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Sharov V. I. et al. E1-2004-87

Measurements of the Total Cross-Section Difference ��L ( )np

at 1.39, 1.69, 1.89 and 1.99 GeV

New accurate results of the neutron–proton spin-dependent total cross-section difference

��L np( ) at the neutron beam kinetic energies of 1.39, 1.69, 1.89 and 1.99 GeV are presented. In gener-

al these data complete the measurements of energy dependence of ��L ( )np over the Dubna Syn-

chrophasotron energy region. The quasi-monochromatic neutron beam was produced by break-up

of extracted polarized deuterons. The deuteron (and hence neutron) polarization direction was flipped

every accelerator burst. The neutron vertical direction of polarization was rotated onto the neutron

beam direction and longitudinally (L) polarized neutrons were transmitted through the large proton

L-polarized target. The longitudinal target polarization direction was inverted after 1–2 days of mea-

surements. Four different combinations of the beam and target parallel and antiparallel polarization

directions, both oriented along the neutron beam momentum, were used at each energy. A fast de-

crease of –��L ( )np with increasing energy above 1.1 GeV and a structure in the energy dependence

around 1.8 GeV, first observed from our previous data, seem to be well revealed. The new results are

also compared with model predictions and with phase shift analysis fits. The ��L quantities for isosin-

glet state I �0, deduced from the measured ��L ( )np values and known ��L ( )pp data, are also given.

The results of the measurements of unpolarized total cross sections �0tot ( )np at 1.3, 1.4 and 1.5 GeV

and �0tot ( )nC at 1.4 and 1.5 GeV are presented as well. These data were obtained using the same appa-

ratus and high intensity unpolarized deuteron beams extracted either from the Synchrophasotron, or

from the Nuclotron.

The investigation has been performed at the Veksler and Baldin Laboratory of High Energies, JINR.
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Øàðîâ Â. È. è äð. E1-2004-87

Èçìåðåíèÿ ðàçíîñòè ïîëíûõ ñå÷åíèé ��L ( )np

ïðè ýíåðãèÿõ 1,39; 1,69; 1,89 è 1,99 ÃýÂ

Ïðåäñòàâëåíû íîâûå òî÷íûå ðåçóëüòàòû èçìåðåíèé ñïèí-çàâèñèìîé ðàçíîñòè ïîëíûõ

íåéòðîí-ïðîòîííûõ ñå÷åíèé ��L ( )np ïðè êèíåòè÷åñêèõ ýíåðãèÿõ íåéòðîíîâ 1,39; 1,69; 1,89

è 1,99 ÃýÂ. Â îñíîâíîì, ýòè äàííûå çàâåðøàþò èçìåðåíèÿ ýíåðãåòè÷åñêîé çàâèñèìîñòè

��L ( )np â îáëàñòè ýíåðãèé äóáíåíñêîãî ñèíõðîôàçîòðîíà. Ïî÷òè ìîíîõðîìàòè÷åñêèé íåé-

òðîííûé ïó÷îê ïîëó÷àëñÿ ïðè ðàçâàëå âûâåäåííûõ èç ñèíõðîôàçîòðîíà âåêòîðíî-ïîëÿðèçî-

âàííûõ äåéòðîíîâ. Çíàê ïîëÿðèçàöèè äåéòðîíîâ (à ñëåäîâàòåëüíî, è íåéòðîíîâ) ìåíÿëñÿ

îò öèêëà ê öèêëó. Âåðòèêàëüíàÿ îðèåíòàöèÿ ïîëÿðèçàöèè íåéòðîíîâ ïîâîðà÷èâàëàñü ïî íàïðà-

âëåíèþ íåéòðîííîãî ïó÷êà, è ïðîäîëüíî-ïîëÿðèçîâàííûå íåéòðîíû ïðîïóñêàëèñü ÷åðåç áîëü-

øóþ ïðîäîëüíî-ïîëÿðèçîâàííóþ ïðîòîííóþ ìèøåíü. Íàïðàâëåíèå ïðîäîëüíîé ïîëÿðèçàöèè

ìèøåíè èíâåðòèðîâàëîñü ñïóñòÿ 1–2 ñóò èçìåðåíèé. Áûñòðûé ñïàä –��L ( )np ñ ðîñòîì ýíåðãèè

âûøå 1,1 ÃýÂ è ñòðóêòóðà â ýíåðãåòè÷åñêîé çàâèñèìîñòè âîêðóã 1,8 ÃýÂ, âïåðâûå íàáëþäåí-

íûå â áîëåå ðàííèõ èçìåðåíèÿõ, êàæóòñÿ ÿâíî âûðàæåííûìè. Íîâûå äàííûå ñðàâíèâàþòñÿ

ñ ìîäåëüíûìè ïðåäñêàçàíèÿìè è ñ ðåøåíèÿìè ôàçîâîãî àíàëèçà. Ïðèâîäÿòñÿ çíà÷åíèÿ ��L

äëÿ èçîñèíãëåòíîãî ñîñòîÿíèÿ I �0, ïîëó÷åííûå èç èçìåðåííûõ ��L ( )np -âåëè÷èí è èçâåñòíûõ

��L ( )pp -äàííûõ. Ïðåäñòàâëåíû òàêæå ðåçóëüòàòû èçìåðåíèé ïîëíûõ np- è nC-ñå÷åíèé ïðè íå-

ñêîëüêèõ ýíåðãèÿõ, ïîëó÷åííûå ñ èñïîëüçîâàíèåì òîé æå óñòàíîâêè íà âûñîêîèíòåíñèâíûõ ïó÷-

êàõ íåïîëÿðèçîâàííûõ äåéòðîíîâ, âûâîäèìûõ ëèáî èç ñèíõðîôàçîòðîíà, ëèáî èç íóêëîòðîíà.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè âûñîêèõ ýíåðãèé èì. Â. È. Âåêñëåðà è À. Ì. Áàëäèíà ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004



INTRODUCTION

The paper presents new results of the spin-dependent neutron-proton total
cross-section difference ∆σL(np), measured in 2001 with a quasi-monochromatic
polarized neutron beam and the polarized proton target (PPT). The ∆σL(np)
values were obtained at neutron beam kinetic energies of 1.39, 1.69, 1.89, and
1.99 GeV.

The free polarized neutron beam with a sufˇcient intensity was produced
by break-up of polarized deuterons accelerated by the Synchrophasotron of the
Veksler and Baldin Laboratory of High Energies (JINR, Dubna). This accelerator
provides the highest energy (3.7 GeV) polarized neutron beam that can be reached
at the present moment.

The spin-dependent NN-observables ∆σL and ∆σT are deˇned as a differ-
ence in the NN total cross sections for the antiparallel and parallel beam and
target polarizations, oriented longitudinally (L) and transverse (T) to the beam
direction. Transmission measurements of the ∆σL(np) and ∆σT(np) energy de-
pendences over the Synchrophasotron neutron beam energy range of 1.2Ä3.7 GeV,
have been proposed [1, 2] and started [3, 4, 5, 6] in Dubna. The measurements
were carried out within the program of the JINR project ®DELTAÄSIGMA ex-
periment¯. The aim of this experimental program is to obtain sufˇcient data set
on the np polarization observables over this new highest energy region of free
polarized neutron beams and to do a direct reconstruction of the imaginary and
real parts of the spin-dependent forward scattering np amplitudes for the ˇrst
time.

To carry out ∆σL(np) measurements, a large ArgonneÄSaclay polarized pro-
ton target (PPT) was reconstructed at Dubna [7Ä9] and a new polarized neutron
beam line [10, 11] with suitable parameters was made and tested. A set of
dedicated neutron detectors with corresponding electronics was used. The data
acquisition system was based on CAMAC parallel branch highway controlled by
IBM PC with the branch driver [12] ˇnished off by one of the authors. On-line
program in Pascal works under DOS. The successful data taking runs were car-
ried out in 1995 and 1997 and the ∆σL(np) values were measured at 1.19, 1.59,
1.79, 2.20, 2.49, and 3.66 GeV [2Ä6]. For the measurements in 1997, a new PPT
polarizing solenoid [13] was developed at VBLHE.

The nucleonÄnucleon (NN ) total cross-section differences ∆σL and ∆σT,
together with the spin-average total cross section σ0tot, were measured in pure
inclusive transmission experiments. They were linearly related with three non-
vanishing imaginary parts of the NN forward scattering amplitudes via optical
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theorems and allowed one to reconstruct directly these imaginary parts. The
data were also used to check the predictions of available dynamic models and
to provide an important contribution to databases of phase-shift analyses (PSA).
From the measured ∆σL(np) values it was possible to deduce the ∆σL nucleonÄ
nucleon isosinglet (I = 0) part, using the existing pp (isotriplet I = 1) results.

The total cross-section differences ∆σL,T for pp scattering were ˇrst mea-
sured at the ANLÄZGS and then at TRIUMF, in PSI, at LAMPF, SATURNE II
and in Fermilab. Results were obtained in the energy range from 0.2 to 12 GeV
and at 200 GeV. Measurements with incident charged particles need an experi-
mental set-up different from neutronÄproton experiments, due to the contribution
of electromagnetic interactions. Existing ∆σL,T(pp) results are discussed in [14]
and in references therein.

∆σL(pn) results from 0.51 to 5.1 GeV were deduced for the ˇrst time in 1981
from the ∆σL(pd) and ∆σL(pp) measurements at the ANLÄZGS [15]. These pn
results were omitted in many existing PSA databases due to uncertainties in the
Glauber-type rescattering corrections. They were discussed in [3, 4, 14].

Using free polarized neutrons at Saturne II, ∆σT(np) and ∆σL(np) results
were obtained at 11 and 10 values of energy in the range from 0.31 to 1.10 GeV,
respectively [16, 17, 18]. The Saclay results were soon followed by PSI mea-
surements [19] at seven energy bins from 0.180 to 0.537 GeV, using a continuous
neutron energy spectrum. The PSI and Saclay sets allowed one to deduce imag-
inary parts of np and I = 0 spin-dependent forward scattering amplitudes [14,
18]. Only ∆σL(np) was measured at ˇve energies between 0.484 and 0.788 GeV
at LAMPF [20]. A quasi-monoenergetic polarized neutron beam was produced
in pd ⇒ n + X scattering of longitudinally polarized protons.

At low energies, ∆σL(np) was measured at 66 MeV at the PSI injector [21],
and at 16.2 MeV in Prague [22]. ∆σT(np) was determined in TUNL at nine ener-
gies between 3.65 and 11.6 MeV [23], and at 16.2 MeV in Prague [24]. Recently
the TUNL measured ∆σL(np) at six energies between 4.98 and 19.7 MeV [25]
and ∆σT(np) at three other energies between 10.7 and 17.1 MeV [26].

At high energies the ∆σL(np) results using free polarized neutrons were
obtained at the JINR Synchrophasotron only. The Dubna results smoothly connect
with the existing data at lower energies. The −∆σL(np) energy dependence
shows a fast decrease to zero above 1.1 GeV and a structure around 1.8 GeV.
Values of the I = 0 part of ∆σL are also presented. The data are compared with
model predictions and the PSA ˇts.

Section 1 gives a brief determination of observables. Section 2 describes
the method of measurements. The essential details concerning the beam, the
polarimeters, the experimental set-up and PPT are given in Sec. 3. Data acquisi-
tion and analyses are described in Sec. 4. Results and discussion are presented
in Sec. 5.
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1. DETERMINATION OF OBSERVABLES

Throughout this paper we use the NN formalism and notations for elastic
nucleonÄnucleon scattering observables from [27].

The general expression of the total cross section for a polarized nucleon
beam transmitted through the PPT, with arbitrary directions of the beam and
target polarizations, PB and PT, respectively, was ˇrst deduced in Refs. [28,
29]. Taking into account fundamental conservation laws, it is written in the
form:

σtot = σ0tot + σ1tot(PB,PT) + σ2tot(PB,k)(PT,k), (1.1)

where k is a unit vector in the direction of the beam momentum. The term
σ0tot is the total cross section for unpolarized particles, σ1tot, σ2tot are the spinÄ
dependent contributions. They are related to the measurable observables ∆σT

and ∆σL by

−∆σT = 2σ1tot, (1.2)

−∆σL = 2(σ1tot + σ2tot), (1.3)

called ®total cross-section differences¯. The negative signs for ∆σT and ∆σL

in Eqs. (2.2) and (2.3) correspond to the usual, although unjustiˇed, conven-
tion in the literature. The total cross-section differences are measured with
either parallel or antiparallel beam and target polarization directions. Polariza-
tion vectors are transversally oriented with respect to k for ∆σT measurements
and longitudinally oriented for ∆σL experiments. Only ∆σL measurements are
treated below, but the formulae are similar for the both total cross-section dif-
ferences.

For P±
B and P±

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

σ(−→→) = σ(++) = σ0tot + |P+
BP+

T | (σ1tot + σ2tot), (1.4a)

σ(←−→) = σ(−+) = σ0tot − |P−
BP+

T | (σ1tot + σ2tot), (1.4b)

σ(−→←) = σ(+−) = σ0tot − |P+
BP−

T | (σ1tot + σ2tot), (1.4c)

σ(←−←) = σ(−−) = σ0tot + |P−
BP−

T | (σ1tot + σ2tot). (1.4d)

The signs in brackets correspond to the PB and PT directions with respect to k, in
this order. In principle, an arbitrary pair of one parallel and one antiparallel beam
and target polarization directions determines ∆σL. By using two independent
pairs, we remove an instrumental asymmetry term (IA).

Below the neutron beam and the proton target are considered. Since the PB

direction at the Synchrophasotron could be reversed every cycle of the accelerator,
it is preferable to calculate ∆σL from the pairs (−→→), (←−→), and (−→←), (←−←),
measured with the same PT orientation. It helps to avoid long-time efˇciency
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�uctuations of the neutron detectors. The spin-averaged term σ0tot drops out
when taking the difference, and one obtains

−∆σL(P+
T) = 2 (σ1tot + σ2tot)+ =

2 [σ(−→→) − σ(←−→)]
(|P+

B | + |P−
B |) |P+

T |
, (1.5a)

−∆σL(P−
T) = 2 (σ1tot + σ2tot)− =

2 [σ(←−←) − σ(−→←)]
(|P+

B | + |P−
B |) |P−

T |
. (1.5b)

Measured differences −∆σL, i.e. the asymmetry effect between the total cross
sections for parallel and antiparallel orientations of the beam and target polar-
ization, are proportional to the mean value of the beam polarization |P+

T | and
|P−

T |
|PB| =

1
2
(|P+

B | + |P−
B |). (1.6)

The |PB| value is well known as functions of time, because it continuously
monitored by a beam polarimeter.

Each of relations (1.5a) and (1.5b) contains a hidden contribution from the
instrumental asymmetry IA, caused mainly by a misalignment of the neutron
detector counters (see below). The value of IA is given as

IA =
1
2
[∆σL(P+

T) − ∆σL(P−
T)]. (1.7)

The IA disappears, giving the ˇnal results as a simple average

∆σL =
1
2
[∆σL(P+

T) + ∆σL(P−
T)]. (1.8)

σ0tot, ∆σT and ∆σL are linearly related to the imaginary parts of the three
independent forward scattering invariant amplitudes a+b, c and d [27] via optical
theorems:

σ0tot = (2π/K) �m [a(0) + b(0)], (1.9)

−∆σT = (4π/K) �m [c(0) + d(0)], (1.10)

−∆σL = (4π/K) �m [c(0) − d(0)], (1.11)

where K is the CM momentum of the incident nucleon. The amplitudes in
Eqs. (2.9) to (2.11) satisfy: a(0) − b(0) = c(0) + d(0). The optical theorems
always provide the absolute amplitudes, as discussed in [30, 31, 32].

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). (1.12)
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2. METHOD OF MEASUREMENT

In the transmission experiment we have measured the part of the incident
beam particles which remains in the beam after its passage through the target.
For the experiments with incident neutrons this measurement is always relative.
The neutron beam has a circular proˇle, formed by the preceding beam collima-
tors. Out of the collimator diameter the neutron �ux is considered to be zero. The
neutron beam intensity is monitored by neutron beam monitors, placed upstream
from the target. The target material consists of small beads inserted in a cylindri-
cal container of the circular proˇle. The container covers the beam spot and its
horizontal axis coincides with the beam axis. The transmission detectors, down-
stream 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 is 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

)
, (2.1)

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 depends on the efˇciency 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.

In the ∆σL(Ω) measurements with a completely ˇlled target, only the number
of polarizable hydrogen atoms nH is important, because the σtot depends on the
polarizations P±

B and P±
T as shown in Eqs. (1.4). If one sums over the events

taken with one ˇxed target polarizations P+
T or P−

T and using Eq. (1.5a) or (1.5b),
the double transmission ratios of the measurements with the averaged PB from
Eq. (2.6) for the two PT directions become

Nout(++)/Nin(++)
Nout(−+)/Nin(−+)

= exp (−∆σL(Ω) |PB P+
T | nH d), (2.2a)

Nout(−−)/Nin(−−)
Nout(+−)/Nin(+−)

= exp (−∆σL(Ω) |PB P−
T | nH d) . (2.2b)

We use here the notation of Eqs. (1.4).
Thus the neutron detector efˇciencies drop out. Further we put N =

Nout/Nin depending on PB and PT combination and Eqs. (2.3) provide

−∆σL(Ω, P+
T) =

1
|PB PT

+| nH d
× ln

(
N(++)
N(−+)

)
, (2.3a)

−∆σL(Ω, P−
T) =

1
|PB PT

−| nH d
× ln

(
N(−−)
N(+−)

)
. (2.3b)
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A systematical uncertainty of −∆σL value is mainly caused by the errors in
the |PB|, |PT| and nH. A statistical error of −∆σL is given by the formula

δstat =
1

|PB PT| nH d
×

√
1

M+
+

1
M− +

1
T +

+
1

T− , (2.4)

where M+, M− and T +, T− are the statictics for monitor and transmission
neutron detectors with the PB

+ and P−
B neutron beam polarizations, respectively.

If Ω → 0, we obtain ∆σL(Ω) → ∆σL.
For the np transmission measurement we may neglect the extrapolation of

∆σL(Ω) towards Ω = 0 due to the small sizes of detectors [3, 4, 6, 5]. The
SaclayÄGeneva (SG) PSA [31] at 1.1 GeV shows that for the angles covered by
our detectors the resulting −∆σL value decreases by 0.04 mb, if we neglect the
extrapolation procedure.

The ratio of nH to other target nuclei depends on the target material. The
presence of carbon in the PPT beads adds the term σtot(C) in Eqs. (1.4). This
term is spin-independent and its contribution drops out in differences (1.5). The
same occurs for 16O and 4He in the target and for the cryogenic envelopes.

However, there are small effects from 13C and 3He, which may be slightly
polarized. The global contribution was estimated to be ± 0.3 % in Refs. [3, 4].

3. EXPERIMENTAL SET-UP

The ∆σL(np) experimental set-up was in detail described in our previous
publications [3Ä6]. Here we mention brie�y essential items, which are important
for the data analysis and results, as well as the items concerning modiˇcations
and improvements of the apparatus and of the experimental conditions.

Figure 1 shows the both polarized deuteron and polarized free neutron beam
lines [11], the two polarimeters [33, 34], the beryllium target (BT) for neutron
production, the collimators C1ÄC4, the spin rotation magnet (SRM), PPT [8, 9],
the monitors M1, M2 of neutron beam intensity, transmission detectors T1, T2,
T3 and the detectors NP for neutron beam proˇle monitoring. The associated
electronics was described in [3, 4]. The data acquisition system is based on
CAMAC parallel branch highway controlled by IBM PC with the branch driver
[12] ˇnished off by one of the authors. The on-line program in Pascal works
under DOS.

Accelerated deuterons were extracted at the beam momenta pd of 4.29,
4.93, 5.36 and 5.57 GeV/c, which were known with a sufˇcient accuracy of
≈ ±1%. The average intensity of the primary polarized deuteron beam was
≈ 2 · 109 d/cycle. It was continuously monitored by means of two calibrated ion-
ization chambers placed in the two focal points upstream the neutron production
target BT.
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The beam of free quasi-monochromatic neutrons, polarized 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% [35]. This corresponds to the neutron
beam energies Tkin(n) of 1.40, 1.70, 1.90 and 2.00 GeV, respectively. BT con-
tains 20 cm Be with the cross section of 8 × 8 cm2. Energy losses of deuterons
during their passage through air, foils in vacuum tubes of the beam transport line
and the BT matter provided the decrease of the deuteron beam energy by 20 MeV
in the BT center and the mean neutron energy decreases by 10 MeV [3, 5]. For
the ∆σL results the energies and laboratory momenta in the BT center are quoted,
for the beam polarization measurements the extracted beam energies have been
used.

After the deuteron break-up, the resulting neutrons and protons have the same
values and directions of the polarizations, PB(n) and PB(p), respectively, as the
vector polarization PB(d) of the incident deuteron beam [36, 37].

In our previous experiments [3, 4, 5, 6] the deuteron beam polarization
was determined by two independent asymmetry measurements, either for the
dp elastic, or for the pp quasielastic reactions. In the ˇrst case, the four-
arm beam line polarimeter [33] was used and deuterons, scattered on the liq-
uid hydrogen target, were analyzed by the magnetic ˇeld. This polarimeter
worked in the primary deuteron beam line. It accurately determined the elas-
tic dp scattering asymmetry at Tkin(d) = 1.60 GeV, where the analyzing power
of this reaction is well known [38]. In principle, the PB(d) needs to be de-
termined at one energy value only, since no deuteron depolarizing resonance at
the Synchrophasotron exists [33]. 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. For this reason the dp polarimeter was
not used in the 2001 run. In Refs. [5, 6] we obtained an average for positive
and negative signs of the vector polarization |PB(d)| = 0.524 ± 0.010(stat.)±
±0.010(syst.).

Another four-arm beam polarimeter [34] with small acceptance 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 asym-
metry on hydrogen and carbon at Tkin(p) = Tkin(d)/2 and the pC asymme-
try was subtracted. The polarimeter was calibrated and improved [39, 40].
Average value |PB(p)| ≈ |PB(d)| = 1/2(|P+

B | + |P−
B |) of deuteron beam po-

larization was continiously measured by this device during the 2001 data tak-
ing run. These |PB(d)| values were taken into account for the data treat-
ment. The weighted average |PB(d)| over the 2001 run is |PB(d)| = 0.528 ±
0.004(stat.) ± 0.008(syst.), and agrees with the previous dp polarimeter results
very well.
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The dimensions and positions of the iron and brass collimators C1ÄC4 (Fig. 1)
were as described in [3, 4]. The accurate measurements of the collimated neu-
tron beam proˇles were performed in a dedicated run, using nuclear emulsions.
During the data acquisition, the position and X−Y proˇles were monitored by
the neutron beam proˇle monitor NP. It was equipped by multiwire propor-
tional chambers and placed close downstream from the last transmission de-
tector.

In order to change the vertical orientation of the neutron beam polarization
to the longitudinal direction, a spin-rotating magnet (SRM) was used. The SRM
magnetic ˇeld map was accurately measured and the value of magnetic ˇeld
was continuously monitored by a Hall probe. The uncertainty of the magnetic
ˇeld 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
[8, 9, 13] was used. The target material was 1-penthanol (C5H12O + 5% H2O)
with a paramagnetic CrV impurity (EHBA) having the spin concentration of
7 · 1019 cm−3. The penthanol beads were loaded in a thin-wall te�on container
200 mm long and 30 mm in diameter, placed inside the dilution refrigerator.
The weight of the penthanol beads was (80.1 ± 0.05) g and the total number
of polarizable hydrogen atoms on the beam neutron path is nH × d = (9.14 ±
0.10) 1023 cm−2.

The PPT polarization PT was measured using a computer-controlled NMR
system. These measurements were carried out during the run at the beginning
and at the end of data taking for each sign of the PPT polarization. The negative
and positive target proton polarizations were near the values of Ä0.75 and 0.60,
respectively. The relaxation times were more than 5000 for PT

− and 7000 hours
for PT

+. The relative uncertainty of the measured PT values has been estimated
at ±5%. This uncertainty includes the errors of polarization uniformity measure-
ments using the NMR data from three coils placed inside the PPT container along
all the target. The current values of the PT were taken into account during the
accumulated data processing.

The conˇguration of the two neutron intensity monitors M1 and M2 and
of the three transmission detectors T1, T2 and T3 is shown in Fig. 2. Each
of the detectors is to be independent of any other. All the units were of the
similar design [16] and the electronics systems were identical, as described in
[3, 4]. Each unit consisted of a CH2 converter, 60 mm thick, placed behind a
large veto scintillation counter A. The emitted forward charged particles, gen-
erated by neutron interactions in the convertor matter, were detected by two
counters S1 and S2 in coincidence. The converters and S1, S2 counters for
monitors M1 and M2 were 30 mm in diameter and the corresponding elements
for the transmission detectors T1, T2 and T3 were 90, 92 and 94 mm, respec-
tively.
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The NP array, also shown in Fig. 2, was similar to the neutron detectors. The
two multiwire proportional chambers behind the converter were protected by its
own veto A and triggered by the dedicated S1, S2 and S3 counters in coincidence.
The used counter array provides very good stability of the detection efˇciency.
The efˇciencies of ≈ 2% for all detectors are practically constant with energy.

The result of ∆σL is independent of the neutron beam intensity, if the prob-
ability of quasi-simultaneous detection of two neutrons in one detector unit may
be neglected. The small detection efˇciencies decrease the probability for a
converted neutron to be accompanied by another quasi-simultaneous converted
neutron in the same detector. ®Simultaneous¯ detection is to be understood
within the resolution time of a scintillation counter. The probability was es-
timated from the results obtained with different neutron beam intensities and
radiator thicknesses [16, 17]. For the same neutron �uxes, the probability in-
creases quadratically with increasing detector efˇciency. At high efˇciencies
(namely for pp transmission experiments) it represents the dominant source of
systematic errors. This effect of the ®simultaneous¯ detection of two neutrons
in one detector unit, was estimated to be smaller than 2 · 10−6 in the present
experiment.

The misalignment of the detector components or of the entire detectors pro-
vide instrumental asymmetry IA. To reach a perfect alignment is beyond the
experimental possibility. In the case of misalignment, the asymmetries in each
neutron detector depend on the transverse beam polarization components only.
For T detectors the misalignment effects are practically independent of the tar-
get polarizations [41, 16]. The instrumental asymmetry IA in Eq. (1.7) may
be of the same order or larger than the transmission effects and provides the
same contributions to each pair of measurements in Eqs. (1.5a) or (1.5b). It
is obvious that this effect will be considerably stronger for the ∆σT measure-
ment, than for the ∆σL one, where only residual perpendicular PB compo-
nents exist. These undesirable components depend on the accuracy of the SRM
current setting. As already mentioned, IA cancels out when taking the sim-
ple average of results in Eq. (2.8). The results strongly depend on the detec-
tor stabilities and their ˇxed positions over the data acquisition with both PT

signs.
However, there exist small random-like instrumental effects (RLE), provided,

e.g. by temperature, magnetic ˇeld �uctuations, beam position variations, etc.
They affect the stability of set-up elements in an uncontrolled manner. For the
ˇnal ∆σL results, uncertainties caused by these effects were taken into account
using a special procedure of data treatment (see Sec. 4).

A possible inefˇciency of the protection against charged particles by all
veto counters may exist. Charged particles in the neutron beam are produced
mainly in beam collimators, in CH2 radiators of all M and T detectors, and in
the target. Only a small fraction of the forward protons is polarized. They are
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produced in the polarized target by elastic scattering of polarized neutrons on
free polarized protons close to θCM = 180◦. For the longitudinally polarized
beam and target one obtains a contribution from the spin correlation parame-
ter A00kk(np) [27], which is included in the counting rate asymmetry for the
observable ∆σL. This additional asymmetry was calculated in [3, 4] and may
provide a ±0.1% systematic error. Let us note that A00kk(180◦, np) is one
of the observables which determine the real parts of the forward scattering am-
plitudes for the isospin I = 0 state. Its measurement is foreseen in our future
experiment.

For the measured ∆σL values, the relative normalization and systematic errors
from different sources are summarized as follows:

Beam polarization over the run ± 0.9%
Target polarization ± 5.0%
Number of the polarizable hydrogen atoms ± 1.1%
Polarization of other atoms ± 0.3%
Magnetic ˇeld integral of the neutron spin rotator ± 0.2%
Inefˇciencies of veto counters ± 0.1%

Total of the relative systematic errors ± 5.3%
Absolute error due to the extrapolation of results
towards 0◦ < 0.04 mb

Dedicated tests of the experimental set-up were performed during additional
runs with high intensity unpolarized deuteron beams. The unpolarized neutron
beam energies were 1.3, 1.4 and 1.5 GeV. We used the same transmission set-up
as described above, where PPT was removed and either the liquid hydrogen or
carbon targets were inserted in the neutron beam line. Transmission ratios were
completed by the corresponding empty target data.

These measurements allowed one to extract the total cross sections σ0tot(np)
and σ0tot(nC). For nC experiment at Tkin(n) = 1.5 GeV, the transmission was
measured using several carbon targets having different thickness. The obtained
results for the three total cross sections are summarized in Table 1.

Table 1. Unpolarized total cross sections for np and nC interactions

Tkin(n), σ0tot(np), σ0tot(nC),
GeV mb mb

1.30 ± 0.013 41.35 ± 0.66 −
1.40 ± 0.014 39.18 ± 0.48 381.5 ± 2.6
1.50 ± 0.015 41.63 ± 0.83 379.6 ± 1.0

12



Our results are shown in Figs. 3 and 4, where they are compared with exist-
ing data, listed in compilations [42, 43, 44] for np and in [45] for nC interac-
tions.
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Fig. 3. Energy dependence of the
σ0tot(np). The meaning of the sym-
bols: � Å world data from [42, 43, 44],
� Å this experiment, ÅÅ Å GW/VPI-
PSA [47] (SP03 solution)
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Fig. 4. Energy dependence of the σ0tot(nC).
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data from [45], � Å this experiment,
ÅÅ Å [45]

4. DATA ANALYSIS

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

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

• rates of coincidences and accidental coincidences for the two neutron de-
tectors M1 and M2 used as the intensity 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 polarimeter.
At the beginning of the run, statistics at Tkin = 1.4 GeV with P+

T and P−
T

were recorded. Then the data were taken at 1.7, 2.0 GeV and 1.9 GeV with P−
T .

Finally, with P+
T the data were acquired at 1.9, 2.0 and 1.7 GeV.

The recorded data were then analyzed in three steps. In the ˇrst step, the
data were cleaned of a low-quality information. At ˇrst, the ®bad¯ data ˇles
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were removed. Then the data ˇles were cleaned of the ®bad¯ cycles with an
absence or incorrect sequence of labels of PB signs. The number of such ®bad¯
cycles for the cumulated statistics is a few tenths of percent. The data were
also cleaned of the cycles with an absence (®empty¯ cycle) or a low level beam
intensity and/or with a possible �uctuation of the neutron detector performances.
The main part of the rejected cycles (∼ 5%) was caused by the low intensity
of neutron beam. Remaining event statistics over the run at a given energy
and for each combination of the PB and PT directions were used to determine
∆σL and IA. The transmission ratios from Eqs. (2.3) averaged over the beam
and target polarizations are proportional to σ0tot(PPT) for all targets elements.
The transmission ratios were listed in [5, 6] at three energies and are not shown
here, since the conclusions are identical. With decreasing energy σ0tot(PPT)
slightly decreases. A monotonous decrease of the σ0tot(PPT) as a function of
the neutron transmission detector distance from the target is also observed, as
expected.

The second and third steps of data analysis used the previously selected
events. The stabilities of the SRM magnetic ˇeld and of the neutron detectors
were checked, the parameters of statistical distributions of the ∆σL results for
all pairs of the neighbour cycles with P+

B and P−
B for a sequence of data cycles

accumulated over a single run were determined and the ˇnal results were obtained.
The 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
signiˇcant time dependence of checked values and no sizeable deviations from
normal distributions were observed.

The ∆σL values over a given run were calculated by two different methods.
By the ˇrst method, the ∆σL values were obtained using Eqs. (2.4a), (2.4b) and
(2.5) for entire statistics of each neutron detector (M1, M2, T1, T2, T3), accu-
mulated over the run. For the second method, ˇrst the partial ∆σL values end
their statistical errors were calculated from the individual neutron detector statis-
tics for each ®pair¯ of the following cycles with the opposite beam polarizations
P+

B and PB
−. The relations (2.4a), (2.4b), (2.5) and the known time-dependent

sequence of recorded cycles were used again. Then, obtained partial ∆σL values
and their statistical errors for all ®pairs¯ were added using an average weighing.
The second method takes into account both the statistical uncertainties and the
®random-like¯ instrumental effects Å RLE.

The ˇnal results of the data treatment are presented in Table 2. The
−∆σL(np) values at four energies, measured with the individual transmission
detectors T1, T2, T3 for both sign of PT, their half-sums from Eq. (1.8) and
half-differences, i.e. the hidden contributions of IA [16] from Eq. (1.7), are
listed. The results were obtained using the combined statistics from the two mon-
itors M1 and M2. The T123 value at any energy represents the wieghted average
of the three transmission detectors contributions.
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Table 2. Measured −∆σL(np) values at different neutron beam energies Tkin(n) =
Tn GeV for the two opposite target polarizations, for the individual transmission detec-
tors (TD) and for the cumulated statistics

Tn TD −∆σL(P+
T), −∆σL(P−

T), IA, Average R
mb mb mb −∆σL, mb

1.39 T1 +12.14 ± 3.09 +3.33 ± 2.48 +4.41 +7.73 ± 1.98 1.195
T2 +10.83 ± 3.17 +2.92 ± 2.56 +3.95 +6.87 ± 2.04 1.204
T3 +7.73 ± 3.28 +1.23 ± 2.65 +3.25 +4.48 ± 2.11 1.211

T123 +10.32 ± 1.83 +2.54 ± 1.48 +3.69 +6.43 ± 1.18 1.036

1.69 T1 +2.53 ± 2.04 +0.68 ± 1.58 +0.92 +1.60 ± 1.29 1.190
T2 +4.51 ± 2.09 −1.65 ± 1.62 +3.08 +1.43 ± 1.32 1.197
T3 +6.08 ± 2.17 +0.86 ± 1.68 +2.61 +3.47 ± 1.37 1.203

T123 +4.30 ± 1.21 −0.41 ± 0.94 +2.17 +2.13 ± 0.77 1.037

1.89 T1 +3.47 ± 2.34 +3.08 ± 2.46 +0.20 +3.27 ± 1.70 1.272
T2 −0.84 ± 2.41 +2.40 ± 2.54 −1.62 +0.78 ± 1.75 1.284
T3 +1.17 ± 2.49 +4.74 ± 2.63 −1.78 +2.96 ± 1.81 1.295

T123 +1.31 ± 1.39 +3.37 ± 1.47 −1.03 +2.34 ± 1.01 1.043

1.99 T1 +0.76 ± 2.03 +2.87 ± 1.85 −1.06 +1.82 ± 1.37 1.222
T2 −1.47 ± 2.09 +3.82 ± 1.90 −2.64 +1.17 ± 1.41 1.230
T3 +0.71 ± 2.16 +2.35 ± 1.97 −0.82 +1.53 ± 1.46 1.239

T123 +0.0003 ± 1.21 +3.03 ± 1.10 −1.51 +1.51 ± 0.82 1.030

The data presented in the table were calculated using the procedure of average weigh-

ing of the results for each pair of the neighbour cycles from the sequence of all accumulated
data cycles with P+

B and P−
B beam polarizations. Therefore the errors quoted take into

account both the statistical uncertainties and the ®random-like¯ instrumental effects. Since
both the IA and the average −∆σL(np) values have the same errors, they are indicated

for the −∆σL(np) values only.

The Ä∆σL values and their experimental errors presented in Table 2 have
been calculated by the second (®pair¯) method. In order to estimate the RLE
contribution to the experimental error we calculated the ratio

R = δ®pair¯/δstat � 1, (4.1)

where the δ®pair¯ is the error obtained by the second method and δstat is the error
obtained by the ˇrst one.

The value of R = 1 occurs if no RLE exists and it increases with increasing
RLE. In our experiment the errors of the ˇnal results obtained by the ®pair¯
method exceed the statistical errors obtained from Eq. (2.5) by ∼ 4% (see last
column in Table 2).
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As can be seen from Table 2, the IA values at 1.39 and 1.69 GeV are positive,
whereas at 1.89 and 1.99 GeV they are mostly negative. Since the elements of
the neutron detectors were not moved during the run, we assume that the residual
perpendicular components in PB were opposite.

5. RESULTS AND DISCUSSION

The ˇnal −∆σL(np) values are presented in Table 3 and shown in Fig. 5.
Statistical and systematic errors are taken into account. Total errors are the
quadratic sums of experimental and systematic uncertainties.

Table 3. Final −∆σL(np) results. Total errors are quadratic sums of the experimental
and systematic errors. Laboratory kinetic energies and momenta of the neutron beam
in the production target center are given

Tkin(n), plab(n), −∆σL(np), Exp. error, Syst. error, Total error,
GeV GeV/c mb mb mb mb

1.39 2.13 +6.43 ±1.18 ±0.34 ±1.23
1.69 2.46 +2.13 ±0.77 ±0.11 ±0.78
1.89 2.67 +2.34 ±1.01 ±0.12 ±1.02
1.99 2.77 +1.51 ±0.82 ±0.08 ±0.82

Fig. 5. Energy dependence of the
−∆σL(np). The meaning of the sym-
bols: � Å this experiment, � Å JINR
[3, 4], � Å JINR [5, 6], � Å PSI [19],
� Å LAMPF [20], � Å Saturne II [16,
17], ÅÅ Å ED GW/VPI PSA [46, 47]
(1 Å FA95 solution, 2 Å SP99 solution
and 3 Å SP03 solution), · · · Å meson-
exchange model [51], - - - - Å contribu-
tion from nonperturbative QCD interaction
induced by instantons [3, 4, 6]

The results from Refs. [3Ä6] together with the existing −∆σL(np) data [16,
17, 19, 20], obtained with free polarized neutrons below 1.1 GeV, are also plotted
in Fig. 5. In [5] we added the TUNL point at 19.7 MeV [25] and the PSI point
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at 66 MeV [21], in order to show the −∆σL(np) energy dependence and existing
structure at low energies. This structure (not shown here) was described by the
energy dependent (ED) GW/VPI PSA (solution SP99) [46] and is described again
in the recent solution SP03 [47]. In the present paper we discuss mainly the
energy dependence over the high energy region.

The new results agree with our previous data, conˇrming a fast decrease
above 1.1 GeV, and suggest a minimum or a shoulder in the vicinity of 1.8 GeV.
The quasielastic pn data from Ref. [15] (not shown here) are in good agreement
with the Dubna results. The solid curves represent the evolution of the PSA
ˇts of −∆σL(np) Å FA95, SP99 and SP03 GW/VPI PSA solutions [46, 47]
below 1.3 GeV. Above 0.6 GeV the ˇts are only in qualitative agreement with the
measured values.

From Eq. (1.12) can be deduced −∆σL(I = 0), using the obtained −∆σL(np)
results and the corresponding pp values at the same energies. In order to determine
−∆σL(pp), we have used different sources:

• Calculations using the energy dependent (ED) GW/VPI PSA [47] (solution
SP03).

• Linear interpolation of the ˇxed energy (FE) GW/VPI PSA [47] results,
using the solutions at 1.275, 1.50, 1.70, 1.80, 1.95, and 2.025 GeV.

• Linear interpolation of the FE SaclayÄGeneva (SG) PSA results [31], using
the solutions at 1.3, 1.6, 1.8, 2.1 GeV.

• Interpolation of the pp experimental data measured at ANLÄZGS [48, 49]
and Saturne II [50] in the vicinity of energy values for the obtained −∆σL(np)
data.

The four calculated pp data sets are listed in the upper part of Table 4. Let us
note that from ED GW/VPI PSA no errors could be calculated and in FE GW/VPI
PSA they are obviously overestimated. SG PSA calculate errors using the error
matrix, which are compatible with those obtained by the direct interpolation of
neighbourhood measured values.

The results of −∆σL(I = 0), using the four sets of pp values are given in the
bottom part of Table 4. We have added the SG PSA errors to the ED GW/VPI
pp predictions. The results at each energy agree within the errors. Since, in
general, the pp data are accurate, the −∆σL(I = 0) values have roughly two
times larger errors than the np results. For this reason, an improved accuracy of
np measurements is important.

New −∆σL(I = 0) results, calculated with ED GW/VPI pp values are plot-
ted in Fig. 6, together with other existing data in a large energy interval. The
solid curves were calculated from np and pp ED GW/VPI PSA ( [46, 47] so-
lutions FA95, SP99, SP03) predictions below 1.3 GeV. The PSA ˇts described
inaccurately the data starting 0.5 GeV. In addition, for comparison, the energy de-
pendence of isovector part −∆σL(I = 1), calculated from ED GW/VPI (solution
SP03) is shown by dotted line.
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Table 4. The upper part: −∆σL(pp) values deduced from the four sources. The lower
part: Four sets of −∆σL(I = 0) results, calculated from the present np data and
corresponding pp values

Tkin, −∆σL(pp), −∆σL(pp), −∆σL(pp), −∆σL(pp),
GeV mb mb mb mb

ED GW/VPI FE GW/VPI FE SG data interpol.

1.39 +7.83 +7.73 ± 2.13 +7.82 ± 0.30 +6.45 ± 0.53
1.69 +4.17 +4.14 ± 1.71 +4.35 ± 0.30 +3.78 ± 0.30
1.89 +2.60 +1.87 ± 2.27 +3.09 ± 0.30 +2.77 ± 0.18
1.99 +2.07 +0.44 ± 2.21 +2.82 ± 0.20 +2.20 ± 0.18

Tkin, −∆σL(I = 0), −∆σL(I = 0), −∆σL(I = 0), −∆σL(I = 0),
GeV mb mb mb mb

1.39 +5.03 ± 2.38 +5.13 ± 3.18 +5.04 ± 2.38 +6.43 ± 2.41
1.69 +0.09 ± 1.58 +0.12 ± 2.29 −0.09 ± 1.58 +0.18 ± 1.58
1.89 +2.09 ± 2.05 +2.82 ± 3.04 +1.60 ± 2.05 +1.92 ± 2.03
1.99 +0.95 ± 1.64 +2.59 ± 2.75 +0.21 ± 1.64 +0.82 ± 1.64
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Fig. 6. Energy dependence of the
−∆σL(I = 0) calculated from measured
np data and the corresponding pp values
from [47] (solution SP03). The np data at
the same energies as in Fig. 5 are used and
the I = 0 results are denoted by the same
symbols. The solid curves are the I = 0
dependences calculated from the common
np and pp GW/VPI-PSA [46, 47] (1 Å
FA95 solution, 2 Å SP99 solution and
3 Å SP03 solution). For comparison, the
−∆σL(I = 1) dependence from GW/VPI-
PSA [47] (solution SP03) is shown by the
dotted curve

The new results agree again with our previous data and conˇrm a plateau
around 1.4 GeV followed by a fast decrease and suggest a minimum in the
vicinity of 1.8 GeV. The −∆σL(I = 0) values deduced from the quasielastic
pn data [15] above 1 GeV (not shown) are in good agreement with the present
results.

Some dynamic models predicted the −∆σL,T energy behaviour for np and
pp interactions. Below 2.0 GeV, a usual meson exchange theory of NN scat-
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tering [51] gives the −∆σL(np) energy dependence as shown by the dotted
curve in Fig. 5. It can be seen that this model provides only a qualitative
description at low energies and disagrees considerably with the data above
1 GeV.

The articles [3, 4, 6] discussed the model of a nonperturbative �avour-
dependent interaction between quarks, induced by a strong �uctuation of vacuum
gluon ˇelds, i.e. instantons. Estimation of such nonperturbative QCD contribution
to the −∆σL(np) energy behaviour is shown in Fig.5 by dashed line. One can
see that this prediction disagrees with the experimental data.

The investigated energy region corresponds to a possible generation of heavy
dibaryons with masses M > 2.4 GeV (see [52]). For example, model [53,
54] predicts the formation of a heavy dibaryon state with a color octetÄoctet
structure.

The possible manifestation of exotic dibaryons in the energy dependence of
different pp and np observables was predicted by another model [55, 56, 57,
58, 59]. The authors used the Cloudy Bag Model and an R-matrix connection
to the long-range meson-exchange force region with the short-range region of
asymptotically free quarks. This hybrid model gives the lowest lying exotic
six-quark conˇgurations in the isosinglet and the spin-triplet state 3S1 with the
mass M = 2.63 GeV (Tkin(n) = 1.81 GeV). This is close to the energy where a
minimum is suggested by the energy dependence of our results.

For the I = 0 state, the 3S1 partial wave is expected to be predominant.
Since −∆σT for arbitrary isospin state contains no uncoupled spin-triplet state,
a possible dibaryon resonance effect in 3S1 may be less diluted. The measure-
ment of −∆σT observable for np interaction and deducing from these data the
−∆σT(I = 0) values may provide a signiˇcant more sensitive check of possible
manifestation of the predicted dybaryon. Moreover, in the difference of both
quantities the spin-singlet contributions vanish. For this reason, the more detailed
and accurate measurements of energy dependences of −∆σL(np) and −∆σT(np)
in vinicity of Tn = 1.8 GeV are important.

The I = 0 spin-dependent total cross sections represent a considerable ad-
vantage to study possible resonances. This is in contrast with the I = 1 system
where the lowest lying exotic six-quark conˇguration corresponds to the spin-
singlet state 1S0 [59]. This state is not dominant and it is hard to separate it in
the forward direction.

The three optical theorems determine the imaginary parts of the nonvanishing
forward amplitudes, as shown in Eqs. (2.9) to (2.11). Extrema in I = 0 amplitudes
or in their combinations dominated by the spin-triplet states will be a necessary
condition for the predicted resonance. The sufˇcient 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 [32].
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CONCLUSIONS

New −∆σL(np) results, obtained in the transmission experiment, complete in
the main the measurement of energy dependence at the Dubna Synchrophasotron
region. Measured −∆σL(np) values are in accordance with the existing data at
lower energies. The −∆σL(np) energy dependence shows a fast decrease to zero
above 1.1 GeV and a possible structure around 1.8 GeV. Values of the I = 0 part
of ∆σL are also presented. The data are compared with model predictions and
with the PSA ˇts.

The −∆σL(I = 0) quantities, deduced from the measured ∆σL(np) values
and the existing −∆σL(pp) data, are also presented. They indicate a plateau or
a weak maximum around 1.4 GeV, followed by a rapid decrease with energy and
by a minimum around 1.8 GeV.

The obtained results are compared with the dynamic model predictions and
with the recent ED GW/VPI-PSA ˇt. The necessity of more detailed and accurate
−∆σL(np) measurements around 1.8 GeV and new −∆σT(np) data in the kinetic
energy region above 1.1 GeV is emphasized.
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