
1 .2 . N U C L E A R P H Y S I C S W I T H N E U T R O N S

1. I ntroduction
In the reported period, the experimental research program of FLNP included traditional

directions: experimental investigations of the fundamental properties of the neutron, studies of the
processes of spatial parity violation in dif ferent nuclear reactions induced by neutrons,
investigations of highly excited states of nuclei in reactions with resonance and fast neutrons,
astrophysical aspects of neutron physics, experiments with ultracold neutrons. An extensive
program of studies in resonance neutron induced fission was partly completed.

A lso, experimental approaches in such à fundamental field as time-noninvariance effects in the

interaction of resonance neutrons with nuclei are under investigation. A t present, the study of
polarized neutron propagation through polarized targets seems to be the most convenient way of
direct tests of time-reversal invariance.

Applied research in the f ield of neutron activation analysis (NAA ) and also, à methodological
development of neutron and gamma detectors of dif ferent types were conducted.

The main part of these investigations was carried out on seven neutron beams of the IBR-30
booster, the f irst and eleventh beam of the IBR-2 reactor, and the experimental faci l ity " Regata" for

neutron activation analysis at IBR-2. A t the âàò å time, à ï ø ï Üåã of works were conducted in

collaboration with the nuclear centers of Russia (RRC KI , ITEP, M EPI, PNPI, PEI , RSRIEP),
Ukraine (INR NU , K iev), Bulgaria (INRNE, Sof ia), Poland (UL, Lodz; INP, Kr akow), Germany
(FZK , K arlsruhe; Tubingen Univ .; THD, Darmstadt; FRM , Garching), Republic of K orea (PA L ,
Pohang; KA ERI, Taej on), France (ILL , Grenoble; ÑÅÑ ÑÅÀ , Cadarache), Belgium (IRM M , Geel),
USA (LANL, Los A lamos), China (Peking University) and Japan (K yoto University; K EK ,
Tsukuba) at their neutron sources. It is necessary to note that the new opportunities which opened
after Russia had j ointed ILL, Grenoble have been effectively used: some measurements with cold
and ultracold neutrons were successful ly performed.

V ery interesting possibil ities for investigations are opening now in the framework of à wide
international col laboration PS-213 based on à new n-TOF faci l ity which starts operation in late M ay

2000 in CERN.
The research program for IBR-30 was written taking into account the working schedule of the

creation of the new Intense REsonance Neutron source for nuclear physics investigations — the

IREN proj ect. In accordance with the recently revised schedule approved in M arch 1999 by the
JINR directorate, the IREN source is to start operation by the end of 2002. So, the complex IBR-
30+LUE-40 has to be dismounted in the second half of 2001. À very important reason why the
IBR-30 scientific program has continued to present and wil l continue in nearest future is to preserve
the research team able to can y out investigations on the basis of the IREN source and prepare new
experimental techniques for such investigations.

2 . E x p er i m en t a l R esea r ch es

2. 1. P ari ty Vi olati on i n the I nteracti on î~ Ê åèî ëàèñå N eatr ons wi th N èclåü

2.1.1. TRIPLE collaboration results

The Frank Laboratory of Neutron Physics participates in the Tnne Reversal Invariance and
Parity at Low Energy (TRIPLE) collaboration studying Parity NonConservation (PNC) in
compound-nuclear states. The experiments are conducted at the Los A lamos pulsed neutron source
LANSCE by the transmission of longitudinal ly polarized neutrons through isotopically pure targets.
The directly measured quantities are the longitudinal asymmetries of the cross sections for p-wave
resonances defined as o = o' (1+ ð ) , where o' is the resonance cross section for positive and
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negative neutron helicities, o , is the resonance part of the p-wave cross section. In the statistical

approach, à set of PNC matrix elements obtained for many resonances determines the mean square
matrix element M ~ of the effective weak interaction of nucleons in nuclei provided that complete

spectroscopic information about resonances is obtained in addition to longitudinal asymmetries.
2 /Dividing the level spacing by D one obtains the weak spreading width Ã„ = 2ê ~ / which is àr a

global measure of the strength of the effective parity violation interaction in nuclei ; i t has à typical
value of - 10 ~ å× . In 1999 the Ä results were published for ~~Ì ~, '~~ÊÜ, '~~' ~À ä '~ ' ~~Ðä and

'~~Cs. They are shown in Table 1.
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The data indicate possible existence of local fl uctuations in the mass dependence of the
weak interaction in compound nuclei contrary to an earl ier conclusion about the mass independence
of the weak interaction spreading width [FLNP A nnual Report 1998, ð.17] .

2 . 2 .
R esonance N eutr ons ~i th N èc åã'

2.2.1. Comparative analysis of experimental proposals on Ò-, P-invariance tests in nuclear

reactions with neutrons.
An analysis of dif ferent proposed experiments to investigate CP-violation in nuclear

reactions induced by resonance neutrons was carried out. The formalism of spin density matrices
and special methods of the nuclear reaction theory were èçåé to analyze the CP-violating quantities
suggested for measurement in various experiments. The dependence of the effects and their relative
errors on the neutron energy and target thickness was studied. The necessity to compensate strong
pseudo-magnetic precession by an external magnetic field is shown. Being completely compensated
some of the above effects show an additional enhancement of 3 orders of magnitude whi le the total
enhancement reaches 6 orders of magnitude. In this ñàçå, neutron spin reverse essential for the
effect occurs due to precession caused by the CP-violating interaction while the beam absorption is

caused by the strong nuclear interaction. The enhancement appears due to the dynamical and
resonance mechanisms caused by à complicated (chaotic) structure of compound resonances. A n
analysis of some other relevant quantities shows that, although their values themselves do not show
resonance enhancement, their relative errors decrease sharply in the vicinity of the p-wave
resonance.

Òî avoid some problems mentioned above, one can use à two-stage scheme with j ust one
neutron polarization device proposed in FLNP.

Nowadays, there are two possible target designs for the proposed experiment. The f irst is the
Dynamical Nuclear Polarization technique for the polarization of Üà nuclei in à ÜàÀ 10 ~
compound. It requires extra-low temperatures and à high magnetic field. The second is the optical
polarization of X e in exactly the same manner as Í å. The latter is precisely the experimental 1 1

approach that is now under investigation within the KaTRIn proj ect.

2 .2 .2 . R ecent resu l t s o f th e K aT R I n p roj ect

The ability to create à long-lived high nuclear spin polarization in dense noble gases ( Í å,
'~~Õå, '3'Õå) opens wide perspectives in new fundamental and applied research and medicine

applications. We propose to use à spin-polarized Í å nuclear target as à neutron
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polarizer and analyzer of neutron polarization in the KaTRIn proj ect for an experimental test of
time-reversal i n vari ance in nuclear
reactions. À high polarization in the
neutron beam can be reached by the use
of the dense (3 10~ ~ highly polarized
(- 50%) prolonged È Çõ30 cm~ Í å

target. The spin exchange technique
allows the creation of high nuclear
polarization directly in dense noble
gases by transferring the electron spin
of optically pumped alkali (Rb, Ê, Cs)
atoms. As nuclear polarization cannot
be higher than electron polarization and
the growing rate of nuclear polarization
is proportional to the alkali atom
number density, à powerful circularly
polarized laser beam tuned to the
atomic resonance line is 'required. In

1999, an experimental setup for
creating à Í å neutron target (Figure 1)
was built. To have high polarization
values, Ðö„ the laser should provide ï î
less than 0.2 W per every cm~ of Rb
vàðî r at density n~~ = 10'~ cm ~. In

recent years, powerful diode laser
arrays with the power up to 30 W
became available. We used 15 W 23, àFig 1. ÈÌ ß Áóçÿò: 1- í å1ò ü012Ñ0113. 2- RF-coi ls, Ä1î äå 1ì åã array uï åd ,î the D1 Rb

3- Pick-èð, 4- Í å CeII, 5- Laser ~earn, á- P~otodiode resonance line (795 nm) The laser

spectrum was thoroughly investigated
using à spectrograph.

We investigated three spherical cells with the diameters 2 cm (À), 4 cm (Â), and 3 cm (Ñ)
filled with at 2, 8.5, and 13 atm, respectively. The cells were heated up to 200 Ñ' and the averaged

polarization was determined from the absorption spectra using the spectroscopic technique by
switching the stabilizing magnetic field on and off. The experimental data are supported by the
calculations based on the numerical solution of the equations describing broadband light
propagation through an optically dense medium.

The Í å nuclear polarization, P>Ä was determined by à standard technique of NMR
adiabatic fast passage. Helmolz È 1400 mm coils produced an axial stabilizing magnetic field of
22.4 Gauss along the laser beam direction with à homogeneity not worse than ø the middle and
variations in time being at the same level . À pair of radio frequency (RF) coils 700 mm ø diameter
produced à 78 kHz transverse field.

À saw-like pulse of 3 á àçû was applied to the
stabilizing field to create resonance conditions for Í å nuclei .
NMR pick-up coils were incorporated into à cell holding
platform. Their axis was orthogonal to the stabilizing and È -
field. The induced NMR signal was guided to lock-in the
amplifier and then to the digital oscilloscope. The sensitivity
of the system was about

Fig. 2. Í å nuclear p olari zati on decay cur ves
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5 10 V/Gauss. The RF - interference and vibrations, set the noise level at about 100 mV . The value
of P>, was indirectly determined by the calculation of the fi l l ing factor and is shown in Figure 2.
Rather low decay constants, t , can be attributed to cel l wa11 relaxation and paramagnetic impurities
in Í å. Nevertheless, the eff iciency of polarization transfer happened to be rather high, about 10
of Í å atoms/s for à Â cell . Generally, Helmholz coils and the related equipment are necessary for
the NM R measurement of the Í å polarization. On the î ë åã side, it can be extracted from
measurements in the neutron beam. The p; metal magnetic shields can provide à homogeneous
magnetic environment for the Í å target. Now, this activity is underway and the first experimental
tests on an IBR-30 neutron beam will be conducted in 2000.

2.3. T heor eti ca l an d exp eri m en t a l app r oach es t o st udi es

M ethodological experiments and Ì Ñ calculations hav e been carr ied out at IB R-2 to optim ize

the scheme of the exper iment to study the neutron elastic cross section on noble gases w ith the aim
of ex tracting the neutron-electron scatter ing length . It w as observed that the neutron beam from the
IBR-2 reactor passing through à m irror neutron guide becomes inhomogeneous in energy . This f act

causes ser ious experimental di f f i cult ies in the measuring of the angu lar ani sotropy of the scattered
neutrons on à X e target . How ever , computations show the possibi l i ty of the ex traction of the (n, å)
scatter ing length f rom measurements of the elastical l y scattered neutron intensity in the 4ê-

geometry i f one uses à gaseous A r target . The adv antage of A r i s i ts relatively sm al l nuclear
scatter ing cross sect ion result ing in à relative contr ibution of the (n, å) scatter ing equal to Õå' s.

In the year 2000 à high-pressure A r-f i l led gaseous chamber w ith Í å proportional counters

around i t w i l l be constructed and the f irst measurements of the A r scatter ing cross section w i l l be

carr ied out .
À new method to study the neutron polar izabi l i ty and neutron — electron scatter ing w as proposed.

I t i s based on the fact that the real part of the s-w av e scatter ing ampl itude changes its sign near the

Ã„s-w ave neutron resonance at Å = Å ' = E, — " , (here Å is the neutron energy , Eo is the energy of

ãà~
the resonance, k and Ã„ àãå the resonant values of the neutron w ave number and w idth, ß , i s the s-

w ave scatter ing radius) . The method consists of the observation of the energy behav ior of the
î (ä,) — ~ (ä, ) Ôforward — backw ard scatter ing asymm etry â , = ' ' that exper iences à j ump at Å =Å , here
o(ä,)+î (ä,)

î (ä ) is the di f ferential scatter ing cross section. A pprox imate expressions for the di ff erential cross
section are presented by the equat ion o '(ä ) = ( / , + Ä ñî çä + à„, Zf (q )) , w here Ä is the s- w ave

scatter ing ampl itude, f j = ä ~ + f j is the sum of nuclear and polar izabi l ity contr ibutions to the p-

w ave amplitude, à„„ = (1.3 — 1.6) 10 f m , f (q) i s the atom ic formfactor, q = 2k sin — is the - ç ä

transferred momentum . Thus, in the expression for î (ä ) w e hav e the interference terms
2Ä ä- ñî âä and 2Ä aÄ, Zf (q) . The calculat ions show that the latter term for Z > 70 and l eV < Å <

10eV exceeds 2Ä f j - 100 times. I t makes â ~ be alw ays negat ive at energies below Å and posit iv e

at energies higher than Å . I t is supposed that this phenomenon w i l l serve as à new method for the
observation of à„ , . M ore detai led calculations of possible exper im ents to invest igate è„, w i l l be
done.
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N eut ron Yi elds at Thermal Energy
2.4.

2.4.1. ~ ~ 1àã correlations of fission fragments in the resonance neutron induced fission of

the U nucleus
Spontaneous and induced nuclear fission has been under investigation for over 50 years but

we do not have à complete understanding of its mechanism and dynamics yet. This is because
nuclear fission is one of the most complicated nuclear transformations connected with deep
rearrangement of the mass and charge of initial nuclei , production of extremely deformed and
excited fragments with high spin and excitation energy sufficient for the emission of several
neutrons and about ten gamma quanta. Another basic circumstance is the fact that in most cases,
nuclear fission is studied in the conditions when it is impossible to obtain information on basic
amplitudes of the process. Such amplitudes are characterized by the parity z of the system, i ts spin Ó
and the proj ection on the fission axis Õ. Resonance s- or p-neutron induced f ission only permits
one to obtain information on J~Õ f ission amplitudes because in the total cross section of the (n, f)

reaction and in the energy dependence of the angular distribution of f ission fragments there appears
the interference of J' Õ amplitudes of dif ferent compound states. The possibi l ity of the extraction of
fission amplitudes from the experiment with an al igned ~~~Y target is determined by the existence of

à complete set of experimental data on di fferential and total cross sections for this nucleus.
In 1999, data taking in the experiment to measure the fission fragment angular anisotropy of

the ~~~13 resonance neutron induced fission with an aligned ~~~Ñ target in the energy region 0.5 — 30

å× finished. The value of the anisotropy coeff icient À~ (Å) was extracted. The energy dependence
of the Àã coeff icient, which characterizes the angular anisotropy of fission fragments, is shown in

Fig.Ç. For à combined analysis, the experimental cross sections for ~~~13 avai lable from the

National Nuclear Data Center (NNDC) at BNL were used. A ll î ë åã cross sections are also well
reproduced. The dashed l ine is calculated using à set of resonance parameters from the ENDF/Â-V I

l ibrary, which also describes all other cross sections quite well , but obviously

-À ~

2

ß ó. 3. ÒÜå òåêèëîþ î~ é åß (çî 1Û ñèï å)~î òÀ~ (Å), ñã ñ1åÿ àòå é å åõðåï ò åï 1à1 éà1à. ÒÜå äàþùåé
line is calculated usi ng the resonance parameters f rom ENDF/Â-VI .
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fai l s to reproduce the À ã energy dependence. I t i s necessary to note that the latter set of resonance

The data were analyzed assuming that three channels are open for the spin group Ó=Ç
(Õ=0,1,2) and two for the spin group J=4 (Õ=1,2). According to à commonly used assumption the
J Õ=4 Î state is forbidden by parity conservation. We can expect ï î or à very small contribution
from higher Õ states (J Õ=ÇÇ, 4 3, and 4 4) as the geometrical factors defining the value of the
anisotropy coefficient for these fission channels have à positive sign while the observed anisotropy
coefficient A~ is negative over the whole measured energy range. The fission barriers for these
states should be much hi@er. So these fission channels are not taken into account. The integral
distributions of the partial fission widths for the spin group J=4 obtained ø âèñÜ approximation
turned out to be not consistent with the Porter-Thomas distribution with one degree of &eedom (see
Fig. 4, right column). An additional fission channel seems to be open for this spin group. It is
necessary to note that the conclusion about an absolute forbiddeness of the 4 0 channel was based
on À.Bohr's hypothesis in its simplest variant. However, à more careful examination of the

problem leads to à conclusion that the 4 0 channel has à higher first fission barrier and à relatively
low second one for asymmetric fission modes. Thus, one would expect the J~Õ=4 0 channel to be at

least partially open in our case. So, we reanalyzed the data assuming that all three channels are open
for both spin groups.
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parameters was obtained in the two-channel approximation without taking into account the
information on À~ (Å).
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For ò î ãå detai ls see the section of scienti fic publications: "Àï ~ 1àã Anisotropy of Fission

Fragments from the Resonance Neutron Induced Fission of an A ligned U Target and the Role of
5"Ê Fission Channels" .

In 2000, experiments to study the angular anisotropy of fission fragments for dif ferent mass
groups will continue. A lso, experiments to determine the temperature dependence of the anisotropy
coeff icient wi l l be done aiming at an increase of the accuracy of the absolute value of the anisotropy

ñî å%ñ|åï 1.

2.4.2. Parity violation and î ë åã eff ects caused by the interference of s- and p - wave neutron

induced fission
Òî explain PNC effects in nuclear fission, theoreticians used an assumption about

neighboring compound-states with opposite parities mixed by the weak nucleon-nucleon
interaction. A s it is well known, an analogous assumption was used earlier to explain the PNC-

eff ect arising in the (n, ó) - reactions.
A s à result of âèñÜ à mixing, the interference between the fission channels with equal values

of JK and opposite parities may arise. In turn, this interference leads to the asymmetry of l ight
(heavy) &agment emission relative to the spin direction of the polarized neutrons initiating the

nuclear fission.
Recently on the basis of à consistent theory of neutron-induced f ission it was shown that

parity conserving (PC interference effects âèñÜ as the left-right (LR) and forward-backward (FB)
asymmetry of fission products emission could be expressed through the âàò å f ission amplitudes as
the PNC eff ect . A s à result, complementary investigations of PNC and PC interference effects can
essential ly extend the capabil ities of the theoretical analysis of the experimental data.

The angular distributions of l ight (or heavy) fission fragments are described by the
expression: Ã (ð ) = 1+ à (ä „ ð )+ à „ (ð p Ä)+ a Ä' (ð [ä „ õ ð „ ]) , where pr and p Ä are the

unit vectors of the l inear momentum for l ight fragments and neutrons, ä „ is the unit pseudovector
of the neutron polarization, and à „~, à ~~ and à „' are the PNC, FB and LR asymmetry coefficients,

respectively, for the light f ission fragment group. The aim of the investigation was to determine è
coeff icients which are the functions of the neutron energy and the parameters of s- and p-wave

resonances. Simultaneous f itting of al l experimental data can give information about the parameters
of the p-resonances of f issile nuclei and matrix elements of the weak interaction. Up to now, such
information is entirely absent.

A ll measurements of the PNC and PC asymmetry coeff icients as functions of the resonance
neutron energy in ~ç ' ~Á and Pu fission were carried out in collaboration with PNPI (Gatchina)
on the beams of the IBR-30 pulsed reactor operating as à booster with à LUE-40 electron l inear

accelerator. To register fission fragments, à multisection fast ionization chamber was constructed.
In 1999, the left-right asymmetry was measured for Pu in the energy region from thermal

neutron to 70 eV . The obtained data are under analysis now .
For ~~~~~~Ó, the data on the left-right and PNC effects were analyzed. Simultaneous

processing of the obtained data gives à sufficiently ~ood description of the observed effects. In
doing so, tentative parameters î Ã29 ð-resonances for ~13 and 18 ones for 3 U were obtained. For 6

uranium resonances (3 per each isotope), weak matrix elements are estimated and the mixing of
states with different parities is obtained. The value appears to be 10 — 10 ~ å× .

2 .4 .3 . D elay ed n eutron y i el ds

I t i s w e l l k n o w n t h a t t h e e x i s t e n c e o f d e l a y e d n e u t r o n s ( D N ) h a s à f u n d a m e n t a l s i g n i f i c a n c e

f o r t h e r e a l i z a t i o n o f à c o n t r o l l a b l e c h a i n f i s s i o n r e a c t i o n . T h e y i e l d s a n d t i m e c h a r a c t e r i s t i c s o f D N

& î ò t h e m a i n r e a c t o r i s o t o p e s , U , P u a n d U , a r e s o m e o f t h e m o s t i m p o r t a n t n u c l e a r r e a c t o r 2 3 ~ 2 3 ~ ã ç ç

c o n s t a n t s u s e d i n k i n e t i c c a l c u l a t i o n s . A n a c c u r a c y o f 3 % f o r ~ ~ ' U , 4 % f o r ~ ~ Ð è a n d 6 % f o r ~ ~ Ú
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has now been achieved for DN yields. Nevertheless, the requirements for the àññø àñó of the
parameters have continued to increase.

V ~
The measurem ents of the p Ä = values for the thermal neutron induced f i ssion of

V ~ + V

ÇÇÖ ~~~Ñ, Pu and ~~ Np isotopes were performed with an ISOM ER faci l ity at IBR-2. Í åãå, vq is

the ï ø ï Üåã of DN, and ~p is the number of prompt neutrons. The IBR-2 operation mode, the pulse
rate 5 Hz, permits one to register neutrons in à 200 ms time ðåï î é. The system of à chopper
synchronized with the reactor pulses al lows one to extend the time interval to 800 ms by rej ecting
one or two reactor pulses and irradiatinp the samg le with neutrons from à selected energy region.

The DN yields from U, U , were measured àï åã samples irradiation with
neutrons of the energy 3 meV , 23 meV , or 40 meV . In the experiment the yields were measured
relative to the DN yields at thermal neutron irradiation. The results on pz for 3 meV and 23 meV
energies are presented in Table 2.

Table 2
po values (in %) and ratios to standard DN yields

(from U thermal neutron induced f ission)

E n = 0 .003 eVI soton e Åï =0.023 eV

2 3 5 ~ ò 0.683 1 0.02 1 ( 1.004 +0.009) 0 .6 80 + 0 .02 1 ( 1.000)

ãì ~ 0.274 + 0.009 (0.403 + 0.006) 0.267 + 0.009 (0.393 + 0.006)

239ð
0 .2 27 + 0 .0 1 1 (0 .334 + 0 .0 16) 0.234 + 344 + 0 .0041

There is ï î energy dependence of p -values in the energy range between cold and thermal
neutrons.

One can see that the àññø àñó of relative measurements is on the level of 1%. The errors of
absolute values are determined by uncertainty in the DN yield from U which serves as à standard.
The çàò å experimental setup al lows one to obtain the time dependence of the DN yield in short
periods î 1 time (up to 800 ms).

C o unts

32 000 0

çî î î î î

2 8000 0

~

5 0 ~î î 150 200
Òèï å, ò ç.

2 50 çî î 3 50

Fi g. 5. D Ns f rom the ~~~È exp eri mental poi nts and calculati ons i n the 6-group app roach.
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Figure 5 represents the experimental results for the ~~~13 DN yield time dependence. The

statistical accuracy is 0.2 - 0.3% in à 1 ms time interval . The experimental data are compared with
the calculation using the 6-group approach with group constants from different authors.

For ~~~ß ð, two different methods of pg determination were used. The results for vq are
1.25+0.11 and 1.14+0.09. One should mention that measurements of the ÷ä value for ~~~X p in the

thermal energy region were performed for the first time thanks to using à unique combination of à
large high purity Np sample and the neutron beam cleaned from fast neutrons.

2.4.4. Studying of fission modes and their correlations
with the quantum numbers of compound states

À method of precise measurements of the kinetic energies of f ission fragments was
developed and realized for actinide isotopes. The method is based on à double ionization chamber
with Frish grids. Using the method TK E were measured for low lying ~~~Y resonances with à

statistical accuracy of one order of magnitude better than in previous works. This enabled
measurements of TKE in narrow energy bins of 0.2 eV in the energy region up to 10 eV . A n
analysis of the experimental results could give information on variations of fission mode weights as
à function of excitation energy of the f issioning system.

H ighly Ex ci ted States of N èc1åü'
2 . 5 .

2.5.1. Studying of the (n, 2ó) reaction
The acquisition, analysis and systematization of the experimental data on the propert ies of

heavy enough (f irst of al l , deformed) nuclei at the excitation energy Å„ < Â, continued. Detai led
and rel iable information is necessary for à better understanding of the process of nuclear transition
in this energy region from simple, we11-studied structures to extremely complicated compound
states. An analog of this process for à macroscopic system is à transition from order" to chaos". A t

present, maximum possible information on this process in any nucleus is only provided by the study
of two-step 'ó-cascades proceeding between the compound state of the nucleus and its low-lying
levels. The intensity of two-step cascades measured in the experiment equals the product of the
radiative strength functions f of the primary and secondary E l and Ì 1 transitions and the density p
of the states excited by them in the energy interval < Â„ . À detai led study of nuclear parameters
requires the measurement of these parameters with à high enough accuracy. This has stimulated the
development of à new technique for the extraction of such data because àl l the algorithms of
analysis used for this aim earl ier have irremovable systematical uncertainties of an unknown

magnitude.
À detailed enough shape of the energy dependence of the cascade intensity observed for

nuclei from the mass region 114 < À «< 200, known values of the total radiative widths of compound
states together with the physical ly determined conditions ð > 0 àï ä / '- 0 for any of excitation or y-

transition energies allowed us to realize the new method for à simultaneous estimation of the
parameters p and ~ This method al lows one to obtain narrow enough intervals of variations of the p
and ( values and provides à precise reproduction of the observable functionals of cascade y-decay.
À comparison of p and ( obtained from this analysis with their model-predicted values al lows us to

make quite certain conclusions about their main peculiarities, which provides à precise reproduction
of the experiment (Figs.6,7). There are:

1. À considerable deviation of ð (Å) from the exponential law (which is characteristic for
pure fermion systems) at the excitation energy of about 2 Ì å× . It is not excluded that ð (Å) at this
energy can have à constant value or even decrease with increasing excitation energy. The
corresponding energy regions of this effect in nuclei of di fferent types shift by approximately à
value of the neutron pairing energy. The strongest demonstration of the effect of the " stepwise"

structure is observed in deformed nuclei .
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The conclusion about the existence of à serious deviation of p from the exponential law in
the excitation energy interval mentioned above is confirmed by an additional independent analysis.
In this analysis, the distributions of random (due to their physical nature) deviations were
approximated by some functions over à given excitation energy interval around the detection
threshold L, of individual cascades with à further extrapolation of the result to the value L , = Î . The
density of the cascade intermediate levels unambiguously determines the shape of this distribution
in the excitation energy interval under consideration. These results are shown in Fig.á, as well.

2. The sums of the strength functions f (E1) +f (M l ) which allow the description of all the
measured functionals of the cascade y-decay process deviate noticeably &om the model predictions.
The least discrepancy between theory and experiment is observed for low-energy transitions in
near-magic nuclei provided à modified giant electric dipole resonance model in which the width of
the resonance depends on the nuclear temperature and quantum energy is èçåé. The maj ority of
deformed nuclei demonstrate à considerable enhancement of the RSFs of high-energy transitions.
An abrupt increase in the discrepancy is observed in the vicinity of double-magic nuclei (N = 126;
Z = 82).

~

ß ó. á. ÒÜå ï èò Üåì î~ 1å~å1ç î~ Áî é ðàï éåê åõñü|åé Üó ð ï ò àãó â ð î Äå ~òàò Ì î ò ò 100 ÈåÓ åï åòäó

ï àâ àãå É å ò î é ð ãî ÜàÛ å ð ~à1èåç òåð ãî éèñò ö Áî é ñàçñàéå ò 1åò Ì åè àï É 1î ~à1 òàë àÍò å

çèðåô èÛ èèñ1åèè, ãåçðåñéèå1ó. Òëå ò î éå1 ð àãàò å1åòç àòå ñÜî çåï 1î ãåð ãî éèñå é å ãåþ èàï ñå

spaci ng

At present, the simplest qualitative explanation of the observed effects can be made under
the assumption that the observed energy dependence of the level density above 3-4 Ì å×
corresponds to the theoretical approach of the generalized model of the superfl uid nucleus in its
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early variant . This ï åans é à1 the structure of states in the excitation energy interval 1-2 to 3-4 M eV
(and, probably, higher) must be mainly determined by vibrational (boson) components. The
structures of levels at higher energies must be under dominant infl uence of quasiparticle (fermion)
components.

This conclusion is confirmed by the observation of the regularity in the excitation spectra of
the intermediate levels of the most intense cascades (equidistant period between 3, 4 and more
levels equals çî ë å hundred keV ).

Î

Ë
'å

+
I
Ø

Â

uncertainties) in ï èñ1åã the same as è Figure á as à f unction of the primary transi ti on energy Ej.

GEDR andf (Ml ) = const normalized to the experimental data.

2.5.2. Radiative resonance neutron capture

In 1999, investigations in the field were conducted in several directions using the
ROMA SHKA and PARUS multidetector facil ities. On the ROMA SHKA faci l ity the measurements
of gamma-quanta multiplicities and the determination of the parameters of neutron resonances:
spins, radiative widths and neutron strength functions, and the mean gamma-ray multip l icity after
resonance capture |ï Sm, Sn, Re, Th, Ti and after the fission of U and Pu isotopes ! 49 117 187 232 48 • 235 23

over the energy interval from 20 to 300 å× were conducted. On the PA RUS spectrometer simi lar
measurements of the âàò å isotopes plus U and Pb were done in the energy region from 4 to 160 238

eV .
Incomplete data on spins and radiative widths and à practical lack of information about

gamma-spectra from the resonance neutron capture and fission of the mentioned nuclei determined
the importance of the measurements. The radiative capture cross section of Hf, Sn, and In isotopes
in the resonance neutron energy range is interesting from the point of view of the understanding of
the process of nucleosynthesis. At the çàò å time, these investigations have à certain applied
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importance. Some of the above mentioned isotopes are used in reactor construction where new,
more exact and rel iable data are now necessary in connection with an increasing accuracy of
nuclear reactor calculations. The data on the spectra of capture y-rays are important for shielding

calculations.

Pioneering experiments to measure the effects of resonance self-shielding and the value of

Î „à = " for ~~Á target nuclei in the 20-2000 å× energy region were performed. Multipl icity
0 '

spectra were also measured for the ~~~Ðè target to ref ine the è- value for ~~~Ðè in the 0.007-20 keV

energy region. A s à result, è - values were obtained for 80 resonances and several energy groups.

In collaboration with Pohang A ccelerator Laboratory (PA L , Pohang, Republic of Korea)
group total cross sections were obtained. Transmission experiments were performed on the PARUS
spectrometer with samples-f i lters of di f ferent thickness made from ~~~Tn and ~3 Np.

~

î , i þ

~

Å (Èå Ó)

~

ß ó.8. ÒÁå åõð åï ò åï 1à1 ~î 1à1 äãî èð ñãî ëþ-çåññüî ò î / ~~~Ôð àï É ÒÜ ~î ò é ô åòåï 1 1ÜüñÜüåçç î~ Í å

samp le.

Figure 8 represents experimental ly observed total group cross sections for ~~~ÒÜ and ~~~X p.

Figure 9 show à comparison between the experimental total cross section for the thickest samples
and the calculated with the GRUKON code using the ENDF/Â-6 and JENDL-3 libraries. The

experimental uncertainties of the transmission coefficients range from 0.2% to 0.5% and the
corresponding uncertainties of the total cross sections are from 2% to 10%. Total transmissions are
typically measured at nm = 0.2 —: 0.4 and result in the underestimating of the averaged group cross
sections by 20% — 40% in the region of unresolved resonances. To avoid such errors, one has to
take into account corrections due to resonance self-shielding effects in the averaged cross sections.
The thickness î Ãthe fi lter-sample reduces the effects of resonance self-shielding.
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The total cross sections calculated for thick samples are in good agreement with the
experimental î ï åê as it ñî ëÈ be seen from Fig. 9. For thin f i lter-samples the observed cross
sections are signif icantly larger than for thick samples and are systematical ly higher than the
calculated values in the energy region 2 eV — 100 keV . These facts indicate conclusively that
resonance structure of neutron cross sections for ~~~Tn and ~~ Np and the corresponding resonance

sel f-shielding have not been adequately investigated. This leads to the underestimation of the
calculated cross sections in the unresolved resonance region.

Õåè~ãî ë I nduced Reacti ons wi th Emi ssi on of Ñhargåd P ar ti cles2.6.

2.6.1. M easurements of cross sections and angular distributions for fast neutron induced
reactions

Investigations î Ãthe (n,à ) and (n, ð) reactions on slow neutrons continued. Processing î Ã the
data on the " N(n, ð) ' reaction completed and the results are published. The cross section

measurements of the Cl(n, ð) S, Cl(n, ð) S, Cl(n,e) P reactions induced by thermal neutrons
were performed using gaseous and solid targets. The processing of the angular distributions and
cross sections of the ~~% (ï ,à)" Ðå reaction at 5.1 Ì å× were accomplished in col laboration with
Beij ing and Tsinghua Universities (Beij ing). The Zn(n,u)~'Ni reaction was measured for the

neutron energies 5 and 6.5 M eV .
Systemizing of the (n, à ) and (n, ð) reaction cross-sections in the neutron energy interval

from 2 to 16 Ì å× for the wide range of atomic weights A=19- 197 was carried out. The dependence
of cross sections on the (N-Z)/À parameter was obtained.

À strop hy si cal À sp ects of N åèt roë Phy si cs2 . 7.

F o r à l o n g t i m e i t h a s b e e n k n o w n t h a t ab u n d a n c e o f e l e m e n t s h e a v i e r t h a n i r o n i n t h e s o l a r -

s y s t e m h a s b e e n p r o d u c e d b y n e u t r o n - c a p t u r e r e a c t i o n s . H o w e v e r , n e u t r o n c a p t u r e i s a l s o o f t h e

r e l e v a n c e t o ab u n d a n c e o f i s o t o p e s l i g h t e r t h a n i r o n e sp e c i a l l y t o n e u t r o n - r i c h i s o t o p e s , e v e n t h o u g h

t h e b u l k o f t h e s e e l e m e n t s h a s b e e n s y n t h e s i z e d i n c h a r g e d - p a r t i c l e - i n d u c e d r e a c t i o n s . E x a m p l e s o f

su c h n e u t r o n - r i c h i s o t o p e s t h a t a r e b yp a s s e d b y c h a r g e d - p a r t i c l e r e a c t i o n s a n d a r e p r o d u c e d b y

n e u t r o n - i n d u c e d n u c l e o s y n t h e s i s a r e S i , S , A r , a n d t h e c a l c i u m i s o t o p e s C a a n d C a . 36 40 46 48

A t t e m p t s t o u n d e r s t a n d n e u t r o n - i n d u c e d n u c l e o s y n t h e s i s a r e n e c e s s a r y t o b e m a d e t o o b t a i n

i m p o r t a n t i n g r e d i e n t s o f t h e k n o w l e d g e o f n e u t r o n - c a p t u r e r a t e s . T h e i n fl u e n c e o f s h e l l e f f e c t s o n

n e u t r o n c a p t u r e i s o n e o f t h e m o st i n t e r e s t i n g a sp e c t s o f n e u t r o n c a p t u r e , e sp e c i a l l y b e c a u s e n e u t r o n

c ap t u r e i n t h e v i c i n i t y o f ò à ó ñ n u m b e r s i s o f t e n à b o t t l e n e c k i n n e u t r o n - i n d u c e d n u c l e o s y n t h e s i s .

T h i s i s a l s o t h e ñ à ç å i n t h e n e u t r o n c a p t u r e o n n e u t r o n - r i c h i s o t o p e s c l o s e t o t h e m a g i c p r o t o n a n d
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neutron numbers Z=20 and N=28, i .å., in the vicinity of the double-ì àð ñ nucleus Ca. In 48

particular, the reaction rate of neutron capture for Ti isotopes is of relevance to isotopic abundance
anomalies in sil icon carbide (SiC) grains occurring in carbonaceous meteorites. Contrary to most
î áæåã solar system solids this type of grain has not been reprocessed and/oã homogenized.
Therefore, they can be potential ly associated with their stel lar origin. The main part of presolar SiC
grains has an isotopic composition implying that they are most l ikely condensed in the winds of à
variety of asymptotic giant branch (A GB) stars.

2 .7 .1. N eu tr on cap tu re o f ~~Ñ a at therm onu cl ear en er g i es

The nucleus ~~Ca is produced and destroyed as à result of neutron-induced nucleosynthesis
in hydrostatic helium, carbon, and neon burning through the reaction chain ~~Ñà(ï , ó)~~Ñà(ï , ó ~~Ñà.

At the K arlsruhe and Tubtngen 3.75 Ì å× × àï de Graaff accelerators the thermo-ï èñ1åàã Ca(n,
~~~Ñà cross section was measured by the activation technique via the 1297.09 keV T-ray line of
Ñà decay. Samples of CaCO~ enriched in ~~Ca to 5% were irradiated between two gold foils

serving as capture standards using the L i(p, n) and Ò (p, n) reactions. The capture cross section was
measured at the mean neutron energies 30, 104, 149, 180, and 215 keV . The M axwell ian averaged
capture cross sections were measured at the quasithermal neutron energies kT=25 and 52 keV . I t
was found that the ~~Ñà(ï , 'ó) ~Ñà cross section in the thermonuclear energy region and at thermal

energy there dominates the s-wave resonance at 28.4 keV with the neutron width Ã„ = ( 17.4",', )

keV and the radiation width Ã~ = (2.4 + 0.3) eV . The stellar reaction rate is determined in the
temperature range from kT=1 to 250 keV and is compared with previous investigations using
Hauser-Feshbach calculations or experimental cross section data.

2.7.2. N eutron capture in Ca at thermal and thermonuclear energies

The neutron capture cross section of ~~Ña was measured relative to the known gold cross

section at kT=52 keV using the fast cycl ic activation technique. The experiment was performed at
the V an de Graaff accelerator of Tubingen University. The new results are in good agreement with
the calculation based on à direct capture model . The 1/v behavior of the capture cross section at
thermonuclear energies is confirmed and the adopted reaction rate which is based on several
previous experimental investigations remains unchanged.

2 .7 .3 . M easu rem ent o f n eut ron captur e on ~~T ~ at th er m onuc l ear en erg i es

At the K arlsruhe and Tubingen 3.75 Ì å× V an de Graaff accelerators the thermonuclear
' ~Ò1(ï , ó)" Ò1 cross section was measured by the fast cyclic activation technique via the 320.852 and
928.65 keV y-ray lines of 'Ti decay. M etal l ic Ti samples of natural isotopic composition and
samples of TiOq enriched in ' ~Ò1 to 67.53% were irradiated between two gold foils that served as

capture standards. The capture cross section was measured at the neutron energies 25, 30, 52, and
145 keV . The direct capture cross section was determined to be (0.387 + 0.011) mbn at 30 keV . We
found evidence of à bound state s-wave resonance with an estimated radiative width of 0.34 å× that
destructively interferes with à direct capture. The strength of the suggested s-wave resonance at
146.8 keV was determined. In addition to directly measured M axwellian averaged capture cross
sections at 25 and 52 keV , the present data served to calculate an improved stellar Ti(n, ó)~'Ti rate

in the thermonuclear energy region from 1 to 250 keV . At low temperatures the new stel lar rate
leads to much higher values than the previously recommended rate; å.g., at kT 58 keV the increase
amounts to about 50%. The new reaction rate, therefore, reduces the abundance of ~~Ò1 due to s

processing in asymptotic giant branch stars.
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ã.ã. I nvesti gati ons wi th Ul t raeold N eutr ons

2.8 Pr eci se ex p er im ental test o f the U CN di sp er si on l aw

In the &ame of an FLNP-Kurchatov Institute-ILL-M elbourne University col laboration, à

precise experiment to verify the neutron wave dispersion law was performed using an original
method. It is based on à search for the resonance l ine shift in an interference fi lter, the Fabri-Perrot

interferometer, accompanied with à change in the neutron velocity component parallel to the fi lter
surface. The parameters of the spectrometer permit one to measure the shift of the resonance line
(6.5 10 9 eV width) with the accuracy 10 " eV .

Deviations from the dispersion law were not observed on such à level .

2.8.2. Observat ion of the new m echani sm î Æ ÑÌ losses

UCN can be conf ined in material traps for à long time making possible their usage in
experiments aimed at studying the fundamental properties of the neutron. It is well known that, in
particular UCN losses in traps are due to p-decay, upscattering and capture on the trap wal ls. In the

reported study an additional mechanism of UCN escape from traps was observed. It is associated
with an approximately Ü÷î 4 î 14 increase of UCN energy with à probabil ity of about 10 ~ per

coll ision for the stainless steel surface and it is lower for î ë åã studied materials (Cu, Âå). The
observed eff ect does not reduce to known UCN upscattering that leads to an increase in the neutron
energy to approximately thermal energy.

3 . T h eo r et i c a l R esea r ch es

3. 1. N u cl ear Fi ssi on

À theory of nuclear f ission induced by resonance neutrons was developed. The new and
sufficiently natural interpretation of À . Bohr 's f ission channels follows from this theory. À unif ied

description of P-even and P-odd angular correlations î Í çâþ ï fragments has been made. Part of the
predicted new effects found conf irmation in the experimental works performed in FLNP (see
sections 2.4.1, 2.4.2). This theoretical approach was èçåé for an analysis of the experimental data on
the resonance neutron induced fission of al igned ' U target nuclei .

3.2. N eut r on op ti cs

w ith bothf unction is represented as à tw o-dimensional vector, ó =

The refl ection of neutrons from multi layer magnetic systems was considered numerically and
analytically. The magnetization of adj acent layers was supposed to be noncoll inear. Two methods
were compared. The first one, analytical, uses infinitesimal spl itting of layers and multiple
refl ections in the infinitesimal gaps. It is analytical and is cal led the recursion method (RM ).

The second one uses matching of the wave function at the interfaces of layers. The wave
Ã Ó î 'r Æî

, o r y =
ðü|~ 0

components being spinors. Í åãå y p is the incident spinor wave, and ð, ò are the refl ection and
transmission amplitudes, respectively. The upper component is related to the wave going right and
the lower one is the wave going left . M atching at the i-th interface is described with à generalized
2x2 matrix (GM ) Ì ;: ó , = Ì ó ,. Ä with the matrix elements of Ì ; being 2õ2 matrices. The GM

provides the continuity of the wave function and its derivative. Successive matching at different
interfaces gives the resulting matrix from which the refl ection spinorian amplitude can be evaluated.
This method, cal led the generalized matrix method (GMM ), is appropriate for numerical
calculations.
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À comparison of two methods in numerical calculations has shown that GM M is less time
consuming. It is nearly 10 times faster than RM . However, RM has an advantage i f we only need to
find the positions and width of resonances in à multi layer system.

N eu t r on -el ec t r on i n t er acti on3.3.

The neutron-electron scattering amplitude à„, is usually extracted from transmission
experiments where the transmission exponent exp (-No;L) of the sample is measured. Í åãå, N is the
atomic density, L is the thickness of the sample, and î , is the total transmission cross section which
contains the coherent elastic scattering cross section î ",, . It is the latter which is most important for

oÄÄ because à ,', = JdQ~n, — ZrtÄf (q)~ , where à, is the coherent neutron-nucleus scattering

amplitude, Z is the atomic number, f (q) is the atomic form factor which depends on the momentum
transfer q, and the integration should be performed over all scattering angles Q. Since the amplitude
à „ , i s sm a l l , t h e l a s t e x p r e s s i o n c a n b e a p p r o x i m a t e d a s Cr = î ,' 1 — 2 " ' ) "( é ) , w h e r e

à ,

à , = 4æ~Ü, | , k is the wave ï èò Üåì of the incident neutrons, àï 4 f (k) = [ ,Æ ~ ~ ~4 is the form-

factor averaged over all angles. Thus, to find aÄÄ we need to measure o ,', , the dependence o ,', (k)

on k and also, know ( / (k)) .
However, it is shown that at small k the coherent cross section cr,', does not enter into ñò, at all,

and in the case of polycrystalline media, at large k this cross section enters into the Placek
correction, i .å. cr, contains o",, j — . . . where Ñ is the constant calculated by Placek and à is theáà'k

interatomic distance. It is seen that the Placek correction ã , , increases as k decreases, but it is/ à ~'
not clear how it completely eliminates cr,', at small k.

It was shown that :
1. the contribution of a",, taking into account the Placek correction can be represented in the

, w h ich i s accep tab l e f or al l k .f orm o ",,
(~+ à k / ,

the magnitude of the Placek constant has some uncertainty which depends on the form of the
atomic correlation function and leads to an uncertainty in the à„, magnitude of the order of
| ô % .

~

average dimension of crystal l ites.
Some corrections which can modify the amplitude related to the neutron polarizabil ity were also

considered.

3.4. U l t r acol d neu t r ons

Attempts were made to explain the anomaly of ultracold neutrons fom the fundamental
viewpoint. An assumption was made that à non-spreading wave packet can describe the neutron and
à reduction of the êà÷å function takes place both in the coordinate and momentum space. It has also
been noticed that à particle and its wave function are à non-local obj ect whose coordinates and
momentum demand an exact mathematical determination and can be determined unambiguously
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4 . M et h o d o l o g i ca l R esea r ch es

Pioneer investigations to observe the neutron standing waves using the TOF technique with
à high precision gamma-spectroscopy were performed on channel 8 of the IBR-2 reactor.

þ ï î ia þ an ãþ zn m
I ' ! ' I ' I ' I ' I ' I
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~
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and simultaneously without coming in contradiction with the uncertainty principle which appears to
have ï î relation to quantum mechanics. In the frame of the ñàï î ø ñàl approach, one fai ls to describe
anomalous losses. In the frame of de Broglie representations, à singular wave packet can be
ascribed to the neutron. In this case, the anomaly can be explained by over-barrier leakage. A s à
result, the packet width is determined, the future of the neutron is predicted, and the possibi l ity of
experimental verification of this prediction is hoped for.

Experiments to verify the hypothesis started in 1998 and continued in 1999 in col laboration
with Kyoto University (Japan) and Institute Laue-Langevin (France).
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The technique determines the success in the studying of the long wave dependence of the
neutron density in layers with an extremely high capture cross section (Gd, Sm, Cd) and à several
angstrom thickness. This permits one to discover such elements in à multi layer structure and
determine their spatial position.

Figure 10 demonstrates improvements in the use of the technique after applying à high
precision gamma- spectroscopy with an anticompton active shielding.

4.2. Const ructi on î~ é å K OL H I D A i nstrument

To can y out investigations of the paramagnetic neutron resonance and nuclear
pseudomagnetism on the IBR-2 pulsed reactor, an experimental complex "Kolkhida" is being built

which consists of à polarized neutron spectrometer and à polarized nuclear target instal lation. The
spectrometer for investigations with polarized neutrons has been completed and measurements of its
parameters have been carried out.
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The spectrometer of polarized neutrons i s located on the first channel of IBR-2. The general
scheme of the spectrometer is shown in Fig. 11. The Ñî (92%)-Fe(8%) single crystals (1 and 2) are
used for neutron polarization and polarization analysis. .

~~

The thickness of the crystals is 3 mm and the surface areas are 34õ34 mm and 35õ53 mm~,,

respectively. The crystals are placed between the poles of the electromagnets which produce à
magnetic field of Í =0.4Ò.

The spectrometer is assembled on à massive arm. I t comprises guide field magnets (4), à fl ipper
(5) for polarization reversal , à polarized target holder (7), à polarization analyzer (2) with à magnet,
and à platform with à neutron detector (8). The arm on à circular rail can be rotated about the âàò å
axis as the neutron polarizer. The rotation axis of the detector platform coincides with the axis of
the neutron analyzer. The Í å counter is used as à neutron detector and the ~~~Y fission chamber (6)

is used to monitor the primary neutron beam.
The parameters of the polarized neutron beam are given in Table 3.

Table 3

T he p ar am eter s of the polar ized neu t r on beam
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The completed tests of the spectrometer showed that it could be used conveniently to carry
out investigations with polarized neutrons over à range from thermal energy to several eV .

5 . A P P L I E D R E S E A R C H

5.1. Neutron A cti vati on A nalysi s

At the present time, instrumental neutron activation analysis (INAA ) is one of the most sensitive
methods for multielement analysis with inductively coupled plasma atomic emission spectrometry
(ICP-A ES) and inductively coupled plasma mass spectrometry (ICP-M S). Each of these techniques
has their own merits and problems. À comparison of sensitivities and the quantity of elements to be
determined for various methods must be made with "ãåàÃ' samples because the analysis result

depends strongly on the element composition of the sample.
À combination of dif ferent irradiation and counting times for NAA technique is necessary to

achieve an optimal result . The improvement of the selectivity and detection power of this method
can be also achieved by means of epithermal neutron activation analysis (ENAA ). Besides NAA ,
j ust one of the above mentioned methods does not require the dissolution of the sample. This is à
great advantage î ÃNAA if the total concentration is the aim î Ãthe analysis.

Applications of the instrumental neutron activation analysis (INAA) at the IBR-2 fast pulsed
reactor are based on the use of the experimental setup called "Regata" .

The layout î 1the "Regata" faci l ity is given in Fig. 1212. This setup consists of four channels for

irradiation (Ch1-Ch4), the pneumatic transport system (PTS) and three gamma-spectrometers. It is
located in three special rooms on the ground fl oor of the reactor IBR-2 building. The main

parameters of the irradiation channels are presented in Table 4. The channels Ch3, Ch4 are cooled
with water and the channels Ch l and Ch2 connected with the pneumatic transport system are cooled
with air . That is why the temperature in channels Ch3 and Ch4 is less than the temperature in
channels Ch1 and Ch2 with the greater fl uxes of neutrons. The time of sample irradiation in
channels Ch3, Ch4 depends on the operation cycle duration of the reactor and is equal to 10-12

days, as à rule.

Table 4

I r r ad iat ion channel par am eter s

Ò' Ñ
C hann el C h annelI r r ad i at ion

N eut ron fl u x den si ty (ï / cm ' s) ><10 "

diam ., mm l ength , m mT herm al R eson ancesi te Fast

Ch l 0.23~0.03 1.4~ 0 .16 70 2 8 260Cd coat

0.64+0.04 60 2 8 260

~

0.54~0.06 0 .12~ 0 .0 1

~

7.0~0.5 30-40 30 400Ñ Ü Ç Cd coat

Ñ Ü4 1 3 . (H =O .5 0 .9~ 0 .10 7 .(8 =0 .5 30-40 30 400

150 400 180C h 0 ï . û Î 1. 25+0.1 16

< 0 . 1
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system i s located.

The irradiation channels Chl and Ch2 are the same, but Chl has à Cd coating. Each channel
consists of two concentric tubes made from stainless steel. Both are placed into an aluminum Üî õ
with à biological shield. One of the tubes is à fl ight tube 28 mm in diameter, and compressed air
fl ows through the second tube. In order to prevent à hard shock of à capsule with the irradiated
sample at the end î Ãthe channel there is an additional valve to let the compressed air out.

In the reported period most experience in applying the activation analysis involves air pollution
studies in some industrial areas of Russia (the South Ural, Tula, Moscow region) and in member-
states of JINR (Poland, Romania). The application of the neutron activation analysis with
epithermal neutrons (ENAA) allows improving of the selectivity and detection power of the
method. The technique is based on the fact that some elements have isotopes with resonances ø the
epithermal neutron region. The ratio of resonance activation integraVthermal neutron cross-section
(1,/î ,) is of the order of 0.5 for nuclides without resonance in the epithermal neutron region and it
may be as high as 100 in other cases. This means that the radionuclide distribution originating from
epitherma1 activation may deviate strongly from the apparent when the whole reactor spectrum is
employed. This forms the basis of ENAA.

The dominant part of air pollution studies is based on the use of the moss biomonitoring
technique. Mosses have ï î developed root system that is why they take nutrients almost exclusively
from the atmosphere. This technique has been applied to study air pollution with heavy metals and
other trace elements in combination with the atomic absorption spectrometry of the elements Pb,
Cd, Cu and Ni . The results of the investigations are presented in the form of tables, diagrams,
graphs and, using the geographical information system (GIS) technology, in the form of colored
contour maps for each element. The technique of multivariant statistical analysis (factor analysis) is
applied to obtain information on the character and origin of pollution sources.
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I n ò î ãå d et ai l , t h e N A A an d b i o m o n i t o r i n g t ech n i q u e ar e p r esen t ed i n t h e sec t i o n o f sc i en t i f i c
p u b l i c at i o n s : " SEL ECT I ON OF A PPROPRIA T E M O SS B I OM ON I T OR S FO R ST U D Y IN G A T M O SPH ERIC

E L E M E N T A L D E P O SI T I O N I N C H I N A " a n d " R E L I A B I L I T Y O F M O SSE S (H YL 0 C 0 M I U M SP L E N D E N S,

P L E U R 0 Z I U M SC H R E B E R I A N D CA L L I E R G 0 N G E G A N T E U M ) A S B I O M O N I T O R S O F H E A V Y M E T A L
A T M O SPH E R I C Ð Å Ð0 $ 1Ò 10 Õ $ I N C E N T R A L R U SSI A "

Cosmic ãàóç are known to produce à large number of high-energy neutrons in the M art ian
surface layer. These neutrons produce gamma-ray l ines from the nucleus either via inelastic
scattering (I-type lines), provided they keep the original high energy, or via capturing reactions (Ñ-

type lines), provided they were slowed down to epithermal or thermal energies. These l ines together
with the lines of the natural decay of Ê , Th and U (N-type l ines) wil l be measured by the Gamma-

Ray Spectrometer with à high purity Ge detector . The mapping of these lines wil l al low to
determine the distribution of the main minerals globally over the M ars surface, which is one of the
primary goals of the Ì àãç Surveyor Orbiter 2001 mission.

The main scientif ic obj ectives of the Russian High Energy Neutron Detector HEND created by
à collaboration of JINR and the Russian Space Science Institute are consistent with this goal .
HEND, as part of the GRS facil ity, wil l provide the map of high-energy neutrons albedo, which
wil l al low (together with à complementary map of low energy neutrons albedo from the Neutron
Spectrometer NS) the distinguishing of 1-type, Ñ-type and N-type l ines from à " forest of l ines" from

the GRS spectrometer.
Òî achieve these goals, HEND is integrated into GRS. The HEND detector scheme was

developed, modeled, and tested in FLNP. It has three Í å-based neutron counters with polyethylene
moderators and one stylben scinti l lator with an active anti-coincidence shielding around it. The He-
based detectors with thin and medium moderators wil l ensure the complementary measurement
verification in the Neutron Spectrometer at low energies below 1 keV , and will provide data for the
cross-calibration of HEND and N S. The Í å-based detector with à thick moderator and à stylben
scinti l lator wil l provide data for high energy neutrons at 1 keV — 10 Ì å× to build à map of the

elemental composition of the Martian surface and determine regions with an increased abundance
of hydrogen on à shallow subsurface.

A lso, the data of high-energy neutrons from HEND wi ll characterize the radiation environment
on the interplanetary cruise and on the M art ian orbit to provide information about radiation-related
risks to human explorers. Special data formats with time profi les will be used to measure, with à
fine time resolution, the fl uxes of high-energy neutrons and gamma rays during strong solar fl ares
and gamma ray bursts.

The numerical computation of the detectors sensitivity was performed in FLNP to optimize the
thickness of the moderators around the Í å-counters for the expected energy spectra of albedo
neutrons on the M artian orbit. The instrument wi ll be calibrated in the neutron beams of the × àï de
Graaf accelerator and the pulsed neutron reactors of FLNP. The cross-calibration of the HEND and
NS in the overlapping range of neutron energies will be performed by means of numerical
computations.
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