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˜ ·μ¢ ‚.ˆ. ¨ ¤·. E1-2008-61
�É´μÏ¥´¨¥ Rdp ¢ÒÌμ¤μ¢ ¶·μÍ¥¸¸μ¢ ±¢ §¨Ê¶·Ê£μ° nd → p(nn) ¨ Ê¶·Ê£μ° np → pn
¶¥·¥§ ·Ö¤±¨ ¶μ¤ Ê£²μ³ 0◦ ¢ μ¡² ¸É¨ Ô´¥·£¨° ¶ÊÎ±  ´¥°É·μ´μ¢ 0,55Ä2,0 ƒÔ‚.
1. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ

�·¥¤¸É ¢²¥´Ò ´μ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ μÉ´μÏ¥´¨Õ Rdp ¢ÒÌμ¤ 
nd → p(nn) ·¥ ±Í¨¨ ±¢ §¨Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ ¶μ¤ Ê£²μ³ 0◦ ± ¢ÒÌμ¤Ê Ê¶·Ê£μ° np → pn
¶¥·¥§ ·Ö¤±¨. ˆ§³¥·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ´  ´Ê±²μÉ·μ´¥ ‹‚� �ˆŸˆ ¶·¨ §´ Î¥´¨ÖÌ ±¨´¥-
É¨Î¥¸±μ° Ô´¥·£¨¨ ¶ÊÎ±  ´¥°É·μ´μ¢ 0,55, 0,8, 1,0, 1,2, 1,4, 1,8 ¨ 2,0 ƒÔ‚. „ ´´Ò¥ ´ -
± ¶²¨¢ ²¨¸Ó ¸ ¶μ³μÐÓÕ ³ £´¨É´μ£μ ¸¶¥±É·μ³¥É·  Ê¸É ´μ¢±¨ ®„¥²ÓÉ Ä‘¨£³ ¯ ¸ ¤¢Ê³Ö
´ ¡μ· ³¨ ³´μ£μ¶·μ¢μ²μÎ´ÒÌ ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ ± ³¥·, · ¸¶μ²μ¦¥´´ÒÌ ¤μ ¨ ¶μ¸²¥  ´ -
²¨§¨·ÊÕÐ¥£μ ³ £´¨É . �¥Ê¶·Ê£¨¥ ¶·μÍ¥¸¸Ò §´ Î¨É¥²Ó´μ ¶μ¤ ¢²Ö²¨¸Ó ¶μ¸·¥¤¸É¢μ³ ¤μ¶μ²-
´¨É¥²Ó´ÒÌ ¤¥É¥±Éμ·μ¢, μ±·Ê¦ ÕÐ¨Ì ¢μ¤μ·μ¤´ÊÕ ¨ ¤¥°É¥·¨¥¢ÊÕ ³¨Ï¥´¨. ‚·¥³Ö¶·μ²¥É´ Ö
¸¨¸É¥³  ¶·¨³¥´Ö² ¸Ó ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ¤¥É¥±É¨·Ê¥³ÒÌ Î ¸É¨Í. �¡¸Ê¦¤ ÕÉ¸Ö μ¡· ¡μÉ± 
´ ±μ¶²¥´´μ° ¸É É¨¸É¨±¨ ¨  ´ ²¨§ ¢μ§³μ¦´ÒÌ ¸¨¸É¥³ É¨Î¥¸±¨Ì μÏ¨¡μ±. �μ²ÊÎ¥´´Ò¥ §´ -
Î¥´¨Ö Rdp μ¸É ÕÉ¸Ö ¶μÎÉ¨ ¶μ¸ÉμÖ´´Ò³¨ ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¨§³¥·¥´¨°. �μ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ
¸· ¢´¨¢ ÕÉ¸Ö ¸ ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ ¤ ´´Ò³¨, ¨§³¥·¥´´Ò³¨ ¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥ 1,0 ƒÔ‚.
‘· ¢´¥´¨¥ ÔÉ¨Ì ¤ ´´ÒÌ ¸ · ¸Î¥É´Ò³¨ §´ Î¥´¨Ö³¨ Rdp, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
´ ¡μ·μ¢ ¨´¢ ·¨ ´É´ÒÌ NN  ³¶²¨ÉÊ¤ ¨§ ·¥Ï¥´¨° GW/VPI Ë §μ¢μ£μ  ´ ²¨§ , ¢Ò¶μ²´¥´μ
¢ μÉ¤¥²Ó´μ° ¸É ÉÓ¥.
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Sharov V. I. et al. E1-2008-61
The Ratio Rdp of the Quasi-Elastic nd → p(nn) to the Elastic np → pn
Charge-Exchange Process Yields at 0◦ over 0.55−2.0 GeV Neutron Beam Energy Region:
1. Experimental Results

New experimental results on ratio Rdp of the quasi-elastic charge-exchange yield at 0◦
Lab

for the nd → p + (nn) reaction to the elastic np → pn charge-exchange yield are presented.
The measurements were carried out at the Nuclotron of JINR VBLHE at neutron beam kinetic
energies of 0.55, 0.8, 1.0, 1.2, 1.4, 1.8 and 2.0 GeV. The data were accumulated by means
of the ®DeltaÄSigma¯ set-up magnetic spectrometer with two sets of multiwire proportional
chambers located upstream and downstream of the analyzing magnet. Inelastic processes
were considerably reduced by means of the additional detectors surrounding the hydrogen
and deuterium targets. The time-of-
ight system was applied to identify a detected particle.
The accumulated data treatment and analysis of possible systematic errors are discussed. The
obtained Rdp values remain nearly constant with the energy. The new data are compared
with the existing ones, which were measured up to 1 GeV. The comparison of these data
with the calculations of Rdp obtained by using the invariant amplitude sets from the GW/VPI
phase-shift analysis was made in a separate paper.

The investigation has been performed at the Veksler and Baldin Laboratory of High
Energies, JINR.
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INTRODUCTION

The paper presents new experimental results on the ratio Rdp of the charge-
exchange (CEX) quasi-elastic differential cross section for the reaction nd →
p + (nn) at 0◦Lab to the elastic CEX differential cross section np → pn. The
intense quasi-monochromatic neutron beam was produced by break-up of the
deuterons accelerated by the Nuclotron of the Veksler and Baldin Laboratory
of High Energies (VBLHE) at the Joint Institute for Nuclear Research (JINR) in
Dubna. In both reactions mentioned above the outgoing protons with the momenta
pp near to the neutron beam momentum pn,beam were detected in the directions
close to the direction of incident neutrons, i.e., in the vicinity of the scattering
angle θp,Lab = 0◦. Thus, we consider such an outgoing proton as the former
beam neutron which was scattered at θp,CM = 0◦ and got the electric charge in
the charge-exchange process.

Having taken into account the detector efˇciencies and other well known
instrumental effects the yields of the quasi-elastic and elastic scattering measured
with the H2 and D2 targets, were corrected. The above yields were taken
over the spectrometer angular acceptance 0 < ϕ � 2π and 0 < θ � 30 mrad.
These corrected yields are proportional to the corresponding differential cross
sections. The measurements were carried out at the neutron beam kinetic energies
of 0.55, 0.8, 1.0, 1.2, 1.4, 1.8 and 2.0 GeV.

The measurements were performed within the programme of the JINR project
®Delta-Sigma experiment¯ [1Ä3] (see also Ref. [30] in arXiv:0706.2195 [nucl-
th]). The aim of this experimental programme is to determine the imaginary and
real parts of the np → np forward (θn,CM = 0) and backward (θn,CM = π) all
elastic scattering amplitudes over the 1.2Ä3.7 GeV energy region. In this highest
energy interval of free polarized neutron beams the measurements are possible at
the Nuclotron only.

At the forward and backward angles only three complex amplitudes are inde-
pendent. The scattering amplitudes in the forward and backward hemispheres are
determined by the angular symmetry conditions: they differ for isospins I = 1
and I = 0. We assume that the I = 1 amplitudes are known. Consequently, for
the direct reconstruction of the np amplitudes, altogether, at least, six indepen-
dent observables at either the forward or backward directions, are needed. Two
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np observables are well known, one of them is the spin independent np total
cross section σ0tot, the second one is the np → np differential cross section at
θn,CM = π.

The research programme ®Delta-Sigma¯ foresees the measurements of to-
tal cross section differences ΔσL,T (np) and spin correlation parameters
A00kk(np → np) and A00nn(np → np) at θn,CM = π for the longitudinal (L)
and transverse (T ) beam and target polarization directions, respectively. The
ΔσL,T (np) observables together with σ0tot are linearly related to the imaginary
part of the independent forward scattering amplitudes via optical theorems. These
three observables unambiguously determine the imaginary parts of all the ampli-
tudes.

The ΔσL,T (np) observables are to be measured in transmission experiments.
Measurements of the −ΔσL(np) energy dependence were carried out at ten
different values of energy [4Ä9]. The L-polarized neutron beam from the Syn-
chrophasotron of the JINR VBLHE and the Dubna L-polarized proton target were
used. New measurements of the ΔσL,T (np) are expected after the new high in-
tensity source of polarized deuterons is operational at the Nuclotron. This device
will be based on the CIPIOS [10] equipment imported to Dubna from the Indiana
University Cyclotron Facility.

The A00kk(np → np) and A00nn(np → np) values are to be deˇned in
the backward direction. These observables could be measured simultaneously
with the corresponding ΔσL,T (np → np) experiments. Using the imaginary
parts of the forward amplitudes transformed into the backward direction, the np
differential cross section and the two spin correlations at θCM = π are sufˇcient
to obtain the three real parts of the amplitudes. In contrast to the optical theorems
at θ = 0◦, the scattering amplitudes in the backward direction are related to the
scattering observables by bilinear equations. Each of them may have, in principle,
an independent ambiguity in the sign. The total ambiguity is then eight-fold at
most and any independent experiment decreases it by the factor of two.

To reduce the total ambiguity in the scattering amplitude determination, the
®Delta-Sigma¯ collaboration performed the measurements of the ratio Rdp =
(dσ/dΩ)(nd)/(dσ/dΩ)(np) for the charge-exchange processes on the deuterium
and hydrogen targets. A high intensity unpolarized neutron beam was scattered
either in the liquid D2 and H2 or solid CD2 and CH2 targets. The knowledge
of Rdp value could provide one additional constraint and reduce the ambiguity
discussed above. Moreover, the described experiment is a powerful test for
the future spin correlation measurements. The results of the experiments under
discussion are listed below.

Sections 1 and 2 describe the measuring method and the essential details on
the beam and experimental set-up. Section 3 is devoted to the data acquisition,
treatment and analyses. The obtained Rdp results are given in Sec. 4, conclusions
are enumerated in Sec. 5.
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1. METHOD OF MEASUREMENTS

As mentioned above, the observable Rdp is the ratio of the quasi-elastic
θp,CM nd → p+nn (labeled by nd) charge-exchange differential cross section to
the free np → pn (labeled by np) elastic one. That is as follows:

Rdp(θp) =
(dσ/dΩ)(nd → pnn)
(dσ/dΩ)(np → pn)

. (1.1)

In both nd → p+nn and np → pn reactions the outgoing (scattered) protons
with momenta pp near to the neutron beam momentum pn,beam are detected in
the directions close to the direction of incident neutrons, i.e., in the vicinity of
the scattering angle θp,Lab = 0◦. Thus, we consider such an outgoing proton as
the former beam neutron which was scattered at θp,CM = 0◦ and got the electric
charge in the charge-exchange process.

The outgoing protons are detected to measure the np → pn yield at
θp,Lab = 0. With the hydrogen target, for example, the number of protons
N , detected over the solid angle ΔΩ, subtended by the spectrometer detectors,
and normalized to 
ux M of incident neutrons, is given by the following equation:

N

M
= ΔΩ · ε · nH · dσ

dΩ
, (1.2)

where nH is the number of hydrogen nuclei in the target, ε is the proton detection
efˇciency and dσ/dΩ is the differential cross section of the investigated process.
The measured differential cross section is as follows:

dσ

dΩ
(
ΔΩ

)
=

N

M
· 1
ΔΩ · ε · nH

. (1.3)

The solid angle element ΔΩ = sin(θ) · Δθ · Δφ, where θ and φ are polar and
azimuthal angles of the scattered protons. The extrapolation of dσ/dΩ(ΔΩ)
towards ΔΩ = 0 (θp = 0) gives the desired experimental value of dσ/dΩ(θ = 0).

In this experiment the measurements of the yields of np → pn and nd → pnn
processes at small θp,Lab were carried out during the same data taking run, using
either the cryogenic liquid hydrogen H2, deuterium D2 and empty (E) targets or
the polyethylene CH2, deuterated polyethylene CD2 and carbon C targets. The
measured Rdp(θp) values are determined by

Rdp(θp) =

(
ND − kD · NE

)
· MH · εH · nH(

NH − kH · NE

)
· MD · εD · nD

, (1.4)

where NH, ND, NE, and MH, MD, ME, and εH, εD, εE are the yields, monitor
rates and detector efˇciencies for the H2, D2, and E or CH2, CD2, and C
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targets, respectively. nH and nD are the numbers of hydrogen and deuterium
nuclei in the H2 and D2 or CH2 and CD2 targets, kH and kD are the factors
depending on the ratio of the monitor counts and detector efˇciencies for the
ˇlled H2 or D2 (CH2 or CD2) to the empty E(C) targets.

The solid angle element ΔΩ is the same for the H2, D2 and E targets and
cancelled from the numerator and denominator in Eq. (1.4). It is important that
the MH and MD absolute values are not required to determine Rdp and only the
relative values are sufˇcient. Just for this reason the measurements using neutron
beams have a considerable advantage with respect to the experiments with the
incident proton or deuteron beams.

For the measurements it is also important to maintain stable experimental
conditions: (e.g., detector geometry and regimes, neutron beam and targets char-
acteristics). It is equally important to provide the change of the targets as fast as
possible to reduce existing in
uence of temporary drifts of detector efˇciencies.

2. EXPERIMENTAL SET-UP

A magnetic spectrometer to detect protons from np → pn elastic and
nd → pnn quasi-elastic charge-exchange processes at θLab = 0, was installed
and tested at the intense free neutron beam line of the JINR VBLHE Nuclotron
facility. The spectrometer is a part of the ®Delta-Sigma¯ set-up (see Fig. 1) to
measure the np spin-dependent total cross section differences. The ®Delta-Sigma¯
experimental set-up was described in detail in our previous publications [4Ä9].

Figure 1 shows the both extracted deuteron and free neutron beam lines [11],
the beryllium target (BT ) for the neutron production, the collimators C1ÄC4, the
polarized proton target PPT , the monitors M1, M2 of neutron beam intensity,
transmission detectors T 1, T 2, T 3 and the detectors for neutron beam proˇle
monitoring NP .

The accelerated deuterons were extracted at the beam momenta pd of 2.31,
2.93, 3.39, 3.84, 4.29, 5.15 and 5.57 GeV/c, which were known with sufˇcient
accuracy of ≈ ±1 %. The average intensity of the primary deuteron beam was
≈ 2× 1010 d/cycle. It was continuously monitored by two calibrated ionization
chambers placed in the two focal points upstream of the neutron production
target BT .

The beam of free quasi-monochromatic neutrons was obtained by break-up
at 0◦ of deuterons in BT . The set of collimators C1ÄC4 determined the necessary
proˇle size of the neutron beam. The dimension of the inner hole of the last brass
collimator was 26 mm in diameter. The primary deuterons passing through the
BT without interaction as well as the charged secondaries from inelastic reactions
were de
ected from the neutron beam direction by the sweeping magnet SM and
were directed to the beam dump.
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Neglecting the BT thickness, neutrons have a laboratory momentum pn =
pd/2 with a gaussian momentum spread of FWHM � 5% [12]. This corresponds
to the neutron beam energies Tkin(n) of 0.55, 0.8, 1.0, 1.2, 1.4, 1.8 and 2.0 GeV,
respectively. BT contained beryllium, 20 cm long with the cross section of
8 × 8 cm. The energy losses of deuterons during their passage through air, foils
in the vacuum tubes of the beam transport line and the BT substance, resulted
in decrease of the deuteron beam energy by 20 MeV in the BT center as well
as in the mean neutron energy decrease by 10 MeV [4, 7]. But Table 7 below
shows the Rdp results at the extracted beam energies without taking these losses
into account.

The neutron beam intensity was monitored by the two neutron beam monitors
M1, M2. Each of the detectors M1, M2 is independent of another. The
monitor units were of the same design and the electronic systems were identical
as described in [4Ä9]. Each unit consisted of a CH2 converter 60 mm thick placed
behind a large veto scintillation counter A. The emitted forward charged particles
generated by neutron interactions in the convertor substance were detected by
two counters S1 and S2 on coincidence. The converters and S1, S2 counters for
monitors M1 and M2 were 30 mm in diameter.

During the data taking runs the intensity of the neutron beam varied from
8 × 105 n/cycle at Tn = 0.8 GeV up to 4 × 106 n/cycle at Tn = 2.0 GeV.

Fig. 2. Magnetic spectrometer for detection of protons from np → pn elastic charge
exchange at 0◦ (Lab.). SP−94 Å analyzing dipole; Gx, y, 1x, 2x, 3x, y, 4x, y Å two sets
of multiwire proportional chambers; MPT, H2/D2 Å the polarized proton or liquid H2

or D2 targets; S1, TOF1, 2 and A, S1, ST Å time-of 
ight and trigger counters
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The spectrometer (see Fig. 2) consists of one analyzing dipole SP − 94;
a set of multiwire proportional chambers PCs: Gx, Gy, 1x, 2x placed before
the dipole and another set of PCs: 3x, 3y, 4x, 4y Å after it Å for momentum
analysis of detected secondaries; trigger counters A, S1, ST ; time-of-
ight system
(S1, TOF1, 2) for particle identiˇcation; liquid H2 or D2 targets inserted in
the neutron beam line (instead of the proton polarized target used for the Δσ
experiment). The target in use was surrounded by device DTS (detectors for
target surrounding) to detect the charged recoil particles and gammas.

The scintillation counters and PCs dimentions are listed in Tables 1, 2. The
multiwire proportional chambers have the wire spacing of 2 mm for all PCs. An
example of the PCs efˇciences at Tn = 1.4 GeV with the CH2 target is given in
Table 3. The accuracies of measurements of angular values and momentum are
listed in Table 4.

Table 1. The scintillation counters dimensions

Counter name Dimensions z coordinate*, mm Used in
A 150 × 150 × 6 mm Ä128 ®Veto¯

in trigger
S1 100 mm in diameter, 1369 Trigger

6 mm thickness
S2 3 units 5500 Trigger

150 × 150 × 6 mm,
total width 420 mm

TOF1 500 × 200 × 20 12293 TOF

Time-of-
ight base from S1 up to TOF1 = 10925 mm
∗Along the neutron beam direction starting from the target center

Table 2. Dimensions and positions of the PCs

PCs Number Working z coordinate*, Position
name of wires area, mm mm
Gx 64 128 1060 Upstream of
Gy 64 128 1232 analysing
1x 96 192 1969 magnet
2x 96 192 2069
3x 192 384 4378 Downstream of
4x 192 384 5200 analysing magnet
3y 144 288 4402

Total: 848
∗Along the neutron beam direction starting from the target center
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Table 3. Efˇciencies of the PCs at Tn = 1.4 GeV with CH2 target

NN PCs name ®On-line¯ ®Off-line¯
Zero* All* One* Cl2* (One+Cl2)**

1 1x 0.026 0.974 0.880 0.049 0.948 +/Ä 0.003
2 2x 0.032 0.968 0.859 0.069 0.951 +/Ä 0.003
3 3x 0.049 0.951 0.512 0.388 0.948 +/Ä 0.003
4 3y 0.031 0.969 0.868 0.060 0.972 +/Ä 0.004
5 gy 0.015 0.985 0.885 0.058 0.957 +/Ä 0.003
6 gx 0.010 0.990 0.868 0.077 0.959 +/Ä 0.003
7 4x 0.058 0.942 0.561 0.330 0.917 +/Ä 0.003

Total: 0.798 0.145 0.887 +/Ä 0.006
∗Zero Å there is no signal from any wire in the PC;

All Å there are signals from some wires;

One Å there is a signal from only one wire;

Cl2 Å there are signals from only two neighbouring wires.
∗∗During the data treatment, the information from PC 1x ®or¯ 2x and PC 3x

®or¯/®and¯ PC 4x was used.

Table 4. The accuracies of the angular values and momentum measurements

For angular values:
Measured value Bin, mrad Instrumental Information

error, mrad taken from PCs
θx 1.97 0.83 Gx AND 1x
θx 1.79 0.76 Gx AND 2x
θy 0.61 0.26 Gy AND 3y

At momentum measurement of the extracted deuteron beam:
σP/P Information taken from PCs
1.40% Gx AND (1x OR 2x) AND ((3x AND 4x) OR 3x OR 4x)
1.37% Gx AND 2x AND 3x AND 4x

The liquid hydrogen H2 (or deuterium D2) as the cryogenic target was
enclosed into a thin-wall mylar container 340 mm long and 70 mm in diameter,
cooled by liquid helium. The target device had two identical containers for the
target substance. One of the containers was ˇlled with the target substance (H2 or
D2) and the second one was empty. The target device could be moved together
with the ˇlled and empty targets across the neutron beam direction to put one
of them into the beam. During the data taking runs, the ˇlled and empty targets
were interchanged after 3−4 h. The change of the target substance (H2 or D2)
was made after 1.5−2 d of measurements.
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Table 5. The dimensions of the solid and cryogenic targets and the total number of
target atoms in the neutron beam path

Cryogenic targets
Target Length, Diameter, Number of atoms

substance mm mm ×1023 cm−2

H2 340 70 14.496
D2 340 70 16.892

Solid targets
Target Length, Width, Height, Number of atoms

substance mm mm mm ×1023 cm−2

CH2 150 50 40 H : 12.495 C: 6.348
CD 150 50 40 D: 12.490 C: 6.245
C 75 50 40 C: 6.342

Fig. 3. Two arrays of Detectors for the Target Surrounding DTS

At the neutron beam energies of 0.55, 0.8 and 1.4 GeV the data taking was
carried out with the polyethylene CH2, deuterated polyethylene CD2 and carbon
C targets. These targets could be changed very quickly and frequently after
1−1.5 h. These operations minimized the possible temporary drifts of detector
efˇciencies and decreased their contributions to the ΔRdp uncertainty. On the
other hand, the polyethylene targets gave a considerable number of background
inelastic events from the carbon nuclei. The dimensions of the solid and cryogenic
targets and the total number of the target atoms on the neutron beam path are
listed in Table 5.

The construction of DTS (see Fig. 3) contained the internal set of four scin-
tillators (450×160×10 mm) to detect the charge recoils, the set of lead convertors
for gamma interactions and the external set of 20 scintillators
(430× 50× 20 mm) to detect the converted electrons. The expected efˇciency of

9



Fig. 4. The spectrometer angular acceptance. The detected events distribution in the θ vs
ϕ plane

this device to detect the inelastic np interactions was estimated to be about 80%.
Some characteristics of the magnetic spectrometer and investigated process

are shown in Figs. 4Ä7. The angular acceptance of the spectrometer in the polar θ
and azimuthal ϕ angular planes is shown in Fig. 4. For the azimuthal range from
ϕ = 0 to ϕ = 2π the polar angular range reduces to the θ values of 10−12 mrad.
For the smaller ϕ regions the polar angle range increases up to 30−35 mrad.

Figure 5 illustrates the momentum spectra of charged secondaries detected
by the spectrometer on the H2 (a) and D2 (b) liquid targets at the neutron beam
energy of 1.2 GeV. The detected particle identiˇcation from both the magnetic
analysis and the TOF spectra is demonstrated in Fig. 6.

Information from the detectors for the target surrounding DTS helped us to
suppress the contributions from the other (inelastic) np-reaction channels. The
solid lines in Fig. 7 show the momentum spectra of the charged secondaries
obtained without the information from the DTS. The painted areas in the ˇgure

10



Fig. 5. The momentum spectra of charged secondaries, detected by the spectrometer using
H2 (a) and D2 (b) liquid targets, at the neutron beam energies of 1.2 GeV

Fig. 6. The detected particle identiˇcation at Tn = 1.0 GeV using both the magnetic
analysis and time-of-
ight spectra
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Fig. 7. Suppression of the contributions from the inelastic np-reaction channels using in-
formation from the detectors for the target surrounding DTS. The examples of momentum
spectra obtained at Tn = 1.8 GeV for the liquid hydrogen a and deuterium b targets. The
solid lines show the momentum spectra of charged secondaries obtained without using the
information from the DTS. The ˇlled areas show the momentum spectra, when the signal
from DTS is in anticoincidence with the spectrometer trigger

show the momentum spectra when the signal from DTS is in anticoincidence
with the spectrometer trigger. These examples of the spectra were received at
Tn = 1.8 GeV for the liquid hydrogen (a) and deuterium (b) targets.

3. DATA ACQUISITION, TREATMENT AND ANALYSIS

The data acquisition system is based on CAMAC parallel branch highway
controlled by IBM PC with the branch driver [13], completed by E.V. Chernykh,
one of the co-authors. The 
exible program equipment for the on-line recording
and treatment of the accumululated statistics was used. The on-line program in
Pascal works under DOS.

The desired statistics was mainly accumulated under the condition Tr1 =
Gx ∗ S1 ∗ ST ∗ A. From time to time the second regime Tr2 = Gy ∗ S1 ∗ ST ∗
A ∗ TOF1 was used to check the current efˇciency of the trigger PC Gx and
characteristics of the TOF -system. In the trigger notation the symbol ∗ means the
logic AND, the symbols S1, ST , TOF mean the logic signals from the indicated
scintillation counters, the notation A means ®NOT A¯ and the symbols Gx, Gy
correspond to the logic OR for all the wires of the indicated PCs.

The main trigger condition Tr1 provided good enough efˇciency for the in-
vestigated process detection. Dimensions of the scintillation counter ST , placed
downstream of the analysing magnet, deˇne the angular and momentum accep-
tances of the spectrometer. To reduce the number of background events in the
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S1 substance, the PC Gx signal was introduced into the condition Tr1 and the
trigger counter S1 was placed downstream of the PCs Gx and Gy. The sig-
nal from the ®veto¯ counter A was introduced in anticoinciedence to reduce the
charged particle background induced in the substance of the channel and detector
elements before the target.

For each trigger signal the PCs coordinate information together with the
information from DTS and TOF (TDC, ADC) was registered and accumulated
by the data acquisition system. The monitor counts M1 and M2, the counts from
the ionization chambers for primary deuteron beam monitoring and other impor-
tant counting rates were accumulated in the scalers within the beam extraction
cycle and recorded by the ®end of the cycle¯ signal.

The statistics was accumulated by the subruns of 0.5−1 h. During data
taking for each subrun the current processing of the accumulated statistics was
performed by the on-line program during the interval between the accelerator
cycles. The program carried out the recording, accumulation, preliminary treat-
ment and convenient on-line displaying of the accumulated experimental data for
their checking. The current information on the PCs efˇciencies, beam proˇles,
angular θX , θY , θ2 (de
ection angle at the analysing magnet), TOF and energy
loss spectra, etc., was available.

The off-line treatment and analysis of the accumulated statistics under the
condition Tr1 = Gx ∗ S1 ∗ ST ∗ A were carried out in the following procedure:

1. For each energy and each kind of the target, the momentum spectra of the
detected particles were obtained under a number of processing conditions to select
the true elastic charge-exchange events. The momentum spectra were obtained
under the following conditions:

a) without any cuts;
b) NOT DTS rejects inelasticities by the DTS signal which is the logic sum

of all DTS scintillator signals;
c) AND TOF selects events with the TOF response;
d) using AND TOF together with a cut of the secondary deuteron admixture;
e) application of logic AND for b) and d) criteria.
Then, taking into consideration the M2 monitor counts for the ˇlled and

empty targets, the momentum spectra (filled minus empty) were obtained under
the above conditions.

2. The centers of the elastic charge-exchange peaks for the H2 and D2

targets (with subtracted E-contributions), were found using the corresponding
momentum spectra obtained under condition e). The positions of the elastic peak
centers for the D2 target are shifted by about 6−8 MeV/c towards the smaller
values at all the beam energies with respect to the elastic peak centers for the H2

target spectra. This is in agreement with the major part of existing results in the
ˇeld (see, e.g., [14, 15]). The DTS efˇciencies were determined while comparing
the momentum spectra obtained under conditions e) and d). The values of the
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Fig. 8. The ratio Rdp angular distribution at Tn = 1.0 GeV

Table 6. Estimations of the systematical uncertainties at Tn = 1.4 GeV

Source of the systematics Absolute values of

the Rdp error
1. Total PC efˇciencies 0.0027
2. Trigger PC efˇciency 0.0026
3. Efˇciency of the DTS 0.0179
4. Efˇciency of the TOF -system 0.0034
5. Error in shift determination of the H2

and D2 elastic peak center positions 0.0177
6. Number of H/D nuclei in the targets 0.0014

Total: 0.0257

deuteron admixtures in the elastic peaks were calculated at each energy point from
the comparison of the momentum spectra obtained under conditions d) and c).

3. The PCs and TOF efˇciencies were calculated using the PCs coordinate
information at each energy and for any kind of the target. The efˇciency of each
PC was calculated on the responses of the number of preceding and following
(subsequent) PCs. The TOF efˇciencies were found in the procedure of the
particle track extrapolation into the TOF position area.

4. The angular distributions of the elastic event yields for H2 and D2 were
obtained at the ˇnal stage of the data processing. For each θLab bin of 2 mrad the
H2 and D2 elastic yields were determined by the sum of the bin contents of the
momentum distribution histogram over the range of 300−400 MeV/c from the
maximum of the elastic peak. The angular distributions of the ratio Rdp(θ) were
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determined taking into account the obtained PCs, DTS and TOF efˇciencies
as well as the M2 monitor counts and the nH, nD numbers of the target nuclei
according to Eq. (1.4). An example of the ratio Rdp angular distribution at
Tn = 1.0 GeV is shown in Fig. 8. Since the angular (by θ) dependence of
the Rdp(θ) is almost constant within the spectrometer angular acceptance for all
energy points, the ˇnal Rdp results were calculated as a weighted average of the
Rdp values over the θLab range from 0 to 16−30 mrad.

A detailed description of some set-up elements and the data treatment proce-
dure will be done in separate publications.

The systematic errors of Rdp are mainly caused by the following: the un-
certainties of the PCs, DTS and TOF efˇciencies, the uncertainties of the nH,
nD values and the uncertainties in deˇning the elastic peak center positions. The
values of the systematic errors slightly vary for different energy values caused
by the accumulated statistics and the temporary drifts of the PCs efˇciencies.
The sources and values of the systematic errors are listed in Table 6. Here the
systematic errors are given at Tn = 1.4 GeV, as an example.

4. RESULTS

The Rdp results are presented in Table 7 and shown in Fig. 9 . The total Rdp

errors are the square root of the sums of the statistical and systematic uncertainties
squared.

The obtained Rdp results are close to 0.56 and remain nearly constant
with the energy over the investigated energy region. The earlier obtained Rdp

results [17Ä31] (collected in [16]), are also plotted in Fig. 9. One of the ˇrst
attempts of using the charge-exchange reaction on deuteron to extract the data on

Table 7. Values of Rdp = dσ/dΩ(nd → pnn)/dσ/dΩ(np → pn) at θp,Lab = 0◦. Total
errors are the square root of the sums of the statistical and systematic uncertainties
squared

NN
Tn, Pn,

Rdp
Errors

GeV GeV/c Stat. Syst. Total
1 0.55 1.156 0.589 0.024 0.039 0.046
2 0.80 1.464 0.554 0.017 0.016 0.023
3 1.00 1.697 0.553 0.011 0.023 0.026
4 1.20 1.922 0.551 0.011 0.019 0.022
5 1.40 2.143 0.576 0.028 0.026 0.038
6 1.80 2.573 0.568 0.016 0.029 0.033
7 2.00 2.785 0.564 0.014 0.042 0.045
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Fig. 9. The energy dependence for the Rdp results. Black squares Å for this experiment,
open squares and circles Å for the existing data at lower energy from compilation [16].
The Rdp value at Tn = 0.98 GeV was taken from [33]

the spin-dependent part of the np → pn scattering amplitude was made [32] in
the experiment with the hydrogen bubble chamber in the beam of deuterons at
the momentum of 3.3 GeV/c. The Rdp value [33] at Tn = 0.98 GeV, obtained
recently on the Dubna hydrogen bubble chamber data for dp → (pp)n reaction,
is also shown in Fig. 9. All these data were measured below 1 GeV.

Our new Rdp results at the energy below 1 GeV are in a good agreement
with the previous Rdp data. The main part of the present data is the ˇrst result
obtained at the energy above 1 GeV.

5. CONCLUSIONS

These new results have been obtained for Rdp(θp,Lab = 0◦) =

=
(dσ/dΩ)(nd)
(dσ/dΩ)(np)

Å the ratio of the quasi-elastic nd → p+(nn) charge-exchange

yield to the free elastic np → pn yield at 0.55, 0.8, 1.0, 1.2, 1.4, 1.8 and 2.0 GeV.

These results at the energy below 1 GeV are in a good agreement with the
previous Rdp data. The main part of the present data is the ˇrst result obtained
at the energy above 1 GeV. We have observed that the Rdp values are relatively
large (close to 0.56) and almost independent of energy, at least, up to 2 GeV.
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The Rdp measurements at the energies above 2.0 GeV are planned to continue.
The used experimental method has provided accurate results. The systematic

uncertainties are small since the ratio Rdp values were determined only by the
measured relative values Ntarg and Mtarg while the reasonably quick replacement
of the ®full¯ and ®empty¯ targets allowed us to avoid possible systematic errors
caused by the in
uence of the temporary drifts of the detector efˇciencies and
other experimental conditions.

The comparison of the obtained data with the calculations of Rdp taken by
using the invariant amplitude sets from the GW/VPI phase-shift analysis, was
made in a separate paper [34].
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