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The differential cross section and polarization observables for the elastic reaction induced by deuteron scattering off electrons at rest,

d+e > d+e  are calculated in the one-photon-exchange approximation. The following polarization observables were calculated:
1- the analyzing powers (asymmetries) due to the tensor polarization of the deuteron beam, 2 - the spin correlation coefficients caused
by the arbitrarily polarized electron target and the vector polarized deuteron beam, 3 - the coefficients of the polarization transfer from
the arbitrarily polarized target electron to the recoil electrons. The differential cross section and polarization observables have been
expressed in terms of the deuteron electromagnetic form factors: G, (charge monopole), G,, (magnetic dipole) and G, (charge
quadrupole). Numerical estimations are given for the analyzing powers (asymmetries) due to the tensor polarization of the deuteron
beam. They are calculated as functions of the deuteron beam energy for some values of the scattering angle (the angle between the
deuteron beam and the recoil electron momenta). For the numerical calculation we use the existing phenomenological parametrization
of the deuteron electromagnetic form factors. It turns out that the analyzing powers (asymmetries) are increasing with the growth of
the deuteron beam energy and they have appreciable sensitivity to the value of the scattering angle. The specific interest of this reaction
is to investigate the possibility to use this reaction for the measurement of the polarization of the high energy deuteron beams.

KEY WORDS: polarization phenomena, electron, deuteron, asymmetries, form factors.

The use of the inverse kinematics (where the projectile is much heavier than the target) in experimental investigation
of some reactions allows to solve certain problems. The important feature of this kinematics in the hadron electron
reactions is that the momentum transfer squared is extremely small. The inverse kinematics was previously used in a
number of the experiments to measure the pion or kaon charge radius from the elastic scattering of negative pions (kaons)
from electrons in a liquid-hydrogen target. The first experiment was done at Serpukhov [1] with pion beam energy of
50 GeV. Later, a few experiments were done at Fermilab with pion beam energy of 100 GeV [2] and 250 GeV [3]. At
this laboratory, the electromagnetic form factors of negative kaons were measured by direct scattering of 250 GeV kaons
from stationary electrons [4]. Later on, a measurement of the pion electromagnetic form factor was done at the CERN
SPS [5,6] by measuring the interaction of 300 GeV pions with the electrons in a liquid hydrogen target.

The use of the inverse kinematics is proposed in a new experiment at CERN [7] to measure the running of the fine-
structure constant in the space-like region by scattering high-energy muons (with energy 150 GeV) on atomic electrons,
He — e . The aim of the experiment is the extraction of the hadron vacuum polarization contribution. In the last time

the inverse kinematics was used to investigate the nuclear reactions which can be hardly measured by other methods. In
the paper [8] it was proposed to measure the neutron capture cross sections of unstable isotopes. To do so the authors
suggested a combination of a radioactive beam facility, an ion storage ring and a high flux reactor which allow a direct
measurement of neutron induced reactions over a wide energy range on isotopes with half-lives down to minutes. A direct
measurement, in inverse kinematics, of the "O(a,y)” Ne reaction has been performed at the DRAGON facility, at the
TRIUMEF laboratory, Canada [9]. At this laboratory, the **Ne(p,y)” Na reaction has, for the first time, been investigated
directly in inverse kinematics [10]. A total of 7 resonances were measured. The authors of the paper [11] analyze the
(p, 2p) and (p, pn) reactions data measured, in inverse kinematics, at GSI (Darmstadt, Germany) for carbon, nitrogen and
oxygen isotopes in the incident energy range of 300-450 MeV/u (see [12] and references therein).

From the theoretical point of view, the inverse kinematics was considered in a number of papers. A large interest in
inverse kinematics (for the case of the elastic pe scattering) was arisen due to possible applications - the possibility to
build the beam polarimeters, for the high-energy polarized proton beams, in the RHIC energy range [13]. The calculation
of the spin correlation parameters, for the case of polarized proton beam and electron target, are sizeable and the
polarimeter using this reaction can measure the polarization of the proton beam [13]. The cross section and another
polarization observables for the proton-electron elastic scattering were derived in a relativistic approach assuming the
one-photon-exchange approximation [ 14]. The numerical estimations of the polarization observables have also been done.
The authors showed that polarization effects may be sizeable in the GeV region, and that the polarization transfer
coefficients for p+e — p+e reaction could be used to measure the polarization of the high-energy proton beams. The

suggestion to use this reaction for the determination of the proton charge radius was considered in [15]. The model-
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independent radiative corrections to the differential cross section for elastic proton-electron scattering have been
calculated in [16] in the case of experimental setup when both the final particles are recorded in coincidence. The
differential cross section for the elastic scattering of deuterons on electrons at rest is calculated taking into account the
QED radiative corrections to the leptonic part of interaction [17].

In this work, we calculated, in the one-photon-exchange approximation, the differential cross section and some
polarization observables for the elastic deuteron-electron scattering. Numerical estimations are given for some
polarization observables. The following polarization observables were calculated: 1- the analyzing powers (asymmetries)
due to the tensor polarization of the deuteron beam, 2 - the spin correlation coefficients caused by the arbitrarily polarized
electron target and the vector polarized deuteron beam, 3 - the coefficients of the polarization transfer from the arbitrarily
polarized target electron to the recoil electrons. Numerical estimations are given for the analyzing powers (asymmetries)
due to the tensor polarization of the deuteron beam. They are calculated as functions of the deuteron beam energy for
some values of the scattering angle (the angle between the deuteron beam and the recoil electron momenta). For the
numerical calculation we use the existing phenomenological parametrization of the deuteron electromagnetic form
factors.

UNPOLARIZED CROSS SECTION
Let us consider the reaction

d(p)+e (k) —>d(p,)+e (k) Q)

where the particle momenta are indicated in parentheses. The reference system is the laboratory (Lab) system, where the
electron target is at rest. The maximum value of the four-momentum transfer squared, in the scattering on electrons at
rest, is:

B 4m2<E2—M2)

2
T @

where m (M) is the electron (deuteron) mass, £ is the deuteron beam energy.
In the one-photon-exchange approximation, the matrix element M of the reaction (1) can be written as:

2
e

M :k_zj/z‘]y’ (3)

where j, (J,) is the leptonic (hadronic) electromagnetic current and k =k, —k, = p, — p, is the four-momentum of the

virtual photon. The leptonic current is
Ju = u(ky)y uk), “

where u(k,,) is the bispinor of the incoming (outgoing) electron. The hadronic electromagnetic current can be written
as
k2

* 1 * *
S, =(p+p,), | ~G (U, U, +WG3(k2) U kU, k==-U, Uy ||+ ®)

+G,(k)(U

1u

U, -k=U3,U, k),
where U, and U,, are the polarization four vectors for the initial and final deuteron states. The functions G,(k?),

i=1,2,3, are the deuteron electromagnetic form factors.
These form factors are related to the standard deuteron form factors: G, (charge monopole), G,, (magnetic dipole)

and G, (charge quadrupole) by the following relations:

G, (k) =-G,(k*), G, (k%)= G,(k*)+ G, (k*)+2G,(k*), (6)

2

Gek) :%T[Gz("z)‘Gs("ﬂ*(”%’)Gl(kz), F=
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The standard form factors have the following normalization:

G.(0)=1.G, (0) =m£ud,GQ<0>=Mzgd, %

N

where m,, is the nucleon mass, x, =0.857(Q, =0.2857 fm : ) is the deuteron magnetic (quadrupole) moment.

aZ
k4

|\M[=16z>—L,H,,.L,=j,j..H,=JJ, (8

uv? uv ueve
where a = e’ /47 =1/137 is the electromagnetic fine structure constant. The leptonic tensor, Lf‘f (L(:V)) , for unpolarized
initial and final electrons (polarized electron target) averaging over the initial electron spin, has the form:

0 2 .

L(y\z = k gﬂv + Z(klykZV + klvkz;z)’L(ypv) = 2lmgyvpokpslo-’ (9)
where s, is the initial electron polarization four-vector which satisfies following conditions: %, -s, = 0,s7 = —1. We use
the condition ¢,,,, =1.

The spin density matrix of the initial deuteron has the following form:

i 1 1 i ;
Py :——[gaﬂ—ﬁpmpm +——<apnp >+0)), (10)

3 2M

(i)
ap
polarization of the initial deuteron. The four-vector of the vector polarization satisfies the following conditions: 7} =-1,

) ants " (i) _ O _ b 9D, —
s satisfies the conditions =0, ;=0 P =0

aa Po >

The hadronic tensor A, (0) which corresponds to the case of unpolarized initial and final deuterons can be written as

where <afab>=¢, a b, . Here 1, and

wppo@,Dy are the four vector and tensor describing the vector and tensor

71, - p, =0 . The tensor

. 1
H,,(0) =H1(k2)gw+WH2(k2)PﬂPv, (11)

where g, =g, —(kk,)/ K, P, =(p, + p,), - Averaging over the spin of the initial deuteron, the structure functions

H,(k*), i=1,2, can be expressed in terms of the electromagnetic form factors as:
H (k*)= %kz(l +7)G;, (k*), H, (k)= M" {Gé(kz) +§rGfJ (k2)+§rzGé(k2)}. (12)

The expression of the differential cross section for unpolarized deuteron-electron scattering, in the coordinate system
where the electron is at rest, can be written as:

dk>  2m*pt kKt

do o’ D H, (k%)
2 9

D= (k> +2m* ) H, (k*) + 2| kK> M” + 2mE (2mE + k| (13)

where p is the momenta of the deuteron beam.

POLARIZATION OBSERVABLES
Let us choose the following orthogonal system: the z axis is directed along the direction of the deuteron beam momentum p,

the momentum of the recoil electron f, lies in the xz plane (6, is the angle between the deuteron beam and the recoil electron

momenta), and the y axis is directed along the vector px f, . So, the components of the deuteron beam and recoil electron momenta
are the following
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p.=p,=0,p.=p,k, =k,sin0,.k, =0,k,. =k,cos0,
where p(k,) is the magnitude of the deuteron beam (recoil electron) momentum.

Asymmetries 4, caused by the tensor polarized deuteron beam

Consider the scattering of the tensor polarized deuteron beam on the unpolarized electron target. The hadronic tensor
which corresponds to this case can be written as

=)

i 0 ~ 0 ~0) | p A0 = (i)
H,(0")=H,(k)0"g, +H, (18)4M2 S(kz)(P#QV +PVQ”)+H6(k2)QW, (14)
where
~ . - kk, —i kk kk,
(i) i =) i (’) viia i a i
Q# = Q/(uzkv kz Q Q# 7 0 le/ Q,fuz Q kz ,fw: kz ‘Ea)’ (15)
0Lk =0.0"= O by
The structure functions H,(k>) are related to the deuteron electromagnetic form factors by
H,(kK*)=-G,,, H,(k*) = G2+1—G +17G,, +3GJG (16)
+

H (k") =~2(G,, +2G,)G,,, Hy(k*) = 4M*(1+7)G?,.

The components of the quadrupole polarization tensor Ql.(,.i) which are defined in the Lab system can be related to the

corresponding ones in the rest system of the deuteron beam (denote them as R, ) by the following relations

E2

Q)(r;) = Rxx s Q;,lv) = Ryy ’ Q)(r;) = x s Q(I) M z °

The dependence of the differential cross section of the reaction (1) on the polarization characteristics of the deuteron
beam, in case when beam is tensor polarized, has the following form

de 9 (0")= (%} 144, (R, ~R,)+ AR +A4.R.|, (17)

where 45, i, j =Xx,y,z are the asymmetries which characterize de scattering, when the deuteron beam is tensor polarized.

The expressions for the asymmetries, as a functions of the deuteron form factors, can be written as:

2
DA :41[ . jl:(mzpz +TM*)Gy, —mEK’G,, G, +(1+7)" (M°k* +2mEk” + 4m2E2)GQ [rGM +G, +§GQH,
2,Z. k2 1/2
_ 2 2712 2 2 2.2 2
DA_ p— {—k [1— d H (MK (M? + mE) Gy, +2[m’ p* (K + 4mE) + (18)

2mER* (M? +mE) |G, Gy =4(1+7) ' (M +mE) (MK +2mER* + 4m’E*) G, [rGM +G, +§GQ j}

6

2.2

DA = {—{mzpz+2r(z’—l)M4+z'mM2(m+2E)+3r2
m-p

(M2+2mE+m2)}Gfl+
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+4z| mEM® (3—47)+2(m’E* —tM*)-37E

+4(1+7) " (m°E* - 2emEM? —rM4)[l—21—3r

4

2

mp

2

—(M? +2mE+m2)}GQ (rGM +G.. +§GQJ}.

m-p

(M2 +2mE+m2)}GMGQ +

Spin correlation coefficients, C, , caused by the polarized electron target and the vector polarized deuteron beam

Consider the scattering of the vector polarized deuteron beam (the polarizations of the final particles are not
detected). In this case a non-zero polarization effects arise only when the electron target is also polarized. So, the part of
the hadronic tensor related to the vector polarized deuteron beam and unpolarized scattered deuteron can be written as:

H, () =i(1+1)MGY < pviyk > +ﬁGM [GM ~2G,

2

_ETGQJ (Ru <vmkp, >—F, < umkp, >)'

19)

In the considered frame, where the target electron is at rest, the polarization four-vectors of the electron target and of the
deuteron beam have the following components

1,0 14,.(%) _
4,09 ! 257 4%
6
0,84 1
—6,=1 mrad i 20
- - --0,=5 mrad S 51 L
064 | 0,=20 mrad e 4 15 —6,=1mrad
.;; - ---0,=5mrad
044 34 04 /= 6,=20 mrad
2 7
0,21 B s+ /-
v 14 JUPTEEETEE LA - ---
U R R - E(GeV
& el E(GeV) 0 A E(GeV) 0 A — ( ______ )
’ 50 100 150 200 50 1(')0 1é0 260 50 100 150 200

Figure 1. The asymmetries, which are caused by the tensor polarization of the deuteron beam, as a function of the deuteron beam
energy E at various values of the scattering angle

(20)

p(5-5) j

. 55 -
Sy :(0’51)’771 :( M ]’S1+M(E+M)

where § I(E ) is the unit vector describing the vector polarization of the deuteron beam (the electron target polarization)

in its rest system.
The dependence of the differential cross section on the polarization of the initial particles has the following form:

do - _ do
(fls Sl) = (_j {1 + Cxxé:]xslx + nyf]ySly +C.E.5,. + szé:]xslz + szﬁlz‘%x}’ 2D

i di

where C, , i, j=x,,z are the spin correlation coefficients which determine the dé scattering, when the deuteron beam

i
is vector polarized and electron target is arbitrarily polarized.

The explicit expressions of the spin correlation coefficients, as a function of the deuteron form factors, can be
written as:

T
DC,, =~4mMi*(1+7)G,, | G, + %G, ]
) K’ 4aM*? T
DCL,(:—ZTka GM kz_—l GM+2 l—kz— GC+§GQ ,
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2

max

kz k2 1/2 .
DC.. :?(mE+M2) -k {1— ] Gy Gy, +2Gc +2Gy) (22)

1E+mk’

K 2
Z—?{TGM + 2GC +§TGQ }],

1/2
DCZX:4mMp{—k2[1— d H GM[T(GM—ch—ngQH

max

E+mM?

m p2

DC.. = -2kG,, [2(mE—rM2)[GC +§GQJ+T(M2 +mE)G, ~7 (M2 +mE)(rGM +2G, +§TGQH .

Coefficients of the polarization transfer from the target electron to the recoil one, ¢,

Consider the scattering of the unpolarized deuteron beam on the polarized electron target (the polarization of the
scattered deuteron is not measured) in the case when the polarization of the recoil electron is measured.
The part of the leptonic tensor which corresponds to the case of the polarized target and recoil electron has the following
form

IS IS
L, (5,,8,) = —(kl -8,k -8, +7s1 .szjgﬂv +7(s]”szv +s1vszﬂ)— (23)

=518, (Koo, + K, N+ 5y (81,50, + 80Ky, )4y -5, (8K, + 55k, )

2u 2u

where s, is the polarization four-vector of the recoil electron which satisfies the following conditions:

2u
ky-s,=0,s2=—-1.

In the Lab system, where the target electron is at rest, the polarization four-vector of the recoil electron has the
following components

°52
m m+ég,

S2={]€2.§2 E +k2(k2'§z) ’ (24)

where & , is the unit vector describing the polarization of the recoil electron in its rest system and ¢, is the recoil electron

energy.
The dependence of the differential cross section of the reaction d +é — d +¢€ on the polarizations of the initial
and recoil electrons has the following form

d_a(” £ )_l(d_a
de 51’52 2 dk2

] (141,88, +1,8,6, +1.6.6. +1 8.5 +1.E.E, |, (25)

where ¢, i, j = x,y,z are the coefficients of the polarization transfer from initial electron to the recoil one.

The explicit expressions of the polarization transfer coefficients, as a function of the deuteron form factors, can
be written as

xx

Dt =(2m® —kzsinzé’e){Hl +4%[E2 ~A(M? +2mE)]}+

H 2
+4k,sind, —22{4ﬂmpEc0st9£,sim96 + Mk, {(1 +7)cos6, —sinb, (z’ +2 E 5 ﬂ}
M M
2 HZ 2 2
D, =2m*{H, + 4W[E —A(M?+ sz)] , (26)

Dt =4k,cos0, %[(Mz —-2E? ) k,cos0, +4Amp (m +E+ Ecos™0, )J +
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+2m’ <1+2/100s26’e){H1 +4%[52 ~A(2E* -M? +2mE)]},

Dt _ = 4k,sin6, %[(MZ -2E? )kzcosﬁy + ZmpE] +
. 2 HZ 2 2
+4Acos0,sind, {m H + W[4mE(mE + pkycosO, ) +k (M + 2mE)J},
Dt., = 4k,sin6), %[(MZ ~2E")k,cos6, + 2mp(2mA+24E - E) |+

+4Acos0,sind, {mzH1 +%[4mE(mE + pkycos6, )+ k* (Ez +p+ ZmE)]},

where A =—k*/(4m*).

In conclusion, the differential cross section and polarization observables for the elastic reaction induced by
deuteron scattering off electrons at rest are calculated in the one-photon-exchange approximation. The following
polarization observables have been calculated:

1 - the asymmetries, 4, caused by the tensor polarized deuteron beam,

2 - the spin correlation coefficients, C,, caused by the polarized electron target and the vector polarized deuteron

beam,
3 - the coefficients of the polarization transfer from the target electron to the recoil one, ¢, .

Numerical estimations are given for the analyzing powers (asymmetries) due to the tensor polarization of the
deuteron beam (see Fig.1). They are calculated using the parametrization of the electromagnetic deuteron form factors
from Ref. [18].
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MOJISIPU3AILIAHI EGEKTUA B PEAKII d +e¢” > d +e”
Tennagpiii I. Tax?, Muxaiizo I. KonuaTauii?, Mukoaa I1. Mepenkos?, Auapiii I'. T'ax?, Ersie Tomaci-I'ycradccon®
“HayionaneHuil Haykosutl yeHmp « XapxiecvKuil Qi3suko-mexHiyHutl iHcmumymy
61108 Yxpaina, m. Xapxis, eya. Axademiuna, 1
bXapxiscoruii nayionanvnuil ynisepcumem imeni B.H. Kapasina
61022, Vkpaina, m. Xapxie, ni. Ceoboou, 4,
¢IRFU, CEA, Yuieepcumem Ilapuc-Cakne, 91191, Kugp-crop-Ieemm, @panyis
JudepeHniiansHui nepepis Ta Mospu3aLiiHi CiocTepe)xyBaHi Ul IPY)KHOT peakiii iHyKoBaHOT pO3CIsTHHSIM JEHTPOHA Ha €IEeKTPOHI
B CTaHi CHOKOI0 d + e~ — d + ¢~ obuncineni B oxHOGOTOHHOMY HabmmkeHHi. OOUHCIeH] HacTyIHI HONIPU3aLiifHi CIoCTepexKyBaHi:
1- anami3yroui 3maTHOCTI (acumerTpii), 2- KOe]ilieHTH CIIHOBHX KOpEIslid 0OYMOBJICHHX MOBUIBHOIO IOJSIPH3ALIEI0 €JISKTPOHA
MillleHi Ta BEKTOpa MOJLSIpH3aLil My4yKa JeUTpOHiB, 3- KoedilieHTIB Mepeaayi mosipu3arii BiJ JOBITEHO MOISPU30BAHOTO SIEKTPOHA
MilIeHi [0 eNeKTpoHa Bimmaui. JludepeHmianpHU Tepepi3  Ta MONAPU3AIiiHI CIIOCTEPE)KyBaHI BHPaKCHI B TepMiHAX
enexTpomartithux gopmdaxropis aefitpona: G, (3apsposuii Mononoins), G, (Marnithuii qunons) Ta G, (3apsA0BUH KBaApyIIOIb).

IpuBeneHi YnCIOBI OLIHKY AJIsI aHATI3YIOUHX 31aTHOCTEH (acCHMeTpiil) 00YMOBIICHUX TEH30PHOIO MOJSIPU3ALIEI0 ISHTPOHHOTO My YKa.
Bonu obuncineni sk QyHKIT eHeprii my4ka JeWTPOHIB IS JesKOl BETMYMHH KyTa po3CistHHs ( KyTa MiX HampsMOM Iy4Ka JIeHTPOHIB
1 IMOyJIbcoM eJeKTpoHa Bimmadi). s dYMCIIOBHX OOYHMCICHb BHUKOPHCTAHO ICHYIOUY (DEHOMEHOJOTIYHY MapaMeTpu3alio
CJIEKTPOMAarHiTHUX (opMpakTopiB AelTpoHA. BUABIAETECS, IO aHANI3YIOYi 31aTHOCTI (acCHMETpii) 301IBIIYIOTECS 3 POCTOM €HEepril
ITy4Ka ACHTPOHIB 1 BOHH MalOTh IOMITHY Uy TJHBICTB 0 BEIMIMHH KyTa po3citoBaHHs. OcoOnuBHil iHTEpec 10 wiei peakuil nousirae y
JIOCIIIJDKEHHI MOIIMBOCTI BUKOPHCTATH TaKy PEaKIilo Ul BUMIPIOBAHHS ITOJISIPU3ALil ITydKa ASHTPOHIB BUCOKOI €HEpril.
KJIIOYOBI CJIOBA: nosnsipu3aiiiiiHi siBUIIa, €I1EKTPOH, AEHTpOH, acumeTpii, popMbpaxTopu



