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Abstract 

A movable polarized target has a volume 140 cm’ (20 cm long and 3 cm diameter). Polarizing magnet was tested to 6.5 T. 
homogeneity is better than 2 X IO ‘. The nuclear spin relaxation time in a frozen mode (at a temperature 50 mK and 

magnetic field 2.5 T) is over 1000 h. Maximum values of proton polarization obtained were 807~ and 85% for positive and 
negative polarization, respectively. 

The accelerator complex of the Joint Institute for 
Nuclear Research (JINR) in Dubna becomes now a unique 

place to provide 3- I2 GeV/e polarized deuteron beams 
with high intensity and good polarization. It is possible to 

obtain quasi-monoenergetic neutron and proton beams too 
using a break-up of accelerated deuterons. A new genera- 

tion of experiments can be carried out at this accelerator 
complex [ I 1. 

To get full benefit of this opportunity. the experiments 

with polarized beams must be performed in conjunction 

with polarized proton or deuteron targets. To produce in a 
shortest possible time a working combination of a polar- 

ized beam and polarized target, it was agreed to use, after 
reconstruction, the Saclay-Argonne frozen spin proton 
polarized target which was built for and used initially in an 
experiment at FERMILAB (USA) [2]. 

For the purposes of the physics program in Dubna the 
target has been reassembled and upgraded adding the 
missing parts. A new quality was given to the target 
assembly during this reconstruction - a transportability 
from one experimental area to another. This is a “mov- 
able” polarized target (MPT) concept. It means that all the 
major parts of the target assembly disposed closely to the 
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beam line (target cell inside a ‘He/‘He dilution re- 

frigerator. magnets. power supplies. service liquid helium 
dewars, ‘He pumps etc.) are mounted on two separate 

decks (Fig. I ) which can be moved as blocks in and out of 

the beam. and also between various accelerators. These 
decks may be translated on high precision rails fixed on a 
main frame. During the experiment, the working target 

may be moved in or out of the beamline within some 
minutes without interference with the polarizing or frozen 

spin mode in process. Between experiments, transportation 

to another area does not need disassembly of the equipped 
decks. The dimensions of the decks with their equipments 

correspond to dimensions of a standard sea container. 

Larger of two decks contains the ‘He/‘He dilution 
refrigerator with a horizontal axis mounted on a I.5 tons 
concrete cube, a 30 I service helium dewar of the re- 
frigerator, a 1000 I supply helium dewar and a ‘He 

pumping system. The pumping system consisting of one 
Geraer compressorenwerk (RPW3600) 3600 I/s roots 
pump and two Leybold pumps (WS-1000 and WS-250) 
with pumping speeds 1000 I/s and 250 I/s mounted on a 
compact stage and placed onto the deck using pneumatic 
dampers for vibration isolation. similar to that in Ref. 131. 
The pumping system is connected to the dilution re- 
frigerator through about I.5 m piece of 200 mm diametet 

stainless steel tube with bellows inserts. A quality of the 
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Fi:. I Photograph of the movable polarized target. 

vibration isolation is demonstrated by the fact that it was 

possible to work in a frozen polarization mode at a 

working temperature 550 mK without any additional 

thermal load to the refrigerator, and small phonic noise on 

the NMR coils. 

A polariting superconducting solenoid, its 300 I service 

helium dewar and power supply are mounted on a smaller 

deck. For easier operation and for good access to the 

physics detectors, the equipment, that is not mounted on 

the decks, is placed outside of the radiation controlled area. 

A remote control of the entire operation of the MPT was 

achieved from the control room installed inside the trailer. 

It contains an operating vacuum. ‘He and ‘He systems. an 

interlock system. a microwave system, and a NMR system. 

A new powerful two-arm cleaning system for ‘He was 

built containing liquid nitrogen cooled charcoal traps and 

warm silicagel traps. 

The microwave system intended for proton polarization 

buildup consists of a microwave source, a waveguide, and 

a power supply. A diffraction radiation generator with 

4 mm wavelength was used as the microwave source. Its 

main characteristics are: 
_ frequency range: 70-78 GHz, 
- output power: no less than 5 W, 

- relative frequency instability: no more than IO-‘. 
- FWHM of a radiation line: no more than 0.5 MHz. 

The waveguide consists of warm and cold parts. The 

warm part contains a directed brancher intended to mea- 

sure the frequency. an electronic attenuator. and a 

wavemode transformer. The microwave power comes to 

the refrigerator in HOI mode. The cold part of the 

waveguide inside the refrigerator was left unchanged. I.?- 

propanediol with a paramagnetic Cr(5) impurity having a 

spin concentration of 1.5 X IO”’ cm ’ was used as a target 

material [A]. A load of 140 cm’ of propanediol beads in a 

plastic container having 200 mm length and 30 mm diam- 

eter was placed inside the dilution refrigerator. 

The target polarization measurements were carried out 

using a computer controlled NMR system. Maximum 

values of proton polarization obtained were 80 and 85% 

for positive and negative polarizations. respectively. Dif- 

ference of microwave frequencies corresponding to polari- 

zation maxima was measured to be 310 MHz. A duration 

of one continuous run at a given sign of target polarization 

was about 12 h. Polarization degradation during this period 

was insignificant since the nuclear spin relaxation time in a 

frozen mode (at a temperature 50 mK and magnetic tield 

2.5 T) is over 1000 h. 

First experiment using MPT and polarized neutron beam 

of JINR accelerator complex has been done in February 

1995. The difference in the transmission cross sections of 

polarized neutrons through the polarized proton target 

when beam and target polarization directions are parallel 

or antiparallel has been measured. All the work on target 

reconstruction. its transfer to the beam line and the first 

experiment have taken approximately 8 months. 

For further experiments transverse polarization of 

protons (and deuterons) is needed. A set of holding coils 

for achieving transverse polarization. as well as a new 

polarizing solenoid, are being built. 
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Abstract. Results of the total cross section difference Dp
Lin a np transmission experiment at 1.19, 2.49 and 3.65GeV

incident neutron beam kinetic energies are presented.
Measurements were performed at the Synchrophasotron
of the Laboratory of High Energies of the Joint Institute
for Nuclear Research in Dubna. Results were obtained
with a polarized beam of free quasi-monochromatic neu-
trons passing through the new Dubna frozen spin proton
target. The beam and target polarizations were oriented
longitudinally. The present results were obtained at the
highest energies of free polarized neutrons that can be
reached at present. They extend the energy range of exist-
ing results from PSI, LAMPF and Saclay measured be-
tween 0.066 and 1.10 GeV. The new results are compared
with Dp

L
(pn) data determined as a difference between

Dp
L
(pd) and Dp

L
(pp) ANL-ZGS measurements. The

values of Dp
L

for the isospin state I"0 were deduced
using known pp data.

1 Introduction

The aim of this paper is to present new results of the
neutron-proton total cross section difference Dp

L
meas-

ured with a quasi-monochromatic polarized neutron

beam and a polarized proton target. Results were ob-
tained at the central values of 1.19, 2.49 and 3.65 GeV
neutron beam kinetic energies. The free polarized neutron
beam was produced by break-up of polarized deuterons
accelerated by the Synchrophasotron of the Laboratory of
High Energies (LHE) of the Joint Institute for Nuclear
Research (JINR) in Dubna. This accelerator provides the
highest energy polarized neutron beam, which can be
reached now [1]. The present experiment is the first one of
series where the new Dubna polarized proton target was
used.

The nucleon-nucleon (NN) total cross section differ-
ences Dp

T
and Dp

L
together with the spin-independent

total cross section p
0505

are integral quantities linearly
related with three non-vanishing imaginary parts of the
NN forward scattering amplitudes via optical theorems.
They are used for absolute normalization in any theoret-
ical or phenomenological analysis. The observable p

0505
in

pp and np interactions has been measured during the last
fifty years over a very large energy region. The measure-
ments of spin-dependent total cross section are rare due to
a lack of polarized beams and targets. All three observ-
ables are measured in pure inclusive transmission experi-
ments and need very high stability of detectors.

The total cross section differences for pp scattering
were first measured at the ANL-ZGS and then in a
few other laboratories: TRIUMF, PSI, LAMPF and



SATURNE II. Results cover the energy range from 0.2 to
12 GeV. Another point was measured at 200 GeV at FER-
MILAB for proton-proton and antiproton-proton inter-
actions. Measurements with incident charged particles
need a different experimental set-up than neutron-proton
experiments due to the contribution of electromagnetic
interactions. Existing results are discussed in [2] and in
references therein. The isospin I"1 data are also needed
in order to deduce the isospin I"0 quantities from np
measurements.

Neutron-proton observables, Dp
T

and Dp
L

using free
polarized neutrons, were first obtained in 1987 at SAT-
URNE II yielding four points with relatively large errors
[3]. These results have been completed by new accurate
measurements at 9 to 10 energies, between 0.31 and 1.1
GeV for each observable [4, 5]. The Saclay results were
soon followed by PSI measurements [6] in the energy
region from 0.14 to 0.59 GeV with a continuous neutron
energy spectrum [7]. The Dp

T
(np) or Dp

L
(np) data were

collected simultaneously over the entire energy range. The
PSI and Saclay sets allowed to deduce imaginary parts of
np and I"0 spin-dependent forward scattering ampli-
tudes from 0.14 to 1.1 GeV [2, 5].

The observable Dp
L
(np) has also been measured at five

energies at LAMPF [8]. The measurements were done
with a quasi-monoenergetic polarized neutron beam pro-
duced in pdNn#X scattering of longitudinally polariz-
ed protons. Large neutron counter hodoscopes have to be
used because of the small neutron beam intensity.

In addition, at low energies, the observable Dp
L
(np) at

66 MeV was measured at the PSI preaccelerator [9],
Dp

T
(np) was determined at 9 energies between 3.8 and 11.6

MeV in TUNL [10,11] and at 16.2 MeV in Prague [12].
In fact, for the first time Dp

L
(pn) results were deduced

in 1981 from the Dp
L
(pd) and Dp

L
(pp) measurement at the

ANL-ZGS [13]. Taking a simple difference between pd
and pp results, corrected only for beam and target polar-
izations and for Coulomb-nuclear rescattering including
deuteron break-up, yields data in fairly good agreement
with free np data (see Sect. 6). Let us note that any
correction for Glauber-type rescattering including 3-body
state final interactions [14] provides a disagreement [2].

In Sect. 2 we shortly describe the phenomenology of
the experiment. Section 3 treats the LHE polarized
deuteron and neutron beams and beam polarization
measurements. In Sect. 4 the new Dubna polarized proton
target is described. The experimental set-up for the
Dp

L
(np) measurements with associated electronics are de-

scribed in Sect. 5. The data analysis and systematic errors
are treated in Sect. 6. Results and discussions are present-
ed in Sect. 7.

2 Total cross section differences

Throughout this paper we use the nucleon-nucleon for-
malism and the four-spin notation of observables de-
veloped in [15].

The general expression of the total cross section for
a polarized nucleon beam transmitted through a polarized
proton target (PPT), with arbitrary directions of beam
and target polarizations, was first deduced in [16, 17].

Taking into account fundamental conservation laws, it is
written in [15] in the form:

p
505
"p

0505
#p

1505
(P

B
, P

T
)#p

2505
(P

B
, k) (P

T
, k), (2.1)

where P
B

and P
T

are the beam and target polarization
vectors (more exactly pseudovectors), and k is the unit
vector in the incident beam direction. The term p

0505
is the

spin-independent total cross section, p
1505

and p
2505

are the
spin dependent contributions. They are related to the
forward scattering invariant amplitudes via optical the-
orems [15] :

p
0505

"(2n/K) Im[a(0)#b(0)], (2.2)

p
1505

"(2n/K) Im[c(0)#d (0)], (2.3)

p
2505

"!(4n/K) Im[d(0)], (2.4)

where K is the wave number in the CM system.
The total cross sections p

505
and p

0505
are positive

definite quantities. The spin-dependent contributions
p
1505

and p
2505

are related to measurable quantities Dp
Tand Dp

L
by:

!Dp
T
"2p

1505
, (2.5)

!Dp
L
"2(p

1505
#p

2505
). (2.6)

The negative signs for Dp
T

and Dp
L

in (2.5) and (2.6)
correspond to the usual, although unjustified, convention
in the literature. The total cross section differences are
measured with either parallel or antiparallel beam and
target polarization directions. Polarization vectors are
transversally oriented with respect to k for Dp

T
measure-

ments and longitudinaly oriented for Dp
L

experiments.
The total cross section differences Dp

T
and Dp

L
are

deduced from four total cross section measurements, re-
spectively. General expressions for Dp

T
are given in [18];

here we give relations for Dp
L
:

p(P
P

)"p
0505

#DP`
B
P`

T
D (p

1505
#p

2505
), (2.7a)

p(QP)"p
0505

!DP~
B
P`

T
D (p

1505
#p

2505
), (2.7b)

p(PQ)"p
0505

!DP`
B
P~

T
D (p

1505
#p

2505
), (2.7c)

p(QQ)"p
0505

#DP~
B
P~

T
D (p

1505
#p

2505
). (2.7d)

Since the beam polarization direction at the Syn-
chrophasotron could be reversed at every cycle of the
accelerator, it is preferable to calculate Dp

L
from pairs of

DP`
B

D and DP~
B
D measurements with the same target polar-

ization. Values of DP`
T
D and DP~

T
D are well known as a func-

tion of time. The spin-independent term drops out when
taking the difference, and one obtains:

!Dp
L
(P`

T
)"2(p

1505
#p

2505
)`"

2[p(P
P

)!p (Q
P

)]

( DP`
B

D#DP~
B

D) DP`
T

D
,

(2.8a)

and

!Dp
L
(P~

T
)"2(p

1505
#p

2505
)~"

2[p (Q
Q

)!p (P
Q

)]

( DP`
B

D#DP~
B

D ) DP~
T

D
,

(2.8b)
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Table 1. Averaged deuteron beam intensities and neutron fluxes at
three energies

¹
,*/

(d) ¹
,*/

(d) ¹
,*/

(n) Deuterons Neutrons
(GeV) (GeV) (GeV) per spill per spill
accelerator target center mean (PPT)

2.40 2.38 1.19 5.3]108 2.7]104
5.00 4.98 2.49 6.1]108 2.0]105
7.32 7.30 3.65 6.4]108 4.7]105

with beam and target polarized along k. The asymmetry,
proportional to the arithmetic average

P
B
"DP

B
D"1

2
( DP`

B
D#DP~

B
D ) (2.9)

is continuously measured by beam polarimeters. One can
see that an unpolarized beam is not necessary for Dp

L,Tmeasurements.
Possible effects of a counter misalignment and perpen-

dicular components in the beam (or target) polarization
cancel out, giving the final results as a simple (unweighted)
average

Dp
L
"1

2
[Dp

L
(P`

T
)#Dp

L
(P~

T
)]. (2.10)

Putting (2.8a) and (2.8b) into (2.10) we have

Dp
L
"

1

DP`
B

D#DP~
B
D A

p (P
P

)!p (Q
P

)

DP`
T

D
#

p(Q
Q

)!p (P
Q

)

DP~
T

D B .

(2.11)

More details are given in [4, 18].

3 Polarized beam

Polarized neutrons and protons were produced by break-
up of accelerated vector-polarized deuterons [1] on a tar-
get of 17 cm beryllium and 6 cm of carbon. The kinetic
energy of accelerated deuteron decreases by 3 MeV by
passage in air and then by 17 MeV by absorption in the
half of the target thickness. The total losses of (20$17)
MeV are practically the same at all measured energies and
must be subtracted from the nominal accelerator values.
The neutron mean energy is then one half of the deuteron
energy in the center of the production target. The neutron
momentum distribution in the forward break-up reaction,
due to the Fermi motion of the nucleons in accelerated
deuterons has a gaussian-like shape with FWHM \5%
of neutron momentum.

The production target was positioned close to one
focal point of the deuteron beam line. Protons and
deuterons were removed from the neutron beam by a be-
nding magnet. The deuteron beam intensity was continu-
ously monitored by two calibrated ionization chambers in
front of the target. Neutrons were collimated by 6 m iron
and brass in a path of 7 m upstream from the transmission
set-up. The neutron angular divergence was \1.5 mrad.
The collimators and efficient shielding of the experimental
area decreased the low energy tail of the neutron spectrum
to about 1%.

The neutron beam spot at the PPT was 28mm in
diameter. This spot was monitored using charge exchange
particles produced in a radiator of a proportional cham-
ber downstream from the PPT. The number of neutrons
was determined in dedicated measurements by an activa-
tion method. The deuteron beam intensities and corres-
ponding neutron fluxes at the PPT, averaged over the
data acquisition, are listed in Table 1.

The neutron intensity decreases with decreasing neu-
tron momentum p

-!"
(n) since the neutron emission solid

angle increases as a function of 1/[p
-!"

(n)]2. From Table 1
follows that the intensity decreases more rapidly due to

a degradation of the beam extraction efficiency at lower
energies.

The repetition time of the Synchrophasotron was 8 to
10, depending on energy, and the spill length was typically
0.5 s. The deuteron beam polarization direction was flip-
ped every spill of the accelerator.

The polarization of incident deuterons P
B
(d) was

oriented perpendicularly with respect to the beam mo-
mentum, along the vertical axis. The polarization of the
produced neutrons P

B
(n) had the same direction. The

neutron polarization was rotated to the longitudinal di-
rection by a spin rotation dipole with the maximum hori-
zontal field integral of 2.7 Tm. The spin rotator was posi-
tioned in front of the PPT and removed a considerable
fraction of the protons produced in collimators. The beam
line allowed to extract the low intensity deuteron beam
towards the experimental area and check the beam align-
ment and bending of deuterons in the spin rotator. This
procedure checks the signs of the Dp

L
results.

The absolute polarization of deuterons was deduced
from the asymmetry measurement of dpNdp elastic scat-
tering. For this reason the deuteron beam was periodically
deviated into another beam line towards the two-arm
magnetic spectrometer ALPHA [19]. The deuteron beam
momentum was set to 3.0 GeV/c where the analyzing
power is well known from the SATURNE II measure-
ments [20]. Deuterons were scattered in the liquid hydro-
gen target, forward deuterons and recoil protons were
detected in two pairs of kinematically conjugate arms at
h
-!"

(d)"7.45°. This angle is close to a maximum vector
analyzing power. The magnetic analysis of forward
deuterons removed inelastic events [19]. The measure-
ment provided the P

B
(d) value, directly related to the

neutron beam polarization P
B
(n). The result yields the

mean value for ‘‘up’’ and ‘‘down’’ neutron beam polariza-
tion DP

B
(n) D"0.535$0.009.

No depolarizing resonances of the internal deuteron
beam in the synchrophasotron exist up to the highest
accelerator energy. This has been determined over the
entire energy range [19] using a beam decceleration
method described in [21]. Consequently, it was sufficient
to determine the deuteron beam polarization at one en-
ergy only.

A direct absolute measurement of the neutron beam
polarization has not been performed during the run. The
P
B
(n) could have been determined e.g. by a comparison of

the beam and target analyzing powers, A
oono

(np) and
A

ooon
(np) , respectively [15], assuming that the target po-

larization P
T

is known [22].
The stability of the P

B
(d) value was continuously

monitored by another beam polarimeter [23], measuring
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Table 2. Mean values of the quasielastic pp asymmetry at four
proton energies

¹

,*/
(p) p

-!"
(p) h

-!"
h
CM

e(pp)
(GeV) (GeV/c) (deg) (deg)

0.83 1.50 14 33.3 0.246 $0.016
1.20 1.92 14 35.4 0.2214$0.0015
2.50 3.31 8 24.2 0.1434$0.0015
3.66 4.50 8 27.1 0.0807$0.0020

Table 3. Characteristics of the MPT

Target Target Container Sample Filling
length diameter volume weight factor
(mm) (mm) (cm3) (g)
[20°C] [20°C] [20°C] [70 K]

200.0$0.1 30.0$0.1 141.37$0.95 95.5$0.3 0.67

quasielastic scattering of bounded protons in accelerated
deuterons on a CH

2
target. This polarimeter consists of

two pairs of arms, each of them equipped with two scintil-
lation counters. Both pairs of arms were positioned at
ppNpp kinematically conjugate angles and measured the
left-right asymmetry e (pp) . The angle was close to the
forward maximum of the pp elastic scattering analyzing
power A

oono
. The measurement showed the excellent stab-

ility of e (pp) during data taking. The results of individual
runs show that the dispersion of De(pp) was smaller than
$0.005 for each energy. The mean values of e(pp) at four
proton energies (including data at the deuteron beam
momentum 3 GeV/c) are given in Table 2.

4 Polarized proton target

The Dubna target for the present experiment contains
main parts of the Saclay-Argonne frozen spin proton
polarized target, used initially in the E704 experiment at
FERMILAB (USA) [24, 25]. The target has been reassem-
bled and upgraded adding the missing parts for the pur-
poses of the Dubna physics program. With respect to the
FERMILAB experiment a concept of a ‘‘movable polariz-
ed target’’ (MPT) has been applied [26]. It consists in
a transportability of the target from one experimental area
to another. All the major parts of the target assembly
located close to the beam line were mounted on two
separate decks, which can be moved as units in and out of
the beam, even when the target is polarized.

The largest of the two movable decks contains the
3He/4He horizontal dilution refrigerator mounted on
a 1.5 ton concrete cube, a 30 l service helium dewar of the
refrigerator, a 1000 l supply helium dewar, the 3He pump-
ing system, the NMR system and a microwave generator.
These last two items are used for dynamic nuclear polar-
ization measurement and build-up. The quality of the
vibrational insulation was demonstrated by the fact that it
was possible to work in the frozen polarization mode at
a working temperature of 50mK without any additional
thermal load to the refrigerator, and only a negligible
phonic noise on the NMR coils was observed.

A polarizing superconducting solenoid, its 300 l ser-
vice helium dewar and power supplies are mounted on the
smaller deck. For easier operation and for a free access to
detectors, the target equipment not mounted on the decks
is placed outside of the radiation controlled area.

Remote control of the entire operation of the MPT
consisted of the 3He and 4He control panels, an interlock
system, and controls for the NMR and microwave sys-
tems. A new powerful two-arm cleaning system for 3He

was built (warm silicagel traps and charcoal traps cooled
by liquid nitrogen).

The target material used in the experiment was 1,2-
propanediol C

3
H

6
(OH)

2
with a paramagnetic CrV impu-

rity, having a spin concentration of 1.5]1020 cm~3 [27].
The propanediol beads were loaded in a hydrogen-free
container placed inside the dilution refrigerator. The PPT
contains (8.93$0.27).1023/cm~2 polarized hydrogen
atoms. The target characteristics at the room temperature
and at the temperature of liquid nitrogen (70 K) are given
in Table 3.

The target polarization measurements were carried
out using a computer controlled NMR system. Maximum
values of proton polarization obtained were 0.842 and
!0.906 for positive and negative polarizations, respec-
tively. The difference of microwave frequencies corres-
ponding to polarization maxima was measured to be
340MHz. The duration of one continuous run at a given
sign of target polarization was about 12 hours. The polar-
ization degradation during this period was insignificant
since the nuclear spin relaxation time in the frozen spin
mode (at a temperature 50mK and magnetic field 2.69T)
was over 1000 hours.

For further experiments a transverse polarization of
protons (and deuterons) is foreseen and a set of transverse
holding coils is under construction.

5 Transmission detectors set-up and electronics

The experimental set-up is shown in Fig. 1. The hardware
used was described in detail in [2, 3]; here we give only the
most important items. The setup consisted of 5 indepen-
dent units, two of them are used as beam monitors (S

i
),

and the three remaining ones as transmission detectors
(¹

j
). The units were of similar design and the electronics

were identical. We can discuss only one pair of S
i
and

¹
j
(i"1, 2 and j"1, 2, 3). Each unit consisted of a CH

2converter placed behind a large veto scintillation counter
S3A (T3A). Charged particles emitted forward were detec-
ted by two counters S1 and S2 (T1 and T2) in coincidence.
The monitor converters and S1, 2 counters were 30 mm in
diameter and the corresponding elements of the transmis-
sion detectors were 90 mm. It has been measured that with
increasing radiator thickness, the detector efficiency first
increases, reaches a broad maximum at about 60—80 mm,
and then starts to decrease slowly. For this reason the
thickness of all converters was set to 60 mm. The transmis-
sion detectors, each close to the other were positioned
6 meters downstream from the target center.

The electronics of one S unit is shown in Fig. 2.
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Fig. 1. Experimental set-up for the Dp
L
(np) measurements. S1, S2,

S3A, ¹1, ¹2 and ¹3A are scintillation counters, and CH
2

are
radiators

Fig. 2. Electronic diagram of the monitor detectors. D are discrimi-
nators, and arrows denote the scalers

The following rates were recorded for each spill of the
accelerator:

S13"(S1.S3A).(S2.S3A),

¹13"(¹1.¹3A).(¹2.¹3A),

S1A"(S1.S3A),

S2A"(S2.¹3A),

¹1A"(¹1.¹3A),

¹2A"(¹2.¹3A),

as well as accidental coincidences:

S13F"S1A.S2A (delayed),

¹13F"¹1A.¹2A (delayed)

and single counts in each of the six counters. These data
were recorded for each unit S

i
and ¹

j
by scalers, and were

read by the computer after the end of every spill. A neces-
sary statistics for this type of experiment can only be
obtained from scalers rates, rather then individual events
written on tape.

6 Data acquisition and experimental errors

If N
*/

is the number of neutrons incident on the target and
N

065
the number of neutrons transmitted in a counter

array of solid angle X, then the total cross section is:

N
065

"N
*/

exp[!p (X)n
H
x], (6.1)

where n
H

is the number of oriented hydrogen atoms per
cm3 and x is the target thickness. p (X) depends on the
polarizations PB

B
and PB

T
as shown in (2.7a, b, c, d). If one

sums over the events taken with fixed target polarization
P`
T

and P~
T

as shown in Eqs (2.7a, b, c, d) and using (2.8a)
or (2.8b), the ratio of the measurements with the beam
polarization P

B
from (2.9) becomes:

RB"

(N
065

/N
*/
)~

(N
065

/N
*/

)`
"exp[Dp(X) P

B
PB
T

n
H
x] (6.2)

for either target polarization PB
T
.

Because N
065

"¹/g(¹ ) and N
*/
"S/g (S) where ¹"

¹13!¹13F (S"S13!S13F) is the number of neutrons
seen in the ¹ (S) detector and g (¹ ) (g(S)) its efficiency, we
get:

R(PB
T
)"

[¹/S] (P~
B

)

[¹/S] (P`
B
)

(6.3)

and

Dp
L
(X, PB

T
)"

1

P
B
.PB

T
.n

H
.x

lnR(PB
T
). (6.4)

As can be seen from (6.4) the statistical error of Dp
Ldecreases linearly with increasing x. Uncertainties in a de-

termination of P
B
, P

T
and n

H
.x are normalization errors

which move all results up or down independent of energy.
We estimate the relative errors DP

B
/P

B
"$2.3%,

DP
T
/P

T
"$3.0% and D (n

H
.x)/(n

H
.x)"3.1%, including

the uncertainty of the filling factor and a possible error of
the target temperature measurement. The spin rotator
field setting and its inhomogeneity may provide an addi-
tional systematic error of $1.1%, which is constant dur-
ing measurements at one energy only.

All the formulae in Sect. 2 were deduced for a pure
polarized hydrogen target. The presence of carbon and
oxygen in the PPT beads add terms p

505
(C) in (2.7). These

terms are spin-independent, since 12C has no spin and
therefore its contribution drops out in differences (2.8).
The same occurs for 16O and 4He in the target. However,
there are negligibly small contributions from 13C and 3He,
which may be slightly polarized. This uncertainty was
estimated to be 0.5%. No spin-dependent effect from the
teflon container for the Saclay target [28] in working
conditions has been observed. The ratio of polarized hy-
drogen to other target nuclei depends on the target mater-
ial, and is fairly independent of target size.

Since a transmission spin effect manifests itself in the
presence of polarized beam and target only, no contribu-
tion to Dp occurs if some beam neutrons miss the PPT.
This will increase the spin-independent term, subtracted
in differences.

The extrapolation of Dp
L
(X) towards zero solid angle

gives Dp
L
. The maximal solid angle subtended by each of

the three ¹ detectors from the center of the MPT was
about X

-!"
"3.44]10~4 sr i.e. h

-!"
"0.6°. The laboratory

angle corresponds to h
CM

"1.54°, 1.83° and 2.06° at 1.20,
2.50 and 3.66 GeV, respectively. The angles are small
enough that the extrapolation of results towards X"0 is
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Table 5. Transmission measurements for different MPT configura-
tions

MPT configuration Transmission ratio

MPT absent 1.000
MPT solenoid istalled only 0.994
MPT without the propanediol sample 0.936
MPT operationnel 0.729

Table 4. Existing data for np differential cross sections and predic-
tions for A

ookk
(np) close to 180° CM at several energies

¹

,*/
(n) (dp/dX) (180°) A

ookk
A

ookk
A

ookk(GeV) (mb) 170°CM 175°CM 180°CM

0.80 8.14$0.19 !0.549 !0.864 !0.911
0.90 8.70$0.62 !0.472 !0.840 !0.899
1.00 8.70$0.27 !0.409 !0.828 !0.897
1.10 9.11$0.27 !0.360 !0.825 !0.903
1.20 7.32$0.25 !0.329 !0.832 !0.916
1.30 5.30$0.35 !0.317 !0.846 !0.933
2.50 3.00$0.30
4.15 2.26$0.24

not necessary. In our energy range the difference between
the measured value and the value extrapolated to X"0 is
expected to be smaller than at SATURNE II energies,
where it has been estimated to be less than 0.05 mb. This is
much smaller than the statistical error in the present
experiment.

The neutron detection efficiencies of about 2% for all
detectors are practically constant with energy. The ef-
ficiencies were determined with respect to a calibrated
ionization chamber in front of the production target.

The counter array used provides very good stability of
the detection efficiency. Note that the results depend nei-
ther on the absolute efficiencies of S

i
and ¹

j
, nor on their

ratio (6.3). The small detection efficiencies decrease the
probability for a converted neutron to be accompanied by
another quasi-simultaneous converted neutron in the
same detector. The ‘‘simultaneous’’ detection is to be
understood within the resolution time of a plastic scintilla-
tion counter (20 ns). This probability was estimated from
results obtained with different neutron beam intensities
and radiator thicknesses [3, 4]. For the same neutron
fluxes, it increases quadratically with increasing g

S,T
. For

high counter efficiencies (namely for pp transmission ex-
periments) it represents the dominant source of systematic
errors. At SATURNE II the neutron counter efficiences
were of the same order, the neutron beam intensity was
around 7.107/spill (hundred times more) and the spill
length was compatible with that of the Synchrophasotron.
The simultaneous conversion probability has been found
to be always smaller than 10~4, corresponding to a max-
imum systematic error of $0.25 mb at Saclay. It was
estimated to be negligible in the present experiment.

Possible misalignment of the detector components or
the entire detectors provide left-right (up-down) instru-
mental asymmetries. The asymmetries in each S

i
and

¹
j
detector will depend on the transverse beam polariza-

tion components (P
Bn

and P
Bs

) only. For ¹
j
detectors they

are practically independent of the target polarization
[3,18]. This asymmetry e

Bn
(instrum) may be of the same

order or larger than the transmission effects, even for
a small counter and radiator misalignment. The e

Bn
(in-

strum) provides the same contributions to each pair of
measurements in (2.7a, b) and (2.7c, d) and it cancels out
when taking the simple average of results in (6.4). Since the
present experiment uses almost longitudinal beam, the
displacement effects for Dp

L
can be neglected.

The distribution of results from independent measure-
ments for the same sign of the target polarization show
that fluctuations were about 1.005 times larger than
expected from statistics alone. We have added quadrati-
cally an error of $0.5% for random-like instrumental
effects.

A possible inefficiency of the protection against
charged particles (veto counters S3A and ¹3A) may exist.
Charged particles in the neutron beam are produced
mainly in beam collimators, in CH

2
radiators of all S

i
and

¹
j
detectors, and in the target. Only a small fraction of the

forward protons is polarized. They are produced in the
polarized target by elastic scattering of polarized neutrons
on free polarized protons close to h

CM
" 180°. For the

longitudinally polarized beam and target one obtains
a contribution from the spin correlation parameter

A
ookk

(np), which is included in the counting rate asym-
metry for the observable Dp

L
. The A

ookk
spin correlation

has been measured at 1.10 GeV where its value at 178.7°
CM reaches !0.53$0.01 [29]. This observable shows
a rapid decrease towards large negative values as a func-
tion of scattering angle. This could be seen in Table
4 where predictions for A

ookk
(np) close to 180° CM [30]

together with measured np differential cross sections in the
backward direction are listed.

In the present experiment at 1.19 GeV within the
laboratory solid angle DX (lab)"3.44]10~4sr (i.e.
DX (CM)"2.27]10~3sr) and with the flux of 105 neu-
trons/spill, one obtains less than 1 scatter/spill. This
corresponds to an additional asymmetry of 10~4 for com-
pletely inefficient veto counters. From Table 4 it follows
that the spin correlation parameter contribution A

ookk
(np)

moves !Dp
L
(np) towards negative values. Since the ef-

ficiencies of veto counters are better than 98% the addi-
tional asymmetry will decrease to 2.10~6 and may provide
a $0.1% systematic error. The A

ookk
(180°) CM observ-

able represents one of parameters which determine the
real parts of scattering amplitudes for the isospin I"0
state. A measurement of this observable at 180° CM is
foreseen in the future.

Other checks were performed in order to estimate the
target effects. Measurements were carried out with an
empty polarized target, with the target removed from the
solenoid and without any target element in the neutron
beam line. Results of these tests are listed in Table 5. All
transmission ratio results are in excellent agreement with
calculated values.

In Table 6 is given a summary of the maximal contri-
butions to Dp

L
(np) from different sources of systematic

uncertainties. The total systematic error is then $5% of
the measured value. The absolute error of $0.05 mb due
to the extrapolation towards zero solid angle is to be
added.
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Table 6. Summary of systematic uncertainties

Origin of the uncertainty Contribution$
to Dp

L
(np)

(%)

Beam polarization 2.3
Target polarization 3.0
Number of polarized target H-atoms 3.1
Neutron spin rotator 1.1
Polarization of other atoms 0.3
Inefficiencies of veto counters 0.1
Random-like instrumental effects 0.5

Table 7. !Dp
L
(np) , !Dp

L
(pp) and !Dp

L
(I"0) data.

¹

,*/
(n) !Dp

L
(np) !Dp

L
(pp) !Dp

L
(I"0)

(GeV) (mb) (mb) (mb)

1.19 7.10$3.70 9.98$0.25 4.22$7.40
2.49 !0.85$1.32 2.02$0.29 !3.72$2.64
3.65 0.30$0.84 1.74$0.04 !1.14$1.68

Fig. 3. Energy dependence of Dp
L
(np). Meaning of the symbols:

f . . . . . present experiment, diamond .. .. . PSI, [9], #. . . . . PSI, [6],
£ . . . . . LAMPF, [8], C . . . . . SATURNE II, [3, 4], solid line .. . . . PSA,
[30]

Fig. 4. The solid curve 1 represents the energy dependence of
!Dp

L
(np) observable, measured with the free polarized neutron

beams above 0.4 GeV. This curve is compared with the difference
between !Dp

L
(dp) and !Dp

L
(pp) results obtained at the ANL-

ZGS [13] (n). The maximal instanton contribution to the
!Dp

L
(np) is shown by the dot-dashed curve 2. Two minima were

predicted for instanton-induced contribution [33]: one close the
two-pion production threshold (a), second one at the (2n#g) thre-
shold (b)

7 Results and discussion

All combinations of the two monitors S
1,2

and three
transmission detectors ¹

1,2,3
counting rates were taken

into account. They provided a check of the compatibility
of the results. The final results for this experiment were
deduced from measured rates +

i
S
i
and +

j
¹

j
for corres-

ponding beam and target polarization configurations.
They are listed in Table 7. The errors of the present results
contain statistical and systematic errors added in quadra-
ture. Results are shown in Fig. 3 together with existing
data [3, 4, 6, 8, 9] measured with free polarized neutrons.
All data smoothly connect in the entire energy region. The
solid curve was calculated by the energy dependent phase
shift analysis [30] where the present results were not
introduced. We observe a fast decrease in the !Dp

L
(np)

energy dependence. This seems to be in disagreement with
the PSA predictions, but no extrapolation is allowed out
of the region of existing data.

In Fig. 4, the curve 1 represents the energy dependence
of !Dp

L
(np) observable, measured with the free polarized

neutron beams above 0.4 GeV. This curve is compared
with the difference between !Dp

L
(dp) and !Dp

L
(pp)

results obtained at the ANL-ZGS [13]. We observe
a good agreement above 1 GeV and a confirmation of the
!Dp

L
(np) behaviour, discussed above.

The similar quantity in pp transmission, Dp
L
(pp), also

decreases with energy [2] and tends to zero. This is in
agreement with the prediction of a nonperturbative QCD
model for spin effects, treated in [31]. The model predicts
that the quark interaction induced by strong fluctuations
of vacuum gluon fields, i.e. instantons [32], provides the
large contribution to the Dp

L
observable [33]. Important

features of this interaction are its spin and flavor depend-
ence. The interaction cannot vanish only for the quarks
which have the same helicity but a different flavor. The
maximal instanton contribution to the !Dp

L
(np) is

shown in Fig. 4 by the dot-dashed curve (2). Two minima
were predicted for instanton-induced contribution: one
close the two-pion production threshold (a), second one at
the (2n#g) threshold (b). The model can explain qualitat-
ively the observed Dp

L
energy dependence for np as well as

for pp transmission.
It will be very interesting to measure the total cross

section difference Dp
T
(np), using the tranversely polarized

beam and target. This quantity may show a different
behavior at high energies, according to a prediction of this
model.

The lowest lying exotic quark configurations in the
isospin state I"1 and the spin-singlet state 1S

0
with the

mass of 2.7 GeV (¹
,*/

(p)"2.1 GeV) was predicted by
Lomon et al. [34—38]. The authors used the Cloudy Bag
Model and an R-matrix connection to long range meson
exchange forces. Their prediction is in qualitative agree-
ment with Resonating Group Method calculations for
constituent quark models (CQM), as predicted by Wong
[39] for the relativistic CQM, and by Kalashnikova et al.
[40] for the non-relativistic CQM.
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Fig. 5. Energy dependence of Dp
L
(I"0) . The np data plotted in

Figs. 3 and 4 were used (the present symbols have the same mean-
ing). The pp data were calculated from the Saclay-Geneva PSA
[50, 51] for np results from [3, 4, 6, 8]. ANL-ZGS I"0 data are
given by authors of [13]. At 1.19 and 2.49 GeV pp data were taken as
average values from ANL-ZGS and SATURNE II measurements
[3, 4, 13]. At 3.65 GeV interpolated pp values from ANL-ZGS were
used

A resonance-like structure has been suggested by the
energy dependence of the Dp

L
(pp) [2,41], as well as by the

measurement of the spin correlation parameter A
oonn

(pp)
at 90°CM [42]. Other indications can be found in
[43—48]. The present data allow no conclusions yet and
new measurements with smaller steps in energy through-
out the region from 1.5 to 4.0GeV are highly desirable.

The Dp
L

observables measured in the np and pp trans-
mission at the same energy are related with the quantity
for the isospin I"0 state [2]. It holds:

Dp
L
(I"0)"2Dp

L
(np)!Dp

L
(pp). (7.1)

Using (7.1) and existing np and pp data one deduces Dp
Lvalues for I"0. Since the pp data are very accurate, the

I"0 values will have roughly two times larger errors
than np data.

In order to deduce Dp
L
(I"0) values from the present

measurements, the averaged values of the Dp
L
(pp) data

measured at SATURNE II and at the ANL-ZGS were
used (see [2] and references therein). The results are given
in Table 7 and plotted in Fig. 5, together with the PSA
predictions from [30] and the values deduced from PSI,
LAMPF, ANL-ZGS and Saclay np measurements.

The !Dp
L
(I"0) value sharply increase towards low

energy (at 66 MeV !Dp
L
(I"0) " (88.6 $ 4.0) mb). At

high energies we observe an unexpected although well
pronounced maximum somewhere above 1.5GeV, fol-
lowed by a rapid decrease with increasing energy. It
means that !2Dp

L
(np) decreases faster then !Dp

L
(pp) in

this energy range. This behaviour is also in qualitative
agreement with the instanton model. It supports more

strongly the prediction of [49], concerning a position ot
the lowest lying exotic quark configuration for isospin
I"0 in the spin-triplet wave 3S

1
at a mass 2.63GeV

(¹
,*/

(n)"1.8 GeV). In the Dp
L
(I"0) the spin-singet par-

tial wave 1S
0

(I"1) is absent and the 3S
1

wave (I"0)
may be predominant. To confirm this observation
a measurement of Dp

T
(np) is needed in order to deduce

Dp
T
(I"0). In the last quantity the uncoupled spin-triplet

is absent and the coupled spin-triplet amplitude is ex-
pected to be less diluted.

8 Conclusions

The present results increase the energy range of existing
*p

L
(np) data up to 3.65 GeV. The Dubna results connect

smoothly with the Saclay free np measurements and are in
excellent agreement with the pn quasielastic ANL-ZGS
data. They are compared with existing models and with
the predictions of the phase shift analysis. Using the pres-
ent np results and the existing pp data measured at SAT-
URNE II and at ANL-ZGS, the *p

L
values for the isospin

state I"0 were obtained. They show a well pronounced
sharp maximum above 1.5 GeV. Our results will improve
spin-dependent dispersion-relation calculations as well as
the existing PSA solutions. The data can also be used to
check theoretical models.
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Schmitt, Zeit. Phys. C61 (1994) 53

6. R. Binz, B. van den Brandt, R. Büchle, M. Daum, Ph. Demierre,
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7. R. Binz, R. Büchle, M. Daum, J. Franz, G. Gaillard, N. Hamann,
R. Hess, S. Jaccard, F. Lehar, C. Lechanoine-Leluc, A.C.
Letestu, R. Peschina, D. Rapin, E. Rössle, P.A. Schmelzbach, H.
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This paper is dedicated to the memory of Rostislav Mikhailovich Ryndin, one of the principal
founders of relations for the nucleon-nucleon spin-dependent total cross sections.

Abstract. New results of the neutron-proton spin-dependent total cross section difference ∆σL(np)
at the neutron beam kinetic energies 1.59, 1.79 and 2.20 GeV are presented. Measurements were
performed at the Synchrophasotron of the Laboratory of High Energies of the Joint Institute for
Nuclear Research in Dubna. A quasi-monochromatic neutron beam was produced by break-up
of extracted polarized deuterons. Neutrons were transmitted through a large polarized proton
target. Measurements were performed either with a parallel or an antiparallel beam and target
polarizations, both oriented along the beam momentum. The results at the two higher energies were
measured with two opposite beam and target polarization directions. Only one target polarization
direction was available at 1.59 GeV. The present measurements agree well with existing data. A
fast decrease of the −∆σL(np) values with increasing energy above 1.1 GeV was confirmed. The
new results are also compared with model predictions and with phase shift analysis fits. The ∆σL

quantities for isosinglet state I=0, deduced from the measured ∆σL(np) values and known ∆σL(pp)
data, are given.

† Deseased
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1 Introduction

In this paper are presented the new results of the spin-
dependent neutron-proton total cross section difference
∆σL(np), measured in 1997 with a quasi-monochromatic
polarized neutron beam and a polarized proton target
(PPT). Results were obtained at the central values of 1.59,
1.79 and 2.20 GeV neutron beam kinetic energies.

The free polarized neutron beam was produced by
break-up of polarized deuterons accelerated by the Syn-
chrophasotron of the Laboratory of High Energies (LHE)
of the Joint Institute for Nuclear Research (JINR) in
Dubna. This accelerator provides the highest energy polar-
ized neutron beam, which can be reached now (3.7 GeV).

The measurements were carried out within the
nucleon-nucleon experimental program which started in
1995 [1,2]. The aim of the program is to extend studies of
np interactions above 1.1 GeV.

For purposes of ∆σL(np) measurements, a large
Argonne-Saclay polarized proton target (PPT) was recon-
structed at Dubna [3,4] and a new polarized neutron beam
line [5,6] was used. A set of dedicated neutron detectors
with corresponding electronics and data acquisition sys-
tem [7] were performed. At the beginning of 1995, the first
three ∆σL(np) data points were successfully measured at
the central energies 1.19, 2.49, and 3.65 GeV [1,2]. For pur-
poses of the measurements in 1997, a new PPT polarizing
solenoid [8] was developed in LHE.

The nucleon-nucleon (NN) total cross section differ-
ences ∆σL and ∆σT together with the spin-average total
cross section σ0tot are measured in pure inclusive trans-
mission experiments. They are linearly related with three
non-vanishing imaginary parts of the NN forward scat-
tering amplitudes via optical theorems. They check pre-
dictions of available dynamic models and provide an im-
portant contribution to databases of phase-shift analyses
(PSA). From the measured data it is possible to deduce
the ∆σL nucleon-nucleon isosinglet (I = 0) parts using
the existing pp (isotriplet I = 1) results.

The total cross section differences for pp scattering
were first measured at the ANL-ZGS (USA) and then at
TRIUMF (Canada), PSI (Switzerland), LAMPF (USA)
and SATURNE II (France). Results cover the energy range
from 0.2 to 12 GeV. Other data were measured at 200 GeV
at FERMILAB (USA) for pp and p̄p interactions [9]. Mea-
surements with incident charged particles need a different
experimental set-up than neutron-proton experiments due
to the contribution of electromagnetic interactions. Exist-
ing results are discussed in review [10] and in references
therein.

For the first time ∆σL(pn) results from 0.51 to 5.1 GeV
were deduced in 1981 from the ∆σL(pd) and ∆σL(pp)
measurement at the ANL-ZGS [11]. Taking a simple differ-
ence between pd and pp results, corrected only for
Coulomb-nuclear rescattering and deuteron break-up,
yields data in qualitative agreement with the free np re-
sults. Correction for Glauber-type rescattering including
3-body state final interactions [12] provides a disagree-
ment [10]. For these reasons, the ANL-ZGS pn results were
omitted in many existing PSA databases.

Using free polarized neutrons at SATURNE II, ∆σT

and ∆σL results were obtained at 11 and 10 energies, re-
spectively in the energy range 0.31 and 1.10 GeV [13,14,15].
The Saclay results were soon followed by PSI measure-
ments [16] at 7 energy bins from 0.180 to 0.537 GeV,
using a continuous neutron energy spectrum. The PSI
and Saclay sets allowed to deduce imaginary parts of np
and I = 0 spin-dependent forward scattering amplitudes
[10,15].

∆σL(np) has also been measured at five energies be-
tween 0.484 and 0.788 GeV at LAMPF [17]. A quasi-
monoenergetic polarized neutron beam was produced in
pd ⇒ n + X scattering of longitudinally polarized pro-
tons. Large neutron counter hodoscopes have to be used
because of the small neutron beam intensity.

To be complete, at low energies, ∆σL(np) at 66 MeV
was measured at the PSI injector [18], and at 16.2 MeV in
Prague (Czech Republic) [19]. ∆σT (np) was determined
in TUNL (USA) at 9 energies between 3.65 and 11.6 MeV
[20], and at 16.2 MeV in Prague [21]. Recently, in TUNL
∆σL(np) was measured at 6 energies between 4.98 and
19.7 MeV [22] and ∆σT (np) at 3 other energies between
10.7 and 17.1 MeV [23]. The results [22,23] are still un-
published, but appear in the George Washington Univer-
sity and Virginia Polytechnic Institute (GW/VPI) PSA
database [24] (SAID SP99).

Only ∆σL(np) results were obtained at the JINR accel-
erator at high energy. All these results smoothly connect
with the existing data at lower energies. The −∆σL(np)
energy dependence show a fast decrease to zero between
1.1 and 2.0 GeV. The data are compared with model pre-
dictions and with the PSA fits. Values of the I = 0 part
of ∆σL are also presented.

In Sect. 2 we give a brief determination of observables.
In Sect. 3 is described the method of the measurement and
an incomplete target filling is treated. The essential details
concerning the beam, the polarimeters, the experimental
set-up and PPT are given in Sect. 4. The data acquisition
and analyses are described in Sect. 5. The results and
discussion are presented in Sect. 6.

2 Determination of observables

Throughout this paper we use the NN formalism and the
notations for the elastic nucleon-nucleon scattering ob-
servables from [25].

The general expression of the total cross section for a
polarized nucleon beam transmitted through a PPT, with
arbitrary directions of beam and target polarizations, ~PB

and ~PT , respectively, was first deduced in [26,27]. Taking
into account fundamental conservation laws, it is written
in the form :

σtot = σ0tot + σ1tot(~PB , ~PT ) + σ2tot(~PB ,~k)(~PT ,~k), (2.1)

where ~k is a unit vector in the direction of the beam mo-
mentum. The term σ0tot is the total cross section for unpo-
larized particles, σ1tot, σ2tot are the spin-dependent con-
tributions. They are related to the measurable observables
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∆σT and ∆σL by :

−∆σT = 2σ1tot, (2.2)

−∆σL = 2(σ1tot + σ2tot), (2.3)

called “total cross section differences”. The negative signs
for ∆σT and ∆σL in (2.2) and (2.3) correspond to the
usual, although unjustified, convention in the literature.
The total cross section differences are measured with ei-
ther parallel or antiparallel beam and target polarization
directions. Polarization vectors are transversally oriented
with respect to ~k for ∆σT measurements and longitudinaly
oriented for ∆σL experiments. Only ∆σL measurements
are treated below, but the formulae are similar for both
total cross section differences.

For ~P±
B and ~P±

T , all oriented along ~k, we obtain four
total cross sections :

σ(−→→) = σ(++) = σ0tot + |P+
B P+

T | (σ1tot + σ2tot), (2.4a)

σ(←−→) = σ(−+) = σ0tot − |P−
B P+

T | (σ1tot + σ2tot), (2.4b)

σ(−→←) = σ(+−) = σ0tot − |P+
B P−

T | (σ1tot + σ2tot), (2.4c)

σ(←−←) = σ(−−) = σ0tot + |P−
B P−

T | (σ1tot + σ2tot). (2.4d)

The signs in brackets correspond to the ~PB and ~PT direc-
tions with respect to ~k, in this order. In principle, an ar-
bitrary pair of one parallel and one antiparallel beam and
target polarization directions determines ∆σL. By using
two independent pairs, we also remove an instrumental
asymmetry.

In the following, we will consider the neutron beam
and the proton target. Since the ~PB direction at the Syn-
chrophasotron could be reversed every cycle of the accel-
erator, it is preferable to calculate ∆σL from pairs of (−→→
and (←−→), or (−→←) and (←−←) measurements with the same
~PT orientation to avoid long-time efficiency fluctuations
of the neutron detectors. Values of |P+

T | and |P−
T | are con-

sidered to be well known as functions of time. The spin-
independent term drops out when taking the difference,
and one obtains :

−∆σL(P+
T ) = 2 (σ1tot + σ2tot)+

=
2 [σ(−→→)− σ(←−→)]

(|P+
B |+ |P−

B |) |P+
T |

, (2.5a)

−∆σL(P−
T ) = 2(σ1tot + σ2tot)−

=
2 [σ(←−←)− σ(−→←)]

(|P+
B |+ |P−

B |) |P−
T |

, (2.5b)

The asymmetry, proportional to the mean value of

|PB | = 1
2
(|P+

B |+ |P−
B |), (2.6)

is continuously monitored by a beam polarimeter.
The instrumental asymmetry cancels out, giving the

final results as a simple average

∆σL =
1
2
[∆σL(P+

T ) + ∆σL(P−
T )]. (2.7)

This is discussed in detail in Sect. 4.
σ0tot, ∆σT and ∆σL are linearly related to the imag-

inary parts of the three independent forward scattering
invariant amplitudes a + b, c and d via optical theorems:

σ0tot = (2π/K) =m [a(0) + b(0)], (2.8)

−∆σT = (4π/K) =m [c(0) + d(0)], (2.9)

−∆σL = (4π/K) =m [c(0)− d(0)], (2.10)

where K is the CM momentum of the incident nucleon.
The relations (2.9) and (2.10) allow to extract the imagi-
nary parts of the spin-dependent invariant amplitudes c(0)
and d(0) at the angle θ = 0◦ from the measured values
∆σL and ∆σT . Note that the optical theorems provide
the absolute amplitudes. Using a direct reconstruction of
the scattering matrix (DRSA) these absolute amplitudes
are determined at θ = 0◦ only, whereas at any other angle
one common phase remains undetermined. The absolute
amplitudes are also determined by PSA at any scattering
angle. The PSA and DRSA approaches are complemen-
tary phenomenological analyses, as discussed in [28,29].

Using the measured ∆σ(np) values and the existing
∆σ(pp) data at the same energy, one can deduce
∆σL,T (I = 0) as :

∆σL,T (I = 0) = 2∆σL,T (np)−∆σL,T (pp). (2.11)

3 Method of measurement

In the transmission experiment we measure which part of
incident beam particles remains in the beam after trans-
mission. For the experiments with incident neutrons such
a measurement is always relative. The neutron beam has
a circular profile, given by preceeding beam collimators.
Out of the collimator dimension the neutron flux is zero,
within the collimator size the flux is uniform. The neutron
beam intensity is monitored by neutron beam monitors,
placed upstream from the target. The target material con-
sists of small beads placed in a cylindrical container of
the circular profile. The container cover the beam spot
and its horizontal axis coincide with the beam axis. The
transmission detectors, downstream from the target, are
larger than the beam dimensions. Any unscattered beam
particle is detected with the same probability.

If Nin is the number of neutrons entering the target
and Nout the number of neutrons transmitted in a counter
array of solid angle Ω, then the total cross section σ(Ω)
is related to measured quantities :

Nout

Nin
= exp

(−σ(Ω)× n× d
)

= exp(−F ), (3.1)

where n is the number of all target atoms per cm3 d is
the target length and Nout/Nin is the simple transmission
ratio. The number of counts of the beam monitor M and
of the transmission counter T depend on the efficiency of
each detector, i.e. M = Nin × η(M) and T = Nout ×
η(T ). The extrapolation of σ(Ω) towards Ω = 0 gives the
unpolarized total cross section σ0tot.
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In the case of an incompletely filled target, the beads
inside the container may be differently distributed. Two
hypothetical configurations of the beads represent limits
to be considered. The first limit occurs, if a lower part of
the container cylinder is full over the entire length of the
target d and the upper part is empty. Let us call this filling
mode ”horizontal” (H). The second limit occurs, if the
same amount of the material in the container is condensed
within a smaller length and cover the beam spot. This kind
of filling will be called ”vertical” (V ). The transmission
effect of any other possible bead configuration will be in
between the effects of these two filling modes, since an
arbitrary bead distribution could be approximated by a
flight of stairs. Decreasing the steps of stairs, we obtain
any possible shape of the bead volume.

Introducing a filling factor a (0 ≤ a ≤ 1) the transmis-
sion ratio for the horizontal and vertical filling modes can
be written as

NHout/Nin =
(
a exp(−F )

)
+ (1− a) (3.2a)

NVout/Nin = exp(−F a) . (3.2b)

In the ∆σL(Ω) measurements with a full target, only
the number of polarizable hydrogen atoms nH is impor-
tant. σtot(Ω) depends on the polarizations P±

B and P±
T as

shown in (2.4). For Ω → 0, we obtain ∆σL(Ω) → ∆σL.
If one sums over the events taken with one fixed target
polarizations P+

T or P−
T and using (2.5a) or (2.5b), the

double transmission ratios of the measurements with the
averaged PB from (2.6) for the two ~PT directions become :

Nout(++)/Nin(++)
Nout(−+)/Nin(−+)

= exp (−∆σL(Ω) |PB P+
T | nH d)

(3.3a)
Nout(−−)/Nin(−−)
Nout(+−)/Nin(+−)

= exp (−∆σ(Ω) |PB P−
T | nH d) .

(3.3b)
Note that we follow the notation of (2.3).

Thus the neutron detector efficiencies drop out. In the
following we put N = Nout/Nin depending of ~PB and ~PT

combination and (3.3) provide :

−∆σL(Ω, P+
T ) =

1
|PB P+

T | nH d
× ln

(
N(++)
N(−+)

)
,(3.4a)

−∆σL(Ω, P−
T ) =

1
|PB P−

T | nH d
× ln

(
N(−−)
N(+−)

)
.(3.4b)

We may neglect the extrapolation of ∆σL(Ω) towards
Ω = 0 due to the small sizes of detectors [1,2]. The Saclay-
Geneva (SG) PSA [29] at 1.1 GeV shows that for the an-
gles covered by our detectors the resulting −∆σL value
decreases by 0.04 mb at this energy. The SG-PSA solu-
tion at 1.0 GeV suggests that this possible error decreases
with increasing energy.

The ratio of nH to other target nuclei depends on
the target material. The presence of carbon in the PPT
beads add the term σtot(C) in (2.4). This term is spin-
independent and its contribution drops out in differences
(2.5). The same occurs for 16O and 4He in the target and

for the cryogenic envelopes. The np total cross section for
all unpolarized atoms is large with respect to the total
cross section difference. Above ∼ 0.3 GeV neutron beam
kinetic energy any existing polarized target may be al-
ways considered to be very thin for ∆σL(np) experiment
and we can replace the exponential functions in (3.3) by
linear ones. We obtain :

−∆σL(P+
T ) =

1
|PB P+

T | nH d
×

(
1− N(++)

N(−+)

)
, (3.5a)

−∆σL(P−
T ) =

1
|PB P−

T | nH d
×

(
1− N(−−)

N( +−)

)
. (3.5b)

At any JINR accelerator energy this approximation pro-
vides an error smaller that 6 × 10−7 and can never be
recognized.

However, there are small contributions from 13C and
3He, which may be slightly polarized. This contribution
was estimated to be ± 0.3 % in [1,2].

For ∆σL, without a lost of generality, we will consider
only one |PT | = P+

T sign and we denote the effect, mea-
sured with a completely filled target in ((3.3a) as

exp(−E) = exp(−1
2
∆σL |PB PT | nH d ). (3.6)

Using (2.4a), (2.4b) and the horizontal mode of the in-
complete target filling, we obtain

NH(++)
NH(−+)

=
a× exp (−F )× exp (−E) + (1− a)
a× exp (−F )× exp(+E) + (1− a)

. (3.7)

Below we will considered F from (3.1) as the unpolarized
background from all target atoms. We put exp(± E) =
1± E, and rewrite (3.7) :

NH(++)
NH(−+)

=
1− E a exp(−F )

a exp(−F ) + (1− a)

1 +
E a exp(−F )

a exp(−F ) + (1− a)

(3.8)

We applied the binomial development (1−x)/(1+x) '
(1− 2x) for small x. In our case the error is smaller than
2 × 10−6. Using this, we obtain the relation for −∆σL,
similar to (3.5) :

−∆σL =
1

|PB PT | nH d Ccorr

×
(

1− NH(++)
NH(−+)

)
. (3.9)

The multiplicative correction factor

Ccorr =
a exp(−F )

a exp(−F ) + (1− a)
, (3.10)

depends on a and on the background, but is independent
on the measured ∆σL value. It holds Ccorr ≤ a where
the equality is valid for exp(−F ) = 1, i.e no background.
The equality also occurs, if the same amount of the target
material is condensed in a shorter target (vertical filling
mode) of the length d× a.
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4 Experimental set-up

The ∆σL(np) experimental set-up was described in [1,2].
We mention here only essential items, which are important
for the data analysis and results, as well as modifications
and improvements of the apparatus and of the experimen-
tal conditions.

Figure 1 shows both polarized deuteron and polarized
free neutron beam lines [5,6], the two polarimeters [30,31],
the neutron production target (BT), the collimators, the
spin rotation magnet (SRM), PPT [3,4,32], the neutron
monitors M1, M2, transmission detectors T1, T2, T3 and
the neutron beam profile monitor NP. The associated elec-
tronics was described in [1,2] and the data acquisition sys-
tem in [7].

Accelerated deuterons were extracted at energies 3.20,
3.60 and 4.40 GeV for the ∆σL(np) measurements as well
as at 1.60 GeV for the polarimetry purposes. Their beam
momenta pd were known with the relative accuracy of ∼
±1 %. The intensity of primary polarized deuteron beam
was increased by a factor ∼ 3 to 4 with respect to the
1995 run. The average deuteron intensity over the run was
2.12×109d/cycle. It was continuously monitored using two
calibrated ionization chambers placed in the focal points
F3 and F4 of the deuteron beam line.

The beam of free quasi-monochromatic neutrons, po-
larized along the vertical direction, was obtained by break-
up at 0◦ of vector polarized deuterons in BT. Neglecting
the BT thickness, neutrons have a laboratory momentum
pn = pd/2 with a momentum spread of FWHM' 5 % [33].
BT contained 20 cm Be with the cross section of 8 × 8
cm2. The passage of deuterons through air, windows and
the BT matter provided a decrease of the deuteron beam
energy by 20 MeV in the BT center and the mean neu-
tron energy decreased by 10 MeV [1,2]. For the results
the energies and laboratory momenta in the BT center
are quoted, for the beam polarization measurements the
extracted beam energies were used.

The values and directions of the neutron and proton
beam polarizations after break-up, ~PB(n) and ~PB(p), re-
spectively, are the same as the vector polarization ~PB(d)
of the incident deuteron beam [34,35].

The measurement of PB(d) was carried out by the
four-arm dp beam line polarimeter [30]. Deuterons, scat-
tered on the liquid hydrogen target, were analyzed by a
magnetic field. The dp polarimeter may use a high inten-
sity of deuterons. It accurately determined the elastic pd
scattering asymmetry at Tkin(d) = 1.60 GeV, where the
analyzing power of this reaction is well known, and at
the four-momentum transfer square t = –0.015 (GeV/c)2
(θlab(d) ∼ 7.7◦), close to the maximal analyzing power
value [36]. In principle, the PB(d) needs to be determined
at one energy only, since no depolarizing resonance ex-
ists [30]. On the other hand, the measurement requires to
change the deuteron energy and to extract deuterons in
another beam line, which is a time-consuming operation.
This polarimeter was used only once before the data ac-
quisition and gives an average for positive and negative
signs of the vector polarization |PB(d)| = 0.524 ± 0.010.

A possible absolute systematic error of this measurement
is ±0.010.

Another four-arm beam polarimeter [31] with small ac-
ceptance of 7.1 × 10−4 sr continuously monitored PB(p)
value during the data acquisition. The deuteron beam,
considered as a beam of quasifree protons and neutrons,
was scattered on CH2 target at 14◦ lab. This polarimeter
measured the pp left-right asymmetry on hydrogen and
carbon at Tkin(p) = Tkin(d)/2. At Tkin(p) = 0.800 GeV,
the simultaneous measurement together with the dp po-
larimeter gave the asymmetry ε(CH2) = 0.2572± 0.0071.
A subtraction of the carbon and inelastic contributions
provided the pp asymmetry on hydrogen ε(pp) = 0.2661±
0.0073.

The pp analyzing power Aoono was taken from the en-
ergy fixed GW/VPI-PSA [24] (SP99, solution 0.800 GeV)
as well as from SG-PSA [29] (solution 0.795 GeV). The
Aoono(pp) predictions at 0.800 GeV were:

GW/VPI-PSA ... 0.4871± 0.0034,
SG-PSA ... 0.4821± 0.0009.

The mean value Aoono(pp) = 0.4846±0.0017 and the mea-
sured asymmetry provided PB(p)| = |PB(d)| = 0.549 ±
0.015.

The weighted average of both independent results from
the two polarimeters gives

|PB(p)| = 0.532± 0.008,

used for the calculations of the present ∆σL data. This is
in excellent agreement with the value |PB(n)| = |PB(d)| =
0.533 ± 0.009 measured in 1995 with the dp polarimeter
at Tkin(d) = 1.662 GeV and used in [1,2].

Also in 1995, at 0.831 GeV, the pp polarimeter pro-
vided ε(CH2) = 0.246±0.016 only. If we apply the present
ratio of ε(pp)/ε(CH2) = 1.0346, neglecting the small en-
ergy difference, we have ε(pp) = 0.255±0.017. The discrete
energy Aoono(pp) predictions from GW/VPI-PSA [24]
(SP99, solution 0.850 GeV) and from SG-PSA [29] (so-
lution 0.834 GeV) give the mean value of 0.4824± 0.0048.
We obtain PB(p)| = |PB(d)| = 0.528±0.035, in agreement
with the former dp polarimeter value.

Note that we have used the discrete energy PSA for
the pp analyzing power calculations. Both PSA are locally
energy dependent and describe the measured observables
at its own energies. The energy dependent PSA is not
an adequate tool for the polarimetry purposes, since the
Aoono fit at a given energy may be smeered by all other
observables fitted in a wide energy range.

We observed that |Pb(d)| decreased during the running
time tm (hours) as

Pd(tm) = Pd(tm = 0) (1− 0.00154 · tm) . (4.1)

The error of the linear term is ± 0.00013. This decrease,
due to an unknown effect in the ion source was indepen-
dent on the beam energy and was taken into account for
the present results. The global relative systematic error of
|Pb(d)| from all sources was ±1.7 %.
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Fig. 1. Layout of the beam lines in
the experimental hall (not in the scale).
The meaning of the symbols: full lines
... vector polarized deuteron beams
with ~PB(d) oriented along the vertical
direction d(↑), dash-dotted line ... po-
larized neutron beam, n(↑) ... neutrons
polarized vertically, n(→) ... neutrons
polarized longitudinally, BT ... neutron
production target, D ... beam-dump for
charged particles, SM ... sweeping mag-
net, SRM ... spin rotating magnet M
... dipole magnets, Q ... quadrupoles,
C1 to C4 ... neutron beam collimators,
M1, M2, T1, T2, T3, neutron detec-
tors, PPT ... polarized proton target,
NP ... neutron beam profile monitor,
LH2 ... liquid hydrogen target of the dp
polarimeter, CH2 ... target of the pp po-
larimeter, F4, F5 ... focal points

Fig. 2. Experimental set-up for the
∆σL(np) measurement (not in the
scale). The meaning of the symbols: C4
... last neutron beam collimator, 25 mm
in diameter, M1, M2 ... monitor neu-
tron detectors, T1, T2, T3 ... trans-
mission neutron detectors, NP ... neu-
tron beam profile monitor, CH2 ... ra-
diators (dimensions in text), A ... an-
ticoincidence scintillation counters, S1,
S2, S3 concidence scintillation counters,
MWPC ... two multi-wire proportional
chambers, distance a = 235 cm, dis-
tance b = 655 cm

The dimensions and positions of the iron and brass
collimators C1-C4 (Fig. 1) were as described in [1,2]. The
accurate measurement of the collimated neutron beam
profiles were performed in a dedicated run, using nuclear
emulsions. During the data acquisition, the position and
the X,Y-profiles of the neutron beam were continuously
monitored by the neutron beam profile monitor (NP),
placed close downstream from the last transmission de-
tector.

In order to rotate the neutron beam polarization from
the vertical to the longitudinal direction, a spin-rotating
magnet (SRM) was used. The SRM field map was care-
fully measured and the magnetic field was continuously
monitored by a Hall probe. The uncertainty of the mag-
netic field integral within the neutron beam path area may
provide a small additional systematic error of ±0.2 %.

The frozen-spin polarized proton target, reconstructed
to the movable device [3,4,8,32] was used. The target ma-
terial was 1,2-propanediol (C3H8O2) with a paramagnetic
CrV impurity having the spin concentration of 1.5× 1020

cm−3 [37]. The propanediol beads were loaded in a thin-
wall teflon container 200 mm long and 30 mm in diameter,
placed inside the dilution refrigerator.

The weight of the propanediol beads for the completely
filled container is W = 94.88 g and the total number of

polarizable hydrogen atoms on the beam neutron path
gives nH × d = 8.878 1023 cm−2. In the present experi-
ment the measured weight of the beads was W’ = (73.25
+0.80,−0.20) g. The ratio of the weights is a = W’/W
= 0.772. For our ∆σL calculation we have considered the
horizontal filling mode of (3.9). The correction factor Ccorr

is a function of a and weakly depends on the background,
as defined in (3.10). The background transmission ratio for
the completely filled target was measured in [1,2] and gave
exp(−F ) = 0.779. Using those values we obtain Ccorr =
0.725 and nH d Ccorr = (6.44 ± 0.19) 1023 cm−2. Since
in our energy region the spin-averaged total cross sections
are fairly constant, we have neglected a possible depen-
dence of Ccorr on energy. The relative systematic error of
±1.5 % covers this uncertainty and was included in the fi-
nal error in quadrature. The ∆σL results were calculated
using (3.9) with the transmission ratios measured sepa-
rately for P+

T and P−
T .

We note that for a shorter target of the beam diameter
size Ccorr = a and nH × d × a = 6.854 1023 cm2. The
difference of these two filling modes is 6.4 %.

The PT measurements were carried out using a
computer-controlled NMR system. The values of negative
proton polarization were –0.772 at the beginning of data
taking and –0.701 at the end (after 64 hours). The positive
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Table 1. Total statistics of recorded events after the first step of the data analysis as
functions of energy and the PB and PT signs. The count numbers for the monitors M1, M2
and the transmission detectors T1, T2 and T3 are given in 106 units. Here 2 ΣT/3 ΣM
is calculated from the global statistics of the three transmission detectors and of the two
monitors. The energy of neutrons produced in the BT center is given

Tkin Sign Statistics of detectors 2ΣT/3ΣM
(GeV) PB PT M1 M2 T1 T2 T3
1.59 + + 4.9985 4.9483 4.3994 4.2241 3.9690 0.84399
1.59 − + 5.0030 4.9460 4.4048 4.2299 3.9715 0.84472
1.79 + + 7.8152 7.6557 6.7115 6.4426 6.0965 0.83213
1.79 − + 7.8170 7.6798 6.7151 6.4392 6.0976 0.82928
1.79 + − 12.2593 12.0137 10.3517 10.0732 9.4718 0.82112
1.79 − − 12.2687 12.0306 10.3570 10.0837 9.4827 0.82097
2.20 + + 15.9493 15.4885 13.3503 12.3471 12.1170 0.80188
2.20 − + 16.0665 15.6043 13.4595 12.4498 12.2066 0.80234
2.20 + − 17.9478 17.4144 14.7624 14.1608 13.6531 0.80267
2.20 − − 17.8615 17.3222 14.6809 14.0962 13.5831 0.80265

PT values were 0.728 and 0.710 after 34 hours, respec-
tively. This corresponds to the relaxation times of 1358
hours for P+

T and 663 hours for P−
T . The relative uncer-

tainty of the measured PT values has been estimated to
be ±5 %. This error includes the uniformity meaurements
using the NMR data from the three coils.

The configuration of the two neutron intensity moni-
tors M1 and M2 and the three transmission detectors T1,
T2 and T3 is shown in Fig. 2. The detectors were of simi-
lar design and the electronics were identical [1,2]. Each de-
tector consisted of a CH2 converter, 60 mm thick, placed
behind a large veto scintillation counter A. Charged par-
ticles emitted forward were detected by two counters S1
and S2 in coincidence. The monitor converters and S1, S2
counters were 30 mm in diameter and the corresponding
elements of the transmission detectors were 90, 92 and 96
mm for T1, T2 and T3, respectively. The NP array, also
shown in Fig. 2, was similar as the neutron detectors. The
two multiwire proportional chambers behind the converter
were protected by its veto A and triggered by S1, S2 and
S3 counters in coincidence.

The result of ∆σL is independent on the neutron beam
intensity, if a probability of quasi-simultaneous detection
of two neutrons in one transmission detector may be ne-
glected. The efficiency of detector are then limited and
each of the detectors is independent of any other one [1].

Dedicated tests were performed during an additional
run with a high intensity unpolarized deuteron beam. Us-
ing the same transmission set-up the neutron carbon total
cross section σtot(n−C) was determined at Tkin(n) = 1.5
GeV. For this purpose a number of carbon targets with
different thicknesses were inserted in the neutron beam
line instead of the PPT. The measured σtot(n− C) value
agrees with the data from the compilation ”Cross Sections
of Particles and Nuclei with Nuclei” [38].

5 Data analysis

For each accelerator cycle the following main information
was recorded and displayed by the data acquisition sys-
tem:

– rates of the two calibrated ionization chambers used
as the primary deuteron beam intensity monitors,

– rates of coincidences and accidental coincidences for
the two neutron detectors M1 and M2 used as the in-
tensity monitors of the neutron beam incident on the
PPT,

– rates of coincidences and accidental coincidences for
the three neutron transmission detectors T1, T2 and
T3,

– rates of the left and right arms of the pp beam po-
larimeter.

At the beginning of the run, statistics at 2.20 and 1.79
GeV with P−

T were recorded. Then the data were taken
at 2.20, 1.79 GeV and 1.59 GeV with P+

T . At the latter
energy, the data with P−

T could not be measured.
The recorded data were then analyzed in two steps. In

the first step, ”bad” files were removed, as well as ”empty”
cycles and cycles with incorrect labels of PB signs. The
number of ”bad” cycles for the cumulated statistics rep-
resented a few tenth of percent. Remaining event statis-
tics over the run for different detectors are shown in Ta-
ble 1, separately for each combination of the ~PB and ~PT

direction. With decreasing energy σ0tot for all target el-
ements decreases and the global target transmission ra-
tio ΣT/ΣM increases, as expected. Since the statistics
listed in one row were taken simultaneously, we see also
a monotonous decrease as a function of the detector dis-
tance from the target.

The second step of the data analysis used the pre-
viously selected events in order to check the stability of
neutron detectors, to determine parameters of the sta-
tistical distribution and to obtain the final results. The
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Table 2. The measured −∆σL(np) values at different energies for the two
opposite target polarizations, for the individual transmission detectors and for
the cumulated statistics. The instrumental asymmetry (IA) and the averaged
−∆σL(np) data were deduced. The quoted errors are statistical only

Tkin Transm. −∆σL(P+
T ) −∆σL(P −

T ) IA Average
(GeV) detectors (mb) (mb) (mb) −∆σL (mb)
1.59 T1 +4.7 ± 3.9 +4.7 ± 3.9

T2 +5.5 ± 3.9 +5.5 ± 3.9
T3 +2.0 ± 4.0 +2.0 ± 4.0
T1,2,3 +4.1 ± 2.9 +4.1 ± 2.9

1.79 T1 +0.7 ± 3.0 +2.5 ± 2.3 −0.9 ± 1.9 +1.6 ± 1.9
T2 −4.2 ± 3.1 +0.2 ± 2.3 −2.2 ± 1.9 −2.0 ± 1.9
T3 −0.9 ± 3.1 −0.3 ± 2.4 −0.3 ± 2.0 −0.6 ± 2.0
T1,2,3 −1.5 ± 2.2 +0.9 ± 1.7 −1.2 ± 1.4 −0.3 ± 1.4

2.20 T1 +3.4 ± 2.1 +2.0 ± 1.8 +0.7 ± 1.4 +2.7 ± 1.4
T2 +4.1 ± 2.1 −2.0 ± 1.9 +3.0 ± 1.4 +1.0 ± 1.4
T3 −0.1 ± 2.1 +0.4 ± 1.9 −0.2 ± 1.4 +0.1 ± 1.4
T1,2,3 +2.5 ± 1.5 +0.1 ± 1.3 +1.3 ± 1.0 +1.3 ± 1.0

transmission ratios as functions of time were analyzed for
each combination of the individual M and T detectors,
at any neutron energy and the PT sign. No significant
time dependence of checked values was observed. The re-
sults were extracted using the relations (2.5a), (2.5b) and
(3.9). Each of them contains a hidden contribution [13]
from the instrumental asymmetry (IA) due to the counter
misalignments and to the residual perpendicular compo-
nents in the beam polarization. For this reason a half-sum
of (2.7), i.e. a simple average, provides ∆σL, whereas a
half-difference gives the IA value, as has been discussed in
[13].

The IA contribution could be hardly suppressed. Due
to the longitudinal ~PB direction and the full kinematic ax-
ial symmetry, it is usually small for the ∆σL experiment.
It may be very large for the ∆σT measurement, where no
symmetry exists. The results strongly depend on the de-
tector stabilities and their fixed positions over the data
acquisition with the both PT signs. For stable detectors,
∆σL is expected to be found time independent and equal
for each transmission detector, within statistical errors. In
contrast, the IA value depends on each individual neutron
detector, including the monitors.

In Table 2 are listed the −∆σL(np) values for both
signs of PT , their half differences and the half-sums. All
results were obtained using common statistics from both
monitors M1 and M2. The abreviation T1,2,3 signify that
the entire statistics from all detectors were taken into ac-
count.

It can be seen that IA was considerably smaller for the
detectors T1 and T3 than for T2. The IA values change its
sign for almost all detectors between 1.79 and 2.20 GeV.
Since the elements of the detectors were not moved during
the run, we assume that the residual perpendicular com-
ponents in ~PB were oposite. The relative normalization

and systematic errors, from different sources are summa-
rized as follows:

– Beam polarization including time dependence ± 1.7 %
– Target polarization . . . . . . . . . . . . . . . . . . . . . . . . .± 5.0 %
– Number of the polarizable hydrogen atoms

including filling mode . . . . . . . . . . . . . . . . . . . . . . .± 1.5 %
– Magnetic field integral of the neutron spin

rotator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .± 0.2 %
– Polarization of other atoms . . . . . . . . . . . . . . . . .± 0.3 %
– Inefficiencies of veto counters . . . . . . . . . . . . . . .± 0.1 %

– Total of the relative systematic errors . . . . . . .± 5.5 %
– Absolute error due to the extrapolation

of results towards 0◦ . . . . . . . . . . . . . . . . . . . . . < 0.04 mb

6 Results and discussion

The final −∆σL(np) values are presented in Table 3 and
shown in Fig. 3. The statistical and systematic errors are
quoted. The total errors are the quadratic sums of both
uncertainties. Since the measurement at 1.59 GeV was
carried out with one PT sign only, the instrumental φ-
asymmetry could not be removed using (7). At this energy,
we have added the weighted average of the absolute IA
values at 1.79 and 2.20 GeV (± 1.18 mb) in quadrature
to the systematic error.

The results from [1,2] together with the existing
∆σL(np) data [13-18], obtained with free polarized neu-
trons at lower energies, are also shown in Fig. 3. We added
the point at 19.7 MeV recently measured at TUNL [22]
in order to show the ∆σL(np) energy dependence in a
large energy range. The new results smoothly connect
with the data at lower and at higher energies and sug-
gest even faster decrease above 1.1 GeV than previously
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Fig. 3. Energy dependence of −∆σL(np). The meaning of the
symbols: • ... this experiment, 5 ... JINR [1,2], × ... TUNL
[22], rectangle ... PSI [18], + ... PSI [16], 4 ... LAMPF [17], ◦
... SATURNE II [13,14], full curve ... GW/VPI-PSA [24] (SP99
solution), dotted curve ... meson-exchange model [41]

observed [1,2]. The solid curve represent the energy depen-
dent GW/VPI-PSA [24] (SP99 solution) fit of this observ-
able over the interval from 0.02 to 1.3 GeV. Above 0.8 GeV
the fit considerably differs from that presented in [1,2].
This is due to a large amount of np and pp data points
for different observables, included into the GW/VPI-PSA
database. The database also contains the previous JINR
∆σL(np) result at 1.19 GeV. Unfortunately, the number of
∆σL(np) points is too small with respect to a prevalence of
all other scattering data. Consequently the energy depen-
dent GW/VPI-PSA fit is only in a qualitative agreement
with the measured values. Above 1.1 GeV (SATURNE II)
the np database is insufficient at all. Nevertheless, the high
energy part of the PSA fit follows fairly well the behaviour
of the experimental data.

Fig. 4. Energy dependence of the −∆σL(I = 0) calculated
from measured np data and the known pp values. The np data
at the same energies as in Fig. 3 are used and the I = 0 results
are denoted by the same symbols. The full line is calculated
from the common np and pp GW/VPI-PSA [24] (SP99 solu-
tion). The dashed line is the −∆σL(I = 1) prediction from
the same GW/VPI-PSA, and (?) are I = 1 predictions from
SG-PSA [29]

Using (2.11), one can deduce ∆σL(I = 0) values from
the obtained ∆σL(np) results and the existing ∆σL(pp)
data. For this purpose, we used the ANL-ZGS [39] and
SATURNE II [40] ∆σL(pp) data. The results are given in
Table 4 and plotted in Fig. 4. Since the pp data are ac-
curate, the −∆σL(I = 0) values have roughly two times
larger errors than the np results. For this reason, an im-
proved accuracy of np measurements is important.

In Fig. 4 are also plotted the −∆σL(I = 0) values
from [1,2] together with those using the ∆σL(np) data sets
[13-17]. All results are compatible and suggest a plateau
or a maximum around 1.5 GeV, followed by a rapid de-
crease with increasing energy. The solid curve was calcu-
lated from the np and pp GW/VPI-PSA fits. An apparent
disagreement with the measured data points above 0.6
GeV is related to a fairly rough PSA description of np
data. The difference between the GW/VPI-PSA fit and
the data, shown in Fig. 3, increases twice for the I = 0
energy dependence in Fig. 4.

In the same figure are plotted the −∆σL(I = 1) PSA
fits for a comparison. The GW/VPI-PSA for pp elastic
scattering cover the energy range up to 2.55 GeV (dashed
line) and SG-PSA up to 2.7 GeV (stars above 1.1 GeV).
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Table 3. The final −∆σL(np) results. Total errors are
quadratic sums of the statistical and systematic ones. The en-
ergy and the laboratory momenta of the neutron beam in the
production target center are given

Tkin p`ab −∆σL(np) Statis. System. Total
(GeV) (GeV/c) (mb) error error error

(mb) (mb) (mb)
1.59 2.35 +4.1 ±2.9 ±1.20 ±3.1
1.79 2.56 −0.3 ±1.4 ±0.02 ±1.4
2.20 2.99 +1.3 ±1.0 ±0.07 ±1.0

Table 4. The −∆σL(I = 0) values deduced from the present
∆σL(np) results and existing ∆σL(pp) data. The energies of
∆σL(pp) data and corresponding references are also listed

Tkin(np) Tkin(pp) −∆σL(pp) Ref. −∆σL(I = 0)
(GeV) (GeV) (mb) pp (mb)
1.59 1.594 +4.93 ± 0.30 [40] +3.2 ± 6.2
1.79 1.798 +3.39 ± 0.10 [40] −4.0 ± 2.8
2.20 2.176 +2.28 ± 0.10 [39] +0.3 ± 2.0

Both PSA contain almost all existing data and their pre-
dictions at low energies are in excellent agreement.

Some dynamic models predicted the ∆σL,T behaviour
for np and pp transmissions. Below 2.0 GeV, an usual
meson exchange theory of NN scattering [41] gives the
∆σL(np) energy dependence as shown by the dotted curve
in Fig. 3. It can be seen that this model provides only a
qualitative description at low energies and disagree con-
siderably with the data above 1 GeV.

In [1,2] was discussed a model of a nonperturbative
flavour-dependent interaction between quarks, induced by
a strong fluctuation of vacuum gluon fields, i.e. instantons.
An energy dependent contribution to ∆σL(np) was quali-
tatively estimated. Concerning this model we refer to [1,2]
and to references therein, since no new relevant predictions
are available.

The investigated energy region corresponds to a pos-
sible generation of heavy dibaryons with masses M > 2.4
GeV (see review [42]). For example, a model [43,44] pre-
dicts the formation of a heavy dibaryon state with a color
octet-octet structure.

The possible manifestation of exotic dibaryons in the
energy dependence of different pp and np observables was
predicted by another model [45-49]. The authors used the
Cloudy Bag Model and an R-matrix connection to long-
range meson-exchange force region with the short-range
region of asymptotically free quarks. The model gives the
lowest lying exotic six-quark configurations in the isosin-
glet and the spin-triplet state 3S1 with the mass M =
2.63 GeV (Tkin = 1.81 GeV). For the I = 0 state, the 3S1
partial wave is expected to be predominant. The mea-
surement of ∆σT observable for np transmission and its
determination for I = 0 may provide a significant check.
Since ∆σT for arbitrary isospin state contains no uncou-

pled spin-triplet state, a possible dibaryon resonance effect
in 3S1 may be less diluted. Moreover, in the difference of
both quantities the spin-singlet contributions vanish.

The three optical theorems determine the imaginary
parts of the nonvanishing forward amplitudes as shown
in (2.8) to (2.10). A maximum in I = 0 amplitudes or
in their combinations dominated by the spin-triplet states
will be a necessary condition for the predicted resonance.
The sufficient condition may be provided by real parts. For
np scattering they can be determined by measurements
of observables in the experimentally accessible backward
direction, as was shown in [50].

The I = 0 spin dependent total cross sections repre-
sent a considerable advantage for studies of possible reso-
nances. This is in contrast with the I = 1 system where the
lowest lying exotic six-quark configuration corresponds to
the spin-singlet state 1S0. This state is not dominant and
is hard to be separated it in the forward direction. Scatter-
ing data directly related with the spin-singlet amplitude
at other angles are preferable to be measured.

7 Conclusions

The new results are presented for the transmission mea-
surements of the ∆σL(np) energy dependence in the
Dubna Synchrophasotron energy region below 3.7 GeV.
Measured ∆σL(np) values are compatible with the exist-
ing np results, using free neutrons. The rapid decrease of
−∆σL(np) values from 1.1 to 2.0 GeV is confirmed. It is
found to be faster than expected from the previous mea-
surement.

The ∆σL(I = 0) quantities, deduced from the mea-
sured ∆σL(np) values and the existing ∆σL(pp) data, are
also presented. They indicate a plateau or a maximum
around 1.5 GeV, followed by a rapid decrease with energy.

Obtained results are compared with the dynamic
model predictions and with the recent GW/VPI-PSA fit.
A necessity of further ∆σL(np) measurements and new
∆σT (np) data in the kinetic energy region above 1.1 GeV
is emphasized.
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