angular region these observables are basically insensitive to pion rescattering.
Using only the largest S-state components in the three-body wave function or harmonic
oscillator S-shell wave functions leads to almost identical results as calculations with the
full Faddeev amplitudes (compare dashed and solid curves). The same conclusion holds
for the photon asymmetry £. This result can be understood in terms of the qualitative
discussion in the previous section: At forward direction the transfer momentum is small
and, consequently, D-wave contributions which form the Dy(Q) formfactor are small as
well. Due to this reason we also found no sensitivity to the Ey4(A) multipole in this
region.

Thus PWIA with simple S-state wave functions is a good approximation for the &, T
and P observables in pion photoproduction at small angles. Here the simple relations (16)
between the polarization observables on *He and on the proton are fuifiifed. Fohermore,
in this region the contribution from the A isobar is very important (compare dotted and
solid curves in Fig. 7). Therefore, we believe that this is a good kinematical region to
study the dominant A-isobar properties inside the nuclear medium. Should an experiment
find deviations from the simple relations (16) at forward direction, this would indicate
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Fig. 7: The observables T (a) and P (b) at 30° as a function of E,. Solid (dashed) curves
are the calculations with (without) D-state components of the three-body wave function in the
coupled-channels framework and with the full production operator. The dotted curves are the
calculations with the full wave function but only with Born terms in the production operator.

medium modifications of the delta propagator in the *He nucleus [23)].

Fig. 8 presents the energy dependence for the differential cross section and I at
Ocm. = 90°. Here, as in Fig. 4, we show the sensitivity to the D-wave components and
the E,;(A) multipole, but include pion rescattering. The photon asymmetry L is less
than 0.2 for small photon energies but increases to a maximum value between 0.5 and
0.8 around E, = 350 — 400 MeV. Here the smaller partial waves reduce £ by up to 30%,
leaving a clear signal that should be detectable experimentally. The target and recoil
polarizations T and P are sensitive to the D-wave contributions only at higher photon
energies around E. = 450 — 500 MeV. However, at these energies the differential cross
section is one order of magnitude smaller with values around 10 nb/sr.

The photon asymmetry I, on the other hand, is again very sensitive to the presence
of the Ey4(A) multipole. Above E.=350 MeV large differences appear between our
computations without and with the Ey4(A). The presence of an E;,(A) which is only
5% of the dominant M4 (A) enhances T at E,=400 MeV by more thar a factor of two.
The observables T' and P are insensitive to the Ey4(A) throughout the whole energy
region.

7. Conclusion

In summary, we have computed the single polarization observables £, T and P for pion
photoproduction on the nucleon and the trinucleon. At threshold a measurement of the
target and photon asymmetry will allow a complete determination of all the s- and p-wave
multipoles. Furthermore, from the unitarity condition of the S-matrix, a measurement
of the target asymmetry T (and therefore of ImEyy) gives a direct determination of the
7N scattering lengths, that is in the case of neutral pions impossible in pion scattering
experiments,
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Fig. 8: Differential cross section (a) and photon asymmetry £ (b) at 90° as a function of E,
calculated in the coupled-channels framework. The notation of the curves is the same as in Fig.
4. Experimental data for do/dQ are from ref [24). '

In the resonance region, the E2(A) transition can be determined by measuring the
photon asymmetry . For this observable an even bigger sensitivity has been found in
the process *He(y,7*)*H. Our momentum space coupled-channels formalism developed
in [4) and used in the present work allows us to consistently describe all experimental data
for pion scattering, single charge exchange and pion photoproduction on *He at various
energies and transfer momenta up to Q2 = 8fm™%. We are therefore confident that for
a given, well-defined input we can predict polarization observables rather reliably. We
find especially the photon asymmetry ¥ to be useful to study details in the trinucleon
wave function, such as D-state components, as well as the E;, multipole amplitude of
the delta. Here an accidental situation in the trinucleon structure will allow a reliable
measurements of the E2 excitation of the A in the nuclear medium. This would be
an ideal supplement to the new starting experimental activities to measure the E;;(A)
on the proton directly [15). Polarized photon beams will become available in the near
future at several laboratories; in fact, the LEGS facility [25) at Brookhaven already uses
polarized photons in experiments with *He [26). Measuring T should not be difficult as
well since severa' volarized *He targets have become available in recent years. On the
other hand, obt 'ng data for P may be more difficult since this involves detection of
the recoiling tritca which requires a sufficiently large momentum transfer. To advance
our knowledge about pion electromagnetic production on few-body systems, measuring
polarization observables is a natural step to take.
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