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Abstract—Isomeric ratios were measured for N = 81 isotones (13°Xe, *"Ba, 139Ce, '#!Nd, *3Sm). In
the experiment reported here, J™ = 11/2~ isomers were excited in (n, ) and (-, n) reactions and in the
BT decay of °Pr and "'Pm. In order to determine the reaction yields, use was made of the activation
method involving measurement of the gamma-ray spectra of reaction products. It is found that, in the same
reactions, isomeric ratios are different for isotones characterized by different atomic numbers Z. Isomeric
ratios were calculated with the spectra of low-lying levels and radiative-transition probabilities established
on the basis of the quasiparticle—phonon model. Good agreement between the experimental and calculated
values of isomeric ratios is obtained for all isotopes invesigated here. The dependence of isomeric ratios on
the atomic number Z of a nucleus is explained by the difference of reaction energies, which leads to different
probabilities of excitation of activation levels through which the isomers being considered are populated.
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INTRODUCTION

Investigation of nuclear reactions leading to the
production of isomeric states is an efficient method
for obtaining data on the features of nuclei at low
excitation energies. The system of levels through
which an isomeric state is populated is one of such
features. As a rule, such levels have not yet received
adequate study, since they are weakly manifested in
the majority of nuclear reactions.

Measurement of isomeric ratios—i.e., ratios of the
cross sections for reactions (yields from reactions)
leading to the production of a nucleus in an iso-
meric and in the ground state—that is followed by
a comparison of the results of such a measurement
with the results of a relevant calculation is the most
popular method for studying reactions that involve
isomer production. In such calculations, use is made
of specific ideas of the properties of nuclear levels, and
the degree of agreement between the experimental
and calculated values of isomeric ratios is a measure
of correctness of these ideas. Usually, the calcula-
tions in question rely on the statistical model of the
nucleus[1—3] and comply well with experimental data
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(see, for example, [4—6]) for a number of reactions.
[t is important that this agreement can be achieved
with the level-density parameter a and the spin-cutoff
parameter o (which specify, respectively, the energy
and the angular-momentum dependence of the level
density) set to values adopted in the model or deduced
from independent experimental data.

[t is well known that the statistical model faithfully
reproduces the spectrum of nuclear levels that occur
above the neutron binding energy. At the same
time, isomeric ratios are substantially, and even
sometimes crucially, affected by lower levels through
which gamma-ray cascades populate an isomeric
state. However, data on the properties of such levels
(specifically, on their spectrum, nucleonic configura-
tions, and wave function) are by far insufficient, so
that a correct calculation of this stage of the isomer-
production process is often impossible. Obviously,
this is one of the reasons behind a noticeable dis-
crepancy between experimental and calculated data.
Such a discrepancy is exemplified by the isomeric
ratio in the reaction 180Ta(y, ~/), where the spin
difference between the ground-state and the isomeric
level is as large as AJ = 8 and where the measured
isomeric ratio is 0.3 [7] (according to statistical-
model calculations, it should not exceed 0.001).

[t seems natural to calculate isomeric ratios on the
basis of a model that would describe well the proper-
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Table 1. Spectroscopic features of nuclei under study

BELOV ef al.

Nucleus Ground state [someric state

Ty /5 E,, keV L, % e’ Ty /o E,, keV L, % e’
135X e 9.1h 249.8 93 0.076 15.3 min 526.6 81 0.24
137Ba Stable 2.55 min 661.6 90 0.11
139Ce 138 d 165.8 80 0.25 56.8 ¢ 754.2 93 0.08
H4INd 2.5h 1127 0.75 0.002 62.0d 756.7 92 0.09
1438 m 8.8 min 1056 2.0 0.003 66.0 d 754.0 90 0.11

ties of levels in the excitation-energy range between
the isomeric state and the neutron binding energy.
For one, this is the quasiparticle—phonon model that
was developed by V.G. Soloviev and his colleagues
[8—12] and which was successfully used to describe
the spectroscopic properties of a wide range of nuclei
and nuclear reactions, including those that lead to the
excitation of isomeric states [13, 14].

The objective of the present study is to measure
isomeric ratios in nuclei having similar properties but
in strongly different reactions and to calculate iso-
meric ratios on the basis of the quasiparticle—phonon
model. Our investigation was performed for nuclei
that have one hole in the filled neutron shell N =
82 (135Xe, 137Ba, 139Ce, 1INd, 3Sm) and which
are produced in the relevant reactions of radiative
thermal-neutron capture, (n, v); photonuclear reac-
tions involving the emission of one neutron, (v, n), in
the giant-dipole-resonance region; and in 3 decay.

Available experimental data on the isomeric ratios
for these nuclei show sizable scatter in the (v, n)
reactions, although these reactions have similar prop-
erties. Specifically, the isomeric ratios are much less
for 'Nd and especially for *3Sm than for 13"Ba and
139Ce[15, 16]. These distinctions are at odds with the
results of the calculations according to the statistical
model with the values adopted there for the parame-
ters a and o. In order to achieve agreement, one has
to use strongly different values of these parameters for
each group of nuclei, but this cannot be reasonably
explained.

A totally different type of variation in isomeric
ratios is observed for the (n, ) reactions as one
goes over from one nucleus to another: the lightest
nucleus 3% Xe has the smallest isomeric ratio, and the
isomeric ratio grows with increasing atomic number
Z[17].

In order to study more comprehensively the be-
havior of isomeric ratios in the aforementioned region
of nuclei, the accuracy of previous measurements
was considerably improved: the uncertainties were
reduced to 10% for all absolute values of the isomeric
ratios and to 5% the for relative ones. This was
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achieved by using samples enriched in the isotope
under study, by more thoroughly calibrating the ef-
ficiency of the gamma-radiation detector, and by per-
forming all measurements under identical conditions
with a reduced background level.

In addition to measuring isomeric ratios in (n, )
and (v, n) reactions, we have also determined the
probabilities of isomeric-state excitation in 37 decay.
In the heavy nuclei 139Ce, *'Nd, and 3Sm, there
are no direct beta transitions to isomeric states. At
the same time, a high beta-decay energy leads to the
population of a wide set of nuclei that is comparable
with its analog in the (7, n) reactions. It is the
cascade of gamma transitions from these levels that
leads to the population of the isomeric state.

SPECTROSCOPIC FEATURES
OF THE NUCLEI UNDER INVESTIGATION

The nuclei under investigation have a compara-
tively simple and nearly identical spectrum of low-
lying excitations. All single-particle states following
from the shell model (2d3/2, 381/2, 2h11/2, 2d5/2,
1g7/2) [8, 18] lie in the energy region extending up
to 1.4 MeV. The spin—parity of these nuclei in the
ground state is 3/2%, while the spin—parity in the
first excited state is 1/2%. As to J™ =5/2% and
7/2% single-particle states, they lie much higher (in
the energy range 1.1—1.3 MeV). Radiative transitions
from all these levels (of the M1 or the E2 type) lead
only to the ground state—they do not populate the
isomeric level. It is populated from higher states of
spin—parity J™ = 7/27,9/27, 0or9/2%.

There are J™ = 11/27 isomeric states in a large
number (more than 50) of nuclei from Zr (Z = 40)
to Yb (Z = 70). All these states have close values of
the magnetic moment (about half the value computed
on the basis of the Schmidt model [19]) and of the
reduced probabilities of M4 radiative transitions from
the isomeric level to the 3/2% ground state (1 to 2
Weisskopf single-particle units). All this suggests
the presence of small admixtures of other configu-
rations, although the nuclei involving isomers are
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substantially different (ranging from nuclei having a
closed proton shell and a nearly closed neutron shell
to nuclei from the transition region between spherical
nuclei and deformed ones). In the nuclei under inves-
tigation, isomeric levels lie comparatively high—from
527 keV in 13°Xe to 757 keV in INd. The energies
of the isomeric states in question correspond to the
energies of gamma rays emitted in their deexcitation
(see Table 1).

Table 1 displays the features of the radiative decays
of the nuclei under investigation in the ground and
isomeric states: the half-lives T} 5, the energies Evy
and the intensities I~y of the gamma lines, and the to-
tal internal-conversion coefficients o [18]. These data
were used to identify product nuclei and to determine
their yields.

Data on the statistical properties of the excited
states of the nuclei being discussed are much more
scanty. By analogy with neighboring nuclei for which
the mean spacings between neutron resonances were
measured, we can assume that the level-density pa-
rameter a and the spin-cutoff parameter ¢ are about
15 to 20 and 4 to 5, respectively.

EXPERIMENTAL PROCEDURE

Measurements of isomeric ratios in (n, ) and (~,
n) reactions were performed at the MT-25 microtron
installed at the Flerov Laboratory of Nuclear Reac-
tions (Joint Institute for Nuclear Research, Dubna).
The description of the microtron and its basic param-
eters can be found in[20, 21]. An accelerated electron
beam served as a source of both bremsstrahlung pho-
tons and neutrons.

For a braking target, we used a tungsten disk
2 mm thick followed by a 30-mm-thick aluminum
absorber of electrons. A typical electron current
during the experiment was 20 uA, the corresponding
intensity of bremsstrahlung that had an energy above
the (v, n) threshold and which was incident on a tar-
get being about 10'3 s~1. The maximum energy of the
accelerated electrons was 25 MeV:; it could be reduced
by implementing a transition to a different orbit or
by changing a magnetic field. The bremsstrahlung
spectrum had a typical shape; its calculation for the
conditions of the present experiment (tungsten-disk
thickness, solid angle covered by the irradiated sam-
ple) is described in [22].

In order to obtain neutrons, an electron beam was
directed onto a cylindrical converter made from ura-
nium and surrounded by beryllium. This converter
was arranged within a graphite cube of side length
120 cm that served as a moderator for neutrons. The
(v, n) and (v, f) reactions on uranium and the (v,
n) and (n, 2n) reactions on beryllium were used to
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produce neutrons. At an electron energy of 25 MeV
and an electron current of 20 A, the thermal-neutron
flux at the cube center was 4 x 108 s=! ¢cm™2, the
cadmium ratio being 1.8.

The samples subjected to irradiation consisted of
the oxides of the elements being investigated (BaO,
Cez03, Nd2Os, SmyOs3). They had a weight of
200 mg and an area of 1.5 x 1.5 cm and were packed
in thin envelopes of Dacron (20 pum thick). Use was
made of both samples of natural isotopic composition
and samples enriched in the isotopes being studied
(135Ba enriched to 95%, ¥¥Ce enriched to 60%, and
144Sm enriched to 90%). When irradiated, noble
gases enriched in the isotopes ?*Xe (to 90%) and
136X e (to 95%) were in quartz-glass ampules of vol-
ume about 1 cm? at a pressure of 1 atm.

The time of sample irradiation was determined by
the half-lives of reaction products. It was about three
hali-lives for Ty 5 < 1 h and 3 to 4 h for T}, > 1 h.
After irradiation, the samples were transported to a
room shielded from the radiation of the accelerator,
where their gamma-ray spectra were measured. For
these measurements, we used a Ge(Li) detector hav-
ing a volume of 60 cm? and a resolution of 2.8 keV for
the 1332-keV # line of 5°Co. The measured spectra
were processed with the aid of the ACTIV code [23],
which makes it possible to separate, in a complex
spectrum, ~ lines close in energy. The reaction prod-
ucts were identified on the basis of the energies of
the ~ lines and the time dependence of their inten-
sities (these features of radioactive decay are quoted
in Table 1). The absolute intensities of these « lines
(more precisely, their absolute values corrected for
the efficiency ¢ of gamma-radiation detection, the
internal-conversion coefficient «, the fraction & of a
given « line in the spectrum, accumulation over the
irradiation time ¢1, and decay over the time interval t,
prior to measurements) make it possible to determine
the reaction yield

SA1+ a)(1 — (3_’\“)(3_>‘t2 (1)
t35]€ ’
where S is the area of the  line after the background

subtraction, A is the radioactive-decay constant (A =
0.69/Ty/), and t3 is the measurement time. This

yield is related to the reaction cross section 3 by the
equation

Y:

Y = ASI, (2)

where A is the number of atoms of the isotope under
investigation in the irradiated sample and I is the flux
of bombarding particles (neutrons or photons) that
is integrated over the irradiation time. An isomeric
ratio (IR) measured experimentally, which is defined
as the ratio of the cross sections for the production of
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Fig. 1. Excitation-energy distributions of nuclei prior to
the gamma-ray cascade in (v, n) and (n, ) reactions and
in 1 decay.

a nucleus in the isomeric and in the ground state, can
be replaced by the ratio of the corresponding yields,
since the measurements were performed for same
target and within the same irradiation run; that is,

X Y
IR = E_g = ?g, (3)

where the subscripts i and g label quantities referring
to the isomeric and the ground state, respectively.

EXPERIMENTAL RESULTS

On the basis of the measurement and data-
processing procedures outlined above, we determined
isomeric ratios in reactions of three types.

(i) In the reactions of radiative thermal-neutron
capture by 3*Xe, 136Ba, and 133Ce isotopes, com-
pound nuclei had an excitation energy equal to the
corresponding neutron binding energy (see Table 2)
and the spin—parity of JT =1/2%. The isomeric
states were populated by a gamma-ray cascade,
while the isomeric ratios are given by expression (3).
The ground-state nucleus produced in the reaction
136Ba(n, v)137"Ba is stable. In order to obtain the
relevant isomeric ratio, we therefore used the value
of ¥y known from [17] and determined X; from a
comparison with the well-known cross section for the
reaction % Cu(n, )% Cu [17].
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(ii) For photonuclear reactions involving the emis-
sion of one neutron at the electron energy (endpoint
energy of the bremsstrahlung spectrum) of 25 MeV,
we have measured the isomeric ratios for all five nuclei
quoted in Table 1. In these reactions, compound
nuclei are produced with the spin—parity of JT =1~
and the energy equal to the absorbed-photon en-
ergy. Since the bremsstrahlung spectrum and the
spectrum of emitted neutrons are both continuous,
the product nuclei are characterized by a rather wide
excitation-energy distribution, which is given by

Ey Eo—Bn,

Y () :/ /J(EW)N(EV)W(En)dEVdEn, (4)
0 0

where Ej, is the excitation energy of the final nucleus,
B,, is the neutron binding energy in the compound
nucleus, o(E,) is the cross section for the absorption
of a photon of energy E,, N(E,) is the number of
photons of energy E, in the bremsstrahlung spectrum
with endpoint energy Fy, and W (E,) is the proba-
bility of the emission of a neutron of kinetic energy
E,, from the compound nucleus. In order to calculate
these distributions, we used the energy dependences
of the cross sections for monochromatic-photon ab-
sorption from [24], the kinetic-energy spectra of neu-
trons from [25], and the bremsstrahlung spectrum
computed in [22] for the conditions of the present
experiment. Some examples of these distributions
are presented in Fig. 1, while the mean excitation
energies of the final nuclei for all reactions considered
here are quoted in Table 2.

Since, for the relevant (v, n) reactions, it is not
the cross section but the yield integrated over the
bremsstrahlung spectrum that is measured experi-
mentally, the isomeric ratio is determined as the yield
ratio

Eo
Ef oi (Ey) N (E) dE,
1
IR =" , (5)
E[Ug (Ey) N (E) dE,
1

where FE; is the threshold for the reaction leading to
the production of a nucleus in the ground or in the
isomeric state. We have Fy = B,, for the ground state
and By = B,, + E; for the isomeric state.

Just as in the case of (n, ), a direct measurement
of the yield of the stable final nucleus "Ba was im-

possible. For this reason, the relevant isomeric ratio
was determined from a comparison of the yields of

the 137Ba and '3Ce isomers and the known *®Ba(,
n) and 10Ce(, n) cross sections integrated over the
bremsstrahlung spectrum [24].
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Table 2. Experimental and calculated values of the isomeric ratios for (v, n) and (n, ) reactions and for beta decay

Reaction Ey, , MeV J, h [someric ratios
experiment calculation
184X e(n, v)135Xe 6.45 1/2 0.013(2) 0.023*
136X e(y, )13 Xe 6.1 3/2 0.110(9) 0.11*
136Ba(n, v)!3"Ba 6.90 1/2 0.022(3) 0.024*
138B4(, n)!37Ba 5.4 3/2 0.120(8) 0.10*
138Ce(n, v)139Ce 7.47 1/2 0.025(3) 0.027*
140Ce(y, n)32Ce 4.8 3/2 0.130(8) 0.11**
13opr A7, 150 1.6 5/2 0.008(2) 0.007**
42N d(, )41 Nd 42 3/2 0.060(6) 0.05**
11py 25 141Ny 2.1 5/2 0.009(2) 0.010**
148 m(y, n)43Sm 3.5 3/2 0.046(5) 0.05**
g, 25 gy 2.2 5/2 0.007(2) 0.007**

* Calculations according to the statistical model.
** Calculations according to the quasiparticle—phonon model.

(iii) In determining the isomeric ratios for the 8%
decay of and for electron capture by *Pr (T} 5 =
44 h, Qs=280 MeV, J™=5/2") and "Pm
(T1 /2 = 20.9 min, Qg = 4.56 MeV, J™ = 5/2%) nu-
clei, we obtained them in the reactions '“!Pr(~,
2n)!139Pr (E,o =25 MeV) and "!'Pr(a, 4n)"*'Pm
(Eq =38 MeV), respectively, at the MT-25 mi-
crotron and the U-200 isochronous cyclotron of
the Flerov Laboratory of Nuclear Reactions (JINR,
Dubna). By using the experimental facility described
above, we have measured the spectra of gamma
radiation emitted in the beta decay of **Prand "' Pm
nuclei. The by-products of the photon- and alpha-
particle-induced reactions (*4°Pr, 142Pm, 143Pm) had
significantly different half-lives, and their gamma
radiation could easily be discriminated.

An analysis of the spectra of gamma radiation from
139pr and 'Pm enabled us to determine the proba-
bilities of the population of isomers in the daughter
nuclei ?Ce and *'Nd. In this analysis, we also used
data on the 8T decay of these isotopes [18] and of
M3Ey, the isomer in the '43Sm nucleus being excited
in the last case [26]. By analogy with the (n, +) and
(v, n) reactions considered above, we also evaluated
isomeric ratios in beta decay, determining them as
the ratios of the numbers of nuclei produced in the

isomeric state to the number of beta transitions to all
levels above the isomer:

N;

By way of example, one excitation-energy distribu-
tion of nuclei originating from 8% decay (for 3Sm)
is displayed in Fig. 1. Because of a finite and compar-
atively small number of beta transitions, a histogram
is presented here instead of a continuous distribution.
For the remaining nuclei (*?Ce, "' Nd), the analo-
gous distributions have a similar shape. In relation
to the corresponding distributions for the relevant (~,
n) reactions, the distributions being discussed are
narrower and are shifted toward lower energies.

The isomeric-ratio values measured in this way for
all reactions studied here are presented in Table 2,
along with the features of final nuclei (mean excitation
energies Ej, and mean angular momenta J) before
the gamma-ray cascade leading to the isomeric or
the ground state. Within the combined errors, these
isomeric-ratio values agree with the known data from
[15—17], but, as was noted above, the former are
characterized by a higher accuracy; as a result, we
can now draw more reliable conclusions about the
distinctions between the isomeric ratios for different
nuclei and different reactions for their production.

DISCUSSION OF THE RESULTS

From Table 2 and from Fig. 1, we can see that the
conditions of isomer excitation are different in differ-
ent processes. In beta-decay processes, the cascade
of gamma rays begins from a comparatively narrow
range of low-lying levels (1.5—3.0 MeV'), whose mean

angular momentum (5/2) is higher than in other pro-

IR = ) (6) cesses. Thesituation is totally different in the relevant
> Na(Ep > E) (n, ) reactions—the excitation energy is the highest
PHYSICS OF ATOMIC NUCLEI Vol.64 No. 11 2001
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(6.5—7.5 MeV), while the angular momentum is the
lowest (1/2). In this respect, the (v, n) reactions in
question occupy an intermediate position—they are
characterized by the greatest scatter of excitation en-
ergies and angular momenta. This variety of nuclear
features leads to considerable distinctions between
isomeric ratios and makes it possible to obtain com-
prehensive information about the spectrum of levels
through which the isomers are populated.

An analysis of the spectrum of gamma radiation
emitted in the beta decay of ¥?Pr, 141Pm, and *3Eu
revealed that, in all cases, the isomers are populated
by radiative E2 transitions through J™ = 7/27 levels
that are excited immediately after the relevant beta
transitions. In the 39Ce (14'Nd) nucleus, the isomer
is populated through the single 7/2~ level at 1.578
(1.420) MeV, while, in the 143Sm nucleus, this occurs
through three levels at 1.310, 2.886, and 3.325 MeV.
In these three nuclei, the isomeric ratios have close
values and are determined primarily by the probabili-
ties of the beta transitions to the 7/27 levels involved.

In the (n, v) reactions, a sufficiently long cascade
of gamma transitions (not less than three) is required
for populating the isomer because the spin difference
between the compound nucleus and the isomer is
large (AJ = 5). A wide energy gap between the initial
level and the isomer (more than 6 MeV) favors the
development of such a cascade and makes it possible
to calculate the isomeric ratios on the basis of the
statistical model. The calculations for this case were
performed with the aid of the EMPIRE code [27].
At the parameter values of a = 18 and o = 4.5, the
isomeric ratios calculated in this way are presented
in Table 2. Good agreement is seen to be obtained
for 137Ba and 139Ce, whence we conclude that, in the
(n, 7) reactions, the statistical model is applicable
to these nuclei. However, an analysis of gamma
radiation emitted in thermal-neutron capture by a
136Ba nucleus [28] has revealed that about half of the
contribution to the relevant isomeric ratio comes from
a single gamma-ray cascade through 137Ba levels:

6.605 MeV(1/27) 2L 2,182 MeV(3/27)
L2, 1798 MeV(7/27) 22 0.661 MeV(11/27).

This gamma-ray cascade indicates that specific
states through which the isomer is populated may
play an important role in the (n, ) reactions, as they
do in beta decay.

In the (v, n) reactions, spin-1/2 to spin-9/2 lev-
els that lie in a broad range of excitation energies
(Fig. 1) are populated following neutron evaporation.
[t is the properties of these levels that determine the
probability of isomer excitation. They have a compli-
cated structure—their single-particle and collective
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components are fragmented over a wide energy in-
terval and undergo strong fluctuations. To describe
them, it is therefore desirable to use some effective
approach. We will invoke an approach based on the
aforementioned quasiparticle—phonon model [8—12],
which was successfully used to describe a number of
nuclear phenomena.

CALCULATION OF ISOMERIC RATIOS
WITHIN THE QUASIPARTICLE-PHONON
MODEL

For many nuclei, the spectra of excited states in a
broad range of excitation energies and their reduced
the widths with respect to the radiative transitions
from them to the isomeric and the ground state in
each nucleus being considered have been calculated
within this model; in addition, so-called activation
states—that is, states from which isomeric levels are
populated as the result of gamma decay—have been
singled out on the same basis. In these calculations,
both the ground state and excited states characterized
by an angular momentum J and its projection M were
described in terms of the wave function

T = CH{agy (7)
+ 3" DY (Iv)ad, Qi o},
AJM
where ajm is the creation operator for a quasiparticle

having the shell quantum numbers j and m; Q;\rm. is

the creation operator for a phonon having an angular
momentum A, its projection p, and a number i; Wy is
the wave function for the neighboring even nucleus;
and v is the ordinal number of an excited state in the
sequence of states characterized by given J™. The
coefficients Cj‘ and Dj»‘i are the quasiparticle and the

quasiparticle—phonon amplitudes for v states. The
calculations performed with the wave functions (7)
are described in detail elsewhere [12, 29].

In the calculations described below, the Woods—
Saxon potential with the parameters set to the values
from [30, 31]was used for that part of the Hamiltonian
which describes the mean field. The strength of the
residual interaction was chosen in such a way as
to reproduce, in the one-phonon approximation, the
experimental values of the energies and reduced prob-
abilities of low-lying collective states in the neigh-
boring even—even nuclei [32]. The wave functions
used in our calculations took into account the A™ =
1%, 2%, 37, 4%, and 5~ phonons. We employed the
effective charges e, = (N/A)e and e,, = —(Z/A)e for
E1 transitions and the effective charges e, = e and
en = 0 for E2 transitions. The contribution of elec-
tromagnetic transitions of other multipole orders to
the processes being considered is negligible.
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We have calculated the spectrum of J™ = 1/2%,
3/2%, 5/2%, 7/2%, 9/2%, and 11/2% excited states
up to the excitation energy of 6.5 MeV and their
structure. The 1hy; /o isomeric state is faithiully re-
produced in these calculations for all isotones being
considered: the deviations from the experimental en-
ergy values did not exceed 40 keV. The wave functions
are dominated by the single-quasiparticle component
(its weight is above 80%).

In calculating the isomeric ratios, we assumed
that the isomers are populated by radiative transi-
tions from the JT = 7/2~ (E2 transitions), 9/21 (E1
transitions), and 9/2~ (M1 transitions) levels. The
spectrum of activated levels, together with the cal-
culated reduced widths, is presented in Fig. 2 for
the 39Ce nucleus. For the other N = 81 isotones
being considered, the corresponding spectra are very
similar. The ground state is predominantly populated
by transitions proceeding from J; < 5/2 levels.

Since, following beta decay, the nuclear excitation
energy does not exceed 3.0 MeV (Table 2), the popu-
lation of the isomer in this reaction is due exclusively
tothe J = 7/27 excited state at an excitation energy
of about 1.5 MeV (Fig. 2). Here, the absolute value
of the isomeric ratio is determined, to a considerable
extent, by the probability of the population of levels in
the daughter nucleus formed upon beta decay. These
probabilities were computed by using the initial- and
final-state wave functions. Since, in the nuclei be-
ing considered, beta decay populates predominantly
JI < 5/2% levels, which then decay into the ground
state, the absolute value of the isomeric ratio is quite
modest (see Table 2). Small variations in its mag-
nitude in the 39Ce, INd, and *3Sm nuclei are
associated with the details of the nuclear-structure
calculations.

The number of activation states involved in the
population of the isomer in the (y, n) reaction, where
the daughter nucleus formed upon the decay of the
giant dipole resonance has an excitation energy of
up to about 6 MeV, is much greater (Fig. 2). The
mechanism of ground-state and isomer population in
this reaction was considered in detail elsewhere [33].
The isomeric ratio is given by

IR= 2 8
Reserrones o @

™
. 14
JZ

where T}, is the transmission coefficient for a neu-
tron of orbital angular momentum [;; J is the total
angular momentum of the nucleus following neutron
emission; C%. are the spectroscopic factors for the
states of spin—parity J™; and I' j=_;s and I j=_ o are
the partial widths of intermediate-energy states with
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Fig. 2. Calculated reduced widths of *3°Ce nuclear levels
from which radiative transitions lead to the isomeric state.

respect to gamma decay into, respectively, the iso-
meric and the ground state. In the calculations, it was
assumed that an emitted neutron of medium energy
can carry away angular momenta of 0, 1, 2, and 3
(this determines the set of final-nucleus spins). The
isomeric ratios calculated in this way are displayed
in Table 2. The agreement with experimental data is
seen to be good. A drop in the isomeric ratio when
we go over to M3Sm and “'Nd is explained by the
fact that, because of a higher neutron binding energy
in the initial nucleus in heavier isotones, a smaller
number of 7/27,9/2%, and 9/2~ activation levels are
populated in the final nucleus.

The above calculations were performed under the
assumption that the direct decay of intermediate-
energy states into the ground and the isomeric state
dominates over cascade transitions. This assumption
is justified at modest excitation energies of the nu-
cleus, in which case the density of excited levels is low
and the phase space for possible cascades is severely
constrained. That the calculated isomeric ratios are
in good agreement with experimental data obtained
in the (v, n) reactions proves the applicability of this
assumption up to excitation energies of about 6 MeV.
However, the population of isomers in the N = 81
isotones in the (n, ) reactions cannot be explained
without taking into account cascade transitions. In
these reactions, the spin of the daughter nucleus
formed upon thermal-neutron capture is 1/2, and
isomer generation requires an angular-momentum
transfer of >—that is, a cascade of not less than three
to four gamma transitions. This is the reason why,
in particular, the isomeric ratios obtained in the (n,
) reactions for the set of nuclei under investigation
are much less than in the (v, n) reactions, where the
averaged angular momentum of states populated in
dipole-resonance decay is 3/2 and where the 7/27,
9/2%, and 9/2 levels can be populated upon neutron
emission as well.

If one aims at considering cascade transitions
within a microscopic approach, the requirements for
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the accuracy in describing the details of the struc-
ture of excited states at intermediate excitation en-
ergies are much more stringent than those for direct
transitions to the ground and to the isomeric state.
In this case, the description of excited states up to
the neutron-separation energy in terms of the wave
function (7) is by far insufficient—it must additionally
include at least quasiparticle plus two phonons
and quasiparticle plus three phonons terms, and
the calculations must be performed without a radical
truncation of the basis. Fulfillment of these require-
ments leads to a configuration space where a diago-
nalization of the model Hamiltonian presents, at the
moment, serious technical difficulties. For the sake
of comparison, the isomeric ratios computed for the
(n, ) reactions within the statistical approach at the
above values of the parameters a and o are therefore
quoted in Table 2. The calculated isomeric ratio for
the 135Xe nucleus below the experimental value ad-
mits a natural explanation, because the neutron bind-
ing energy is lower in this nucleus. As can be seen
from the calculations based on the quasiparticle—
phonon model, a smaller number of activation states
is therefore involved in the population of the isomeric
state.
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Abstract—Double-differential cross sections for the reaction °Be(d, py)!°Be at E; = 15.3 MeV are
measured for proton emission into the forward hemisphere. All even spin-tensor components of the density
matrix for the 2+ 3.37-MeV state of the residual nucleus are reconstructed in a model-independent way.
The angular distributions of the populations of the magnetic substates and of the tensors of the angular-
momentum orientation for the state in question are also obtained. The experimental results are compared
with the results of the calculations performed by the coupled-channel method under the assumption of
the neutron-stripping mechanism. The calculated correlation features are found to be highly sensitive to
the wave functions for the participant nuclei, especially the 1°Be nucleus. The importance of taking into

account multistep processes in the reaction being considered is demonstrated.

ka/Interperiodica”.

1. INTRODUCTION

In[1, 2], the even spin-tensor components Ay (6,)
of the density matrix for the 2% 3.37-MeV state of the
10Be nucleus produced in the reaction ?Be(d, py)'"Be
at E; = 12.5 MeV were for the first time found in a
model-independent way. It was shown there that,
while the number of the components Ay, (6),) for the
usually assumed mechanism of neutron stripping to
the 1p state in this reaction is expected to be equal
to four (k < 2, k < k), experimental data show clear
evidence for nonzero values of the k=4 compo-
nents. The inclusion of the contribution from the f
configuration in the wave function for the residual
nucleus did not result in satisfactory agreement
with experimental data. In order to improve the
description of data from [1], the multistep neutron-
transfer mechanism associated with the collective
excitation of ?Be and '°Be nuclei [3] was taken
into account in [2]. Although the selection rules
for the stripping mechanism at the orbital-angular-
momentum transfer of { = 1 allow two values of the
total-angular-momentum transfer, j = 1/2 and 3/2,
the j = 1/2 component was disregarded in [2]. This
means that the (lp)g/Q(lp)%/2 cluster configuration,

which corresponds to the bineutron component in the
wave function for the 19Be nucleus, was predomi-
nantly considered in the 2T state of this nucleus.
These assumptions made it possible to improve con-
siderably agreement between the calculated values
of Ag.(6p) and experimental data. However, the
conclusions drawn in [2] could not be considered

© 2001 MAIK “Nau-

to be unambiguous because of the small number of
relevant experimental points. On the other hand, the
observed manifestation of the bineutron component
and the evaluation of its effect on the correlation
features of the 1°Be(2% ) nucleus require more detailed
experimental and theoretical investigations. For this
purpose, the correlation features of the reaction in
question are studied here experimentally at the higher
energy of E; = 15.3 MeV, because the manifesta-
tions of the cluster structure of nuclei become more
spectacular with increasing energy. With the aim of
revealing more clearly the bineutron component in
the '°Be nucleus, we also analyze the effect of various
components of the wave functions for the Be and
19Be nuclei on the correlation features of the reaction.

2. EXPERIMENTAL PROCEDURE

The experiment was performed with deuterons
accelerated to 15.3 MeV by the 120-cm cyclotron
installed at the Institute of Nuclear Physics (Moscow
State University). The variation of the projectile
energy and a subsequent formation of the beam
spot at the target were implemented with the aid of
moderating aluminum foils and short-focus magnetic
quadrupole lenses (see [14] and references therein).
The energy spread of the beam was 160 and 350 keV
at E; = 15.3 and 12 MeV, respectively.

The detection of the reaction products and their
energy and time analysis were performed by using

1063-7788/01/6411-1909$21.00 © 2001 MAIK “Nauka/Interperiodica”
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a measurement—computational complex with a dis-
tributed architecture including a few levels of infor-
mation processing [5].

In order to measure double-differential cross sec-
tions, we detected charged reaction products us-
ing four semiconductor silicon detectors of thickness
about 1000 pm and angular resolution +2.5°. The
detectors were placed within the scattering chamber
on a special table that could be inclined with respect
to the horizontal plane within an angle of 7/2. We
measured the angular and energy dependence of the
differential cross section by the same detector with an
angular resolution of £1°. The detector was placed
on a horizontal table outside the scattering chamber.

The photons emitted in the reaction being studied
were detected by four scintillation detectors contain-
ing Nal(Tl) crystals and having an angular resolution
of £12°. The photon detectors were placed out-
side the scattering chamber on a horizontal rotating
platform with an angular step of 32.5°. Photon—
proton coincidences were analyzed in the photon-
energy range 2—3.5 MeV, which covers a significant
part of the spectrum corresponding to a transition
of the excited state of the residual nucleus 1°Be(27;
3.37 MeV) to the ground state.

The target was made from self-sustaining ?Be
plates of thickness 1 to 5 mg/cm?. The absolute
value of the reaction cross section was measured to
a precision of about 10%.

The model-independent method that we use here
to reconstruct the spin-tensor components Ay, (6,)
of the density matrix on the basis of the experimental
double-differential cross sections W (6., p~;6,) for
the reaction is described in detail elsewhere [6]. It
consists in solving, by the method of least squares, an
overdetermined set of linear equations for nine spin-
tensor components Ay, (6,) of the density matrix that
are defined by the relation

d*0 /dQpdQ, = W (0, -3 0p)
1 _ 2
= Z A (0p) Py (cos 0.) ok 11 CoS ey
k,x

where the angles 6, 6., and ¢, specify the direc-
tions of proton and photon emission in the system
of spherical coordinates with the z axis and the xz
plane coinciding with deuteron-beam direction and
the reaction plane, respectively, and where Pf are
associated Legendre polynomials. The normalization
is chosen in such a way that Agy(6,) = do/dQ(6),).
The values of k are determined by the relations k =
Jy+Jpand k = L + L (Jy is the spin of the excited
state, and L is the multipolarity of the « transition),
and k can be any integer in the interval from —k to k.
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The double-differential cross sections measured in
three planes with respect to the reaction plane make
it possible to reconstruct all nine even spin-tensor
components Ag(6,) for the 2% 3.37-MeV state of
the ®Be nucleus and to obtain the angular depen-
dences of the population of the magnetic substates,
Py (), and the components of the orientation ten-
sor of the angular momentum, ¢x,(6,), for this level
of 19Be [6]. In reconstructing Ag.(6,), we took into
account the finite dimensions of the scintillation de-
tectors [6]. The reliability of the A, (6,) values re-
constructed on the basis of the experimental double-
differential cross sections can be estimated by a high
confidence level that was not poorer than 0.1 in the
majority of cases.

3. EXPERIMENTAL RESULTS

We measured the angular dependences of the dif-
ferential cross section for the reaction “Be(d, p)'°Be
leading to the production of a residual nucleus in the
ground state or the first excited (2] ) state in the in-
terval of 6, from 20° to 160° (in the laboratory frame).
The results are displayed in Fig. la. It is clear from
the figure that the shape of the dependences is typical
of direct processes.

The energy dependences of the differential cross
section for the reaction were measured for the proton-
emission angles of 50° and 90° in the deuteron-
energy interval between 12 and 15.3 MeV (see
Fig. 1b).

The excitation functions corresponding to the
transition to the 2] state are rather smooth, which
is typical of direct processes. Small deviations
from monotonicity are present only in the energy
dependence of the cross section for the transition to
the ground state at 6, = 50°.

The double-differential cross sections for the re-
action “Be(d, py)'"Be were measured for 12 values of
the proton emission angle in the interval from 20° to
90° (in the laboratory frame); five to nine values of the
polar angle 6.,; and three azimuthal-angle values of
@~ = 180°, 225°, and 270°. Figures 2 and 3 display
the angular dependences of the reconstructed com-
ponents Ay, (6,) for k = 2 and 4. These dependences
have a rather complex oscillating shape. The absolute
values of the components Ay, (6,) at small proton-
emission angles exceed 0.5, while the amplitude of
oscillations of A4, (6),) does not exceed 0.2 over the
entire angular region. By using the reconstructed
values of Ay, (6,), we determined the population of
the magnetic substates of the 2] state of the residual
nucleus. The angular dependences are shown in
Fig. 4. Figure 5 displays the angular dependences of

Vol.64 No. 11 2001
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Fig. 1. (a) Angular dependences of the differential cross section for the reaction °Be(d, p)'°Be occurring at Eq = 15.3 MeV
and leading to the production of the residual nucleus in the ground (0%) or the 2 excited state (proton groups po or p1,
respectively). Here and in the following figures, open circles represent experimental values with statistical errors. Curves show
the results of the calculation based on the coupled-channel Born approximation for various values of the deformation parameter
B2 for the “Be and *°Be nuclei: +0.5, +0.5 (solid curve); —0.5, 4-0.5 (short dashes); +0.5, —0.5 (long dashes); and —0.5, —0.5
(dotted curve). (b) Differential cross section for the reaction at two values of the angle 6, (in the laboratory frame) as a function
of energy. The curves represent eyeball fits to the experimental points.

some components of the dimensionless tensor of the
angular-momentum orientation for this state [these

results were also obtained from the reconstructed
values of Ay, (6p)].

4. CALCULATIONS
WITHIN COUPLED-CHANNEL BORN
APPROXIMATION AND DISCUSSION
OF THE RESULTS

Our present calculations were based largely on the
assumption of the cluster-stripping mechanism and
were performed by using the CHUCK code [3], which
takes into account channel coupling in the initial and
in the final state (coupled-channel Born approxima-
tion further abbreviated as CCBA ) and some auxiliary
codes for calculating correlation features.

The optical potentials used were chosen in the
Woods—Saxon form, whose parameters are quoted in
the table. We did not seek optimum values of these

PHYSICS OF ATOMIC NUCLEI Vol.64 No. 11

parameters; instead, we employed those from [7]. For
the bound-state potentials, we took the usual values
of ry = 1.25 fim and ay = 0.65 im and the Thomas
spin—orbit parameter of A = 25. We determined the
depth of the real part of the potential through the
standard procedure of fitting the calculated value of
the binding energy of the transferred particle and the
nuclear core to a known value. We varied the de-
formation parameter g3 in the interval from 0 to +1
both in the input and in the output reaction chan-
nels. Other details of the calculation are described
in [2]. Only the most typical curves are presented
in Figs. 1=5 in order to avoid encumbering graphical
illustrations.

Our analysis of the calculated and experimental
data revealed the following special features of the
structure of the nuclei involved (these results proved
to be close to those obtained in [2]):

(i) Comparing the theoretical and the experimental
correlation features, we were able to determine quite
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-3 . . 0.4 ' ' .
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Fig. 2. Angular dependences of the spin-tensor components Ay, of the density matrix for the 2 3.37-MeV state of the °Be
nucleus produced in the reaction Be(d, py)'°Be at E4 = 15.3 MeV. The units of measurements along the ordinate are chosen
in such a way that Ago = do/dQ has dimensions of mb/sr. The notation for the curves is identical to that in Fig. la.

reliably the magnitude and the sign of the quadrupole ~ we used the deformation parameter /32, which relates,

deformation of the Be nuclei. In our calculations, within the rotational model, the ground to the lowest

PHYSICS OF ATOMIC NUCLEI Vol.64 No. 11 2001
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Fig. 3. As in Fig. 2 for a few components Ag,. The curves in Fig. 3a represent the results of the CCBA calculations for
various values of the contribution of the j = 1/2 spin channel: (solid curve) 0%, (short dashes) 100%, and (long dashes)
without the f = [42]3! D1,3' D2 components of the 1°Be wave function. The curves in Fig. 3b correspond to various calculated
contributions of the orbital-angular-momentum transfer of I = 3: (solid curve) 20%, (dotted curve) 10%, and (dashed curve)

0%.

excited state [3/27(g.s.) and 5/27, respectively] of
the ?Be nucleus and the 0%(g.s.) to the 2% state
of the 9Be nucleus. For both Be nuclei, we chose
the eventual value of B2 = 0.5. This parameter deter-
mines, to a great extent, the amplitude of oscillations
for the majority of the components A, (6,). The
above value seems optimal according to the analysis
of the entire set of Ay (6,) with k # 0 and populations
Pip(0p). The dependence of the results of calcula-
tions on the absolute value of 35 in the output channel
proved to be weaker than on that in the input chan-
nel. Therefore, the value of £2(1°Be) = 0.5 is more
ambiguous. Variation in these parameters changes
insignificantly the theoretical differential cross section
Ago = do /d2(8)) Tor angles 6, < 40° both in shape
and in magnitude.

The calculations with zero values of the deforma-
tion parameters in both channels on the basis of the
OLYMP-3 code [8] (there, the remaining parameters
have values close to those used in CCBA) yield pop-
ulations Py ps(6,) that are only slightly dependent on
the angle, in a glaring contradiction with the experi-
mental results (see Fig. 4).

PHYSICS OF ATOMIC NUCLEI Vol.64 No. 11

The calculations revealed that the majority of the
angular dependences Ay, (6,) are better described
with positive values of both 35 (see Fig. 2). By way
of example, we indicate that, at #o = —0.5 in the
input channel [32(1°Be) = 0.5], the calculation leads
to Az1(0y), A22(6p), Aso(6,), and Ayq(6p) that are in
antiphase with their experimental counterparts.

The form of the calculated angular distribu-
tions of the differential cross section for the reac-
tion “Be(d,p;1)'°Be(2T) undergoes no qualitative
changes upon reversal of the signs of (,, at least at
small angles (see Fig. la). For the transition to the
ground state of the final nucleus, the shape and the
magnitude of the cross section do/d€2(6,) at the first
two maxima are rather stable.

(ii) The theoretical analysis of the quantities
Apk(6p) makes it possible to obtain data on the
bineutron cluster structure of the °Be(2%+) nucleus.
As was mentioned in the Introduction, the selection
rules for the mechanism of neutron stripping to the Ip
shell allow the orbital-angular-momentum transfer
of =1 and the total-angular-momentum transfers
of j=1/2 and 3/2 in the 3/2= — 2% (3.37 MeV)
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Fig. 4. Angular dependences of the populations of the
magnetic substates of the 27 '°Be state produced in
the reaction °Be(d, py)!°Be. The curves represent the
results of the calculations performed (solid curve) with
and (dashed curve) without allowance for the deformation
of °Be and '°Be nuclei.

transition. The calculated spectroscopic factor S
for j =1/2 is approximately one-half as great as
that for j = 3/2. The angular dependences of the
differential cross section are virtually independent
of the values of j that are taken into account in
the calculation. Nevertheless, the admixture of j =
1/2 abruptly changes the shape of the components
Ago(gp), AQQ(HP), and tgl(ep) (see Fig. 3a and Fig. 5)
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Fig. 5. Angular dependences of some components ¢, of
the dimensionless tensor of angular-momentum orienta-
tion in the 27 state of the '°Be nucleus. The notation for
the curves is identical to that in Fig. 3a.

at small angles in such a way that they appear to be
in antiphase with their experimental counterparts. All
these components are directly related to the tensor
polarization of the nucleus—that is, to its cluster
structure.

Let us consider the problem in more detail. It is
well known that the nuclei belonging to the middle
of the 1p shell have a complex structure. This is
suggested not only by a significant deformation of
these nuclei (in particular, of the beryllium nuclei),
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Parameters of the optical potentials
Channel | V,MeV | ry,im | ay,im | W, MeV | ry,im | aw,fm | Vi, MeV | rg, fm | aso, fm | r¢, im
9Be +d 73.0 1.04 0.87 24.0 2.05 0.41 1.3
0Be +p 55.66 1.17 0.75 11.2* 1.32 0.65 6.2 1.01 0.75 1.25

*The surface potential was taken in the form of the derivative of the Woods—Saxon expression.

but also by the fact that, in the calculations of the
wave functions for the A = 10 nuclei on the basis of
the intermediate-coupling shell model, the quantum
numbers of the model are insufficient for unambigu-
ously classifying basis configurations (there are two
physically different f = [42]3' D configurations [9]).
The analysis of the beryllium wave functions within
the jj-coupling model shows that the ground state of

the “Be nucleus contains approximately equal frac-
tions of the (1p)3/,(1p)1/2 and the (1p)3,,(1p)7 )
configuration. The 2% state of the “Be nucleus

6

features predominantly two configurations 9], (1p)3/2
and (1p)3 5 (1p)3 5. Itis clear that only the transfer of

aj = 3/2 nucleon can result in such a rearrangement
of the nuclei involved. Most likely, it is for this rea-
son that the total-angular-momentum value of j = 2
must be rejected in order to achieve agreement be-
tween the results of the calculations and experimental
data.

A more profound analysis of the problem reveals
that the weight of the (lp)g/2 configuration in the

wave function for the 2] state of the 1°Be nucleus is
overestimated, because this symmetric configuration
cannot lead to such a significant deformation of the
nucleus. At the same time, it can be shown that
this overestimation is due to a significant contribution
of the f = [42]3' Dy, 3Dy components in the shell-
model wave function for this nucleus. According
to the calculations, these are the components that
strongly affect the amplitude of the 3/27 — 2% (j =
1/2) transition. If the weights of these components
are set to zero, the spectroscopic factor for the transi-
tion being considered decreases by a factor of about
180, while the spectroscopic factor for the j = 3/2
transition decreases only by a factor of 2. The an-
gular dependences Ag,(6,) calculated without the
f =[42]3'D components are, as might have been
expected, close to those for which the j = 1/2 tran-
sition is disregarded (see Figs. 3a and 5). In other
words, the correlation features of the 19Be nucleus—
in particular, its tensor polarization—directly indicate
that the wave function for the nucleus is dominated
by the (1p)3,,(1p); , bineutron cluster configura-

tion. It is also worth noting that this change in the
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19Be wave function increases the amplitude of the
5/27(2.43 MeV, "Be) — 27 (j = 1/2) transition by
a factor of about 4, but, in this case, the calcula-
tions confirm the weak effect of the amplitudes of this
transition on the shape of the angular dependences
Api(6p).

Changing the weights of various components of
the wave function for the ?Be nucleus did not result
in any significant reduction of the relative value of the
j = 1/2 amplitude in the transition 3/27 — 2.

(iii) From our calculations, it follows that, by tak-
ing into account the possible admixture of | = 3 in the
transitions to the 2+ 3.37-MeV state of the 1°Be nu-
cleus within the approach used, we can significantly
improve the description of some k& =4 components
Apk(6p). The estimated weight of the f configuration
in different studies varied from 6 to 10% [1, 10].
In order to evaluate the contribution of [ = 3 (with
respect to S for [ = 1), we used the values 0, 10,
and 20% (see Fig. 3b). Comparing the experimental
and the calculated values of A (6,), we arrive at the
conclusion that the optimal agreement is attained for
a contribution of I = 3 not less than 10%.

Thus, allowance for the deformation of the %19Be
nuclei and an adequate choice of their wave functions
(the inclusion of the contribution of I =3 and the
disregard of the contribution of j = 1/2) result in
satisfactory agreement for the entire set of the cal-
culated and experimental components A, (6,), the
populations Py p/(6,), and the components tj(6,) of
the tensor of the angular-momentum orientation.

5. CONCLUSION

Our calculations for the neutron-stripping mech-
anism of the reaction “Be(d, py)!°Be by the coupled-
channel method have revealed that correlation fea-
tures are a good tool for studying the details of the
reaction mechanism and the structure of the partici-
pant nuclei. A comparison of the experimental values
of Ak (0,) and other related features with the results
of these calculations have made it possible to choose
the majority of the model parameters (the magnitude
and the sign of o, transition amplitudes, etc.). At the
same time, the angular distributions of the differential
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cross section have shown a relatively weak sensitivity
to variations in these parameters.

[t also follows from the above analysis that the
probability of the multistep mechanism in this reac-
tion is high. The multistep mechanism is associated
with the preexcitation of the target nucleus at a suffi-
ciently strong 3/2~ « 5/27 coupling corresponding
to /82 ~ 0.5.

Finally, direct evidence for the existence of the
bineutron cluster configuration in the °Be wave
function is the most important result obtained from
the analysis of the tensor polarization. It should be
emphasized that our results furnish an independent
corroboration of the inability of the shell model to
describe the A = 10 nuclei.

The conclusions drawn for the reaction being con-
sidered seem to remain valid in the rather wide re-
gion of deuteron energies Fy, because they proved
to be rather similar to those obtained in [2] at Ey =
12.5 MeV.
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Abstract—Within Glauber—Sitenko multiple-scattering theory, the differential cross sections for elastic
and inelastic proton, positive-pion, and positive-kaon scattering on ®7Li nuclei are calculated at incident-
hadron energies ranging between 0.143 and 1.0 GeV. The SLi and 7Li wave functions are taken in,
respectively, the a2 N and the ot cluster model. The resulting cross sections are investigated as functions of
the scattered-particle energy, parameters of the model wave functions, and various scattering multiplicities.
It is concluded that a partial filling of the diffraction minimum in the cross section is due to the D-wave

contribution to the wave function for the 6Li target nucleus. © 2001 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Investigation of elastic and inelastic hadron—
nucleus scattering at energies of a few hundred
MeV is an important source of information both
about the structure of nuclei and about interaction
mechanisms. A comparison of processes where dif-
ferent particles—protons, charged pions, and positive
kaons—are scattered on the same target nuclei is
of particular interest since different particle species
interact differently with intranuclear nucleons. For
example, positive kaons are weakly absorbed and
have a large range in a nuclear medium (5—7 fm),
whence it follows that they can be used as a probe for
studying the structure of nuclei [1, 2]. At the same
time, the interaction of charged pions is of a manifest
peripheral character since they can hardly penetrate
into the interior of nuclei because of strong absorption
[3]. The main objective of the present study is to
find out how the aforementioned features may reveal
themselves in characteristics of elastic and inelastic
hadron scattering on ®Li and “Li nuclei.

Experimental data on proton scattering by SLi
nuclei were obtained in Uppsala (Sweden) at F, =
0.185 GeV [4] and in Saclay (France) at 0.6 and
1.04 GeV [5]. At the cyclotron laboratory of the
Indiana University (IUCF), polarized-proton beams
of energy 0.2 GeV were used to study scattering on
6Li [6] and Li [7] nuclei. Charged-pion scattering
was investigated at the meson factory in the Los
Alamos National Laboratory (LAMPF) at an energy
of 0.143 GeV for 7Li targets [8] and in the energy

“e-mail; ibraeva@physics.kz

range between 0.1 and 0.26 GeV for SLi targets [9]
and at the Paul Scherrer Institute (PSI, Switzerland),
where systematic data on differential cross sections
were obtained at 0.1, 0.18, and 0.24 GeV for SLi
[10] and at 0.164 GeV for “Li [11]. Later, the pro-
duction of targets having a vector polarization made
it possible to measure, for 7% %7Li interactions, not
only the differential cross sections but also polariza-
tion properties (771 )—specifically, these results were
obtained at energies between 0.1 and 0.219 GeV for
6Li[12] and at 0.134, 0.164, and 0.194 GeV for "Li
[13]. The latest experimental data on positive-kaon
scattering by °Li nuclei come from experiments at the
Brookhaven National Laboratory (BNL AGS)[1] for
energies of E+ = 0.375 GeV.

All measured features were computed on the ba-
sis of dispersion methods [14], the coupled-channel
method[12, 13, 15], the optical model [distorted-wave
impulse approximation (DWIA)][2, 49, 16—18], and
Glauber—Sitenko diffraction-scattering theory [19—
27]; for the scattering of protons on '2C and 60O
[24, 25], charged pions on '2C [26], and positive kaons
on a deuteron [27], a comparison of the last two
approaches revealed that the distinctions between the
results that they yield for these cases is small—in the
differential cross sections, they are manifested only
in the region of the diffraction minimum and at large
scattering angles. In our calculations, we rely on
diffraction theory, where, given the wave functions for
the target nucleus and elementary hadron—nucleon
amplitudes, one can calculate the scattering-matrix
elements that are related to observables (differential
cross sections and polarization features) by simple

1063-7788/01/6411-1917$21.00 © 2001 MAIK “Nauka/Interperiodica”
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Table 1. Compilation of the parameters of the proton—
nucleon amplitudes

GEep{/ Ufﬁi\;’ EpN ﬁffnj\g’ References

0.2 pp | 2.36 1.15 0.65 (26]
pn | 4.20 0.71 0.68

06 |pp| 3.96 0.24 | 0.11 (34
pn | 3.66 —0.295| 0.175

0.8 pp | 4.73 —0.06 0.38 [35]
pn | 3.79 0.2 0.4

1.0 |pp| 475 | —0.1 0.23 [20]
pn | 4.00 —-0.4 0.16

Table 2. Compilation of the parameters of the 7+ N ampli-
tudes according to data from [26]

E., GeV oxN, m? ExN Brn, fm?
0.15 10.93 0.522 1.25
0.18 12.76 0.114 0.994
0.23 9.24 —-0.43 0.55

Table 3. Compilation of the parameters of the KT N am-
plitudes according to data from [23]

Ex, GeV ok N, m? EKN Bk N, Im?
0.201 Ktp 1.29 —2.190 0.0134
Ktn 1.31 —0.667 0.0013
0.23 Ktp 1.30 —1.964 0.0197
Ktn 1.41 —0.575 0.0012
0.375 K*p 1.32 —1.467 0.0114
Ktn 1.67 —0.373 0.0015
0.468 Ktp 1.32 —1.258 0.0095
Ktn 1.71 —0.305 0.0013
0.534 Ktp 1.39 —0.9074 0.0065
Ktn 1.75 —0.105 0.0011

equations. Listed immediately below are advantages
of this theory:

(i) The Glauber multiple-scattering operator €2 is
constructed in such a way that it enables one to con-
sider the scattering process microscopically—that is,
to trace individual collisions of incident particles with
the nucleons (or clusters) of the target nucleus and
to take into account all scattering and rescattering
multiplicities.

(ii) The parameters of the elementary amplitudes

PHYSICS OF ATOMIC NUCLEI
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[see Eq. (1) below] have a simple physical meaning (o
is the total cross section, ¢ is the ratio of the real part
of the amplitude to its imaginary part, and [ is the
slope of the amplitude cone) and admit a convenient
comparison with observables: the filling of the mini-
mum in the differential cross sections and the cross-
section value at the first maximum are generally as-
sociated with the parameter € and the parameter o,
respectively.

(iii) Diffraction theory, together with the wave
function within the dynamical multicluster model, in-
volves no free parameters (in contrast to the optical
model) and can be used to describe the scattering of
intermediate- and high-energy hadrons.

For a target, we chose 6711 nuclei, considering
that these are strongly clustered nuclei (the binding
energies are equal to 1.47 and 2.47 MeV in the ad and
the at channel, respectively). For these nuclei, there
are adequate three- and two-particle wave functions
that were calculated for realistic interaction potentials
[28—30] and which faithfully reproduce static fea-
tures, the probabilities of the electromagnetic transi-
tions, and elastic and inelastic Coulomb form factors
over a wide range of momentum transfers.

In the present study, we develop a spectroscopic
approach [31] (description of a vast body of exper-
imental data within a unified theory featuring real-
istic wave functions for target nuclei) by extending
previous inquiries into reactions induced by protons
[32] and charged pions [33] to the case of K+ -meson
scattering.

We have calculated the differential cross sections
for elastic and inelastic scattering and shown that
they are correctly reproduced within diffraction the-
ory. The investigation of these observables versus
the model wave functions for the target nucleus, the
admixture of small components in these wave func-
tions, and the contribution of various scattering mul-
tiplicities to the multiple-scattering operator at var-
ious scattered-particle energies makes it possible to
draw conclusions both on the structure of the nuclei
involved and on special features of interactions of
different particle species.

2. ELEMENTARY HADRON—-NUCLEON
INTERACTIONS

An elementary amplitude that describes phe-
nomenologically the interaction of the scattered
particle with intranuclear nucleons is one of the
input parameters of diffraction theory. Usually, it is
parametrized in the form

(i +¢e,)exp (—ﬂ,,q2/2) , (D)

_ koy

fv(q) = y
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where k is the incident-hadron momentum; the
remaining parameters were discussed in the Intro-
duction, while their values for the various incident-
particle species are quoted in Tables 1—3.

From a comparison of the values presented in
Tables 1-3 for the parameters of the elementary am-
plitudes, we can see the following. The total cross
sections for the scattering of protons and positive
pions are much larger than those for the scattering of
positive kaons. According to the optical theorem, oy
is related to the elastic-scattering amplitude at zero
angle as

(2)

that is, the imaginary part of the amplitude (it is
dominant in scattering) depends on the total cross
section oy, which is much smaller for KT N scat-
tering than for pN and 7 NV scattering. The quantity
B1is also one to two orders of magnitude less for K+ N
scattering than for pN and 7+ N scattering, whence
we conclude that the S-wave contribution [23] to
scattering is dominant; at the same time, the absolute
value of e (ratio of the real part of the amplitude to
its imaginary part) is significantly larger (it is even
larger than unity), which suggests that positive kaons
are absorbed only slightly, so that the interaction
proceeds primarily through the elastic channel.

We now compare the elementary interactions of
protons, charged pions, and charged kaons with nu-
cleons at the quark level. Most clearly, these interac-
tions can be represented in terms of the diagrams in
Fig. 1. The analogous diagrams for 7N and K*N
are displayed in[16].

47
Tiot = ?ImMii (0);

At intermediate energies (p ~ 0.8 GeV/c, which
corresponds to E, = 0.295 GeV), the pN interaction
has a nonresonance character (diagrams in Figs. la,
1b), but its amplitude is quite large (~35 mb/sr) and
involves sizable spin-dependent terms.

Since antiquarks (d in 7 and @ in 7~) enter
into the composition of the charged pions, their
interaction with nucleons is sufficiently strong and
has a pronounced resonance character (diagrams
in Figs. 1lc—I1f). This is the most spectacular
in w*p interaction, where the Ass resonance oc-
curs at energies above 0.1 GeV. This resonance is
rather broad, its magnitude at the maximum (at
E; =0.169 GeV) being about 200 mb/sr. In the
7T N system, there are no open channels below the
positive-pion-production threshold other than the
charge-exchange channel. The ratio of the total cross
sections is o (7 p)/o(7~p) = 3/1.

The kaon—nucleon interaction differs drastically
from the interactions described above because of the
presence of a strange quark, which generates nonzero
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Fig. 1. Quark diagrams for elementary N interactions
(z =p, ot K*).

QAR

strangeness (S # 0). Since the strangeness is § =1
for positive kaons and S = —1 for negative kaons,
the K*N and the K~ N interaction differ strongly
(diagrams in Figs. 1g—1j). Because of uu annihi-
lation, the K~ N interaction generates narrow reso-
nance states (A, 3J) and features open channels below
the K~ N threshold. This interaction is strong, its
amplitude being 42 mb/sr at p = 0.8 GeV/c, which
corresponds to Fx- = 0.446 GeV. On the contrary,
the five-quark structure in the KN system does
not form resonances [the hypothetical Z* resonance
(duusu) has not yet been observed); predominantly,
the interaction proceeds through the elastic channel;
it is much weaker than that in the K~ N system, its
amplitude being 13 mb/sr. That the K* N interac-
tion is the weakest of all strong interactions is also
suggested by a large mean range of the positive kaon
in nuclei.
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3. SLi AND "Li WAVE FUNCTIONS
IN CLUSTER MODELS

Presently, Li wave functions within three-particle
models have been obtained by a few groups of authors
[36—38]. Among the first systematic calculations of
the wave functions in the anp model, we would like
to mention those that were performed by Kukulin’s
group from Moscow State University [28] and which
yielded accurate results for static features and ob-
servables of quasielastic reactions involving electrons
[28], protons [21, 32], and charged pions [10, 15,
22, 33]. The most comprehensive description of all
properties of °Li—®He nuclei within the dynamical
multicluster model involving a Pauli projection and a
full antisymmetrization was presented by Eramzhyan
et al. [39], who considered, among other things,
the neutron halo in ®He, electromagnetic form fac-
tors, and the observables of the photodisintegration
process SLi(y, 77)°He and of elastic charged-pion
scattering at 0.134 GeV. Previously, it was shown
in [40] and [41] that the anp model makes it pos-
sible to reproduce faithfully the observables of two-
particle photodisintegration through the 3Het and the
ad cluster channel, respectively. The model also
describes well the experimental spectra and the mo-
mentum distributions of protons for transitions to
the ground state and excited states of the He nu-
cleus [42].

The wave functions that we use were calculated
in [28] on the basis of two models. In model 1, the
relevant interactions were simulated by the Sack—
Biedenharn—Breit (SBB) potential for the alV inter-
action and the Reid soft-core (RSC) potential for the
NN interaction in the ground state and by the SBB
potential for the aNV interaction and a square-well
potential for the NN interaction in the 3T excited
state. In model 2, the N and the NN interaction
were taken, for either state, in a form leading to an
even—odd splitting of the phase shifts and in the form
of the RSC potential, respectively. In all models,
eigenfunctions are sought in the form of an expansion
in multidimensional Gaussian functions. This makes
it possible to calculate all matrix elements analytically
and to determine wave functions in a large basis in-
volving a great number of the small components. The
configuration of a wave function is specified by the
set of quantum numbers A, [, L, and S, where [ is the
orbital angular momentum of the relative motion of
the « particle and the center of mass of two nucleons;
A is the orbital angular momentum of the relative
motion of two nucleons; and L and S are, respectively,
the total orbital momentum and the total spin of the
nucleus being considered.

For the ground-state wave function, we take into
account two configurations: A\=1=L=0, S=1

ZHUSUPOV, IBRAEVA

(Swave)and A=2,1=0, L =2, 5 =1 (D wave).
The S wave is dominant (its weight is greater than
90% ), while the D wave contributes 3% to 7% in the
calculations with the various interaction potentials.
[t is, however, interesting to clarify the dependence
of the cross section on the D-wave contribution and
to perform a comparison with the results presented
in [2, 18], where the contribution of the quadrupole
correction to the cross section is estimated within
the DWIA. The total weight of the remaining com-
ponents does not exceed a few percent—for example,
the weight of the A = 0,1 =2, L = 2,5 =1 configu-
ration in model 2 is 0.0008. Thus, the wave function
of the SLi ground state can be represented as

U, = Z\IJ(’V w0 4 20 (3)

where
(00)
S 47r g C exp

X q)oz (ru:1—4) X1M

v = N MM |1My) (5
M Mg

x Yo, (F) Yoo (ﬁad> Do (ru=1-4) X1Ms

—BRZ;)  (4)

X 2 Z i exp ai/'rQ - ﬁj/de)
with
1 /t\%4
Dq (ry) = o5 (;) (6)
;A
xexp | — Z (r, — Ry)?
pn=1

Here, t = 0.5828 fm~2 [43]; x1as is the two-nucleon
spin function; r,, Ry, and Ry are the radius vectors of,
respectively, the nucleons forming the alpha particle,
the center of mass of the alpha particle, and the center
of mass of the deuteron; R,y = R, — Rgand r = r5 —
r¢ are the radius vectors of, respectively, the relative
motion of the alpha particle and the deuteron and the
relative motion of the nucleons forming the deuteron.
The expressions for the expansion coefficients Cj;, a;,
and (3; are quoted in [28].

For the J™ = 3% excited state of the 5Li nucleus,
we take into account the A=0,1=2, L=2 (D
component) and the A = 2,1 =0, L = 2(D, compo-
nent) configuration, their weights being, respectively,
73 to 74% and 22 to 25%. The wave function then
has the form

(A 02) 20
U= Z@ = o) + o), (7)
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where

502 _

M, = Y (2M1Mg [3M;) (8)

M Mg
X Yoty (F) Yoo (Raa ) @a (rm,0) xasg

X Rid Z 01(222) exp (—apr2 — ﬂqud),
pq
20
o) = Y (2M 1M | 3My) (9)
My, Mg

x Yoo (ﬁad> Yonr, (F) @o (Fu=1,4) X105

x 1 Z 015’2;)’) exp (—ap/'rQ — ﬁq/Rid).
r'q

A large quadrupole moment (@ ~ 40 mb) and
strong at clustering in the ground state are features
peculiar to the “Li nucleus. Among the first "Li wave
functions in the at cluster model that are known to
the present authors, there are those computed in [29)]
on the basis of the Woods—Saxon potential with the
parameters proposed in [44]. Not only do these wave
functions faithfully reproduce static features and elec-
tromagnetic form factors at low momentum transfers,
but it also appears that their application to describ-
ing the differential cross sections for the two-particle
photodisintegration "Li(, t)«, including so subtle a
feature of the process as asymmetry in the distribution
of tritons for the case of polarized photons [40], is
highly successful. The analogous wave functions for
the Buck potential were computed in [30]. In either
case, use was made of deep attractive at potentials
involving states forbidden by the Pauli exclusion prin-
ciple [44]. We have performed our calculations with
two cluster wave functions for “Li using the param-
eter values borrowed from [29] and [30] for models 1
and 2, respectively.

In the ground and in the first excited state, the
"Linucleus has the quantum numbers J™, T' = 3/27,
1/2; L=1and J*, T =1/27, 1/2; L =1, respec-
tively. The wave function for the "Li nucleus in the at
model can be represented in the form

Uip= >  (LMLSMs|JM;)
My Mg

X q)a (ry:1,4) q)t (rl) q)at (R) X%Ms’

where Xipg 8 the spin function and ®q(r,=1.4),
2

(10)

1921
1 3
X ch exp <—§Ozk Z (r; — Rt)2>7
k 1=1
Dt (R) = REYZ0 (R) Ny (12)

X Z C; exp(—a;R?),

where N; and N,; are the normalization factors for
the corresponding wave functions; C;, Cy, oy, and ag
are the expansion coefficients taken from [45] for ¢ and
from [29, 30] for at; Ry is the center-of-mass triton
coordinate; and R = R, — Ry is the coordinate of the
relative motion of the alpha particle and the triton in

the "Li nucleus. The wave function ®,, is identical to
that in (6).

4. FORMALISM OF DIFFRACTION THEORY

In diffraction theory, the matrix element (ampli-
tude) for hadron scattering by a nucleus can be rep-
resented in the form [43]

ik
Mig (q) = (g| QW) = o (13)

< [ dpexpia-p) (U192 (pr,....p7) 8 (Ra)| Wi,

Here, ¥, and ¥; are, respectively, the initial- and the
final-state wave functions for the target nucleus [see
Egs. (3), (7), and (10)], which obviously coincide in

. . . A .
the case of elastic scattering; Ry = a anl r, is

the coordinate of the center of mass of the nucleus;
p; are the two-dimensional intranuclear-nucleon co-
ordinates in the impact-parameter (p) plane, which
is orthogonal to the incident hadron beam; k and k'
are the momenta of, respectively, the incident and the
scattered hadron in the c.m. frame; and q = k — k/,

k=+ve2—m2,

where 6 is the scattering angle (h = ¢ = 1), is the 3-
momentum transfer in the reaction.

The multiple-scattering operator can be written in
the form [32]

0
q:2ksin§, (14)

1
Q:Qa+9b_§(QaQb+Qan)v (15)

where b stands for the d cluster in 8Li or the ¢ cluster
in 7Li,
4 4

®; (r;), and P, (R) are the wave functions that de- 4 B B _
scribe, respectively, the alpha particle, the triton, and o =1 H (A—wlp—pv)= Zw,, (16)
their relative motion and which are taken in the form v=l v=1
of expansions in a Gaussian basis. Specifically, we set — Z wWywy, + Z Wy Wy — W1Wawswy,
@ (r) = N, (11) v vy
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Fig. 2. Differential cross sections for the elastic scattering
of (a)0.18-GeV positive pions, (b) 0.2-GeV protons, and
(c) 0.375-GeV positive kaons on ®Li nuclei for various
model wave functions: (/, solid curve) results of the
calculations with the SLi wave function in model 1, (2,
dashed curve)results of the calculations with the 5Li wave
functionin model 2, (curves 3) results of the DWIA calcu-
lations from[15], and (4) results of the DWIA calculations
from [2]. The points represent the experimental data for
(A) positive pions from [10], (e) protons from [6], and (H)
positive kaons from [2]. In order to avoid the overlap of
the results, the experimental and the calculated data in
Figs. 2a and 26 are multiplied by a factor of 10.

A
szl_H(l_wu(p_pu)) (17)
v=>5
=1- ll—ZwarZwywu
v<p

Here, w,, is the profile function, which is expressed
in terms of the x N-scattering amplitude (z = p, 7,
K*)as
1
2mik

X /quexp(—iq-(p—pu))fy (q).

We choose the zN-scattering amplitude in the
form (1). By substituting formula (1) into the profile
function (18) and by performing relevant integration,
we obtain

Wy (P_Py) = (18)

Z CweXp[ (p—pv)° mmp],

v(p—pv)
pp=1 (19)
where
1 = @, Cpo = —ifﬂ”—;;, (20)
B 1
N1 = N2 = 2—@%,
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and the subscript ¢ = 1, 2 numbers the particle (n, p)
with which the incident hadron collides.

We do not describe the ensuing calculations, since
they are similar to those for proton scattering from
[32]. We only present the expression for the differen-
tial cross sections in terms of the amplitude in (13):

dO' 1 2
Q21 Z (W% (21)
MM},

The final expression for scattering on SLi is
obtained by summing the cross section over the
angular-momentum projections.  The Mp = 42
amplitudes are equal; therefore, they are multiplied
by a factor of 2 in the cross section. As to the
My = +1 amplitudes, they are equal to zero. For
elastic scattering, the differential cross section has
the form

do 1 00 00)
9°-3 {‘<‘I'E§J\)4L2 21 g, -

6 2
+5 |:‘<\IJ(D]3/[L O|Q|‘IISML =0

2
—c)

)
1
+2(<\p(2‘” el o>ﬂ

20 2
o9t

For inelastic scattering, we have

o= (o o e

+2(<<1><02 0 w0 >‘
(2, o v

w2 (e, l0ug”) ).

Formulas (22) and (23) clearly demonstrate the
contributions to the cross section from the various
wave-function components and from various values
of the angular-momentum projection Mj,. In calcu-
lating the differential cross sections, each matrix ele-
ment was treated individually. In the next section, we
discuss their contributions to the total cross section.

(23)

5. DISCUSSION OF THE RESULTS

We have calculated the differential cross sections
for the elastic and inelastic scattering of protons,
positive pions, and positive kaons by $7Li nuclei at
energies ranging between 0.143 and 1.0 GeV and
have compared our results with experimental data
from [1, 2, 4—13] and with the results obtained by
other authors [2, 15].
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Let us begin our discussion by considering Fig. 2,
which displays the calculated differential cross sec-
tions for elastic hadron scattering on SLi nuclei.
Curves [ and 2 were computed with the three-body
a2N wave functions for the different oV interaction
potentials (see Section 3), so that the D-wave
admixture to the main S-wave component takes
different values for them: 3% in model 1 and 7%
in model 2 [28]. A comparison of curves / and 2 in
Fig. 2 shows that, in the region of small scattering
angles, the cross sections computed with the different
wave functions do not differ from each other. Small
variations arise only in the region of the diffraction
minimum and at large scattering angles. For the
case of protons (Fig. 2b), the distinctions between
the differential cross sections for the different wave
functions are minimal in the energy range being
considered. This is associated with the absolute value
of the 3-momentum transfer q in the reaction. If
the momentum transfer is low (for protons at £ =
0.2 GeV, it varies between 0.047 GeV/c at 6 = 5°
and 0.538 GeV/c at § = 60°), the projectile particles
penetrate to a lesser extent into the interior of the
target nucleus (where fine particle-correlation effects,
which, strictly speaking, distinguish one version of
model from another, must be more noticeable), so that
scattering occurs at the periphery of the nucleus. At
higher beam energies (E = 1.04 GeV), the curves de-
viate from each other more strongly (see [32]), since,
in case of protons, the momentum transfer varies from
0.112 GeV at § = 5° t0 0.777 GeV/c at = 35°; that
is, the projectile particles penetrate into the nucleus
more deeply, with the result that the effect of particle
correlations on the scattering process becomes more
pronounced. However, curve 2, which corresponds to
a larger D-wave admixture, lies higher in all cases.

The results of calculations performed by other
authors are also illustrated in Fig. 2 for the sake
of comparison: curves 3 and 4 represent the re-
sults of the DWIA calculations from [15] and [2],
respectively. The experimental data for positive pions
(Fig. 2a) at small scattering angles and in the re-
gion of the diffraction minimum are better described
by Glauber—Sitenko theory (curve 2) than by the
DWIA (curve 3); at large scattering angles (6 > 70°),
diffraction theory is inapplicable because of intrinsic
limitations and provides poorer results. As to large
deviations from the experimental data for curve 3 (in
calculating this curve, use was also made of the wave
function from [28] within model 1, but the D-wave
contribution was ignored), the authors of [15] explain
this by the absence of absorption channels from the
optical potential and by the disregard of the second-
order optical potential.

As was mentioned in the Introduction, positive-
kaon scattering on SLi nuclei was first measured in
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Fig. 3. Differential cross sections for the elastic scatter-
ing of (a) 0.164-GeV positive pions, (b) E, = 0.2-GeV
protons, and (¢) 0.2-GeV positive kaons on ”Li nuclei for
various model wave functions: ( /, solid curve) results of
the calculations with the “Li wave function in model 1, (2,

dashed curve)results of the calculations with the “Li wave
function in model 2, and (3, dash-dotted curve) results of
the calculations with the oscillator wave function. Points
represent experimental data for (A) positive pions from
[11, 13]and (e) protons from[7].

[1], but transitions to the ground state of °Li and
its first excited state at E* = 2.18 MeV were not
separated there. The separation procedure was imple-
mented in [2], where a slight deviation from the origi-
nal data quoted in [1] was found in the angular region
6 > 25°. For this reason, the rescaled experimental
data from [2] (for the transition only to the ground
state of the Li nucleus) are presented in Fig. 2c,
along with the results of the DWIA calculations per-
formed on their basis (curve 4). From a comparison of
curves /, 2, and 4, we can see that, at the angles in the
range 20° < 0 < 40°, the scattering of positive kaons
is also better described by diffraction theory, although
the quadrupole noncentral interaction was taken into
account in[2] along with the central interaction; how-
ever, the contribution of the quadrupole interaction
appeared to be overly small to affect the cross-section
value. At large scattering angles, the discrepancy be-
tween curves / and 4 is especially large (a few orders
of magnitude), but we cannot definitively conclude
which theory is more appropriate because there are
presently no experimental data in this region. The
calculation within DWIA for K+-meson scattering
was also performed in [18], where the contribution of
the quadrupole scattering appeared to be negligibly
small.

Let us proceed to consider Fig. 3. Here, we
present the differential cross sections calculated for
elastic hadron scattering on “Li nuclei with the at
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Fig. 4. Structure of the differential cross sections for the
elastic scattering of (a) 0.6-GeV protons, (b) 0.18-GeV
positive pions, and (c) 0.375-GeV positive kaons on ®Li
nuclei: (curve 1) S-wave contribution, (curve 2) D-wave
contribution, and (curve 3) their total contribution. The
experimental data were borrowed from [5] for protons, [10]
for positive pions, and [2] for positive kaons.

cluster wave functions for (curve /, model 1) the
Woods—Saxon potential and (curve 2, model 2) the
Buck potential and (curve 3) with the oscillator wave
function.

We are now going to indicate features that are
common to the wave functions used and features
that distinguish them. All of them are single-node
ones, and the node occurs at r = 1.7 fm in all the
cases. The cluster wave functions are similar, but
the oscillator wave function differ from them mainly
by the behavior at large distances from the center of
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the nucleus. It decreases extremely fast—in just the
same way as all oscillator functions, it has a descend-
ing asymptotic behavior, which does not reflect the
actual behavior of wave functions—and its value at
the first maximum exceeds those of the cluster wave
functions by about 40%. As was mentioned in the
Introduction, the charged kaon interacts most weakly
among all strongly interacting particles; therefore, it
can penetrate into the interior of the nucleus more
deeply than protons and charged pions of the same
fixed energy. Curves [/ and 2 are close in Figs. 3a—
3c, as are the wave functions. This means that the
form of the interaction potential used to calculate the
wave functions does not strongly affect either static
or dynamical observables. We will now find the re-
gion where curve 3 shows the greatest distinctions
from the first two. In Fig. 3a and 3b, this is so
at small (6 < 20°) and at large (6 > 60°) scattering
angles. At small scattering angles, the distinction
is due to the fact that the interaction of protons and
positive pions with nucleons occurs predominantly at
the nuclear periphery, where the cluster wave func-
tions differ strongly from the oscillator wave function
(large distances for the wave functions correspond to
low momentum transfers—that is, to small scattering
angles). At large angles (corresponding to short dis-
tances for the wave functions), the distinction arises
both from fine effects in the nuclear structure that
are disregarded in the oscillator model and from the
fact that diffraction theory is applicable only at small
scattering angles. The distinction between curves /
and 2, on one hand, and curve 3, on the other hand,
is especially pronounced at large scattering angles
for positive kaons (Fig. 3c); this is because they
are scattered in the interior of the nucleus and are
therefore more sensitive to the behavior of the wave
functions at short distances than in the asymptotic
region.

[t has already been mentioned in Section 2 that, at
zero scattering angle, the amplitude is related to the
total cross section [see formula (2)]. The total cross
section is considerably larger for 7+ N and pN scat-
tering than for K+ N scattering (Tables 1—3); there-
fore, the experimental data and the calculated curves
lie higher for 7+ 67Li and p%7Li than for K+ 67Li.

Let us now consider in more detail the structure
of the differential cross sections for elastic-scattering
processes on SLi nuclei that is associated with the S-
and the D-wave components. Their partial contribu-
tions are shown in Fig. 4 for (a) protons, (b) positive
pions, and (c) positive kaons. Curves [/, 2, and
3 represent the differential cross sections calculated
with allowance for only the S wave [the first term in
(22)], only the D wave [the second and the third term
in (22)], and their total contribution [all terms in (22))],
respectively.
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[t can clearly be seen that the differential cross
section for the partial D wave at § = 0° is two or-
ders of magnitude smaller than the differential cross
section for the S wave. At § = 0°, we have Q=1
and the overlap integrals of the wave functions for
the S wave are two orders of magnitude greater than
those for the D wave. However, the minimum in
the differential cross section represented by curve 2
is shifted, in relation to curve /, toward the region of
smaller scattering angles by 10°—30°, while the sec-
ond maximum in curve 2 coincides with the minimum
of curve / and partly fills the minimum in curve 3,
which represents the total contribution. In the pre-
vious analyses reported in [32] and devoted to proton
scattering on 61i, a similar result was obtained for
both wave functions—it was found that the degree of
filling of the minimum is in direct proportion to the
weight of the D wave in the relevant wave function.

Let us consider the contributions to the cross
section from various scattering multiplicities in the
operator €2 [see Egs. (15)—(17)] by using the example
of scattering on "Li nuclei. The results of these
calculations are presented in Fig. 5 for the scattering
of (a) protons, (b) positive pions, and (c) positive
kaons. Curves /, 2, 3, and 4 in Figs. ba and 5b
represent, respectively, the results for scattering on
the alpha-particle cluster [which are obtained by sub-
stituting the first term in (15) into (21)], the results for
scattering on the triton cluster [which are obtained
by substituting the second term in (15) into (21)],
and the results for rescattering on the two clusters
[this corresponds to substituting the third and the
fourth term in (15) into (21)], and their algebraic sum
[formula (21) with the total operator Q2 (15)].

The scattering of positive kaons was considered
here in the double-scattering approximation, where,
in the multiple-scattering operator, one retains only
terms associated with single and double collisions:

7
Q=1- 1—Zwy+ZwVwM
v=1

v<p

(24)

The validity of this approximation in the case being
considered is justified by the fact that, because of
the weakness of KT N interaction, whence it follows
that the mean range of positive kaons is large, the
multiple-scattering series for Kt A must converge
fast, with the result that single scattering will be
dominant. Abgrall and Labarsouque [27] calculated
directly the contribution of various scattering multi-
plicities and showed that, in K+12C scattering at a
momentum of 715 MeV/c, the sum of single and dou-
ble collisions correctly describes the differential cross
sections in the angular region extending up to 50°. In
Fig. 5c, curves [ and 2 correspond, are respectively,
to single scattering [substitution of the third term
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Fig. 5. Contributions of various scattering multiplicities
to the differential cross section for the scattering of (a)
0.2-GeV protons (the experimental data were borrowed
from[7]), (b) 0.164-GeV positive pions (the experimental
data were borrowed from [11, 13]), and (¢) positive kaons
on “Li nuclei: curves I, 2, 3, and 4 in Figs. 5a and
5b correspond to scattering on the alpha-particle clus-
ter, scattering on the triton cluster, rescattering on the
clusters, and the algebraic sum of these contributions,
while curves 7, 2, and 3 in Fig. 5¢ correspond to single
scattering, double scattering, and their sum.

in (24) into the cross section (21)] and to double
scattering [substitution of the fourth term in (24)
into the cross section (21)], while curve 3 represents
their sum. Let us first compare the contributions of
different scattering are multiplicities for the various
projectile-particle species at similar beam energies.
From Figs. ba and 5b, it can be seen that, at small an-
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Fig. 6. Differential cross sections calculated for scattering on (a—c) ®Li and (d—f) "Li nuclei at various energies of incident (a,
d) protons, (b, e) positive pions, and (¢, [) positive kaons. Points represent experimental data (a) at 0.2 GeV from [6] and at
0.6 and 1.04 GeV from [5], (b) at 0.164 GeV from[12] and at 0.18 and 0.24 GeV from [10], (¢) from [2], (d) from [7], and (e) at

0.143 GeV from[8] and at 0.164 GeV from[11, 13].

gles, the main contribution comes from scattering on
the clusters—the contribution of rescattering is two
orders of magnitude less, but it decreases much more
slowly and, at & ~ 30° (for protons) and 6 ~ 50° (for
positive pions), approaches the first two, becoming
dominant in scattering at larger angles. A different
pattern is observed in positive-kaon scattering (upper
curves in Fig. b¢; Eg+ = 0.23 GeV). Here, the main
contribution comes from single scattering over the
entire region of angles—the contribution of double
scattering is two orders of magnitude less, and only in
the region of the diffraction minimum does it become
visible in the total cross section. A similar conclusion

PHYSICS OF ATOMIC NUCLEI

was drawn by the authors of [23 ,27], who calculated
the contributions of various multiplicities in positive-
kaon scattering on 12C nuclei.

Let us now try to trace the variation of the double-
scattering contribution in response to an increase in
the energy of scattered positive kaons. A comparison
of curves 2 in Fig. 5¢ at 0.23 and 0.468 GeV reveals
that, with increasing energy, the double-scattering
contribution increases in the region # > 55°. The
reason for this is that, with increasing energy, incident
particles penetrate more deeply into the interior of
the nucleus, where collisions occur more frequently
and with a greater number of particles, so that higher
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Fig. 7. Differential cross sections for the inelastic scattering of (a, b, e) protons, (¢, f) positive pions, and (d) positive kaons

to (a—d) the J™ = 3" level of the °Li nucleus at E* = 2.1
E* =0.48 MeV. In all panels, curves / and 2 display the re
and 2, respectively. The experimental data presented here we
(f)[17]. Curves 8 and 4 in Fig. 7c represent the contributions

8 MeV and (e, f) the J™ =1/27 level of the "Li nucleus at
sults of the calculations with the wave functions for models 1
re borrowed from (a) [4], (b) [5], (¢)[10], (d)[1, 2], (e) [7], and

of the wave-function components ®° and ®% | respectively.

Curve 3 in Fig. 7d shows the results of the DWIA calculations from [2]. Curves 3 in Figs. 7e and 7f represent the results of

the calculations with the oscillator wave function.

multiplicities make greater contributions. The same
regularity is observed in the scattering of protons and
charged pions as well [32, 33].

In Fig. 6, the differential cross sections calculated
for scattering on (a—c) ®Li and (d—f) "Li nuclei are
presented for various energies of incident (a, d) pro-
tons, (b, e) positive pions, and (¢, f) positive kaons.
The patterns obtained for the different types of par-
ticles are substantially different. The following reg-
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ularities can be seen for protons and positive kaons:
at an energy of about 0.2 GeV, there is no diffrac-

tion minimum in the differential cross sections—it
appears from about 0.4—0.5 GeV for protons and from

somewhat lower energy values for positive kaons.
With increasing energy, the minimum is shifted to-
ward the region of smaller scattering angles, and the

absolute value of the cross section at 8 = 0° increases
somewhat. This minimum is shifted because, the
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position of the minimum in KA and pA scattering
as a function of the momentum transfer q is nearly
constant; therefore, an increase in the energy leads
to a shift of the minimum toward smaller scattering
angles [a decrease in # compensates for an increase
in k, as can be seen from (14)]. A modest increase
in the absolute value of the cross section at zero
angle is explained by the fact that the total cross
section increases somewhat with increasing energy
(see Tables 1—3)—according to the optical theorem,
the total cross section determines the amplitude for
zero-angle scattering [see Eq. (2)].

In positive-pion scattering, the minimum in the
cross section is not shifted—it is localized at # ~ 60°.
This is due to the existence of a rather broad (of width
about 100 MeV) resonance Ass channel in this region
(this channel dominatates the scattering process) and
to the absence of open channels below the threshold
for positive-pion production.  Similar calculations
were performed in [46] for 7~ 3He scattering and in
[47] for 7+ *He scattering. It was also shown in
those studies that, as the energy changes from 0.09
to 0.24 GeV, the minimum in the cross section is not
shifted (it occurs in the region between about 85°
and 90°). The fact that the diffraction minimum is
manifested more clearly at low energies [0.164 and
0.18 GeV for SLi (Fig. 6b) and 0.143 GeV for "Li
(Fig. 6e)] than at the higher energy of 0.24 GeV, in
which cases we can observe only an inflection point,
is somewhat surprising.

Let us now proceed to consider inelastic scatter-
ing. Figure 7 displays the differential cross sections
for the inelastic scattering of (a, b, e) protons, (c, f)
positive pions, and (d) positive kaons to (a—d) the
J. = 3% level of the SLi nucleus at E* = 2.18 MeV
and (e, [) the J; = 1/27 level of the "Li nucleus at
E* = 0.48 MeV. In all the panels of this figure, curves
I and 2 represent the results of our calculations with
the wave functions in models 1 and 2 (see Section 3),
respectively. For the SLi nucleus, a better description
of the experimental data is obtained with the wave
function in model 2, where use is made of the potential
leading to an even—odd splitting of phase shifts for
the aN interaction and of the RSC potential for the
NN interaction. Most clearly, this can be seen in
Fig. 7a, where the scale along the ordinate is lin-
ear and not logarithmic as in the remaining panels
of the figure. For the “Li nucleus, the calculations
with the cluster wave functions yield nearly identical
results; for the sake of comparison, the results of the
calculation with the oscillator wave function are also
shown in Figs. 7e and 7f (curves 3). On the basis
of a comparison of curves /, 2, and 3, we can draw a
conclusion that is similar to that for the case of elastic
scattering (see Figs. 2 and 3 above). Curves [ and
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2 differ from curve 3 at small and large scattering
angles—that is, in the region where the oscillator
wave function differs most strongly from the cluster
wave functions. Specifically, this is so in the interior
of the nucleus (the corresponding scattering angles
in the differential cross section are large), because
short-range nuclear correlations are disregarded in
the oscillator potential, and in the asymptotic region,
where the momentum transfers are low (the corre-
sponding scattering angles in the differential cross
section are small), because the oscillator wave func-
tion decreases overly fast.

In Fig. 7c, curves 3 and 4 represent the con-
tributions to the cross section from the two wave-
function components ®(©2) [first and second terms

in (23)] and ®?9 [third and fourth terms in (23)],
respectively, while curve 2 corresponds to their sum.
That the weight of the first component is nearly three
times greater than the weight of the second com-
ponent determines their partial contributions to the
cross section, where the first two terms on the right-
hand side of (23) are dominant (curve 3), while the
remaining two terms (curve 4) generate a small cor-
rection that contributes to the cross section only at
large scattering angles.

In Fig. 7d, curve 3, calculated in [2] on the basis
of the DWIA, is shown for the sake of comparison.
We can see that the DWIA description of the behavior
of the cross section is not quite satisfactory at small
scattering angles (6 < 15°).

6. CONCLUSIONS

(i) For various projectile species, Glauber—Siten-
ko diffraction theory provides an adequate description
of the differential cross sections for scattering on the
6.7Li nuclei over the broad projectile-energy range
between 0.1 to 1.0 GeV.

(ii) By using wave functions calculated in two- and
three-particle cluster models with realistic interaction
potentials, it is possible to calculate analytically the
relevant matrix element. Owing to this, the accuracy
in describing the differential cross sections within
diffraction theory is not inferior to and is even some-
times higher than the corresponding accuracy in the
DWIA.

(iii) The important role of the small components in
the SLi wave function has been revealed: making vir-
tually no contribution to the cross section over almost
the entire angular range (because of the smallness of
the absolute value), they nevertheless increase some-
what the differential cross section in the region where
the contribution of the leading component attains a
minimum.
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(iv) We have considered the contribution to the
cross section from various scattering and rescatter-
ing multiplicities. It has been established that, for
protons and positive pions, it is necessary to take
into account all scattering multiplicities, but that, for
positive kaons, it is sufficient to retain only single and
double scattering. It has been shown that the role of
multiple scattering becomes more pronounced with
increasing energy of scattered particles.

(v) An analysis of the elementary x N interaction
(z = p, 7, K*) from the point of view of the quark
structure of particles furnishes deeper insights into
the special features of the nuclear interaction, while
the distinctions between the parameters of the phe-
nomenological x N amplitudes make it possible to
draw a conclusion on how these features manifest
themselves at the nuclear level.

(vi) The differential cross sections have been in-
vestigated at various energies of scattered particles.
[t has been shown that, with increasing energy, the
diffraction pattern becomes more pronounced (we can
observe a larger number of the maxima and minima,
their deepening, and a shift of the diffraction minimum
toward the region of smaller scattering angles) for
protons and positive kaons. At energies between 0.1
and 0.24 GeV, the pattern for positive pions is dras-
tically different, which is due to the A3 resonance
occurring in this region and completely determining
the differential cross section.
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Abstract—Inclusive K ~-meson production in proton—nucleus collisions in the subthreshold-energy
regime is analyzed within an appropriate folding model for incoherent primary proton—nucleon and sec-
ondary pion—nucleon production processes, which takes properly into account the struck-target-nucleon
momentum and removal-energy distribution (nucleon spectral function), novel elementary cross sections
for proton—nucleon reaction channels close to threshold, as well as nuclear mean-field potential effects on
the one-step and two-step antikaon-creation processes. A detailed comparison of the model calculations
of the K~ differential cross sections for the reactions p + ?Be and p + %3Cu at subthreshold energies
with the first experimental data obtained at the ITEP proton synchrotron is given. It displays both the
relative role of the primary and secondary production channels at incident energies considered and the
contributions to K~ production that come from the use of the single-particle part and high-momentum—
energy part of the nucleon spectral function. It is found that the pion—nucleon production channel does not
dominate in the subthreshold “hard” antikaon production in p?Be and p%3Cu collisions and that the main
contributions to the antikaon yields here come from the direct K ~-production mechanism. The influence
of the nucleon, kaon, and antikaon mean-field potentials on the K~ yield is explored. It is shown that
the effect of the nucleon mean field is of importance in explaining the considered experimental data on
“hard” antikaon production, whereas the K and K~ optical potentials play a minor role. The sensitivity of
subthreshold “soft” antikaon production in p?Be reactions to the nucleon, kaon, and antikaon mean fields
is studied. It is demonstrated that, contrary to the case of “hard” antikaon production, the K~ potential
has a very strong effect on the K~ yield, which is comparable with that from the nucleon effective potential.

© 2001 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Kaon and antikaon properties in dense matter are
the subject of considerable current interest in the
nuclear physics community [1]. Knowledge of these
properties is important for understanding both chiral-
symmetry restoration in a dense nuclear medium
and neutron-star properties. Since the pioneering
study of Kaplan and Nelson [2] on the possibility
of kaon condensation in nuclear matter, there have
been many theoretical investigations into the in-
medium properties of kaons and antikaons, based
on various approaches, such as the effective chiral
Lagrangian [3—8], the boson-exchange model [8—
10], the Nambu—Jona-Lasinio model [11, 12], the
quark—meson coupling model [13], and the coupled-
channel [14, 15] and effective K N-scattering length
[16] approaches. Although these models give quanti-
tatively different predictions for the kaon and antikaon
potentials in a nuclear medium, they agree qualita-
tively in establishing that, in nuclear matter, K feels

*This article was submitted by the author in English.

a weak repulsive potential of about 20—30 MeV at
normal nuclear-matter density pg (po = 0.17 fm=3),
whereas K~ feels a strong attractive potential that
ranges between —140 and —75 MeV at py. The
K~ atomic data also indicate [10, 17, 18] that the
real part of the antikaon optical potential can be on
the order of (—200 £ 20) MeV at normal nuclear-
matter density, while being slightly repulsive at very
low densities in accordance with the K ~p scattering
length. As aresult, deeply bound kaonic nuclei should
exist[19]. Moreover, the condensation of antikaons in
neutron stars at critical density of about 3pg becomes
possible, which would then lead to the lowering of
the maximum neutron-star mass to the value that
is in good agreement with the observed one, as well
as to the existence of a large number of low-mass
black holes in a galaxy [20]. On the other hand, in
the recent chiral approach of Oset and Ramos [21],
it was shown that, as nuclear density py increases,
the attraction felt by K~ becomes significantly more
moderate than that obtained within other theories

1063-7788/01/6411-1931$21.00 © 2001 MAIK “Nauka/Interperiodica”



1932

and that the effective K~ mass mj,_ gains, at high
densities, the level around the value already achieved
at py = po, namely, my._(pn > po) =~ my_(pn =
po) = 445 MeV, which makes the appearance of the
phenomenon of K~ condensation in neutron-star
matter very unlikely. The in-medium K~ mass of
445 MeV corresponds to a weaker attractive K~ op-
tical potential of about —50 MeV at normal nuclear-
matter density. Furthermore, coupled-channel cal-
culations for antikaons in matter performed very
recently in [22] demonstrated that the K~ optical
potential becomes repulsive at finite momenta or
finite temperature. The momentum dependence of
the KT and K~ potentials at a finite nuclear density
was investigated in [23, 24] within the dispersion
approach. It was found that, in contrast to [22], the
antikaon potential remains attractive even at high
momenta. The K~ potential of about —28 MeV at
density pp and an antikaon momentum of 800 MeV/c
was extracted in [25] from the data on elastic K~ A
scattering within Glauber theory. Therefore, it is very
important to have such experimental data that allow
one to test the predictions of the above models.

Subthreshold kaon and antikaon production in
heavy-ion collisions, where high densities are ac-
cessible, is obviously best suited for studying their
properties in dense matter. The transport-model
calculations [1, 26—33] showed that the in-reaction-
plane and out-of-reaction-plane kaon flow is a sen-
sitive probe of K™ potential in a medium. The
dropping K~ -mass scenario will lead to a sub-
stantial enhancement of the K~ yield in heavy-ion
collisions at subthreshold incident energies due to
the in-medium shifts of the elementary production
thresholds to lower energies. Antikaon enhancement
in nucleus—nucleus interactions was observed by
the KaoS and FRS collaborations at SIS/GSI [34—
38]. This phenomenon was attributed to the in-
medium K~ -mass reduction [16, 20, 39—42]. Thus,
the analysis of the KaoS data [34, 35] within the
relativistic transport model [20, 39—41] showed that
these data are consistent with the predictions of chiral
perturbation theory that K feels a weak repulsive
potential and K~ feels a strong attractive potential
in a nuclear medium (respectively, of about 20 and
—110 MeV at normal nuclear-matter density). This
is similar to the findings of Cassing ef al. [42].

Of special question is the validity of extrapolation
of “empirical” kaon and antikaon dispersion relations
extracted in [20, 39—42] from densities of (2—3)pg to
the density of ordinary nuclei. This can be clarified
from the study of subthreshold K+ and K~ produc-
tion in proton-induced reactions. The advantage of
these reactions is that possible kaon and antikaon
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mass changes (up to 5% and 20% for K+ and K,
respectively), although smaller than those in heavy-
ion collisions, can be better controlled owing to their
simpler dynamics compared to the case of nucleus—
nucleus interactions. Therefore, information obtained
from proton-induced reactions will supplement that
deduced from heavy-ion collision studies and provide
an independent test of theoretical predictions that
precursor phenomena of chiral-symmetry restoration
should be observable even at normal nuclear-matter
density.

Another, very important piece of information that
can be extracted from the study of K*- and K-
meson production in pA collisions at subthreshold
incident energies concerns such intrinsic properties of
target nuclei as Fermi motion and high-momentum
components of the nuclear wave function.

Inclusive K+ production in proton—nucleus re-
actions at bombarding energies less than threshold
energies in a collision of free nucleons has been
extensively studied both experimentally and theoret-
ically in recent years [43—55]. This phenomenon is
under study presently at the accelerators COSY—
Jiilich [56] and CELSIUS [57], as well as at the
ITEP proton synchrotron [58, 59]. Up to now, there
have been, however, no data on subthreshold K~
production in proton—nucleus collisions. Recently,
such experimental data have been obtained at the
ITEP proton synchrotron [60]. The main goal of
the present work is to analyze these data within the
spectral-function approach. Here, we present the
analysis of the first experiment [60] on subthresh-
old K~ production on Be and Cu target nuclei by
protons. Some preliminary results of this analysis
were reported in [60]. It should be noted that the
investigation of inclusive and exclusive subthreshold
K~ production in pA interactions is planned in the
near future at the accelerator COSY—Jiilich [56].

In Section 2, we give a review of the spectral-
function approach employed, as well as the parametri-
zations for the elementary antikaon-production cross
sections. In Section 3, we present a detailed compar-
ison of our calculations with the data [60], as well
as our predictions for the invariant cross sections
for “soft” K~ production on Be target nucleus,
which might be measured at, for example, the Cooler
Synchrotron COSY—Jiilich. Finally, the results of
this study are summarized in Section 4.

2. THE MODEL AND INPUTS
2.1. Direct K~ -Production Mechanism
Apart from participating in elastic scattering, an
incident proton can produce K~ directly in the first
inelastic pN collision due to nucleon Fermi motion.
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Since we are interested in the few-GeV region (up to
3 GeV), we have taken into account [61] the following
elementary process having the lowest free production
threshold (2.99 GeV for kinematical conditions of
the experiment [60] in which the rather “hard” K~
mesons with a momentum of 1.28 GeV/c at the lab-
oratory angle of 10.5° have been detected):

p+N—>N+N+K+K", (1)

where K stands for K+ or K for the specific isospin
channel. In the following calculations, we will include
the medium modification of the final hadrons (nucle-
ons, kaon, and antikaon) participating in the produc-
tion process (1) by using their in-medium masses mj
determined below. The kaon and antikaon masses in
the medium, mj ., can be obtained from the mean-
field approximation to the effective chiral Lagrangian
[27, 62, 63]; i.e.,

fes o) e (1= S v
m ~m —
Ki pN K 2f2m%<p5 8f2prN 9
(2)

where my is the rest mass of a kaon in free space,
f =93 MeV is the pion decay constant, and Xxn
is the K N sigma term depending on the strangeness
content of a nucleon and reflecting the explicit chiral
symmetry breaking due to the nonzero strange-quark
mass. [t determines the strength of the attractive
scalar potential for kaon and antikaon. The scalar
and nuclear densities are denoted by pg and py, re-
spectively. Since the exact value of X i x and the size
of higher order corrections leading to different scalar
attractions for kaon and antikaon are not very well
known, the quantity ¥ xn was treated in [20, 39] as
a free parameter that was adjusted separately for K+
and K~ to achieve, within the relativistic transport
model, good fits to the experimental K™ and K~
spectra [34, 35] in heavy-ion collisions. Using the
values of the “empirical kaon and antikaon sigma
terms” obtained in [20, 39] and considering that pg ~
0.9pn at py < po [27], we can readily rewrite (2) in
the form

mic+(pn) = mi + Ug+(pn), (3)

where the K optical potentials Ug+ (pn) are propor-
tional to the nuclear density px,

Ut (o) = U (4)

with

Uy =22MeV, Up_ =—-126MeV.  (5)
To explore the sensitivity of the K~ spectra from the
primary channel (1) in proton—nucleus reactions to
the K+ potentials in nuclear matter, we will ignore
both these potentials in our calculations and also
adopt, instead of the antikaon potential (4), (5), the
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K~ potential extracted [17] from the analysis of kaon
atomic data, viz.,

Uk-(pN) (6)
P 0.25 P
— —129 [—0.15 +1.7 (—N> ] PN Mev.
Po Po

[t is easily seen that the potential (6) amounts to
—200 MeV in the nuclear interior. According to
the predictions of the quark—meson coupling model
by Tsushima et al. [13], one has mJ}., = mj., in
symmetric nuclear matter. The effective mass m}; of
secondary nucleons produced in reaction (1) can be
expressed via the scalar mean-field potential Uy (pn)

as [53]
miy(pn) = my + Un(pn), (7)

where my is the bare nucleon mass. The potential
Un(pn) was assumed to be proportional to the nu-
clear density [21],

Un(pn) = UREY, (8)
Po

with the depth at nuclear saturation density pg rele-

vant [53] to the momentum range of outgoing nucle-

ons for the most part of kinematical conditions of the

experiment [60] on subthreshold antikaon production
being

UY = —34 MeV. 9)

To see the sensitivity of antikaon-production cross
sections from the one-step process (1) to the effective
nucleon potential, we will both neglect this potential
in the following calculations and employ, in them, the
potential of the type (8) with the depth [21, 52]

UY = —50 MeV. (10)

The total energies E;l of secondary hadrons inside the
nuclear medium can be expressed in terms of their
effective masses mj defined above and in-medium

’ . .
momenta p,, as in the free-particle case, namely,

E, =\/p}? +m;2. (11)

It should be pointed out that the use of the quasi-
particle dispersion relation (11) with the momentum-
independent scalar potentials (4)—(6) entering into
the in-medium masses of final K* mesons is very well
justified for the K+ meson [23], whereas, in the case
of the K~ meson, it is valid only for small momenta.
However, for reasons of simplicity, as well as in view
of substantial uncertainties in the model K~ opti-
cal potential (see above), we will neglect the explicit
momentum dependence of the antikaon mean-field
potential in the present study.

Let us now specify the energies and momenta of
the incoming proton inside the target nucleus, as well
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as of the struck target nucleon participating in the
first-chance pV collision (1). The total energy E(; and

momentum py of the incident proton inside the target
nucleus are related to Ey and pg outside the nucleus
by the equations [53]

’ Ap2
E\=Fy— — 12
0 0 2MA7 ( )
Py = Po — Ap, (13)
where
_ LoV po (14)
o |pol

Here, M4 is the mass of the initial target nucleus,
and V; is the nuclear optical potential that a proton
impinging on a nucleus at the kinetic energy ¢g of
about a few GeV feels in the interior of the nucleus
(Vo = 40 MeV). Further, let E; and p; be the total
energy and momentum of the struck target nucleon
N just before the collision process (1). Taking into
account the respective recoil and excitation energies
of the residual (A — 1) system, one has [52, 53]

Ep = Ma—\/(=pt)* + (Ma — my + E)?, (15)
where F is the removal energy of the struck target
nucleon. After specifying the energies and momenta
of all particles involved in the K~ -production pro-
cess (1), we can write the corresponding energy- and
momentum-conservation laws

Ey+ Ey = Ey, + Ey, + Ex + Ep—,

(16)

Po+ Pt =Py, + Py, Pk + P (17)
From (16) and (17), we obtain the squared invariant
energy available in the first-chance p/N collision:

s = (Ey+ E)? — (py + pe)*. (18)

On the other hand, according to (16) and (17), one
gets

s=(Ey, + Ex, + Exc + Ei-)* (19)

— (Pn, + Pr, +Px + P )%
With use of (11), this leads to the following expression
for the in-medium reaction threshold:

VSt = 2miy + mper +mipe
= V/Sthr + 2UN + Ug+ + Uk,

where /s¢h = 2(my + mg) is the threshold energy
in free space and the effective potentials are given
by (4)—(6) and (8)—(10). It is clear from (20) that
the threshold for antikaon production in the reaction
pN — NNKK~ is lowered when the in-medium
masses are used. For example, the reduction of the

K~ threshold in the nuclear interior will be 172 and
204 MeV, respectively, for the potentials (5), (9) and
(5), (10). This will strongly enhance the possibility

(20)
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of K~ production in first-chance p/N collisions at
subthreshold beam energies.

Finally, neglecting K~ production via resonances
in pN collisions!) [16] and taking into consideration

antikaon final-state absorption, we can represent the
invariant inclusive cross section for the production on
nuclei of K~ mesons with the total energy Fx - and
do_(prlm
4 /
0
+00

momentum pg- from the primary proton-induced
reaction channel (1) as (see also [52, 53])
pA—-K~—X pO
dpr-
x exp | —(po) / p(r + 2Qo)dz — p(pg-)
X /p(r—i—xQK)dx
0

Eg-

(21)

/ d — - / ’ / -
» <EK OpN NNK;(p/[po Px p(r)] >’
K-

where

E/ do’pN—)NNKKf [pébp/](—?p(r)] (22)
K- dp'K,

://P(pt,E)dptdE

E do—pN—»NNKK* [V/s, PIK— ,p(r)] .
K- dp;<7 ?

X

w(po) = U;ior;(Po)Z + U;iorﬁ(Po)N, (23)

p(pr-) = ot (p-)Z + o, (P )N

Here, E}(—dUpN—»NNKKf[\/57PK—aP(I')]/dPK— is
the “in-medium” invariant inclusive cross section for
K~ production in reaction (1); p(r) and P(py, E) are,
respectively, the density and nucleon spectral function
normalized to unity; p; and E are, respectively, the
internal momentum and removal energy of the struck

DIt should be pointed out that, in the threshold energy region,
K™ mesons can be produced in these collisions also by the
decay mainly of the ¢ meson as an intermediate state [64,
65]. Thus, the resonant(¢ meson)-to-nonresonant K~ -
production cross-section ratio in pp reactions measured re-
cently by the DISTO collaboration at SATURNE [65] at a
beam energy of 2.85 GeV is equal to 0.82. However, in
view of the complete lack of other data in the literature for
¢-meson production in pp interactions at energies close to
the threshold needed for accurately estimating the resonant
contribution to K~ production in pA reactions, it is natural
to assume, in calculating the K~ yields in pA collisions from
primary channel (1), that the antikaons are produced directly
in this channel.
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target nucleon just before the collision; ¢l and

p
tot . . .
o2t are, respectively, the inelastic and total cross

sections of free pN and K~ N interactions; Z and N
are, respectively, the numbers of protons and neutrons
in the target nucleus (A = N + Z); Q¢ = po/po (Po
is the beam momentum) and Qg - = px-/pr-; and
s is the pN center-of-mass energy squared. The
expression for s is given above by formula (18). In
(21), it is assumed that the K~-meson production
cross sections in pp and pn interactions are the same
[29, 61, 66] and that any difference between the proton
and the neutron spectral functions is disregarded
[52, 53]. In addition, it is suggested that the way
of the produced antikaon out of the nucleus is not
disturbed by the K~ optical potential and K~ N

elastic rescatterings, as well as that a}‘(’t_N(p'K_) ~

ot (pr—-). Such approximations are allowed in
calculating the K ~-production cross sections for
kinematics of the experiment reported in [60]. As
a result, the in-medium antikaon momentum p/K_
is assumed to be parallel to the vacuum momentum
px- and the relation between them is given by

\/p}%_ + m??_ = \/p%(_ + mﬁ(

In our approach, the invariant inclusive cross sec-
tion for K~ production in the elementary process (1)
has been described by the four-body phase-space cal-

culations normalized to the corresponding total cross
section [52]:

o dopyNNNKK- [V/s, P/K— ,p(r)]

(24)

; 25
K ap,_ (25)
= pN—»NNKKf(\/g7 V S:h)f4(57pl[(*)7
Fi(s,Pg) = B(snnk, Miee, miy, my)  (26)
X [214(87m;(+7m}<(*7m}k\77m7\f)]_1 s
0.098 (1 _ Sthr
S

Opp—ppK+K— (\/57 V Sth) =

o)

1935
Iy(s, i, miy, mi) = () (27)
(\/E*m;@r)g
" A(snn, myg, my)
SNN
47717\,2
(s, snn,m*2
y (s,sNN K+)d3NN,
S
I4(Sam*K+am*K—7m>]kVam>]kV) (28)

(\/g_m;{Jr —m;{7 )?

2 %2
T A(SNN, My, My)
2 SNN
4m}‘\,2

X I3(s,my—,\/SNN, M+ )dSNN,

N 2) =T = (Vi + VP (Vi - VA,
(29)
sNNK = s +mi2 —2(Ey+ E)E-  (30)

+2(Py + Pt)Pg- -

Here, UpN—»NNKK—(\/ga 1/8:}1) is the “in-medium”

total cross section for K~ production in reaction (1).
This cross section is equivalent[28, 42, 53] to the vac-

uum cross section oy, n_ N v ik~ (V/5, 4/5thr) in Which
the free threshold /s, is replaced by the effective

threshold /sj, . as given by Eq. (20). For the free to-
tal cross section o,n_, NNk K- (v, /5thr), We have
used the parametrization?) suggested in [61, 66] that

has been corrected for the new data point (500 pb) for

pp — ppK T K~ reaction from the COSY-11 collabo-
ration at COSY—Jiilich [67] taken at 6.1-MeV excess
energy, viz.,

2.23
) [mb] for 0 < /s — /Stir < 0.1 GeV
(31)
for /s —\/sthr > 0.1 GeV,

where r—1\35

s R = (250)

F(z) = <1 - —> [2.8F(z) (32)
x
and DIt should be mentioned that this parametrization was pro-
F = (1+1 1 —4(1 -1 33 posed for the inclusive pp — K~ X cross section, which is
! (x) ( + /\/E) ne ( /\/E)’ ( ) assumed to be the same as that for pp — ppK K~ at beam
F(x)=1-(1/Vx)(1 +1nz/2), energies of interest [61, 66].
PHYSICS OF ATOMIC NUCLEI Vol.64 No. 1l 2001
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Fig. 1. Total antikaon-production cross section in

proton—proton collisions as a function of the available
energy above the threshold. The notation is explained in
the main body of the text.

A comparison of the results of our calculations by
(31) (solid curve) with the experimental data close
to the threshold for pp — ppK K~ reaction from
the installation COSY-11 [67] (open square), from
the DISTO collaboration at SATURNE [65] (full
square), and with the K~ inclusive production cross
sections at higher energies (open circles) [61, 66] is
shown in Fig. 1. In this figure, we also show the
predictions from the current parametrization (dashed
curve) employed in the recent study [23] of the an-
tikaon production in proton—nucleus collisions. It is
seen that our parametrization (31) accounts well for
the K~ cross sections measured in the experiments
[65, 67] near the production threshold, whereas the
one from [23] underestimates the lowest data point by
a factor of about 10.

For K~ -production calculations in the case of
9Be and %3Cu target nuclei reported here, we have
employed, for the nuclear density p(r), respectively,
the harmonic-oscillator and a two-parameter Fermi
density distribution,

p(r) = pn(r)/A

_ (b{:/)jm {1 i [%] ber}eXp(—bTQ),

p(x) = po [1 +exp <;R)] T )

with b=0.329 fm~2 [60], R =4.20 fm, and a =
0.55 fm [68].

Another very important ingredient for the cal-
culation of the K~-production cross sections in

(34)

PHYSICS OF ATOMIC NUCLEI
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proton—nucleus reactions in the subthreshold-energy
regime—the nucleon spectral function®’ P(py, E)
(which represents the probability of finding a nucleon
with momentum p; and removal energy E in the
nucleus)—was taken from [52, 53] for a ?Be target
nucleus; for 3Cu, it is assumed to be identical to
that for 2¥Pb [71]. The latter was taken from [72].
The adopted spectral function contains information
on both the single-particle motion of intranuclear
nucleons (at low p; and F') and short-range nucleon—
nucleon correlations (at high p; and F). The descrip-
tion of its structure at high values of the nucleon mo-
mentum (up to ~ 0.8 GeV/c) and removal energy (up
to ~ 0.5 GeV) relevant to the kinematical conditions
of the experiment [60] (see below) is based on the
convolution model [71]. It should be noted that, in
specific cases (see, for example, [73]), the analysis
of hadron production on nuclei requires knowledge
of the nucleon spectral function at larger values of
three-momentum and removal energy. Such an
extrapolated spectral function was obtained in [73].

Let us now simplify expression (21) for the in-
variant differential cross section for K~ production in
pA collisions from the one-step process. Since we
are interested in the spectra of emitted antikaons at
forward laboratory angles, i.e., when Q- ~ €q, we
have

dO'(prim) _(p
EK— pA—K X( O) (36)
dp -
+oo +oo
=21A / ridr) / dzp(y/r% + 2?)
0 —00

X exp [—u(po, prc—3 71, %))

< , dog— - [P0 Py (/12 + 22)] >
x(F ’

K dp'y -
where
p(po, Pr—;7L,2) = p(po)t(rL, 2) (37)
+ pupg-)t(re, —2)
and
try,z) = / p(1/7r? + x?)dz. (38)

—00

The quantities w(po) and u(pg-) entering into (37)
are defined above by formula (23). In the case of

It should be noticed that the full energy—momentum distri-
bution of the struck target nucleons was not taken previously
into account [23, 58, 69, 70] in analyzing the subthreshold
and near-threshold antikaon production in proton—nucleus
reactions.
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the harmonic-oscillator density distribution (34), the
integral in (38) has the simple form

t(r,z) = <7f—2> {1 + [%] brd (39)
+ |25 1 = e fen o),
f(z) =0(2) { [1 + <%> br? (40)

+ <ﬂ>] erf(2v/b)

— (%) Z—\/; exp (—b22)} :

Considering that, for K~ mesons with a momen-
tum of 1.28 GeV/c, the elementary cross section is
oty ~ 30 mb [61] and that o7y ~ 30 mb [52] for
the beam energy range of interest, we have

1(po) = p(px-) = p = 30A mb. (41)

Then, expression (37) is reduced to the simpler form

:u(p07pK*§TJ_7Z) = Mt(rl)v (42)
t(rp)=t(ry,z)+try,—2) (43)
+o0
=2 / p(1/r3 + x2)dz.
0

For the harmonic-oscillator density distribution (34),
the quantity ¢(r ), in view of Egs. (39) and (40), has
the simple form

t(ry) = (j—i) {1+ [%] bri  (44)
+ [%] Yexp (—br?).

Let us now consider the two-step K~ -production
mechanism.

3. TWO-STEP K~-PRODUCTION
MECHANISM

Kinematical considerations show that, in the bom-
barding energy range of our interest (<3.0 GeV), not
only may the following two-step production process
contribute to K~ production in pA interactions, but
it is even dominant [23, 69] at subthreshold energies.
In the first inelastic collision with an intranuclear
nucleon, an incident proton can also produce a pion
through the elementary reaction

p+Ni— N+ N+ (45)
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Then, the intermediate pion, which is assumed to be
on-shell, produces an antikaon on a nucleon of the
target nucleus via the elementary subprocess with
the lowest free production threshold (1.98 GeV for

kinematics of the experiment reported in [60]),%)

T+ Ny - N+K+ K, (46)
provided that this subprocess is energetically pos-
sible.  To allow for the influence of the nuclear
environment on the secondary K~ -production pro-
cess (46), it is natural to use, in calculations of the
K~ -production cross section from this process, the
same in-medium modifications of the masses of final
hadrons (kaon, antikaon, and nucleon) as those, (3)
and (7), for hadrons from primary pN collisions due
to the corresponding mean-field potentials Uy + (pn)
and Un(pn). For the sake of numerical simplicity,
these potentials are assumed here to be density-
independent with depths (5) and (9) taken at the
nuclear saturation density. Evidently, this enables
us to obtain an upper limit on the respective cross
sections. Moreover, in order to reproduce the high-
momentum tails of the pion spectra at forward labo-
ratory angles from reaction (45), which are responsi-
ble for K~ production through the 7N — NKK~
channel, it is necessary to take into account, in
calculating these spectra, as was shown in [53], the
modification of the mass of each low-energy nucleon
produced together with a high-energy pion by the
effective potential (9). But, since we will employ (see
below), in our calculations of the antikaon production
from secondary process (46), the pion spectra from
proton—nucleus interactions also measured in the
experiment reported in [60] instead of the theoretical
ones, this modification will be automatically included.
Then, taking into account the antikaon final-state
absorption and using the results given in [52, 53],
we easily get the following expression for the K~ -
production cross section for pA reactions from the
secondary pion-induced reaction channel (46), which
includes the medium effects under consideration on
the same footing as that employed in the calculation
of the K~ -production cross section (21) from primary
proton-induced reaction channel (1):

da](;(lec—{K*X(pO)

E.
K dpg—

(47)

Y1t is important to note that the elementary processes
mN — N7KK~ with one pion in final states, as our cal-
culations with the total cross sections of these processes
taken from [20] showed, play a minor role in subthreshold
antikaon production in pA reactions for kinematics of the
experiment reported in [60].
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llm(,ﬂﬂ_) (
dol51) (o)
. pA—m X \P0
= Z /dﬂn Prdpx T dp.
r=nt 707 4r pabs

tot

[A7JpN(p0)a ﬂ'N(p ) U}?EN(pK*)aﬂﬂaﬂK*]
V[A7O—pN(p0)7o-£r%(pﬂ')vﬁ7r]

PARYEV

//P Py, £ dPtdE
E’ do’ﬂNﬂK X(\/_17 pK )
K- de_ )

where

Iv[A, o) (o), 0N (pr), 032 (D), O, O -] = A? / / drdr,©(z))6@ (x 1) p(r)p(r) (48)
0 | 0o
x exp | —p(po) / p(r1 + ') dz’ —M(Pn)/P(rl +2'Qr)dz’ | exp —u(pK)/p(rJrfv’ﬂK)dw’ ,
—00 0 0
Iy[A, o3 (po), 0% (), V] (49)
0 [e’e)
— 4 [ plrydvesp | ~u() [ ole+oQ0)do — n(ps) [ plr +a9)do]
—00 0
r—ry= x”Qﬂ +x, (50) N dUﬂnHK*X(\/s—lv p/](—)
+ _EKf 7 )
Q= pw/pm A de7
cost¥y = oy, cosVg- = QoQg—;
1(pr) = (A/2)[035 (px) + o500 (Px)], B+ B — (pn + b)) )
O(x)) = (z) + lz1)/2]=], 517 B T B Pr TP
;o do N Do
o OxN—K Xl(\/s—l Py-) (51) / ,
de, Et =mpy — E — Crec, (53)
_ g daﬂpﬂK—X(\/aa lef)
AR dp/K_
. Bapo cos VU + (Ep + MA)\/ﬁ?4 —4m2(sa + pg sin? Ur)
Pr (Ur) = : (54)

— M3y, sa=(Eo+ Ma)*—pg.
(55)

2
Ba =sa+m;

Here, dal(ff_)mzx (po)/dp are the inclusive differential

cross sections for pion production on nuclei from
the primary proton-induced reaction channel (45);
Epedo gy re-x/dp o~ (B dom e~ x /dp - ) is
the in-medium inclusive invariant differential cross
section for K~ production in 7p (7n) collisions via
the subprocess in (46); % (pr) is the total cross
section of the free 7N interaction; p, and E, are,
respectively, the momentum and total energy of a

pion; ps is the absolute threshold momentum for

PHYSICS OF ATOMIC NUCLEI

2(s4 + pEsin? )

antikaon production on the residual nucleus by an
intermediate pion (p2P® ~ 1.88 GeV/c for the produc-
tion of K~ mesons with a momentum of 1.28 GeV/c
at a laboratory angle of 10.5°); and pli™(«J,) is the
kinematical limit for pion production at the laboratory
angle ¥, from proton—nucleus collisions. The quan-
tities p(po) and u(pg-) are defined above by (23).
Finally, the quantity Cyec in (53) takes properly into
account the recoil energies of residual nuclei in the
two-step production process (Crec &= 3 and 16 MeV
for the initial Be target nucleus and Ciec ~ 0.4 and
2 MeV for the %3Cu target nucleus in the case where,
in (47), use is made of uncorrelated and correlated

Vol.64 No. 11 2001



ANTIKAON PRODUCTION AND MEDIUM EFFECTS

parts of the nucleon spectral function, respectively).

The in-medium momentum p’ x- of the antikaon

produced in the secondary 7N — NK K~ channel

is related to the free momentum pg- by Eq. (24),

in which, according to the aforesaid, one has to set

mi_ =mg + UL_ with Uj._ = —126 MeV.
Because we are interested in the high-momentum

(prim)

parts of the pion spectra do,, = (Po)/dpr at for-

ward laboratory angles, as was noted above, and
since the high-momentum tails of the experimental

pion spectra da(Zfer(po)/dpﬂ at these angles are

populated mainly by the pions from first-chance p/N
collisions (45) [53], we will employ, in our calcula-
tions of the K~ cross sections from the two-step
process (45), (46), the experimental pion yields at
small angles and for high momenta. In the case of “Be
and 93Cu target nuclei, these yields were measured
in the experiment reported in [60] at a laboratory
angle of 10.5° for incident proton energies of 1.75 and
2.25 GeV and the results of measurements, with the
aid of those from [74, 75], were parametrized as [in
GeV mb/(GeV/c)3][60, 76]

do (expt) Po
E.+ Tpertx(PO) _ 220(1 — 28)3%1 (56)
dp7rJr
(expt)
B do p9Be—m— X(pO) _ 130( R)SJFSPl
" dp,-
do_(expt) Po
i 63Cu—>7r+X( ) (57)
dp7T+
= 3650(ef1)! (1 — aff) P2+
B dU(Z?étzHﬂ X(pO)
) dp,-
= 2460(x i) (1 — 2ff) 2220 001
where the radial scaling variable { is given by
o = P/Prmas; (58)

* [ %2 * 1
b= pL —l—pi, pmaX: ﬁ)\(s/;,m MAJrl)

and EL and p, are the longitudinal and transverse
momenta of the pion in the pA c.m. frame, respec-

tively; and Emax is the maximum value of]g allowed by
the kinematics. The quantity s4 is defined above by
(55). The 7¥ spectrum also needed for our calcula-
tions can be approximately expressed in terms of the
7t spectra as

1939

Parameters in the approximation of the partial cross sec-
tions for the production of K~ mesons in 7NV collisions

Reaction A, mb B i
T+n—-p+ KT+ K- | 0.1757 | 04938 | 1 | 2
7 +p—n+Kt+ K | 0.1800 | 0.0549 | 2 | 3
T 4+p—p+ KO+ K- | 00576 | 0.0549 | 2 | 3
7 4+n—n+K'+ K~ | 00647 | 0.2910 | 1 | 2
1| Bt doiP (o)
27 dp+ T dp,—

In our method, the Lorentz-invariant inclusive
cross section for K~ production in w/N collisions
(46) has been described by the three-body phase-
space calculations normalized to the respective “in-
medium”  total cross section o N_NEKK- X

(\/ﬁ, \ /5*1‘7thr). According to [77], one has
o Ao,y NiK-(V/51,Py-)

- ; (60)
K dp -
OxN-NKEK- (/51 Slthr sKN,mKJHmN)
4 13(817 K*’ K 7mN) SKN
SKN =s14+mi2 —2(Ex + E)E, (6])
+2(pr + P)Px->
where

$1ohe = V5Lt + UN + Upes +Up—, (62)
where /81 thr = mn + 2my is the vacuum thresh-

old energy and the quantities I3 and X\ are defined
by the (27) and (29), respectively. Like above,
we assume that the “in-medium” cross section

OxN-NKK- (/515 1/8] 41,,) 1 equivalent to the vac-

uum cross section o, n_NrxK-(\/51,/51,thr)
which the free threshold , /57 ¢y is replaced by the ef-

fective threshold , /s7 ., as given by (62). For the free

total cross section o,y nxgKr-(\/51,+/51thr), We
have used the following parametrization suggested

in[77]:

OxN-NEKK-(V/51, V51, thr) (63)
[(\/— VALmr)/GeV]’
+ [(v/51 = \/51,mr) /GeV]T’

where the constants A, B, i, and j are given in the
table.

do57), (po) In order to obtain the total tions T
B oA (59) n order to o ain the total cross sections for
™ dp.o the reactions 7% — pK+tK~, 7% — nK*TK~, and
Pr
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79n — pKOK~, where data are not available, we
have employed isospin considerations. They have

shown that there exist the following relations®) be-
tween the cross sections o ny_, N r-:

20—7r_p~>nK+K— + Or—nonkOK- T On—p—pKOK—

(64)
= Q[QUﬂOPHpK+K— + JﬂoanKoK—],
Or0ppK+K— = On0pnK+K— (65)
and
OnOn—pKOK— ~ On—ponK+K—- (66)
Using (64)—(66), one gets
On0p—spK+K— = On0npnK+K— (67)

1
= Z (Jﬁ*n—mKOK* + 0-7I'7p—>pK0K7) .
Within the representation (60), the inclusive invariant
differential cross sections E;(, daﬂpﬂK_X/dlef
and E'K_dam_)KfX/dp/K_ for antikaon production

in mp and 7n interactions appearing in (51) can be
written as

/ do’ﬂ*p—)KfX(\/g7 pl[(—)

PARYEV

+El dUﬂfp_)pKOKf(\/Sl,p/I(_)
K- 7
dp

E’ daﬁ*n—J(*X(\/aa p/K—)
K dp'K,
_ 5 daﬂ*n—mKOK*(\/aa lef)
K- dp'K,

)

Let us now simplify expression (47) describing the
invariant differential cross section for K~ production
in pA collisions via the two-step process. Consid-
ering that the main contribution to the cross section
for antikaon production at forward laboratory angles
comes from fast pions moving in the beam direction
and that the 7N total cross section oY, in the energy
region of interest is approximately constant with a
magnitude of (¢'%) ~ 35 mb [52], we can recast this
expression into the form

do'*? - (po)

dpg-
 Iv[A a5 (po), (03%), 0y (PKc-), 0%, 0°]

Eg- (71)

Eje- : —0, (68) — a
K dp - Iv[Aa UpN(po), <J£r%>70 ]
! pHm (9r) rim
E}(_ d0'7r+n—>K_)(/(\/§7 pK*) 9 do—z()lj4—>72X(p0)
de_ X Z dQT( pﬂdpﬂT
, 7T=7T+,7TO,7T_47-‘- abs i
_ E’ do—ﬂ*n—mK*K*(\/s—lapK—). P
" dp)c- ’ x / / P(p;, E')dp,dE'
’ do K- 51, ' _ ’
o s X,(\/_l P (69) g domn k- x(VET P
de_ K- dp,K, )
= Ep_ daﬁop_’pK;K/ (V51 Pk-) ’ where, according to (52),
P — / /
- s1= (Bn+ E)’ — (0:0% + P> (72)
B dJ’TO"HK_X,(\/g’ Pr-) For a nucleus of radius R = 1.3AY2 fm and with a
dp - uniform nucleon density, the expressions for
’ i tot tot o Nno
. ’ do-ﬂ'on—WzKJrK*(\/a, pK*) IE/[A7U;}V(p0)’<U7T%V>’U[(()7N(pK_)7O 70 ] aﬂd
= g~ dp’_ Iy [A, o0y (po), (03%), 0°] are simplified to become
/ i tot \ _tot 0 0
—|—E}( daﬂoanKoK—(\/g,pK_)‘ IV[A7 J;)I}V(po); <J7r(A)/V>7JI?*N(pK*)70 70 ] (73)
- dp'y - ’ 9A
=[] -1
, 27TR2(CL2 _ ag) [ (a17a3) (a17a2)] )
! daﬂ—pﬂK—X(\/aa pKf)
Eic- = (70) L (1
Py I(aj,a) = —— {—2 [1 -1+ a)e_a] (74)
/ (a1 —a) |a
_ / do—ﬁ*p—mKJrK*(\/g?pK—) 1
K dp'K_ - a_% [1—(1+a1)e_‘“]},
91t should be noted that these relations are in line with those 3A
between the cross sections o, n_, — derived in [78] by ! in tot o1 —
employing the K™ -resonance egchgvfg}e{ model. IV [A’ opN (pO)’ <UWN>’ 0 ] (CLS — a2)a% (75)
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2
X {1 — (14ag)e 2 — <Z—z) [1— (14+as)e™ ] },

where a1 = 3u(pg-) /27 R?, as = 3u(po) /2w R?, and
az = 3A(0t9%) /2m R?. In the case of a; = ay relevant
to the kinematical conditions of the experiment re-
ported in [60] [see (41)], the quantity I(a;, as) enter-
ing into (73) can be represented, in view of (74), in the
simpler form

I(al,ag = al) = I(al) (76)
af

2 —a
:a_‘i’ 1—(1—|—a1+5)e !
Finally, it is interesting to note that, in the case
of a; = as = as, which is realistic enough as well,
expression (73) can be reduced to a substantially
simpler form, viz.,

Iv[A, o (po), (o), 0%y (Drc-), 0, 0°]

942
N 47TCL1R2
where the quantity /(aq) is defined above by (76).

Let us now discuss the results of our calculations
for antikaon production in pBe and pCu interactions
in the framework of the model outlined above.

(77)

[3I(a1) — e ],

4. RESULTS AND DISCUSSION

At first, we will concentrate on the results of our
calculations for the direct K~ -production mecha-
nism.

Figure 2 shows a comparison of the invariant cross
section calculated by (36), (41)—(44) for the produc-
tion of K~ mesons with a momentum of 1.28 GeV/c
at a laboratory angle of 10.5° from the primary pN —
NN KK~ channel with the data from the experiment
reported in [60] for p 4+ “Be — K~ + X reaction at
various bombarding energies. One can see the fol-
lowing:

(i) Our model for the primary antikaon produc-
tion process based on nucleon spectral function fails
completely [especially at “low” beam energies (dash-
dotted curve)] to reproduce the experimental data at
subthreshold beam energies (at energies < 2.99 GeV
for the kinematical conditions of the experiment re-
ported in [60]) without allowance for the influence of
the corresponding nuclear mean-field potentials on
the one-step production process (1).

(ii) The simultaneous inclusion of potentials for
final nucleons, kaon, and antikaon (dashed curve with
two dots) leads to an enhancement of the K~ yield
by about a factor of 1.6 (3) at “high” (“low”) incident
energies as well as to a reasonable description of the
experimental data, except for the four lowest data
points.
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Fig. 2. Lorentz-invariant cross sections for the
production of K~ mesons with a momentum of
1.28 GeV/c at the laboratory angle of 10.5° in p + ?Be
reactions as functions of the laboratory kinetic energy
€o of the proton. The experimental data (full squares)
were taken from [60]. The curves are our calculation
with the density-dependent potentials.  The dashed
curves with one, two, and three dots and the solid
and short-dashed curves represent the results of the
calculations for the primary production process (1) with
the total nucleon spectral function at Vo =40 MeV,
Un(pn) =0, Ug+(pn) =0, Uk-(pn) =0
% =40 MGV, UN(,ON) = 734(,01\7/,00) MEV,
Uk+(pn) = 22(pn/po) MeV, Uk-(pn) =
—126(p1\7/p0) MGV; Vo =40 MEV, UN(,ON) =
—34(pn/po) MeV, Ug+(pn) =0, Ug-(pn)=0;

% =40 MGV, UN(,ON) = —34(,01\7/,00) MEV,
Ug+(pn) =0,  Ug-(pn) =—126(pn/po)  MeV,
and Vo =40 MeV, UN(pN) = —50(/)1\1//)0) MeV,

Ug+(pn) =0, Ug-(pn) = 0, respectively. The long-
dashed curve denotes the same as the dashed curve with
two dots, but it is assumed in addition that the total
nucleon spectral function is replaced by its correlated
part. The arrow indicates the threshold for the reaction
pN — NNKK™ occurring on a free nucleon for the
kinematics under consideration.

(iii) The previous scenario is hardly distinguish-
able from the one employing only the attractive out-
going nucleon effective potential (dashed curve with
three dots), which indicates that the simultaneous
application of kaon and antikaon potentials has no
effect on the K~ yield and is mainly governed by the
nucleon mean-field potential.

(iv) Although the K+ and K~ potentials are sub-
stantially different in magnitude, the effect of the
K™ potential alone (compare the solid curve and the
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dashed curve with two dots) is comparable to that
of the K~ potential alone (compare the solid curve
and the dashed curve with three dots) and they act in
opposite directions; namely, the inclusion of the K+
or K~ potential alone results in the reduction or the
enhancement of the antikaon yield by a factor of about
1.2 (1.5) at “high” (“low”) beam energies, which are
insufficient to describe the data in case where the
antikaon potential alone is included.

(v) Our calculations including simultaneously
both attractive antikaon (4), (5) and nucleon (8), (9)
effective potentials (solid curve in Fig. 2) reproduce
quite well the experimental data in the energy region®
€p > 2.4 GeV, but they underestimate the data at
lower bombarding energies, as in the cases consid-
ered above with the different scenarios for the in-
medium masses of hadrons produced in the primary
production process (1).7)

(vi) The application of the effective nucleon po-
tential (8), (10) alone (short-dashed curve) leads to
a result that also gives a rather qood description of
the experimental data, except for the three lowest data
points, which means, in view of the aforesaid, that the
determination of the K~ potential from the excitation
function for “hard” antikaons appears to be difficult.

(vii) The antikaon yield from the one-step K-
production mechanism is entirely governed by the
correlated part of the nucleon spectral function only
in the far subthreshold energy region (at bombarding
energies of ¢y < 2.4 GeV), which intimates that in-
ternal nucleon momenta greater than the Fermi mo-
mentum are needed for K~ production in the direct
process (1) at the given kinematics and these beam
energies.®)

The results presented in Fig. 2 indicate, as was
also noted above, that the one-step production pro-
cess (1) misses the experimental data in the energy
region far below the free threshold (at beam ener-
gies ¢y < 2.4 GeV) even when the influence of the
nuclear density-dependent mean-field potentials (4)—
(6) and (8)—(10) has been included. But K~ cre-
ation due to first-chance pN collisions (1) in this

5This counts in favor of the scenario where, for positive-
charged kaons, virtually no medium modifications are needed
to reproduce the data in this energy region.

D1t should be pointed out that the use in the calculation
of the K~ optical potential (6), extracted from the kaonic
atomic data, instead of the potential (4), (5), leads to an
increase in the “low”-energy (eo < 2.5 GeV) and “high”-
energy (eo > 2.5 GeV) parts of the antikaon excitation func-
tion only by about 15 and 5%, respectively.

8 Calculations show that the minimal internal nucleon mo-
menta needed for K~ production in the primary process (1)
at incident energies of 2.25, 2.30, 2.35, and 2.40 GeV corre-
sponding to the four lowest data points in Fig. 2, respectively,
are 424, 374, 331, and 291 MeV/c.
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energy region occurs, as is evident from the foregoing,
when incident protons collide with the short-range
two-nucleon (or multinucleon) correlations inside the
target nucleus, which means that the local baryon
density around the spatial creation points of hadrons
in these collisions can be high [54]. Therefore, the
antikaon production in the far subthreshold energy
region should be evaluated more likely for the density-
independent potentials with depths (5) and (9) taken
at normal nuclear density py than for the density-
dependent fields (4) and (8) where the local average
nuclear density is involved.

The results of such calculations obtained both for
the one-step (1) and for the two-step (45), (46) reac-
tion channels, as well as the same experimental data
as those presented in Fig. 2, are shown in Fig. 3. One
can see the following:

(i) Our calculations for the one-step reaction
channel (1) with the parameter values of Vj =
40 MeV, UJ =0, Upy =22 MeV, and Uj_ =
—126 MeV (dash-dotted curve) underestimate sub-
stantially the data in the energy region far below the
threshold, whereas the additional inclusion of the
nucleon effective potential UY = —34 MeV (dashed
curve with two dots) leads to quite a good description
of the data in this energy region, which means that the
K~ yield is almost totally determined by the nucleon
mean-field potential (compare also the dashed curves
with two and three dots in Fig. 3).

(ii) The scenario where only an attractive antikaon
density-independent potential with depth UY._ =
—126 MeV is used does not allow us to reproduce the
data in the far subthreshold energy region (compare
the thin solid curve and the dashed curve with three
dots), which is in line with our findings inferred above
from the analysis of the same data with the density-
dependent potential.

(iii) The results of our calculations of the antikaon
yield from the secondary reaction channel (46) in-
cluding the influence of the different in-medium sce-
narios on it are significantly lower?) than the data and
calculated cross sections from the primary process (1)
(dashed curves with two and three dots, thin solid
curve), which implies the dominance of the one-step
K~ -production mechanism for antikaon production
considered at all beam energies of interest.

Let us now consider subthreshold K~ production
from p + %3Cu reactions within the above model.

Figure 4 presents invariant cross sections mea-
sured and calculated by (36) and (41)—(43) for the

YFor example, the two-step (thick solid curve)-to-one-step
(thin solid curve) K™ -production cross-section ratio is
about 1/5 at “low” kinetic energies (o = 2.2—2.3 GeV) and
about 1/20 at “high” beam energies (eg = 2.7—2.9 GeV).
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Fig. 3. Lorentz-invariant cross sections for the produc-
tion of K~ mesons with a momentum of 1.28 GeV/c
at a laboratory angle of 10.5° in p + °Be reactions as
functions of the laboratory kinetic energy of the proton.
The experimental data (full squares) were taken from the
experiment reported in [60]. The curves represent the
results of our calculation with density-independent po-
tentials. The dashed curves with one, two, and three dots
and the thin solid curve correspond to the calculations
for the primary production process (1) with the total nu-
cleon spectral function at Vo = 40 MeV, U}, = 0, Up.y =
22 MeV, and Uy, = —126 MeV; Vy = 40 MeV, Uy =
=34 MeV, Upy =22 MeV, and Uy = —126 MeV;
Vo =40 MeV, UR = =34 MeV, Uy =0, and U_ =
0; and Vo = 40 MeV, UR = —34 MeV, Up; =0, and
Uy =—126 MeV, respectively. The dotted, short-,
and long-dashed curves show the results of the calcu-
lations by (71)—(76) for the secondary production pro-
cess (46) at Uy =0, Uy =0, and Up._ =0, Uy =0,
Ui =0,and Up._ = —126 MeV; and Uy, = —34 MeV,
US%, =22 MeV, and Uj_ = —126 MeV, respectively.
The curve with alternating short and long dashes and
the thick solid curve represent the results of our cal-
culations for the secondary production process (46) at

Ux =0, Uy, =22 MeV, and U = —126 MeV and
U = =34 MeV, Up. =0, and Uy, = —126 MeV, re-
spectively. The arrow indicates the threshold for the

reactionpN — NN KK~ occurringon a free nucleon for
the kinematics under consideration.

production of K~ mesons with a momentum of
1.28 GeV/c at a laboratory angle of 10.5° from the
primary pN — NN K K~ channel in p®3Cu reactions
at various bombarding energies. We can clearly see
the following:

(i) Only a simultaneous inclusion of the attractive
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Fig. 4. Lorentz-invariant cross sections for the produc-
tion of K~ mesons with a momentum of 1.28 GeV/c

at a laboratory angle of 10.5° in p 4 ®*Cu reactions as
functions of the laboratory kinetic energy of the proton.
The experimental data (full triangles ) were taken from the
experiment [60]. The curves represent our calculation
with density-dependent potentials. The notation for the
curves is identical to that in Fig. 2. The arrow indicates
the threshold for the reaction pN — NN KK~ occuring
on a free nucleon for the kinematics under consideration.

antikaon [(4), (5)] and nucleon [(8), (9)] effective po-
tentials (solid curve in Fig. 4) or the application of the
nucleon potential (8), (10) alone (short-dashed curve)
allows us to describe rather well the experimental
data, except for the two lowest data points, which is
consistent with our previous findings of Fig. 2.

(ii) The use of only the attractive outgoing nucleon
potential (8), (9) (dashed curve with three dots) leads
to an enhancement of the K~ yield by about a factor of
2.5(1.5) at a beam energy of 2.5 (2.9) GeV, whereas
the additional inclusion of the K~ potential (4), (5)
(solid curve) results in a further enlargement of the
antikaon yield by a factor of about 1.5 (1.1), which
indicates that the effect of the nucleon mean field
is of importance for explaining experimental data on
“hard” antikaon production at the incident energies
considered and the influence of the K~ optical poten-
tial alone is insufficient for describing the data under
consideration.

(iii) A simultaneous application of the kaon and
antikaon potentials has virtually no effect on the K~
yield (compare the dashed curves with two and three
dots), as in the case of K~ production on a “Be target
nucleus discussed above.

(iv) The main contribution to K~ production in
the far subthreshold energy region (at beam energies
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Fig. 5. Lorentz-invariant cross sections for the produc-
tion of K~ mesons with a momentum of 1.28 GeV/c

at a laboratory angle of 10.5° in p 4 ®*Cu reactions as
functions of the laboratory kinetic energy of the proton.
The experimental data (full triangles) were taken from
the experiment reported in [60]. The curves represent
our calculation with density-independent potentials. The
notation for the curves is identical to that in Fig. 3.
The arrow indicates the threshold for the reaction pN —
NNKK™ occuring on a free nucleon for the kinematics
under consideration.

€0 < 2.4 GeV) comes from the use in our calcula-
tions with the density-dependent mean-field poten-
tials of only the correlated part of the nucleon spectral
function (long-dashed curve), which means, in line
with the conclusion drawn above from the analysis
of the K~ data from p”Be interactions, that antikaon
production in this energy region should be evalu-
ated for density-independent potentials rather than
for density-dependent fields.

The results of such calculations performed for
the one-step [(1)] and two-step [(45), (46)] reaction
channels are given in Fig. 5, along with the same
experimental data as those presented in Fig. 4. We
can see the following:

(i) Our calculations for the one-step reaction
channel (1) with the parameters set to the values of
Vo =40 MeV, U§ =0, Uy, =22 MeV, and U}, =
—126 MeV (dash-dotted curve) essentially miss the
data in the energy region ¢y < 2.6 GeV, whereas the
additional inclusion of the nucleon effective potential
UY = —34 MeV (dashed curve with two dots) leads
to a fairly good description of the data at 2.5- and 2.6-
GeV incident, energies as well as to a much better
description of the two lowest data points in relation
to the previous one and to that obtained by adopting
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the corresponding density-dependent potentials (cf.
Fig. 4).

(ii) The scenario where only attractive nucleon and
antikaon density-independent potentials with depths
U = —34 MeV and Up._ = —126 MeV are used
(thin solid curve) allows us to reproduce quite well
these data points, which also counts in favor of the
conclusion drawn above that, for positively charged
kaons, virtually no medium modifications are needed
to explain the data under consideration.

(iii) The application of only the antikaon density-
independent potential with depth Uf,_ = —126 MeV
does not allow us to describe the data at energies
far below the free K ~-production threshold (compare
the thin solid curve and dashed curve with the three
dots), and the K~ yield is mainly determined by the
nucleon mean-field potential, which is in line with our
findings of Figs. 2—4.

(iv) The two-step-to-one-step antikaon-creation
cross-section ratio calculated with allowance for the
influence of the same nuclear mean fields on hadrons
produced in secondary (46) and primary (1) reaction
channels (thick and thin solid curves, long-dashed
curve, and dashed curve with two dots in Fig. 5)
is about 1/3 and 1/10, respectively, at “low” and
“high” bombarding energies, which indicates that, as
in the case of a ?Be target nucleus considered above
(see Fig. 3), the one-step K~ -production mechanism
also dominates in the subthreshold “hard” antikaon
production in p%Cu collisions [60].

[t should be emphasized that the latter is in line
with the findings inferred in [53] that concern the
role played by the direct KT -production mechanism
in subthreshold kaon creation in p°Be interactions
under the same kinematical conditions [54, 55, 58]
as those used in the experiment reported in [60].
Therefore, the reactionp + A — K~ + X in the sub-
threshold regime and for “hard” kinematics along
withthe p+ A — K+ + X one may be recommended
for experimentally studing the high-momentum com-
ponents within a target nucleus.

Taking into account what was considered above,
one may conclude that the determination of the K~
potential in nuclear matter from the measurements
of the primary-proton-energy dependence of the
double-differential cross sections for the production
of “hard” antikaons on light and medium target nuclei
in the subthreshold-energy regime appears to be
difficult. On the other hand, the recent studies [23, 58]
of subthreshold and near-threshold K~ production in
pA reactions, carried out within a coupled-transport
approach [23] and a simple folding model [58] based
on the internal nucleon momentum distribution,
indicate that the K~ potential has a strong effect on
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the K~ yields at low antikaon momenta. Therefore,
it is interesting to explore the sensitivity of the “soft”
(low-momentum) K~ production in pA interactions
at subthreshold incident energies to the medium
effects considered here within the approach outlined
above.

Finally, Fig. 6 shows invariant cross sections cal-
culated according to (36)—(40) for the production
of K~ mesons with a momentum of 0.4 GeV/c at
a laboratory angle of 10.5° from the primary pN —
NNK K~ channel in p?Be collisions at various beam
energies. In the calculations, the nucleon, kaon,
and antikaon effective potentials were assumed to be
density-independent. The elementary cross sections
a}‘gt_p and o't at pi- = 0.4 GeV /¢, needed for our
calculations, were borrowed from [20, 61]. It can be
seen that, in contrast to the case of “hard” antikaon
production discussed above, the K~ potential has a
dramatic effect on the antikaon excitation function
at all subthreshold energies (compare the solid curve
and the dashed curve with three dots in Fig. 6), which
is nearly identical to that from the nucleon effective
potential (compare the dashed curve with three dots
and the long-dashed curve) in the energy range 1.6 <
€0 < 2.0 GeV and even greater than the latter at ¢y >
2.0 GeV. While the kaon potential has a minor effect
on the K~ yield at incident energies of ¢y > 2.0 GeV
(compare the solid curve and the dashed curve with
two dots), at lower beam energies, it reduces the K-
production cross section by a factor of about 2—2.5.
As a result, the sensitivity to the kaon and antikaon
potentials (compare the dashed-dotted and the long-
dashed curves) is higher than that to the nucleon
mean field at kinetic energies in excess of 2 GeV,
whereas, at lower bombarding energies, the effect of
the nucleon potential is dominant. It is apparent
that at least the former case opens the opportunity to
determine the K~ potential in nuclear matter experi-
mentally.

Thus, our results demonstrate that measurements
of the differential cross sections for subthreshold
“soft” K~ production on various target nuclei will
allow us to shed light on the antikaon potential in
a nuclear medium. Such measurements might be
conducted at, for example, the COSY accelerator
using a proton beam in the COSY—ANKE detector
system.

5. SUMMARY

In this study, we have presented the analysis
of the first experimental data [60] on subthreshold
K~ production on Be and Cu target nuclei by pro-
tons. The measured yields of K~ mesons with a
momentum of 1.28 GeV/c at a laboratory angle of
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Fig. 6. Lorentz-invariant cross sections for the produc-
tion of K~ mesons with a momentum of 0.4 GeV/c
at a laboratory angle of 10.5° in p + °Be reactions as
functions of the laboratory kinetic energy of the pro-
ton. The long-dashed curve represents the results of the
calculation for primary production process (1) with the
total nucleon spectral function at Vo = 40 MeV, U = 0,
Uy, =0, and Uy_ =0. The rest of the notation is
identical to that in Fig. 3.

10.5° from p + ?Be and p + %3Cu reactions in the
subthreshold energy region have been compared with
the results of the calculations within an appropriate
folding model for incoherent primary proton—nucleon
and secondary pion—nucleon production processes,
which takes properly into account the struck-target
nucleon momentum and removal energy distribution
and novel elementary cross section for the proton—
nucleon reaction channel close to the threshold, as
well as nuclear mean-field potential effects on the
one-step and two-step antikaon production pro-
cesses. It has been shown that the effect of the
nucleon mean field is of importance for explaining
the considered experimental data on “hard” antikaon
production, whereas the K and K~ optical po-
tentials play a minor role and the scenario with
zeroth K potential is favorable. It has also been
found that the pion—nucleon production channel
does not dominate in the subthreshold “hard” an-
tikaon production in p?Be and p% Cu collisions under
consideration and that the main contributions to
the antikaon yields here come from the direct K-
production mechanism, which offers the possibility of
investigating the high-momentum tail of the internal
nucleon momentum distribution also via the antikaon
production on light and medium target nuclei at
subthreshold beam energies.

The sensitivity of subthreshold “soft” antikaon

2001



1946

production in pBe reactions to the nucleon, kaon,
and antikaon effective potentials has been explored.
It has been demonstrated that, in contrast to the case
of “hard” antikaon production, the K~ potential has a
very strong effect on the K~ yield at all subthreshold
energies, which is comparable with that from the
nucleon effective potential. This gives the opportunity
to determine the antikaon potential experimentally.
Therefore, measurements of the differential cross sec-
tions (spectra and excitation functions) for K~ pro-
duction on various target nuclei at low antikaon mo-
menta are extremely needed nowadays for obtaining
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Abstract—An experiment aimed at directly detecting antineutrino—electron scattering by using a 40- MCi
tritium [-active source will make it possible to lower the present-day laboratory limit on the neutrino
magnetic moment by two orders of magnitude. The experiment brings together novel unique technologies
in studying rare processes of neutrino—electron scattering: (i) an artificial source of antineutrinos from
tritium decay of 40-MCi activity with the antineutrino flux density of about 6 x 10** cm=2 s=! and (ii)
new types of detectors capable of detecting electrons of energy down to about 10 eV, namely, a silicon
cryogenic detector based on the ionization-into-heat conversion effect and a high-pure germanium detector
with an internal signal amplification in the electric field. A compact installation located at a specially
equipped underground laboratory (<100 mwe) will provide favorable background conditions for running
the experiment. With a background level of about 0.1 event/(kg keV d) and detector assembly masses of
3 and 5 kg for the silicon and germanium ones, respectively, a limit of 1, < 3 x 10~*2ug on the electron-
antineutrino magnetic moment will be obtained within 1 to 2 years of data acquisition. The status of the
experiment and the state of the art are presented. © 200/ MAIK “Nauka/Interperiodica”.

1. MOTIVATION The present direct laboratory limits on the neutrino

. . . . magnetic moment are derived from the measurement
The possible existence of a neutrino magnetic mo-

ment p, considerably exceeding the value allowed
by the minimal extended standard model [1], p, ~
m, x 107 ¥up (ug = eh/2m, being the Bohr mag-
neton and m, (eV) being the neutrino mass), is of
fundamental importance. The prospects for checking
the Standard Model of electroweak interactions and
searches for phenomena beyond its initial premises
are motivated by at least two observations, viz., the
solar-neutrino deficit and the anticorrelation of the
measured neutrino flux with solar activity [2]. A large-
magnetic-moment hypothesis, p, ~ 1071 up [3], is
so far the unique possibility of explaining the anti-
correlation (if confirmed) within the standard solar
model [4]. A number of extensions of the theory
beyond the minimal Standard Model are proposed,
where the required magnitude of u,, can be achieved
independently of a possible neutrino mass [5, 6].
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of ve scattering in reactor experiments with elec-
tron antineutrinos and are p1,, < (1.9—2.4) x 10793

[7]. More stringent (but model-dependent) limits are
found from stellar physics or cosmology, u,, < (0.01—
0.1) x 107 %up (see, e.g., [8] for an overview). These
bounds were derived from astrophysical considera-
tions against excess cooling of evolved stars, cos-
mological considerations for nucleosynthesis, or from
SN1987A. Presently, uncertainties existing in the
majority of astrophysical calculations preclude treat-
ing them as reliable constraints. This refers, in par-
ticular, to the lowest bound, p, < 0.01 x 10~ugz,
derived from SN1987A. On the other hand, stellar-
evolution limits have probably gone about as far as
they can, with all uncertainties. Figure 1 taken
from [8] shows that the globular-cluster limit of p, <
0.03 x 10~ up is the most restrictive one for neu-
trino masses m,, below a few eV. A positive discovery
of u, at this level would indicate serious problems
with the understanding of stellar dynamics.

In view of an ample gap between existing exper-
imental constraints and those deduced from astro-
physics, it is relevant to access the direct labora-
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Fig. 1. Astrophysical limits on neutrino transition mo-
ments from various searches for neutrino radiative de-
cays. The dashed line approximates their envelope (for a
detailed explanation, see [8]). Of various stellar-energy-
loss limits on p,, the lowest globular-cluster bound is
shown. For neutrino masses below a few eV, it is more
restrictive than those from neutrino radiative decays.

tory limit on g, below 10~ ug. The lowest limit
expected in current [9] and standing by [10] reactor
experiments is p,, < (0.3—0.5) x 107, The ex-
isting projects with artificial radioactive sources plan
to reach the same level [11]. A forthcoming project
has a goal to set a limit on the electron-neutrino
magnetic moment at a level of p, < 0.03 x 1075,
The detection of a neutrino magnetic moment at this
level would reveal the structure beyond the standard
theory and would be influential in the understanding
of scenarios with magnetic-field-induced spin pre-
cession in the Sun, supernovae, active galactic nuclei,
or the early Universe.

2. IDEA OF THE EXPERIMENT

Laboratory measurements of p, are based on the
observation of the antineutrino—electron scattering.
For u, # 0, the differential cross section with re-
spect to the kinetic energy T of the recoil electron
is given by the sum of the standard-electroweak-
interaction cross section (EW) and the electromag-
netic one (EM). At small recoil energies, ' < E, (E,
is the neutrino energy), these two components behave
in different ways: the weak part is virtually constant,
while the EM one grows in proportion to 1/7" toward
lower energies, being virtually independent of E,
(Fig. 2). Lowering the threshold for recoil-electron
detection, one may choose the energy interval where
the EM contribution to the cross section is larger
than the EW one. This allows one to improve the
sensitivity of the measurements with respect to p,,.
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Fig. 2. Differential cross sections for De scattering with
respect to the electron recoil energy for a H emitter. The
contribution from magnetic scattering is shown for u,, =
m x 1072 up (m = 1, 3, 10). The dashed line represents
the standard electroweak cross section. The arrow in-
dicates the energy threshold for existing semiconductor
detectors (SCD).

The experiment proposed in [12] exploits new
unique technologies for studying rare processes of
neutrino—electron scattering. These are

(i) new types of semiconductor detectors capable
of detecting electrons from neutrino—electron scat-
tering with a recoil energy in the range 10—100 eV,
where the electromagnetic scattering dominates over
weak scattering (Fig. 2);

(ii) an artificial tritium source (ATS) with an an-
tineutrino flux density of about 6 x 10Mem=2 s~ 1,
which can be achieved in a compact detector array
(of volume 1—1.5 1) located inside a thick spherical-
shell-shaped source (Fig. 3).

Working with an artificial source, one can choose
an optimum ratio of effect-to-background measure-
ment times. With a background level of about
0.1 event/(kg keV d), a limit of 1, < 3 x 10725 on
the antineutrino magnetic moment will be obtained
within 1 to 2 years of data acquisition.

3. 40-MCi TRITIUM SOURCE

The choice of tritium as a preferable source of
antineutrinos for u, measurements is motivated by
many physical reasons, of which only a few were
mentioned above (see [12, 13]). However, a 40-
MCi ATS is necessary (4 kg of tritium) for ensuring
the required antineutrino flux density. Presently, a
significant amount of tritium has been stored owing to
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Fig. 3. Schematic arrangement of the experiment accord-
ing to [12]: a semiconductor detector array of net volume
1—1.5 1 is located in a cylinder-shaped cavity inside a
spherical tritium source. The source activity is 40 MCi,
and the diameter is 35 cm.

the reduction of nuclear weapons. The suggestion to
use already available tritium for fundamental science
and, specifically, for the proposed experiment [12]
was recently approved in Russia. An intense tritium
source is presently being developed in the Russian
Federal Nuclear Center VNIIEF (formerly Arzamas-
16).

The source being of extraordinary activity, its ab-
solute safety should be provided at all stages of its life
cycle (ATS saturation with tritium, its transportation,
storage and exploitation during the experiment, and
further utilization). Some physical, technical, and
technological aspects of source designing and con-
struction, as well as safety problems, were considered
in[13].

The most important requirements for an ATS are
as follows:

(i) Tritium must be chemically bound to titanium
with the largest initial degree of saturation, TiT; o.

(i) The construction must admit insertion of a
cylinder-shaped detector array (Fig. 3).

(iii) The construction must ensure the vacuum-
tightness of the inner source shell and the strength
reliability 0.999999 for 6 years of source exploitation.
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The compensation of the pressure resulting from ti-
tanium tritide heating by tritium decay or from an
accidental heating must be foreseen.

(iv) The construction must enable the extraction of
radiogenic helium during ATS exploitation.

(v) The ATS must be equipped with a system for
permanently monitoring the pressure and tempera-
ture and with a calorimeter, these being the sensors
of the tritium state in the ATS.

Moreover, the conditions of the low-background
experiment put forward specific requirements on the
ATS structural materials and on the procedure for its
manufacturing and maintaining.

4. ULTRALOW-THRESHOLD
SEMICONDUCTOR DETECTORS

To use all the exceptional advantages of the tritium
source for the measurement of the neutrino magnetic
moment, novel detectors capable of recording recoil
electrons at a threshold of about 10 eV are developed.

Detectors using the Neganov—Trofimov—Luke
(NTL) efiect [14]. Cryogenic detectors have been
intensively developed recently by many groups and
have reached a thermal threshold as low as 500 eV
per 150—250 g of the detector mass. These detectors
are used to detect recoil nuclei in the keV range that
are produced by weakly interacting massive particles
(WIMPs), which are regarded as the most probable
dark matter (DM) candidates [15]. While being an
outstanding achievement in detector technique, this
result is still insufficient for the proposed tritium
experiment. A radical threshold improvement for
cryodetectors can be obtained through an application
of the ionization-into-heat conversion phenomenon
(NTL effect) observed in Si and Ge at ultralow tem-
peratures [16]. This method can ensure a threshold
for recoil electrons in the range 10—100 eV, while
keeping the thermal threshold and, consequently, the
calorimeter mass relatively large, say, 100 eV and
100 g, respectively. The NTL effect was successfully
used in Dubna for a calorimetric measurement of
light-absorption spectrum in silicon at 1 K [17]
and was later observed in a large-volume silicon
spectrometer [18].

Detectors with amplification. Another ap-
proach is to develop a high-purity germanium
(HPGe) detector operating at 77 K with a physical
amplification of ionization. Presently, germanium
detectors are widely used in low-background mea-
surements because of the high purity of germa-
nium crystals: radioactive impurity does not exceed
10714 g/g. Thresholds of 2—10 keV, being mainly
determined by leakage currents and electronic and
microphone noises, are too high for the experiment

Vol.64 No. 11 2001
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Fig. 4. Layout of the installation for 1, measurements with an ATS.
aimed at measuring the neutrino magnetic moment A prototype avalanche germanium strip detector
with an ATS (see Fig. 2). of volume 20 cm? is being manufactured now.

Using an internal proportional amplification of the
signal, one can attain an effective reduction of the
germanium-detector threshold. This principle has 5. EXPERIMENTAL INSTALLATION

been realized now in silicon avalanche photodiodes When a more detailed consideration of the fu-

(APD), where the gain of about 1_02_104 is imple-  {re installation units began, it was understood that
mented by an avalanche multiplication of electrons in 4 ATS of the cylinder-shell-layered shape would
an electric field of Eo; = (5 — 6) x 10° V/em. Sucha  more adequately meet some technological require-
Valpe of Efzr 18 accompllshgd by'a high concentration  ments for its manufacture and maintenance. Calcula-
of impurities in a narrow junction. As a result, the  tions showed that the antineutrino flux density inside

sensitive volume of an APD is only a few mm?. a cylinder of external diameter D = 30 cm is on the

Avalanche multiplication of electrons or holes ina ~ same order of magnitude as inside the sphere shown
HPGe detector of a 100-cm? sensitive volume can be 1N Fig. 3. This allowed consideration of the future
achieved by the special configuration of the electric installation design for cylinder-like source geometry.
field due to the large difference of cathode and anode ~ ©he final optimization of the source filmen§1on§ can
sizes [19]. Such an avalanche germanium detector be perfqrmed as soon as the detectors. effective size is
(AGD) is designed similarly to a multiwire propor-  determined. Owing to the low endpoint energy of the
tional chamber (MWPC). In contrast to MWPC, the  tritium-decay spectrum (Ep = 8.6 keV), no special
electric field in AGD is determined not only by the ~Passive shielding between the ATS and the detectors
applied voltage and electrode dimensions but also by 1S needed: bremsstrahlung is absorbed within the
a donor (n-type) or an acceptor (p-type) impurity ~ SOUTce.
concentration. The AGD threshold is governed by The spectrometer including AGD must have a
the magnitude of the bulk leakage current, and a mass of 4 to 5 kg; it can be manufactured from 5—7
threshold of Ey, ~ 10 eV is expected for a planar  separate modules of volume 150 cm3, each having a
microstrip Ge detector of a volume 100 cm3 [19]. mass of about 0.8 kg. Cryogenic silicon detectors of

PHYSICS OF ATOMIC NUCLEI Vol.64 No. 1l 2001



1952

volume 100 cm?, mounted 14—16 on a stack, provide
a net mass of about 3 kg.

The scheme of the installation is shown in Fig. 4.
For shielding, a classical scheme is proposed: an
air-proof 5-cm-thick container of low-background
copper surrounding the source is followed by a 8-
cm-thick layer of borated polyethylene and a 15-cm-
thick layer of lead. An external plastic scintillator of
thickness 4 cm vetoes charged cosmic-ray particles.
Gaseous nitrogen circulating around the copper con-
tainer removes airborne radioactivity (Rn). The cryo-
stat cup made from low-background copper houses
the detectors. The low temperature of the dilution
refrigerator (for cryodetectors) (not shown in Fig. 4)
or of the nitrogen Dewar (for an AGD) is transferred
to the cryostat cup by a cold finger.

The construction of the shield and of the ATS
support (not shown in Fig. 4) must allow access to
and extraction of the tritium source.

A compact installation will be located at a spe-
cially equipped underground laboratory (>100 mwe)
ensuring favorable background conditions.

Preparation of two types of detectors for recording
antineutrino—electron scattering opens the possibil-
ity of simultaneously running two independent ex-
periments with the same installation. An identical
setup, but with deuterium instead of tritium, will be
constructed and located in the same site nearby to
measure the background. While one spectrometer
measures the effect + background (data acquisition
for 50% of total experiment duration proves to be
optimal), the other one measures the background
with its deuterium-filled twin, and vice versa. This
would enable control operation of both spectrometers
and would substantially increase statistics assembled
throughout ATS effective functioning.

6. BACKGROUND

The main sources of background in the future
experiment are environmental radioactivity, intrinsic
contamination of the ATS and shielding materials,
intrinsic contamination of the detector (including the
cosmogenic component, especially for Si cryodetec-
tors), airborne radioactivity (Rn), cosmic radiation,
and neutrons from natural fission («,n) reactions.
Traditional and specially developed background-
suppression methods will be used:

(i) operation deep underground (about 100 mwe)
[the muon flux at this depth is about 2 p1/m? s, and
the background from secondary cosmic neutrons is
on the same order of magnitude as the environmental
(o, n) radioactivity];

(ii) passive shielding for reducing external-radia-
tion and neutron backgrounds;
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(iii) material selection (the use of radiation-pure
materials for detectors, ATS, and passive and active
shielding reduces the background of the installation);

(iv) active background discrimination based on the
veto and coincidence techniques (a veto with the use
of a plastic scintillator discriminates charged particles
passing through the detector and neutrons correlated
with muon capture in the installation; anticoinci-
dences between separate modules of the detector ar-
ray suppress the radiation background);

(v) pulse-shape-analysis methods developed for
suppressing microphone and electronic noises.

Monte Carlo simulations can be used to un-
derstand the structure of the background with the
aim of reducing it. The quality of computer-intense
modeling depends on a detailed knowledge of ex-
perimental geometry, location of characteristic back-
grounds, and a complete implementation of all phys-
ical processes involved. In the experiment studying
neutrino—electron scattering, the background to
single-electron events—i.e., recoil electrons with
E <1000 eV—comes mainly from the photons with
energy E < 1000 eV, Compton electrons with E, <
1000 eV, electromagnetic scattering of neutrons on
electrons, and nuclear recoils from neutron—nucleus
scattering.

The radiation background in semiconductor de-
tectors, which plays a decisive role in the future ex-
periment, has been well studied for the region above
2 keV in dark-matter searches [20]. The lowest
measured background was 0.08 event/(kg keV d) for
Ge detectors [15]. For Si detectors, the radiation
background is somewhat larger.

Since technologies available now allow one to ob-
tain tritium of extremely high degree of purification,
the main attention should be paid to titanium chosen
as a tritium carrier in the ATS. Monte Carlo calcula-
tions of the background due to Ti radioactive contam-
ination by the U=Th chain and “°K were performed.
This component should not exceed a value of about
0.1 event/(kg keV d). Then, the allowed level of Ti
radioactive contamination proved to be < 10710 g/g.
Industrial titanium is of purity about 107°—1078 g/g.
Therefore, special efforts are needed to ensure its
required radioactive purity.

As to the correlated background, we note that
tritium antineutrino coherent scattering off nuclei is
insignificant, producing nuclear recoils of a fraction
of eV.
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7. EXPECTED RESULTS

The expected per day numbers of antineutrino—
electron magnetic-scattering events for two values of
iy, (effect) and of weak-scattering events are shown
in the table for two energy intervals of recoil-electron
detection. The antineutrino flux density was taken to
be about 6 x 104 ecm~2 s~1, and the detector mass
was 5 kg. In the calculations, the electron binding
in the atom was taken into account [21]. For a more
detailed consideration, effects of atom binding in the
crystal must be included. The numbers of back-
ground events were calculated under the assumption

that the background level is 0.1 event/(kg keV d).

[t can clearly be seen from the table that, at low
threshold, the number of expected events changes
insignificantly when the effect is observed for 10—
200 eV region in relation to the total recoil energy
range 10—1260 eV. At the same time, narrowing
energy range of recoil-electron detection to 10—
200 eV reduces both noncorrelated and correlated
background (weak interaction contribution) notice-
ably. Of course, the assumption about the uniform
background below 1 keV should be carefully checked,
which is the primary task in such measurements.

The sensitivity of the experiment to the neutrino
magnetic moment can be determined by using the da-
ta from the table. Under the assumption that the total
duration of the measurements is 400 days (200 days
with an ATS and 200 days of background measure-
ments), the achievable limits are u,, < 2.5 x 10712y
for the energy interval 10—1260 eV and p, < 2.2 x
10~ 2 up for 10—200 eV at 2 95% C.L.

8. STATUS AND CONCLUSIONS

The Program “Measurement of the Neutrino
Magnetic Moment at a Level of u, < (1—3) x
10~12up” was approved by the Ministry for Atomic
Energy of the Russian Federation (Minatom). R&D
on the ATS, two types of detectors, and all relevant
problems have begun in JINR, ITEP, and RFNC
VNIIEE

An experimental study of neutrino properties and
interactions with matter is a challenge for low-energy
physics. The discovery of a neutrino magnetic mo-
ment at a level of u, <3 x 10~2up would indicate
physics beyond the Standard Model of electroweak
interactions and would radically change the modern
astrophysical scenario. In particular, these results
would impact our understanding of the observed vari-
ations of the solar-neutrino flux. The novel detec-
tor technologies developed for this experiment can
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Number of e magnetic- and weak-scattering events (N,
and Ny, respectively)and background (B.g.) expected per
day for various energy intervals of detected recoil electrons

Energy Ny

interval, ty =1x Ly =3 X Nw B.g.
eV 10~ Mg 10~ 2up

10—200 1.4 0.13 0.04 0.1

10—1260 24 0.22 0.15 0.5

be further considered for other elementary-particle-
physics research (dark-matter search, neutrino co-
herent scattering on nuclei, solar-neutrino measure-
ments) and for other fields of fundamental and applied
physics requiring detection of low-energy particles.
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Abstract—A new experimental value of the fundamental weak-interaction parameter A = G4 /Gy
(—1.2686 4 0.0046) is obtained for the first time by an original method that consists in measuring both
P-odd correlations in free-neutron decay. © 2001 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The ratio of the axial-vector and vector constants
of weak interaction, A = G4/Gy, is a fundamental
parameter of the theory. Usually, it is determined from
data on the neutron lifetime or on the coefficient A
of correlation between the electron-emission and the
neutron-spin direction. Either method requires addi-
tional data, the value of Gy from 01 « 0% transitions
in the first case and the degree of neutron polarization
in the second case.

In order to determine A, we used the measurement
of two P-odd correlations, A(e,s) and B(v,s), for
the outgoing electron and antineutrino, respectively.
The quantities A, A, and B are related by the simple
equation A = (A — B)/(A + B). Its form allows one
to replace A and B by the actually measured products
of these quantities and the neutron polarization S;
that is,

_A-B_SA-5B (1)
~ A+B  SA+SB
Owing to this, it is not necessary to measure the

beam polarization if it has the same value in both
measurements.

The error in determining A by this method is

2SA x SB
AN = T5A T SB) (2)
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ASAN?  (ASBY®
. < SA ) * ( SB ) '
[t follows that the error of AX ~ £0.0055 can be
achieved if ASA/SA and ASB/(SB) have been de-
termined with the same relative error of about 1.5%.
The P-odd nature of the correlations in question
makes it possible to attain such an accuracy without
precision spectroscopy owing to the relative character
of measurement of the experimental asymmetry X =
(NT — NH/(NT + N1 by the change in the count-
ing rate for decay events in response to polarization
reversal (N1 versus N't) under invariable conditions
of decay-product detection.

2. EXPERIMENTAL PROCEDURE

This experiment is based on the procedure devel-
oped in measuring the correlations A [I—3] and B
[4, 5]. Experience gained in combining measurements
under conditions of the same experiment is summa-
rized in [6]. This article reports on the latest technical
upgrade of the setup and on the eventual result of the
measurements of A = G4/Gy in the PF1 beam from
the reactor installed at the Laue—Langevin Institute
(Grenoble, France) in 2000.

The layout of the setup is shown in the figure. The
coincidence of the emergence of the decay electron
and the emergence of the recoil proton was traced in
the experiment. The electron energy and the time of
proton delay were recorded. For this purpose, we used
an electron detector (2) based on a plastic scintillator
(@ = 75 mm) and a proton detector (3) based on two
microchannel plates (@ = 70 mm).

A verification of the linearity of the scale of our
electron-energy measurement and a determination of
the energy of the reference source were performed

1063-7788/01/6411-1955$21.00 © 2001 MAIK “Nauka/Interperiodica”
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Layout of the setup used: (/) vacuum chamber, (2) elec-
tron detector, (3) proton detector, (4) electrode of the
neutron-beam flight, (4g) grid, (5) time-of-flight elec-
trode, (6) spherical electrode, (6g) grid, (7) spherical grid,
(8) electron collimator, (8g) grid, (9) decay region, and
(10) lithium collimators.

with the aid of a magnetic spectrometer by relying on
the conversion lines of '8 Au, the relevant accuracy
being about 1%. Thus, the accuracy in calibrat-
ing the energy of recorded electrons was determined
completely by the electron-detector energy resolution
dE/E, which was about 25% at E = 200 keV.

The detectors were placed opposite each other on
the two sides of the neutron beam. The beam region
(9) where decay events were recorded was separated
by a collimator (8) arranged between the beam and
the electron detector. Emphasis on decay-electron
recording ensured an unaltered determination of the
decay region in the measurements of SA and SB,
because it was independent of the conditions of proton
recording.

Protons that had passed through the time-of-
flight electrode (5) and the grid labeled with the sym-
bol 6g in the figure were focused onto the detec-
tor by the electric field of a quasispherical capacitor
formed by two electrodes (6, 7). The diameter of the
focusing-system inlet window, covered with the grid
6g, was 260 mm. An experimental test showed that,
at a voltage of 26.6 kV, all protons that had passed
through this window were collected at the detector
within a spot of diameter less than 50 mm.

In the requirements on the flight base, which de-
termines the proton delay time, there is a contradic-
tion between the measurements of SA and SB. In
order to ensure optimal conditions in both measure-
ments, the setup was designed in such a way that the
focusing system, together with the proton detector,
could be movable. This made it possible to change
the length of the time-of-flight electrode, without
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breaking a vacuum, from 35 mm in measuring SA to
145 mm in measuring SB.

In measuring SA, the coincidence of the electron
and the recoil proton was used only to separate the
decay electron. In this case, a loss of protons would
lead to a methodological error. The removal of all
protons from the decay region (9) and their transfer
to the detector 3 was ensured by a voltage of 2 kV
applied between the grids 4g and 8g. That there were
no impediments associated with the electrode 5 at
the length of 35 mm was checked by consequently
shutting off the paths of protons punching through
the grids 6g and 7g. This showed that, to within frac-
tions of a percent, there were no trajectories passing
through 15% of the grid area at the grid periphery.

In measuring SB, it was impossible to determine
directly the antineutrino momentum, but it could be
calculated for any electron energy E,. on the basis
of the recoil-proton momentum and its projection
onto the electron momentum. This enabled us to
measure the (v, s) asymmetry by analyzing changes
in the shape of the proton-delay spectrum in response
to polarization reversal. The observed shape of this
spectrum is governed by the position of the electrode
b, its flight-base length, which was equal to 145 mm,
ensuring the required accuracy of the analysis of pro-
ton delay time.

The emission of the photon accompanying neutron
decay can distort such an analysis, but the degree of
distortion in a particular experiment depends on the
conditions under which decay events are recorded.
The calculation performed in [7] showed that the role
of photon emission is negligible in our case.

The vacuum chamber used was surrounded by
three pairs of current loops that induced the guiding
magnetic field of 4 x 10~* T and ensured the compen-
sation of the Earth’s field to a value not higher than
3 x 107% T. The radio-frequency flipper was switched
on and off to reverse polarization. The sign of the
guiding field was changed periodically to suppress the
possible uncertainty associated with the calculation
of the contribution of the a(e,v) correlation of the
outgoing antineutrino and electron and the uncer-
tainty associated with effects that could be caused by
an asymmetry in flipper operation.

3. STRUCTURE OF AMPLITUDE—-TIME
MEASUREMENTS

Information about the recorded coincidences of
signals from the electron and proton detectors was
accumulated as two-dimensional [F;,t;] matrices
[(i =1-64) x (t = 1—256)] for the electron energy
FE and the proton delay time ¢. In the run of 1998 [6],
data accumulation was implemented in the CAMAC
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standard. A radically new measuring system with
sorting performed directly by a computer was used
in the latest measurements. This system employs
the VME standard [8]. It has two parallel event-
recording channels (the electron and the proton
one) synchronized by a unified time scale. Time
measurement by counting quartz-generator signals
ensured, to a high degree, invariability of the scale-
division unit of the time channel and enabled us to fix
the proton-delay time with a precision of about 15 ns.

For each event, the system forms a single “word”
that carries, in a coded form, information about the
time of pulse arrival, the pulse amplitude, and the
flipper state and records this word in one of the two
buffers of the crate buffer memory, which are used
alternately within a 0.4-s cycle. While event accumu-
lation proceeds in one buffer, the data accumulated
in the other buffer over the preceding 0.4-s cycle are
transferred to the computer, processed, and summa-
rized in its long-time memory in the form of four [E, ¢]
matrices, whereupon this buffer is cleared for a new
cycle.

For the usual proton-delay time, the coincidence
of events for the two flipper states were sorted in
the first pair of matrices. Events accumulated there
consisted of true neutron-decay events and random
coincidences caused by loads of the electron and the
proton channel. The second pair of matrices accumu-
lated only random coincidences. For this, the same
channel loads were sorted under the condition of an
additional delay organized in the proton channel in
order to remove correlated events from the coinci-
dence range. The remaining counts were due only
to random coincidences at the unchanged load of the
electron and the proton channel.

The difference of the event and the background
matrix separates neutron-decay events, while their
sum makes it possible to determine the statistical
error of the calculation. The sum of the matrices
corresponding to the two flipper states yielded the
matrix of the unpolarized experimental spectrum.

In measuring SA and SB, this system was
adopted without any changes. The measurements of
SA and S B were based on 865000 and 375000 decay
events, respectively. Sixteen sets of measurements
were performed for the SA—SB pair. The energy scale
was calibrated by using a reference electron source for
each set of measurements of SA and SB.

4. COMPUTER MODEL
OF THE EXPERIMENT

In order to calculate the sought correlations, it is
necessary to know the mean values of the relative
electron velocity and of the cosines of the angles of
emission of the neutron-decay products. They were
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calculated by means of a Monte Carlo code that was
developed for a beta-decay simulation and which was
successfully used in the experiment reported in [5].
The model took into account all necessary geometric
parameters, the decay-electron spectrum in the form
of the Fermi function, the response functions of the
electron and the proton detector, the properties of
the amplitude analyzer and of the time-to-code con-
verter, and the calculated map of the field between the
electrodes 6 and 7. In order to process the results
of the measurement of SA, a calculation of proton
acceleration in the field between the grids 4g and 8g
was included in the code.

The results of the simulation were represented in
the form of four matrices in terms of the same coordi-
nates i and k as those used in the experimental ma-
trices. One of the matrices contained the calculated
two-dimensional spectrum for an unpolarized beam,
while the other three matrices contained the accumu-
lated sums of the values of cos 6, v/c x cosf,, and
v/c x cos f,. These data made it possible to obtain
the required mean values for any chosen part of the
matrix.

A comparison of the experimental and calculated
spectra was performed with the aid of a special
code that scanned all experimental spectra in order
to choose the required intervals of the energy and
time channels, calculated the sum of the matrices
corresponding to the two flipper states in these chan-
nels, selected the same channels in the calculated
two-dimensional spectrum for an unpolarized beam,
compared the matched spectra in the normalized
form, and calculated the SB value for them.

In processing the results of the measurements of
SB, the matching of the matrices obtained from the
experiment and from the simulation is the most deli-
cate procedure, which is based on the analysis of the
time-spectrum shape.

5. CALCULATIONS OF SA AND SB

Coincidences for calculating S A were selected by
summing events in the interval extending from the
16th to the 56th energy channel and corresponding
to events associated with an electron energy of 200 to
800 keV and in the interval from the 67th to the 88th
time channel, where there was a peak of neutron-
decay events. The delay of the decay proton ruled
out the background of instantaneous coincidences
caused by recording cascade photons and rescattered
electrons. The resulting values of (N 4+ AN)T and

(N £ AN)! were used to calculate the relative varia-
tion in the counting of decay events and its statistical
error (X + AX) for each of 16 sets of measurements.
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The product SA and the statistical error in it are
related to X £ AX by the equation

SA+ASA= ﬂ, (3)
(v/c x cosB.)

where (v/c x cos 6,) is the mean value of the product
of the relative electron velocity and the cosine of its
emission angle. This mean value was calculated from
the lower energy threshold of electron detection on the
basis of the energy-scale calibration by a reference
source. The calibration accuracy was about 0.5 of a
channel for the maximum of the source peak in the
46th or 47th channel.

At 200 keV, (v/c x cosf.) was equal to 0.806 +
0.001. The error was determined from the variation
of (v/c x cosb,) in response to the variation of the
energy boundary of the 16th channel within the cal-
ibration accuracy. The precision of S A measurement
by this procedure was +0.12%. Its sign tended to be
random in some sets; therefore, the error is four times
less over 16 sets.

Two corrections were introduced in calculating
SA. The experimental correction took into account
a 0.6% reduction of the (e, s) correlation because of
recording decay electrons scattered in the chamber. It
was measured to within 10% with aid of the reference
source by using the number of counts for the fraction
of its electrons hitting the detector as the result of
scattering in the chamber. The methodological un-
certainty in SA from the introduction of this correc-
tion is £0.06%.

The theoretical correction took into account the
mimicking of (e,s) asymmetry due to the weak-
magnetism effect and the G 4—Gy interference. This

X+AX)ex(1+

a(v/c x cosOcy)i) — SA(v/c X cosbe)i

MOSTOVOI et al.

correction was calculated on the basis of the formulas
for A from [9]; the result is 0.012. To correct S A for it,
this correction should be multiplied by the degree S
of neutron polarization, but the resulting correction
to the correction appears to be negligible (about
0.00007) because of the smallness of the theoretical
correction itself.

The weighted mean value over 16 individual mea-
surements of SA was SA = —0.1097 &+ 0.0016, the
distribution of their results being normal with stan-
dard deviation 0 = £0.0014. The total methodolog-
ical uncertainty associated with the determination
of the energy of the 16th channel and with taking
into account electron scattering in the chamber is
§SA/SA ~ 0.09%.

In measuring SB, the relative change X in count-
ing depends simultaneously on three correlations,
SA, SB, and a:

SB(cosb,) + SA{v/c x cos ) A

1+ a(v/c x cosbe,) (4)
We used the value of —0.1097 £ 0.0016 for S A and the
value of —0.1017 4 0.0051 for a, which were obtained
in the present experiment and in [10], respectively.
The error in @ allows one to calculate the contribution
of the correlation to a precision higher than 0.4%.
The symbol + indicates the change in the relative sign
of the contributions to X from the even correlation a
and the odd correlations S A and S B upon the reversal
of the direction of the guiding magnetic field.

The sought asymmetry SB and the statistical er-
ror in it were found for each [Ej;, t] cell of the exper-
imental and calculated matrices from relative varia-
tions in counting decay events, (X £ AX); x:

X =

(SB £ ASB); ) = (

After that, these values were averaged over the se-
lected intervals of the energy and time channels. The
uncertainty in matching the experimental and cal-
culated matrices determines the methodological un-
certainty of this procedure. Three individual features
of the experimental time-coincidence spectra made it
possible to control it.

First, the peak of instantaneous correlated coinci-
dences determined the position of the absolute time
zero to a precision of 1.5 channels.

Second, the delay of the arrival of the fastest pro-
tons is virtually independent of the electron energy,
since it is determined by the sum of the electron and
the antineutrino momentum. The value of this delay
enabled us to measure directly the length of the flight
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(5)

(cos b,)ik

base, a basic geometric parameter that controls the
shape of the time spectrum.

Finally, the width of the time-delay spectrum of
decay protons is extremely sensitive to the actual
value of the decay-electron energy, because it is de-
termined by the difference of the electron and the
antineutrino momentum. For example, a transition
from £ = 340 keV to E = 511 keV changes the width
by a factor of 2, from 80 to 40 channels. This al-
lowed one to verify the correctness of the energy-
scale division chosen on the basis of the identity of
matching the calculated and measured time spectra
in various regions of the energy spectrum and used in
the calculation.

A constant value of the asymmetry SB within
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Table

1 2 3 4 5 6 7 8
A —1.2959 —1.2927 —0.2731 —1.2595 —1.2396 —1.2567 —1.2969 —1.2839
A 0.0235 0.0196 0.0189 0.0211 0.0177 0.0188 0.0171 0.0169

9 10 11 12 13 14 15 16
A —1.2800 —1.2659 —0.2813 —1.2451 —1.2484 —1.2567 —1.2870 —1.2658
A 0.0186 0.0187 0.0187 0.0163 0.0200 0.0144 0.0203 0.0181

the statistical errors as obtained by averaging SB; i
events over 15 intervals of (cos 6,) was the final crite-
rion of the correctness of matching the matrices. This
criterion is especially sensitive in the region where
the zero of the experimental asymmetry must coincide
with the zero of the calculated cosine. The method-
ological uncertainty caused by the use of this criterion
was found from the change in SB associated with
small variations in the energy-scale division such that
they did not lead to any appreciable changes in SB; j,
in this region. The uncertainty determined by using
this method did not exceed one-third of the statistical
error in an individual set.

The statistical error in the measurement of SB
in an individual set was ASB/SB ~ 1.7%. The
weighted mean value over 16 individual measure-
ments of SB was SB = 0.9233 4+ 0.0037, the distri-
bution of their results being normal with standard
deviation ¢ = £0.0047. The methodological uncer-
tainty was +0.0012. The difference of the statistical
error and the standard deviation is in agreement with
the above estimate of the methodological uncertainty.

6. CALCULATION OF A =G4 /Gy

We used formulas (1) and (2) to calculate A =
Ga/Gy. Sixteen individual values obtained for
G 4 /Gy are quoted in the table.

The weighted mean value over 16 measurements is
A = —1.2686 = 0.0046. A statistical analysis shows
that the distribution of the 16 individual values is
normal with standard deviation o = £0.0048, which
corresponds to the normalized x? value of 1.08.

The methodological uncertainty in the resulting
value of A was found from the change in its value
in response to variations in SA and SB within the
methodological uncertainties in them. The result is
OA = £0.0007.

The value of (SB) = 0.9233 + 0.0047 determined
in this study and the correlation coefficient B =
—2(X = A2)/(1 + 3)\2) = 0.9876 + 0.0004 correspon-
ding to the value obtained for A make it possible to
determine precisely the polarization of the neutron
beam used (S = (SB)/B = 0.935 + 0.005). A direct
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measurement of this polarization by the second-
reflection method yielded S = 0.940 + 0.010. Good
agreement of these values is an independent piece of
evidence for the correctness of the procedure used.

7. CONCLUSION

For the first time, the fundamental quantity A
has been determined by using only experimental data
on free-neutron decay induced by weak interaction
(without recourse to data from any other measure-
ments).

A key point of our experiment has been the use of
two P-odd correlations. This has ensured an effective
link between A and the measured quantities, elim-
inated the need for polarization measurements, and
rendered measurement of the experimental asymme-
try relative.

We have obtained a new experimental value,
A = —1.2686 + 0.0046 + 0.0007,

that agrees well with the world-average value recom-
mended by the Particle Data Group and deduced from
the measurements of correlations:

A = —1.2670 & 0.0035 [11].

Our result for A has enabled us to calculate the
corresponding values of the angular-correlation co-
efficients a, A, and B and the degree S of polarization
of the beam used:

a = —0.1045 £ 0.0014,
A = —0.1168 + 0.0017,
B = 0.9876 £ 0.0004,
S =0.935 £+ 0.005.

The correctness of our procedure has been verified
by a direct polarization measurement that was based
on the second-reflection method.

A low level of the methodological uncertainty
opens the possibility for improving further the accu-
racy in testing the standard theory of weak interac-
tion.

2001



1960

ACKNOWLEDGMENTS

This work was supported by the International As-

sociation for the Promotion of Cooperation with Sci-
entists from the Independent States of the Former
Soviet Union (grant no. 96-537) and by the Russian
Foundation for Basic Research (project no. 96-02-
18672).

L.

REFERENCES

B. G. Erozolimskii, A. I. Frank, Yu. A. Mostovoi,
et al., Yad. Fiz. 30, 692 (1979) [Sov. J. Nucl. Phys.
30, 356 (1979)].

B. G. Erozolimskii, I. A. Kuznetsov, I. A. Kuida, ef al.,
Yad. Fiz. 52, 1583 (1990) [Sov. J. Nucl. Phys. 52, 999
(1990)).

B. Yerozolimsky, I. Kuznetsov, Yu. Mostovoy, ef al.,
Phys. Lett. B 412, 240 (1997).

PHYSICS OF ATOMIC NUCLEI

4.

o.

11.

MOSTOVOI et al.

I. A. Kuznetsov, A. P. Serebrov, I. V. Stepanenko,
et al., Phys. Rev. Lett. 75, 794 (1995).
A. P. Serebrov, I. A. Kuznetsov, 1. V. Stepanenko,

et al., Zh. Eksp. Teor. Fiz. 113, 1963 (1998) [JETP
86, 1074 (1998)].

I. Kuznetsov, Yu. Rudnev, et al., Nucl. Instrum.
Methods Phys. Res. A 440, 539 (2000).

Yu. A. Mostovoi, I. A. Kuznetsov, A. P. Serebrov, and
B. G. Yerozolimsky, Yad. Fiz. 64, 156 (2001) [Phys.
At. Nucl. 64, 151 (2001)].

A. N. Bazhenov et al., Electronic Support of Exper-
imental Assemblies (S.-Peterburg Inst. Yad. Fiz.,
Ross. Akad. Nauk, Gatchina, 1998).

D. H. Wilkinson, Nucl. Phys. A 377, 474 (1982).

. C. Stratova, R. Dobrozemski, ef al., Phys. Rev. D 18,

3978 (1978).
Particle Data Group (C. Caso et al.), Eur. Phys. J. C
3, 1(1998).

Vol.64 No. 11 2001



Physics of Atomic Nuclei, Vol. 64, No. 11, 2001, pp. 1961-1970. Translated from Yadernaya Fizika, Vol. 64, No. 11, 2001, pp. 2046-2055.
Original Russian Text Copyright (© 2001 by Azhgirey, Arkhipov, Afanasiev, Bondarev, Zhmyrov, Zolin, Ivanov, Isupov, Kartamyshev, Kashirin, Kolesnikov, Kuznetsov, Ladygin,
Ladygina, Litvinenko, Reznikov, Rukoyatkin, Semenov, Semenova, Stoletov, Filipov, Khrenov.

ELEMENTARY PARTICLES AND FIELDS

Experiment

Measurement of the Tensor Analyzing Power
A,y in the Inelastic Scattering of 4.5-GeV/c Deuterons
on Beryllium at an Angle of 80 mrad

L. S. Azhgirey’, V. V. Arkhipov, S.V. Afanasiev, V. K. Bondarev!),

V.N. Zhmyrov, L.S. Zolin, V. I. Ivanov, A.Yu. Isupov, A. A. Kartamyshev?,
V. A. Kashirin, V. 1. Kolesnikov, V. A. Kuznetsov, V. P. Ladygin, N. B. Ladygina,
A. G. Litvinenko, S. G. Reznikov, P. A. Rukoyatkin, A. Yu. Semenov,

I. A. Semenova, G. D. Stoletov, G. Filipov®), and A. N. Khrenov

Joint Institute for Nuclear Research, Dubna, Moscow oblast, 141980 Russia
Received August 17, 2000; in final form, November 27, 2000

Abstract—The tensor analyzing power A, and the vector analyzing power A, for the inelastic scattering
of 4.5-GeV/c deuterons on beryllium nuclei at angle of about 80 mrad are measured in the vicinity of
baryon-resonance excitation. These new data, presented as a function of ¢, comply well with the results
of previous 4.5-, 5.5-, and 9-GeV/c measurements at zero angle in overlapping regions of ¢; all available
data are described by a unified dependence on |¢| up to about 0.9 (GeV/c)?. The experimental results are
compared with the results of calculations performed within the multiple-scattering model and the model
involving omega-meson exchange in the ¢ channel. © 2001 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Reactions induced by relativistic deuterons have
been intensively studied in recent years. In particular,
high-energy, coherent deuteron—nucleus interac-
tions not accompanied by deuteron breakup have
been the subject of investigations in various laborato-
ries worldwide [1—11]. It is expected that the intrinsic
properties of the nuclear structure of the deuteron,
possibly including nonnucleonic degrees of freedom,
may manifest themselves in processes involving
high momentum transfers. In this respect, inelastic
deuteron—nucleus scattering accompanied by high
momentum transfers supplements investigations of
the short-distance structure of the deuteron that are
performed by exploring elastic proton—deuteron and
electron—deuteron scattering and deuteron-breakup
reactions induced by hadrons, electrons, and photons.
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At the same time, inelastic deuteron scattering is
an effective tool for studying systems having a specific
isospin value because, in A(d,d')X reactions, the
isospin of an unobservable system X must coincide
with the isospin of the target nucleus A. This cir-
cumstance was used, for example, in searches for
the AA dibaryon of isospin T'= 0 in d(d,d)X re-
actions [6]. Inelastic deuteron scattering on hydro-
gen, 'H(d, d') X, is selective to isospin-1/2 systems;
therefore, it can serve as a source of information about
the excitation of baryon resonances like N*(1440),
N*(1520), and N*(1680).

Differential cross sections for inelastic deuteron
scattering were measured in Saclay at 2.95 GeV/c
for hydrogen targets[1, 4], in Dubna at deuteron mo-
menta up to 9 GeV/c for various targets [3, 5, 7], and
at Fermilab at higher energies for reactions occurring
on hydrogen [2]. Calculations within the multiple-
scattering formalism revealed [7] that the differential
cross sections for 'H(d, d') X reactions are satisfac-
torily described by double hadron—hadron scattering.
Within this approach, the amplitudes for NN —
NN* elementary processes were determined for the
N*(1440), N*(1520), and N*(1680) resonances [7].

Data on polarization effects in inelastic deuteron
scattering are scanty at present. High-energy polar-
ized deuterons were used to study the tensor analyz-
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Fig. 1. Layout of the SFERA facility and the V P1 ion guide: (Fs, Fg) foci of the ion guide, (M;) magnets, (L;) lenses,
(IC) ionization chamber, (T') target, (Fs1, Fe2, Fe3) trigger counters, (F'561—4) scintillation counters, (HT') scintillation

hodoscope for time-of-flight measurements, (HOXY, HOUV') beam-profile hodoscopes, and (C') Cherenkov counter.

ing power Ty in the vicinity of the excitation of the
Roper resonance [Py1(1440)] for hydrogen and car-
bon targets in Dubna [8] and for hydrogen targets in
Saclay [9]. In the scattering of 9-GeV/c deuterons on
hydrogen and carbon, the tensor analyzing power T
was measured for excitation masses of up to Mx ~
2.2 GeV/c? [10]. It turned out that, at momentum
transfers of ¢ ~ —0.3 (GeV/c)?, this analyzing power
takes negative values of large magnitude. Within
the model assuming the mechanism of omega-meson
exchange [12], this behavior was interpreted as that
which is associated with the longitudinal isoscalar
form factor for the excitation of the Roper resonance
[13]. Also, large values of the tensor analyzing power
Ay, around Mx ~ 2.2 GeV/c?, where My is the
mass of the undetected system, were observed in
measuring this quantity and the vector analyzing
power A, at 9 GeV/c and the secondary-deuteron
emission angle of 80 mrad [11]; this observation has
yet to be explained. In addition, data on the ten-
sor analyzing power Ty are known for the reaction
p(d, p)pn induced by 3.5- to 6.5-GeV/c deuterons for
zero secondary-proton emission angle [14].

The present article reports on a continuation of the
series of investigations begun in [11] and devoted to
polarization effects in relativistic-deuteron-induced
reactions leading to the emission of secondary par-

PHYSICS OF ATOMIC NUCLEI

ticles of high transverse momenta. Here, we present
new data on the tensor analyzing power A, and the
vector analyzing power A, in the inelastic scattering

of 4.5-GeV/c deuterons on a beryllium target for
secondary-deuteron emission at an angle of about
80 mrad.

The ensuing exposition is organized as follows.
In Section 2, we describe the details of our exper-
iment. A comparison with existing data and with
predictions of various theoretical models is performed
in Section 3. The basic conclusions of our study are
formulated in Section 4.

2. DESCRIPTION OF THE EXPERIMENT

Our experiment employed the SFERA facility de-
scribed in[15] and a polarized deuteron beam from the
synchrophasotron installed at the Joint Institute for
Nuclear Research (JINR, Dubna). The layout of the
experiment is shown in Fig. 1. Polarized deuterons
were produced by the POLARIS ion source[16]. The
sign of the beam polarization was changed regularly
from one accelerator pulse to another in the 0, —, +
sequence, where O means the absence of polarization,
while the signs + and — correspond to the sign of
p.z, the quantization axis being orthogonal to the
plane containing the mean orbit of the beam in the
accelerator.

Vol.64 No. 11 2001



MEASUREMENT OF THE TENSOR ANALYZING POWER

1963

Tensor analyzing power A, and vector analyzing power A, for the inelastic scattering of 4.5-GeV/c deuterons on a

beryllium target at an angle of about 80 mrad

p,GeV/e | Ap(FWHM), GeV/c | t,(GeV/cy | My, GeV/c? Ayy £dAy, A, +dA,
2.577 0.111 -0.917 1.752 —0.178 & 0.240 0.082 £ 0.272
2.822 0.127 —0.683 1711 0.070 £0.159 | —0.072+£0.179
3.067 0.139 —0.508 1.647 0.084 % 0.096 0.053 £ 0.108
3.361 0.149 —0.345 1.549 0.211 £+ 0.067 0.015 £ 0.075
3.651 0.165 —0.253 1.418 0.364 % 0.056 0.155 4 0.063
4.047 0.189 —0.165 1.196 0.293 £ 0.063 0.098 £ 0.071

The tensor polarization of the beam was peri-
odically checked in the course of the experiment
by measuring asymmetry in the emission of pro-
tons of momentum p, ~ (2/3)ps at zero angle in
the deuteron breakup d+ A —p+ X on a nu-
clear target [17]. Previously, it was shown that,
in the deuteron-breakup reaction occurring under
such conditions, the tensor analyzing power is very
large, Toy = —0.82 4+ 0.05, and is independent of the
target atomic number (for A > 4) or the incident-
deuteron momentum in the range between 2.5 and
9.0 GeV/c [18]. The tensor polarization of the beam
as averaged over the entire experimental time proved
to be pf, = 0.798 £+ 0.002(stat.) & 0.040(syst.) and
p., = —0.803 +0.002(stat.) £ 0.040(syst.) for, re-
spectively, the + and the — spin states of the beam.

The invariability of the vector polarization of
the beam was monitored by measuring asymmetry
in quasielastic proton—proton scattering on a thin
target made from CHy and arranged at the focus
Fy (not shown in Fig. 1) of the ion guide VP1 at
a distance of about 20 m in front of the facility
[19]. The absolute values of the vector polariza-
tion were obtained from the asymmetry measured
in the scattering of 4.5-GeV/c protons at a angle
of 8° by using the polarimeter analyzing power of
A(CHz) = 0.146 £0.007 [20]. For the different
spin states, the vector polarization of the beam was
pF =0.231 £ 0.014(stat.) £ 0.012(syst.) and p; =
0.242 + 0.014(stat.) £ 0.012(syst.).

A beam of tensorially polarized deuterons that was
characterized by a momentum of 4.5 GeV/c and an
intensity of 5 x 10® particles per accelerator spill and
which was extended in time over 0.5 s as the result of
a slow extraction was incident on a beryllium target
20 cm thick positioned at the focus F5 of the ion
guide VP1 (see Fig. 1). The beam intensity was
monitored by an ionization chamber arranged in front
of the target. The position of the beam and its profiles
at specific loci of the ion guide was checked by the
control system of the accelerator in each pulse. The
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dimensions of the beam at the target position were
0z ~ 0.4 cm and o, ~ 0.9 cm in the horizontal and
the vertical direction, respectively.

Our data were obtained for six value