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The results of the vector polarization measurements of the extracted deuteron beam at the Nuclotron
are presented. The intensity of the polarized deuteron beam during the measurements was ∼ 2.5 · 107

particles/spill. The measurements were made at the initial deuteron momenta of 5 and 3.5 GeV/c. The
averaged polarizations of the beam were 0.606 ± 0.014 and 0.540 ± 0.019, respectively.

�·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¢¥±Éµ·´µ° ¶µ²Ö·¨§ Í¨¨ ¶ÊÎ±  ¤¥°É·µ´µ¢, ¢Ò¢¥¤¥´´µ£µ ¨§
´Ê±²µÉ·µ´ . ˆ´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ¶µ²Ö·¨§µ¢ ´´ÒÌ ¤¥°É·µ´µ¢ ¢µ ¢·¥³Ö ¨§³¥·¥´¨° ¸µ¸É ¢²Ö² 
∼ 2,5 · 107 Î ¸É¨Í/¨³¶Ê²Ó¸. ˆ§³¥·¥´¨Ö ¢Ò¶µ²´¥´Ò ¶·¨ ´ Î ²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì ¤¥°É·µ´µ¢ 5 ¨
3,5 ƒÔ‚/c. “¸·¥¤´¥´´Ò¥ §´ Î¥´¨Ö ¶µ²Ö·¨§ Í¨¨ ¶ÊÎ±  ¸µ¸É ¢¨²¨ 0,606 ± 0,014 ¨ 0,540 ± 0,019
¸µµÉ¢¥É¸É¢¥´´µ.

INTRODUCTION

The experimental spin program proposed for the Nuclotron (LHE, JINR) requires a good
knowledge of the polarization of the primary deuteron beam and/or a continuous monitoring
of the vector polarization stability during the experiment. Such experiments are, for example,
Ayy [1], PIKASO [2], PHe3 [3], DELTAÄSIGMA [4], SMSÄMGU [5], STRELA, and others,
which are planned to be performed at the Nuclotron.

For these purposes the new version of the polarimeter [8,9] based on the measurement of
the asymmetry of quasi-elasic pp scattering on hydrogen in CH2 target has been installed at
the focal point F3 in the LHE experimental hall.

The aim of this paper is to present the results of the vector polarization measurements
during ˇrst extraction of the polarized deuteron beam from the Nuclotron in December 2002.

A brief description of the new version of on-line beam polarimeter is given in Sec. 1.
The results of the deuteron beam vector polarization measurements are given in Sec. 2. The
effect of the trigger is discussed in Sec. 3. The conclusions are drawn in the last section.

1. POLARIMETER

The measurement of the left-right asymmetry of quasi-elastic pp scattering is the classical
method to obtain the value of nucleon beam polarization at intermediate energies. It has been
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used earlier at SATURNE II [6]. The comparison of the elastic and quasi-elastic pp analyzing
powers shows no difference between these quantities in a very large energy range [7]. Using
this property, the LHE polarimeter [8, 9] measures PB(d) of deuterons provided by the ion
source POLARIS [10]. The polarizations of protons and neutrons produced by the deuteron
breakup reaction in the forward direction are equal to each other; they are related to the vector
polarization of the deuteron beam.

The polarimeter for the measurement of the deuteron beam vector polarization was installed
close to the focal point F3 of the extraction beam line of the Nuclotron at LHE, JINR. The

Fig. 1. New version of the beam po-

larimeter at focal point F3. IC is the

ionization chamber, T is the CH2 (or C)
target, S1ÄS12 are the scintillation coun-

ters

details of the polarimeter were discussed in Refs. [8,
9]. Here we refer brie�y the main changes made for
the new version of the polarimeter.

The layout of the polarimeter is given in Fig. 1.
Here S1−12 are the scintillation counters, IC is an ion-
ization chamber, T is the target.

The polarimeter measures the left-right (LÄR)
asymmetry of pp quasi-elastic scattering, detecting
both scattered and recoil particles in coincidence. It
consists of two pairs of arms in the horizontal plane in-
stalled at the angles corresponding to pp-elastic scatter-
ing kinematics. Each arm is equipped with three scin-
tillation counters. The six-fold (instead of four-fold
in the previous version [8, 9]) coincidence of counter
signals from each pair of conjugated arms S1 to S6

and S7 to S12 deˇnes L or R scattering events, respectively. The increase in the level of
coincidence reduces signiˇcantly the number of random coincidences. Also, the ionization
chamber IC used as beam intensity monitor is installed just in front of the polarimeter target T.

Table 1. Dimensions of plastic scintillators (x× y × z), where x and y are the sizes in the horizontal
and vertical planes, respectively, and z is the thickness, and their distance from the target center

Arm Counter Dimensions, mm Distance from the target, mm

Forward S1, S8 40 × 40 × 5 1720
S3, S9 40 × 40 × 5 1260
S2, S7 35 × 35 × 5 835

Recoil S5, S11 50 × 160 × 8 940
S6, S12 45 × 145 × 8 690
S4, S10 40 × 130 × 8 460

The sizes of plastic scintillators and the distance of the counters S1ÄS12 from the target
point are given in Table 1. The solid angles of the forward and recoil arms are deˇned by
the sizes and positions of the S1, S8 and S5, S11 counters, respectively. The solid angle for
pp elastic scattering is deˇned by the acceptances of the forward arms, while the recoil arms
have larger acceptance. The size of the forward arms determining counters (S1 and S8) is
40 × 40 mm and their distance from the target center is 1720 mm. Therefore, the scattering
angle acceptance and solid angle subtended by the L or R counters are ∆θ = ±0.67◦ and
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∆Ω = 5.4·10−4 sr, respectively. The solid angle for the recoil particles is ∆Ωrec = 9·10−3 sr.
Such an angle allows one to detect the recoil protons from pp elastic scattering without losses
of the statistics and with insigniˇcant magniˇcation of the admixture of the quasi-elastic
events from the carbon content of CH2 target.

Coincidence counts of the polarimeter arms and monitor informations were recorded for
each beam polarization direction and stored by a PC data acquisition system after the end of
each beam spill.

The polarization of the extracted beam was oriented along the vertical axis (perpendicularly
to the beam momentum direction) and �ipped every accelerator spill.

The method of the vector polarization measurement is based on the detection of the
particles scattered leftwards and rightwards. The left-right asymmetry for a certain sign of
the beam polarization (±) can be calculated from the relation

ε± =
n±

L/n±
R − n0

L/n0
R

n±
L/n±

R + n0
L/n0

R

, (1)

where n±,0
L and n±,0

R are the respective numbers of events scattered leftwards and rightwards
for different spin states of polarization source normalized to the beam intensity.

If an effective analyzing power of the polarimeter A is known, the beam polarization P±

can be calculated according to
P± = ε±/A. (2)

2. MEASUREMENTS OF THE BEAM POLARIZATION

Fig. 2. Intensity of the extracted polarized

deuteron beam at the Nuclotron in the De-
cember 2002 run versus time

The polarized deuterons were produced by the
ion source POLARIS [10]. The extraction of the
polarized deuteron beam from the Nuclotron has
been performed at 5.0 and 3.5 GeV/c. The typi-
cal beam sizes on the target during the experiment
were 25 and 45 mm (2σ) in the horizontal and ver-
tical directions, respectively. The intensity of the
beam was measured by the ionization chamber IC
placed in front of the polarimeter. The results of
the intensity measurements versus time are shown
in Fig. 2.

The averaged beam intensity was only
∼ 2−3 ·107 particles per burst. Therefore, to have
a reasonable counting rate for both left and right
arms of the polarimeter, the CH2 target thickness
was increased up to 5 cm, and the level of coi-
cidences was decreased from 6 to 4 (or 3). The
signals from counters 8Ä11 and 1, 3, 5 were used
to organize the coincidences for the right and left
detectors, respectively. By doing this, the effective solid angles of the right and left detectors
were increased, which gave the increase in the counting rate by a factor of ∼ 4.
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The results of the asymmetry measurements for both signs of the beam polarization are
shown in Fig. 3. The measurements were made at the initial deuteron momenta of 5.0 and
3.5 GeV/c (last three points in Fig. 3). The forward scattering angle was set 14◦ for both
momenta, while the angle for the recoil proton was set in accordance with the kinematics of
elastic pp scattering. At higher momentum the absolute value of the asymmetry is lower due
to a fall in effective analyzing power of the polarimeter versus energy [8,9].

Since the polarimeter was not calibrated at both these deuteron momenta, the values of
the effective analyzing power A(CH2) were taken from the parametrization. The results of
the linear and quadratic proton momentum dependences of the analyzing power A(CH2) are
presented in Fig. 4 by the dashed and solid lines, respectively.

Fig. 3. Asymmetry of the extracted polarized
deuteron beam at the Nuclotron in the Decem-

ber 2002 run at 5.0 and 3.5 GeV/c (last three

points) versus time

Fig. 4. The ˇt of the momentum de-

pendence of the effective analyzing power
A(CH2) at 14◦ [9, 11]. The dashed and

solid lines are the results of the parametriza-

tion by the linear and quadratic dependences
on the proton momentum, respectively

The linear dependence of the analyzing power on the proton momenta has the following
form [11]:

A(CH2)(pp) = (0.6429± 0.0157)− (0.1628± 0.0061)pp, (3)

while the quadratic dependence is given as

A(CH2)(pp) = (0.5190 ± 0.0198)− (0.0456± 0.0162)pp − (0.0262± 0.0038)p2
p. (4)

The values of the effective analyzing power A(CH2) at proton momenta of 1.75 and 2.5 GeV/c
were taken according to relation (4) as 0.359 and 0.241, respectively. Note that the values of
the analyzing power A(CH2) at 1.75 GeV/c obtained from expressions (3) and (4) agree with
a precision better than 0.5%.

The values of the deuteron beam vector polarization at both deuteron momenta are pre-
sented in Table 2. The polarization values averaged over spin states are 0.540 ± 0.019 and
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0.606± 0.014 at 3.5 and 5.0 GeV/c, respectively. Some difference in the polarization values
at these momenta can be due to uncertainty in the values of the effective analyzing power
A(CH2) used.

Table 2. Vector polarization of the extracted deuteron beam at incident momenta of 3.5 and
5.0 GeV/c

Pd, GeV/c P+ ± ∆P+ P− ± ∆P− P ± ∆P

3.5 0.531 ± 0.026 −0.548 ± 0.027 0.540 ± 0.019
5.0 0.633 ± 0.019 −0.578 ± 0.020 0.606 ± 0.014

3. TRIGGER EFFECT

The level of coincidences of scintillation counter signal was reduced because of a low
intensity of the beam during polarization measurements. In this case the effective solid angle
of the polarimeter changes due to ˇnite size of the beam and target. Therefore, the effective
analyzing power of the polarimeter could also change due to possible different yield from the
carbon content of the target.

Special study to test such an effect was performed using unpolarized deuteron beam with
a momentum of 3.5 GeV/c at the Nuclotron in the June 2003 run.

The idea of these studies is based on the following assumption. Let us suppose that an
effective analyzing power of the polarimeter A may be represented as

A = (1 − k)App + kApC, (5)

where App and ApC are the analyzing powers of pp elastic scattering and pC → ppX reaction,
respectively, and k is a coefˇcient proportional to the carbon content of CH2 target. If the
effective solid angle changes, the fraction of events from carbon also may change, and new
value of an effective analyzing power Ā can be written as

Ā = (1 − k̄)App + k̄ApC, (6)

where k̄ is some new coefˇcient. If App, A, k and k̄ are known, a corrected value of the
effective analyzing power Ā may be found from

Ā =
k̄

k
A +

(
1 − k̄

k

)
App. (7)

The value of App = 0.418 is known from the ˇt to the world pp data for the scattering
at an angle of 14◦ (see Fig. 5), A = 0.359 can be taken from the previous calibration of
polarimeter at a deuteron momentum of 3.5 GeV/c, and k and k̄ have been obtained from
direct measurements in a special run at the Nuclotron in June 2003.

The results of these measurements are presented in Fig. 6 for two conˇgurations of the
polarimeter trigger: Trigger 1 is six-fold coincidences, while Trigger 2 is four(three)-fold
coincidences. The counting rates normalized for the beam intensity and target thickness for
CH2 (open symbols) and carbon (ˇlled symbols) are shown versus recoil particle scattering
angle. The solid lines are the results of the ˇt of the CH2 and carbon yield.
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Fig. 5. The ˇt of the energy dependence of the App analyzing power at 14◦ [11]

Fig. 6. The normalized counting rate for the CH2 (open symbols) and carbon (ˇlled symbols) targets for

different conˇgurations of the trigger versus recoil particle scattering angle. Panels a and b correspond to

the six-fold coincidences for the left and right arms, while panels c and d correspond to the four(three)-
fold coincidences, respectively

Since the carbon content, in general, can be different for the left and right arms, both of
them were considered as the separate polarimeters with their own effective analyzing powers.
The polarization of the beam was calculated for the left and right arms of the polarimeter and
weighted averaged for each sign of the polarized ion source.

Two methods to estimate possible trigger effect were used. The ˇrst method (Method 1)
is based on the subtraction of the direct measurements of the event rates from the CH2 and
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carbon targets normalized to the beam intensity and number of nuclei in the targets. The
second one (Method 2) uses the values obtained from the parameters of the ˇt for CH2

and carbon. The results are given in Table 3. The ˇrst line contain the polarization values
obtained without corrections, while the second and the third ones give the values obtained
with the corrections using Method 1 and Method 2, respectively. It is seen that the values of
polarization corrected with our methods agree in the limits of error bars with those obtained
initially.

Table 3. The beam polarization for both spin states of the polarized ion source without and with the
correction for the trigger effect

Method P+ ± ∆P+ P− ± ∆P− P ± ∆P

Without corrections 0.531 ± 0.026 −0.552 ± 0.027 0.541 ± 0.019
Method 1 0.540 ± 0.027 −0.552 ± 0.027 0.546 ± 0.019
Method 2 0.563 ± 0.028 −0.564 ± 0.028 0.563 ± 0.020

Figure 7 demonstrates the normalized yield of the events from the hydrogen content of the
CH2 target obtained by the CH2ÄC subtraction. The cleanness of the subtraction, especially
for the six-fold coincidences, allows one to obtain the values of the polarization by using the

Fig. 7. The normalized counting rate for the hydrogen content of the CH2 target for different con-

ˇgurations of the trigger versus recoil particle scattering angle. Panels a and b correspond to the
six-fold coincidences for the left and right arms, while panels c and d correspond to the four(three)-fold

coincidences, respectively
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data on the analyzing power of pp elastic scattering only, as proposed in Ref. [11]. Such a
procedure can be applied in future to polarized deuteron beam at the Nuclotron.

CONCLUSIONS

The results of this work can be summarized as follows.
The intensity of the ˇrstly extracted polarized deuteron beam at the Nuclotron during the

measurements was ∼ 2.5 · 107 particles/spill.
The polarimeter placed at the focal point F3 measured signiˇcant asymmetry at 5 and

3.5 GeV/c for the vector polarized deuteron beam. The polarization of the extracted deuteron
beam averaged over the spin states was 0.606± 0.014 and 0.540± 0.019 at 5 and 3.5 GeV/c,
respectively.

Special study was performed to estimate the possible systematics due to trigger effect using
unpolarized deuteron beam. It was shown that the modiˇcation of the polarization values at
3.5 GeV/c due to this effect is small and does not exceed the statistical and systematic errors.

Acknowledgements. The authors thank the staff of the polarized ion source POLARIS and
the Nuclotron accelerator for providing good conditions for the work. This investigation has
been supported in part by the Russian Foundation for Basic Research (grants No. 03-02-16224
and No. 04-02-17107) and by the Grant Agency for Science at the Ministry of Education of
the Slovak Republic (grant No. 1/1020/04).

REFERENCES

1. Afanasiev S. V. et al. // Phys. Lett. B. 1998. V. 434. P. 21;
Azhgirey L. S. et al. // Yad. Fiz. 1999. V. 62. P. 1796;
Ladygin V. P. et al. // Eur. Phys. J. A. 2000. V. 8. P. 409;
Ladygin V. P. et al. // Few Body Syst. Suppl. 2000. V. 12. P. 240;
Azhgirey L. S. et al. // Yad. Fiz. 2001. V. 64. P. 2046;
Ladygin V. P. et al. // Few Body Syst. 2002. V. 32. P. 127;
Azhgirey L. S. et al. // Phys. At. Nucl. 2003. V. 66. P. 690.

2. Afanasiev S. et al. // Phys. Lett. B. 1998. V. 445. P. 14;
Zolin L. et al. // Nucl. Phys. A. 2001. V. 689. P. 414c.

3. Khrenov A. N. et al. // Proc. of the 7th Intern. Workshop RNP-2003, Stara Lesna, Slovak Republic,
Aug. 25Ä30, 2003. P. 236.

4. Adiasevich B. P. et al. // Z. Physik C. 1996. V. 71. P. 65;
Sharov V. I. et al. // Eur. Phys. J. C. 2000. V. 13. P. 255.

5. Yershov A. A. et al. // Proc. of the XV ISHEPP, Dubna, 2001. V. 2. P. 54.

6. Lehar F. et al. Note CEA-N-2490. CEN Saclay. Gif-sur-Yvette, 1986;
Allgower Ch. et al. Preprint LNS/Ph/97-11. Gif-sur-Yvette, 1997.

7. Ball J. et al. // Eur. Phys. J. C. 1999. V. 11. P. 51 and the references therein.

8. Azhgirey L. S. et al. // Prib. Tekhn. Eksp. 1997. V. 1. P. 51; Instr. Exp. Tech. (Engl. Transl.). 1997.
V. 40. P. 43.



Measurement of the Extracted Deuteron Beam Vector Polarization at the Nuclotron 99

9. Azhgirey L. S. et al. // Nucl. Instr. Meth. A. 2003. V. 497. P. 340.

10. Anishchenko N. G. et al. // Proc. of the 5th Intern. Symp. on High Energy Spin Physics, Brookhaven,
1982. AIP Conf. Proc. 1983. V. 95. P. 445.

11. Azhgirey L. S. et al. // Part. Nucl., Lett. 2002. No. 4[113]. P. 51.

Received on April 26, 2004.


