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Proton (neutron) spin rotation in a polarized nuclear target:
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The nuclear interaction of a protdneutror) beam of energy-1 GeV with a polarized nuclear target of
lengthl results in spin rotation of the incident particles through an afglél03~10"%) (cm). Using the spin
density matrix method, it is shown that there are two physically different mechanisms which lead to the spin
rotation effect. The first mechanism, coherent spin rotation, has a quasioptical nature and depends directly on
the real part of a spin dependent proton-protpp)(and proton-neutronp(n) forward scattering amplitude. It
manifests itself in a broad energy range from a few hundredths of dieiMor (pp) interaction, from tens
of MeV] to hundreds of GeV. The second mechanism, diffractive spin rotation, is caused by Coulomb-nuclear
interference in pp) scattering and is of the same order as coherent spin rotation in an energy region of about
tens of MeV. The diffractive spin rotation angle decreases with the incident beam energy, and, at about 1 GeV,
it represents only 1% of the value of the coherent spin rotation angle. Experimental measurement of the spin
rotation angle makes it possible to reconstruct directly the real part of the forward scattering proton-proton and
proton-neutron amplitudes. Spin rotation is proposed to be used for the investigation of threshold effects and of
resonant baryon states in the intermediate energy region.

PACS numbds): 29.25.Pj, 03.75.Be, 13.75.Cs, 29.27.Hj

[. INTRODUCTION not very reliable, because, in this case, the contribution of the
nonphysical region of th& N cutoff is very complicated to
There are two physical principles, unitarity and analytic-take into accounfl10].
ity, which, physicists believe, hold for the description of There are also several experimental possibilities for the
strong interactions. The unitarity principle gives the directindirect measurement of the real part of the forward scatter-
relation between a total cross section of colliding particlesng amplitude[1]. Since no scattering experiment is possible
and the imaginary part of the forward scattering amplitude. lin the forward direction, the determination of the real part of
is well known in experimental particle physics how to mea-the forward amplitudes has always consisted in the measure-
sure a total spin dependent cross section of proton-protoment of well-chosen elastic scattering observables at small
(pp) and proton-neutron(n) interactions(for a review, see angles and then in the extrapolation of these observables to-
[1]). The corresponding physical program has been carriediards zero anglgl]. In addition, there has been one experi-
out for a long time in the broad energy range of colliding ment in which the real parts of-p forward scattering am-
particles[for the (nN) interactions, for example, from a few plitudes were calculated by using isospin symmetry relations
hundredths of an eV to hundreds of GeV [1] through the measurement fp scattering amplitudes at
Through analyticity we can get dispersion relations be-180° ¢.m.[11,172. All of these methods, however, contain
tween the real and imaginary parts of the forward scatteringliscrete ambiguities in the reconstruction of the forward scat-
amplitude. These relations are very valuable for analyzingering matrix which can be removed only by new indepen-
strong interactions, especially if we know both the real anddent measurements. Consequently, what is needed is a direct
imaginary parts of the forward scattering amplitude in areconstruction of the real part of the forward scattering ma-
broad energy range through independent experimental megix such as we have in the case of the imaginary part through
surements. Moreover, knowledge of the real part of the forthe measurement of a total cross section.
ward scattering amplitude is important for the investigation It has been shown ifl3—1§ that there is an unambigu-
of dibaryon resonancg2-5|, the measurement opp) spin  ous method which makes the direct measurement of the real
observables under small angle scatterifg/], phase shift part of the spin dependent forward scattering amplitude pos-
analysis[8], and the calculation of parity violation imp(N) sible. This technique is based on the effect of progosu-
and (WN) interactiong9]. tron) beam spin rotation in a polarized nuclear target and
However, up to the present, the usual method for calcuuses the measurement of a protgreutron) spin rotation
lating the real part of the spin dependent amplitude has beesngle under the conditions of a transmission experiment—
through a dispersion relation from the imaginary part. Notethe so-called spin rotation experiment. The analogous phe-
also that unlike the case of the spin independent part of theomenon for thermal neutrons was theoretically predicted by
amplitude, where the method of dispersion relations is @odgoretsky and one of the auth@ksB.) [14] and experi-
well-determined procedure, the calculation of the spin dementally measured by the Abragafi5] and Forte[17]
pendent part of the amplitude using the dispersion integral igroups (the phenomenon of nuclear precession of neutron
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spin in the quasimagnetic nuclear field of a polarized nucleareversal invariance, and the Pauli principle, we can write the

targe}. general form of the scattering matrix for colliding nucleons
The nature of the spin rotation effect can be easily underf21] as

stood using a simple quasioptical model of the nuclear inter-

action of an incident beam with the target. In this case the M(R,ﬁ’)z{(aJr b)+(a—b)(v61)(v0,)+(c+d)(mMay)

difference in the interaction of protorigeutron$ polarized

parallel and antiparallel to the polarization of the nuclear X (6ry) + (c—d)(161) (15) + e[ 5(F1+ 05) ]
target is described by two effective indices of refractiop, o
andn,, . These refractive indices characterize the interaction +f[v(or—02)1}/2, ()

of the incident beam with the target as a whole. This is dif- . . ) . ] i
ferent from the refractive index introduced in the usual opti-whereo; ando, are the Pauli matrices acting on the first and
cal model of nuclear interactioi9,20 which describes the second nucleon wave function,
scattering process on separate target nuclei. As is usual with R
two indices of refraction, the quasioptical phenomena of spin .k
rotation and dichroism of absorption arise when the polar- m= =
ized protongneutron$ penetrate the polarized nuclear target. [
Since the quasioptical description holds under arbitrary en- ~ . . N o
ergies of the incident particles, the phenomenon of spin rok andk’ are umt vectors in _the direction of the incident and
tation is manifest both in the low and in the superhigh energy?cattered particles, respectively, amdb, c, d, e, andf are
regions. six complex invariant amplitudes dependent on the arigle
This very simple picture of the spin rotation phenomenonPetweerk andk’ and on the particle enerdy. If we assume
holds only for the forward scattered protofreutrong [i.e., ~ @lso isospin invariance of the scattering matrix then the am-
for the coherent protofmeutron wave]. However, the elec- plitude f vanishes.
tromagnetic interaction of incident particles with the Cou- A direct transition of the scattering matrig) to the case
lomb field of the target results in fast damping of the coher-of zero scattering angle is impossible because of the uncer-
ent wave(especially for the polarized proton bepartt seems  tainty in the directions ofm andl whenk’ =k. However, the
that this effect should lead to practically total suppression ofequirement of uniqueness of the forward scattering matrix
coherent proton spin rotation in the polarized nuclear targetV (k,k) leads to the following relations between amplitudes:
but this is not the case. We will show that a scattered proton

>
>

, @

also “senses” the quasimagnetic nuclear field in which its e(0)=0,

spin is rotated. Coulomb scattering in the nuclear target re-

sults in only insignificant depolarization of the beam and f(0)=0, 3
does not influence coherent spin rotation. Moreover, spin ro-

tation for the scattered protons is enhanced, for, besides co- a(0)—b(0)=c(0)+d(0),

herent spin rotation in the quasimagnetic nuclear field, there
is incoherent spin rotation arising in single scattering eventsvhich are used to get
on the target nuclei. This incoherent spin rotation is condi-
tioned by the interference between the nuclear and the elec- M(0)= s[(a+ b)+(c+d)(&1&2)—2d(&1k)(&2k)].
tromagnetic interactiofdiffractive spin rotation (4)

This paper, then, is organized as follows. In Sec. Il we
discuss the basic properties of the spin depenbleht scat-  As follows from Eq.(4), there are only three out of six non-
tering matrix. In order to describe the dynamics of a polar-zero independent complex parameters which completely de-
ized proton beam traveling through a polarized nuclear targetcribe the forward scattering amplitudes.
under the conditions of a transmission experiment, we use, in Recall also[19,2( that the proton-proton and proton-

Sec. lll, the formalism of the spin density matrix. Then, neutron scattering matrix may be written as
based on this formalism, we describe both coherent and dif- . . .
fractive proton spin rotation in polarized matter. The expres- M(K,k")=Mg(k,k")+M,(k k"), (5)

sions for the polarization of the incident beam which take

into account both the processes of depolarization and diffuwhere we separated the contributions to the scattering ampli-
sion of the beam over the solid angle are obtained in Sec. IMudes conditioned by the electromagnetic and strong interac-
It is seen that, in the GeV region, diffractive spin rotation istions. Note that at energy10 MeV the nuclear part of the
strongly suppressed, and spin rotation is mostly due to the-p scattering matrixM ,(k,k’) is strongly modified by the
coherent part. Accordingly, spin rotation can be described bglectromagnetic interactidri9,24.

two indices of refraction as discussed in Sec. V. In Sec. VI The scattering matrit ,(k,k’) of a proton on the Cou-
we consider various beam and target spin configurations fapmb center is obtained in the Appendix:

a spin rotation experiment. Such an experiment can be used

to investigate threshold effects as well as to observe signals ib, . _

of possible dibaryon resonances. Me=ae( )| 1— 79 (010) 0+ (by6)%/8], (6)

Il. THE NUCLEON-NUCLEON SCATTERING MATRIX
where by=(g—2)(¥*~1/(2y)+(y=1/y, and y and g are

In this section we review the basic properties of MeN the Lorentz factor and gyromagnetic ratio of the proton, re-
scattering matrix. By assuming parity conservation, time-spectively. The amplituda,(6) is a maximum at?=0 and
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falls off as 1h? as the scattering angle increases. This isvoir with an infinite set of degrees of freedom which we then

quite different from the smooth behavior of the nuclear partaverage. Neglecting the influence of the polarized proton
of M,(6) near zero angle, beam on the target we can treat the polarizatignas a

o A A constant vector for the duration of the experiment. Therefore
M,(8<1)~M,(0)=A+B(010,)+C(a:K)(0.K), (7)  the density matrix for the syster(b,t), consisting of the

o ) polarized target plus polarized proton beam, can be written
where the coefficienta, B, andC are complex functions of a5 4 tensor product of the matriomgb) andw(t):

energy. Taking into accouii), (6), and(7), this allows us to
write the matrixM (6) for small scattering angles as w(b,t)=w(b)@wl(t). (12

M(6<1)~M(6)+M,(0). (8) The master equation for the spin density matrix of this sys-

tem has the standard form
Comparing formulag4) and (8) it is possible to find rela-

tions between the coefficients (@) and (7); dw(b,t)
dt

(13

i 0 ) dw
— g (W g

sct
with the HamiltonianH= — ,up(}té— ,up&bé— I'/2. Here
mp="gel/(4mc) is the proton(neutrorn) magnetic momeng
andm are the proton charge and mass, ani the Lande
factor. The Hamiltonian includes the magnetic interaction be-

The calculation of the imaginary parts of amplitudess, tween protons of the beam and target and the holding mag-

andC is possible through the optical theord@®,23 netic field B of the polqrized nuclgar target and'also the
decay part of the Hamiltoniar,, which is responsible for

A=[2a(0)+Db(0)]/2—a¢(0),
B=[c(0)+d(0)]/2, (9)

C=—d(0).

Aqr . inelastic nuclear interactions. The teriohw/dt) ., describes
Ttot= Im{[a(0) +b(0)]/2+[c(0)+d(0)](P,P)/2 the change in the density matrix due to elastic collisions in
the target and will be considered more thoroughly.
—d(0)(PpK)(PK)}, (10 Let us introduce thé& matrix S describing the transitions

R . from the initial state before scattering to the final state after
where P,, and P, are the beam and target polarization andparticle scattering by the target nucleus. The density matrix
o1t IS the total cross section of tié-N interaction. The total  after the collision can be written as
cross section in turn is directly determined by measuring the A
final intensity of then (p) beam that has passed through the w'=SwS". (14
polarized nuclear target under the conditions of a transmis- oA
sion experiment. However, besides intensity, ithg) beam AN €lement of theS matrix S is
possesses another experimentally measurable characteristic,
polarization. Polarization, together with intensity, changes
when then (p) beam traverses the polarized nuclear targety here k and k’ are the initial and final momentum of the
We will show that the change in beam polarization is CON-geattered particle, anslands’ are the spin variables of the
nected with the real part of the spin dependent amplitigles system target plus beam before and after the collision, re-

andC by a simple algebraic relation. Hence, an eXperimemspectively. We represerg (k’,k) in the form
which measures not only transmission but also final polariza- s

tion of the beam, a spin rotation experiment, opens the pos- .- - - [ 2mh?
sibility for the complete experimental reconstruction of the Sos(K' k)= (k' K) 0 s+ 2 (?
amplitudesB andC. ®

Sys(K' k) =(K's'|Sks), (15)

X S(E—E")Mgg (k' k), (16
I1l. SPIN DENSITY MATRIX FORMALISM N
. o where we introduced the scattering mati (k' ,k) (1) as
The most natural quantum mechanical description of s ysually done in scattering theof9]. HereL is the ele-
polarized proton(neutror) beam traveling through a polar- ment of length used for normalizatioB,is the energy, ang
ized target utilizes the spin density matuix In the nonrel- s the reduced mass of the colliding particles. We assume that

ativistic approximation which holds in the energy region upthe density matrix of the system under consideration has the
to tens of MeV, the density matrices of the polarized protonggrm

(neutron beam and polarized target are R R L
- I (k’s'|wlks)=wgg S(k’,K). a7
w(b)=1(K)[1+aPy(k)]/2,
) (11) Here we neglect the nondiagonal elements of the density
w(t)=(1+0oP,)/2, matrix in momentum spade@4,25. The spin density matrix
R L after collision can then be written as
whereo; are the Pauli matrice$(k) and P(k) are the in-
tensity and polarization of the proton beaknis the incident (k)= > (ks|Sk’s')(k’s’|w|K"s")(K"s"| S ks).
particle momentum, an#, is the target polarization. In our s's’ KK
case, we treat the polarized proton target as a thermal reser- (18
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To sum overk we use the relation

dl 2 i ) i
d3k 3 12 at_ P TrtTrb[TTr[M(0=O)w(k)—w(k)|\/|+(0:0)]
L 2mE m

z_}"sf( H,;) 22 dE dO.

dt

- 2wh)3  (2m)° L
k mh)" (2m) +fdﬂ MK Yw(K)M(K') | =T (24)
(19
Then, substituting the expressi¢t6) in (18), we can get Polarization of the proton beam is determined as
- - hk \|2mi Lo R - -
Wag (K) = wsg(k) + At —3) s (2 Mg (K Kwers(k) o olhwo _ ThyTrwe (25)
mLJ ko T Trw [ ’
-> ng,(E)M;g(Q,E)) where we defined®,=P. To find the differential equation
s for the beam polarization at a distanzein the polarized
nuclear target we consider the expression
+f dQ > Mg (k' K)We e (k)M b5, (20) . .
s's" AP=P(z+dz)—P(z), (26)

where At is the characteristic scattering time. We are inter-

: ¢ wheredz<z. Expanding the spin density matnx(z+dz)
ested in the quantity

into a Taylor series

!

-w Aw

At At @D w(z+dz)=w(z)+ dv(\j/(zz)

w

dz+--- (27)

where we compare the density matrices at the titnesd
t+At. The time intervalAt should be chosen so that it is and substituting it iN26) we get
much more than the characteristic correlation time of the
systemr but still small enough to fulfill the condition that the dl5(z) Tr,Tr(dw/idz)c -  TryTrdw/dz
differenceAw is linear overAt. We can then replace expres- daz I(2) —P(z 1(2) . (28
sion (21) by the derivative @/dt)..,. Note that we can use
this derivative only for the description of the changeni(t)
for a time interval more tham.

Thus the master equation for the density matrix describin
the behavior of the polarized protgneutror) beam in po-
larized nuclear matter can finally be written as

Equations(24) and (28) completely describe all observable
q:haracteristics of the proton beam in the polarized nuclear
arget.

To solve these equations we will use the fact that under
the conditions of a spin rotation or transmission experiment
2 . we are interested only in those protons, which, after passing
T [M(6=0)w(k) the target, fall into the small angular rangg<<1 near the

initial direction of the beamy<6,, . In this case, instead of
- S the exact scattering matriil (k’,k) in Egs. (24) and (28),
—w(k)M (9:0)]+f dQ M(k")w(k" )M ™ (k") |, we will use its approximatiori8) which holds true for small
scattering angles. Note also that existing polarized nuclear
(22 targets, as a rule, are much smaller than the nuclear length.
This means that a particle scattered through an afigle,,,
because of the nuclear interaction, cannot return to the se-
lected angular range and, therefore, drops out of consider-
ation. This process, the decrease of particle number from the
incident beam because of nuclear scattering through large
angles, can be described by E(&}) and(28) if we integrate
IV. THE DYNAMICS OF A POLARIZED PROTON BEAM overdQ up to the angles,, .

IN A POLARIZED NUCLEAR TARGET To simplify calculations we consider in this section the

Now we can obtain the differential equations for the in- concrete geometry of a spin rotation experiment when the
tensity and polarization of a proton beam passing through thifitial polarization of incident protons is perpendicular and

dw_

i~
H—_%[H,W]'f'vp Tl’t

wherek’ =k+4,§ is the momentum transfer from the inci-
dent particle to the target nucleusjs the speed of incident
particles, ang is the nuclei density in the target. (82) we
take the trace over the spin states of the target nuclei.

polarized nuclear target. the beam axis is parallel to the polarization of the target. The
The intensity of the beam is general experimental geometry will be treated in Sec. V.

Since in the small angle range the electromagnetic inter-

| =TryTrw, (23)  action is much larger than the nuclear interaction, let us first

consider only the contribution of the electromagnetic scatter-
where the spin matrixv is determined by Eq(12). Using ing and neglect the nuclear. The corresponding amplitude is
(23) and(12) and taking the trace over the polarization statesgiven by Eq.(6). Substituting the spin density matnx (12)
of the incident protons, the change in the beam intensity isn (24), we get the differential equation for the intensity of
written as the proton beam
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di(k) doco| - . . bie? where
& —pf g0 |1k —1(k)+ —5—1(k+d) 2 o zap )
. :pf dQ’' — ¢’ =1677(—> p In(183Z13)
=T'I(k), (29 dQ E

(39

wheredo.,/dQ)" is the Coulomb cross section. Here we used.

the optical theorenil0). Applying the same procedure to Eq.
(28) we have

dP(K)  2u,[BXP(K)]

dz v

|(k+@)[P(k+§) —P(K)]
1(K)

/4.

doco
dQ’

+pf dQ’

I(k+G)P(k+d)

—(bgt')? 9
(05" 1(K)

(30

is the mean square-root scattering angle conditioned by the
electromagnetic interactiony is the fine-structure constant,
andZ is the charge of the target nuclei. The initial conditions
for Egs. (33 and (34 are 1(6,z=0)=1,6(0),
Py(8,z=0)=Py, P,(0,z=0)=0, and P,(6,z=0)=0,
where &0) is the delta function.

As follows from (33) and(34), electromagnetic scattering
does not have a significant effect on the polarization of the
beam. Because of the small angle nature of this scattering,
the protons of the beam are distributed diffusely over the
solid angle @ with diffusion coefficientg?. This diffusion
does not influence the direction of the beam polarization. It
only leads to a decrease in the magnitude of the polarization,

Using the approximation of small angle scattering andthe so-called depolarization process describe@2#i. Ac-
expanding the intensity and polarization of the beam intocording to Eq.(34), the depolarization rate of the proton

powers of the momentum transfer, we get

beam in the target equals

.. Ak 1 PIK n=1—62.J4, (36)
lkta)~I(k+a — —+5 a0 5 — - (3 A o
' o where
I =10 I = 10) 02, =b26?| (37)
~ . — — 0.0 —— dep g I}
PUCHA=P(+q =5 =+ 5 ad; o (82
. . and| is the target length, a result which is in accord with
We can then rewrite Eq$29) and (30) in the form [26]. For the ammonia target of length10 cm and an en-
d1(6,2) 2 272 ergy of the proton beam of about 10 MeV, the depolarization
= A, (6,2)+ —=—1(6,2)-T1(8,2), rate 7 is about 1-107. This means that depolarization is a
dz 4 2 very small effect even for low energy protons and can be
(33 omitted.
- - = - = Let us consider the results of the joint effect of the elec-
dP(6.2) _ 2pp(BXP) n & AP+ 201 dP) byt B tromagnetic and nuclear interactions. Substituting expression
dz v 4 0 | 96; 36, 4 (8) in the equation for the intensi{4) and polarization28)
(39 and using the same procedure as above we get
|
al ?AI béez I'l 47Tpll A+ 2 IJdQ’R "YReA 38
4z~ 7 Ad+ 1=l =— —ImA+2p €80 )REA, (38)
dﬁ(ﬁ)_zﬂp(éxﬁ)+? N P b§?5+4wp ReB+ RECH(B.xXB)— 2™ (1mB+ImC)P
iz v M) e P JPexP)= 7 (ImB+ImC) P,
—ZpJ dQ Rea(d)[(Pyx P)(IMC+ImB)+ P,(ReB+ReC)]. (39)

In formulas (38) and (39) under the integral we left only supporting magnetic field.

the terms which describe the influence of Coulomb-nuclear _In Eq. (39) the terms which are proportional to the vector
interference on the dynamics of the beam intensity andP;XP) result in proton beam spin rotation. The terms pro-
polarization. In the small angle approximation these termgortional to P, lead to spin dichroism of the polarized
dominate nuclear scattering. Equatiori88) and (39) nuclear target. In direct analogy wifi4,16 we may say
completely describe the behavior of the proton beanthat there arises a quasimagnetic nuclear field of the polar-
polarization in a polarized nuclear target located in theized nuclear target with strength
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2mh%p - wave function of Dirac particles in vacuum is described by
mA Py (ReB+ ReC) the plane wave

V=exp(ikz)uy, (43

ka (
—Eln KOoaT < (ImB+1ImC) |, (40

wherek is the wave vector of the incident particle angdis
) ) ) ) ) the bispinor of the free particle defining its spin state.
wherer g is the atomic screening radius afg is the proton According to[14,18, the wave function of a relativistic

anomalous magnetic moment. Spin rotation of the incidenparticle in a medium can also be described by a plane wave.
proton beam takes place in the effective magnetic filg  The wave function has the form

which equals the sum of the magnetic and quasimagnetic

nuclear fields. o) 1 [ JVE+m explikih)W ”
Also, as follows from formulag39) and (40), there are ()= J2E | VE=m(&k)explikAlW. (44)

two physically different mechanisms for spin rotation and

dichroism of a proton beam passing through a poIarizeq_|ere

nuclear target. The first is connected with coherent processes

of proton scattering by the target nuclei and is determined by 27p -

the real and imaginary parts of the forward nuclear scattering n=1+ N f(0) (45
amplitude. The nature of the other mechanism is connected
with incoherent processes whenever an incident proton % the operator index of refraction of the particle in polarized
scattered through a nonzero angle. Indeed, because of tlﬂg

. . . 7 atter,W is the spinor,p is the density of scatterers in the
spin depeno_lence_ Of. the n_uclear mtera_lctlon, the incident pr arget, and (0) is the forward elastic scattering amplitude of
ton can flip its spin in a single scattering event on the targe '

. -the particles by the polarized nuclei. This amplitude acts as
nucleus. The structure of Coulomb-nuclear interference i b y P P

i . An operator in the spin space of the incident particles and is
such that this incoherent scattering process leads to the a&i/eraged over the spin states of the target particles. Thus the

cumulation of the spin rotation angle while the beam Passes a .ence of the medium on the incident beam propagating in

the polarized target. Unlike coherent spin rotation which 'Sthe initial direction consists finally in a change in the phase

manifest during the interaction of the incident beam with theand amplitude of the wave functidh has both a real and an

target as a whole, we will call the process of inCOheremimaginary pait
accumulation of spin rotation angle diffractive spin rotation. The scattering operator of particles with spin 1/2 in the

Let us compare .the coherent and diffractive spin rotation ¢ aivistic case is defined by a two-dimensional matrix act-
angles in the polarized nuclear target. As follows fr¢i0), ing on the spinoMV which describes the behavior of the

the difiractive spin rotation angle is wave function in the rest system of the particle. Therefore
the general form of the forward scattering amplitude is

) (41 analogous to the nonrelativistic amplitu®. We note that,
Kfcol s/’ according to the results of the previous section, we only con-
sider that part of the scattering amplitude which is condi-

whereP; is the magnitude of the target nuclei polarization, tioned by the nuclear interaction of the beam and target.

and for an energE =100 MeV it is approximately ten times Taking into account44), the spinorW(l) of the particle

o
Bat="4mpPil (IMB+IMC) = In(

less than the coherent spin rotation angle that has passed through the target of lerigtian be written
as
A7plP, 5 - s A
Ocon=—,— (ReB+ReC)~10 "2 rad. (42 W(1) = exp(ingkl)exp(iG o1)W(0), (46)
. ) where
In the region of energfe~10 MeV these two mechanisms
complement one another, which leads to an increase of the 21p
total spin rotation angle. With a further increase of the inci- Np=1+ 2" A, (47)
dent proton energy, the ratio between the diffractive and co-
herent spin rotation angles tends to the vaiu@nd, starting . 2mp - .
with an energyE~1 GeV, the spin rotation angle is deter- G=—[BP,+C(Pk)]=G,0,+iG,q,, (48)

mined, to a 1% accuracy, by coherent spin rotation alone. k

This allows us to neglect the electromagnetic interaction for.
these energies and to consider the interaction of relativisti
protons and neutrons by the introduction of a refractive inde
for the polarized nuclear target.

1 andg, are the unit vectors, an@, andG, are real num-
Next we find the change in the particle polarization in the

rest system while traveling through the polarized target of

lengthz+dz such thatdz<z. In this case we can write the

V. THE REFRACTION OF HIGH ENERGY PROTONS expression

(NEUTRONS) IN A POLARIZED NUCLEAR TARGET

At ~\A 3
Let a relativistic polarized protofneutron beam of en- P(z+dz)= JW'(z+dz)oW(z+d2)d*

= = . (49
ergy E be incident on a target with polarized nuclei. The TW*(z+d2)W(z+dz)d3x
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Using the expansion sal polarizationto the momentum of the incident partidfe
_ . Theng,=g,=P,/P; and Eqs(51) and(52) are reduced to a
W(z+d2)=W(z)[1+i(nek+Go)dz], (50)  simple form. Consider two specific cases for which the initial

polarization of the incident beam {g) P;lIP; or (b) P, L P,

we transform expressiof@9) into the differential equation which encompass, anyway, all sets of the effects which can

d|5(z) ) ) ) arise. _ o _
5 =2G,[0:X P(2)]-2G,{§,— P(2)[3,P(2)]}. The_ case(a) is a standard transmission experiment
wherein we observe the process of absorption in the polar-

(51) ized target without a change in the direction of the initial

By acting analogously we can get the differential equatiorpeam polarization. The a_bsorption is different for par’[ic'les
for the change in the intensity of the polarized beam in aoolarllz'e.d paralle! and antlparallel'to the target polarization.
polarized nuclear target: The initial intensityl, of the polarized beam then changes

according to
dl(z) a2
4, ~ 2Im(no)kl(2)—2G,[g:P(2D)]I(2). (52
L(D=loexp(—opl), (55

Equations(51) and(52) should be solved together under the
initial conditionsP(0)=P;, 1(0)=1;. According to(51), the  \where
polarization of the incident particles passing the polarized
nuclear target undergoes rotation through the angle
4ar N Ao
6=2G,| (53 o+ == [IM(A) +Im(B)(PP;) +1m(C)(Pk)(kP;)].

(56)

about the vectog,. Comparing Eq(51) with the Bargmann-
Michel-Telegdi equation[27] for the spin motion of a
charged particle in a magnetic field, we can introduce, as ifin the caseb) the coherent scattering on the polarized nuclei
Sec. lll, the quasimagnetic field of the polarized nuclear tarresults in spin rotation of the incident particles about the
get using the relation target polarizatiorP,

N e
Bt om (972 g5

R e 1 oL
2G101=5 (9_”2; v(vBp). P(=P,c0g2G,1)— (P, x P,)sin(2G, )+ tan o¢pl )P, .

(54) (57

In the nonrelativistic energy range, the quasimagnetic _ )

nuclear fieldB,,, defined by relatior{54), transforms into an ~ The spin rotation anglé equals

expression for the quasimagnetic nuclear fidld,16. Also

note that, for the geometry considered in Sec. lll, differential A7oP.]

equation(51) is analogous to the equation for polarization o= P R B+ C(P,k)]. (58)
(39) when we neglect the effects of diffusion, depolarization, k

diffractive spin rotation, and dichroism. Thus we get an
equation describing the change in the polarization of relativ-
istic particles because of the coherent scattering by the targ
nuclei at arbitrary directions of the vectds, g,, andg,.

follows from formula(58), the spin rotation angle is di-
rectly connected with the real part of the forward scattering
amplitudes. The values Beand R& can be determined
separately by measuring spin rotation angles for two cases
when the target spin is parallel and antiparallel to the beam
INVESTIGATION OF THE SPIN ROTATION EFFECT directionk. This means that by measuring the final intensity
IN'A POLARIZED NUCLEAR TARGET and polarization of the beam in cas&s and (b) we can

Let us consider the necessary elements of an experimentgirectly reconstruct the spin dependent forward scattering
setup to carry out the spin rotation experiment. First, there ignatrix.
a polarized protor(neutron beam whose polarization may Let us consider one more configuration of the target and
be rotated in any direction. Further(@areferably long (~10  the beam in a transmission experiment intended to observe
cm) nuclear target in a frozen spin mode, which is to have aproton (neutron spin rotation. We assume that the incident
least two spin directions, ideally any spin direction. Theparticle momentum is directed at some argiich does not
beam extracted from the accelerator must be monitored by @dualm/2) with respect to the target polarization, and that the
very accurate polarimeter and the final spin state of the trandocident beam polarization is perpendicular to the plane
mitted beam is to be determined by another polarimeter, alstormed by the vector®; and k. In this case the effect of
very accurate. The beam intensity must be carefully moniproton (neutron spin rotation about the vectgy, combined
tored and the corresponding monitors must be independemtith absorption dichroism, determined by the vedgr will
of beam polarization. . cause absorption asymmetry of the polarized beam. Indeed,
Assume that the target polarizati®h is parallel(this is  in the first approximation to the quantiti€;| andG,l we
the case of longitudinal polarizatipor orthogonaltransver-  can get from Eqgs(51) and(52) that

VI. EXPERIMENTAL POSSIBILITIES FOR THE
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)2 k
|(|):|(O)GXF(_U'OP|)[1_4(G2|)2+2 2%) REF(0E)1=Re fn(0)]~ 7 AmEin— E cOS2i 59),
X (ReB ImC—ReC ImB)[ﬁth(ﬁﬁt)]ﬁi}, E<Epn (62

k
B9 RAN(OE)I=RA1H(0)]- 7 AnE=Ey siN2i5,),

which indicates the possibility of measuring the combination

of the real and imaginary parts of the forward scattering am- E>E, (63
plitudes. Unlike a spin rotation experiment, this transmission

experiment does not allow us to determine lRand ReC wherek,, and Eg, are the threshold momentum and energy,

separately. A maximum asymmetry in this experiment, f,(0) is the scattering amplitude &= E,,, andA,, and &,
are real numbers. As follows froi62) and (63), the exist-
1= ence of a threshold leads to the characteristic energy depen-
Asym= ————, (60 ) _ 2
1(1)+1(2) dence on the spin rotation angbe- VE— Ey,, which is dif-

. . ferent from the energetic dependence near the resonance,
can be reached for two configurations of the vec®yrandk
when the angle between these two vectors i1§4. Note that (E-E))T'/2
this transmission experiment does not require the measure- 6~ K(E—E,)2+T%4]" (64)
ment of the final polarization of the beam. But we need to

rotate the target spin about the direction _In addition, the measurement of the spin rotation angle of
Among the applications enumerated in the Introductionyrotons(neutrong makes it possible to determine the func-
we will emphasize and discuss in detail the possibility ofijong B(E) and C(E) separately. This is very important for
investigating baryon exotic states. Indeed, a great number gfie jnvestigation of the origin of dibaryon resonarite).
experimental studies ofp(p) and (on) interactions in the Let us next estimate the proton spin rotation angle when
energy region up to 3 GeV, demonstrate a series of progo|arized particles travel through a target consisting of po-
npunced peculiarities, which may be a manlfestatlon. Ollarized hydrogen using the results of an experini@s. In
dibaryon resonancef3,4]. For example, the data on spin thjs experiment the amplitude and phase of the scattering
dependent cross sections and g and also loop behavior  airix were reconstructed using the total set of the experi-
of the curves on Argand diagrams are indicative of amental observables. For energies3 GeV the magnitude of
dibaryon resonance. However, there are works which explaif,e real part of the spin dependent part of the forward)(
the manifestation of these peculiarities by introducing NeWscattering amplitude, determined frof28], is equal to
inelastic channelf5]. _ _ _ Re[B+C(P.k)]~10"12 cm. Thus, for example, for a polar-
In this situation direct evidence in favor of the existencej,gqq proton beam with an enerdg<3 GeV incident on an

(or the lack of resonances might be supplied by the simul-5mmonia targetp=0.83 g/cni) with a hydrogen percentage
taneous measurement of both the imaginary and real parts @f—1go4 and which has a polarizatid®,=80%, we get an

the forward spin dependent scattering amplitudes gip)( estimated=(10"3-10"%)l (cm). In the case when the initial
and (pn) interactions. Let us now assume that the dibaryor,eam polarizatioP, (0)=P,(0)=0, P,(0)=P, and the tar-
resonance exists at an eneffgy. In this case the scattering et polarization is directed along the incident beam momen-
amplitude near the resonance has the 6201 tum, the components of the beam polarization are

(E-Ep)T\/2 P,(0)=P sin(6),
(E—E,)%+T7?/4’ G (65)

P,(0)=P cog0).

R f(0)]=Re f,(0)]+¢

wheref ,(0) is the nonresonant part of the forward scattering

amplitude which has a smooth energy dependehicés the The measurement of the spin rotation angle in the polar-
resonant width, and is a real coefficient. As follows from ized target of length~10 cm on a level 10°-10 2 rad is
(61), the resonant part of the real forward scattering amplifpossible when we eliminate from consideration the larger
tude changes sign when the enefgyntersects the resonant component of polarizatioR, . This can be accomplished by
energyE, . This effect then leads to the fact that the contri-the orientation of the beam polarimeter in the plane perpen-
bution to the spin rotation angle conditioned by the resonandiicular to thex axis. With this orientation, the polarimeter
part of the forward scattering amplitude also changes signwill measure only theP, polarization component. Let us
This effect can be a direct signal of resonance existenceghen estimate the data acquisition time for the measurement
Note that the experimental determination of the energetiof the spin rotation angle when a polarized proton beam at
dependence of the spin rotation angle allows us to separatee SATURNE Il acceleratofpolarized proton beam inten-
the resonance state from the background of newly openingity equals X1 sec! [28,29) travels in a polarized solid
inelastic channels and also allows the investigation of threshammonia targetNH,) of lengthl=4.4 cm[29]. Then, using

old phenomena inn) interactions. Indeed, near the thresh- the data fronj29], for the proton energg =1 GeV, we get a

old of a reaction, thef{n) forward scattering amplitude has spin rotation anglef~2x10* rad and a data acquisition
the universal fornj20] time of 100 h. For protons with energy 500 MeV we get
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#~5x10 “*rad and an acquisition time of 10 h, which meets R[6(2)]=exd —i(5v1)0({)], (A3)
the requirements of a standard transmisgispin rotation . I
experiment. wherev, = (kx {)/|kx ], and &) is the spin rotation angle

Summing up, we point out that the interaction of a polar-corresponding to the motion of the charged particle along the
ized proton(neutron beam with a polarized nuclear target classical trajectory with the impact paramefeand it equals
results in quasioptical effects of spin rotation of the proton - -

(neutron) beam and of spin dichroism of the target. These 0()=Dbgb0({). (A4)
effects can b.e obse_rved in a broad energy range. The €le65n the other hand&o(g) can be determined by the action
tromagnetic interaction of the protons with the nuclei doe§unctlon

not destroy the coherent effects of spin rotation and dichro-

ism and, moreover, results in additional diffractive spin rota- . 1 d .

tion in the energy range-10 MeV. Experimental measure- 0o(= 77 ac S(9). (AS5)
ment of the spin rotation angle is of most interest when the

incident proton(neutron beam energy is-1 GeV, where the  Thus to calculateM () we have to substitute ifA1) in-
effect opens new possibilities, namely, the investigation oktead of exfS(Z)/%] the expression

threshold effects and of possible resonance baryon states. _ N _
exfiS(O)/AIR[0({)]1=exdiS({)/fi]{cog 6({)/2]
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]Zl'hen with the accuracy of, Eq. (A1) can be written as

APPENDIX )

: . . f {dg Jo(k00§)eXliIS(§)/ﬁ]( )
Let us consider the scattering process of a fast particle
with the spin 1/2 on a Coulomb center when the scattering (A7)
angle §,<1. In this case the main contribution into the scat-
tering amplitude is from the region of large impact param-wherev is the unit vector which is orthogonal to the scatter-
eters{>/k6, where the potential energy is much less thaning plane. Using the well-known relations for the Bessel
the kinetic energy of the particle. This means that we can usginctions
the eikonal approximation and the scattering amplitude can

. d
be written as ax [XJ1(X)]=%xJo(X),

ik
Ml0)=— 5 | ¢ defexisorm)-1y g *8)
dx Jo(X) = —J1(x),

X f " exp(— ik ¢ cosp)dy. (A1)
0

and also the relation

Here d_S: 2_62 (A9)
1 d¢ kv’
S(O=7 fﬁ u(¢,2)dz, (A2) " \yhich holds for the Coulomb potential, we get with an ac-
. curacy of 63
u(¢,z) is the Coulomb potential, anglis the angle between _ Ao 2
the vectorZ, which is perpendicular to the particle momen- Mel(6p) = ael( 6)[1—ibg(Sv) Op+ (bgbo)“/8]. A10)

tum, and the scattering plane. Let us take into account the
particle spin precession in the field of the Coulomb centerNote that the second term in formu(A]_O) describes the
According to[30], this can be done by multiplying the func- spin rotation around the vectar through the anglebgé,
tion expﬁS(g’)/ﬁ] by the rotation operator when a charged particle is scattered by a Coulomb center.
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