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�Ò¸É·¨Í±¨° ‚. Œ. ¨ ¤·. „15-2006-23
�±¸¶¥·¨³¥´É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶·μÍ¥¸¸  · ¤¨ Í¨μ´´μ£μ
§ Ì¢ É  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ¢ 3He

�·¥¤¸É ¢²¥´ ¶·μ¥±É Ô±¸¶¥·¨³¥´É  ¶μ ¨§³¥·¥´¨Õ ¸¥Î¥´¨° · ¤¨ Í¨μ´´μ£μ § Ì¢ É 
É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ Ö¤· ³¨ 3�¥ ¸ μ¡· §μ¢ ´¨¥³ μ¤´μ£μ ¨ ¤¢ÊÌ γ-±¢ ´Éμ¢ (nth+3He
→ α + γ(2γ)). ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ¤ ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¶·μ¤¨±Éμ¢ ´ ¸²¥¤ÊÕÐ¨³¨ μ¡-
¸ÉμÖÉ¥²Ó¸É¢ ³¨: ¢μ§³μ¦´μ¸ÉÓÕ ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨ μ ¶ · ³¥É· Ì ´Ê±²μ´´μ£μ (NÄN)-
¶μÉ¥´Í¨ ²  ¨ μ ¸É·Ê±ÉÊ·¥ μ¡³¥´´ÒÌ ³¥§μ´´ÒÌ Éμ±μ¢; ¢μ§³μ¦´μ¸ÉÓÕ ¶·μ¢¥·±¨ ³μ¤¥²¨
³¥Ì ´¨§³  § Ì¢ É  ´Ê±²μ´  Ö¤·μ³ 3�¥ ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° μ¡² ¸É¨; ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ
· §·¥Ï¥´¨Ö ·Ö¤  ¢μ¶·μ¸μ¢, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢  ¸É·μË¨§¨±¥. ‚Ò¶μ²´¥´¨¥ Ô±¸¶¥·¨³¥´É  ¶² -
´¨·Ê¥É¸Ö μ¸ÊÐ¥¸É¢¨ÉÓ ´  ¶ÊÎ±¥ PF1B ·¥ ±Éμ·  ILL (ƒ·¥´μ¡²Ó). Œ¨Ï¥´Ó ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° ¶μ²Ò° Í¨²¨´¤· ¨§ Î¨¸Éμ£μ  ²Õ³¨´¨Ö (∅140×80 ³³), § ¶μ²´Ö¥³Ò° 3�¥ ¨ 4�¥ (Ëμ-
´μ¢Ò° Ô±¸¶¥·¨³¥´É) ¶·¨ ¤ ¢²¥´¨¨ 2  É³. �¥£¨¸É· Í¨Ö γ-±¢ ´Éμ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥ÉÒ·Ó³Ö
¤¥É¥±Éμ· ³¨ ´  μ¸´μ¢¥ ±·¨¸É ²²μ¢ BGO (∅100×70 ³³). ‘μ£² ¸´μ · ¸Î¥É ³, ¢Ò¶μ²´¥´¨¥
Ô±¸¶¥·¨³¥´É  ¶μ§¢μ²¨É §  400Ä500 Î · ¡μÉÒ ´  ¶ÊÎ±¥ PF1B ¢¶¥·¢Ò¥ ¨§³¥·¨ÉÓ ¸¥Î¥´¨Ö
Ê± § ´´ÒÌ ·¥ ±Í¨° ¸ ÉμÎ´μ¸ÉÓÕ 2Ä4% (μ¤´μ±¢ ´Éμ¢Ò° ¶·μÍ¥¸¸) ¨ 7Ä10% (¤¢ÊÌ±¢ ´Éμ-
¢Ò°), ÎÉμ ¢¶μ²´¥ μÉ¢¥Î ¥É Í¥²Ö³ ¶·μ¥±É .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ �¡Ñ¥¤¨´¥´´μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Bystritsky V.M. et al. D15-2006-23
Experimental Research of the Radiative Capture of Thermal Neutrons in 3He

A project of an experiment on measurement of the cross sections of radiative thermal
neutron capture by 3He nuclei with production of one and two γ-quanta (nth+3He → α +
γ(2γ)) is presented. The interest in studying the processes is dictated by the following
factors: a possibility of obtaining information on parameters of the nucleon NÄN potential and
structure of exchange meson currents; a possibility of verifying the model of the mechanism for
nucleon capture by the nucleus 3He in the low-energy region; necessity to solve some questions
existing in astrophysics. The experiment is planned to be carried out on the PF1B beam of
ILL reactor (Grenoble). The target is a hollow cylinder of pure aluminium (∅140×80 mm)
ˇlled with 3He and 4He (background experiment) at the pressure 2 atm. Registration of the
γ-quanta is carried out by four BGO crystal (∅100×70 mm) detectors. According to the
calculations the experiment, with 400Ä500 h of the PF1B beam running time, will allow cross
sections for the above reactions to be measured for the ˇrst time with an accuracy of 2Ä4 %
(one-quantum process) and 7Ä10 % (two-quantum process), which quite meets the purposes
of the project.

The investigation has been performed at the Joint Institute for Nuclear Research.
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1. INTRODUCTION

The study of the processes occurring in few-body systems in the region of
ultralow energy (∼ keV) is rather important and is connected with a possibility
of describing a complicated system on the basis of the microscopic approach
within the framework of modern nucleonÄnucleon interaction concepts. However,
the experimental study of reactions of proton interaction with light nuclei in the
speciˇed energy region is rather problematic. On the one hand, this is because the
nuclear reactions cross section in the given energy region is small and, on the other
hand, because the intensity of the charged particle beam produced by classical
accelerators is low. Nevertheless, the information on characteristics of the given
processes can be obtained at a certain level of accuracy from experimental studies
of mirror reactions on light nuclei induced by neutrons.

Thus, comparison of the cross sections for the reactions of interest induced
by protons and neutrons, lengths and phases of scattering (calculated within the
same microscopic approach), and also their comparison with results of the ex-
periments conducted on slow neutron beams will allow obtaining the information
on potential (NÄN ) interactions and checking correctness of the algorithm of
calculation of characteristics of mirror reactions.

In view of the aforesaid, the reactions of radiative capture of thermal neutrons
by 3He nuclei with production of one and two γ quanta: 3He(nth, γ)4He and
3He(nth, 2γ)4He deserve investigation.

Interest in these processes is dictated by a number of factors:
1) A possibility of obtaining information on the structure of the nucleonÄ

nucleon (NÄN ) potential.
2) A possibility of studying the structure of the exchange meson currents

whose contribution in the astrophysical energy region is essential [1].
3) Necessity of solving some questions existing in astrophysics.
Nuclear reactions induced by protons are essential for correct interpretation

of entire picture of the processes proceeding in the Sun.
Therefore, the information on characteristics of these processes and in par-

ticular on the 3He(p, e+, υe)4He reaction obtained in experiments on study of the
mirror reaction 3He(nth, γ)4He will allow correct estimation of the intensity and
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energy spectra of the solar neutrinos from the pp cycle like pp (p+p → d+e++νe)
and ppe (p + p + e+ → d + e+ + νe).

In view of possible oscillations between pp, ppe, hep, 7Be, 13N, and 15O
neutrinos, this will allow one to check applicability of the standard model to the
description of the full set of processes taking place in the Sun [2Ä6]. The solar
neutrino 	ux generated in the 3He(p, e+, υe)4He reaction can be detected by a
new generation of detectors characterized by a high energy resolution (due to
neutrinoÄelectron scattering or neutrino absorption). Since energy release in the
3He(p, e+, υe)4He is rather high (Q = 19.735 MeV) and the neutrino detector
has a rather high energy resolution, it becomes possible to detect a small fraction
of the high-energy component of the solar neutrino 	ux which is essentially
separated from the spectrum of the neutrinos produced in other reactions.

For their correct interpretation, the results of the solar neutrino 	ux measure-
ment should be compared with the values calculated by the standard solar model.
For lack of experimental data (at solar temperatures the mean kinetic energy of
protons (∼ 1 keV) is far below the Coulomb barrier of the 3He nucleus and thus
it is practically impossible to measure a very small cross section for capture of the
proton by the 3He nucleus), this model is based upon the calculated values of the
3He(p, e+, υe)4He reaction cross section. Calculation of the 3He(p, e+, υe)4He
reaction cross section is also a problem.

However, the existing unique theoretical relation between matrix elements of
the weak process 3He(p, e+, υe)4He and the process of radiative neutron capture
by the 3He nucleus (3He(nth, γ)4He) in the region of astrophysical energies saves
the situation [7Ä9].

This statement is based upon the following:
a) In both above processes at ultralow energies (1Ä10 keV) neutron and

proton capture proceeds from the S state of the nucleons. Therefore, not only the
wave function of the nucleus in the ˇnal state (ground state of 4He) but also initial
states of the 3He+p and 3He+n systems are identical (except charge-dependent
factors).

b) In the impulse approximation the nonrelativistic forms of the single-particle
dipole magnetic M1 and GamowÄTeller (GT) operators are similar except for
rotation in the isospin space.

Though recently the solar neutrino riddle connected with the deˇcit of high-
energy ®boric¯ and ®berillium-7¯ neutrinos has been resolved at a certain level
of conˇdence (oscillation between electronic, muon and tau-neutrino are found),
independent experimental information on each process entering into branched
chain of processes occurring in the Sun is desirable for clarifying the balance
between the intensities of three types of solar neutrinos.

4) A possibility of checking the model of the mechanism of nucleon capture
by the 3He nucleus in the low-energy region (S wave). In the standard model
the dominating components of the wave functions describing the state of the
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system before and after nucleon capture are symmetrical in orbital permutations
and single-particle M1 or GT transitions may proceed through small components
of low-orbit symmetry in both cases.

5) Knowledge of the cross section for the two-quantum process and the ratio
of the (3He(nth, 2γ)4He) and (3He(nth, γ)4He) reaction cross sections will allow
information on the structure of nuclear states participating in the above reactions,
which is very important for adequate comparison of theory and experiment [10].

By now a number of experiments on measurement of cross sections of radia-
tive neutron capture by nuclei 3He have been carried out:

σ (nth, γ) < 100 μb [11] (1960) − (ILL, Grenoble)
σ (nth, γ) = 60 ± 30 μb [12] (1973) − (ANL, USA)

= 60 ± 12 μb [13] (1979) − (ILL, Grenoble)
= 27 ± 9 μb [14] (1979) − (IBR-30, Dubna)
= 54 ± 6 μb [15] (1979) − (ILL, Grenoble)
= 55 ± 3 μb [16] (1991) − (Petten, Netherlands)

σ (nth, 2γ) = 17 ± 5 μb [13] (1979) − (ILL, Grenoble).

Recently interest in the studies of two-quantum radiative capture of thermal
neutrons by the simplest nuclei has increased. In view of a possibility of testing
quantum chromodynamics in neutron investigations numerous model calculations
with various ˇne corrections were carried out. Now there is a great (more than an
order of magnitude) discrepancy between the calculated value cross section of the
reaction 3He(nth, 2γ)4He σγγ(3He) [17, 18] and its sole experimental estimate
[13]. The σγγ (th) measurement accuracy is ∼ 35%.

The goal of this project is to study the radiative capture of thermal neutrons
by 3He nuclei with production of one and two γ quanta

→ 4He + γ (1a)

3He + nth

→ 4He + 2γ. (1b)

It is necessary to note that realization of this project will make it possible
to clear out the nature of the existing discrepancy between the experimental and
calculated values of the cross section for two-quantum radiative capture of thermal
neutrons by nuclei 3He.
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2. FORMULATION OF THE EXPERIMENT

Experiments on measurement of cross sections for reactions (1a) and (1b)
face some difˇculties, the main of which are the following:

a) a small value of the cross sections for the processes of interest;
b) presence of a competing channel (3He(nth, p)t reaction) with the inten-

sity 108 and 4·108 times as high as the intensity of processes (1a) and (1b),
respectively;

c) a rather low detection efˇciency for hard γ radiation (10Ä20 MeV) featured
by traditional NaI(Tl)-based γ detectors;

d) a high background level as compared with the process of interest.
Considering the importance of the task set, some changes are proposed for

the experiment in comparison with the previous measurements [11Ä16] in order
to measure the cross sections for reactions (1a) and (1b) with a high precision.

These changes are:
1) An arrangement of the experimental installation on the PF1B high-intensity

beam of thermal neutrons of the ILL reactor (Grenoble, France).
2) Replacement of γ-quantum detectors based on NaI(Tl) crystals by detectors

based on BGO crystals with a higher hard γ-quantum detection efˇciency (Eγ =
10Ä20 MeV) on the one hand, and with an essentially smaller sensitivity to
scattered neutron radiation on the other hand.

3) Precise determination of the absolute γ-quantum detection efˇciency of
the experimental setup by carrying out additional measurements with use of the
tagget quantum 	ux from the reactions p(t, α)γ (Q ≈ 19.8 MeV) and 7Li(p, 2α)γ
(Q ≈ 17.3 MeV) at the Van de Graaff accelerator and also with use of a set of
standard radioactive sources.

4) Simultaneous use of the activation and time-of-	ight techniques for mea-
suring the surface density and energy distribution of incident neutrons.

5) A larger number of γ detectors, which, in turn, will allow measurement of
not only the probability ratio of reactions (1a) and (1b) but also absolute values
of their cross sections.

6) Optimization of the passive shielding of the γ detectors to suppress the
background intensity to the level required by the project.

In the opinion of the authors of the project, realization of items 1)Ä6) will
allow a signiˇcant increase in the accuracy of measurement of cross section for
processes (1a) and (1b).

2.1. Experimental Setup. Figure 1 schematically shows the experimental
setup mounted on the PF1B thermal neutron beam. The experimental setup
comprises a collimator, a gaseous helium target, γ detectors with combined Pb,
6LiF and polyethylene shielding. The neutron 	ux is formed by the collimator
consisting of two 6LiF plates (each ∼10 mm thick with a 120 × 60 mm aperture
for a beam of thermal neutrons) and a hollow polyethylene cylinder 200 mm
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Fig. 1. Experimental setup: 1 Å helium target; 2, 3 Å collimator consisting of 6LiF
plates and hollow polyethylene cylinder; 4, 5 and 6 Å combined 6LiF, polyethylene and
Pb shielding of the detectors; 7 Å four BGO crystal γ detectors

long with walls 120 mm thick. The 	ux of thermal neutrons with an average
energy 4.0·10−3 eV and surface density ∼ 3·109 n/cm2·s hits the target, which
is an Al cylinder (∅140×80 mm) ˇlled with pure 3He at a pressure of 2 at. The
side wall, the entrance window, and the exit window are 0.5, 0.1, and 0.1 mm
thick, respectively. The volume of the target is 1230 cm3. To suppress the
background 	ux in the γ detectors arising from neutron capture in target walls,
the diameter of the target entrance window is larger than the diagonal of the
neutron beam cross section (60 × 120 mm). Four BGO crystals (∅ = 100 mm,
h = 70 mm) γ detectors are arranged in a circle around the axis of the neutron
beam incident on the target (see Fig. 1). The angle between the axis of each γ
detector and the direction of the neutron beam is 45◦. The γ detectors are placed
at a distance of 50 cm from the helium target center. The relative solid angle of
the γ detector is 2.5·10−3 and the detection efˇciency for γ quanta with energy
Eγ ∼ 20.6 MeV (in total absorption peak) is ∼ 5 %. Detection of the reaction
(1b) channel is carried out by selection of coincidence of signals from any two
γ detectors during the resolving time of 50 ns provided that their amplitudes
correspond to the full absorption peak at the γ-quantum energy Ethr < Eγ <
10.3 MeV + 3 σE (σE = 0.25 MeV, Eγ = 10.3 MeV). For essential suppression
of the relativistic components of background loading of the γ detectors they are
surrounded by lead shielding. The background caused by the neutron radiation
loading of the γ detectors by resulting from interaction of the beam of thermal
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neutrons with a target, is suppressed by the combined absorber consisting of
layers of 6LiF (5 mm thick) and polyethylene (150 mm thick).

Prior to precise measurement of cross sections for radiative capture of thermal
neutrons with production of one γ quantum, σγ (process (1a)), and two γ quanta,
σγγ (process (1b)), a few additional experiments should be carried out for

1) measuring the detection efˇciency of the experimental setup for γ quanta
produced in reactions (1a) and (1b);

2) choosing the passive shielding of γ detectors that is optimal in terms of
the background level;

3) measuring the energy and space distributions of neutrons in the PF1B 	ux
(from the ILL reactor) by the activation and time-of-	ight techniques.

2.2. Measurement of the γ-Quantum Detection Efˇciency. Determination
of the γ-quantum detection efˇciency of the experimental setup in the study
of reactions (1a) and (1b) implies studies of γ-detector responses in a wide
γ-quantum energy range from 1 to 22 MeV with the use of standard γ-quantum
sources (137Cs, 60Co, 88Y, 228Th, PoÄBe) and reactions on light nuclei t(p, γ)α
yielding γ quanta of energies Eγ = Ep − Eα+ 19.8 MeV (Ep and Eα are the
laboratory energies of the proton and the α particles) and 7Li(p, γ)8Be (Eγ =
Ep − EBe + 17.3 MeV).

Note that in case of the reaction t (p, γ)α a beam of ®tagged¯ γ quanta is
formed by simultaneous detection of the γ quantum and the α particle produced in
this reaction (localization of the α-particle trajectory uniquely deˇnes the direction
of the emission of the γ quantum). For essential suppression of a quite intensive
soft component of the background loading of the γ detectors, arising from the
work on a beam of thermal neutrons the energy threshold in the spectrometer
channel of γ-quantum registration should not be lower than 3 MeV.

Figure 2 shows the experimental layout for measurement of the detection
efˇciency of the ®tagged¯ γ quanta from the t(p, γ)α reaction.

The quantum detection efˇciency of the setup is deˇned as εγ = Nαγ/Nα,
where Nαγ is the number of αγ coincidences corresponding to the number of α
particles Nα registered by the α detector.

Thus, the technique of ®tagged¯ γ quanta allows the detection efˇciency of
the experimental setup for γ quanta from reaction (1a) to be measured with a high
accuracy. A monoenergetic beam of ®tagged¯ γ quanta with the required energy
is planned to be produced of the Van de Graaff accelerator of the Joint Institute for
Nuclear Research (Dubna). Determination of the γ-quantum detection efˇciency
should be carried out under the conditions identical to those of the experiment
on measurement of cross sections of the radiative capture of thermal neutrons by
3He nuclei.

As to reaction (1b), considering the continuous spectrum of γ-quantum en-
ergies in the region from 0 to 21 MeV, dependence of the detection efˇciency
for γ quanta from this reaction upon energy in the region 0Ä21 MeV should be
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Fig. 2. Measurement of the detection efˇciency of γ quanta with energy by the experimental
setup. 1 Å tritium target (TiT2, 2 μm thick); 2 Å 6LiF plate; 3 Å polyethylene layer;
4 Å γ detector; 5 Å γ detector shielding of Pb; 6 Å Si α detector; Ip ≈ 0.5Ä1 μA is
the current of the protons incident on the target

known for correct measurement of cross section of the given process. Determi-
nation of the γ-quantum detection efˇciency in the above energy range is based
on comparison of shapes of the experimental amplitude distributions measured by
the γ detectors and the distributions resulting from the Monte-Carlo simulation
of interactions of γ quanta with the BGO crystal.

Thus, the γ-quantum detection efˇciency is determined by calculation on con-
dition that the experimental and simulated amplitude distributions of the events
recorded by the γ detector coincide in shape. To optimize the design and com-
position of the shielding of the γ detectors against background radiation, it is
planned to carry out measurements with these detectors at the IBR-2 reactor
(JINR, Dubna). In addition, preliminary experiments at the reactor also include
development of activation analysis and time-of-	ight techniques for measurement
of the energy and space distributions of thermal neutrons in a beam. The above,
measurements at the IBR-2 reactor (JINR) will essentially reduce the time neces-
sary for realization of the present project on the PF1B beam of the ILL reactor.

After all the above-mentioned work is accomplished in Dubna, the exper-
imental set up is moved to the ILL reactor, where both the energy and space
distributions of incident neutrons on the target of the PF1B beam are measured.
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Below the procedures for measurement of the space and energy distributions of
neutrons in the PF1B beam are described in more detail.

2.3. Measurement of the Neutron Spatial and Energy Distributions.
In the proposed scheme of the experiment the neutron 	ux incident on the target
can be uniquely considered as plane parallel. This is proved by the entrance
collimator design, the size of the helium target and its position relative to the
	ux, the amount of angular divergence of the neutron beam, and also the results
of a lot of earlier experiments on measurement of the spatial distribution of
neutrons in the PF1B beam carried out in ILL.

To measure cross sections σγ and σγγ for reactions (1a) and (1b), one should
know with a high accuracy the energy distribution Φn(E) of neutrons in the 	ux
incident on the 3He-ˇlled target.

Since the cross sections σγ and σγγ are the result of averaging over the
energy spectrum of incident neutrons (with allowance for the Maxwellian veloc-
ity distribution of target atoms), the effective cross section σγ(th) at the point
corresponding to the thermal neutron energy Eth = 25.3 meV [19] is used. The
formula for determination of the effective reaction (1a) cross section σγ(th) has
the form

σγ(th) =
(Nγ/T )σt(th)·
2ΦnS · kεγΩγ

√
πEth/En

1 − e−n〈σtot〉l
, (2)

where Nγ is the number of detected γ quanta from reaction (1a); l is the target
thickness along the neutron 	ux; k is the number of γ detectors; εγ is the
γ-quantum detection efˇciency of the detector at full absorption peak; Ωγ is the
solid angle of the γ detector; σt = σpt+σs+σγ +σγγ is the total nth

3He reaction
cross section at the thermal point (Eth = 25.3 meV); 〈σt〉 is the total nth

3He
interaction cross section averaged over the energy spectrum of incident neutrons;
S is the area of the incident neutron beam cross section; En is the neutron energy
corresponding to the maximum of the Maxwellian distribution Φn(E); T is the
measurement time. The second term in (2) is seen to take into account the shift
of the Maxwellian distribution peak (En) relative to the peak corresponding to
the thermal neutron energy (Eth).

The neutron energy distribution Φn(E) at the target site can be measured
by various methods, for example, by the activation technique. This technique
supposes the use of a set of m foils 3 × 3 cm2 in area of total thickness such that
neutron absorption coefˇcient of this stack of foils is less than 10%. Actually,
two sets of the foils are supposed to be used, one placed in front of the entrance
window of the target and the other behind its exit window. The methodological
experiment allows correct account to be taken of the dynamics of the neutron
	ux passing through the 3He-ˇlled target. Measuring the induced activity in the
kth foil Ak per target atom, which is related to the neutron energy distribution
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function Φn(E) and the copper activation cross section σCu
k (E) by the for-

mula [16]:

Ak =

∞∫

0

Φn(E)σCu
k (E)dE (k = 1, . . ., m), (3)

one can get the necessary information on the beam of neutrons.
The function Φn(E) is found by χ2 comparison of the experimentally mea-

sured dependence of the induced activity A in the Cu foil upon the number of
the foil and the analogous dependence calculated by the Monte-Carlo method and
corresponding to a particular energy distribution of incident neutrons. Varying
parameters of the function Φn(E) and using two sets of experimental values Ak

corresponding to two stacks of Cu foils, one can get rather accurate information
on the neutron energy distribution at the collimator exit. Note that errors in mea-
surement of induced activities Ak, as follows from the simulation, are no larger
than 1Ä2%.

Comparison of the activation analysis results and amplitude spectra of γ
quanta registered by the γ detectors with indications of the neutron beam monitor
will allow the parameters of the neutron 	ux and the experimental setup to
be monitored and measured during the experiment. In addition, the neutron
energy distribution of Φn(E) at the size of the target can also be measured by a
mechanical monochromator.

2.4. Sources of Background. Since the cross sections for the processes of
interest (reactions (1a) and (1b)) are extremely small, it becomes very important
to study the nature of the background sources to get them considerably suppressed
against the effect.

The background sources are: a) nuclear reactions with production of γ quanta
and neutrons arising from interaction of the thermal neutron beam with the en-
trance window of the target and its side walls (Al(nth, n′γ)Al); b) elastic scat-
tering of thermal neutrons on 3He nuclei with their subsequently registration by
the γ detectors; c) (p, γ) and (t, γ) reactions arising from interaction of protons
and tritons formed in the 3He(n, p)t reaction with the target walls; d) delayed
neutrons in the experimental hall; e) (n, γ) reactions on the structural materi-
als of the experimental setup; f) chain of processes with subsequent registration
of γ quanta by the BGO detectors: 3He(nth, p)t →3He(t, d) 4He→3He(d, γ)5Li;
g) chain of processes with subsequent registration of fast neutrons by the γ de-
tectors: 3He(nth, p)t →3He(t, pn) 4He; h) chain of processes with subsequent
registration of hard γ quanta by the BGO detectors: 3He(nth, p)t →3He(t, γ)6Li;
i) the charged component of the cosmic radiation.

Below intensities of the above background sources are estimated in relation
to the expected yield of reactions (1a) and (1b).
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3. THE YIELD OF γ QUANTA FROM REACTIONS (1a) AND (1b)

3.1. One-Quantum Mode. The experimental yield Yγ of γ quanta resulting
from reaction (1a) can be written down as follows (the target volume speciˇed
by the size of the neutron 	ux collimator is V = a × b × l):

Yγ = εγΩγk

a∫

x=0

b∫

y=0

l∫

z=0

Φn(x, y, z)〈σγ〉ndxdydz, (4)

where Φn(x, y, z) is the surface density of the thermal neutron 	ux on a perpen-
dicular target area of 1 cm2 at the point with the coordinates (x, y, z); 〈σγ〉 is
the reaction (1a) cross section averaged over the energy spectrum of the neutrons
incident on the target; n is the nuclear density of the target in cm−3.

Considering attenuation of the neutron 	ux on its passage through the target
in the Z direction, expression (4) takes the form:

Yγ = kεγΩγS

l∫

0

Φn(x, y, z)〈σγ〉ndz = Φ0SkεγΩγ(1 − e−n〈σtot〉l)
〈σγ〉
〈σtot〉

, (5)

Φn(x, y, z) = Φ0e−n〈σtot〉z, (6)

where S = a × b is the area of the beam incident on the target XÄY section,
l is the target thickness in the Z direction, Φn(x, y, 0) is the surface density of
the thermal neutron 	ux at the point (x, y, 0).

In this case the cross section for one-quantum capture of thermal neutrons by
3He nuclei is deˇned as

〈σγ〉 =
Nγ〈σtot〉

ΦnS(1 − e−n〈σtot〉L)kεγΩγT
, (7)

where Nγ is the number of γ quanta with energy Eγ = 20.6 MeV detected within
the time T . The real yield of γ quanta is described by a more complicated formula
taking into account multiple elastic scattering of thermal neutrons on target walls
and in 3He. The contribution from these processes is correctly calculated by the
Monte-Carlo method.

Therefore, in (7) l is replaced by L, which is the total path of thermal
neutrons (the path of the neutron in the target over a broken trajectory from the
point where it hits the target to the point of its radiative capture with production
of one or two γ quanta with allowance for elastic scattering of the neutrons from
3He nuclei and rescattering on target walls) averaged over the real distribution of
paths in the target.
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3.2. Two-Quantum Mode. To measure the cross section σγγ , events simul-
taneously detected by two γ detectors and meeting the criterion Eγ1 + Eγ2 = B
should be selected for analysis, where Eγ1 and Eγ2 are the energies of the γ
quanta, B is the neutron binding energy in the 4He nucleus. Relation between
the cross sections for reactions (1a) and (1b) averaged over the energy spectrum
of incident neutrons is described as follows [20]:

〈σγγ〉 = 〈σγ〉
Nγγ

Nγ

ε(B)

m[ε1(Eγ1)ε2(B − Eγ1)] Ω2

, (8)

where Nγ is the number of detected γ quanta from reaction (1a); Nγγ is the num-
ber of detected γγ coincidences in reaction (1b); ε1 and ε2 are the γ-quantum
detection efˇciencies of each of two γ detectors connected in coincidence, av-
eraged over the continuous spectrum of γ radiation from two-quantum capture
of thermal neutrons by 3He nuclei. The yield of reaction (1b) with emission of
two γ quanta on the assumption of a uniform surface density distribution of the
incident neutron 	ux Φ0 is

Y
γγ

= SεγγmkΩ2
γ

l∫

0

Φn(E)e−n〈σtot〉z〈σγγ〉ndz =

= Φ0SεγγmkΩ2
γ(1 − e−n〈σt〉l)

〈σγγ〉
〈σtot〉

, (9)

where εγγ = εγ1(Eγ)εγ2 (20.6 Ä Eγ)+εγ2(Eγ)εγ1(20.6 Ä Eγ) is the intrinsic
detection efˇciency for coincidence of two quanta from (1b) (this value is av-
eraged over possible kinematic combinations of energy distribution between two
detected γ quanta), Ωγ is the solid angle of the γ detector, k is the number of γ
detectors, m is the number of possible pair combinations of γ detectors.

The effective reaction (1b) cross section averaged over the energy spectrum
of neutrons interacting with the target is deˇned as

〈σγγ〉 =
Nγγ〈σtot〉

Φ0S(1 − e−n〈σtot〉L)εγγkmΩ2
γT

. (10)

3.3. Evaluation of the Yields of Reactions (1a) and (1b). Table 1 lists
estimates of the data taking time in the PF1B beam of thermal neutrons at the
ILL reactor required for measurement of the cross sections 〈σγ〉 and 〈σγγ〉 with
the relative accuracy δ.

The following values were used to obtain the estimates:
S = 72 cm2, εγ = 5 · 10−2 (the intrinsic efˇciency of registration of γ quanta
from reaction (1a) at full absorption peak Eγ − 3σE < Eγ < Eγ + 3σE Eγ =
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Table 1. Time T of exposure of the setup on the ILL reactor beam PF1B for measure-
ment of the reaction (1a) and (1b) cross sections with the given accuracy δ (%)

Accuracy δ, %
Reaction (nth, γ) Reaction (nth, 2γ)
Texp, h Yield, Nγ Texp, h Yield, Nγγ

10 0.1 330 140 100
5 0.25 830 560 400
2 1.5 5000 3500 2500

20.6 MeV; σE = 0.5 MeV is the energy resolution of the γ detector for the line
of 20.6 MeV), εγγ is the intrinsic efˇciency of detection of two γ quanta from
reaction (1b) in any pair from four γ detectors (connected in coincidence), εγγ=

6.4 10−3 (Ethr < Eγ < 10.3 MeV + 3 · σE (Eγ = 10.3 MeV, σE = 0.25 MeV),
Ωγ = 2.5 · 10−3 is the solid angle of the γ detector, 〈σγ〉 = 50 μb, l = 8 cm,
〈σγγ〉 = 10 μb, Φ0 = 3 · 109 n/cm2· s, 〈σt〉 = 5300 b, n = 5.4 · 1019 cm−3.

It is necessary to note that estimates of the background level caused by
sources listed in Subsec. 2.4 are obtained with some criteria imposed on the
events registered by the γ detectors. For example, only events falling within
the γ-quantum energy region Eγ − 3σE < Eγ < Eγ + 3σE (Eγ = 20.6 MeV;
σE = 0.5 MeV is the energy resolution of γ detector on a line 20.6 MeV) are
selected for studying reaction (1a) and events falling within the energy region
Ethr < Eγ < 10.3 MeV + 3σE (Eγ = 10.3 MeV, σE = 0.25 MeV) are
selected for studying reaction (1b). With these rigid event selection criteria, the
imitation of processes (1a) and (1b) with the existing sources of the background
is possible only within the data-acquisition equipment resolving time of 50 ns
several background quantum are detected (by one γ detector in case of studying
reaction (1a), or two γ detectors in case of studying reaction (1b)). The resulting
signal amplitude should correspond to the criteria for selection of events by the
energy lost by γ quanta in the BGO crystal.

Using the Monte-Carlo method we considered in detail background sources
(a)Ä(h). The calculations showed that the total background in relation to the reac-
tion yield does not exceed 40% for (1a) and 1 % for (1b). As to the background
caused by cosmic radiation its level was determined experimentally with use of
the γ detector and the spectrometer path similar to those to be used in the planned
experiment. Combined shielding of polyethylene, 6LiF and Pb layers correspond-
ing to the conditions of the experiment on the ILL reactor beam was used for the
γ detectors. The results of the measurements indicate that the background level
in the relation to the reaction yield is 5% for reaction (1a) and negligibly small
for reaction (1b).

Figures 3 and 4 show dependence of the σγ and σγγ measurement accuracy
upon the data taking time.
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Fig. 3. The accuracy of measurement of the cross section 〈σγ〉 versus the data taking time

Fig. 4. The accuracy of measurement of the cross section 〈σγγ〉 versus the data taking
time

To test the calculated estimates of the background levels in studies of
processes (1a) and (1b), and to get their more precise values, we plan to carry
out a separate background experiment with a target ˇlled with gaseous 4He to a
pressure of 2 at.

3.4. Background Experiment. In this experiment the same target as the
experiment with pure 3He is used.

Let us consider the relation between the calculated intensities of various
background processes in case of ˇlling target with 3He and 4He at a pressure
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of 2 at. Partial contributions of the various background processes mentioned in
Subsec. 2.4 (sources of background) are compared in Table 2.

Table 2. Comparison of the estimated intensities of various sources of background in
the experiment with a target ˇlled with 3He and 4He. The equality of the background
levels in exposures with 3He and 4He is marked by the sign ®+¯ in the corresponding
columns; the combination of the signs ®+¯ and ®Ä¯ means excess of the background
level in the exposure to which there corresponds the sign ®+¯

No
Background sources

3He target, 4He target,
2 at 2 at

1 Interaction of neutron beam with collimator + +
2 Interaction of neutron beam with target front wall + +
3 Interaction of neutron beam with target back Ä +

wall (on passing through target)
4 Interaction of products of reaction 3He (n, p) t with + Ä

walls of target
5 Interaction of beam of neutrons scattered on gas Ä +

(3He, 4He) with target walls
6 Neutron beam scattering on (3He, 4He) with Ä +

subsequent registration of neutrons by γ detectors
7 Chain of processes with subsequent registration of + Ä

γ quanta by the BGO detectors:
3He(nth, p)t →3He(t, d)4He →3He(d, γ)5Li

8 Chain of processes with subsequent registration of + Ä
fast neutrons by the γ detectors:
3He(nth, p)t →3He(t, pn)4He

9 Chain of processes with subsequent registration of + Ä
hard γ quanta by the BGO detectors:
3He(nth, p)t →3He(t, γ)6Li

Comparison of calculated intensities of various sources of background by a
method of Monte Carlo resulted in Table 2, testify that distinction in total levels
of background in experiment with 4He and 3He does not exceed 15 %:

η = (Nbackg
cal (4He) − Nbackg

cal (3He))
/
Nbackg

cal (3He) ≈ 0.15, (11)

where Nbackg
cal (3He), Nbackg

cal (4He) are the normalized calculated numbers of the
registered background events in the experiment with 3He and 4He (simulating the
event of registration of γ quanta from reaction (1a)); δη = 0.05 is the relative
error of the calculation of η. Considering accuracy of the calculation of η and
the total background level ξ measured in the experiment with 4He (according to
the calculations this normalized value in relation to the yield of reaction (1a) in
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the experiment with 3He is ≈ 50%), it is possible to determine unambiguously
the background level in the experiment with 3He with its measurement error:

Nbackg(3He) = ξ(1 − η), (12)

ξ = Nbackg
meas (4He)Φn(3He)/Φn(4He),

where Φn(3He), Φn(4He) are the full beam of thermal neutrons incident on the
target in the experiments with 3He and 4He, respectively.

According to the calculated estimates of ξ, η, and δη, an additional error of
the measurement of the reaction (1a) cross section due to the proposed procedure
of the background determination in the experiment with 3He is ≈ 0.7 %. As
to measurement of the background level in case of the reaction (1b) study, the
situation is more trivial. It is caused by the following circumstances. Firstly,
the difference between the calculated (normalized) background levels in the study
of reaction (1b) in exposures with 3He and 4He is negligibly small. Secondly,
the absolute value of the background in the exposure with 3He in relation to the
yield of reaction (1b) (with the use of the selection criteria for registered events)
indicated in the text of the project is extremely small (� 1%). Thus, it follows
that the background value measured in the experiment with 4He and normalized
to the exposure with 3He, deˇnes to quite a high accuracy the background level
in the experiment with 3He.

4. CONCLUSIONS

Having estimated yields of reactions (1a) and (1b) and having studied possible
sources of the background and their in	uence on the accuracy of the measured
cross sections of the reactions in question we may draw the following conclusions:

1) Implementation of this project on the PF1B beam of the ILL reactor will
make possible to measure for the ˇrst time the cross section for process (1b) with
statistical accuracy 7Ä10% and the absolute value of the cross section for process
(1a) with accuracy of 2Ä4% for 400Ä500 h of the beam time.

2) The knowledge of the cross sections of the processes with the above
accuracy will allow:

a) reˇning calculations of a chain of nuclear processes within the framework
of the standard solar model;

b) obtaining information on the structure of the ground states of the 3He and
4He nuclei;

c) obtaining information on the nucleonÄnucleon potential and the contribu-
tion of the exchange meson currents.
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