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Introduction
The deuteron represents a loosely bound pair of nucleons with
spins aligned (spin 1 triplet state).

The availability of a small quadruple moment of the deuteron
implies that it is not spherical in configuration space, i.e. these two
nucleons are not in a pure S state of relative orbital angular
momentum, and there is an additional D wave component.

These properties of the deuteron give rise to a number of
polarization effects in the nuclear reactions involving the deuteron.

DSPIN-07 – p.2/30



Deuteron polarization
Let us assume a deuteron in
a magnetic field H. In a ref-
erence frame whose quanti-
zation axis Z coincides with
the direction of H the spin
projection on Z can only take
values md = +1, 0, −1.
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If N+, N0, N− are the relative numbers of deuterons populating the magnetic
substates md = +1, 0, −1, (N+ +N0 +N− = 1), then vector pZ and tensor
pZZ polarizations of a deuteron beam are

pZ = N+ −N−,

pZZ = N+ +N− − 2N0 = 1 − 3N0.

Since the quantization axis Z is the symmetry axis, pXX = pY Y = − 1
2
pZZ .
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Polarization effects
The quadruple deformation of the deuteron is the cause for a number of polarization

effects:

First of all, the calculations of the angular dependence of the elastic dp
scattering [Franco,Glauber,Harrington] in the framework of the Glauber
multiple scattering theory show that if one would direct the unpolarized
deuteron beam on to an unpolarized hydrogen target, the scattered
deuterons would be strongly aligned.

Secondly, marked tensor analyzing power was observed in the inclusive
inelastic reaction A(d, d′)X in the region of 4-momentum transfer near
|t| = 0.3 GeV/c in the scattering of polarized deuterons with initial
momenta of 4.5 and 5.5 GeV/c on nuclei at 0◦ [Azhgirey et al.].

At last, it was shown by Baryshevsky [Baryshevsky] that as particles of spin
≥ 1 pass through matter, effects of spin rotation and oscillations may
occur.

DSPIN-07 – p.4/30



Elastic dp scattering

Calculations of the an-
gular dependence of
the elastic dp scattering
[Franco,Glauber,Harrington]
made in the framework
of the Glauber multiple
scattering theory show
that if one would direct
the unpolarized deuteron
beam on to an unpolarized
hydrogen target, the scat-
tered deuterons would be
strongly aligned. DSPIN-07 – p.5/30



Inelastic deuteron
scattering

Marked tensor analyzing
power was observed in
the inclusive inelastic re-
action A(d, d′)X in the
region of 4-momentum
transfer near |t| = 0.3

GeV/c in the scattering of
polarized deuterons with
initial momenta of 4.5
and 5.5 GeV/c on nuclei
at 0◦ [Azhgirey et al.].
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Spin dichroism
Effects of spin rotation and oscillations, occuring when
particles of spin ≥ 1 pass through matter, may give rise to a
polarization of beam [Baryshevsky]

The first attempt to measure spin dichroism, i.e. occurrence
of tensor polarization of an unpolarized deuteron beam by
unpolarized target, was made with deuterons up to 20 MeV
in a carbon target [Baryshevsky et al.]

Although the magnitude of the deuteron polarization was not
determined precisely, authors argue that evidence for
existence of dichroism was obtained in this experiment.
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Experiment at
Nuclotron

The first attempt to measure tensor polarization of an un-

polarized 5.5 Gev/c deuteron beam after the passing of a

carbon target was made at an unpolarized deuteron beam

extracted from the Nuclotron of JINR.
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Layout of the
equipment

F3, F4, F5, F6 - foci of magnet-optical system
L1, L2, L3 - lenses; M1, M2, M3 - magnets; T1, T2 - targets

The part of the beam line up to F5 focus was tuned to the
momentum of ∼ 5.5 GeV/c, and the part after F5 was tuned
to 3.3 GeV/c.
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Pursuance of the
experiment

The slowly extracted beam of ∼ 5.5 GeV/c deuterons
with an intensity of 5× 10

8 − 3× 10
9 particles per beam

spill was incident on 40, 83 and 123 g/cm2-thick carbon
targets T1 that in turn placed in the beam near F3
focus.

Values of the extracted beam momenta were adopted
to have exactly 5.5 GeV/c after crossing a target
independent on the target thick. The measurements
without target were made also.

The beam intensities near F3, F4 and F5 foci were
monitored by ionization chambers. DSPIN-07 – p.10/30



Deuteron polarization
measurement

The tensor polarization of the deuteron beam scattered at
the T1 target at 0◦ was determined by means of the second
scattering on the 10 cm-thick beryllium target T2 placed near
F5 focus [Zolin].

It is known that the reaction d + A → p + X for proton
emission at zero angle with momentum of pp ∼ 2

3
pd has a

very large tensor analyzing power T20 = −0.82 ± 0.04, which
is independent on the atomic number of the target (A > 4)
and on the momentum of incident deuterons between 2.5
and 9.0 GeV/c [Perdrisat,Ableev,Aono].

DSPIN-07 – p.11/30



Experimental
procedure

The secondary particles emitted from target T2 at 0◦ were
transported to the focus F6 by means of bending magnets
and magnetic lens doublets. The momentum and polar
angle acceptances of the setup defined by the Monte Carlo
simulation were ∆p/p ∼ ±2% and ±8 mr, respectively.

Coincidences of the signals from the scintillation counters
placed near the F6 focus were used as a trigger. Along with
the secondary protons, the apparatus detected the
deuterons from inelastic scattering.
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Secondaries
identification

The particles detected
were identified off-line on
the basis of time-of-flight
measurements with a
base line of ∼ 28 m
between the start and four
stop counters. The TOF
resolution attained (∼ 0.2

ns) allowed one separate
protons(right peaks) and
deuterons (left peaks)
completely. DSPIN-07 – p.13/30



Linearity of monitors

Since the experiment was
carried out by the use of
beams with intensities
which were considerably
different, the question of
the linearity of monitors
had a dominant role. The
examination of the
linearity was made in
separate measurements
with results shown in the
figure.

Characteristics of current-to-digit convertors of ionization
chambers placed at F5 (dark points) and F3 (light points)
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Cross section for
polarized deuterons

The general expression for the invariant differential cross section of
reaction with the polarized deuteron beam has the form [Haeberli]

Edσ

dp
(θ, φ) =

(Edσ

dp
(θ)

)

0

[

1 +
√

2ρ10iT11(θ) sinβ cosφ

+
1

2
ρ20T20(θ)(3 cos2 β − 1) +

√
6ρ20T21(θ) sinβ sinφ

−
√

3

2
ρ20T22(θ) sin2 β cos 2φ

]

.

Here, (Edσ/p)0 is the invariant differential cross section for the unpolar-

ized beam, and the parameters ρ10 =
√

3/2pZ and ρ20 =
√

1/2pZZ are

connected with the vector pZ and tensor pZZ beam polarization compo-

nents, respectively, in the coordinate system in which the quantization

axis coincides with the axis of symmetry.
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Coordinate system
The values iT11, T20, T21 and T22 represent the analyzing powers in the
representation of irreducible tensors Tκq. The angles θ and φ define the
direction of a scattered particle, and β is the angle between the quantization
axis and the direction of an incident particle.

Coordinate system for
describing the incident
polarization. Quantiza-
tion axis is taken along
the symmetry axis. The
incident and final mo-
menta are indicated by
kin and kout.
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Formula for ρ20

In our case all these angles are equal to zero, and we have

σ′ = σ0(1 +
1√
2
pZZT20), ρ20 =

1

T20

(
σ′

σ0

− 1)

(where polarized and unpolarized cross sections for brevity
have been referred to as σ′ and σ0, respectively)

The ionization chamber placed upstream of the analyzer
target T2 served as a monitor. The numbers of protons
normalized to the monitor counts detected in exposures with
carbon targets of different thick were used to calculate
asymmetries.
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N(p)/monitor ratuos

Ratios of proton counts to
the monitor for targets T1 of
different thick: black points
- 123 g/cm2, stars - 83
g/cm2, light points - 0 g/cm2.
Dashed lines - averaged
for all the exposures ra-
tios. The points correspond-
ing to the different target
thick are grouped in the dif-
ferent regions of the picture.
The spread of the points is
caused by the non-stabilities
of currents in the magnetic
elements of the beam line.DSPIN-07 – p.18/30



Systematic errors

The possible systematic errors resulting from current fluctuations were
estimated in the following way.

It is known that the differential cross section of the proton emission
at forward angles in the deuteron breakup is a sharp function of
the secondary proton momentum [ableev,azhgirey]. As to the cross
section of the A(d,d’) reaction, it has a considerably more smooth
behaviour [azhgirey et al.]. So deviations of the proton/deuteron ratio
from the constant value can reflect changes in the currents of
magnetic elements, i.e. in the momentum of detected particles.

On the other hand, the difference ∆t in the arrival of signals
caused by protons and deuterons also is connected with the
spread ∆p in the momentum of these particle; for our experimental
arrangement ∆p/∆t = −0.172 GeV/c/ns.
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N(p)/N(d) ratio

Momentum spectra of
protons(light points) and
deuterons (dark points)
from 6.3-GeV/c deuteron
collisions with 1H, 2H and
12C nuclei detected at
103 mr.
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Correlation between
N(p)/N(d) and p

Correlation between the
ratio N(p)/N(d) (aver-
aged on four detection
channels) and momen-
tum p calculated from the
difference ∆t:

N(p)

N(d)
= (190.14 ± 0.54) − (53.84 ± 0.16)p(GeV/c).

Correction factors to proton counts should vary from 1.26 to 0.88 under

changes of the proton momentum from 3.24 to 3.33 GeV/c. An estimate

of the possible systematic error is thus seen to be ±20%.
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Tensor polarization
vs target thick

Tensor polarization of
deuterons vs thick of
target T1. The dashed
region shows the error
corridor, the solid curve
represent the calcula-
tion result.

The tensor polarizations PZZ of the deuterons passed through target T1

were calculated for each of four channels separately, and they were averaged

thereafter; in so doing the counts without T1 were taken as σ0.
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Input assumptions
On the assumption that NN scattering amplitude has the form

f(q) =
kσNN

4π
(1 + αNN ) exp(−1

2
Bq2),

where q is the momentum transfer, and if one takes a multi-Gaussian
representation of the deuteron wave function [alberi]

ψ0(p) =
∑

i

ai exp(−αip
2), ψ2(p) = p2

∑

i

bi exp(−βip
2),

with ψ0 and ψ2 defined by

ψ(p) = ψ0(p) −
1√
2

[

3(J · p)2 ψ2(p)
]

,

where J is the spin operator of the deuteron,
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The difference of
total cross sections
∆σ

in line with the multiple scattering theory [glauber,franco], the difference of the
total cross sections of the nuclear scattering of deuterons in different spin
states (±1) and ( 0 ) may be written in the form:

∆σ =
1

NS +ND

A
∑

N=1

(−1)N A!

(A−N)!
∆σ(N),

where the cross section difference for N th collision is given by

∆σ(N) = πR1R2

N
∑

m=0

N−m
∑

n=0

∆
(N)
m,na

m+n
1 aN−m−n

2

[(m+ n)R2 + (N −m− n)R1] n! m! (N −m− n)!
.
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Notations
Here

∆(N)
m,n = 3

5
∑

i=1

5
∑

k=1

CiDk

(

π

τi,k

)3/2 λ
(N)
m,n

(λ
(N)
m,n + τi,k)2

+
3

2

5
∑

i=1

5
∑

k=1

DiDk

(

π

νi,k

)3/2 λ
(N)
m,n(3λ

(N)
m,n + 7νi,k)

νi,k(λ
(N)
m,n + νi,k)3

with

λ(N)
m,n =

1

4

(

N −m− n

B
+

4mnR2 + (m+ n)(N −m− n)R1

R1 [(m+ n)R2 + (N −m− n)R1]

)

.

Parameters R1, R2, a1 and a2 are expressed through constants peculiar to
this problem:

R1 =
2

3
< r2 >A +2B, R2 =

2

3
< r2 >A +B, a1 =

σNN

2πR1
, a2 = − σ2

NN

16π2BR2
,

where < r2 > is rms radius of a nucleus.
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Effective numbers
Effective numbers for S- and D-states are

NS =

5
∑

i=1

5
∑

k=1

CiCkπ
3/2

(ρi + ρk)3/2
, ND =

15

8

5
∑

i=1

5
∑

k=1

DiDkπ
3/2

(ωi + ωk)7/2
,

where

Ci = Ai (2.5/αi)
3/2 , Di =

√
2Bi (2.5/βi)

7/2

ρi = 6.25/αi, ωi = 6.25/βi

τi,k = ρi + ωk, νi,k = ωi + ωk
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Input parameters
The following values of parameters were used in the calculations: σNN = 4.40

fm2, αNN = −0.339, B = 0.297 fm2, < r2C >= 5.86 fm2, and constants
ai, bi, αi and βi were taken from [alberi]. The calculated difference of total
cross sections of d−12 C scattering in the deuteron spin states (0) and (±1)

turns out to be ∆σ = 3.87 fm2.

It can be shown that the tensor polarization of the deuteron beam arising from
this cross section difference is

PZZ =
1 − exp(−N∆σx)

1 + 1
2

exp(−N∆σx)
,

where N is the number of nuclei in cm3 of matter with thick of x cm. The

calculation results for our experiment are shown in picture with the solid curve.
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Tensor polarization
vs target thick

Tensor polarization of deuterons vs thick of target T1. The
dashed region shows the error corridor, the solid curve repre-
sent the calculation result.
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Conclusion
The tensor polarization of an unpolarized deuteron beam arising
as deuterons pass through a carbon targets of different thick was
measured.

The phenomenon of spin dichroism (defined as the production of
spin polarization in an unpolarized beam) predicted earlier by
V.Baryshevsky [baryshevsky] was first observed using an extracted
unpolarized 5.5-GeV/c deuteron beam of the Nuclotron.

A formalism was elaborated to describe the effect observed in the
framework of the Glauber multiple scattering theory.

The calculation results are in qualitative agreement with the
experimental data obtained.

The effect observed can be used to produce tensor polarized
deuteron beams of small intensity at high energies. DSPIN-07 – p.29/30
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