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Proton elastic scattering from electrons at rest is calculated in the Born approximation. The interest of this reaction

is related to the possibility of polarizing high energy antiproton beam and to high energy proton polarimetry. The

differential cross section and polarization observables have been derived assuming one photon exchange. Numerical

estimates are given for the cross section and the spin correlation coefficients in a wide kinematical range.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

The polarized and unpolarized scattering of electrons
by protons has been widely studied, as it is consid-
ered the simplest way to access information on pro-
ton structure. The expressions which relate the po-
larization observables to the proton electromagnetic
form factors were firstly derived in Ref. [1], assuming
that the interaction occurs through the exchange of
a virtual photon. In the scattering of proton from
electrons at rest (inverse kinematics) approximations
such as neglecting the electron mass no longer hold.
Liquid hydrogen targets are considered as proton tar-
gets, but any reaction with such targets also involves
reactions with atomic electrons, which we will assume
to be at rest.

A large interest in inverse kinematics (proton pro-
jectile on electron target) has been aroused due to
two possible applications: the possibility to build
beam polarimeters, for high-energy polarized proton
beams, in the relativistic heavy-ion collider (RHIC)
energy range [2] and the possibility to build polar-
ized antiprotons beams [3], which would open a wide
domain of polarization studies at the GSI facility for
Antiproton and Ion Research (FAIR) at Darmstadt
(Germany).

Concerning the polarimetry of high-energy proton
beams, in Ref. [2] analyzing powers corresponding to
polarized proton beam and electron target were nu-
merically calculated for elastic proton-electron scat-
tering.

The possibility of polarizing a proton beam in a
storage ring by circulating through a polarized hy-
drogen target would be extremely interesting. Such
polarization was indeed observed [4]. Possible expla-

nations of the polarizing mechanisms were published
in a number of papers (see [5] and references therein).
Two mechanism could be responsible for the polar-
ization: ‘spin-filtering’, where the proton-proton in-
teraction would scatter preferentially at large angles
protons with one spin component which would be lost
from recirculating in the beam, and ‘spin-flip” where
the reaction proton-electron at very small scatter-
ing angles would have very large analyzing powers.
The second explanation is extremely interesting as
one could polarize antiproton beams without losses
of particles.

We calculated the cross section and the polariza-
tion observables for proton electron elastic scattering,
in a relativistic approach assuming the Born approx-
imation with particular attention to the kinematics
which is very specific for this reaction. Three types of
polarization effects were studied: — the spin correla-
tion, due to the polarization of the proton beam and
of the electron target, — the polarization transfer from
the polarized electron target to the scattered proton,
— and the depolarization coefficients which describe
the polarization of the scattered proton which de-
pends on the polarization of the proton beam. Nu-
merical estimations of the polarization observables
have been performed over a wide range of proton-
beam energy and for different values of scattering
angle. Our results show that polarization effects are
sizable in the high energy domain.

2. GENERAL FORMALISM

Let us consider the reaction p(p1) + e(k1) — p(p2) +
e(kz), where particle momenta are indicated in paren-
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theses, and k& = ki — ks = py — p1 is the four-
momentum of the virtual photon.

A general characteristic of all reactions of elastic
and inelastic hadron scattering by atomic electrons
(which can be considered at rest) is the small value
of the transfer momentum squared, even for relatively
large energies of colliding hadrons. Let us first give
details of the order of magnitude and the range which
is accessible to the kinematic variables, as they are
very specific for this reaction, and then derive the
spin structure of the matrix element and the unpo-
larized and polarized observables.

Kinematics

The following formulas can be partly found in
Ref. [6]. Ome can show [6] that, for a given energy
of the proton beam, the maximum value of the four-
momentum transfer squared, in the scattering on the
electron at rest, is: (Fig. 1):

4m?(E? — M?) (1)
M?2 4 2mE 4+ m?’

where m(M) is the electron (proton) mass. Be-
ing proportional to the electron mass squared, the

four momentum transfer squared is restricted to very
small values.
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Fig. 1. Maximum four-momentum squared as
a function of the proton beam energy

In order to have the same total energy s in proton-
electron and electron-proton scattering the proton en-
ergy should be 2000 times the electron energy. The
electron can never be scattered backward. For one
proton angle there may be two values of the proton
energy, (and two corresponding values for the recoil-
electron energy and angle, and for the transferred
momentum k2). The two solutions coincide when
the angle between the initial and final hadron takes
its maximum value, sin 8y, yqe = m/M. Protons are
scattered from atomic electrons at very small angles.

In the one-photon-exchange approximation, the
matrix element M of reaction p + e — p + e can be
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written as:
2

[
M = ﬁ]u*fm (2)

where j,(J,) is the leptonic (hadronic) electromag-
netic current:

Ju = (k) yuu(ky),
i(p2) |Fu (B — 53 Fa (K)o | w(r)
u(p2) [Gar () — Fa(k?*) Py u(pr). (3)

Here F(k?) and Fy(k?) are the Dirac and Pauli pro-
ton electromagnetic form factors (FFs), Gy (k%) =
Fy(k?) + Fy(k?) is the Sachs proton magnetic FF,
and P, = (p1 + p2)u/(2M).

The matrix element squared is:

Ju

2

IM[? = IGWQ%LWWW, (4)
with L., = jujs, W = JuJ), where a = 1/137
is the electromagnetic fine structure constant. The
leptonic tensor, LELOV) , for unpolarized initial and final
electrons (averaging over the initial electron spin) has
the form:

L) = kg + 2(kukay + kivkop). (5)

The contribution to the electron tensor corresponding
to a polarized electron target is

(p)

L

v

(6)

where Sg is the initial electron polarization four-
vector.

The hadronic tensor, Wﬁg), for unpolarized ini-
tial and final protons can be written in the standard
form, through two unpolarized structure functions:

= 2imepapkaSs,

k.k,
W;Eg) - <_9uy + 22 ) Wi(k?)+ P, P,Wa(k*). (7)

Averaging over the initial proton spin, the structure
functions W;, i = 1,2, can be expressed in terms of
the nucleon electromagnetic FFs as:

Wi (k?) = —k*G3, (k?),

2 (1.2 2 (12
Wa (k?) :4M2GE(k )+ 7G3(k7)
1+7

; (8)

where Gg(k?) = Fy(k?) — 7Fy(k?) is the proton elec-
tric FF and 7 = —k?/(4M?).

The differential cross section over the solid angle
can be written as:

do 11 K MP
dQ.  32m2m|p| (—k2) E+m’

9)

where dQ)Qe = 2ndcosf. (due to azimuthal
symmetry),p is the three-momentum of the proton
beam. The expression of the differential cross section



for unpolarized proton-electron scattering, in the co-
ordinate system where the electron is at rest, can be
written as:

do ma? D
a2~ 2mPpR kA
D = k*(k* + 2m?)G3, (k*) + 2 [k* M?
+ 2mE (2mE + k*)] [FE(K*) + 7F5 (k)] .

(10)

The differential cross section diverges as k* when
k? — 0. This is a well known result, which is a con-
sequence of the one photon exchange mechanism.

The proton structure is taken into account
through the parametrization of FFs. However, due to
the small maximum value of k2 which can be achieved
in inverse kinematics any FFs parametrization, and
even of constant FFs, where the constants correspond
to the static values would give the same results.

T f
© i
(]

B 10° -
-g i
= 10° £
g :
'c L
o 10°¢
°
1

:\\ ol b by |

0 50 100 150 200

E [GeV]

Fig. 2. Differential cross section as a function of
incident energy E for different angles: 6. = 0 (solid
line), 10 mrad (dashed line), 80 mrad (dotted line),
50 mrad (dash-dotted line)

The energy dependence of the cross section for
different angles: 6. = 0 (solid line), 10 mrad (dashed
line), 30 mrad (dotted line), 50 mrad (dash-dotted
line) is given in Fig. 2. The unpolarized differential
cross section is divergent at small values of energy; it
has an angle dependent minimum and then increases
smoothly up to large energies.

3. POLARIZATION OBSERVABLES

Let us focus here on three types of polarization ob-
servables, for elastic proton-electron scattering:

1. The polarization transfer coeflicients which de-
scribe the polarization transfer from the po-
larized electron target to the scattered proton,
p+€—p+e.

2. The spin correlation coefficients when both ini-
tial particles have arbitrary polarization, p +
€—p+e.

3. The depolarization coefficients which define the
dependence of the scattered proton polariza-
tion on the polarization of the proton beam,
p+e— p+e. In our knowledge, this case was
not previously considered in the literature.

The first case is the object of a number of recent
papers [3] in connection with the possibility to po-
larize proton (antiproton) beams. The second case
was considered in Ref. [2], in view of using polarized
proton-electron scattering to measure the longitudi-
nal and transverse polarizations of high-energy pro-
ton beams.

The explicit expressions of the polarization ob-
servables can be found in Ref. [5]. At high energy,
the polarization transfer coefficients depend essen-
tially on the direction of the scattered proton polar-
ization.

Let us give, for illustration, the correlation coeffi-
cients when the incident proton and the target elec-
tron are polarized.

The contraction of the spin-dependent leptonic
L,(g,) and hadronic W, (1) tensors, in an arbitrary
reference frame, gives:

DC(S,m1) = 8SmMGpr (K*)[(k - Sk -m1 — k%S - 11)
xGp(k*) +1k-m(k- S+ 2p1 - S)Fa(k?)].

All spin correlation coefficients for the elastic pe col-
lisions can be obtained from this expression and are,
therefore, proportional to the proton magnetic FF.
This is a well known fact for ép scattering [6].

In the considered frame, where the target electron
is at rest, the four-vector of the proton beam polar-
ization has the following components:

(P8 g P@-Sh)

where §1 is the unit vector describing the polarization
of the initial proton in its rest system.

Applying the P-invariance of the hadron electro-
magnetic interaction, one can write the following ex-
pression for the dependence of the differential cross
section on the polarization of the initial particles:

do - =

do
W(E’ Sy) = (W) [1+ Cre&eSie + Crr& St

+ Con&nSin + Crr&eS1e + Cro€Siel,

where Cy, i,k = {,t,n are the corresponding spin
correlation coefficients which characterize pe scatter-
ing. Small coefficients (in absolute value) are ex-
pected for the transverse component of the beam po-
larization at high energies. This can be seen from
the expression of the components of the proton-beam-
polarization four-vector at large energies, £ > M:
il 7 E

Mp = (Oaglt) + 51[ (— —_> ~ Slé&.
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The effect of the transverse beam polarization ap-
pears to be smaller by a factor 1/, v = E/M > 1.
This is a consequence of the relativistic description
of the spin of the fermion at large energies.
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Fig. 3. Spin correlation coefficients as a function

of E for different angles. Notations are the same as
m Fig. 2

The spin correlation coefficients are shown in Fig. 3.

In collinear kinematics, in general, either polar-
ization observables take the maximal values or they
vanish. An interesting kinematic region appears at
E =20 GeV, where a structure is present in various
observables.

It appears that polarization coefficients are in gen-
eral quite large, except at low energy. Proton electron
scattering can be used, in principle, to measure the
polarization of high-energy beams. Let us calculate
the figure of merit, for measuring the polarization of a
secondary proton beam, after scattering from atomic
electrons.

The differential figure of merit is defined as

]:2(917) = G(QP)A?J‘ (0p),

where A;; stands for a generic polarization coeflicient
and e(0,) = Ny (6,)/N; is the number of useful events
over the number of the incident events in an interval
A#, around 6,. Because it is related to the inverse
of the statistical error on the polarization measure-
ment, this quantity is useful for a proton with degree
of polarization P:

APB,)\* 2
( P ) B Ni(ap)]:2(9p)P2
2

~ Lt (do/d2)dQAZ (6,)P?

(13)

where t,, is the time of measurement.

The integrated quantity, calculated for a trans-
verse polarized proton beam scattering from a longi-
tudinally polarized electron target (p'+ € — p + €)

do

2— -
= dk?

C2, (k) dk? (14)
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is shown in Fig. 4 as a function of the incident energy.
In Refs. [7] it was suggested to use the scattering of
a transverse polarized proton beam from a longitu-
dinally polarized electron target. From Fig. 4, one
can see that F? takes its maximum value for T ~ 10
GeV. Assuming a luminosity of 1032 cm=2 s~! for an
ideal detector with an acceptance and efficiency of
100%, one could measure the beam polarization with
an error of 1% in a time interval of 3 min.
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Fig. 4. Variation of the quantity F? [a.u.]as a
function of proton kinetic energy T for a transverse
polarized proton beam scattering from a longitudi-
nally polarized electron target (P+¢€—p+e)

4. CONCLUSIONS

The elastic scattering of protons from electrons at
rest was investigated in a relativistic approach in the
one-photon-exchange (Born) approximation. This re-
action, where the target is three orders of magnitude
lighter than the projectile, has specific kinematical
features due to the “inverse kinematics” (i.e., the pro-
jectile is heavier than the target). For example, the
proton is scattered at very small angles and the al-
lowed momentum transfer does not exceed the MeV?
scale, even when the proton incident energy is of the
order of GeV. The differential cross section and var-
ious double spin polarization observables have been
calculated in terms of the nucleon electromagnetic
FFs. However, for the values of transferred momen-
tum involved, any parametrization of FF's is equiva-
lent and is very near to the static values. The spin
transfer coefficients to a polarized scattered proton
were calculated when the proton beam is polarized or
when the electron target is polarized. The correlation
spin coefficients when the proton beam and the elec-
tron target are both polarized were also calculated.
Numerical estimates showed that polarization effects
may be sizable in the GeV range, and that the po-
larization transfer coefficients for '+ e — p'+ e could
be used to measure the polarization of high energy



proton beams. The calculated values of the scattered
proton polarization for the reaction p + € — p'+ e at
proton-beam energies lower then a few tens of MeV
show that it is not possible to obtain sizable polariza-
tion of the antiproton beam in an experimental setup
where antiprotons and electrons collide with small
relative velocities. The present results confirm that
the polarization of the scattered proton has large val-
ues at high proton-beam energies. Thus, one could
consider an experimental setup where high-energy
protons collide with a polarized electron target at
rest. The low values of momentum transfer which
are involved ensure that the cross section is sizable.
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ITHOJIAPN3AIINOHHBIE 9®®EKTHI B YIIPYI'OM ITPOTOH-9JIEKTPOHHOM
PACCEAHUN

I'A. Iax, A. b6eticu, . Mapwarnd, B.B. Buumes, 9. Tomacu-I'ycmagcor

B BoproBCcKOM Npub/IMKEHUH BBIYUCIEHO YIPYroe PacCesHue IMIPOTOHOB HA MOKOAIMMUXCS dJeKTpoHax. MH-
Tepec K ITON peakiuyu 00yCJIOBJIEH BO3MOYKHOCTHIO MOJSPU3AINNA BHICOKOIHEPTETUIECKOTO aHTUIIPOTOHHOTO
My9YKa U TOJISIPUMETpHE TPOTOHOB BHICOKUX YHEPTHil. B mpeanoioxkenun 01H0(MOTOHHOTO 0OMEHA, TIOJTY Y€HBI
BbIpazkeHusi it JTuddepeHnmraabHOr0 CeYeHrs U MOJIsIPU3ANUOHHBIX HAOJIIOIAeMbIX. BBITOTHEHbI YUC/IEeH-
HbIE OIEHKM CedeHust U KOI(DDUIMEHTOB KOPPEJIAIUU CIUHA B MIUPOKONH KHHEMATUYECKON 00J1acTH.

IMOJIAPU3AIIINHI EPEKTU B [IPY2KHOMY EJIEKTPOH-IIPOTOHHOMY
PO3CIFOBAHHI

I'.l. I'ax, A. /lbetict, /I. Mapwand, B.B. Bumes, E. Tomaci-I'ycmagcon

Y BopuiBcbkoMy HAOIMKEeHHI 00YUCIEHO MIPYKHE PO3CIIOBAHHS MPOTOHIB HA €JIEKTPOHAX, AKi 3HAXOAATHCI
y craHi cnokoio. Iarepec 1o i€l peakiiii 00yMOBIEHO MOXKJIMBICTIO MOJIAPU3AIlil BUCOKOEHEPTETUIHOIO AHTH-
MIPOTOHHOT'O TIYYKa, Ta MOJISPUMETPIEI0 MPOTOHIB BUCOKUX €Hepriit. ¥ mepeadadenti 0aHO(GOTOHHOTO 00MiHY
OJleprKaHi BUpa3u i AuEPeHIitHOro nepepi3y Ta MmoJIapu3aIiiiHuX CrocTepeKyBannx. BukoHaHI 9ucesbHi
OIiHKY Iepepi3y Ta KoedimienTiB KopesIil CIiHiB y MmupoKiit KinemarudHiit ob1acTi.
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