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1.Introduction and review of activities

The present report contents a brief review on nuclear deta

activities in the GDR during the period between the XIV-th

end XV-th I¥DC meetings as well &s selected contributions

representing important parts of the whole programme and a

bibliography of recent nuclear data publications at the TUD.

L more detzilled informetion on nuclear research activities

in the GDR is presented in the annual report "Gemeinsamer

Jahresbericht" (ZfK - 559,1985) which is distributed to the

I37DC Membters at the XV-th meeting (with the document number

IXDC(GDR) - 41/G ),

The national nuclear data coordinstion group "Arbeitsgemein=

schaft Kerndaten" continued its activities directed to the

requirements of the industry as well as the research institutes.

The seguence of amzll annuzl Internmational Symposia on Nuclear

Physice at the TU Dresden (Gaussig) was continued with the

XV-th ISNP/Nuclear Fission,Gaussig,November 1985 (the proceedings

are in press).The proceedings of the previous meeting of this

type - the XIV-th ISIP/Neutron Generators are distributed to

the INDC members at the present TNDC meeting (with the document

numbers I'DC(GDR) - 40/G and ZfK-562,July 1985).

The following data programmes have been carried out in the repor=

ting period:

. experimental and theoretical investigations of the 252-Cf
spontaneous fission neutron spectrum;

.measurements of sbsolute figsion cross sections using the TCAPM;

« measurement and theoretical analysis of DDCS for neutron emission;

o evaluations of nuclear data for Ph,Si =nd X¥b,
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2.5=1ected origzinzl contributions to the field of experimental

end theoretical nuclear data work

In the following the originel publications and short reports
of a view works in the nuclear data field in the GDR 1985/£6
are compiled,Thzt are mzinly works which ere carried out in
cooperation between the TUD and other institutes in the GDR
end with international partners:

1. Mew experimental and theoretical results of the energy and
angular distribution of 252-Cf fission neutrons
( TUD/Zf¥-cooperation)
2.Enerzy and zngular distribution of 252-Cf fission neutrons
in the low enerzy range
( TUD/ZfX/CRIP Budapest- cooperstion)
3., Absolute fest neutron fission cross sction nmeesurermets of
235~U and 239-Pu using the TCAPM
( TUD/RI lLeningrzad - cooperation)
4, Temperature shi’t of neutron resonances
( TUD/JITR Dubna - cooperztion)
5e Desigh of 2 multi-purpose intense neutron generztor
(TUD/IPFT Obninsk - cooperation)

Further wore the nuclecr date work was accomplished in cooperation
with the IAE Yoseow, the ZIE Leipzig end the IP Brztislave, the
Univ.Debrecen and the PT3 Braunschweig. Cf special significance
wces the close cooperction with the IAEL Nuclear Detz Section.
Than%s to 21l the mentioned institutes is expressed herewith.
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NEW EXPERIMENTAL AND THEORETICAL RESULTS OF THE ENERGY AND
ANGULAR DISTRIBUTION OF CF FISSION NEUTRONS

H, Miérten, D, Richter, D, Seeliger,
Technische Universitdt Dresden, GDR

W.D. Promm, W. Neubert,
Zentralinstitut fir EKernforschung Rossendorf, GDR

Agstract

Employing a dlrectlon-senSItxve method of fission fragment
detection in conjunction with peutron time~of-flight spectros~
copy the energy and angular distribution of CT fission nmeutrons
bhas been measured. The correlation experiment and multi-
parameter analysis is briefly described. ¥ present first
experimental data which are compared with statistical-model
calculations in the framework of the complex cascade-
evaporation ‘model as well as an extended versicn of the
generalized Madland-Nix model. -

1. Introduction

A detailed study of the mechanism of fission neutron emission is
only possible on the base of a precise meazsurement of H(E, G.P )
(Pp~fragment paraneter set) or at least N(E,8) as recommended by
an IAEA Consultants’ Heeting

" Such investigations are important because of open fundamental
questions (scission neutrons) as well as for practical purposes
(development of models for the calculation of fission neutron
8pectra).2 Concerning asymmetric fission reactiouns, @ is defined
as the angle between neutron and light fragment direction
commonly, In any case of N(E,®) measurements, the determination
of the fragment direction and the distinction between the

light and the heavy fragment group have to be arranged. On
principle, the following methods of the N(E,8) measurement can
be applied: ' '

1) De?ection of the fragments at a fixed direction;
use of one neutron detector and consecutive



mcasurement of the neutron energy spectra for
selected angles.3

ii) As item(i), but use of several neutron detectors
(multidetectorsystem) to measure N(E,8) at the selected
angle points. simultaneously (Ref. .4 but without
distinction of light and heavy fragments).

iii) Use of only one neutron detector and application of
" a direction-sensitive method of fragment detection.

The method according to item (iii) implies the simultaneous
measurement of the whole N(E,@) distribution applying only one
neutron detector, Systematic errors concerning the other methods
are avoided obviously. Two papers concerning a type-(iii)
experiment have been published recently.5’6 These arrangements
‘rely on the use of a gridded ion twin chamber’ and a double-PPAC
set-up (one position~-sensitive) - to be described in this paper
in more detail - respectively;

2. Exoerimental arransement

A scheme of the fragment-neutron correlation experiment is
represented in Fig. 1.

. Fig. 1

A N
ea N el add Schematic representation of the
j T experimental arrangement
vl (S - 252¢cf source, PPAC -
o I parallel-plate avalanche counter,
ay } PPAC(PS) - large PPAC, position-
i sensitive, N1,N2 - NE 213

' scintillators for neutron
detection, FF - fission frag-
ment direction).




-3 =

The fragment detection set-up consieting of two differant
parallel~plate avalanche counters’ (PPAC) is mounted in a thin-
wall chamber with low-pressure heptane (~ 1 03?&). .

The single PPAC located beside the fission sample 8 (5 mm ,
sormal distance) provides a timing signal for fragmeat time-of=-
£light (T0F) and neutron TOF spectroscopy. '.

A large position-sensitive PPAC (35 x 180 m ), whose cathode
is subdivided into 36 strips of 4.5 mm width, serves for the.
measurement of fragment direction (Fig. 1). L

The PPAC(PS) sirip signals are coupled into a delay line
inductively (220 ns maximum delay). Measuring the time difference -
between the PPAC(PS) anode sigral and the delsy line pulse one
gels the position (fragment directicn) information (Fig.‘3).

The pormal distance between both PPAC emounts to 170 mm, The
FP-TOF measurement enables the distinction between lisht and
heavy fragment group.

Two identical neutron detectors con51st1ng of NE 213 acxntillator
and XP 2040 photomultiplier are located as shown in Fig. 1. The
neutron flight paths amount to 1.6 m. n/y-discrimination is used
to suppress the background, '

Fragmeut TOF, fragment direction and uneutron TOF of the two
neutron detectors are measured employing a multi-parameter data
acquisition system with KRS 4201 computer, magnetic disc and an
"universal amicroprocessor-controlled aet-up for the handling of
two-dinensional spectra.

:ypxcal single spectra are shown in Pig 2 and 3.

Fig, 2

dypical FPF-TOF spectrum

{ for a selected FF-direc-

{ tion, The arrow indicates
the divi point for

: the distinction of light

1 eaod heavy fragment group

1 (X, H)o




o S S S Fig. 3

Typical position
spectrum exhibiting
36 resolved peaks

| which correspond to
: the PPAC(PS) strips.
. 0} b ‘&, ‘M . .
P By ’é p— Am . )

o} ]

ooMSs per ohennel

channel nuaber (pasition amplituce)

3. Data analysis

The dividing line between heavy and light fragment group is a
function of FF-direction {position amplitude) due to the
position-dependent FF flight path (Fig. 1). The sorting code
generates the two-dimensional (meutron TOF, position)-spectra
for both fragmert groups on the basis of channel limit table to
be determined from the analysis of the non-correlated (¥F-TOF,
'pbsition)-spectrum. The latter ome is also used to deduce the
geometrical efficiency of the PPAC(PS), which was found to b2
identical for both fragmaut groups and equal to the geometric
calculation (within the uncertainty of the PPAC(PS) strip aresa,
~i.e. aboat 1 ®). The correlated position spectra deduced for
selected neutron energy intervals are unfolded by the use of a -
‘rather simple Gaussian-fit algorithm. The peak area for a given
- FF direction (angle 6) and a selected E interval divided by the
geometrical efficiency of the PPAC(PS) strip is proportional to
) .N(Eoe) . . )

-

4, Results

The experimental arrangement described above was employed to
measure N(E,8) of neutrous from 2°2Cf£(sf). This reaction

- represents a "standard™ subject for the study of fission nsutroun
emission,
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' Using the FP-TOF measurement for the L/H distinction (cf. Fig. 2)
" a small part of the fragments (about 2.5 %) is mnot correctly '
classified for physi.cal (FF-T0F is a function of fragment kinetic
-energy per nucleon) as well as experimental reasons (time resolu-
~tion). This effect concerning the uncertainty of N(EB,8) data was
~ “estimated to be of minor importance. A pert of the results of a
500—h-neasurement carried out with a thin Cf source on Ta backing
with 10 f/s strength is shown in Flg 4,

m. 4

Measured angular distri-
butions (histograms) for
2, 3, 4, and 5 HeV in
comparison with the data
of Bowman et al.3 The
statisiical errors are
about 3 and 5-8 % in polar
and equatorial direction,
respectively.

RLELT LT LY B

'~ The original data points (3.1 deg angular resolution) have been

» concentrated for 5 deg angle bins. We considered the random back-
~ ground and the background due to scattered neutrons, The latter
part has been measured by the use of Fe shadow cones.

At energies below 3 MeV, the angular distributions are in excellent
sgreement with the data ‘of Bowman et al.3 The measured anisotropies
for E above 4 MeV are considerably higher than previous data>’®
. in agreement with recent measurements carried out at CHNM Geel?

_ and TV Dresden/CINR Rossendorf.® fhe angular distributions can be
reproduced by calculations performed in the framework of the
complex cascade evaporation model (CJBH) -as well as an extended
- version of the generalized Madland-Nix model (GMNM 2) (Figs. S, 6).
Fo arbitra:y normalizations have been included. Both the CEM and
the GMHM yield a very good description of the 252@!(3:!) energy
spectium,? Calculated sngular distributions are similer.

A more thorou.gh comparison between experment and theory is in

. progress,
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9, Conclusions

The experiment described render it possible to measure N(E,8)
for the whole angular range simultaneously. This guarantees a
high accuracy of the shape of angular distributions.

Complex statistical-model approaches, which are based on the
assumption that all neutrons are emitted (evaporated) from fully
accelerated fragments, have been used to reproduce the data
satisfactorily. #ithin the uncertainty of experimental as well as |
theoretical results, no indioationa of other emission mechanisms
have beea found.
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ENERGY AND ANGULAR DISTRIBUTION OF zsng FISSION NEUTRONS IN THE LOW

ENERGY RANGE

H. Marten, D. Richter, D. Seeliger
Technische Universit&t, Dresden, G.D.R.
W. Neubert
Zentralinstitut fiir Kernforschung, Dresden, G.D.R.
A. Lajtai
Central Research Institute for Physics, Budapest, Hungary

Abstract

Experimental and theoretical investigation of the emission of prompt
fission neutrons provides information of both practical and fundamental
importance. Prompt neutrons from spontaneous fission of 252Cf, adopted as
an international standard have a special significance.

As it is well known the energy spectmm of prompt fission neutrons from
spontaneous fission of 252Cf can be described by a Maxwell distribution with
a parameter of T=1-42 MeV. The different model calculations can reproduce
the measured spectra within 10 percent. More precise double differential
spectrum measurements are in progress at the TU in Dresden and at CENM in
Geel.

In the low neutron energy range, 50 keV-1.2 MeV, NE-912 glass detectors
enriched in 6Li and with an absolutely determined efficiency at a distance
~of 350 nm from the target have been used for neutron detection. The fission
fragments have been detected by two parallel-plate avalanche detectors,
one of which, 5 mm far from the target gives the stop signal, while the
other 35x180 mm large position sensitive detector at 72 mm far from the
source divided into 36 segments of 4.5 mm width records the direction of
fragment®s flight. The distance between the two avalanche detectors, a flight
path of 67 mm serves the distinction between the light and heavy fragments.
The angular distribution of neutrons have been measured by a £6=6.5° resolu-
tion in the 0°-180° region. The effect of scattered neutrons and delayed
gamma-rays have been measured.

The experimental results have been compared with those of Bowman et al
at two energies. The agreement is very good at 1 MeV, while at 0.5 MeV there

is a small deviation.
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Several years ago we have measured the energy distribution of neutrons
from spontaneous fission of 252Cf in the energy range of 0.03-1.2 MeV (1).
In accordance with the measurements of Blinov et al (2) we found no excess
neutrons at this energy region relativeto the Maxwell distribution of
T=1.42 MeV. However, to get absolute spectrum values the determination of
the absolute efficiency of NE-912 6Li glass detector was unavoidable (3).

A new measuring method (4) has been worked out at the Technical
University Dresden in cooperation with the Rossendorf Research Institute for
the measurement of the energy and angular distribution of neutrons from
252Cf for neutrons with energy above 0.8 MeV. So, it seemed to be obvious to
combine this new method with 6Li glass detector of known efficiency, to
measure the neutron angular- and energy distribution in the 50 keV-1.2 MeV
range.

The measdrement was motivated by the following reasons:

1. There are no data at low energies in the full solid angle region.

2. The experimental data can be used to select between the different
theoretical calculations of neutron emission probability, and especially
to test the existence of the so called scission neutrons, and the re-
liability of the input nuclear data of the calculationms.

3. IAEA NDS’s recommendation in accordance with californium standardization
program. _

The measurement of californium prompt fission neutrons at low energies
and different angles has been performed in Rossendorf. The neutrons have
. been detected by two NE-912 glass detectors enriched in 6Li using time-of-flight
method. The flight path was 350 mm. The fission fragments have been detected
by two parallel-plate avalanche detectors, one of which, 5 mm far from the
source gives the stop signal, while the other 35x180 mm2 large position sen-
sitive detector at 72 mm far from the source, divided into 36 segments of
45mm width, records the direction of fragment’s flight. The distance between
the two avalanche detectors, (67 mm) ensures the distinction between the
light and heavy fragments by time-of-flight method. The experimental setup
is shown in Fig. 1. A special diaphragm system of thin aluminium foil re-
duced the fragment’s angular dispersion in the polar direction. It diminishes
the geometrical efficiency of fragment registration but it g1ves a better

angular resolution for neutrons at 0° and 180°

»
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The geometrical efficiency of position sensitive avalanche detector
with the diaphragm at the different angles is shown in Fig. 2.

The system provides 3-3.5° angular resolution for the fragment
detection, while the NE-912 9.5 mm thick, 4.5 cm in diameter neutron
detectors at 350 m@ far from the source increase the total angular resolu-
tion up to 6.5°.

Among the disturbing background-effects the most important is the
neutron scattering background. This can cause an enhanced neutron detec-
tion at low energies. We have determined this background with a 140 mm
thick Fe shadow cone. The other part of the background is the contribution
of delayed gamma-rays, which was measured separately by a NE-913 7Li glass
detector of the same size.

We measured the neutron spectra (Pi(t,e)) with NE-912 for 900 hours,
vhile with shadow cone for 100 hours (Pz(t,e)) and the delayed gammas for
107 hours (P3(t,6)).

At the data evaluation we have assumed the approximate angular in-
dependence of scattered neutron spectra and delayed gamma spectrum, because
the measuring conditions are the same for all direction of neutron detection.

We get the background-corrected neutron spectra at each of the
36 angles, .
N(t,0) = P, (t,e)-Pz(t—G)-P3(t,6)

for the heavy and light fragments _respectively,

The detailed procedure of data analysis is described in Ref. (5).

Results

The experimental results can be seen in Figs. 3 to 6. At the lowest
evaluated energy of En=0'125 MeV (energy bin 0.1-0.15 MeV) the angular
distribution is practically isotropic (Fig. 3). The average statistical
error at the angular bins of the histogram is about 5 %.

A small enhancement was found at 0° and 180° at En=0'25 MeV (energy
bin 0.2-0.3 MeV) (Fig. 4). Because of the large neutron detection efficiency
the statistical error in this case was only about 3 Z.

At En=0.55 MeV (energy bin 0.5-0.6 MeV) the velocities of the neutrons
are approximately equal to those of the heavy fragments, whose energy/nucleon
%f'about 0.56 MeV. In agreement with Blinov (6) no dip was found at 180°.

Instead of that we got a slowly arising distribution. That behaviour can have
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two different reasons. First is to mention the relatively large velocity
dispersion of the heavy fragments which can smear out the possible effect.
Second, the absence of any dip can be caused also by the possibly different
behaviour of the compound-nucleus formation cross sections for light and
heavy fragments. The statistical errors are of about 9 Z. The shape of

the measured distribution agrees with the result of Bowman et al (7), but
the absolute values are somewhat different.

At 1 MeV (energy bin 0.95-1.05 MeV) the velocity of the neutrons are
approximatly equal to those of the light fragments, whose energy/nucleon
is about 0.99 MeV. In agreement with Blinov (6) dip was found at 0°
(Fig. 6).

The shape of measured distribution well agrees with the result of
Bowman et al (7).

The statistical errors are of about 11 Z,

The above results are based only one part of the measured data. The
evaluation of all the data and a comparison with theoretical calculations

are in progress.
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Abstract: Absolute fission croos-gection
measuroments of U-235 at 4,45 and 18.8 MeV and
of Pu-239 at 4.8, 8.65 and 14.8 MeV neutron
energies have been performed using ths Time-
Correlated Associated Particle Method (TCAPM).
Accuracies of ~ 2% were reached.

Absolute fission ocross-section measursments have been performed
(Tab.1 and Tab,2) in accordance with recommendations of the iAEA
/1,2/, applying the Time-Correlated Associated Particle Method
(Tcaru) /3,4/ at new neutron energy spot polnts. Neutrons were
produced in the D(d,n)3Bo and T(d,n)‘He reactions at the 5 MV
tandem accelerator of the CINR Rossendorf (GDR), using ~ 1 mg/cm2
thick target foils of deuterated polyethylene or 2-4 ng/cm2 thick
ssl fsupporting Ti-T targets, respectively.

To identify the associated charged particles (AP) in the presence
of a high background of scattered deunterons (rates z1053'1) and
alpha particles from (d,0()-reactions, a fast particle identifi-
cation system /5/ was developed based on a telescope comprising
two thin completely depleted Si(SB) detectors (Fig.1).

Fig.1: Simplified block
diagram of the AP
1dentification system

O S U p |




To detexmine the amount of not separated dackground within the
AT window, background spectra were recorded from target folils
without D or T. An example of the spectra for the correction
procedure is shown in Fig.2; the shape of the 389 peak in the
region of the ‘Be background peak used for the 4no spectrum nor-
maliaation was obtained from AP spectra measured in coincidence
with associated neutrons which were detected by a large scintil-
lator.
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Thin ﬁsuon foils (6 plates <300,ug/cm Pu-239; 5 plates

<500 pg/cm U-235) were placed inside a parallel plate ionisa-

tion chamber (FC) filled with methane. The chamber was adjusted

to the mim\ﬁn of the measured associated neutron cone profile,

which was completely intercepted by the active area of all fis-

sion foils. The short curremnt pulses (30-40 ns) were analysed by
means of a nanosecond stretcher /5/. This method allowed a high

fission fragment detection efficiency (> 96%) also at high alpha
activities of the fissile material (~ 9 MBq for 4 mg Pu-239).



Toe fissien foils of high purity (> 99.99£) were calibrated by
méans of low-geometry alpha counting.

¥issions were counted in coincidence with the registered AP; the
FWHM of the coincidence peak was 2-6 ns. A CAMAC system registe-
red pulse-height spectra of the fission chamber and the AP
channel as well as the time distridbution of AP-FC coinciden-

ces to perform the corrections needed. The FC spectrum (Fig.3)
was labelled with the FC timing signal to determine the timing
threshold (CFT), and with the AP-FC coincidence signal to obtain
the plateau extrapolation,
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Fig.3: Fissicn chamber spectrum of a Pu-239 measurement
at 3.65 MeV (measuring time: 82 hours)



Mean neutron energy ('.V) 4.4520.20 18.6%0.20

FVEM of energy distr. (MeV) 0.23 0.60
Erroy Brror
Corre oontr. COFFe gonty.

() (%) (% (%)

Counting of coinoidemees

- Statistics of effect - 1.26 - 1.01

- Random coinoidences 1.40 0.17 2,82 0.2t
Fission ohamber effiociency

« Correlated background - - 1.72 0.04

- Extrapolation to sero 1.18  0.26 1.61 0.16

~ Fragment absorption 2,00 0.85 .75 0.78
AP counting

- Background 2.2 0067 5.62 1.95
Neutron cone

- Neutron scattering 0.25 0.40 0.44 0.40

~ Effectivy fission foil

thickness due to the 0.05 0.05% 0.12 0.08

ocone aper. ire

Fissile layers

- Areal density - 0.93 - 0.93

- Inhomogenity - 0.72 - 0.72
Result G, (10~24on?) 1.05740.022  1.999% 0.045
Standard deviation (%) 2,10 2,25

Tab.13 Results, ocorrections and error contridbutions of the
presented TCAPM fission oross-section measuremmts on 235-U



Mean neutron energy {(MeV) 4.8%C.20 8.55%0.20 18.8%0.20

F¥HM of energy distr. (MeV) 0.25 0.45 0.60
Errorx Error Errox
Corxs conty, COFFe gonty, COTTe 4onty.
(%) (%) (%) (%) (%) %
Counting of coincidences
- Statilstics of effect - 1.27 - 1.08 - 2.52
-~ Random coincidences 0.64 0.11 1.86 0.17 4.55 0.63
Fisslion ohazday effioclency
~ Correlated background - - - - 0.34 0.13
- Extrapolatlon to sero 1.50 0031 1.0‘ 002‘ 2-51 0085
-~ Fragment absorption 1.21 0.46 1,20 0.4% 1.30 0.39
AP counting
= Background 2.30 0.%6 1.62 0.32 5.92 1.74
Neutron oone
« Neutron saattering 0.25 0.40 0.3 0.40 0.34 0.40
- Effective fission foll
thickness due to the 0.08 0.05 0.07 0.05 0.12 0.08
ocone aperture
Fissile layers
~ Areal density - 1.00 - 1.00 - 1.00
« Inhomogenity - 0.88 - 0.85 - 0.88
Result &, (10~?4on?) 1.740£0.035 2.350%0.044 2.4870.088
Standard deviation (%) 2.00 1.85 3.55

Tab.2: Results, corrections and error contridbutions of the pre-
sented TCAPM fission cross-section measurements on 239-Pu




Further offorts will be made 4o carry out more precise areal den-
sity measurements of fission foils.
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BBEAEHKE

Monomexne W GOPMa RAGPHMX PESOHAHCOB SaABMCAT, Boobme romopm,
o7 ycnosuit wabmogeHun, v.e. OT ycnoauii, B KOTOPWX HaxXORUTCA
Aannoe mapo. Hccneaym nameHeHue HabnopaemuX AQEPHUX PE3OHAHCOSB -
MONMHO MBYUSTH KAK CANO AAPO, TAK M €50 OKPYNEHME., ITH SONpocH
HMEDT HENOCPEACTEEHHOS OTHOWSHKHE K MeccGayapoackolh ramma-peso-
HAHCHOR CNEKTPOCKONUKM, FAG HSMEPARDTCA MEOMEDHME M TOMNEPATYpPHME
CABUTH PEIOHANCOB, CBOPXTOHKHE PACHENNEHMA, KPUCTARIIMUGCKME
nonn. x/paxtepucvuuu Pa308WK NBPEXOROd # T.A. /CM., HANPH~

70,27 /., MeccGayaposckue smHun oueHs YROGHW 8 2TOM OTHORE=

unu. NOCKONBKY OHK uUpessvaiinug YEKRM, M NOITOMY name HeDonsuwme
no abcoMTHOR BEMUNKHE BOSASHACTBMA Ha RAPO NPHUBOANT K GONbwuM,
NO CPaBHEMD C WHPHHOA CAMOR MecCOayIPOBCKOH MHKK, HIMEHEHUAM
NONOKEHUA M GOPMM aMMA~DBIOHAHCA. Nanpuueo, rennopatypnuﬁ CARKUr
PE3OHAHCA B KPHCTanNnax pased /8/ .

bT--(Ev/llo')AK. ’ y : . /"
rae AK - PAJHOCTHE CPEAHMX KMHETHUECKUX IHEPrUi BTOMOB NOTrNOTH-
Tens U UINYYaTenA, COOTHeTCTRYWNAan PasHOCTH TemMnepartyp AT-.T;-T;:

i--:— Fhva(hv)ctg(hv/ﬁ.‘l')dv. : ’ ' E 712/
0 | .

M= nx Macca, a p(v) - QoMOHHMA cnexTp kpucranna. flpu SMCOXMX
Temnepatypax supamenue /1/ npusoaut « sway

E ' :
B ~-3 . Y.y .ar. SRY:7/
T 2 M : '
Ovcona cneayet, uto npu wwpuwe nuumin 1078 3B u anepruw ramma=~
KBaNTa ~10 x3B, uTO xapaKkTepHO ANA Apep wenesa, UIMEHeHue

temnepatypw Ha 100 K npusoauT x casury peaoHaHca Ha 0,1 wwpumu
nmuvn. B cnyuyae me yunka warpesanue semectea Ha | K npusoant
K CABMIY PE3OHaHCa HA UENYD WMPMHY.

HelTpoHHHE PE30HAHCH, MX NOoNOWeHue W GOpMa Towe 388HCAT OF
sHewrnx ycnoewii. B/3/ Gunm paccumtaHu TeMmnepaTypHuit M XuMmuuec-
KMe CABMIM HEHTPOHHMX Pe3OHaAHCOoB. BuNO NOKasaHo, UTO CABMIW
MOrYT ROCTHIaTh COTeH MK3IB, oaHaKO 3TH CABMIM.Ha ABA-TPH NOPARKA
mMeHbuwe coBCTBEHHON WMPUHM HEATPOMHUX PEe3OHaAHCOB, NPHUUEM UMEeeTCR
ele M AONOAHUTENLHOE TeMNepaTypHoe ywupeHue, MOITOMY HIMEpeHHe

|



Maneix EMéennit npepcrasnreT colinit fOBONBHO TPYAHYD IKCNEPHMEH=
TanbRY danauy. Tem He Menee 3Ta 3apava, KaKk NOKa3LBaeT U3mgpe-
HWE XHMUUECKUX CABUIrOB HERTPOHHBX peaowancon ‘5ﬂ 8 HacToRAuee
Bpemi BHGAHE paapewmma.

B mactonuelt paboTe cAenaHa NONLITKA U3MEPHUTL Teunepatypuhns
CABUI HENTPOHHHX pe3oHaHcoB. MOCKONbKY cMeuieHue B AaHHOM Chyvae
_CYWeCTBEHHO MeHbue WWPHHL HabnogaeMoro peaoHaHca # TeMnepaTyp-
Horo yuupeHun’/8:7/ 1o 3a nonowexue PEIOHAHCA NPUHWUMAETCA NOMO-
MEHWE UEeHTPa TANECTM: . )

E E
E-f (o R (E) - E4E]/( fv (E)dE]. 1Y
E, Ey

rRe o, ~ pe3locHaAHCHaA 4acCTb NOSIHOFO CEUEHMA, & Npefeny WHTerpu=-
popatnA E, By Gepytca B Tex Toukax, rage ceuexuwe o (E) C AOCTHUr~
HYTOW axcnepuuentanbnoﬁ TOUHOCTHI MOKHO NONOMMTD paanuu Hynn:

5

Gn(El)"ﬂn(Eg)-Oo ) /S/

PaaymeeTca, Npu 3TOM HEOBXORUMO MMETH AEN0 TONBKO C HSONUPOBaH-
UMM pE3OHAHCAMM. TeMnepatypHuMm CABMIroM Ha3kBaeTCA BEeNMUMHA

AE - E(Tp-E(T). . 16/

TeoperTuuecKkue pacueThl TEeMnepaTypPHOro CMelleHHA pe3oHaHCOoB 3AQEecCh
nposefens 3aHOBO, NOCKoNbKy B/3/ yuTena Me BCA 3aBMCMMOCTM ce-
yeHMR OT 3IHepruu. PacueTn, nposBepeHHue 3fech, AANT BENUUHHY
TEMNEepPaTypHOro CMeweHWA ANA KPUCTANnos:

AEg = -(1/3A) . AK : /1

/ A= maccosoe uucno Aagpa/, Npu yCNOBMM, HTO HEWTPOHHAA WMPHHA
peaoHanca [, 3HAUMTENsHO MeHbwe NONHOW wHPHHH. CMeileHwe /7/
® 3 pasa mensue ykasanHora 8’3/, HO uMeeT TOT we 3HaK.

1. 3KCNEPUMEHT .

JKcnepuMEHT COCTORM B WH3IMEpeHWU nponyckanun obpasyos Dy, Rh »
AR Npu pasanuuHbix Temnepatypax 8 obnacrtu Huaxonemawmux Pe3OHAHCOB.
OH NPOBOAMNCA NO METOAY BPEMEHW NponeTa Ha WMNYNbCHOM peaKkTope
UBP-30,paboTaniiem 8 GyCTEPHOM pPEMMME C NIMHEHHWM yCKopUuTerneM
anexTponoa flyY3~40.

Cxema 3KCNEpPUMEHTa aHAROrWUHA TOW, KOTOPAA NPUMEHANACH - ANA
WAMEPEHUA XMMMUECKMX CABMIoB M NOAPoBHO onucava B/4.5/ Mponer-
nan Gasa coctasnana 60 M, anMTenbHOCTL uMnynbca Guna 4 mxc.
PerncTpaymA HENTPOHOB NPOM3BOAUNACH CUMHTHINTALMOHHLIM AETEKTOPOM
C NUTHeBbiM CTekNoMm u QoToyMHomuTenem O3I¥Y-49. Mpu usamepennn gea
oAuHakoeux 0Opasya npw paannunux Temnepatypax T; u T, BBOAMAMCH



t

Puc.l. Cnexyp no speneun npo- Puc.2. Cnexrtp no spexeus npo-
nera ana Dy,.Bupusa BpeMeHHOro nera pas Rh u Ag. Bspuua Bpenen—
xanana 4 mxc. . HOro xasana 8 mxc,

-

noouepano @ nyuok Ha 10 mun. Uepes xamawe 12 u vemnepavyps
o6pasuos wmenanace Ha Ty w T, cooTsercrsento. fonnoe usmeperne
MPCAONMANOCS HECKOMLKO CYTOK. 8 Cymmaprmie cnextpu anan obenx
TeMNepartyp sxoaAMNo OAMHAKOBOE KOMUYeCTso cCnexTpos ot oboux o6-
pasyos. Temneparypa o6pasyos NOAACPKMBINACH CNEUMANLHUMM CTaOKIM-
satopamu /8, inn ynpasneHun IKCNEPUMEHTOM W HAKONNBHUA CNEKTPOR
HCNONLIOBANACHE MANaA BuUWCNMTENsHAR MawnHa CM-3.

Dy umeer h pesoHasca 8 HM3KOIHEpreTuuecwoit obnacru
0,5<E,<5 a8, TAC WIMEPEHME MaMIX CABHIDOB HaUMEHeEe TPYAOoeM-
Ko. Oﬁpasuu umerm TonmMy 0,6 Mm w nnowaas 38 cm® anauenna Tem-
nepatypw T; «303+41 K, T;=370+43 K. flna xoHTpona Hyneaoro 3¢dexra
B NyuKke BCeraa Haxoaunace muwens W3 Sb, CymmapHuil cnextp ans
Teunepatypu T, nokaszaH Ha pwc. 1.

Aapa ‘°3Rhu 10940 ABNNNTCA CaMMMM NEFKMMM W3 TEX, UTO WMEDT
HUSKOnemMamuii pesoHanc. Pesoxancu 103Ry /Eq=1,257 3B/ w ‘°°Ag/i: -
=5,19 38/ momno Guno uccneqosate onuoupenem‘o. NOCKONBKY OMW ne
nepexpwsanvtca. 06pasys Rh umverm Tormuuwy 0,1 MM, a Ag ~ 0,05 mm,
Nnowans # Tex u APYrux COCTasnAna 81 cmu®.Nsuepennn nposopaunucs .
npu Temneparypax T, .—.29'0+2 K, Ty= 667410 K u 538+10 K. Ann wou-
TpONA ucnonsso-ancn oﬁpaaeu "3 Pd Ha | puc.2 npenc'runen cymmap-
HMif CNEKTP ANR TeMneparyps T‘ . HeonpegenenroctTe 8 Temneparvrype
CBA3aHa, rnasHuM O0Pa3aoM, C BOIMONHWM HEOAHOPORHUIM pacnpegense-
Huem Temnepatybu 8Aons noaepxHocTH obpasua.

JnepreTuuecKuil XOA CNEKTPa NARITWEro NYUKA MIMEPANCR 8 Aonon-
HATENbHUX IKCNEPUMEHTAX NPU OTCYTCTBUM HIYUYaeMmux MmuueHeR. 3Hep-
reTuuecKui e xog GoHa ONPeaeNnANiCA C NOMOWLD TOMNCTMX PESOHAHCHMX
MMIEHEN, KOTOPME B pe3cHaHCce NONHOCTLI NOrNOoWanT Naganwuid nNyuvox.

2. METOMH OGPAGOTKH CMEKTPOB
Temneparypume casuru AE.,. us H3IMEPEHHUX CREXTPOs onpegenanmcs

ABYMA He3lasucumuMM MeTOonamM. D nepsom metone (1) onpeaenserca
PA3HOCTh HIMEPEHHHX DESOHAHCHMX ceuenuil A, (E) = 0, (T, .E)-0, (T, . E).



Npu npasunsHOM onpefleneHn 3ITONR Pa3HOCTU AONKHO BLINONHATLCH
Ep
onR(E)dE-O. : ‘ ) /8/
E .
eénn E;, # E, eubpavn 8 coorsetcTsuu c ycnosuem /5/. NpaxTuueckn,
ofjHako, ycnosue /5/ CTporo He BHLINOMHAETCA U NPUXOAUTCA BBOAMTH

8 CBA3M C 3Tum HeGonbuwue nonpasku. HauGonbuive owubxm 8 onpepe~
NeHun paszHoCTH Aa BO3HMKANT Tam, rae 3Ta Pa3HOCTbL Mana, a UMeH~
HOo 86n1au Maxcuuyua ceueHna W Aaneko oT MaKcuMyma B obnactw

Ea E U E, NMoartomy oumnbka nonyuenuoro caeura no mertogy (I)
onpeAenneTcn NOrpewHoCTAMK NpU onpeaeneHuu ¢oHa, myunuuu paspe-
WeHUA W CNeKTpa Nafavilero nyuka.

.Cytb BTOpOro metona (lI) cocTouT B cregyoueM. [ina onpeaenenus
TeMnepaTypHoro cnag[a peaoHaHca GepeTca TeopeTuueckoe BbipameHue
ANA CeueHuna oR(T E) ., B KOTOpoe BBOARTCR ACNONHUTENLHME NapaMer-
pH, O KOTOpHX peub noHgeT Huwe. [lanee pacCuUMTHBAOTCA TeopeTu=
yecKue CnexTpu NPONYCKaHuna NuI(T.t) M NYTEeM NOArOHKU Pa3HOCT=-
HOrO TeopeTuueckoro cnektpa AN, (t)= an(1‘.t)-N“‘(1\.0 K paa-
HOCTHOMY 3KCnepuMeHTanbHoMy cnexkTpy AN p(t) HaxXoaRTCA napa-
metpu. Nocne uero no dopmynam /5/ n /6/ nonyuaerca vemnepaTyp-
Hu caBwr,

CeueHuna paccunTeiBanuch C noMoubin popmanuama HenkuHa- Napk-
ca’%/ 0m noppo6Ho onucan 8’519/ . B xauectse QoHOHHOro crnexTpa
npuUHKUManace Mogerns JAHwTeNHa:

p(¥) =8(v-yy),, | 19/

npuuem vy Bsbupanach Takum ob6pa3oMm, uTobu NPaBUNILHO ONUCHBANCA
xof TennoemkocTu. [lpu TemnepaType T, BBOAMNCA RONOAHWTENbHLIA
cAsur B NofoMeHue pe3aoHaHca, T.€. B KavecTBe CEeveHWA % (1T, ,E)
NPUHMMANOCh CeueHue aﬁ(T .E), paBHoe

o2 {T, \E) =0, (T, .E-«). o o/
) .
BemmuuHa x cnywmuna NOArOHOYHLIM NapameTpPoM.
JkcneprMeHTanbHUH PAa3HOCTHHA CReKTp ANO,p(t) onpepenfAnca
C yueTtoM Hebonbumx Pa3NUUMA UHTEHCUBHOCTH NYUKa M doHa, T.e.
8 wauvectse AN___(t) npuHuManacoe BenuumHa - ¥

exp -
ANpr(t)=N;lp('r2 ot)-Npr(Tl Ot)i /ll/
rpe
Nigp(Tp +t) = AlNgyy (T s =N 1. na/

Nox (1‘.t) ] N p(Tz.t) - uauepeunué cnexTps, a napaMeTpu A
hr onpeaennnrcn “3 yCnosuna
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e zi [N (Ty o 8) =N o (T 0t) ) Mo, | Y

II’I‘ NOID(T"")+ N."(Te o')

Bropoi Metog xopow Tem, WUTO NPU €ro MCNONL30BaHMM OWMGKM, can-
SaHHNe C MIMEPEHMEN CNEKTPA Naganyero Nyuxka u GoHa, cCKasumsant~

CA Ha pe3aynsTarax MeMbuie, uYem 8 nepsoM Metope. OcHoBHue ownbxn
'3aech CBA3AHM C BHGOPOM PESOHAHCHMX NapaMeTpoB W GOHOHHOrO CRexT=
pa. B atom cmucne Metoam I w 1 Heaasmcumu.

3. PE3YNbTATH IKCNEPMMEHTA

PesynsTate 3KcnepumenTa ceenexs » Tabnuyy. TemnepatypHue
CABMrKW PEe3OHAHCOND AE nauaennue C nNOMONLI NEpBoro w n'roporo “e-
TOofa, CHaOwerw nepxnuu nHgexcom 1 u 1. B cnyvae ‘“Ann ipy
NepeMi METOA HEe AaN pe3ynbTaTos W3-33 TPYAHOCTEH onpegensHua ce-
UEHMA BAANU OT MAKCHMYMa PEIOHAHCA W M3-3a NEPENPUTUA PBIOHAH=
COB. B OCTansMuX CNyJYasXx pe3ynsTati, NONYHEHHME PasHMMM METOA3-
MM, XOPOWO COrnacynvca Mmempy coboi.

B yenom, B0 BCEX Ccayuanx npw NOBMMENUM TOMNOPaTYPM B NOM~
Kpucranmmuecxnx obpasiyax YeHTp TANMECTM CMON3EeTCA B cTopoHy Gonee

L] v LA i Puc.3. SapucrvncTe TeMIEDATYD~
. HMX CABHTOB P@SOHAHCOP OT :
“‘~~,‘_ AK/A,KsanpaTHhe cCHMBONN - ana
TR Rh,tpeyronpmie ~ ans Ag, n
o § =~ xpyrine — ann Dy.Temmune cuMBO~

JI COOTBETCTRYWT COABHI'AM,
flonyueHHNM nepanM MeTogom (1),
“p N ’ 49 a8 CBeTyhie = BTODHMN M8TOQOM

' «  w o w g, (0). MOrpux. xpusas - bopu. /7/.

HU3IKKMX IHepruii. Ha puc 3 noxasana 3asucumocTe AE or AK/A ., Co-
rnacue C TEOPUEH MOMHO CUMTaThL yuoanerlopuren-nuu.

AnA cpasHeHMA TEOopMM C IKCNEPUMENTOM YAOGHO MCNONLIOBaTH
TaKKe BenUUuHY

8p=AEp - A/AK . : ' ALY
[

Benunhu 85 Taxme npuseaeny 8 Tabnuue. Cpenuue'suauemu 8. .no-

nyueHHue o6ouMKW METORaMM, PaBHH _

I: E,},._o.«m:o.m'. n: E!l!.-o.u:o.oo. /15/

Benuuuna 8, ANA Pa3NWMHLIX PE3OHAHCOB NOKa3aHa Ha puc. k. Buaro,
YTO 8 npegenax MNOrPEUHOCTER IKCNEPUMEHTA €€ MOMHO CUMTaTh

.
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1]
NOCTOAHHDM, T.€. HUKAKMX AONCHHMTENbLHHX 3aBMCHMOCTEI OT NapaMer-
POB pe3oHaHCa, IHepruu OTHAauM MM (OHOHHOrO CNeKkTpa, KoTopse
MOrM Gul UMMUTHPOBATL TEMNEepaTyPHHit CABUE, He uMeeTcn.

5 T T T A

Al d . . -

bt
_—

b - - -
$ 1 . Puc.4. TemneparypHue cHBHIH
pesoHaHCOB, oTHecenuse k AK/A,
IR PASHHMUHBIX PEIOHAHCOB.
/06oanavennn xax Ha puc. 3/.

ol
-
-
Iad
3

4. TEOPHA .
Ceuexwe 3axsaTa HeiTpoHa, cornacHo’?/, MOWHO NpepcTaBuTse B
8 ampe \

I, -Tl<njexp 3pDIm>1% . p ,
o(p)= T — a2, - 116/
o,m Dz[(E}Em-En-Eo)E«rl‘e]

. .
rpe I, - HeiTponnan wmpuna, T - nonnan umpuHa peaoHiwnca, Eo -
JHEpPruA pe3oHaHCa Ha 3aKpenneHHoM AApe, "COCTOAHMA M,h W COOT-
setcTeyouue wM dxeprum E; u E, oTHocATCA k ABumexnn aapa Ao

M nocne 3axsata HelitpoHa C aHepruesi E u umnynscom p. 8 /16/
NPOMIBOAUTCA CYMMMPOBAHME NO  KOHEUHHM COCTORHMAM W ycpegHeHue
N0 HauYaNbHEUM C MaTpuyel NNOTHOCTH ,

-y =exp (-E/ TV Z; 'Z-aexp(-Em/T). . 117/

B panuHeniwen mu Gyaew nonarats hem =k =1, '
BunonHum cnegywoume npeobpaioBaHuA: B

171(x-Eg)®+ ' = [ 4E, B(E, -x)/{(E,-Eg)®+T'*], ' /187

S(E)= [ (dt/2n)exp(~iEt). . _ /19/

Lna moBoro onepavopa o CcnpaBeanuBo cooTHoweHwe:

8y =X l<n] Oim>i® exp[it(Eg-E,)l =

- . /20/
=<m| 0" exp (~ifit) Qexp (iHt) I m> . .

7 .



Famuneronnane H u f‘l A0 W nocne 3axBaTta MOMHO NpeacraBuTh B BU-
ae '

H=k2/2A4v(7); H=XE/2(A+1)+v(D). 21/

' .
3aece A - MaccoBoe UMCNO AAPA A0 3axBaTa HelTpoHa, nepeoe cna-
raemoe B8 raMMNbTOHMAHAX OTBEYaeT KUHeTHUEeCKOoN 3HepruM, a sTopoe -
noveHumMansHoti. Ecnu 8 Kauecrse oneparopa 0 B3ATHL exp(iperaK
TpebyeTcA B HaweMm cCNyuyae, TO MOWHO BOCNONB3IOBATLCA COOTHOWEHHEM'

6’i(i)6=ﬁ(§+3).(i+$)'/‘2(A+1)+v(?).' 122/

Bocnonsaosaswncé cooTHowewuamu /17-22/, npeactasum ce;quue /16/
8 snge

. o dE. . ]"/p oe
otp)m [ — B r 9 s e [1(E-E), 123/
~= TP4(B -E)® -= 27

rae Guna yuteHa 3HEPreTMUYECKAA 3IaBUCHMOCTh HEHTPOHHOR WHPHHM
I, =vaP w seegero oGoanauenne

S(t)-'};pn«nl oxp [~ 1 (K+D))| in> exp (iE_t) . ’ /24
B rapMOHMUYECKON MOAENM KPUCTANNA HMeeM )
u.qx“wm (A+ 172N (ah, ~8.,) 0, 125/

nostony /22/ momMo npeacTasuTh B Buge

-~ 3 - - )
H(k+p) = qzuz,qu[(a;u -lag, Xagy +lag,)+1/2], 126/
rpe

) g -(B?aw Y/ V2(A+1)NG,, . 127/

Nockonbky kKoneGaHWA PaanuuMLIX MOA u , obGnapaouue pasnMuHEMM BON=
HOBLIMW BEKTODaMW §, HE3aBuCHMB Meway coBoii, TO Bspamexne /24/
MOMHO NPEACTaBUTL B BMAE Npov3BefeHun

s(t)-ql.]usq“(t);ql.]u%<_"0 |¢>(xf /Z,,) exp (idag, t). /28/
3aech BpepeHn oGoauaueHan /ANR NPOCTOTN MHAEKCW Q,u ONyCKaem/:
16> = (a Y /VED10>; Q=expl-imt(a® —ia)(aria)] . /29/
X=exp(-Ro+iwt); B=VUT; bu=(e-a), ._ /30/



zZ=- % exp (-8lw)=1/(1-y); y=exp(-Bw).. /31/

Nonbaynach Mmetopom ®.A.Bepesuna’ i1’

., NPUBEAEM oneparop atn HOp-
ManbHOMy BMAY .
Q~ Qy = exp (fa?) exp (1fad*) exp [ 1(a* - ia) 3], /32/
fa0xp(~lwt)-1. | | /33/
NoncTasus /32/ 8 MATPUUHEA ANEMENHT 728/, nonyumm .

<1 81> = exp (1a?) <0} (3 +1a D I(1+ N3 -1an})! . 10>/00 . . /34

Nlposega cymmmponarmne no l, .ana s (O nonyunM BhpameHue
sq‘Jn-(l—y)exp(ra9+l5“')<0[exp [x(l+()(a+v)(a +AH0>, 7 /3%

FAe OnepaTop MEewAY BAaKyyMHLMW oﬁxnannauu aanucan 8 auvuﬂopnanb-
HOM BHAEe, W BBepeHu oboaHaveHuR

y=ifa; Ax-ifa/(1+f1). ' ~ 736/ .

-

fNipuBean aHTHUHOPMANDHLA ONEPaTOP K HOPMANbHOMY BHAY, ANA 8 (0
Gynem nnetb pHpaxeHue

$§ ()= expliamt/2+a2r(1+yf(l 9)(l+f)ll. 737/
au 1.3 o /s
?-’exp(-ﬂa‘n,wmt). ) ‘ 738/

Npouasepexune /28/ veneps npumopuTCR K BuAy

8(t) = exp [F, (1) - pPF, (1)/21 , o 139/

rae ) :
.Fl(t)-§ln[sh(Bm',/z)/sh(Bm[/2-l&n£t/2)] i Fe=qu, ' /bo/

e, 8 chfﬂw /2180 1/2),ch(ﬂm5/2;i&” /8 12 8)
Fpax—l . & ¥ S Rt Siodete V1V
£ 2(A+1NGp - sh(Buw, /2 - 18w ,t/2)
fipy 8w =0 mmeem xopouwo uaaecfnoe supameHue
(0 6,)
S(t)mexp{- Im——[ctg(ﬂm;/?) ch(am,/e u..,t)/su(am,/a)l 742/
+
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B KOTOPOM Hepeoe cnaraeMoe B IKCMOHEHTE COOTBETCYByeT (axTopy
NeGan-Bannepa.

floncsasns /39/ 8 /23/, nonyuum nocne unwTerpuposatus no E,
BupameHe ANA NONHOIrOo CeuveHun

c(v)s-—-ﬁ—-— [ a expl - (1) +E(it-F, (~iEt+F, (O] A 743/
2JoE ~»

Cywd o £ a /‘00/ n 741/ womwo npepcTaamTe B BMAE MHTerpanos

L 3tap) =3 fotw) dutiw). "

1 . R ' -

i? |.£"' '(wf)-afl’" (0)dol(w), . 748/

rae plw)n o" ()= cCoOTEETCTEYIOMHE CREKTPansHHe (NOTHOCTH GOHOHOS.
BenuumHy am 8 Nepsom NpubnUMEHNH MOMHO NPEACTasHUTE KaK

8(0". -mf/zm . ’ : ) 746/
MockonsKy WWPMHA pe3oHaHca [° OGMUHO npesswaer 3Heprun GONMOHOE,
TO o6nac'rb uHverpupoaanwua 8 743/ orpanmuuesa mamimm t, npu KoTo-

(t) mMOmHO paznommMTs, NO CTeneHad t. OrpaHuumBance une-
nauu ~ts M ~1/A, a Takwe npeHeGperan aasmcumocTso Fp(t) orf 8w,
NOTKONWKY CoOYBETCTBYyOWMe nonpasku ~1/N=0, nonywaem

F()=~18.30; AaE /A, ‘ 147/

Fg(‘)" ila/(Q41)+ gtzl““; An = E‘“ /A ; a=3 rﬂ“ Ww)do=1, 748/

rae ﬁ, = KMHETHUECKAR JHEPrHuA, NDUXOAMUARCA HA OAHY CTenexs
ceofonu, t.e. l: =K/3,

’E‘-fcth(w/ﬂ)ﬂ(m)m(hﬂ: 5.“-3:00.(..,@ (Wt /4.  /49/

gl

C yueron /47/, /loBI_ supawenue /43/ momHo sanucate 8 suge

A 2/ qp? .
o(E) ‘,_E[l+8Ad/dE+2A"Ed /4E") £, (E); /50/
(B ~ 20 /UE-E F e 1%); B wl1-a/(AsDIE, . 151/

Otcopa HeTpyaHo no dopuyne /i/ waiitw nonomexue yeurpa TANECTH
\ pesgHanca
EE + T2 - (1/2)(A-A

)=(1/2)(3A-A ) cos (34 /2) cos (6/2) , /52/

I i
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-~ -

rpe : .
¢ = arcig(/E) . . - ' /53

AnA KyGuuecKoro Xpucranna MONHO NONOMUTE A“. =AM TOCAS NPW
d<<l Gynem mwmeTs i

E-/E o KA. | . Y

Npn BMCOKMX TemnepaTypax K = 3T/2,B cnyuae rasosoil MMueHH MOMHO
nepeiTn ® CMCTEMy OTCUETa, CBASAHHYD C rasoBOiH MONBKYnoH ,
M ECNM MONEeKyNa OQHOATOMHAA M ABMNETCA CO CKOPOCTSD U, TO Ceue=
HME PACCEAHMA HenTpoHa momeY OuTh 3anMCano B smje
~ . ’ : .

[y T/i7-81] g@a®u ' ~
o)~ - P veVEE v, =SB, 755/

(v-9e- vﬁl' +rt (A+ DE/A

rpe g() - nanc,pesy\ogcxge pacnpejenenns monewyn no cxopocmu.
YunTuean, uto- V-u=p-k/A, W NPONIBOAN INEMEHTAPHOS uun-
rpuposasne, nonyuaen AET-+AKISA.

3AK/WONHME

B 3aw/moueHMe MONHO CKasaTh, YTO TemheparypHue CABHIM, HBCMOT=
PA Ha CBOM MAfIOCTh, TEM HE MEHBE OKASWBANTCA MaMepsnism. fopol-
Hue n3mepeHun Gunu nposepeHsl, HACKOMBKO HaMm MIBECTHO, BIIGPBMG.
Hx yRanocs ssnonmute Gnarogapm Toi metoguxe, kotopam Guna
paspaborana gnNR naMepeHnA xumudeckux casuros. Tawxum ofpasom,
3Ta MeToAnKa nosponneT Habmopath cpasHMTENsHO cnabue sHowHHEe no-~
NA, BOSAEACTRYUME HA NONOMEHHE M GOPMY HEATDOHHMX DEIOHANCOS.

AsTopw Gnaropaprss I0.M.Octanesuuy n fi.6.Mkensnepy sa wnTepec
x pabotre u noneswwe obGcymaenun.

+
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DESIGN OF A MULTI-PURPOSE INTENSE NEUTRON GENERATOR

P, Bckstein, P, Gleisberg, H., Helfer, R. Krause, U, Jahn, E., Paffrath,
D. Schmidt, D, Seeliger
Technische Universitét Dresden, Soktion Physik, DDR-8027 Dresden

A.I, Glotov, V.A, Romanov
Physics and Power Institute Obninsk, USSR

4. Introduction '

There are several nuclear reactions for neutron production, the mostly used ones producing
intense neutron beams are shown in Table 1. Assuming an incident particle current of 1 mi
neutron source strengths between 1011 and 1017 =1 could be obtained, The well known DT-
reaction is not the best candidate in this sease, but it shows two remarkable advantagess
a8 very narrow spectral distribution near 14 MeV (™monoenergetic neutrons™) and the lowest
technical requirements and costs for accelerator ianstrumentation., There are some gquite
different possibilities for the design of intense DT-neutrom sources. The mostly used type
is the pumped small accelerator comnsisting of the main compoments source, acceleration
tudbe, target, vacuum system, This generator type shows the greatest variability with
respect to intensity variation and adaption to specific utilization, Table 2 shows the
parameters of some typical pumped intense DT-generators which are under operation with
emphasis on high intense machines. The aim of the present work was the conceptual design
of an intense DT-rneutron generator (ING) within the intensity range (1...5)‘10“23'1

basing on the experience of existing machines of this type (as far as available from the
literature), already existing components and technological eguipments in both institutes
as well as on the posibilities of modern electronical circuits. In the following the main
components o0f the resulting concept are characterized in some details. As far as the
project of the Technical University Dresden is concerned the name INGE-1 is used.

2, The general scheme of the intenge neutron generator INGE-1 proposed

The general arrangement proposed for the generator INGE-1 is similar to that of the RINS-I
neutron source /1/ and other generator projects /2,3/. The main components of the neutron
geunerator are shown in fig, 1 'ith.respect to their location. The high voltage terminal
(1) is isolated from ground potential by ceramic insolators (2) up to 350 kV potential
difference. Within the high voltage terminal the ion source (3), an ion pump (4), and
power supplies (7,10) are located. The main vacuum system (4) is located on ground
potential. The ion beam is accelerated by the acceleration tube (5) with anticorona rings
and resistors for potential dividing. Power supplies and ion source within the terminal
are controlled by opto-electronical circuits in connection with glass fibres (6).. The
accelerated beam is focussed by the lens (8) on to the rotating target (9), where the
neutrons are produced by the DI-reaction., The position of the beam axis over ground

floor is about 1,6 m, the overall dimensions of ths_generatdr amount to 1,4 x 2,3 x 4,3 l}.
Fig. 2 shows the schéeme of the generator components in connection with the control ele-
meants and cooling and electrical suppliea.

The proposed scheme seems to be reasonable for production of a high-quality (mono-energe-
tic) 14 MeV-peutron team for a broad field of different applications including elso
physical investigations with definite beam paramotera;

3, Description of the main components

The ionoptical layout of the intense neutron generator INGE-1 is shown in fig. 3. The
diaphragms at the end of the acceleration tube and also in front of the rotating target
are water-cooled, The two valves mear the target provide the possibility of exchange.of
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8chematic view of the
intense neutron genera-
tor INGE-1.

1 - high voltage
terminal,

2 - insunlators,

3 - duoplasmatron ion
source,

4 - vacuum pumps,

5 - acceleration tube,
6 - bulk of glass
fibres,

7 - 50 kV power supply,
8 -~ guadrupole lense,

9 - rotating target,
10- power supplies
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- ‘ - Fig. 33
Ionoptical system
of INGE - 14

ion source ascccleration tube ‘ target
einzel lens elcctrostatic triplett

the target.

The ion source is of the duoplaamatron type with speciried extraction geometry. It is able
"to provide ion currents in the order of some 10 mA. The cathode consists of a nickel grid
with embedded barium, calcium, and stroatium., The source is cooled by oil from ground
potential /a4/.

The einzel lens is directly connected with the extraction electrode. It ia constructed as
a tube lens with an inner diameter of 78 mm, The maximum voltage of extraction is 50 kV,
normally 30 kV are used. The zwischen electrode has also a negative potential with respect
to the anode of the ion source, but at maximum 10 kV.

The acceleration tube is a two-acceleration-gap version (see fig. 4).

. ; : . Pig. 4
T Q000 Q00000
.;9,'((310 S m Bttt 2 Schematic drawing
of the acceleration
tube (the left hand
25, ol o slde section
2l 1+ 1 = —— ————— RS contains the einzel
™ 2% el o] ®
- 19!18)
QL% X
Q00 |O0OO00O0OO0 00000
230 le 343 “20 343 .
936 :
100

The electrodes are performed as tubes in ordox- to screen the tube walls against particle
striking as well as against soft X-rays. For the ssme reason, the zwischen electrode of
the tube is also connected with a screening ring, The tube wall is duilt by ceramic
.rings, separated by stainless steel aanticorona rings. For & definite linear potential
distribution along the tube a divider 1is necessary, Despite of the relatively small
current through the resistors of the divider (ntotal = 7 GOhm) no high power resistors
are needed because of the effective screening mentioned above,

As shown by lonoptical calculations a focusing leng after acceleration was needed. For
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this purpose a magnetic as well as an electrostatic quadrupole lems could be used.

The terget is of the rotating type with water cooling, see fig. 5. The active layer 15
30 mz dbroad, therefore a water-cooled diasphragm in front of the target is arranged, The
effective power per square centimeter is reduced by circulating with a speed of 300 rpm,
. the integral power may be up to 5 kW,

100 _ - ' . Fg. 53
t — 3 Schematic
drawing of the
rotating target

|
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Main components of the yacuum system are the pumps of three different types /5/:

the getter pump for holding the vacuum without operation, amn oil-free pump for ion source
operation only aud the oil diffusion pump (together with a mz-trap) for beam handling. »
The pumping speed during beam operation must be at least 2000 13-1 or higher.

The scheme of the high voltage supply is shown in fig. 6 :

Fig. 63
terminal oce tube Scheme of the high voltage power
. uppl. 1 ting t £
f me= o supply and the isolating transformer
S
Lo}
220V~ KO KV~
-
. =T U,
41
™~

220v~ 38OV~ L

LIt can' provide a maxinum voltage of 300 kV with a current up to 50 mA. The given version
allows to use the half of the momentary voltage value at the gwischen electrode of the
acceleration tube, The power flux to the high voltage terminal is realised by an isola-
ting transformer with a maximun power of 12 kVA at 50 Hz frequency. A commercially
svailable power supply GP 50/300 from VEB TuR Dresden is foreseen for this purpose.

Yor operation of the generator IRGE~-1 a lot of daifferent types of slectric power supplies
are needed. Supply units with a power below 500 W are realized in a switching mode using
frequencies near 20 kHs /6/. This type is kunown to have a high efficiency, low mass and
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small size. For the supply units with higher power a more conventional solution was found,
All electric supply units. should be controlled remotely and are able to provide refereace
signals within & standardized level. )

The general scheme of control and data acquisition is shown in fig, 2. The comnsction
between the high voltage terminal and ground potential is realized by glass fibres and
ground potential is realized by glass fibres and opto-electronical units /7/. All
analogue data are standardized within the range 0...+5 V corresponding to the maximum
value of the controlled/checked magnitude. The vacuum control desk is located nsar the
generator because no operation during beam handling is needed. It contains also safety-
back loops for vacuum and high voltage. The ion source, high voltage power supply and the
.triplet can be controlled remotely by hand. The data acquisition 1is handled by a micro=
computer in connection with a colour display for all electrical magnitudes and additio-
nally for informations as temperature, pressure, flow rate of cooling circuits and
others. i’

4, Conclusions

The project of the intense neutron generator INGE-1 described here seems to be suitable
for a machine producing DT-neutron intensities above to 123'1. Some parts of it are
realized already and show convenient propertles, The concept hopefully allows a compact
design as well as reliable operation of this small inteunse neutron generator.

~

Table 1: Some reactions for the production of intense neutron beams

-

Reaction E;/MeV/ n/z EyZ/Gev/ Rn/s'1/ o, accelerator
7(d,0)"He 0.2 2,107 20 101 0.2MeV | small acc.
x(d,pn) 40 4,10"3 10 2,103 10MeV | Cycl.,LIFAC
e ~(y,4n) 100 2.1072 5 101% broad | LIRAC
¥(p,xn) 800 20 0.04 1017 broad LINAC, Synch.
N, = §y(n/2); By = 1 ma/1.6-107 s
E; - incldent energy
n/3 - neutrons per incident particles
Ei% - energy deposition in the target per neutron
AEh - neutron energy spread :
Table 213
generator location u/xv/ I/nA/ ln/‘lo12 s ref.
RTNS~IX Iivermore/USA 400 150 40 /8/
RTNS~I Livermore/USA 400 22 6 "/
LANCELOT Valduc/France 160 160 6 /9/
CHALK RIVER /Canade 300 25 A 710/
OKTAVIAN Osaka/Japan 300 20 3 1/
JAERI Tokio/Japan 400 20 5 712/
DYNAGEN Hamburg/¥RG 500 12 3 713/
INGE-1 Dresden/GDR 300 20 project
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Abstract: Absolute fission cross-section
measuroxents of U-235 at 4.45 and 18.8 MeV and
of Pu-239 at 4.8, 8.65 and 15.8 MeV neutron
energies have been performed using ths Time-
Coxrrelated Associated Particle Method (TCAPM).
Acocuracies of ~ 2% were reached.

Absolute fission oross-section measursments have been performed
(Tab.1 and Tab.2) 1in accordance with recommendations of the IAEA
/1y2/, applying the Time-Correlated Associated Particle Method
(TCAPM) /3,4/ at new neutron energy spot points. Neutrons were
produced in the D(d,n)’lb and r(d,u)‘ne reactions at the 5 MV
tandem acoelerator of the CINR Rossendorf (GDR), using ~ 1 mg/cm2
thick target foils of deuterated polyethylene or 2-4 ug/c-z thick
selfsupporting Ti-T targets, respectively.

To identify the associated charged partioles (AP) in the presence
~of a high background of scattered deuterons (ratoszwss") and
alpha particles from (d,o0)-reactions, a fast particle identifi-
cation system /5/ was developed based on a telescope comprising
two thin completely depleted S1(SB) deteotors (Fig.1).

Fig.1: Simplified block
diagram of the AP
identification system




To determine the amount of not separated background within the
AF window, background spectra were recorded from target foils
without D or T. An example of tha spactra for the correction
procedure is shown in Fig.2; the shape of the ’Bo peak in the
ragion of the ‘no background peak used for the 480 spectyum nor-
maligsation was obtained from AP spectra measursd in coincidence
With associated neutrons which were detected by a large scintil-
lator.
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Thin ﬁaaion foils (6 plates <« 300 /ug/cn Pu-239; 5 plates

<500 /.lx/cm U-235) were placed inside a parallel plate ionisa-

tion chamber (FC) filled with methane. The chamber was adjusted

to the maximum of the measured associated neutron cone profile,

which was completely intercepted by the active area of all fis-

sion folls. The short ourrent pulses (30-40 ns) were analysed by
means of a nanosecond stretcher /5/. This method allowed a high

fission fragment detection efficiency (> 96%) also at high alpha
activities of the fissile material (~ 9 MBq for 4 wmg Pu-239),



The fission foils of high purity (> 99.99%) were calibrated by
neaiis of low-geometry alpha counting.

Fissions were counted in coincidence with the registered AP; the
FWHM of the coincidence peak was 2-6 ns., A CAMAC system registe-
red pulse-height spectra of the fission chamber and the AP
channel as well as the time distribution of AP-FC occinoiden-

oes to perform the corrections needed. The FC spectrum (Fig.3)
was labelled with the FC timing signal to determine the timing
threshold (CFT), and with the AP-FC coincidence signal to obtain
the plateau extrapolation.
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Fig.3: Flesicn chamber spectrum of a Pu-239 measurement
at 3.65 MeV (mesasuring time: 82 hours)



., Mean neutron energy (MeV) 4.45%0.20 18.820.20

FYEM of enexgy distr. (MeV) 0.23 0.60
Exrorxr Erroy
CorTe ontr., 00T+ oonty,

L)) (%) (%)

Counting of coincidemees

- Statistics of effect - 1.26 - 1.01
- Random coinoidences 1.40 0.17 2.82 0,21
Fission chamder efficienoy

- Correlated dackground - - 1.72 0.04
« Extrapolation to sero 1.18  0.26 1.6T 0.16
- Fragment absorption 2,00 0.85 1.T5 0.78
AP counting

- Background 2.92 0.67 5.62 1.%5%
Heutron cone

= Neutron scattering 0.25 0.40 0.44 0.40
- Bffectivy fission foil

thickness due to the 0.05 0.05 0.12 0.08
cons aper: \re .

Fissile layers

- Areal density - 0.93 - 0.93
= Inhomogenity - 0.72 - 0.72
Result G, (10-%4an’) 1.05740.022  1.9992 0.045
Standard deviation (%) 2.10 2.25

Tab.1: Results, ocorrections and error contridutions of the
presented TCAPM fission oross-section measurem-nts on 255-U



Mean neutyon energy {MeV) 4.8+C.20 8.65%0.20 18.8%0.20

FYHM of energy distr. (MeV) 0.2% 0.45 0.60
Erroy Exrror Erroxr
Cor¥e oontr, COYTe gonty, COTTe Goutr.

(%) (%) (%) (%) () (%)

Counting of ocoincldences
- Statiatiocs of effect - 1.27 - 1.08 - 2.52

~ Random coincidences 0.64 0.11 1.86 0.17 4.5 0.63.

Flasion chamder efficlency

~ Correlated dackground - - - - 0.34 0.13
- Extrapolation to sexro 1,50 0.%1 1.04 0.24 2.57 0.85
~ Fragment absorption 1.21 0.46 1,20 0.43 1.% 0.%9

AP counting

= Background 2,30 0.%6 1.62 0.32 5,92 1.74
Neutron oone

« Neautron scattering 0.25 0.40 0.%6 0.40 0.4 0.40

- Effective fission foil
thickness due to the 0.08 0.05 0007 0.05 0.12 0.08
oone aperture

Fissile layers

- Axoal douity - 1.00 - 1.00 - 1.00
« Inhomogenity - 0.88 - 0.85 - 0.88
Result &, (10~24on?) 1.740£0.035 2.35010.044 2.487£0.088

Standard deviation (%) 2.00 1.85 3.58

Tab.2: Results, corrections and error contributions of the pre-
sented TCAPM fission cross-section measuremeats on 239-Pu



Further offorts will be made to carry out more precise areal den-
gity measurements of fission foils.
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BBEAEHHE

Nonomerine ¥ GopMa MAGPHMX PESOHAHCOS 3SaBMCAT, BoOGWE roBOpA, |
oT ycnosuid HaGnopenns, T.@., OT yCNnOBWil, 8 KOTODMX HAXOQUTCA
AaHHoe AAPO. Uccneaym nameHeHne HaGnogaemux AABPHMX PBIOHAHCOS -
MONHO USYUATS KAK CAMO AAPO, TEK M €ro oxpyweHue. ITH SoNpocH
HMEDT HENOCPEACTBEHHO® OTHONSHMS K MBCCOAy3pOBCKON ramMa-peso-
HEAHCHOA CNEXTPOCKONKUK, FA® HEMBPANTCA HSOMEPHME W TEMNEDaTYPHUe
CABMIH PEROHAHCOB, CBSPXTONKME DACHENNSHMA, KPUCTAIUMUECKMO
nonn. x‘fcxrcpucvnxu $2308MX NBPEXOROs U T.A. /CM., HaANpPU=

/. MeccBayaposckue nurum ouerib YROGHM 8 3TOM OTHONE™
nuu. NOCKONLKY OHM HDBSBMUARHO YSKM, W NOITOMY Aame HeGonsmre
no abCcomTHOA BeMUNHE BOSASHCTEMA Ha ARPO NPUBOANT K Gonswms, -
NO CPABHEHHMD C WMPHHOH CBMON MEcCOayIPORCKON MMM, MEMBHEHUAM
" NONOKEHHMA M GOPMM aMMa~PESOHAHCA. Nanpuucp. Teuncpatypnua calur
PEIOHAMCA B KPMCTanNax paseH /8/ . .

8= -(E, /McE) AR , "

rae AK - PA3HOCTh CPEAHMX KMHETHUECKNX IHEPTHid aTOMOS NOrnaTH-
TENA U UINYHATENA, COOTSETCTBYUNBA PAaSHOCTH TOMNBPATYP 'AT--T;-T,i

i'% Fhvﬂ(hv)cm(hvlek T)dv. ‘ : ' R 12/
0 : ' '

M- ux Macca, a8 p(v) - GOHOHHWA CNEKTP xpucranna ﬂpu 8HCOKUX
TemMnepatypax swpamenue /1/ npusogmt luay

E : . i .
»—L.. kg - AT, , , YY)

Mc® . E
LTS "8 CNEAYET, UTO npu wupuHe nunui 1078 3B u aneprun ramma=
e By =10 k3B, YTO XapaKTepHO ANA AfEp NeNe3a, HIMBHEHWE
-etr2paType Ha 100 K npuaoaut x casury peaouvarca #a 0,1 wmpuny
mHen. B cnyuae me yunka Harpesawne semectea Ha 1 K npusognt
K CABMIY PeSOHAHCa Ha UNYR WHPWHY.

HeATpOMHME PESOHAHCH, MX NONONEHHE U GOPMA TOME 32BMCAT OT
BHewrnX ycnosuid. B/3/ Gunu paccuMTank TeMnepaTypHuii M Xumuuec=
KMe CABMIM HEATPOHHMX PEe3OoHaAHCOB. BuWNo nNoKkasaHo, UTO CABMIK
MOTYT AOCTMFraTh COTEH MKIB, OQHAKO 3TU CABMIM .Ha ABA-TPH NOPAAKAE
HMeHbwe COGCTBEHHOW WHPUHM HEHTPOHHMX PEeIOHINCOB, NPUUEM UMEBTCA
eWe ¥ AONONHHTENMHOB TEMNBPATYPHOE YUWHPEHHE, NNITOMY HAMEPEHHE

’Zﬂi“



ManuX CMEEHKK npepcTasnaeT coloit ACBONLHO TPYAHY IKCNEpPUMEH=
Tanshyn 38Aauy. Tem He MeHee 3Ta 3apava, KaK NOKa3HBaeT Uamepe=~
HHE XUMHMECKWUR CHBUroB HeWTPOHHMX peaonaucoa ‘5’ 8 Hacrosuee
SpemMA [:TgleT2 121 paapeumua.
B HacTonruen pabore cgenara NONuTKa MIMEPHTHL teuneparypnuu
CABUI HEMTPOHHLX Pes3oHaHCOoB. [lockonbKy cMeweHue 8 AaHHOM cnyudae
_CYWECTBEHHO MeHbWe WMpHHN HaGnngaemoro PeacHaHca W TeMnepaTtyp=
Woro yumpennn’/8:7/  vo aa nonowenne PesoHanca NPMHUMABTCA nono=
MeHWE UEeHTPa TANECTH: .
E E - ‘
E=l faa(E)-EdE]/[ T c,(mdr-:l. , 47
E . : - . .
rae al ~ PEIOHAHCHAA YacTb NONHOro CeuveHMA, 3 npeaent UHTerpu-
posawuA E, E, GepyTcAa 8 Tex Toukax, rae ceueHwe o (E) C pocTur= -
HYTONH IKCNEPHMEHTANBHON TOMHOCTLI) MOMNO MONONHTS panuuu Hynn:
) y .
@, (Ey) =0, (Eg) =0, ; /5

PasymeeTCA, Npu ITOM HEOGXOAWUMO MMETh AENO TONbKO C H3ONMPOBAH=
HUMM pe3OHaHCaMH. TeMnepaTypHuM CABHIOM HAIWBAGTCA BENHUMHI

AE, - B(Tp-E(T). g 16/

TeopeTuueckue pacueTh TEMnepaTypHOro CMeEeHMA PEe30HaHCOB SAECh
nposefeHs 3aHAaBO, NockonbkKy B8/3/ yurena He BCA 3aBMCMMOCTS Ce-
UEHMA OT 3Hepruw. PacueTn, NPOBEREHHME 3HEcs, RANT BenuuUHy
TEMNEPaTYPHOrO CMEWEHHA ANA KPHCTaNNos:

AEy = -(1/3A). AK ‘ - Y
/ A= maccomoe uucno agpal/, s NPW YCNOBUM, YTO HERTPOHHAR WMPHHA
PE30HaNHCa I, 3HAUMTENBHO MeHbwe NONHOA WMPKHMW. Cmeuenne /71/

. ® 3 pasa uensme ykasarnoro 873/, Ho umeer TOT e 3Hak.

1. 3KCNEPHMEHT . . SR :

IKcnepHMMEHT COCTOAN B M3IMEpeHuu NponyckaHWA. obpaayos Dy, Rh #
.Ag Npu pa3nnuHuex Temnepatypax B ob6NacTH HM3IKONEMaWnX PEeSOHAHCOB.
OH NPOBOAHNCA NO METOAY BPEMEeHM NPONeTa Ha MMNYNIbCHOM peaKTope
HWEP-30,paGoTvanuemM B OYCTEpPHOM pEXHME C NHHENHbIM ycxopureﬂen
anextporos JIy3~40.

CxeMa 3KCNEpUMEHTA aHanoruwuHa ToM, KOTOPaA npuuennnacb ANR
M3MEPEHUA XMMUYECKMX CABMIrOB ¥ noapobHO onucaHa a/4.5/ [poner-
Han Gasa coctasnana 60 M, AnNMTensHOCTb MMnynbca Guna 4 mxc.
PerucTpaynAa HENTPOHOB NPOM3BOAUNACH CLUHHTHIUIAYMOHHMM AEBTEKTOPOM
C nUTHEBLIM CTexoM M QoToyMHOMMTenem $3Y-U49. Npu nameperun gpa
oanHakoewx obpa3ya npu paannuHux Temnepatypax Ty u Ty BBOAMIMCS



" .
] -

Pric.!, Cnexyp no BpeseHH npo- Puc.2. Cnexyp no spexenu mpo~
nera rin Dy.Nupuua spemennoro - sera aas Rh u Ag. Sipuua apmu
xenans 4 mxc. . . dWoro xauana B Mxc.,

. i — ” . . - L ,
noouepegno 8 nyvax Ha 10 smun. Yepes xamaue 12 4 vemnepartyps
obGpasyos meHanace Ha T, ¢ T; coovseTcTeeHHo. (lOIHOL HIMEDEHHE
NPOAOIMANOCE HECKOALKO cytox. B cymmapHme cnexTpu ANA oOoMX .
TEMNEPATYD BXOAMNO OAMHAKOBOE KONMUECTBO CNexkTpos oY oBoux OO~
paayos. Temnepatypa ofpasuos NOAAREPNMBANACE CNBUHANGHMMU CTAGHMM~
savopamn /8, lna ynpasnenuR akcnepuMEHTOM H HaKONNGHMA cnexrpo.
HCNONK30BANACE MANAA BMUMCIMTENRHAA MaumHa CM-3.

Dy ‘umeer 4 pe3oHaAHCA B HM3IKOIHepreTHueckoh obnacrTu
9,5<E,55 98, TAE MIMEPEHME MaNMX CABUIDB HaUMeH8e vpyuoeu-
Ko. Oﬁpasuu uMenu Tomumny 0,6 mM v nnowaas 38 cm® snaueHua vem-
nepatypu T, =303+1 K, T, -370+3 K. Anm KOHTPONA Hynesoro 3¢¢exra
8 nyuxe Bceraa Haxoaunace MuweHs M3 Sb., CymmapHuid cnexTp A
TeunepaTypw T, nowxaszaH Ha puc. 1.

Anpa “’3Rhn 10952 ABNANTCA CaMuMM NEFKHMH H3 TEX, YTO HMENT
HusKonexaumii pesonauc. Pesonancu 103N /E 1,257 3B/ u 100, /B =
«5,19 38/ momHo Guino MCCnenoBsaTs onuonpeuemco, NOCKONbKY OHM no
nepexpusanTca. 06pasys Rh mmesm vosmumny 0,1 mu, 8 Ag = 0,05 mu.
Nnowans ¥ Tex M Apyrux coctasnana 81 cué .Maueponmu npownnnucs, "
npu vemneparypax T, =29‘M-2 K, Ty=667410 K n 538+10 K. Alnn wou~
TpONA ucnonuonancu obpasey us Pd Ha puc.2 npeac‘ramn cymmap~
MM CnekTp Ana Temneparyps T, . HeonpeaenewHocTs 8 Temneparype
CBA3aHa, rnaeremM o0pa3zoms, C BO3IMONHMM HEOAHMOPORHMM pacnpepene-
HMEM Temnepatybu BAONs NOBEPXHOCTW o6pasuya.

JuepreTuvecKkui Xog CNEXTPA NARANWEro NYJYKa, K MSMBPANCK B gonan~’
HUTENLHMX INCNEPHMEHTAX NPU OTCYTCTBMM MIYHABMMX MMUEHEH. JHep-
reTMYecKui¥ me Xof GOHa ONPEQENANCA C NOMONLID TONCTHX PEIOHAHCHMX
MuueNSH, KOTOPsE B Pe30oHaHCE NONAHOCTHI NOrNOoWaoT NafaNkuA NyWoK.

2. METOMW OGPABOTKH CNEKTPOB

TeunepatypHse caaurn AE.‘. us HIMEPEHHMX CNEKTPOSs onpenenmmcs
ARYMA He3lasuCuMsMM MeTOAaMM. B nepasom MeTofe .(I) anpeaenserca
PAIHOCTS UIMEPEHHMX DBIOHAHCHMX ceuenuid As (E)-c‘('l‘..l-))-a (T,.E).

’ ‘ 3



Mo npasunbHOM onpefefnieHnn 3TON PAa3HOCTH QOMKHO BHNONHATLCA
E . ' '
f Ao (E)dE=0, - ' . : C /8/

g .

1

ecnu E; u E2 8bibpaHul B COOTBETCTBUM C ycnosueu /5/. Npaktuueckwu,
oapHako, ycnosve /5/ cTporo He BHNONHAETCA U NPUXOAUTCA BBOAWUTH

8 cBA3u ¢ atuMm HeGonbwme nonpasku. Haubonbwme ounbrnw B onpeae-

" NEHNUN Pa3HOCTH Aﬂ BO3IHUKANT TaM, rAe 37Ta pPa3HOCTb Mana, a MMeH~

#o 86nmau naxcuuyua ceueHuA M RANEKO OT MaKcuMyMa B oGnacTu
E = E, #nu E,.lloaTomy ounbra nonyueHHoro casura no metoay (1)
ONpeAenfeTcR NOrpPewHOCTAMM NPU onpepeneHnn QoHa, QYHKuMK paspe-

‘WeHMA W CNeKTpa Nnafanyero nNyudka. ’

.CyTo BTOporo merona (II) cocrour B cnepgyouem. Ana onpeneneuun
TemnepaTypHoro cnan\\ pe3oHaHca GepeTCA TeopeTuuecKoe BupaweHue
ANA CeUeHHUA ’R(T E) ,"B KOTOpOe BBOAATCA AONONHMTENbHHE nNapamMeT-
PH, O KOTOPHWX peub noiaeT Huxe. flanee pPacCUMTHBAOTCA TeopeTu-
yeckKue CnexkTpu NPONYCKaHWA Nu:(T t) " nyvem NOQroHKW pPa3HOCT=~
HOrO TeopeTHYecKoro cnekTpa AN, (t)= Nm (T o8)=Ny- ('I’ ,t) x paa-
HOCTHOMY 3KCREPUMEHTanNLHOMY cnextpy AN . HaXOABTCR napa-
meTpu. flocne uero no Qopmynam /5/ uV/6) nonyuaercu Temnepatyp-
HUll caBur,

CeueHun paccunTHBanUCh c nouombn dopmanuama Henuunna~- Napk-

ca’%_ On noppobHo onucan 8 /5:10/ |B kauecTee (PoOHOHHOrO CnexTpa
NpUMNManach MoAeEnd 3uHmTeuna.-

p(v)=B(v-1y),, | | 19/

npuuem v, Bubupanace Takus obpasom, YTOGH NPaBUNBHO ONMCHBANCA
xoa TennoemkocTu. [lpn TemnepaType T, BBOAWNICA AOCMOMHUTEND Hu

* caBMl B8 NONOMEHWE PE3OHaHCa, T.e. B KauecTee CeueHun % ( B)

.

NPUHMMANOCH CeueHue a‘(T +E),  pashoe

o3 (T \E) =0 (T, E-k). - ; /10/
/
BenMuuHa x CNyWMa NOAFGHOUHHM NapaMeTpoM. -
JKcnepuMeHTanbHUIA PasHOCTHUN cnexTp AN . (t) onpeaenanca

. € yuerom HeGonbwMX PasnuuMii MHTEHCUBHOCTM NyuKa M QoHa, T.e.

oxp(t) npuHMManace BefMuMHa - .

AN.‘p(') = NO!D(T2 Ot)-Nle(Tx ot) " /‘ I‘/

8 KauvecTtge AN

rae

N;lp(Tz .t)l A[NBID(Tz .t)-NB] . /12/
Nogp(Ty o8) ¥ N (Ty,t) = uanepennué cnexTpu, a napauefpu A
}f onpenennmcn “3 ycnosua

.

4



. . 2
Yg- ';- [NQID(T‘ o') N.”(Tg ot)] -~ Min, /‘3/

=t Noxp(Tyo8) + Nopgy (T 1)

BYOpoi A METOA XOPOW Tem, YTO NPH ero UCNoNe308anuu ouMGKM, Can="
SaHHME C M3IMEpPEHMEM CNEXTPa NAQAnKUerc Nyuxa W oHa, CKasWeant=-

CA Ha pe3ynsrtarax MeHbwe, ued B nNepsom mevope. Ocroanse owMbKH
‘3AeCh CBA3AHM C GnOOpPOM pe3oHaHCHAX NAPIMeTPos M Qonomtoro cnexy~
pa. B atom cmucne metoam I u Il nesasmcumu.

3. PE3YNbTATH 3KCNEPHMEHTA |

PesynsTatm axkcnepusenta csener o vaGnuyy. Temnepatyprue
CABMIrM pe3oHaHcos AE namxeuuue C NOMOWLID NEPBOro M n'roporo Mo- .
TOAa, CHaGmeHw nepxmm wnpexcom I m 1. B cayvae ‘“Azn "Dy
nepsnid METOR He Aan pesynhvatos M3—33 TPYAHOCTEH onpepensHua co-
4C'IA BAANK OT MAKCUMYMA DPEICHANHCA M N3~33 NEPENPUTURA POSOHAH=
v, B 6CTaneHMX CNYMaAX pesynsTave, nonyueume paauum MeTona”~
e Aopomo corpacyntca mempy cobod. .

| 4enoM, BO BCEX CAYMAnX NPH NOBMECHHM TEMNEPATYPM B NOAM™
4 Jrannmuecknx obpasyax YEHTD TANECTM CMemasTCa B cTopony Gonee

"', HHX CABHIOB P@SQHAHCOR OT
AK/AKpagpaTHne CHMBONMH ~ Ris

~—— Rh,tpeyronsine - pns Ag, B

-} ‘ =3 xpyrimse - gnn Dy.Temmne cuMso-.

: I COOTBETCTPYNT CABHIaM,

JIONYNEHHKN nepBhN MeTopmoM (1),

- . . ) a cBeTnhe = BTODHM METOAOM

v «ww e g, (O). Drpux. xpusas - gopu. /7/.

LA l v Ty v v Puc.3. 9aBuciencTs tounephm- ,

HM3KMX IHeprwii. Ha puc 3 noxasana 3asMCUMOCTM AE or AK/A Co~
rnacue C TEOPUER MONMHO CUMTaTh onanenopu'remm .

AnA cpaBHEeHnsm TEOPHHU C IKCNEPUMEHTOM yaoGno ucnonuonn
. TaKwe BeNMunHy

8p = AEp - A/AK . : ' L Ny
. ¥ ’ )
Benmunr 8 Taxme npuBeseHw 8 Tabnuue. Cpennue SHaueHua 8,,no-

nyueHHsie 0BOMMM METORAMM, PaBHM

I: 85=-049£013, m: sM--0432000. ' NS/

Bennunna BT ANA PAaANNUHMX pPe3OoHaHCo® noxasaHa Ha puc.‘o. Buaro,
HUTO 8 fnpegenax NOrPeuiHOCTEH IKCNEPUMEHTA €6 MONHO CUUTATH
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NOCTOAHHOW, T.E. HUKAKMX AONCNHUTENbHMX SABUCMMOCTEH OT napamer-
poB pe3oHaHCa, 3Heprun oTRaun i GOHOHHOro CNeKTpa, KOoTopMe
MOrnn Gl MMMTMPOBATL TEMNEepaTypHuid CABMF, He MMEeTCA.

& L) L] ¥ L L]
1] od . . 4
B * . , Puc.4, Teunepa'rypuue cmmru
+ T pesouaucon, orHecennne x AK /A,
AN PASNHYHHX PESOHAHCOB.
0 1 3 t o /06osnavennn xax Ha puc. 3/.
L. TEOPHA

CeueHue 3axsaTa He’TpoHa, cornacko’7/, uoumo NPEACTaBUTs B
s suge .

I, -Tl<ofexp (13N Im>|* . -
o(p)= § -2 A U 16/
n,m Dg[(E}Em—En _EO)E*FE]

/s : o,
rae [, - HelivponHan wupuHa, ' - nonHan umpuHa pedondnca, E, =
3HepruA pe3oHaHca Ha 3aKpenneHHoOM AAPEe, ‘COCTOAHMA m,D W COOT=
eetcTeynume um aveprun Ep u E; OTHOCATCA K penxeHno aapa Ao
# nocne 3axparta HeWTpoHa c aneprueﬁ E n munynscom p. B /16/
NPOU3IBOAUTCA CYMMMPOBAHME NO  KOHEUHWM COCTORHHAM WU YCPERHEeHHE
NO HauanbHUM C MaTpHUyeRd MNNOTHOCTH ‘

-

Gy =0 (-Eg/TV/Z; ZaZewp(-Ew/T). . : /17’/‘

B panuHesiwem M Gyaem nonarate hem =kp«1. o
Bunonnum cnegyoume npeobpalosaHuA N T

1/0(x-Eg)®+ I®) = [4E, 8(E, -3)/{(E,-E)®+ T'?], - ney
B(E)= [ (dt/24)exp(~IEN). S S ony .

Ara r25oro onepavopa O cnpaseqnnMeBo COOTHOWEHMWE:

8= 2 1<0|01m>|® explit(Eq-Ey)l =
R R _ /20/
=<m| 0" exp (-ifit) Qexp (Ht) m> .



Famunstormars H u H A0 n nocne 3axeaTa MOMHO NPeRCTaBuTs B BH-
Ae ’

Hak®/24+v(1); Ha=XB/2(A+1)+ V(D). /21/

. . T
3nece A - Maccosoe UMCNO RAPa AQ 3axBaTa HelTpoHa, nepsoe cna-
raemMoe B FaMMNbLTOHWAHAX OTBEYAET NMHEeTHUECKOM IHeprun, a eTopoe -
noTenymansHoit. Ecnu B xavectse onepavopa O B3ATL. exp (1p7),xax
TpebyeTca B HaweM cnyvae, TO MONHO BOCNONB3OBATLCA COOTHOWEHHEN'

O R(E)0 = H(E+D) = (R+B)V2(A+ 1) 4 v(D) 122/

- Bocnone3osasuwucé cooTHowenuamu /17-22/, npeucranuu ceuenns /16/
® Bupe

. e dB, .y.T'/p -
otp)= [ ——2 r S50 e [1(E-E )1, 123/
- (B -E)f -= P .

rae Guwna yuTeHa 3HEPreTHHECK3aA 3aBUCHUMOCTE ueﬁtponuoﬁ WHPKHN
v Ty =y,p u ssegeno oﬁoanauenue

8(:)-20 <m| ‘exp(-ui(kn)llb o (iE, t). ‘ /124/

B rapuounqacxoﬁ MOAENM KPHCTANNA HMEeeH )

K= I 1V G (AT DI7EN (ah, - 84 Squr /25/
Qi

noatouy /22/ mOowHO npeacTasuTh 8 Buae

A(K+D) - qua,“[(ag,, ~fag,Xdqy +lagy)+ 121, /26/
rae
"y, = (33, )/V2(A+ D NG, . , 121

Nockonbky xoneGavwa paanuMuHuix MOA u , OGnafavune PasNUuHLMK BOA~
HOBRMW BEKTOpPaMn q, HeaasucuMu Memay coboil, To BupaxeHne /24/
MOMHO npeACTaluTb @ BMAe NpPOoM3IBEAEHMA

8()= n“squm" n E<!|Q |l>(xqu/un)exp(i8mw t). /28/

3Rer apenpeHN 0503"8'48)-0}1” /Mﬁ NPOCTOTH HHAGKCHM G, u onycnaeu/ :
16>« ((a*)f NVIDI0>; Qmexpl-iat(at -ia)(a+ia)l, 29

eop(-Rou+int); B=2VT; bus(w-d), ‘. /30/
" :



Z= 2 exp(-Blm) 1/(1—)!): . ymexp(~Bau).. /31/
NonbzyAcs MeToRoM 9.A. Bepesuna""

., NPMBEAEM onepavop a_k Hop-~
MENSHOMY BHAY .

Q= Qy = exp (1a?) oxp (ifad*) exp [£(a* - 1a) 4], 132/

I

faoxp(-fut)-1. . . 133/
Noactasus /32/ & MmaTpuunuidt anement /28/, nonyuuull.
<t1 810> = exp (1a?) <01 (R +1at (14013t 1al 405701, - . /34

Nposean cymmuponanwe no L, .Ana squ(o -nonyuuu BhpaneHme -
qu(t)-(l-y)exp(fa9+i-8-%-t-)<0|'epr[x(l+t)(3+y)(i*+A)]|0>. * 1351

rae ONEPaTOP MEeMAY BAKYYMMHMM OGKNAAKaMM 3aNMCaN B aHTHHOPMANL=
HOM BuAE, M BaeAeHw oBosHauenun

y=ifa; A=-ifq/(1+1). . : o o N 736/ -

NipuBean anTUHOPMaANLHLIA onepaTop K uopuansuouy evay, AnRn 8 (t)
GyAen MMEeTb Bhlpaxerue

(=1L explwwt/2+a"[1+¥f(l 910N, . 131/
1 -y ) o ~
'i-‘exp(-ﬂm 4»18:»:). _ ) 7 L /38/

Nponasenenwe /28/ Teneps NPUBORMTCA K BUAY o .

B(1) = e [F, (1) - pBF, (1)/21 , o - 19/

rae ' T )

F‘l(t)-%ln[lh(Bmflz)/ah(8m£/2—,i&n£t/2)] i Fequ, AL

logy, 1% » ch(ﬂm 2-18w tlz)rch(liw;/z-m :/z-t'-;c

Romz Al T e il WA LRV
£ 2(A+Na, sh(Buy/2 - 18w,t/2)

npu-Sa;-O MMEEM XOPOWO WSBECTHOE BHPaNeHHe b

8= 2 [ ctg(Bug /2)- ch(Bay/2-1w ) /sh(Bwy /R0, 142/

(t)=expl- (A+!)Nm; r @z 5 .. wg

"9



‘8 KOTOPOM NEPBOE CNaraemoe 8 IKCNOHeHTE CoOTBeTCTayeY QaKTopy
fReGan-Bannepa. '

floacrasns /39/ » /23/, nonyuum nocne unTerpuposanua no B
SuHpaxenMe ANA NONHOrO CEYEHHA

a(p).__'n.__ ? dt exp[-r(c)m(u-re(t))-u-:ot;Fl(t)l . . 743/
2y 2E : —» ' :
Cywwt no £ a 740/ w f41/ womvo ppeacnmts 8 SUAe WHYSrpanos
¥ Flleg) -3 lo(a)dot(o), | - R
Lo,. 8 ' -
| 'ﬁ'f Logy ! f(wf)-lfo" (.«c)dml(u). SR L 145/
- rae olw)n o"(m)- COOTBETCTRYMNE CNEKTPaNkHWo miomoctu SOMOHOS .,
B_anmmny bm; 8 nepsosM NpHbuEeHrn MONHO NPEACTABKUTS KAaK
Bag =g /AN, . o 146/
NockoneKy wupuna peaoHaHca [ oﬁwﬁo NPessyaeT 3HEPrun (QOHOHAS,
T0o obnacTe uMrerpuposanua 8 /43/ orpanmuena mamuum t, npu xoTo-

Paix F‘l (t) momHO pa3nouuTh NO cTeneHAm t. Orpanuumsance une~ .
ﬁ M ~1/A, @ Taxwe npeneGperan aaaucumocTon Fp(t) ov 8w,

Hamm ~¢

NOCKOMMKY CooTReTCTsyoune nonpasku ~1/N=0, nonyvaem -
F() =1t 30; A=§,/A, C \ /477
‘ Fg(l).- ;la/(A+l)+ 2t2A"“; A"'-- El“u/A i a=3 fP" (w)duwtl, J48/

rae i:, = KMHETHMNECKAR IHEPruA, NPHXOAAWAACA Ha OAHY CTeneHs
csobopu, v.e. K, =K/3, . : .

£, = foth (w/EDp(w)ot/d s By =3 fet(w/ETo (wdads/d. ~ 49/

o
. "
C yugvom /47/, /48/ mupamenue /43/ momwwo sanucats s eupe

s Yy )
o(E) ‘,E[ummnm\".sd /R 1@ N /50/‘
E) =2 /(E-E P eT®):  By=[1-a/A+DIE, . RV

Ovcoga HeTpyaHo no ¢opuyne /U/ waitTu nonomenue yewtpa nue_crh
\ peaoHanca o . '
E«vEE + P - (@/2)(A-A ) -(1/2)(3A-A

10

0 || 008 (36/2) coa (4/2) , /52



rae
& = arctg (I/E,) . | /53/

AAnA xy6uuecKOro KpUCTanna MONHO NONOMUTL A".-Awnxoraa npu
#<<1 Gypem umets :

E-v/E 4T -K/m. - | | R Y,

Npu awcokux temnepatypax K=3T/2.8 CRyJae ra3oBRoil MMWEHW MONMHO
nepesiTw B CHCTEMYy OTCYETA, CBA3AHHYID C FasOBOW MOMEKYNoH , »
M ecnu Monexyna OAHOATOMHAN M ABMKETCA CO CKOPOCTHD U, TO ceue-
HME PACCEAHMA HenTpoHa momeT GMTh 3anucaxo 8 BuAae

~ . ’ .

ly 1/17-31]1 g(d®n ‘ <.

oP=~f - i Ve ;. vo-JZEo » 755/

(F-DF- 1"+ 1% (as /4"

rae g(iH) - naxqpeqpogcxge pacnpefieneHue MONeKyn no cnopoctuu.
Yuutusan, uto- V-u=p-k/A, W NPOM3BOAN INEMEHTapHOS uHTe-
rpuposasue, nonyuaeu AB -+AK/3A,

3AKMOYHHE

8 aaxknmoueHHMe MONMHO CKa3aTh, YTO TeMhepaTypHWe CABHIW, HBCMOT-
D9 Ma CBOI MANOCTh, TEM HE MEHEee OKAIWBANTCA MIMepHmmn. [llogol-
#°7 Hamepenun Goliiv NposegeHsl, HaCKONLKO HaM WMIBECTHO, BNEPBNG.
sl YRANOCHL BHNONHWTL GnarofapAm ToW MeTOAMKe, KoTopam Guwna .
pe:apaboTaHa gna vaMmepeHnm xumuueckux casurod. Takum oBpasom,
3Ta MeTOAMKA nossonAeT HabmopaTte cpasHuTeNnsHO cnabueé BHewHM® NOo=
NA, BO3AedCTBYOUME HA NONOKEHWE ¥ GOpMYy HEHTPOHHMX PeIOHAHCOSs.

AsTopu Gnarogapte 10.M.0Octanesuuy u 1.6.MukensHepy 3a wnTepec
x pabGote u noneanue obcympeHuA. -
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Pyxonuce noctynuna 8 wapavensckwid ovaen
9 aneapn 1985 ropa.



