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PHENOMENOLOGY OF PRODUCTION PROCESSES 
OF AN ASYMPTOTICALLY LARGE NUMBER OF HADRONS 

I.D.Mandzhavidze, A.N.Sissakian 

A classification · is proposed for possible asymptotic production 
cross sections u 0 with respect to n which is independent of ·concrete 
models of strong interactions and a physical meaning of the classifica
tion is explained on the basis of the statistical physics picture. 

The investigation has been performed at the Laboratory of Theore-
tical Physics, JINR. 

cJ>eHOMeHOJJOrHH npCll-'eCCOB po)l(lleHHH 

acHMDTOTHQeCKH 6on&woro QHCJJa au;poHOB 

HJl.MaHJl)KaBH,!J.Je, A.H.CHcaKJIH 

OpennaraeTCJI KJJBCCHcjlHKauHJI B03MO)IQfbiX 8CHMnTOTJAtCKHX cne
HHH po)IQJ.eiDIJI n &ApoHOB U n' He 38BHCJIIU8JI OT KOHKpenlbiX MOAeneli 

CHJlbHbiX B38HMOAeiiCTBHH, H Ha OCHOBe ctatcjlHlH'IeCKOH K 8p11Dibl 

DOJICHJieTCJI cjlHJH'IeCKHH CMbiCJI paCCMatpHBaeMOH KJJaCCHcjlHK auHH. 

Pa6ota BbiDOJJHeHa B na6opatOpHH reopeTH'IeCKOH cjlHJHKH OJ:UIH. 

1. Let us describe the multiple production of hadrons when 
their number n is very large 

n » ii(s). (1) 

Here ii( s ) is the mean multiplicity defining the natural scale of values 
n at a given energy. Interest in this region (1) stems from the expec
tation to get further information that would refine our knowledge 
of strong interactions. 

Since there is no quantitative theory, it would be well to develop 
a general picture of physical phenomena in the region (1) which is 
independent of model notions formed by investigations in t e region 
n _ n . We shall construct this phenomenological picture on the basis 
of the statistical mechanics by representing a rmal state of the pro
cess as a ( microcanonical) ensemble . For this purpose we introduce 
the density matrix p( {J, z), such that the production cr083 section 
of n particles is 

5 



un(s)=_L_IIJ~ 
2rri zn+l 

_1- _1 J ~ {fil (fjye) p, 

2 rri Vs R.ef3>o TT 

(2) 

where 11 is the Bessel function of an imaginary argument (for a de
tailed derivation of formula (2) see, for instance, ref/11 ). 

At large n integration in (2) can be performed by the saddle point 
method. First , we should find the solutions of the equations (state) 

vs = aaf3 Jn p(f3,z), 

a n = z-lnp ( f3, z). az 

(3) 

(4) 

Under this definition of integrals in (2), 1/ {3 means the gas temperatu
re of particle production and z means activity (i.e., (1 / {3) In z is the 
chemical potential). · 

Now we take advantage of the fact that the asymptotic& an with 
respect to n is defined by the leftmost singularity p( f3, z ) in z and 
weakly depends on the nature of the singularity. On the basis of the 
statistical mechanics we assume p(f3, z) to be a regular function of 
z inside the circle I z I = 11 21 

• If Z0 is the leftmost singularity, then 
from general considerations one would expect one the following possi
bilities to be realised: 

a) z = 1 c 

b) zc = 00 

c) 1 < z < oo c 

(5) 

thus providing a classification of possible asymptotics we search for. 
Now let us elucidate what physical conditions the quantity z

0 
de

pends on. 

2. First, it is to be noted that the singularity p(f3, z) at finite 
z is treated as an indication of a phase transition /2, S/ . For instance, 
let f3 be such that particles are combined into clusters*. Then, the 

-f3uf.d-1 / d d-1/d 
number of clusters of e particles is - e ' where 0' f is 
the cluster surface energy (f c1-l/ d is the cluster surface area). Then 

"'More precisely , the decay of clusters produces particles. 
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(6) 

will be singular at z = 1. This singularity indicates a first order phase 
transition (condensation). 

In calculating the relevant a
8 

we consider the following analog 
model. Let us cover the volume, into which particles are produced, 
by the net and let the presence of a particle in the node be denoted 
by ( -1) and the absence by ( + 1). 

Now we take advantage of the fact that this model f lattice gas 
is well described by the Ising model. Switching on a magnetic field 
}{we can contral the number of down spins, i.e.

2 
tfte number of produ

ced particles. This means that activity z = e - {:j and }{ acts as a 
chemical potential. 

Then, the density matrix p in the continuous limit is determi
ned by the functional integral 1 41 

-sA.(Il) 
p(fl,z) = f~lle • (7) 

where the action 

(8) 

and 

t -(1 -fl lfl); A.-H. c 
(9) 

Here 11A is the phase transition temperature. Assume that fl > fl , 
~c c 

i.e., the average spin <p. >I 0. To simplify the calculations we assume 
that fl I flc » 1 (this ensures small fluctuations in the vicinity of 
the chosen <11>). 

Singularity in }{ arises due to the following reason. At }{ = 0 
the potential 

v = - l p.2 + d11 2 ; l, a > 0 (10) 

has two minima at ll± = ± v (t I 2a) . Switching on }( < 0 we destroy 
the degeneracy. The left minimum at 11 = -v~ appears to be 
lower than the right one. Then, the system in the right minimum (it 
is described by up spins, which means the absence of produced par
ticles) turns out to be unstable: a tunneling into a lower (stable) mini
mum is possible. 
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The above instability is associated with the branching point in 
the complex plane J( at }{ = 0 and the discontinuity provides 161 

a2(f3) 
a ({3) -J{'r 

Jmp(f3,z) ~ 1 }{2 e , (11) 

where 8t and a 2 are independent of n. 
Using ( 11) we find that the solution ( 4) has the form 

8 f32 a 
z ~ exp I 2 1/3 

n I ' 

which corresponds to the following asymptotics 

2 ys oo 
( f3 ) 

-3({3 a
2 

n 
p ae , 

n 

(12) 

(13) 

i.e., we see that the singularity at z ,. 1 is associated with the follow
ing class of asymptotics: on > 0( e·n ) • 

It is to be noted that Pn(f3) is determined by the contribution 
of only Jm p and metastable states, whose decay is described by Rep, are 
insignificant. 

The contribution considered above describes the decay of an 
unstable (with respect to particle production) state. This decay pro
duces clu~rs and if the size of a cluster is larger than a critical one, 
cluster's size infinitely increases with time. During this motion the 
cluster walls "accelerate", i.e., the larger the number of particles for
ming a cluster, the smaller energy is needed to add one particle into 
a cluster15•6< .Just this phenomenon is observed in the decrease of 
z with increasing n, see (12). 

3. Let us continue the discussion of (7) at f3 < f3c· In this case 
the potential (10) has the only minimum at z .. 0. By switching on 
the external field there arises a mean field ii = 'ji ( }{) that in the first 
apptoximation can be found from 

ZjEj~ +4a ~3 =A. (14) 

At large J{ , which corresponds to asymptotics in n, eq. (14) has the 
solution 
- 1 /3 
~ ::(A/4a). 
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Estimation of the integral (7) in the vicinity of this minimum provides 
. 4"3 
Xln z) 

p( {3, z) - e ; y = y( f3) > 0. (16) 

We see that in the case under consideration the singularity is at z = 

= zc ="" . 
Equation (4) has the solution 

(17) 

that increases (in contrast with the one considered in sec. 2) with n . 
With (17) one can easily find that 

-yn4 
P ({J) -e 

n 
y = y( f3) > 0, 

i.e., decreases faster than e·n. 

(18) 

4. We should like to emphasize that the above considered ana
log model does not account for the nature of the singularity p({J ,z) at 
fmite z . Therefore, we should clarify our arguments. However, it fol
lows from general considerations that the singularity p({J, z) at finite 
z testifies to a phenomenon similar to the phase transition. This means 
that the particpe production should be considered as a result of the 
decay of "clusters". This process can be described by refining formula 
(6) as follows: Let the probability of tile i th "cluster" (i = 1,2, ... ) 
of mass m1 to decay into n1 particles be Wnt (m

1
) • Then, neglecting 

the interaction between "clusters" (see also ref. 1' 7/ ) we have 

"" d -{Jm 
p({J,z) =expl f ..E!.a(m)e t(z,m) I, 

m m 
0 

(19) 

where a( m) is proportional to the average number of mass clusters 
and 

"" 
t(z,m) = I z 0 cu (m), t(l, m) = 1. (20) 

n= 1 ° 
·fJm 

The "Boltzmann" factor e in (19) arises due to the energy-momen-
tum conservation laws. Assuming in (19) (m-(1 / {J)lnt) to be the total 
energy of a "cluster" and replacing the integral by the sum, we can 
arrive at a formula analogous to (6). The phase transition, described 

9 



in sec. 2, in terms of formula (19) corresponds to the integral diver
gence in the upper limit at z = 1. 

As an example, let us consider the case when t(z, m) is singular 
at z = z , 1 < z < oc • For instance, let c c 

t( 
z - 1 

z,m) = ( c t. 
zc- z 

1.1 > 0. (21) 

Taking into account that an average number of particles produced in 
the decay of a "cluster" of mass m 

- a 
n(m) = azln t(z, m) lz=l (22) 

we can express ~ through n ( m ). For formula (21) we get that 

z(m)= l +-v-· 
c n(m) (23) 

It is to be noted that irrespective of the type of singularity only 
the assumption about t( z, m) tending to infinity at z = zc defines 
by (22) the position of a singularity on the right from unity. More
over, with increasing m the singulatiry moves to the left. Then, accor
ding to the momentum energy conservation laws the production of a 
particle in the decay of one "cluster" will dominate in the asympto
tics in n. Indeed, the productic;m of particles in the decay of two "clus
ters" - r ( z. s/4 ) . and this contribution in the z plane are associa
ted with the singularity 

(2) 1.1 (1) v 
z =1+- > Zc = 1+-· 

c n(s/4) ii(s) 

Assuming that correlations between particles produced in the decay of 
one "cluster" differ from those between particles produced in the 
decay of various "clusters" the afore-said implies the presence of a 
"phase t ransition" which is reflected in the change of the nature of 
correlations with increasing n . However, this transition is smooth 
without sharp changes. Therefore, it is better called the "structure 
phase transition". 

Thus, after a structure phase transition 

-{3m 
p({3,z) ~ Jdma(m)e t(z,m). (24) 

m 

Hence, one can easily see that 
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u n ( ~ ) a e -lin /ii( s ) ' (25) 

i.e., corresponds to the KNO scaling. 
Using the above mechanism of phase transition, one can easily find 

the range of values of n , where the estimate (25) is valid. The correction 
to (25) due to the production of two clusters is - exp(-vn/ n(l / 4). 
Hence, if 

n .;:: !... ii(s)n(s/_4_L, 
11 ii( s) - ii(s /4) (26) 

the estirpate (25) is valid. Assuming that the differences ii( s ) -ii(s / 4)
- 1 the structure phase transition begins at n - ii2 ( B ) (if the produc
tion of two clusters has no additional smallness) .. 

Using (21) one can find the ratio of dispersion D to n with re
gard to the production of two clusters 

- 1 -
ii(s/4) 

a---, 
ii< 8 ) 

(27) 

where the positive constant a takes into account a relative weight 
of the production of two clusters. We see that the ratio of dispersion 
to average multiplicity increases with energy. 

5. Now we shall formulate the main results of the paper. 
a) According to our classification the asymptotics 

u > O(e-n) 
n (28) 

is associated with the first order phase transition (condensation). Sin
ce the ground state of the effective potential of the interaction of 
hadrons is hardly expected to be unstable, the asymptotics (28) is 
improbable; ·;one would expect that 

un ~ O(e-n). 

b) The asymptotics 

u = 0( e·n) 
n 

(29) 

(30) 

of necessity has the form of the KNO scaling. A similar asymptotics 
is predicted by the inverse binomial distribution181 in the distribu-
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tion181 in the distribution over multiplicity of partons in the QCD 
jet, in the cascade processel91 and provides the best agreement with 
experiment/ 101 

. A structure phase transition at n- r ( 8 ) is typi
cal of the asymptotics (30), which naturally accounts for the obser
ved violation of the KNO scaling and increase in (D/ii) with energy 1111 • 

c) For the asymptotics 

an < 0( e-n ) • (31) 

which is typical of the multiperipheral modes 1121 , a slight violation 
(at least at modem accelerator energies) of the KNO scaling appears 
to be a pure chance since the scale-invariant structure is the privilege 
of phase transitions. _ 

In conclusion, we should like to emphasize that the asymptotics 
(30) and (31) have roots in various physical phenomena and only the 
experimental information in the region n »ii (up to n - ii 2 ) may 
elucidate which of them is realized in practice. 
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SEARCH FOR THE SPONTANEOUSLY FISSIONING UCLIDE 
IN CHELEKEN HOT BRINES 

S.N.Dmitriev, G.N.Flerov, V.A.Azarov, S.V.Shishkin, V. Ya.Lebedev, 
A.V.Krasnov, T.V.Shishkina, V.K.Pokrovsky, E.A.Sokol 

By using the methods of chemical enrichment (coprecipitation , 
cementation , sorption , extraction etc .) the isolation of trace elements 
from the hot brines of the Cheleken peninsula was carried out. Some 
10-15 m3 of brine were processed in a single experiment. The concent
ration factor for the trace elements reached the value toS -105. The 
samples obtained were studied using a 3 He-counter neutron-multi
plicity detector. No spontaneously fissioning nuclide (SFN) was reve
aled in the samples at a detection limit of I o-19 g/g. The possible 
explanations of that are discussed . On the basis of the special study 
of the chemical forms of the trace elements , the possible analogs of 
superheavy elements in hot brines, and from the analysis of the re
sults of the present and previous searches for the SFN in Cheleken 
hot brines an assumption has been advanced that the SFN is present 
in the brines in compounds with organic admixtures, such as gold and 
mercury. Perspectives of further work aimed at detecting the SFN 
in Cheleken hot brines are discussed . 

The investigation has been performed at the Laborato ry of Nuclear 
Reactions, JINR. 

0 noHcKe cnoHTaHHO ,u.enRmerocR HYKJIH.D.a 
B TepMan&HbiX pacconax n/o qeneKeH 

C.H.JlMHrpHeB H np. 

MeTonaMH XHMH'IeCKoro KOHUeHTpHpoBaHHJI (coocali(AeHHe, ue
MeHTaUJUI, cop6mur, JKCTpaKUJI.R H np.) npoBeneHo BbrneneHHe MHKpo
JneMeHToB HJ TepManbHbiX pacconoB n/o qeneKeH. B e!lHHH'IHOM 
onbrre nepepa6aT&IBanocb 10-15 .,.} paccona, npH JTOM KOHUeHTpH
poBaHHe MHKpoJneMeHTOB nocTHrano 103-105 . Ilony..eHHbie o6pa3U&I 
HJY'IaJIHCb Ha HeifTpoHHOM neTeKTOpe C 3He-C'IeT'IHKaMH. C qyBCT· 
BHTemHocTbiO to-13 r/r cnoHTaHHo nemnueroc.R HyKnHna (C.IlH) 
B o6paJuax He o6HapylKeHo . 06cylK!laiOTC.R BOJMOlKH&Ie npH'IHHbi no
ro. Ha OCHOBe HJy'leHH.R ljlopM COCTO.RHH.R MHKpoJneMe TOB - B03-
MOlKHblX aHaJIOroB CBepXT.R)I(llnbiX JneMeHTOB - H aHanHJa pelynbTa
TOB HaCTO.IIIlleif H paHee BbmoneeHHbiX pa6oT no nOHCKf CJlH B Tep
MaJibHbiX pacconax n/o qeneKeH B&IcKaJaeo npennonolKeHHe o eaxolK-

13 



)J.CHHH CJlH B paccone (no)J.o6Ho 30llOTY H pryrH) B BH)J.C COC)J.HHCHHH 
C OpraHH'ICCKHMH npHMCCJIMH. 06cy)K)J.aiOTCJI nepcnCKTHBbl )J.8nbHCH· 
WHX pa6or no noHcKy C.llH B 'ICneKeHcKHii rH)J.porepMax. 

Pa6or a Bbmonueua B ila6oparopHH JI)J.CpHblX peaKUHii OHRH. 

Prospects for searches for suJ}erheavy elements (SHE) in nature, 
the critical analysis of the results obtained and the possible ways of 
developing studies in this direction have been considered by Flerev 
in some review article/1

"81 . Those reviews cover work at studying 
the samples of Allende &:ld Efremovka primitive meteorites (C3) in 
which a spontaneously fissioning nuclide (SFN~ was looked for by 
recording neutron multiplicities by detectors with He-filled counters"21, 
as well as by detecting spontaneous fission fragments by solid-state 
detectors141 and by big proportional counters ! 51 • The 9 He-filled 
counters and solid-state detectors were employed to investigate origi
nal Allende samples (22.5 kg and 0.85 kg in weight, respectively). 
The fractions of heavy elements extracted from a 4 kg Allende meteo
rite in gaseous state where . investigated using proportional counters. 
The so determined content of the SFN varies in the range from 0.01 
to 0.05 decays/day·kg. Such a low concentration of the SFN, toge
ther with the lack of large quantities of the given class of meteorite 
present almost insurmountable difficulties for its separation and iden
tification. 

Despite of the low probability for SHE existence in nature, a con
tinuatiofl of these studies seems to be necessary. The spontaneous fis
sion activity observed in the meteorites cannot be explained either 
by the instrumental background or by spontaneously fissioning tech
nogenic contaminants. The activity can be due to a SHE or to an unk
nown spontaneously fissioning isotope of a known element. The se
paration and identification of the spontaneously fissioning nuclide 
still remains a topical problem. 

It looks promising to study some species of the mantle origin 
or those coupled to the mantle as it is known that the elemental com
position of the ultrabasic substance of the mantle is, on the average, 
similar to that of stony meteorites. 

As a result of the proposed high volatility of SHE's and/or their 
compounds16• 7/ they can possibly migrate to the upper layers of 
the Earth 's crust (together with degassing products from the upper man
tle) along the zones of abyssal fractures, and be mixed with the ther
mal waters of these fractures and carried off to the surface with them. 

The present paper deals with the analysis of the results of the stu
dies aimed at searching for SHE's in the hot brines of the Cheleken 

14 



Peninsula (South-East of the Caspian Sea). A number of geophysical 
a_nd geochemical characteristics of the occurrence of these thermal 
waters (e.g., the presence of abyssal fractures, high seismic activity, 
etc.) as well as the high concentration of high-volatility microelements, 
indicated the possible penetration into these waters of degassing pro
ducts from the upper mantle and, perhaps, SHE 's121 • 

Searches for SHE's in Cheleken hot brines were started at the 
Laboratory of Nuclear Reactions of JINR in the early 1970 's. Based 
on the whole set of experimental data the authors 181 arrived at the 
conclusion that a new spontaneously fissioning nuclide possibly belon
ging to SHE's has been detected in the hot brines. The nuclide content 
of the hot brine was estimated to be lo-16 g/g. This value was obtained 
assuming the half-life of the spontaneously fissioning nuclide to be 
109 years* and an enrichment factor of 100 during separation from 
the brine (in ref. 181 sorption by anion~xchange resin was used). 
In 1978-79 (see refs/9 • 101 ) attempts were made to isolate the new 
nuclide in quantities sufficient for its identification (the Z and N as
signment) by physical methods. For this purpose different methods 
of chemical concentration were used, e.g. sorption by ion~xchange 
resins, coprecipitation with hydroxides, cementatjon on aluiQinium, 
and others. Unfortunately one could not succeed in improving the 
earlier results 181

. An analysis of the obtained results 19•101 shows 
that a high separation degree for the SFN was achieved in a number 
of experiments, particularly in the case of the precipitation of iron 
hydroxidel91 and hydrated manganese dioxide 110( However, the 
initial volume of the brine processed in these experiments was equal 
to 1-3 m 3, which was clearly insufficient for obtaining samples with 
the absolute SFN content (1012 atoms per gram) required for its assign
ment. 

The present paper describes the studies carried out in 1981-86 
to continue searches for the SFN in Cheleken hot brines. Chemical 
concentration was performed by different methods, namely, copre
cipitation, cementation, sorption, extraction, etc.). As earlier, the 
SF:N behavior in the experiments was assessed by controlling the be
havior of the possible homologs of SHE's, such as Cd, Tl, Pb and (in 
model experiments) 203 Hg, l95Au and 211At. The techniques used 
were developed on the basis of the available data on the forms of sta
tes of these microelements in brine1 11 •131 • The combination 
of different techniques has permitted the separation of the microele-

• This assumption will be exploited further in estimating the relative and 
absolute SFN content of the samples. 
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ments with a concentration factor of 10s -104 and 10° in the some 
experiments (table 1). The possibility of detecting the SFN as collo
ids (pseudocolloids) and compounds with organic contaminants was 
considered in experiments involving ultrafiltration, extraction by tri
butylphosphate (TBP) and coprecipitation of hydroxides from the 
brines after their long chlorination at a temperature of 95° C. 

The analysis of the resultant samples for the SFN content was 
carried out using a neutron multiplity detector having an intrinsic 
background of 1 spontaneous fission event per day. The efficiency 
of spontaneous fission detection by recording neutron multiplicity 
can be taken for discussion roughly equal to 0.3. The measurement 
duration was usually about 10 days which provided the absolute sen
sitivity of detecting the SFN of to-9 g (about 1 event per day), i.e. 
the relative sensitivity was equal to 10-13 g/g for 10 kg samples. 

In performing the experiments we proceeded from the SFN con
centration in 1 m3 of Cheleken brine of 0.5-2 decays per day /8- 101 , 

i.e.(i.3-6)xl0-18 g/g. The samples measured in a single experiment 
were equivalent to 10-15 mS of brine with respect to the concentra
tion of one or several microelements - the possible SHE's homologs. 
The concentrates of the whole series of the possible homologs of ele
ments ranging from Au to At were obtained and measured using a 
neutron multiplicity detector. The expected spontaneous fission acti
vity was 5-30 decays or 1.6-9 events per day. However, no SFN has 
been detected at the indicated sensitivity in any of the samples obtained. 
The results of the measurements of a number of samples using the 
neutron multislicity detector are listed in table 2. 

The comparative analysis of the literature dati 6• 7 •14 - la.7/ on 
the preposed chemical SHE properties and of the results of t e earlier 
experiments aimed at extracting the SFN from Cheleken brines 
demonstrates that the chemical properties of SHE's are unlikely to 
differ very much from those of their homologs. Therefore it is unli
kely that the chemical properties of the SFN have not allowed to ext
ract it from the brine in any of the experiments listed in table 1. Ap
parently, the actual SFN content of the brine was so small that the 
brine volume processed in each separate experiment was insufficient 
for obtaining samples with the absolute SFN content of to-9 g. The re
sults of the measurements using neutron multiplicity detectors do not 
permit the determination of the lower limit of the SFN concentrati
on whereas its upper limit is estimated to be 0.2 decays/day.mS, i.e. 
about 5xto-17 g/g. Hence the question arises as to whether the given 
SFN concentration was observed in brine in the earlier, initial experi
ments carried out in 1973-1978 or its concentration in the brine should 
be admitted to decrease since that time. 
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Table2 
Results of sample measurements using 

a neutron-multiplicity detector 

Sample Measurement Number of events 
duration, hrs with neutron 

multiplicities 
--
2 3 

1. Fe hydroxides (lll) 
(pH 9, 22 kg) 204 12 

2. Sulfides (pH 2-6) 164 9 
3. Al cementation (2 kg) 284 18 
4. Elution from 10 kg Al (HCL) 

(sulfides) 173 10 
5. Elution from 10 kg Al 

(HCL+ CL2 ) (sulfides) 232 8 1 
6. Sorption by VP -lAP ( 6 kg) 102 5 
7. Extraction by TBP (10 kg) 116 6 
8. Elution from 150 kg of KU-1 

(hydroxides, 5 _kg) · 164 8 
9. Elution from 3 kg of PVS-T 

(sulfides + hydroxides) 400 g 140 8 
10. Sulfides (crystallization) 170 9 
11. Fe(IH) hydroxides from 

brine after destruction of 
colloids and organic 
contaminants 120 7 

12. Ultrafilt ration (500 g) 175 9 
13. Background measurement 250 12 

The lat ter assumption has certain grounds since the geological 
situation in the region of brine deposits has changed drastically during 
the recent years. The seismic activity of the region has decreased, the 
dynamical level of hot brines has lowered by 100 meters and their 
self-extrusion ceased in 1977. 

However, in our view, it is more likely that earlier the SFN con
tent of the brine did not exceed 0.2 decays per day in m9 either. To sub
stantiate this hypothesis we shall reanalyse the results of the first expe
riment 11 • 9, 18/ • A brine volume of about 2000 m3 was processed. 
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A total of 42 spontaneous fission events were recorded during 88 days 
of measuring 9 kg of ion-exchange resin by using a neutron multipli
city detector having an intrinsic background of < 0.03 events per day 
and a detection efficiency of 0.3. Later 170 kg of anion-exchange 
resin were treated successively with solution of HCl, HN03 , CH3 COOH 
and NAOH. From the mixture of the eluates hydroxides (6 kg) were 
precipitated in which spontaneous ilSSion activity was approximately 
6 events per day 1 181 • The resin, 150 kg in weight, obtained in the 
same experiment was processed in work 191

. A 3H HN03 solution 
(1500 1) was used for desorption. The eluate was evaporated and mea
sured using the neutron detector. For a period of 15 days not any 
spontaneous fission event was detected that is no SFN has been elu
ted from the resin. 

The results of those experiments can be interpreted under the 
assumption that the SFN, like Au and Hg, is present in the brine in 
the form of compounds with organic contaminants. Earlier / U , l2/ we 
demonstrated that Au and Hg compounds containing organic admix
tures are adsorbed with a distribution ratio of 103 by ion-exchange 
resin from Cheleken brines. Their desorption is possible only by elu
ting with concentrated HNOs (oxidation of an .organic sub11tance) 
by the solutions of organic acids (e.g. HCOOH, CH 3COOH) or alkali. 
All the above-said gives an explanation for the quantitative desorpti
on of the SFN in processing 170 kg of ion-exchange resin and for the 
negative result of the experiments with 150 kg of the resin. 

We note that the assumption that the SFN can exist in the form 
of compounds with organic contaminants does not contradict the 
results of the earlier experiments 1 8 -10~ 

Assuming that the main form of the SFN in the brines is compo
unds with organic contaminants we can estimate with sufficient cer
tainty its concentration factor as 2::.103 in anion-exchange resin. Then 
the 9 kg resin sample measured in the first experiment will be equi
valent to 9 m3 of brine rather than to about 1 mS accepted earlier 121 • 

Consequently the SFN content of 1 m S of brine is equal to or smaller 
than 0.2 decays per day, which agrees with the value indicated above. 

Thus the comparative analysis of the earlier data and the results 
of the present study enables us to advance two assumptions which 
are of importance for- the further development of this research. These 
are: (i) the spontaneously fissioning nuclide is present in Cheleken hot 
brines as organometallic compounds and (ii) its concentration in these 
brines corresponds to 0.2 decays/day.mS . . These assumptions have 
good grounds to be accepted as a working hypothesis and used for 
an experimental verification. 
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STABILIZATION OF SPIN-POLARIZED ATOMIC 
HYDROGEN AT LOW TEMPERATURE 

V.G.Luppov, M.Mertig: Yu.K.Pilipenko 

A cryostat for stabilization of gaseous atomic hydrogen at low 
temperatures and in high magnetic fields was built up. Gas densiti
es of "' 1013 atoms/em 3 , which remain stable for more than one 
hour, were achieved in the first experiments. 

The investigation has been performed at the Laboratory of High 
Energies, JINR. 

CTa6HJIH3auiDI cnHH-nonapn3oaauuoro 
aTOMapHOrO BO,ll,Opo,ll,a npH HH3KOH TeMnepaType e 

flyrrnoB B.r ., Mepnrr M., nwiHneHKO IO.K. 

CoJAaH KpHoetaT .IUIJI cnf.tuiHlllllHH raJoo6pa3Horo aToMa pHoro 
sonopona npH HH3KHX TeMnepaTypax B CHJihHbiX MarHHTHbiX no-
1IJIX. 8 nepBbiX 3KCUepHMeHTax nocTHrHYTa fi1JOmOCTb "' 10 l S aTO
MOB/CM3, KOTOpaJI OCTaeTCJI CTa6HnbHOH 6onee OnHOrO 'laCa. 

Pa6on s&mo1JHeHa B fla6opaTopHH BbiCOKHX JHeprnii OH.RH. 

Due to the weak interaction and the light mass of a hydrogen 
atom, electron-spin-polarized atomic hydrogen remains a gas even at 
absolute zero temperature 1 11 . This property gives in principle the 
unique possibility of reaching a phase transition to a Bose-Einstein 
condensed state in a weakly interacting gas of bosons, i.e. the macro
scopic population of the ground state at finite temperature. Many new 
interesting phenomena, for example, gaseous superfluidity, should be 
presented by this condensate, and this prospect has stimulated large 
experimental and theoretical activities in the field of stab' ization of 
polarized atomic hydrogen/ 21 . However, maximum densities of "' 
1018 em-s, reported to date, achieved in special compression expe
riments1 21 are at least one order of magnitude smaller than those re
quired for the onset of Bose-Einstein condensation. - · - - . 1 3 

Hydrogen atoms interact via the singlet ( I ~ ) or triplet ( I~ ) 
potential depending on the fact whether the electron spins are aligned 
antiparallel or parallel, respectively. Due to a large depth of "' 4.8 eV 
of the 1 I~ potential, unpolarized hydrogen atoms energetically 

• Permanent address: Technische Universit'6t Dresden, Sektion Physik, Momm-
senstr. 13, 8027 Dresden, GDR 
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Fig. 1. Diagram of the energy le
vels of the hydrogen atom in the 
ground state in an external mag
netic field. 

prefer the state of the H2 -mo
lecule. However, the interac
tion via the 

3 I: potential 
is practically repulsive. This 
suppresses molecular recombi
nation of two atoms with 
parallel electron spins. There

fore, electron-spin-polarization is the main principle of high-density sta
bilization of atomic hydrogen. 

Figure 1 shows the hyperfine diagram of the energy levels of 
a hydrogen atom in the ground state in an external magnetic field. 
The two lower ( I a > and I b > ) and two upper (I c > and I d > ) 
levels are electron spin-down (H+ ) and spin-up (H t) states, respec- • 
tively. In a field of 10 T the energy separation between different 
electron-spin states is "' 13.4 K. Therefore, at low temperatures 
(T S 1 K) and in high magnetic fields (B =- 10 T) atomic hydrogen 
can be stabilized by separation of the H t and H+ states and subsequent 
magnetic confinement of . H + at the maximum of the field. Gas 
densities of "' 10 16 + 10 17 em-S are achievable in this way1 2 1. 

Pro¢eeding front the experimental progress in this 'field, it has 
been suggested to use low temperature stabilized spin-polarized ato
mic hydrogen for creating high intensity polarized sources and tar
gets to carry out investigations in high energy and nuclear physics 131 . 

To provide a high intensive polarized proton beam, a source applying 
low temperature atomic hydrogen stabilization technique is under 
design at JINR, Dubna. As the first stage, a cryostat for stabilization 
of spin-polarized atomic hydrogen was built 141 (see Fig. 2). The 
atomic hydrogen produced in a 2.45 GHz dissociator cooled by liquid 
nitrogen flows through a teflon tube, which leads into a supercon
ducting solenoid with a maximum field of 7 T and is cooled by contact 
with the walls of the tube. The Ht and H+ states are separated by the 
magnetic field gradient between the dissociator and the entrance 
of the stabilization cell (SC). H t atoms are repelled by the field, and W 

-ones ale at tracted and accelerated into the high field region, where 
the stabilization cell with a volume of ==1.5 emS · is placed. The 
H + atoms are thermalized by wall collisions at the temperature of the 
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Fig. 2. Schematic diagram of the apparatus. 

SC which is cooled by a horizontal, continuously. working H~ evapo
ration refrigerator with a minimum temperature of 350 mK and a cool
ing power of .. 20 mW at 500 mK. They are confined to the field 
centre by the magnetic field gradient. The walls of the SC are coated 
with a superfluid helium-4 film which spontaneously covers all available 
areas of the cell. The adsorption energy of H on the 4He-surface is 
low ( l & "' 1 K 1 51

) what allows a considerable decrease of the surface 
recombination of the H ~ . in 'comparison to the uncoated surface of 
the cell. Moreover, for the same reason it is necessary to cover the 
low-temperature part of the hydrogen atom guide tube to the SC 
by a protective H2 coating. 

1 
Gas densities of at least 10 

3 
atoms/cm

3 
have been achieved 

in our first experiments. This density is obtained by filling the SC 
with a flux of =1011 atoms/s over a period of "'100 s. In a magne
tic field of 7 Tesla and at a temperature of 0.44 K no decrease of the 
detected density was observed for more than one hour after turning 
off the dissociator. This indicates that the magnetic confinement 
in our SC works very well. 

The presence of the H + in the cell is detected by means of a spe
cial carbon bolometer placed in the SC. The bolometer is thermally 
connected to the cell wall by fine wires with small heat conductivity. 
These wires are simultaneously used as current-voltage leads. The basic 
idea of atom hydrogen detection is to determine the number of atoms 
in the cell volume by measuring the heat release due to the recombina-
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Fig. 3. Cu"ent-voltage curves of the 
detection bolometer under diffe
rent conditions. 

tion of atoms on the uncoated 
surface of the bolometer'61 • 

Typical, observed current-vol
tage curves of the bolometer 
under different conditions are 

limA shown in Fig. 3. Without a 
4He film coating, the bolometer, which possesses a negative resistance 
derivation versus temperature, is overheated even by the applied mea
suring current , and its resistance is small (Curve 1). When 4He is con
densed in the SC, the resistance of the bolometer covered with a su
perfluid helium film increases due to a more effective heat removal. 
In this case the current-voltage curve shows a peak when Ohmic heat
ing evaporates the 4He from the surface of the bolometer more ra
pidly than it can be replenished along the wires (Curve 3). When ato
mic hydrogen is present in the cell, it recombines on the He - free 
bolometer surface within a few milliseconds leading to detectable 
overheating of the bolometer (each atom gives rise to an energy release 
of 4.48/2 eV). Therefore, a sharp drop of the current-voltage curve 
is observed at the point of helium evaporation (Curve 2). Unfortuna
tely, this detection method is a destructive one because the stabilized 
gas is desttoyed by mellsuring the density. Therefore, Curve 3 is repeat
ed in the recording immediately after the density detection. 

We can calibrate recombination energy release by supplying 
an electric pulse of known energy to the bolometer and recording the 
caused resistance drop. However, when the atoms recombine to H2 , 

only a fraction of the recombination energy is delivered to the bolome
ter (the other part is delivered to the copper walls of the SC). Therefo
re, only a lower bound for the number of recombinations or the H + 
density can be determined in this way. 

Moreover, the results of our first experiments show that at the 
present time a further increase of density is prevented by incomplete 
thermalization of the hydrogen atoms at low temperatures before en
tering the SC and, consequently, incomplete separation of the H t 
and H • states during fi!Jing the cell. Accordingly, we hope to increase 
the magnitude of density of the stored gas by its more effective cooling 
before entering the SC. Moreover, a capacitive pressure gauge is under 
test for density measurements without destruction of the stabilized 
hydrogen gas during detection. 
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HEYllPYrOE PE30HAHCHOE KOMEI1HAQI10HHOE 
PACCERHI1E HA ,ll,OHOPHbiX YPOBHRX 
B KYEI1qECKI1X llOJIYllPOBO,ll,HI1KAX 

Hryeu Ky3 X &rour * 
J.f3yqaeJC.II Heynpyroe pe30HaHCHoe KOM6HH8UHOHHoe pacce.H· 

HHe Ha )J;OHOpHbiX ypoBH.IIX B Ky6H'IeCKHX nonynpoBOAHHKaX C np.H· 
MOH 3anpemeHHOH 30HOH . Ilony'leHLI aHaJIHTH'IeCKHe BLipiDt<eHHH 
H yrJIOBble 33BHCHMOCm Ce'leHHH KOM6HH8UHOHHOrO pacce.IIHHH . 

Pa6ora BLmoJIHeHa B 'HHcrHTyre reoperH'IeCKOH IPH3HKH, XaHoii, 
CPB. 

Nonelastic Resonant Raman Scattering on Donor Levels 
in Cubi c Semiconductors 

Nguyen Que Huong 

Nonelastic resonant Raman scattering on donor levels in direct 
band gap cubic semiconductors is studied . The explicit expressions 
and angular dependence are derived for the scattering cross sections. 

The investigation has been performed at the Institute of Theore
tical Physics , Hanoi, Viet-Nam 

KoM6uuauuouuoe pacceauue ua JJ;OHOpHbiX ypoa,HHx 6&mo 
HCCJieJJ;OBaHO BO MPfOrHX TeopeTH'IeCKHX H 3KCnepHMeHTa.iiLHbiX 
pa6oTaxl l-18( B o6naCTH proouauca npoucxoJJ;HT cMewuaauue Me)I(,IJ;y 
3KCHTOHOM H cpOTOHOM C o6pa30BaHHeM DOJIHpHTOHa, H HMeeT MeCTO 
pacceHHHe DOJIHpHTOHa Ha 3JieKTpoHe. 

Ynpyroe pacceaHHe nonHpHTOHa ua 3JieKTpoue 6&mo H3yqeuo 
a pa6oTe 1 181 . B uacToH~eif pa6oTe Mbi paccMoTpHM ueynpyroe 
pe30HaHCHOe KOM6HHaQHOHHOe paCCeHHHe Ha )J;OHOpHbiX ypoBHHX 
B Ky6uqeci<HX nonynpOBOJJ;HHKaX C npHMOH 3anpe~eHHOH 30HOH 
H C BaJieHTHOH 30HOH, 'leTbipexKpaTHO·Bbipo~eHHOH B QeHTpe 30Hbl 
EpHJIJIJ03Ha, B KOTOpOM JJ;OHOpHbiH 3JieKTpoH B036y)I(,IJ;aeTCH OT ero 
Ha'lanLuoro 18-cocroHHHH JJ;O 2S-cocroHHHH. KaK H a pa6oTe 1 161, 
o6a 1S • H 2S ·COCTOHHHH y'IHTbffiaJOTCH oJJ;HOBpeMeuuo. Cuaqana 
orpaHH'IHMCH npH6JIH)KeHHeM ccpepuqeCKOH CHMMeTpHH ( C TpeX· 
30HHbiM DOJIHpHTOHOM), 3aTeM paCCMOTpHM CJiyqaif peaJILHOrO 
xy6H'Iecxor o nonynpoBOJJ;HHKa, rJJ;e Macc&I TH)Kenoro H nerxoro 

* HHcruryr r eoperu11ecKoii ¢u3uKu. HaliUOHflllbHblii ijeHTP Hay'IHbiX UCC/IeOo· 

eaHuii , XaHo ii , BbeTHaM. 
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3KCHTOHOB p83JIH1lHbi (llRTH30HHbiH nonnpHTOH). ,llnn Ka~oro cny

qan DOJIY'feHbl aHaJIHTHilecKHe BblpiDKeHHR H yrJIOBbie 3aBHCHMOCTH 

ceqeHHR KOM6HHaL{HOHHOrO pacceRHHR. 0co6oe BHHMaHHe y,D;eJIReM 

,D;ByM DOJIOCaM 3HepmH Da,Zl;aiOI.Qero <l>oTOHa B6JIH3H 3 K CHTOHHbiX 

ypoaueu 18 u 28 . 
11cnOJib3yeM CHCTeMy e,D;HHHQ, B KOTOpOH -li = C= l. 

BeKTopuq_e cocronuue nonnpHToua ua a -BeTBH c HMnyJihCOM K, 
3ueprueu Oa ( K) H nonnpn3auneu a B pe3ouaucuou o6nacru MO)f(HO 

HanHcaTb B BH,D;e: 

u-+ u-. _. o-+-+ 
P (K) = u (K)a (K) +I. v (K) b (K), 

a a a 11 a11 11 (1) 
-+ -+ 

r,D;e aa(K) H b
11 

( ~) - onepaTopbi YJW'ITO)f(eHI!JI <l>oTo na h 3KCH-

Tona C J:1MDYJibCOM K-+ H 3HeprHRMH w (K) H E11(K) COOTBeTCTBeH-

HO. Ua (K) H V a (K) npe,D;CTaBJIRIOT COOOH K03<l><l>HUHeHTbl npeo6-a a11 . 
pa30BaHHR BoroJII06oaa, 11 o6o3Ha<meT coaoKynuocTb KBaHTOBbiX 

queen 3KCHTOHHoro cocronHHR, 11 = I nfa H I HJIH In fa l I , H H L 
COOTBeTCTByiOT TR)I(eJIOMy H nerKOMy 3KCHTOHaM. 

B npu6JIH)f(eHHH c<P~uqecKon CJ!.MMeTpHH Mbi HMeeM ,D;Ba co-

CTORHHR 3KCHTona E 
1 

s ( K) H E
2

s ( K) , TpH aemu n onnpHTona 

onpe,D;eneuhi ,D;HcnepcHOHHbiM ypaaueuueM : 

4 g~(28 ) 
-----------+- ------ - --

(2) -+ 
w(K) __ 4 

1 +-

n (K) 
a 

3 3 

B cnyqae peanbuoro Ky6HileCKoro nonynpoao,D;HHKa BaJieuTnan 

30Ha paCI.QenJIReTCR Ha 30Hbl TR)I(eJibiX H JierKHX ,Zl;blpOK C pa3JIH1l

HbiMH 3<l><l>eKTHBHhiMH MaccaMH M H H ML . Ilepexo,D; Me~y <PoTo

HOM H qeT!:>IpbMR 3KCHTOHHbiMH COCTORHHRMH 18 H 28 ,D;aeT llfiTH-

30HHbiH DOJIRpHTOH C 3HeprHRMH 0 (I{) , onpe,D;eJIRIOLQHMHCR 
a 

ypaaueuueM: 

-+ -+ 
w(K)-O(K) glSL glSH g2SL g2SH 

-+ -+ 
glSL E lSL(K)-0 (K) 0 0 0 

-+ -+ 

glSH 0 E 18JK)-O (K) 0 0 ,.o. 
-+ -+ 

g2SL 0 0 E (K)-O(K) 
2SL 

0 
(3) 

-+ -+ 

g2SH 0 0 0 E 28JK) - O(K) 

JlerKO BbiBecTH BblpiDKeHHR K03<l><i>H~HeHTOB npe06 pa30BaHHR 

Boronro6oaa B o6oux cnyqanx. 
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PaccMoTpHM Heynpyroe pe3oHrutcHoe KOM6HHauHoHHoe pacce.R
HHe 3KCHTOHHOrO OOJI.flpHTOHa Ha HeHTpaJibHOM AOHOpe C nepexo,noM 
3J1eKTpOHa OT 1 S- ,no 2S ·COCTO.fiHH.fl 

fP (K) + D0 (N) -+ fP:(K' ) + D0 
(N'). 

a X a - X 
(4) 

MaTpH'IHbiH 3JieMeHT 3Toro npouecca .RBJl.fleTC.fl JIHHe8Hon KOM6HHa
uuen MaTpHqHbiX 3J1eMeHTOB 3J1eMeHTapHbiX npoueccOB paCCe.RHH.fl 
3KCHTOHa H <PoTOHa Ha .noHope. B o6nacT.flx prooHauca 3aKoH coxpa
HeHH.R :mepr uu ,nn.R ( 4) pa3pewaeT TOJlbKO cne,nyiOI.UHe npoueccbi: 

E (2S) + D
0 

( 1S) -+ E flS) + D
0 

(2S) 
X X X' X 

E (2S) + D0 ( 1S) .... PHOTON + D
0 

(2S) 
X X X 

PHOTON+ D
0

(1S) .... E •:2S) + D
0 

(2S) 
X X X 

(5) 

E (1S) + D
0 

(1S) .... PHOTON + D
0 

(28) 
X X X 

PHOTON + D~(1S) .... Ej1S) + Di2S) 

PHOTON + D0 (1S) .... PHOTON + rJ> (2S). 
X X ' 

llpHMeH.fl.fl MeTo,n BblqHCJleHH.fl pa60Tbi / 181
, Mbl UOJIY'IHM ,nJl.fl 

npouecca pacce.RHH.fl c nepexo.noM 3KCHTOHil H3 2S-cocro.RHH.fl B 1S -
COCTO.fiHHe cne.nyiOI.UHH· MaTpHqHbiH 3J1eMeHT: 

< Eu (K'") D
0
x(N') i tl." 1Eux(K)D

0
x(N) > = 

X , 1nt 
v 

=D31
,
2 (K' .. K)D11 :(l{)D~ 2(K')f>(Eu -+ Eu' ), 

M M /lS ll s XV ~-

(6) 

~e ~ , M' - npoeKUHH CUHHa AbipKH Ha HanpaaneHHe HMnyJibCOB 
K H K' COOTBeTCTBeHHO, S H S' - OJ>9eKUHH CUHHa AOHOpHoro 
3J1eKTpOHa Ha HanpaBJieHHe OCH ()l · , D~ M, - 3J1eMeHTbl MaTpHU 
apameHH.R. 

MaTpHqHbiH 3JieMeHT npouecca pacce.RHH.fl c npeo6pa30BaHHeM 
3KCHTOHa B lPoTOH paBeH: 

<y (K')D
0

(N') i t!. I E11 
D

0
x(N) > = 

u' X Int Xu (7) 
3/ 2 -+ -+ 1/ 2 -+ 1/ 2 -+ u 

= ~ D ; K ' .. K)D ,(K)D, (K')77, ,f(Ex -+y,}, 
, , . Mm 11 s t s t m 11 u 

m, t 

r.ne f(Ex 2s -+ EXIS) , f(Ex 2s -+y), f (Exts-+y) - HeKOTOpbie BbipWKe
HH.fl, He 3aBHC.RI.UHe OT yrna pacce.RHH.fl. 
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CelleHne pacceaHHH nonapHTOHa c nonapH3llWfeH a Ha a -BeTBH 
C o6pa30BaHHeM OOJIHpHTOHa Ha a' -BeTBH C OOJIHpH3ai.J;HeH a ' paBHO : 

a a 
a 
a a 

, 
tata, '2Waa' 

---='--'==--- Ka aa ;(0), 
4"V V , 

ga ga 

(8) 

Vga , V ga, - rpynDOHbie CKOpoCTH DMaJOI.Uero H pacceHHHOrO DOJIH
pHTOHa, Waa' - aepoaTHOCTb pacceaHHH, KOTopaa .n;na Tpex30HHoro 
OOJIHpHTOHa HMeeT BH,D;: 

w++, (0) = C(I{, a,+, N) C(K.', a', + , N') I (1 + cos0)(2- cosO) x 
aa (9) 

H ,D;JIH OHTH30HHOrO OOJIHpHTOHa pasHa: 

++ ... ... , , , (1 + cos0) 2 

W f.. 0) = C ( K, a , +, N) C (K , a , + , N ) I ------ W 
51 

+ 
aa 4 

a . 20 < w w :1 w , < cos e + t) + -Sin c. + + 1 , 
4 .. 2 5 54 2 

(10) 

r.n;e 0 - yroJI Me)I(,Il;y HMDYJibCaMH HatJaJibHOro H KOHetJHOr O OOJIHpH
TOHOB, C(K ,a, u,N) H C(K',a',a', N ')- HX K03$$HUHeHTbl HOpMH
poBKH, W

1
, W 

2
, W 

51
, W 

52
, W

53 
, W 54 - HeKOTOpbie Bbipa)l(eHHH, He 

3aancamue oT yrna pacceaHna. 
llo.n;po6Hble pe3yJILTaTbl 6y.n;yT ony6JIHKOBaHbl B .n;pyr oH CTaTbe. 
AaTop Bbipa)l(aeT rny6oKyiO 6naro.n;apHOCTb aKMeMH KY HryeHy 

BaH Xr.ey 3a noCTaHOBKY 3a,D;atJH, a T~K)I(e HryeHy AH BLeTy H HryeHy 
ToaH TxaHry 3a noMOI.Ub u no.n;.n;ep)I(Ky. 

nuTepaTypa 

1. Ulbrich R.G ., Weisbuch C. Topics in Applied Physics, 1982 , 51, 207. 
2. Ulbrich R.G., Nguyen Van Hieu, Weisbuch C. - Phys.Rev.Lett., 

1981, 46, 53. 
3. Elliott R.J ., Loudon R.- Phys.Lett., 1963, 3, 189. 
4. Nguyen Van Hieu. -Ann.Phys., 1980,127,179. 
5 . Henry G.H., Hopfield J.J., Luther L.C. - Phys.Rev.Lett., 1966, 

17 , 178. 
6. Klein M.V. In Light Scattering in Solid, Ed. M.Cadona, Springer, 

Berlin, 1975, p .148. 
7 . Yu P.Y.- Phys.Rev., 1979, B20, 5286. 
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8. Yu P.Y., Falicov L.M.- Phys.Rev., 1981, B24, 1144. 
9. Nguyen Ba An, Nguyen Van Hieu, Nguyen Toan Thang, Nguyen 

Ai Viet . - phys.stat.sol.(b), 1980,99, 635. 
10. Nguyen Ba An, Nguyen Van Hieu, Nguyen Toan Thang, Nguyen 

Ai Viet . -J.Physique, 1980,41,1067. 
11. Nguyen Ba An, Nguyen Van Hieu, Nguyen Toan Thang, Nguyen 

Ai Viet .- Phys.Rev., 1982, B25, 4075. 
12. Nguyen Ba An, Nguyen Van Hieu, Nguyen Toan Thang, Nguyen 

Ai Viet .- phys.stat.sol.(b), 1982, 109,463. 
13. Fishman G. Sol.Stat.Com., 1978,27,1097. 
14. Fishman G.- Ann.Phys., 1980, 5, 5. 
15. Hoang Ngoc Cam, Nguyen Van Hieu, Nguyen Ai Viet.- Ann.Phys., 

1985, 164,173. 
16. Nguyen Ba An, Nguyen Van Hieu. Preprint ICTP, 1986, IC/86/85. 
17. Bendow B., Birman J.L.- Phys.Rev., 1970, B1, 1678. 
18. HryeH BaH Xbey, HryeH Au BbeT. KpaTKHe coo6meHHR OIUUi, 

1 [ 27] -88,1988, c.18. 

PyKonucb nocrynHJia 13 anpena 1988 ro,D;a. 
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Kpar~ew CoOOU4eHWI OHJIH N"5 [31} ·88 JINR Rapid Communications No.5 [31} -88 
YAK 535.375.54 

OBMEHHOEB3AHMO~E3CTBHE3KCHTOHA 
B llOJIYllPOBO~HHKAX C llPHMOA 3AllPEIUEHH03 
30H03 H BhiPO)K~EHHOA BAJIEHTHOA 30H03 

Hryeu AH BMrr*, Hryeu Ky3 Xbiour*, Hryeu Toau Txaur* 

11JyqaeTC.II TOHKa.ll CTpyKrypa JKCHTOHOB B KyfiH'IeCKHX nony
npoBOJ.U{HKaX c np.IIMOH 3anpemeHHoii 30Hoii. Bhmep;eHhi o6mHe 
Bhlpa>KeHH.II o6MeHHOH JHepi'HH 11JI.II mo6biX JKCHTOHHhiX COCTOJIHHH. 

Pa6ora Bhmonueua B HHCTHryre reopeTH'IeCKOH <i>HJHKH, XaHoji, 
CPB. 

Exchange Interaction of Exciton in Direct Band Gap 
Semiconductors with Degenerate Valence Bands 

Nguyen Ai Viet, Nguyen Que Huong, Nguyen Toan Thang 

Fine structure of excitons in direct band gap cubic sernic nduc
tors is studied. The general formulae for exchange energy of any 
excitonic states were given. 

The investigation has been performed at the Institute of Theore
tical Physics, Hanoi, Viet-Nam. 

llpo6neMa CTPYKTYPbi 3KCHTOHHoro cneKTpa 6bma paccMoTpeHa 
BO MHOrHX pa6oTax/l-g~ Bill OHa pemaeTCR MeTO)J;OM B03MYmeHHR, 
npH noMomu I<oToporo nonyllaJOTCR o6mue BbiproKeHHR p;n a 3Hepre
THllecKHx ypoBHeH H BOnHOBblX Q>yHKI.UiH B ni060M nopR)J;Ke TeopHH 
B03MYmeHHR. 3TO ll03BOnReT npoBeCTH ,ll;aJlbHeHlllee H3ylleHHe TOHKOH 
crpyJ<TYpbi 3I<CHToua, a TaJ<)Ke 3Q>Q>eKToB TOHKOH CTpyKTypbi B omu
qecKHx npoQeccax c y~~acTHeM 3I<CHTOHa. 

llpH H3yt~eHHH TOHI<OH crpyKtypbi 3I<CHTOHa ueo6xo,li;HMO yliH
TbmaTb 3neKTpoHHO·,ll;blpoliHOe o6MeHHoe B3aHMO,D;eHCTBHe, KOTopoe 
6binO paCCMOTpeHO B HeKOTOpbiX TeOpeTHlleCKHX H 3I<CnepHMeHTaJlb· 
HbiX pa6oTax/ 2-8~ B t~aCTHOCTH, <l>HlllMaH /8/ nonyliHn o6MeHHyiO 
3HeprHIO ,D;nR 1 S-3I<CHToua, CliHTaR aonuoay10 Q>yHKQHIO 3I<CHTOHa 
I<aK npoH3Be,D;eHHe 3neKTpoHHOH H ,ll;blpoliHOH Q>yHI<QHH. 

B uacroameH: pa6oTe Mbi o6o6maeM pe3ynLTaTbi npe,D;Lmymux 
aBTOpoB H BbiBO,i.UIM o6mee BblproKeHHe o6MeHHOH 3HeprHH ,ll;nR ni0-
6biX 3KCHTOHHbiX COCTORHHH. 

*HHCTUTYT TeopeTU'IeCKOU rfiu3UKU, Ha14UOHt111bHblU ijeHTp Hay'IHblX UCCfleOo

eaHuu, XaHou, BbeTHaM. 
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l1cnoJib3yeM CHCTeMy emtHHU, B KOTOpoH ii = C = 1. 
llOJIHbiH raMHJibTOHHaH Abipo'IHO-:meKTpoHHOH CHCTeMbl COCTOHT 

H3 KHHeTHtJecKOH 3HeprHH }(kin H DOTeHUHaJibHOH 3HeprHH }(int 

}{i nt = }{c + }{ e xch' (1) 

r,D;e }( c - npRMOe KyJIOHOBCKOe Ablpo'IHO-:meKTpoHHOe B3aHMO

,D;eHCTBHe, }{ exch - Hx o6MeHHoe B3aHMOAeHCTBHe. YpaaHeHHe 

lllpeAHHrepa c raMHJibTOHHaHoM }{0 = }{kin + }{ c peweHo B 
111 

, 

B pe3yJibTaTe DOJiytJeHbl 3HepreTHtJeCKHe ypoBHH H COOTBeTCTBeH

Hbie BOJIHOBbie cpyHKUHH. 3,D;eCb Mbl H3YtJHM 3cpcpeKT 06MeHHOrO 

B3aHMOAeHCTBHR Ha CTpyKTypy 3KCHTOHHOrO cneKTpa. 

MaTpH'IHbiH 3JieMeHT o6MeHHOH 3HeprHH HMeeT BHA: 

· 1 ... ... ... ... ... .... e 2 
f; , = - { d f dr if> J.. f - f ) S ,( f ) p ,( f ) X 

N N V 1 2 N 1 2 a 1 M 2 1-+ -+1 
r1- r2 (2) 

-+ -+ -+ -+ 

x P(r )S ( r )¢ (r -r ), 
M1a2 N1 2 

.... ... , 
r,D;e r l , r 

2 
- KOOp.U.HHaTbl 3JieKTpoHa H ,ll;blpKH, a H a - CnHH 

3JieKTpoHa (a , a ' = t , • ) , M H M ' - npoeKUHH MoMeHTa AbipKH 
, 3 1 .... ... 

(M,M =± - , ±-), N = ln,f,ml. ¢ (r
1

- r
2

) - BOAOpoA0-
2 2 N 

DOA06HaR <l>YHKUHR 3KCHTOHa, KOTOpaR pa3,!1;eJifleTCR Ha pamtaJibHYIO 

H ccpepHtJeC K YIO cpyHKUHH: 

¢ ( ;) = R 0 ( r) Y0 ( 0 , ¢), 
N • nr r m • ( 3) 

sa ( ;) H p M ( r) COOTBeTCTBeHHO npeACTaBJIRIOT COOOH BeKTopHbie 

COCTORHHR 3JieKTpoHa H AbipKH, KOTOpbie MO)IQIO HanHC8Tb B BH,ll;e: 

... 1 s (r) = rs(r ) l-' a >, 
a 2 

3 P (r)=f(r ) l-, M > , 
M P 2 

rAe f
5
(r) H fp(r) -paAHaJibHbiecpyHKUHH,a I !,a > H 

CnHHOBbie cpyHKUHH 3JieKTpoHa H ,ll;blpKH COOTBeTCTBeHHO. 

BaoAR o 6o3HatJeHHR 

2 . 1 2 
Infk(p) =f Rnf(r)Jk(pr)rr dr, 

g ( k) = f r ( r) r ( r) j ( k r) r 2dr, 
t n P s t 

32 

(4) 

3 M> -1-. 
2 

(5) 



Jnf (k) = J 1nfk (p)g~(p)p 2 
dp, 

1 
2 1+a~M ( 1 

Tf, =(-1) 
a,M 'M' , -a+ a 

r.D;e jk (pr) - !l>YHKUIDI Beccenn, u npoBO.D;R CTaH.D;apTHbie BhlliHC

JieHIDI, Mbl DOJIY'IHM CJIC.D;YJOIUCC o6mee Bblpll)f(CHHC ,ll;JIR MaTpuq

HhiX 3JICMCHTOB o6MCHHOH 3HeprHH 3KCHTOHa: 

. 24 1-o+M'+f-m' k.. k-q 
~N' =-(-t) (2f+t)I(i J*(-1) (2k+1)Jne(k) Tf , Tf* . x 

N Vrr k,q a MuM 

( 
e 

0

e e\ ( e e t )(1 01 k) ( 1 ~+M k ) 
X 0 o) -m' m -q 0 0 a~M v • 

(6) 

B nonynpoao.D;HHKe c npRMOH 3anpemeHHoH 30HOH u BaJICHT

HOH 30HOH, qeTbipeXKpaTHO-Bbipo)l(,ll,eHHOH B UCHTpe r 30Hhl BpHJI

JIJ03Ha, 6e3 o6MCHHOrO B3aHMO,ll;CHCTBIDI HCDO,ll;BH)KHbiH nS·3KCH

TOH HMCCT TOJibKO O,ll;HH ypoBCHb 3HCprHH, KOTOpbiH paCIUCnJIRCTCR 

Ha .D;Ba ypoBHR 3HeprHH Tfl)l(eJIOrO H JICrKoro 3KCHTOHOB, KOr.D;a 

3KCHTOH .IJ;BH)I(CTCR. B 1 1
•
91 

aaTophi nonyqHJin BOJIHOBhie !l>YHKUHH 

n8-3KCHTOHa B JIJ060M nopR.D;KC TCOpHH B03MYIUCHHR. Cl>yHI(UHR 

HyJieBoro nopR.D;Ka HMCCT B~H3BC,ll;CHIDI 3JICKTpoHHhiX H ,ll;bi-

poliHbiX !l>YHKUHH I S, a > I {- , M >. C!l>epuqecKHe u K y 6uqecKHe 

nonpaBKH ( c napaMeTpaMH B03MYIUCHHR K u () ) nepeor o nopM

Ka CMCWHBaJOT COCTORHIDI JICrKOrO H Tfi)I(CJIOrO 3KCHTOHOB. 3.D;ecb 

Mbl BhlqHCJIRCM 06MCHHYJO 3HCprHJO Ha 6a3HCC BOJIHOBbiX !l>YHKUHH 

HyJieeoro u nepaoro nopMKOB. 

CocraanneM MaTpuuy o6MeHHOH 3Hepruu ,ll;JIR nS -co cToRHIDI. 

llocJie ,ll;HarOHaJIH3aQHH 3TOH MaTpHUbi noJiyqnM CJIC.D;YJOIUHH pe-

3YJibTaT: HCDO,ll;BH)KHbiH n S-3KCHTOH paCIUCnJIRCTCR Ha ,ll;B a ypoBIDI 

CO 3HaqeHIDIMH 06MCHHOH 3HeprHH li ex = 0 ( J = 2) H [i ex= 

= - : .\(J = 1), a .D;Ba ypoeHR EH u EL .D;BH*Ymero cn 3KCH

TOHa pacmenJIRJOTCR Ha DRTL ypoeHeu: 

EH, EL' EL - ; .\, ! I - : .\ + EH + E L ± 

4 2 4 1/ 2 (7) 
± [ ( g .\ - EH + EL) + 3 ( EH - E L) .\] 
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c cooTBeTCTB eHHhiMH <PYHKUH.RMH I J , J z > : 

12,±2 > , 12, 0 >, 11, 0 >, 12,±1 > , 11,±1 > , 

r~e A - H e KoTophiH o6MeHHhiH naparvieTp. 

C ylleTOM nonpaBoK <PYHKUHH nepaoro nop.R~Ka ace Bhipo)l(,!J.e-

HH.R Heno~BH)I(}IOrO H ~BH)f()'IUerOC.fl nS.3KCHTOHOB pacmenJI.RIOTC.R. 

K , (;l = 0 K,e.;,. o IK,(;l=0~ 
I 

I I : ; : ~ 
I 1 I 

r-------v----1" __j_ --

IJ{ =01~ -
I e xch I I }{ .;,. 0 

1 exch 

I I 

----v---"1'---y/1---- --

}{ e xch = 0: }{ -J, 0 
• exch 0 p 

Puc. 1. CxeMa pacU4ent1eHUR 3Hepzeru'lecKux ypoeHeu nS-3KcuroHa: a) - Henoo
BUJtCHblu nS-3KCUTOH, 6) - OBUJIC)IU4UUCJ! nS-3KCUTOH. 

nP ·3KCHTOH HMeeT 24 COCTO.RHH.R, xapaKTepH3YIOIUHXC.R CJie~yiO

IUHMH KBaHTOBhlMH liHCJiaMH : 

3 
j = -, 

2 

e = 1, 

M =±~ + 1 
2' -2 

m = 0, ± 1 

1 1 
S=- a =±-

2 ' 2 . 

Be3 o 6 Meuuoro B3aHMo~eHCTBH.R ueno~mKHhiH n P-3KCHTOH 

5 3 1 
HMeeT TpH y poau.R 3HeprHH E 

1 
( F = 2 ), E

2 
( F = 2 ) H E

3 
(F = 2 ), 

3~ecb F = j + l . C yqeToM o6Meuuoro B3aHMO~eifcTBH.R nocne ~Ha
roHaJIH3auHH MaTpHUhi }{ 0 + H exch BH~HM, liTO nP-3KCHTOH pac

menJI.ReTC.R Ha 12 ypoBHeH C COOTBeTCTBeHHhiMH cPYHKUH.RMH, ~B
~.RIOIUH~HC.fl KoM6HHauH.RMH <PYHKUHH I J, J 2 ( F, F2 ) >, r~e J = 
s + F. 

HTaK, B 3TOH pa6oTe Mhi nonyliHJIH cxeMhi pacmenJieHH.R 3Hep

reTHlleCKHX ypoaueif 3KCHTOHa a cocro.RHH.RX I nS I H I nP I H3·3a 

06MeHHOrO B3aHMO~eHCTBH.fl . 
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Puc. 2. CxeMa pac1J4en/leHWI ypoeHeu 
3Hepzuu nP-3KCUTOHa. 

.ABTopbi Bbipll)IQU()T 6naro.z;;ap-
HOCTL aKaAeMHKY Hryeey BaH XLey 
3a DOCTaHOBKY 3aAa1BI H DOMOmL 
DpH BbiOOnHeHHH 3TOH paOOTbl. 

---~E:2~----~~~~~~ 

RHTepaTypa 

1. Hoang Ngoc Cam, Nguyen Van Hieu, Nguyen Ai Viet. - Ann.Phys., 
1985,164,172. 

2. Cho K. Exciton, Springer-Verlag, Berlin- Heidelberg - New York, 
1979. 

3. Skettrup T., Balslev I.- phys.stat.sol., 1970, ~0, 93. 
4. Cho K., Suga S., Dreybroat W., Willmann F.- Phys.Rev., 1975, 

Bll, No.4, 1512. 
5. Suffczynski M., Swierkowski L., Wardzynski W. - Phys.C, Solid 

State Phys., 1975, 8, L52. 
6. Kiselev V.A., Zhilics A.G. - Sov.Phys. -Solid State , 1972, 13, 

No.8, 2008. 
7. Suffczynski M., Swierkowski L. - Optics Com., 1976, 17, 184. 
8. Fishman G.- Ann.Phys., (Paris), 1980,5, 5. 

PyKonHcL nocryDHna 13 anpena 1988 ro.D;a. 
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KpaTKUe coo6U4eHW1 OHJ/H N°5 (31]-88 JINR Rapid Communications No.5 (31]-88 
YAK 629.039.553 . 

P A.[(I1AUI10 HHOE YTIP01JHEHI1E UI1PKOHI1H, 
OEJIYl{EHHOrO T.H)I(EJlhiMI1 110HAMI1 11 HEATPOHAMI1 

A.IO . .[(H,ll,hiK , 
B .A.CKypaToB, 
lOu .[(ron Mau 

B.ManHHOBCKHH, 
K .Xaaan'laK, 

B.M.Ha3apoa, 
A.Xo<t>Mau, 

11.JI.CarnHH, 
B.A.IUeronea, 

Hccrreaosanoc& pan.Hau,HolOioe yrrpotiHelOie IUipKoHIDI, ofirry'leH
Horo HoHaMH HeoHa (E i = 230 MJB) H HeifrpoHaMH (En > 0,1 MJB) 
B OllHHaKoB&IX ycrrosHHx. HJMepHJiac& llOJOBliJI JaBHCHMOCTb HJMe
HelOIH rrpeaerra reKy'lecm i\a0 , 2 or llOJbi o6nylJeHIDI. IloKaJaHo, 
'ITO llOJOBliJI JaBHCHMOCTb B TOM H B /lpyroM CJiy'lae HMeeT HlleH
TH'IHbiH BH/l, Ho rrpH o6ny'lelOIH HeifrpoHaMH orrpeaerrelOI&IH J4>-
4>eKr yrr potiHeHH.II llOCTHraeTC.II rrpH llOJe IIOBpel!QJ;eiDfJI, B 10 pa3 
MeHbWeif , '!eM II pH o6ny'leHHH HoHaMH HeoHa. 

Pa6or a BbiiiOJIHeHa B naooparopHH .llllepHbiX peaKIUIH H naoo
paropHH Heifrpo101oif 4>HJHKH OHJIH. 

The Radiation llardening of Zirconium After 
the Bombardment by Heavy Ions and Neutrons 

A.Yu .Didyk et al. 

The radiation hardening uf zirconi~m after the bombardment 
by Ne ions (Ei = 230 MeV) and ' by neutrons (En > 0.1 MeV) under 
the ~arne condition.s was investigated. The dose dependence of the 
yield stress change !\a 0 . ~ was measure? . it-is shown that the dose 
dependences are identical in both cases, but a certain effect of the 
hardening after neutron bombardment is achieved at a dose 10 ti
mes sma ler than in the case of Ne bombardment. 

The investigation has been performed at the Laboratory of Nuc
lear Reactions and Laboratory of Neutron Physics, JINR. 

I UHpKOHHR RBJIRIOTCR OCHOBHhiM KOHCTpyKUHOHHhiM 
MaTepHaJlOM 3neMeHTOB aKTHBHOH 30Hhl R,nepHbiX peaKTOpoB Ha 
TennoBhiX ueifTpouax, 6naro.napR BhiCOKOH pa.nuauuoHHOH CTOH
KOCTH H MaJlOMY Ce'leHHIO 3aXBaTa HeHTpOHOB/ 1-3/ . PaccMaTpHBaeT
CR TaK>Ke B03MO)KHOCTb npHMeHeHHR cnnaBOB Ha OCHOBe UHpKOHHR 
B Ka'leCTBe MaTepHaJlOB nepBOH CTeHKH TepMOR,nepHOfO peaKTO· 
pa 1 2- 5-:' B CBR3H c 3THM 6onbwoe BHHMaHHe y,nenRe-rcR uccne.noaa
HHID MeXaH_H'IeCKHX CBOHCTB o6nyqeHHOfO UHpKOHHR, B 'laCTHOCTH, 
H3y'leuuro HH3KOTeMnepaTypuoro pa.nuaunoHHoro ynpo'IHeHHR u 
oxpyn'IHBaHHR15- 71 . 
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)l;JIH fiOHHMaHHH npOI~eCCOB, npHBO.D.HII.UiX K !l>op MHpoBaHI-UO 
.D.e<l>eKTHOH CTpyKTyphi, OTBeTCTBeHHOH 3a H3MeH~HHe !l>H3HKO-Me
xaHHtJeCKHX CBOHCTB MaTepHaJIOB, HapH.D.Y C peaKTOpHhiMH HCCJie
.D.OBaHHHMH 60JibWOH HHTepec npe,D,CTaBJI.fUOT pe3yJibTaThl 3Kcne
pHMeHTOB C HCfiOJib30BaHHeM ny'IKOB pa3JIH'IHhiX 3apH:lKeHHhiX qac
THI.l. ConocTaaJieHHe .D.aHHhiX o6 H3MeHeHHH MexaHHtJecKHx cao8CTB 
'IHCThiX MeTaJIJIOB, Bhi3BaHHhiX o6nytJeHHeM JierKHMH H TH:lKeJibiMH 
HOHaMH, H npH HeHTpoHHOM o6nyt~eHHH, CBH,D,eTeJibCTByeT 0 Ka
tJeCTBeHHOM COBna,D,eHHH xapaKTepa ,D,030BhiX 3aBHCHMOCTeH pa
,D,H~OHHOrO ynpotiHeHHH 1 9 - 101. HecooTaeTCTBHe a cTeneHH H3Me
HeHHH CBOHCTB MaTepHaJIOB, o6JiytJeHHbiX pa3HhiMH tJaCTHI.laMH B O.D.H
HaKOBhiX ycnoBHHx .n.o paBHhiX .D.03 noBpe:lK.D.eHHH, CTHMynupyeT 
npoBe,D,eHHe ,D,aJibHeHWHX 3KCnepHMeHTOB B 3TOM HanpaaJieHHH 
c l.leJibiO ycraHoaneHHH o6mux 3aKOHoMepHocre8 pa.D.Hal.lHOHHo
CTHMYJIHpoBaHHhiX H3MeHeHHH MeXaHH'IeCKHX CBOHCTB TBep,D,biX TeJI. 

B HaCTOHII.leH pa6oTe H3yt~anocb pa,D,H~HoHHoe y npotiHeHHe 
l.lHPKOHHH, o6nyt~eHHoro HOHaMH' Ne c 3Heprue8 230 M3B H HeHTpo
HaMH cneKTpa .n.eneHHH ( c E > 0,1 M3B) . 

MeTO.D.HKa 3KcnepHMeHTOB 

B . 3KcnepHMeHTax ucnoJib30BaJIHCb o6pa31.lhl H3 l.lHPKOliHe
BOH !l>OJibrH TOJimHHOH (22± 0,25) MKM. 06pa31.lhl HMeJIH CTaH
.D.apTHyiO !l>opMy C pa3MepaMH pa6otJeH tJaCTH (15x3) MM . lJHCTOTa 
MaTepuana cocraaJIHJia 99,97%. OpHMeCHhiH cocraa (B s ec.%) npH
Be,lleH B Ta6JIHI.le. 

Cr-0,0011 
Ge -o,0019 
Fe -0,0050 
Hf-0,0027 
N- 0,0025 

Mg-0,0001 
Ni- 0,0002 
Mn-0,0001 
Cd- 0,0001 
H- 0,0011 

Pb -0,0010 

v- 0 ,0001 
Cu- 0,0005 
Mo-0,0020 
c- 0,0050 

Ta6.nuija 
Sn - 0,0001 
Zn - 0,007 
Ti - 0,0005 
Al - 0,0050 

TonmuHa o6pa31.lOB Bhi6Hpanacb H3 Tex coo6pa:lKeHHH, tJT06hi 
nJIOTHOCTb C03,D,aBaeMhiX pa,D,H~HOHHhiX .n.e!l>eKTOB 6biJia npH6JIH-
3HTeJibHO O.D.HHaKOBOH no BCeH TOJimHHe otlpa31.la. B HaiDeM CJiyqae 
HeO,D,HOpo,D,HOCTb pacnpe,D,eJieHHH pa,D,H~HOHHhiX .n.e!l>eKTOB COCTaB
JIHJia He 6onee 10%. B TO :lKe BpeMH npH TaKOH TOJimHHe o6pa31.lOB 
MaTepHaJI MO:lKHO C'IHTaTb 06'beMHhiM, TaK KaK pa3Mep 3epHa B Ha
WHX o6pa31.lax COCTaBJIHJI B Cpe,D,HeM 7 MKM (pHC. 1). 3TO ,D,OCTHril
JIOCb nyTeM OT:lKHra o6pa31.lOB B BaKyyMe npH ,D,aBJieHHH 10-, 3 fla 
B TetJeHHe 20 MHH C nOCJie,D,yiOII.lHM Me,D,JieHHhiM OXJia)f(,D,eHHeM ,D,O 
KOMHaTHOH TeMnepaTyphl. TeMnepaTypa H BpeMH OT:lKHra no.D.6Hpa
JIHCb TaKHM o6pa30M, 'IT06bi npoH30WJia fiOJIHaH peKpHCTaJIJIH3~H 
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Puc. 1. 3epeHHQJl crpyKrypa o6pa3140B Zr (yee/IU'IeHue x 500) . 

xono,n;Ho-.n;e<t>opMHpoBaHHOH <t>onLrH. KpoMe Toro, 6LmH npoae,n;eHLr 
H3MepeHHR npe,n;ena TeKytJeCTH Ha Heo6JJytJeHHLrx o6pa3Qax Tonmu
HOH 0,4 MM H 22 M~M C TOH )l(e CaMOH BeJIH'IHHOH 3epHa (7 MKM) . 
B nepaoM cny qae npe,n;en TeKytJecTH cocraaJJ.fiJJ 204 Mlla, ao BTOpoM 
202 Mlla, T .e. pa3HHQa 6biJia He3HatJHTeJJbHOH. 

06JJytJeHHe o6pa3QOB npOBOAHJJOCb BbiBe,D;eHHbiM Ha B03AYX 
ny1JKOM HOHOB Ne c 3Heprueu 230 M3B. Bo apeMR o6JJyqeHH.f1 o6pa-
3eQ OXJJ~aJJC.fl OOTOKOM C)l(aTOrO B03,n;yxa. B 3THX yCJIOBH.fiX TeM
nepazypa o6pa3Qa He npeaLrlllana 100°C. 06pa3Qbi o6JJyqanucL 
,D;O ,ll;03 B HHTepaane 5-10 1L 6.10 15 HOH/CM 2 OpH cpe,n;HeH HHTeH
CHBHOCTH OOTOKa HOHOB 10 11 1/CM ~ C. 

)ln.R cpaaHeHH.fl 3<P<PeKTOB pa.n;HaQHOHHOrO ynpotiHeHH.fl npH 
o6JJy1JeHHH T.fl)l(eJibiMH HOHaMH H HeHTpOHaMH o6pa3Qbi H3 O,ll;HOH 
cepHH o6JJy1JaJJHCb B HMnyJJLCHOM peaKTOpe 11BP-2 Ha KaHane ycTa
HOBKH PEr AT A1 121 . YcnoaHR o6nytJeHHR 6LIJJH cne,n;yromue. llnoT
HOCTL OOTOKa HenTpoHOB C 3Heprueu E > 0,1 M3B COCTaBJJRJJa 
1,4 ·10 16 1/cM 2 c (a HMnynLce 2,5-10 18 ) . qacroTa cne.n;oBaHH.fl 
HMnyJJbCOB - 5 rQ, .IUIHTeJJbHOCTb HMDYJJLCa - 220 MKC. TeMnepa
Typa o6nyqaeMbiX o6pa3QOB (100± 20) °C (He npeBbiillana 100°C). 

llocJJe o 6JJy1JeHH.fl HOHaMH H HeHTpoHaMH o6pa3Qbi HCObiTbi
BaJJHCb Ha paCT.fl)l(eHHe CO CKOpOCTblO ,n;e<t>opMaQHH 5,5·10-5c- 1 Ha 
HCObiTaTeJJbHOH MalllHHe INSTRON-1121. 113 ,n;uarpaMM Hanp.R)I(e
HHe - .n;e<t>opMaQHR Haxo,n;HJJCR ycnoBHbiH npeAeJJ TeKytJeCTH u 0 , 2 . 
OTHocHTeJJbHaR norpelllHOCTb onpe,ll;eneHHR BeJJHtJHHbi u 

0 
He 

npeabrlllana 2%. • 
2 
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p ·e 3 y Jl b TaT bl U 0 6 C y":>K A e HUe 

,lJ;o30BaR 3aBUCUMOCTb npeAena Tei<y'leCTU Zr, o6ny'leHHoro 
uoHaMu Ne u HenTpOHaMU, npeACTaaneHa Ha puc . 2. BHAHO, 'ITO 

. o6Jiy'leHUe npUBOAUT I< 3aMeTHOMY U3MeHeHHIO npeAeJia Tei<y'leC
TU a o6oux cny'la.RX. Ce'leHue o6pa3oBaHHH paAUa:QUOHHhiX Aecpei<
Toa UOHaMU Ne pacc'IUThmanoch no nporpaMMe, a I<OTopou noTepu 
3HeprUU Ha HAepHOe U 3Jiei<TpOHHOe TOpMO:>KeHUe onpeAeJIHJIUCb . 
no MeTOAy, npeAJIO:>KeHHOMY a pa6oTax 1 13•141. AHanoru'IHaH aenu
'IHHa AJIH HeHTpOHOB noJiy'leHa C UCnOJib30BaHHeM AaHHbiX, npu-
BeAeHHblX B/ 15/ . , 

3aBUCUMOCTU, npUBeAeHHble Ha puc . 2, AOCTaTO'IHO . XOpoiiiO 
OnUCbiBaiOTCH Bblpa:>KeHUeM BHAa 

rAe D - A03a noape:>KAeHHH, Bhipa:>KeHHaR aenU'IHHOH cMemeHHn 
Ha aToM (c.H.a.), 3Ha'leHHH napaMeTpoa: A= 48 Mlla u B = 
= 1· 10 4 (c.H.a.)- 1 (AJIH HenTpoHHoro o6ny'leHuH) , A = 59 Mlla 
uB= 5,3·10 4 (C.H.a.)-l(MHUOHHOroo6Jiy'leHUH). 

B npeAhiAymeu pa6oT/ 101 
, a I<OTopou ·uccneAoBan6cb paAua

QUOHHOe ynpo'IHeHue Ni, o6ny'leHHoro uoHaMu Ne a aHanoru'IHbiX 
ycnoaHHx, OTMe'lanoch, 'ITO npu oAHHai<oaou aenu'IHHe A03hi no
ape:>KAeHHH 60JibiiiUH npupoCT npeAeJia Tei<y'leCTU Ha6moAaeTCH 
npu HeHTpoHHOM o6Jiy'leHUU. llpu 3TOM AaHHble no eHTpoHHbiM 

·~ MOA I 

5,0 

lf,O 

3,0 

1,0 

1,0 

0,0 
f0"5 D, c.H.a. 

Puc. 2. 3aeucUMoCTb u3.MeHeHUR npeoena TeKyOJecru Zr, o611y 'leH· 

HOZO HeUTPoHa.MU (D) U UOHQ.MU Ne (•), OT 003bl paOUQijUOHHOZO 
noepeJtCdeHUR. 
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o6nyqeuuHM 6panucb H3 JIHTepaTypbi. TaKoe cpasueuue ue acer.n.a 
Ha,l].e)I(}{O, TaK KaK ,l].ll)Ke He60JibUJHe pa3JIH'IIDI B npHMeCHOM COCTaBe 
H3yqaeMbiX MaTepHaJIOB, HCHOJib3yeMbiX B pa3HbiX paOOTax, MOryT 
HOBJIHHTb Ha CTeneHb ynpOtJHeHHH. B HaCTO.flll~eH paOOTe HCHOJlb30-
BaJICH O,l].HH H TOT )J(e MaTepHaJI, H YCJIOBHH 06JiytJeHHH 6hmH npaK
THtJeCKH H,lJ.eHTHtJHbl. ll03TOMY cpasueHHe CTeneHH BJIHHHHH Ha ynpoq
HeHHe HeHTpoHHOrO H HOHHOrO o6JiytJeHH.fl .fiBJIHeTCH 3HatJHTeJibHO 
6onee onpe.n.eneHHbiM. 

KaK BH.D.HO H3 puc . 2 , o.n.uuaKOBbiH ypoaeub pa.n.uanuouuoro 
ynpoqueHHH Zr , o6nyqeuuoro ueH:TpoHaMH H uouaMH, ua6mo.n.aeTcH 
npH ypoBH.fiX HOBpe)l(.lJ.eHHH, OTJIHtJaiOutHXCH 6oJiee, tJeM Ha HOp.fi.D.OK; 
O,lJ.HOH H3 npHtJHH TaKOrO paCXO)J(,l].eHHH MO)J(eT 6biTb pa3JIHtJHe B 3Hep
reTHtJeCKHX cneKTpax nepBHtJHO-Bbi6HTbiX aTOMOB (llBA), reuepH
pyeMbiX 3THMH 6oM6ap.n.upyiOutHMH qacTHUaMH. CnexTp llBA npu 
HeHTpOHHOM 06JiytJeHHH HBJIHeTCH 6onee ")J(eCTKHM". 

Onpe.n.eneHHYIO pOJib MO)J(eT TaK)J(e HrpaTb pa3JIHtJHe B CKOpoCTH 
o6pa30BaHHH pa.zt.HaUHOHHbiX .n.e¢eKTOB. TaK, B CJiyqae HOHHOrO o6ny
qeHHH CKOpOCTb .n.e¢eKT006pa30BaHHH COCTaBJIHJia 1,6· 10-7 C.H.a./c, 
B TO BpeMR KaK ,l].JIR HeHTpOHHOrO o6JiytJeHHH - 3,6·10-lOc.H.a./C. 
Bonee BbiCOKaR CKopocTb o tipa30BaHHH .n.e¢eKTOB MO)J(eT npHBo.zt.HTb 
K YCKOpeHHIO AH¢¢Y3HOHHbiX npoueCCOB H, CJie,lJ.OBaTeJibHO, K ycH
JieHHIO pa,u.Ha.QHOHHOrO OT)J(Hra .n.e¢eKTOB BO BpeMR o6JiyqeHHH. 
He RCHO TaK)J(e, KaK MOrJia HOBJIHHTb Ha pe3yJibTaT HMHYJibCHOCTb 
HeHTpOHHOrO o 6JiyqeHHR. 

ABTOpbi Bblpll)KaiOT 6naro.n.apHOCTb aKa.n.eMHKY r .H.<l>nepoay 
3a BHHMaHHe K pa6oTe, a TaK)J(e nepcOHaJI yCKOpHTeJIR Y-400 H 
peaKTopa HBP-2 3a xopornee o6ecneqeuue HarnHx 3KcnepuMeHTOB. 
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