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Effect of a polarized hydrogen target on the polarization of a stored proton beam
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We investigate the change of polarization of a stored proton beam induced by the presence of an inter-
nal, polarized, atomic hydrogen target. Three distinct mechanisms are identified that significantly con-
tribute to the beam polarization. The calculated polarization rate agrees with the result of a recent ex-

periment.

PACS number(s): 29.20.Dh, 29.25.Pj, 29.27.Hj, 25.40.Cm

I. INTRODUCTION
A. Polarized beams and targets in storage rings

In recent years, storage rings [1] have clearly demon-
strated their potential as a tool in nuclear physics
research, especially in few-body reactions. If a means of
phase space cooling is employed, it is feasible to carry out
experiments by placing an internal target in the path of
the stored beam. The optimum target thickness d is
given by the cooling force. For a medium-energy beam
and a hydrogen target, for example, d is a few times 10*
atoms per cm?.

Polarized hydrogen gas targets of the appropriate
thickness can be produced by means of an atomic beam
source. Since the production rate of polarized H atoms
even by the best atomic source is rather small (less than
10'7 atoms/s), a so-called buffer cell is used to increase
the dwell time of target atoms near the beam. Such a cell
is simply a narrow tube through which the stored beam
passes [2]. The polarized atoms enter through another
tube, pointing sideways, which is connected to the center
of the first and which is aligned to the beam axis of the
polarized atomic beam source.

In order to exploit the possibilities of internal, polar-
ized targets, the beam also has to be polarized. Usually,
the polarized beam is supplied by a polarized ion source,
then accelerated and injected into the ring using tech-
niques of phase space stacking with concurrent cooling.
However, other methods to provide polarized beam are
conceivable. In medium-energy storage rings [1] beam
particles can be stored for hours, orbiting with frequen-
cies of the order of 1 MHz. Thus, it may be possible that
additive spin-dependent interactions, even if they are
small, could lead to beam polarization. This would be
especially interesting for particles for which no polarized
sources exist (such as antiprotons). For example, in the
proposed, so-called “spin splitter method” [3], inhomo-
geneous magnetic fields would be used to gradually split
the stored beam into components of given magnetic sub-
states. This method is still waiting for an experimental
proof. Another method to polarize a storage beam, also
known as the “filter method”, utilizes the spin-dependent
interaction of the stored ions with a polarized, internal
target. Such an effect has recently beam demonstrated

1063-651X/94/50(2)/1485(6)/$06.00 50

with the Test Storage Ring (TSR) at the Max Planck In-
stitut for Nuclear Physics in Heidelberg. Since the TSR
experiment provided the motivation for the present pa-
per, it is briefly summarized in Sec. IB. The remainder
of the paper is a study of the effect of a polarized, inter-
nal, atomic hydrogen target on a stored, cooled proton
beam.

B. TSR spin-filter experiment

For the TSR experiment, a 23-MeV stored proton
beam interacted with an internal target of about 6 X 103
polarized hydrogen atoms per cm?. The target was polar-
ized vertically (perpendicular to the ring plane). It was
prepared in a pure, atomic spin state with protons and
electrons polarized in the same direction. The beam life-
time without the target was about 300 min; with the tar-
get it decreased to about 30 min. The beam was left to
orbit with the target in place for times between 30 and 90
min; then the polarization was measured. It was found
that the stored beam acquired a polarization Py of the
same sign as the polarized target, at a rate of
dPg /dt=0.0124+0.0006 per h [4].

In Ref. [4], it was argued that the beam polarizes be-
cause its two spin states are depopulated unevenly, be-
cause, at 23 MeV, the total cross section for scattering of
protons with spins aligned in the same direction is much
smaller than if their spins are opposite (hence the name
filter method). Based on this idea, using the measured
ring acceptance angle 6,..=4.410.5 mrad [S] and the
known, spin-dependent total p +p cross section, a polar-
izing rate of (dPg/dt)y,.,r=0.024 per h was calculated
[4]. This expectation is about twice the measured value.
It was argued that a finite polarization lifetime would ex-
plain such a discrepancy but no plausible depolarization
mechanism could be identified. From the result of the
present paper it will become clear that the interpretation
of Ref. [4] is too simple and that the observed polariza-
tion rate is, in fact, what one would expect.

II. THE POLARIZING CROSS SECTION &
A. Definition of &

Consider a beam of spin-1 particles orbiting with fre-
quency fr in a ring. We denote the time-dependent
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beam polarization by Pg(t). The numbers of stored pro-
tons in the two spin states are N; and N |, where the ar-
row denotes the sign of the magnetic substate with
respect to the quantization axis. The beam polarization
can then be expressed as

Ny—N,

P _—_—
B N,+N,

(1)
By taking the derivative with respect to time and rear-
ranging terms, one finds

P —(1-pp)

dt B2 |N, dt N, dt
The derivatives dN /dt may be nonzero either because
stored protons are lost or because their spin is flipped.

We now assume the presence of a polarized, internal,
atomic hydrogen target of polarization P; (constant) and
of thickness d (nuclei per cm?). The effect of this target
on the beam polarization must be proportional to its po-
larization P, its thickness d, and the orbit frequency f.
The constant of proportionality, which has the dimension
of an area, we will call “the polarizing cross section 6.
One thus can write

dPyg )

Tz(l_PB)fRdPTa . (3)
The sign of & determines whether the change of beam po-
larization is in the direction of the target polarization or
opposite. By solving the differential equation Eq. (3), one
obtains the time dependence of the beam polarization:

Py(t)=tanh(tfzdP;8) . )

In the following we will discuss the polarizing cross
section & as it arises from the interaction of protons with
polarized hydrogen atoms. As we will see, there are three
distinct mechanisms that contribute significantly to &.

By convention, we will use the basis vectors f(longitu—
dinal), A (normal to the scattering plane), and 7 (side-
ways, completing a right-handed coordinate system). An-
gles and other kinematical variables are in the laboratory
system if they are marked with an asterisk; otherwise the
center-of-mass system is used. Throughout, we will use
c¢=#=1. We will consider two special choices for the
polarization direction of the target, namely along the
beam direction (longitudinal, symbol ||) or perpendicular
to the ring plane (transverse, symbol 1). The definitions
of polarization observables are consistent with the con-
ventions used in Ref. [6].

B. Contribution of beam proton removal: & 3

We restrict this discussion to beam energies below the
pion-production threshold, where the p +p interaction is
purely elastic. A beam proton that scatters from a target
proton is removed from the stored beam if the scattering
angle is so large that the beam particle is no longer con-
tained within the machine acceptance. We assume that
for a given target location there is a well-defined, limiting
scattering angle @, such that when it is exceeded, loss
occurs. This assumption is true for a beam of small emit-
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tance, a condition which is likely to be met when (rela-
tively thin) polarized targets are used. Because of the
spin dependence of p +p scattering, the removal proba-
bilities of beam protons in the T and | spin states differ.
We denote the cross sections for particle removal by
o(11) and o(11), where the first arrow is for the beam
and the second for the target, which shall be polarized in
the 1 direction. Then, dN;/dt =—N,frdPro(11) and
dN,/dt=—N, frdPro({1). From Egs. (2) and (3) one
then obtains

Gr=—31lc(1—c(ID]=3A0, (5)
or, in the case of longitudinal polarization,
Op =tAo,=—2m @”/2% Aysin(0)d6 ©)

and, for the transverse case,

w2 do

Or,=+A0r=—2m NPTE

(A, + A, )sin(6)d6 .

@)

Here, the A, are the spin correlation coefficients A4 y;,
related to the difference of the scattering rates in the trip-
let and singlet state, and defined in Ref. [6] and the in-
tegration extends to 7 /2 only, as is required by the iden-
tity of the collision partners. It is important to note that
the above spin-dependent, angle-integrated cross sections
are not entirely due to the strong interaction. Rather, as
we shall see in Sec. III, Coulomb-nuclear interference
contributes significantly to the value of Ao ; and Ao .

C. Contribution of small-angle scattering: &g

Beam protons that scatter from the target by angles
less than ®, . remain in the ring, carrying out betatron
oscillations around the equilibrium orbit. Eventually, the
amplitude of these oscillations is damped by electron
cooling. During the scattering event, the target polariza-
tion may be transferred to the projectile. The resulting
change (AP ) of the polarization of the scattered particle
approaches zero for small angles, 6—0. The cross sec-
tion, however, grows more rapidly; in fact, one finds that
the product (AP )(do /dQ) diverges with 1/6” as 6—0.
As a consequence, small-angle scattering does affect the
polarization of a stored beam, even though the limiting
scattering angle ®, . is very small (typically 1-10 mrad).

Let us for the moment discuss vertical target polariza-
tion. The angle between the scattering plane and the
vertical direction shall be ¢. The expectation value (P’)
of the polarization of the scattered particle can then be
written in terms of polarization observables, the polariza-
tion Py and P; of beam and target, and the angle &.
When averaging over ¢, we assume that the experiment is
cylindrically symmetric or that the acceptance angle ©,,
does not depend on ¢. Then, terms linear in sin¢ or cos¢
vanish, averaging over ¢ gives (sin’¢)={cos’¢$)=1,
and
Py 3(D,, +Dy, )+Pr3(K,, +K,,p)

1+PyPr (A, +A4,,)

2

(P')= , (8)
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where, according to the definition given in Ref. [6], the
K;; are the spin-transfer coefficients K;y, from target to
projectile, the D;; are the depolarization parameters D;y;,,
and the A; are the spin correlation coefficients A ;.
The expectation value (AP ) of the change in polariza-
tion of a beam proton per scattering event is simply the
difference (P') —Pg. For small angles, the denominator
in Eq. (8) can be set to 1 and
(AP)=Pz (D, +D,,, —2)+P;LK,, +K,,,)

2
—PiP N A, +A4,,). )

As will be shown in Sec. III, one finds that for small an-
gles K;; = A; and that (D; —1)(do /dQ) is constant (and
does not contribute to the singularity). Then, (AP)
reduces to

(AP)=1(A,,+ A4, )Pr(1—P}) . (10)

Compared with Eq. (3), we find for the corresponding
transverse polarizing cross section,

o}
6s,1=2wf,,m:°j—g%( A, + A, )sin(0)do.  (11)
Here, 0., is the lower bound of the scattering angle, due
to screening of the Coulomb potential at large impact pa-
rameter (see Sec. IV).

The result for longitudinal polarization is obtained by
replacing 1(A4,,+ 4,,,.) by A;:

Gacc dg' .
o5y =2 [ 0. g Ausin(6)do . (12)

D. Contribution of polarized electrons: & g

A polarized, internal atomic hydrogen target in a pure
spin state, by necessity, contains polarized electrons. The
spins of protons and electrons are aligned either in the
same direction or opposite to each other, depending on
the substate selected by the polarized-atom source that is
used to generate the target. For opposite spins (atomic
spin zero), a strong magnetic field is required to decouple
the spins of the proton and electron from each other [7]
in order to maintain their alignment.

A recent calculation [8] showed that a polarized elec-
tron target can significantly affect the polarization of a
stored proton beam. In this calculation it was found that
the cross section for spin transfer from target to projec-
tile is relatively large because of the interference between
the hyperfine and the Coulomb amplitude. Atomic
screening of the Coulomb field restricts the scattering to
momentum transfers larger than 1 over the screening dis-
tance (here taken as the Bohr radius, a;=5.3X10* fm).
Then the energy transfer is larger than the binding ener-
gy of the hydrogen atom; thus atomic effects can be ig-
nored and the electrons are treated as free particles.

The maximum laboratory angle by which a proton can
be scattered by an electron at rest is m,/m p, =0.54 mrad
with m,, m, the masses of the proton and the electron,
respectively. Since this is well within the acceptance an-
gle of any storage ring, the scattered protons remain in

the ring. Therefore, we are interested in the fotal cross
section, integrated over the full range of scattering an-
gles. The spin-transfer cross section and thus the cross
section for polarizing a beam of protons by interaction
with longitudinally polarized, stationary electrons is ob-
tained from Ref. [8] as

4ma®(1+A,)m, ]

2
pmy

2

Op =~ 0

v
2a

X sin . (13)

2o In(2pa,)
v

Here, p is the center-of-mass momentum, a is the fine
structure constant, Ap =1.793 is the anomalous moment
of the proton, and v is the lab velocity of the projectile.
The minus sign in Eq. (13) indicates that the induced pro-
ton polarization is opposite to the direction of the electron
spin. Equation (13) takes into account the distortion of
the wave functions by the Coulomb interaction. It has
two contributions. One arises from the value
Co=2mn/[exp(2mn)—1] with n=—a /v of the s-wave
Coulomb wave function at r =0, where the (short-ranged)
hyperfine amplitude is evaluated, and the other from the
angle-dependent phase of the Coulomb amplitude. At 23
MeV the effect of distortion enhances the spin-transfer
cross section by 11% over the plane-wave result. For po-
larization transfer in the transverse direction, one finds

(8]
0p =105, . (14)

III. POLARIZATION OBSERVABLES
IN p +p SMALL-ANGLE SCATTERING

In order to evaluate the polarizing cross sections &4
and &g one needs to know the relevant polarization ob-
servables for p +p elastic scattering at angles that are of
the order of the acceptance angle ®F, (typically 1 to 10
mrad).

The elastic scattering of protons from protons is com-
pletely described by five complex amplitudes which de-
pend on angle and energy. Here, we use helicity ampli-
tudes M; (i =1,...,5) as they are defined in Eq. (2.23) of
Ref. [6]. Each amplitude can be decomposed into a ha-
dronic part h; and a contribution ®; from the elec-
tromagnetic interaction or M;=h;+®,. The scattering
cross section do /d Q (for short, o) in terms of these heli-
city amplitudes is given by [6]

=1(IM, >+ M, 2+ M, |2+ | M, |2 +4|M;)?) .

o=

da
d

(15)

Any other (polarization) observable X, when multiplied
by the cross section oX is a bilinear sum over terms
M*M;. A complete list of observables in terms of helici-
ty amplitudes is given in Table VI of Ref. [6].

Consider an observable oX, which, for small 6, is pro-
portional to 1/6. An integral over the solid angle Q of
the ring acceptance is then of the order of Q and thus
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negligible. On the other hand, observables o X that are
proportional to 1/6? lead to an integrand that diverges at
6=0, resulting in a significant contribution for small 6.

In the limit 6—0, h,, h,, and h; are constant, while 4,
and hs are proportional to 6% and 6, respectively. The
Coulomb amplitudes ®,= —®, are constant, ®s scales
with 1/6, and ®,=®, are proportional to 1/6° It is
easy to see that only terms containing a product of ®, (or
®,) with any combination of &, h,, and h, diverge with
1/6? (ignoring a possible small contribution from |®s|?).
Retaining only such terms in the expressions of Table VI
of Ref. [6], yields

10( Ay + Ay ) =10 (K, + K )=Re(h, @), (16)
and
oA,=0K,;=Re[(h;—h)®,], 17)

where h; stands for the corresponding, purely hadronic
helicity amplitude at 6=0. Numerical values for these
amplitudes can be obtained (in units of femtometers), for
instance, from the interactive p +p data base SAID [9],
which has the provision to calculate amplitudes without
any Coulomb effects. Their normalization is compatible
with Eq. (15), when the output from SAID is multiplied by
2. Also, the ordering of the five SAID amplitudes differs
from Ref. [6] (the SAID labels a, b,c,d,e correspond to our
subscripts 1,5,3,2,4, respectively). Numerical values for
the forward amplitudes #, and (h;—h,) were obtained
from SAID, using the global solution SM89. Different
phase shift solutions gave similar results; for instance, 4,
at 23 MeV with solutions SM89 and CO25 differ by only
a few percent. The forward amplitudes which will be
used in the following are shown in Fig. 1 as a function of
energy.

Expressions for the five Coulomb amplitudes ®;, valid
at low momentum transfer, are given for instance in the
appendix of Ref. [10]. Here, we are only concerned with
the amplitude ®,. We ignore the contribution from the
electromagnetic form factor of the proton, which is unim-
portant at small 6, and choose the normalization such
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FIG. 1. Modulus and phase of the forward amplitudes 4,(0)
[and h3(0)—h,(0)] for p +p scattering, as a function of labora-
tory energy T*. The values are obtained from sAID [10], using
the global solution SM89.

that Eq. (15) is the Rutherford cross section when the ha-
dronic amplitudes are set to zero. This results in

s —2m: £i8(5,6)
‘/; P262 ’
with s =2m (2m +T*), where T* is the proton laborato-

ry energy and p=1(s —4m})!/? is the center-of-mass

momentum. The phase angle 8(s,0), is given by Eq. (2.9)
of Ref. [10] as

D ,(s5,0)=—a (18)

s —2m,
5(S,9): I S —
Vis(s —4mp2)

where b, is determined by a fit to elastic scattering data.
For the present purpose, it is sufficient to set b, to a con-
stant value, b, =9.94X 107 ¢ MeV %

Polarization observables calculated for small angles (a
few degrees) from the hadronic forward amplitude and
the analytic expression for the Coulomb amplitude given
above agree within a few percent with the same observ-
ables as listed in the SAID data base.

[0.5772+ In(b_p?6*)], (19)

IV. RESULTS AND COMPARISON
WITH EXPERIMENT

A. Polarization of a 23-MeV proton beam

In Sec. IT we have identified three distinct mechanisms
that contribute significantly to the polarization of a
stored proton beam when it interacts with a polarized hy-
drogen target.

The first is caused by selective removal (scattering
beyond ®,_.) from one of the spin substates of the beam.
The corresponding polarizing cross section &z, [Eq. (7)]
(with the appropriate transformation to the laboratory
system) was evaluated as follows. From @}, to 6*=3",
the integrand was calculated using the small-angle ex-
pression, Eq. (16). For the remainder of the angular
range, the integrand has been obtained pointwise from
the data base SAID [9]. The integration was carried out
numerically. The result, as a function of ®}, is shown as
a dashed line in Fig. 2. For ®} =4.4 mrad (the accep-
tance angle of the TSR; see Sec. IB), one finds &3, =83
mb. When the calculation is repeated without the
Coulomb interaction, the result agrees with the purely
hadronic, spin-dependent cross section of Ao =122 mb
(which can also be calculated from the imaginary part of
the forward amplitude h, by virtue of the optical
theorem). It is obvious that Coulomb-nuclear interfer-
ence causes an important contribution to the spin-
dependent removal cross section.

The second contribution &g, from small-angle scatter-
ing of protons, which subsequently remain stored in the
ring, follows easily from Egs. (11) and (16), setting
0%..~1/(p*ay), where a, is the Bohr radius and p* is
the lab momentum. For ©F . =4.4 mrad, one finds
65,=52 mb. The combined, hadronic effect 83, +8, as
a function of @} is shown as a dash-dot line in Fig. 2.

The third contribution &g, is due to the polarized elec-
trons in the target. From Egs. (13) and (14) one finds
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FIG. 2. Polarizing cross section for a polarized hydrogen tar-
get and a 23-MeV proton beam as a function of the laboratory
acceptance angle ®2.. The dashed line is the removal cross sec-
tion &g,, which, without Coulomb interaction, would be 122
mb, independent of ®F.. The entire hadronic contribution is
shown by the dash-dotted line. The solid line is obtained if the
effect of the target electrons (polarized in the same direction as
the protons) is included. The result of the TSR experiment [4]

at the measured TSR acceptance angle [5] is also shown.

& g, = —70 mb, independent of @}, for electrons that are
polarized in the same direction as the protons, as was the
case in the TSR experiment. In this case, the effect from
the electrons is opposite to that of the polarized protons.
The polarizing cross section from all three sources
Og,t8g, +8, as a function of O} is shown as a solid
line in Fig. 2.

Also indicated in Fig. 2 is the experimental result [4]
and the measured acceptance angle with its uncertainty
[5]. As can be seen from Fig. 2, the expected polarizing
cross section is in excellent agreement with the experi-
ment, especially if one takes into account that the
effective acceptance angle for a finite-emittance beam is
expected to be somewhat smaller than the geometric
value.

B. Energy dependence of the polarizing cross section

As the bombarding energy increases, the hadronic am-
plitudes are decreasing, as can be seen from Fig. 1. In ad-
dition, the Coulomb amplitude also decreases. Thus, the
polarizing effect of a polarized internal hydrogen target
quickly becomes small. In Fig. 3 the hadronic polarizing
cross section for a transversely polarized target 83, +38's,
as a function of bombarding energy is shown as a solid
line; the acceptance angle was taken to be @ =4.4
mrad. The cross section that results when the contribu-
tion from the electrons is included is shown here as a
dashed line for the case where the electrons are polarized
opposite the protons. This would require that target
atoms be prepared in hyperfine state 2 (see Ref. [7]). In
practice, this can be achieved by separating atoms in
states 1+2 by spin separation in a multipole field, fol-
lowed by an rf transition between states 1 and 3, after

200
100 -
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g
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20 r
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10 |- E
e b b e
0 20 40 60 80 100

T" (MeV)

FIG. 3. Transverse polarizing cross section for a polarized
hydrogen target and a proton beam as a function of the labora-
tory energy T*. The calculation is for a ring acceptance angle
of ®%.=4.4 mrad. The solid line shows the contribution from
the polarized target protons alone. The dashed line includes the
effect of atomic electrons when they are polarized opposite to
the protons.

which another multipole magnet removes state 3. A
“strong” magnetic field (of the order of 0.1 T) has to be
present at the target location in order to decouple the
spins of the electron and the proton. Figure 4 shows the
same for a target that is polarized along the beam direc-
tion. Note that in this case the spin closed orbit, i.e., the
direction in which the beam polarization is stable, must
also be in the longitudinal direction, which requires addi-
tional magnetic elements in the ring lattice (so-called
snakes).

While the beam is being polarized, its intensity de-
creases exponentially. At medium energies the most im-
portant mechanism for beam loss is Rutherford scatter-
ing. Thus, it may be argued that in order to select an op-
timum beam energy, one should consider the ratio of the
polarizing cross section to the Rutherford cross section.
This ratio exhibits a maximum near 50 MeV if only the
hadronic mechanisms are taken into account. However,

T T T
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100 ~o -
=) : ~~_
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©
10 = —
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T (MeV)

FIG. 4. Longitudinal polarizing cross section. Otherwise,
the caption of Fig. 3 applies.
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the electronic spin-transfer cross section decreases less
rapidly than the Rutherford cross section. Thus, the
higher the energy, the higher the beam intensity that sur-
vives after a given value of the beam polarization has
been reached. The optimum energy in this case is given
by practical considerations involving duration of the po-
larizing phase.

V. CONCLUSIONS

In this paper we have studied the change in polariza-
tion of an ensemble of stored particles, which is induced
by the presence of a polarized, internal target. We find
that the polarization change is achieved not only by
selective removal of particles but, to a large extent also by
manipulating an existing ensemble while maintaining it.

We find that the one existing measurement [4] is in
agreement with our calculation. We have also calculated
the energy dependence of the polarizing cross section for
polarized atomic targets in different spin states. We find
that at the same energy and for the same acceptance an-
gle as for the TSR experiment the polarizing effect would

have been larger if the polarized target were used
differently. For instance, for a longitudinally polarized
target in a strong magnetic field and in a spin state where
the electrons and the protons are oppositely polarized,
the polarizing effect is 3.8 times larger than in the case of
the TSR experiment. The intensity of the beam after po-
larization can be increased by raising the beam energy be-
cause with increasing energy the Rutherford cross section
falls more rapidly than the polarizing cross section. The
optimum choice for the beam energy is given by the beam
lifetime without target.
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