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1. PHOTON POLARIZATION

The availability of fully polarized and monochromatic photon beams obtained

with Compton scattering at Fv‘ascati1 and Brookhaven? has stimulated over the

past few years considerable interest in the role that polarization can have in
the interaction of real and virtual photons with nuclear matter3_ In these two

cases the structures of the interacticn are very similar
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and both lead to a factorized form for the differential cross section

Y
do ~ Ly T (1)
where
v
TH'~<p4JMp><pWJ”p;
LMA,~I(U'ﬁLu)(G'XVU)* for virtual photons (2}
S ek A
Lw ~ A5 By for real photons (3)
A

and %L is the photon polarization vector.

The polarization density matrix leis usually defined for real photons, but
moving in the Breit frame defined as the frame in which the electron scatters
backward with no loss in energy, the analogous quantity can be defined also for
virtual photons4. In a very elegant way this allows for a complete analogy be

tween the two cases and furnishes a powerful method to define the polarization
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state also for virtual photons.
The photon polarization e intervenes in the definition of the vector poten-
tial of the radiation
R=%¢ e1(k'r—kt) (4)
and is in general a compliex vector - 8%=1 that for real photons is perpendicular
to the photon momentum kX, £-K=0.In an arbitrary coordinate system with unit vec-
tors &y and &, such that ‘&, &, and k form a right-handed orthogonal coordinate

system, any pure state of polarization €; can be expressed by
€ = EACUL g (A = x,y). (5)

Any photon beam is a mixed state or an incoherent sum of pure states €; each oc-

curring with statistical weights p;- If we define the unitary density matrix

*

Q},l'= 25 Py C'il C‘il' (6)
the cross section (1) for the photon absorption by an hadronic system can be
written as

~ A A *

do ~ 30 fhe A = Teffef”] (7)
where the amplitudes

Y N Ry

f <P N b> SMT (8)

describe the photon interaction with the electromagnetic current J%. The form of
the cross section (7) holds whether the process is completely differential or
when some of the particle momenta or polarization are not observed. We can now

specialize eqs.(5),(6),(7) to the following different cases.

Linear Polarization.- Two orthogonal states of linear polarization can be

written as:
® = cos@pE, + singo'e'y , e' = - singe, + cosp gy (9)

where @ is an arbitrary angle between € and &,. If we define the beam polariza-

tion P as such that

(1-p) , Pytpy =1 (10)

| —

(1+pP) , Py =

o=

Py =

where py,p are the probabilities to find a photon in the states &, €', then the

density matrix (6) becomes
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1. , 1.
E(I*—Pcm.Zw) 5 P sin 29
L= 1)
VI ] (
EPsinZQP E(]—PcosZ‘]’)

and the cross section (7) for the detection of one particle is:

]Txlz +,Ty|2 . p lTx|2"lTyl2

do ~ 5 >

cos2¢ + P Re [TXT;J sin2g . (12)

The (2¢) dependence of eq.(12) reflects the symmetry of the problem under the
transformation @-=» @+ .

In the case of no-polarization (P=0), eq.(12) reproduces the usual result

do ~ — 21 Y1 (13)
for unpolarized photons.

Circular Polarization.- For the case of circular polarization the electric

and magnetic field strengths of the radiation, rotate with constant amplitudes
and the two states of right-handed and left-handed circular polarization are

given by

— 1 = . =
e, =——= (& 1%, . (14)
RL v % 4

The density matrix and the cross section become respectively:

1/2 - P/2
e ., = (15)
A4 i P/2 1/2
and .
‘ ‘Tx|2 * |1&l2 *1
dog ~ ——— 4 pIn }:TXT},_ {16)

where P is the degree of circular polarization of the beam defined as in (10).

Elliptic Polarization.- Analogous to the case of Tinear polarization the

vectors may, for the case of elliptic polarization, be written a55

€ = (acos - ifbsing Ve, + (asing+ ifbcosg Y
(17)

€' = (bcos@ + 'i’g‘asinq))Ex + (bsin@- ifacosg )Ey
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where the real, positive numbers a and b satisfy

2 2

ac + b =1 (18)

and £ is f1 for right-handed and left-handed elliptic polarization respectively.
The ratio a/b is the ratio of the axes of the polarization ellipse, so that
a/b=1 for circular polarizations and a/b is infinite or zero for lTinear polari-

zation. Analogous to the previous cases the cross section becomes:
12 2 2 2
o ~ \Tx‘ +lTyl+ P! ﬂTXl _lTy‘ cos2Q +
2 ‘ l_ 2 P

+ Re EI'XT;JsinZQJJ (a2-b%) + 2Eab Im [TXT;J

where P is the degree of elliptical lpolar'ization_

Virtual Photons.- With the same formalism one can show that the state of po-
Jarization for virtual photons produced by an unpolarized electron beam corre-

spond to an equal incoherent mixture of two pure polarization states(G):

€= Vi+e (cosP &, + s1’n<P“Ey) + V2 g,
_ (20)
g o= Vi-¢ (-sindz, + cos@DEy)
where : w=E - E
€= > 7 s (21)
_,¥-q 28 2 _ _grpieinl 8
1-2 q2 tg 2 q = -4EE'sin 5

By constructing the density matrix and accounting for gauge invariance one can
deduce the very well known unpolarized lepton, unpolarized target and one parti-
cle exclusive electroproduction cross section

N LT 2
X N X! N ; -q 2
g ~ 3 + 5 cos2P+ _;EJTZI +

2 N
\/-Zq e(1+e) [ *
+ _——_————wz Re TXTL| cosP

(22)

where the azimuthal angle @is now referred to the electron reaction plane in-
stead of the photon polarization direction as it was for real photons. The terms

in sin®d and sin2® vanish in (22) for exclusive reactions and the process is
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described by only four structure functions. Generalization to exclusive n
particle reactions with polarized electrons would lead to a total of 9
structure functions corresponding to the 3x3 independent terms of the bilinear
products of the electromagnetic current?.

We note that in (22) the terms containing the Tongitudinal current (z sub-
scripts) vanish in the Timit qz—* 0 and reproduce the cross section for real and

linearly polarized photon with polarization

o- L (23)
E” +E'

which is kinematics dependent. Owing to parity invariance the terms arising from
Re[}XT;] and Im[TXT;]'vanish in eqs.(12),(16) and (19) when no target polariza-
tion is involved and summation over the unseen observables is carried out. On
the other hand if particular final state configurations are selected these terms
can be used either as polarization analysers or indicators of parity violating
effects. As indicated by eqs.(12),(13),(16) and (19), real photons can only pro-
be the transverse part of the hadronic current whereas virtual photons enlarge
the domain of investigation also to the longitudinal part. A longitudinal photon
couples to a nuclear system in a different way than a transverse photon does.
For instance, the pion exchange currents do not contribute to the first order to
the longitudinal cross section which is more sensitive than the transverse cross
section to the short range part of the nuclear wave function.In a rather simpli-
fied description which however may contain the essential physics involved one
can say that the nucleus looks different for electrons and photons. Electrons
see the net electric charge ¢, whereas photons see the individual charges of the
nucleus constituentéi. Consequently exchange effects hardly influence the lon-
gitudinal component of the current but considerably affect the transverse com-
ponents. This effect has been clearly demonstrated in the electrodisintegration

of the deuteron at threshold performed at Mainz9.

2. DEUTERON PHOTODISINTEGRATION WITH LINEARLY POLARIZED PHOTONS
Following eq.(12), the Partovi's approximation for the deuterium disintegra-

tion in the CM is given by

{%% = I (8) + P 11(8) cos 29 (24)



342¢ G. Matone [ Physics with polarized photons

where:
. 2 .2 .4
I =a+bsinB+ccos®+dsinBcos B+ e siné
0
5 5 4 (25)
I1 =f sin @ + g cos 8 sin 6 + hsin® .
A measurement of the asymmetry
1,(0) iTX\Z- Tylz
>(8) = = (26}

1,(8) IT l2+ ‘T Iz
X y
at 6= /2 in CM and for (10<1Ey<:70) MeV has been performed at Frascati few
years ago with the Ladon monochromatic and polarized photon beam (I},~2x105 s'];
P~1).
The results shown in Fig. 1, clearly indicated the need for an explicit in-

clusion of MEC beyond the contribution given by the Siegert theorem in the ener-
gy region E, <100 MeV where the unpolarized cross section (ITXIZ+1Ty!2) resulted

almost unaffected.

10
- 2R FIG. 1 - Plot of the asymmetry fac-
UIRAN  NeMECSIC tor 2(8p=/2) vs. laboratory gam-
L \ . Normal ma-ray energy (MeV). Our present da-
06l N ta (solid circles) are compared with
\ the results of earlier experiments
i %\ of Liu (solid and open triangles,
041 § . Ref.19), Del Bianco et al. (invert-
- . ed open triangle), Ref. 20}, our
02} } DT previous data (open circles, Ref.
L ) 21), Gorbenko et al. (open squares,
0 ; Re~ O S ' Ref. 22}. The theoretical curves
N TRe 4 have been obtained in Ref. 23 with
-02_.%TJ B {%% the RSC potential, The dashed line
2re! 8 %%% g corresponds to the standard Partovi
= approximation (Ref. 24); the solid
-041- N Tine reflects the inclusion of MEC
o = k3660 and IC corrections.

Ey(Mev)

In a subsequent, more detailed study of this reaction 1,{6) and I7(8) have
been separately measured as function of energy and the results normalized to the
total cross section (61) are reported in Fig. 2.

By assuming the values of o; given by the fit of all the worldwide available

10

data one can deduce the values for the forward differential cross section
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FIG. 2: Plots of [Io(8n)/o;110% and of [17(8)/0¢110% as a function of the CM

neutron angles en=fw-e) at: (a) E =19.8 MeV; (b) 29.0 MeV; (c) 38.6 MeV;
(d) 60.8 MeV. Dashed and solid lines represent theoretical calculations
of Reference 25 with the Reid soft-core (RSC) and the De Tourreil-Sprung

(DTS-B) potentials, respectively.

IO=(a+c) shown in Fig. 3 together with the Mainz, Louvain and Indiana results.
The substantial agreement among all these experiments is remarkable.

Besides being extremely sensitive to the dynamics of the interaction, the
term (|TX12-lTy|2)/2 in eq.{12) has the typical cos2¢ -dependence that makes it
of invaluable help to observe small amplitudes by interferences with the leading
term. Typical example is the electric and magnetic multipoles separation in the
(7,7')-reactions on nuclei, as it has been pointed out on many occasions. In
particular the possibility to measure the E2/M1 interference term in the A-ex-
citation appears very straightforward with linearly polarized photons.

The differential cross sections for meson photoproduction in a P3/p state by
a magnetic dipole or electric quadrupole absorption of a plane polarized photon
are given by

IM](G, @) ~'%;sinze(5 - 3cos2@) - cosZG , (27)
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FIG. 3 - Experimental results for the

° - ~— 1 forward differential section in the
" -+ 7 deuteron photodisintegration. Full
4k 4 circles {e): present experiment; cros-

ses (+): Mainz (Ref. 26 and contribu~
tion C 17 at this Conference); open

o

2r 1 circle {0): Louvain (Ref. 27); full
e 1 square (@ ): Indiana (Ref. 28); The
L theoretical calculation (full 1line)
P @ s W g 0 8 % W s due to Cambi et al. (Ref. 29).
Ey(MeV)
IEZ(G, ®) ~'%-sin29(1 - cos29 ) + cos’e (28)

respectively.

In the plane @=0, I(MI) ~ const, but I{E2) ~ cos%8 and consequently a pos-
sible E2/M1 interference term can be evidenced with good accuracy. Since it is
very difficult to extract unambiguously a value for the E2 amplitude at resonan-
ce, the present experimental value for the E2/M1 ratio is -0.012 0.013(]]).

On the other hand the presence of an admixture of quadrupole strength in the
A-excitation would drive immediately to consider quark d-state components in
the baryons wave function as a direct consequence of the hyperfine splitting due

to the residual forces of QCD12

This has been discussed by several authors
also in connection with corrections to the static properties of the hadron,even
if there are serious difficulties in the proper treatment of the center-of-mass
motion of the nucleon bag13’14.

In a similar way, electric (a) and magnetic {8) polarizability can be

separated in the Compton scattering of plane polarized photons on nucleons
where eq. {12) specializes into

do"+dot do"-det
do = + cos2® (29)
2 2
where
Lol e?2 Eyo
do~ = dO'(‘) -2 (M—) ('M—) (a + BCOS 8) (30)
2 E
wo_ o sy (e
do" = do, - 2 (M ) (M }* (B + acos 8) (31)

and dob is the no-structure nucleon cross section.
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As it has been discussed extensively e]sewhere15, these two quantities can
be related to the usual expression for the electric and magnetic dipole moments
of a composite system

a~<pﬁﬂp> ﬁ~<ﬂﬁﬂp>
(32)
d = eZi é'i?-‘i m= tp 21-&1'6'_1'
where éi and aﬁ characterize the nature of the constituent quarks. From egs.(32)
it is evident how a, B are essentially related to the dimension of the nucleon
bag and its internal structure respectively. Therefore they may also depend on
whether the nucleon is free or embedded inside the nuclear matter and from this

point of view a comparison hydrogen-deuterium could be highly illuminating.
Linearly polarized photons are the best tool to definitely measure these two
very basic and Targely unknown properties of the nucleons.

3. CIRCULARLY POLARIZED PHOTONS

Circularly polarized photons appear to be very appealing when used together
with polarized target.
The differential Compton cross section of circularly polarized y-rays on po-

larized electrons at rest is given by16 .

t _
o, 0, W W, ©
%g_ = %-rg(wi)z [—l-+ 2 sinzé] + {}_Z__ —10 cosO cosYP+

(0] w
I [ R 9%
(33)
@2,
+ (5 - T)sing S'in(psin'tp‘l = A(9) t B(B) sing
] -

where v, = 2—5 and v is the polar angle of the electron spin direction with re-
spect to the incoming photon momentum. The energies of the incident and scatter-

ed photons @] 5 are related by

@,
o, = o (34)
1+ W (1 - cos8)

and the upper-lower signs refer to the two possible orientations of the electron
spin. The first term in the equation gives the ordinary Compton scattering cross

section and the second gives the spin dependent one. This equation can be easily
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generalized for many electrons and it has been used for studying spin densities
in ferro-magnetic materials (% =0) In a similar way the Compton scattering
on transverse (¥ = ;/2) polarized electrons is currently used to monitor the

transverse bedm polarization in storage rings. In both cases the relevant para-

meter is a]Ways the asymmetry

E_doT-do* v-

doI + do¥

B

A NT W (35)
that measures the spin distributions NT, N* inside the ensemble of electrons
explored,

There is no reason, in principle, why this argument could not be applicable
to other systems of fermions like nucleons in the nucleus or quarks or partons
in a nucleon. In the case of an oriented nucleus this is just the extension of
the Compton scattering on bound nucleons where, besides isolating the spin de-

pendent part of eq. (33), the emphasis is concentrated on the nucleon spin
distribution. This, of course, requires the assumption that, during the
scattering, one can neglect the interactions between the nucleons and the
momentum transfer to be high enough to resolve details on a length scale much
less than the nucleus size, typically

¢ =40, sinzg > 0.1 Gev? . (36)

Besides when q2 2 0.7 GeV2 the nucleon structure starts entering the game and
from the nucleon spin physics we pass to quark/parton spin physics. In this case
the cross section should be exactly the electron-point Tike cross section (33)

and eq.(35) becomes

(371

where ej are the charges of the u, d quarks and qf, g the probabilities to find
them with spins parallel (antiparallel) to the proton. If there is negligible L
in the system then two quarks will have $,=1/2 and one S,=-1/2.

Hence the quark spins will be dominantly alligned along the direction of the
proton spin and so we expect 2 > 0. If we take the SU(6) wave functions for the

proton, then the probabilities ar‘e18
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9 dT = l s d¢ =% (38)

(-3 T
©

and we can quantity X as follows:

ﬁA(ﬁ - l) ¥ l.(l._ £
s _ B 99 97999 58 (39)
KA s 1 T 2 T 9k
9 9 99 9

Similarly for the neutron one finds 127n=0. These conclusions appear to be
remarkable even if they have been, obtained under very simplifying conditions.
Moreover, if they are really significant as they appear, their q2—dependence
could give important indications of the spin-distribution at the different le-
vels of complexity of the hadronic matter: nuclei, nucleons, quarks.

From this point of view, circular photons together with polarized targets

could open new perspectives in the experimental nuclear physics studies.
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