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Co3paHa manorabapuTtHasl ycTaHOBKa

C aBTOMATU3NPOBaHHbIM yrpaB/ieHUneM Ha 6ase
KOMMaKTHOIro UMMYJIbCHO-NEPUOAMNYECKOro
CO,-nasepa, npumMeHsiemas AJis BbieeHus
u3oTtona yraepoaa “C npu oTpaboTke npouecca
OYMCTKU peaKTopHoro rpaduTta. B ocHoBe
NpUHLMNA paboTbl yCTAHOBKU JIEXUT METOJ,
ce/IeKTUBHOW MHOTO(OTOHHOM J1a3epHOM
Auccoumnaumm. NMokasaHo, YTo PyHKLMOHAJIbHbIE
BO3MO>XHOCTU YCTAaHOBKM 3Ha4YMTe/IbHO LWUUpe,

M OHa MOXeT 6bITb UCMO/Ib30BaHA A1 pasgeneHus
M30TOMNOB CPeAHUX MACC U APYrUX XMMUYECKUX
3nemeHTOB. MpeunsnoHHas HacTpowka no
AJIMHaM BOJIH obecneymBaeTcs KOHCTpPyKLuen
crneuuanbHOro ysna AM¢ppakLMOHHOW pellueTku

C aBTOMaTU4eCKuM ynpasJjieHneMm.

KntoueBble cnoBa: paszesieHns N30TOMoB,
nasepHast MHOropOTOHHas CeneKTUBHas
xumumyeckas oToamccoumaums rasa, CO,-nasep
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BBEAEHWE

[naBHas npobnema BBIBOAA M3 SKCIUIyaTallUU Sep-
HBIX YCTAaHOBOK C YpaH IPapUTOBHIM PeaKTOPOM
CBsI3aHA C HeobOXOMHMMOCTBIO BBHIOOpA ONTHMAIBHBIX
MeTozioB obpamieHUs ¢ GonpIIMMHU 06beMaMM OTpa-
boraBmero rpadura, KOTOPBHIH 3aHHUMaeT ocoboe
MecTo Ipu paboTe C HAKOIUIEHHBIMU PaTHOAKTHB-
HBIMU oTxomaMu (PAO). OCHOBHBIE PafiHl0AKTHBHbIE
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A small-scale installation with automated
control based on a compact repetitively

pulsed CO, laser has been developed. It is

used to isolate the *C carbon isotope during
development of the reactor graphite purification
process. The operating principle of the facility
is based on the selective multiphoton laser
dissociation method. The precise wavelength
tuning is ensured by the design of a special
diffraction grating assembly with automatic
control. It is shown that the setup functions are
much broader, and it can be used to separate
the average-mass isotopes and other chemical
elements.
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INTRODUCTION

The main decommissioning issue of nuclear facilities
with carbon-uranium reactor is related to the need
to select the best handling methods for large vol-
umes of spent graphite that occupies a special place
when dealing with the accumulated radioactive waste
(RW). The main radioactive components of graphite
rods of nuclear reactors are the long-lived radionu-
clides. These are !*C isotopes and 3¢Cl chlorine. Due
to a low percentage of “C and its half-life for many
centuries, there is a problem of its extraction, condi-
tioning, decontamination, followed by the disposal
of spent graphite. First of all, this is due to a large
amount of radioactive material, estimated at the tens
of thousands of tons. In terms of radioactive safety
and environmental protection, the burial of such
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KOMIIOHEHTBI I'PadUTOBBIX CTep>KHEI aTOMHBIX Peak-
TOPOB — JOJICOKHBYIIMYE PafgHOHYK/IeHUIbl. ITO H30-
Tomsl 4C 1 xyopa 3°Cl. I[Ipu HeBBICOKOM IPOIIEHTHOM
COlep>KaHMU M IIePHOJOM II0/ypaciafla BO MHOIO
croneTtuit “C cymecTByeT mmpobiieMa ero U3BIeUeHHUs,
KOHIHMLIMOHHUPOBAHUS, AEe3aKTHBALMU C IIOC/IeLyI0-
KM 3aXOPOHEHHeM CaMOoro oTpaboTaHHOro rpaduTa.
9To CBSI3aHO IpeK/e Bcero ¢ 60bIIMM KOIHYeCTBOM
PafroaKTHBHOIO MaTepuasa, HCUYUCISIeMOro OecsT-
KaMH ThICSY TOHH. C TOYKH 3PeHHS pafHOaKTUBHOM
6e30I1aCHOCTH U 9KOJIOTHH 3aXOPOHEeHHe TAaKOHM MaCChI
obnydeHHOro rpadHUTa BO3MOKHO TOJIBKO IIOCTIE CHH-
JKeHUS KOHIIeHTPalluK pafuoHyKIenaa “C B mecaTku
pas. INonyueHue C B YMCTOM BHIEe M3 CMeCH H30-
TOIIOB OCYIIeCTBIAAETCA HX pasgeneHreMm. Cymle-
CTBYeT Lie/IBIH PSI MeTOJ0B TaKOro pasfeneHus (1], us
HUX [IBa IIpu pabore ¢ obnyueHHBIM rpadputom (OI)
HCIIONB3YIOTCS Hallle, UCXO/s U3 CBOMCTB PAO:

* YIIaKOBKA HEKOHAWIIMOHHPOBaHHOro OI' B KOH-
TelHePEI C II0C/IeAYIOIUM 3aXOpPOHeHHeM;

* KOHAMILHOHHpoBaHHe OI (CKUIaHHe, BK/IIOYe-
HHe B UHEePTHYIO MAaTpPHIy U T.II.) C pa3Je/lbHbIM
yOoaleHHeM U IOC/IeAyIoIer yTHIN3alueH / 3aX0-
pOHeHHeM BceX II0/TyuyeHHBIX dpakiui PAO.

[TpobieMa obpameHnus ¢ O cBs3aHA MpPEKAe BCETo

C pellleHHeM 3aJla4ud ero OUMCTKU 0T HC.

NNA3EPHASA YCTAHOBKA

ONAa PASAENEHNA N3OTOIMOB

PaHee 3KCIIepHMEHTAIbHO 6BLI0 JOKasaHo [2, 3], uTo
B YCIOBUSIX IIOJIyuYeHHUs M30TOIIOB YIJIepoja HK3-3a
MX MaJIOrO Pas/JM4Ms B BeJIMUYMHEe MacC M, COOTBeT-
CTBEHHO, HM30TOINMYECKOro CBMIA B CIeKTpe, HaH-
6ornee 3bdeKTHBEH CIIEKTPATBHO-CETIEKTUBHBIN METO],
MHOTOQOTOHHOM AHCCOIIMALIMK MOJeKya, obra-
DAIOIIUI BBICOKOM K36MpaTelbHOCTBIO. II03ke mAJIs
OYMCTKH OT H30Toma “C Opiin paspaboTaHbl yaszep-
Hble YCTAaHOBKU /ISl Pa3/ie/leHHsl M30TOIOB yIlepona
U BbeneHUs usortoma BC [4, 5]: «lgremn» (r. Tpo-
nnk), «Crexrp» (r. CaHkr-Iletepbypr) u «Yriaepom»
(r. KanuHuUHTpaA). KoHCTPYKUMH 3THX YCTaHOBOK
CTa/Iu IIPOTOTHUIIAMHU 11 HOBOHM Pa3paboTKU MOZIYJIS
st ouuctky O ot “C u monydeHus “C B obora-
IIeHHOM BHJe. B OoCHOBe HCIIONb3yeMOM TeXHOJIO-
THU — MeTO/, 1a3ePHON MHOIOOTOHHOL CeJIeKTHBHOU
XUMHUYeCKON QOTOAMCCOLMALIUY ra3a, I10/y4aeMoro
[P XMMHYeCKOH KoHBepcuH OI ¢ ofHOBpeMeHHOM
OYHCTKOM OT APYTHX PaJHOHYKIHUIOB. TOMBKO IIPU
Ja3epHOM MeTOfle BO3MOXKHO BblJelleHHe KOHKpeT-
HOTO M30TONA M3 CMeCH H30TOIOB C IIPaKTHUYeCKH
OIMHAKOBOM MaccoM - B JaHHOM ciydae “C. IIporo-
THII 71ab0PAaTOPHOM JIa3epHOM yCTaHOBKU (JIIY) yske
ITPOILEJT UCIIBITAHHUS.
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a huge amount of irradiated graphite is possible only
after a decrease in the concentration of *C radionu-
clides by dozens of times. Obtaining pure *C from
a mixture of isotopes is performed by their separation.
There are a number of methods for such separation [1],
two of which are used more often when working
with the irradiated graphite (IG), based on the RW
properties:

+ placement of non-conditioned IC in the contain-
ers with subsequent disposal;

+ IG conditioning (burning, inclusion in an inert
matrix, etc.) with separate removal and subse-
quent disposal/burial of all obtained RW frac-
tions.

First of all, the IC handling issue is related to the

solution of its cleaning of 4C.

LASER INSTALLATION FOR ISOTOPE
SEPARATION
Previously, it was experimentally proved [2, 3] that
in the conditions of obtaining carbon isotopes, due
to their small difference in masses and, accordingly,
the isotopic shift in the range, the spectrally selec-
tive method of multiphoton dissociation of molecules
with high selectivity, is the most efficient one. Later,
to remove the *C isotope, the laser installations were
developed for the separation of carbon isotopes and
isolation of 3C isotope [4, 5]: Dyatel (Troitsk), Spe-
ktr (Saint-Petersburg) and Uglerod (Kaliningrad). The
designs of these installations became the prototypes
for new development of a IC “C treatment module
and obtaining #C in an enriched form. The tech-
nology used is based on the method of laser multi-
photon selective chemical photodissociation of gas
obtained by the IG chemical conversion with simulta-
neous purification from other radionuclides. The laser
method only makes it possible to isolate a specific iso-
tope from a mixture of isotopes with almost the same
mass - in this case, “C. The prototype of the labora-
tory laser installation (LLI) has already been tested.
The basis of the new compact automated instal-
lation is also a repetitively pulsed CO, laser with
the generation spectrum tuning in the wavelength
range of 9-11 pm. A general view of the installation
(in section) is shown in Fig. 1. In the chemical con-
version unit, IC is processed into the working gas
(Freon-22). The laser unit of the module provides for
the 1“C separation from the working gas with a con-
trolled flow rate and stabilization of the working sub-
stance parameters, power density control with the
automated wavelength tuning and alignment. The
isolated 1C can be buried or used for other technical
purposes.
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OCHOBY HOBOM KOMIIAKTHOM aBTOMAaTH3HPO-
BAaHHOM YCTaHOBKH COCTaBJsSeT Takke HMIIYIbCHO-
nepuoandeckun CO,y1a3ep C MepecTPOMKOM CIIeKTpa
reHepalyHy B AUAIla30He IIMH BOJIH 9-11 MKM. Obmun
BHUJ YCTAaHOBKU (B paspese) IpuBeldeH Ha puc. l.
B 6710Ke XMMHYECKOM KOHBEPCHUH MOMYJSl OCYIIecT-
BiIsieTcsl mepepaborka OI B pabouwmii ras (PpeoH-22).
JlazepHBIN 670K MoOAyis obecriedriBaeT BeleneHue 4C
13 pabouero rasa c peryJInupyeMbIM pPacXoJOM M CTa-
bunusanyen mapaMeTrpoB pabodero BellecTBa, pery-
JTHPOBaHHEM IUIOTHOCTH MOIIHOCTH C aBTOMAaTH3H-
POBAHHOM HaCTPOMKOM JIJIMHBI BOJTHBI U IOCTHPOBKOM.
BrimeneHHBIH C MOXKeT 6BITh 3aXOPOHEH HJIH HUCII0JIb-
30BaH B MHBIX TeXHHUUECKHUX 3a/la4ax.

H3nydeHue nasepa (1), pe3oHaTOp KOoTOporo obpaso-
BaH AUQPAKLHOHHON pelIeTKoM (2) U cheprudeckKuM
3epkasioM (7), doxycupyetcst nuH30H (5) u3 comu KCl
WK ceJleHHUJa LIMHKA B LIeHTPaJbHYIO0 YacCTb CIIelU-
anbHOM KIOBeThl (peakTopa) (6), B KOTOPYIO II0JaeTCsl
ras ¢ppeon-22. okycHoe pacCTOSIHHe JTHH3bI BbIOHpa-
eTcst TakuM 06pasom, 4Tobbl 0671acTh 3)HEKTHBHOIO
B3aMMOZEFCTBUSI U3/Ty4eHHs Jla3epa ¢ peoHOM bblIa
He MeHee 150 mM. Ilox B3aMMOJEHCTBHEM IIOHH-
MaeTcsi CTymeH4YaTass OTOMMCCOLIMALIMS MOJIEKYI
dpeoHa.

PeaKTOp pacroyioskeH Mexay nasepom (1) U IIyXum
3epkajioM (7), TakKMM 06pa3oM OCYILECTB/ISITCSI BHY-
TPUPe30HaTOpHOe ITpeobpa3oBaHUe. Bce o6beMBbl pac-
II0JI0>KE€HBI COOCHO APYT C APYIOM, HMEIOT BaKyyMHBIe
YIUIOTHEHHUSI B MeCTaxX COeIMHEeHHUsI U 00pasyioT enu-
HBIM 3aMKHYTBIN 00BbeM JIa3epHON YCTAaHOBKHU C peak-
TopoM. 30Ha B3auMozencTBHsl (10) B GoKyce TUH3EHI (5)
MMeeT IIONepeYHbIN pa3sMep (OHUaMeTp KayCTHKH)
IOpsAKa 2 MM, IIPOTSKEHHOCTE 150-200 MM,
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The laser radiation (1), the resonator of which is
made by a diffraction grating (2) and a spherical
mirror (7), is focused by a lens (5) made of KCI salt
or zinc selenide into the central part of a special cell
(reactor) (6), into which the gaseous freon-22 is sup-
plied. The lens focal length is selected in such a way
that the efficient interaction area between the laser
radiation and freon is at least 150 mm. Interaction is
a stepwise photodissociation of freon molecules.

The reactor is located between the laser (1) and
a 100% mirror (7), thus the intracavity conversion
is performed. All cavities are located coaxially with
each other, have vacuum seals at the junctions and
make a single closed volume of the laser instal-
lation with the reactor. The interaction area (10)
at the lens focus (5) has a transverse dimension
(caustic diameter) of about 2 mm and a length
of 150-200 mm.

An important feature of the installation is inte-
gration of the separation reactor and the CO, laser
cavity into a whole, when the reactor is located
inside the laser cavity. This makes it possible to
implement a high density of laser radiation in
a large scope, to use it most efficiently, and thereby
increase the separation process productivity. The
installation basis is a gas-discharge module (1). In
LLI, the mode using two such modules is possible
that expands the system functional capabilities.

The parameters of laser radiation are as follows:
pulse energy 0.2-0.5 J; duration 100-200 ns (initial
section of a microsecond pulse); the pulse repeti-
tion frequency is changed within 0-600 Hz; main
operating frequency 100 Hz; pulse power is several
megawatts.

Puc. 1. Onmuueckas cxema nazepHol YycmaHosKu: 1- 2a3opa3psiOHbili ModyAb; 2 — OUGPAKUUOHHAS peliemKka; 3 — NA0CKoe
3epKano; 4 — 8biXo0HOe OKHO; 5 — NoAoXKUMeAbHAs AUH3d; 6 — peakmop; 7 — cepuueckoe 3epkano; 8 — nampyboku; 9 — cuAbGoHbI;
10 - 30Ha 83aumodelicmaus
Fig. 1. Optical circuit of the laser installation: 1- gas discharge module; 2 - diffraction grating; 3 - flat mirror; 4 - exit gate;
5 - convergent lens; 6 - reactor; 7 - spherical mirror; 8 — branch pipes; 9 - bellows; 10 - interaction area
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BaskHast 0c0DeHHOCTh YCTAHOBKH - 0ObeAHHeHHe
B OJHO Liejioe pasle/lMTe/IbHOIO peakTopa M pes3o-
HaTopa CO,y1a3sepa, KOTJa peakTOp Ppacliojaraercs
BHYTPHU JIa3epHOT0 pe30HaTopa. 3TO II03BOJISIeT pea-
JIM30BaTh BBICOKYIO IUIOTHOCTbH JIA3€PHOIO M3jIyde-
HUS B 6onbiioM obbeme, Haumbonee 3pPeKTHUBHO ero
KCIIO/NB30BaTh U TeM CaMbIM IIOBBICUTBH IIPOH3BOLHU-
TeJIbHOCTh IIpollecca pasfesieHHsi. OCHOBY YCTaHOBKU
COCTaB/sIeT Ira30paspsigHBI MoAynb (1). B JIIY Bo3-
MOXKeH PEeKHM C KMCIIOJIb30BaHMEM [ABYX TaKUX MOLY-
7el, 4TO pacirpsieT PyHKLUKOHATbHbIE BO3SMOXKHOCTH
CUCTEMEBL,

[IapaMeTprl J1a3epHOr0 M3JIYyUeHUS: DOSHeprus
B umnyiasce 0,2-0,5 JDK.; mnuTenbHocTh 100-200 HC
(HadaJIBHBIM Y9aCTOK MHKPOCEKYHIHOIO HMIIYJ/IbCA);
YacToTa CJIelOBaHUS UMITY/IbCOB M3MEHSeTCS B IIpefe-
nax 0-600 Tu; ocHoBHas pabouas yactora 100 Iy
MOILHOCTb B UMIIYJ/IbCE — HECKOJIBKO MeraBatT.

BO3MOXXHOCTU INY ONA PASOENEHUA
M30TOMNOB CPEAHUNX MACC

B xome mMoIeNbHBIX PACUYETOB 0Ka3aJIOCh, YTO MCIIOIb"
30BaHHe paspaboranHHOom CO,-JI/IY IpOSIB/ISeT BBICO-
Kyl 30QeKTUBHOCTh ILPU PpasfeeHHUH H30TOIOB
XMMMYEeCKHUX 3/IeMeHTOB CpefHUX Macc (bop, yriepon,
cepa U Ap.). M30TOMBI 3TUX XMMHYECKUX 3/IeMEHTOB
M UX MOJIEKY/ISIPHBIX COeJUHEHUH 00/1afaioT THHU-
SIMH ToromeHus: B MK-06/1aCTU M IIHPOKO HCIIONb-
3yloTCsI B OMOJIOTHMM, XUMHH, MeJHLHHe, HAIpHU-
Mep, B KaudecTBe MeTOK. Ho wucmonb3yeMble s
pasfeneHuss M30TOIIOB PaCIpOCTPaHEHHBIE METOJbI
LeHTpUPYITUPOBaHUA B Ciay4ae

LLI CAPABILITIES FOR THE SEPARATION

OF AVERAGE MASS ISOTOPES

During the model calculations, it has turned out that
application of the developed CO,-LLI demonstrates
high efficiency for the isotope separation of chemical
elements with average masses (boron, carbon, sulfur,
etc.). Isotopes of these chemical elements and their
molecular compounds have the absorption lines in the
IR region and are widely used in biology, chemistry,
and medicine, for example, as the labels. However,
the common centrifugation methods used for isotope
separation in the case of obtaining isotopes of average
masses are difficult due to the small difference in the
isotope masses of one element and, accordingly, the
isotopic shift in the spectrum that is difficult to be
identified.

For many average-mass isotopes, the absorption
lines located in the IR region coincide with the gen-
eration lines of CO, laser radiation [6]. In addition, in
the harmonic oscillator system, the oscillation fre-
quency  is related to the mass m by the dependence
w~m2, The reduced mass m,y, on which the vibra-
tional energy depends, is considered. The frequency
difference of two oscillators Aw is proportional to the
following ratio:

1/2 1/2
(mred.z) 2~ (mred.l) !

(mred.z ’ mred,l)ll2

Therefore, for heavy elements at large values of
M4, this expression tends to zero. Accordingly, mea-

I[IoJIy4yeHHsA H30TOIIOB CpeaHHUX
MacC 3aTpyAHEHBI H3-3a MaJIOro

a3IU4YUs B BeJIMYMHE MacC M30-
P 214CF,HCI+N, 14C,F,+2HCI+N,
TOIIOB OJHOIO 3JIeMeHTa M, COOT-
BeTCTBEHHO, TPyAHO HAEHTHU-
duULIMpyeMOro HM30TOIIHYECKOT0 VIMIyTbCHBIH Brox
= L CO,-nasep B3aHMMOJEHCTBUS

COBUTIA B CIIeKTpe.

JlJIss MHOTHX M30TOIIOB CpeTHUX
MAacCC JTUHUU IIOIJIOIIEHHUS, HaXo-
osamuecss B HMK-obnmactu, coBra-

CO,:N,:He=1:1:4
P=760 Topp

R
’ ®peoH-22:N,=3:5

P=160 Topp

JluarHo-

AalT C JHHHSIMH TIeHepalluu —

Cucrema
pereHepaluu

BJIOK OYHUCTKU
oT HC1

usnydenus CO,-n1asepa [6]. Kpome
TOTO, B CHCTeMe IapMOHHYEeCKOIo
OCIIM/IISITOPA  4YacToTa Koseba-
HHMH (O CBS3aHA C MaCCOM M 3aBH-
CHMOCTBIO w~m~Y2. PaccMaTpuBa-
eTCs [IPUBEfeHHAs MacCa My, , OT
KOTOPOM 3aBHUCHUT KosebaTe/lbHas
3Heprus. Pa3sHOCTb YacTOT [BYX
OCLIMJUISTOPOB  Aw IIPOIOPLIHO-
Ha/IbHA OTHOLIEHHIO

Puc. 2. Cxema npouecca o60zauieHust yzaepoda no uzomony “C
Fig. 2. The carbon enrichment process flow by the *C isotope

BJIOK BeIfE/IeHUS
Hapab0TaHHOTO
IIPOAYKTA
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(mr[p,Z)l/Z _ (mnp.l)l/z

(mrlp‘z.mr{p.l)u2

[To3TOMY ISl TSDKEIBIX 37IeMEHTOB ITPH OOJIBIIKX
3HaYeHHUSX My, [AHHOe BBIPAKEHHE CTPeMHTCS
K HYJIIO, M, COOTBeTCTBEHHO, M3MepeHHe YacTOTHOIO
COBUIa Aw B M3Ty4eHHUH [JBYX U30TOIIOB M3BeCTHBIMU
CIIeKTPUIBHBIMH METOJAMH IpefCTaBisieT OolblIve
TPYAHOCTH. B/IHseT Takke aHTAaPMOHM3M KoJlebaHUH,
BBI3BIBAIOIIMI II€peKPbITHE CIIeKTPOB. sl JIerKux
XHUMHYECKHX 3JIEeMEHTOB 35TO OTHOIIEHHEe BeJIHKO,
HaIlpUMep, JJ1s1 U30TOIIOB BOLOPOJA IeNTepUs U TPU-
THUS 3HaueHHe MacChl OJHOTO IIOpsAKa C ee H3Me-
HeHHeM. 3Ha4MT, JOCTATOYHO OOJIBIION U COBUL
YaCTOTHI M3/IydeHHs, OOHAKO JJIs1 pas3fie/leHHsT TaKHUX
M30TOIIOB JABHO U yCIIEIIHO IIPUMeHSI0TCs 6oree mpo-
CTble METOJbI Pa3fie/IeHH s 10 Macce — I10 OTKJIOHEHHIO
B MarHMTHOM Irojie. Pa3fesieHue >Ke HM30TOIIOB dJjie-
MEHTOB CpefIHUX Macc 61arogapss MHOTOYacTOTHOMY
criekTpy CO, /masepa, BBICOKOMY CIIEKTPaJIbHOMY pas-
pemieHHI0 AUGPAKIMOHHON PpelleTKH C ITpelH3HOH-
HBIM aBTOMAaTH3HUPOBAaHHBIM yIIpaBIeHHeM H MeTOo-
IOM CeJIeKTHBHOM MHOIOGOTOHHOM IHCCOIHAIINU
[IPeCTaBIISIeTCS [IePCIIeKTHBHBIM.,

surement of the frequency shift Aw in the emission
of two isotopes by the well-known spectral methods
is overridden with difficulties. Moreover, the anhar-
monicity of oscillations have an impact, causing the
spectrum overlap. For light chemical elements, this
ratio is large, for example, for the hydrogen isotopes
of deuterium and tritium, the mass value is of the
same order with its changes. This means that the
shift in the radiation frequency is also large enough.
However, for the separation of such isotopes, the sim-
pler methods of separation by mass (by deviation in
a magnetic field) have long been successfully applied.
The separation of isotopes of average-mass elements
due to the multifrequency spectrum of a CO, laser,
the high spectral resolution of a diffraction grating
with the precised automated control, and the selec-
tive multiphoton dissociation method seems to be
promising.

Possible regulation in the LLI in a wide range of
laser pulse repetition rate (0-600 Hz) and energy from
the fractions to several joules (in the case of switch-
ing on the second gas-discharge module No. 1, see
Fig. 1) makes the laser isotope separation method
multi-purpose [3].

14 m 51 61 12 13

peneliH020 U cuA08020 060pydo8aHus

port frame; 14 — panel of relay and power equipment

Puc. 3. JlabopamopHas nasepHas ycmaHoeka: 1- peakmop; 2 — 6A0k omyucmku om HCl; 3 - 2azopa3psidHbili modyab, 2 wm.;

4 - 6/0K pezeHepayuu; 5 — MUpamMpoHHbIL 6A0K NUMaHus paspsiod, 2 wm.; 6 — mupampoHHbIl 640K nUManus nodceemku;

7 — pe3oHamop onmuveckull; 8 — 6A0K ombopa npodykma; 9 — cucmema 2azoobecneqeHus; 10 — cucmema 8akyymHOU 0MKa4Ku;

11 - 8HEWHSIS cucmema oxad>kdeHusl; 12 — cucmema asmomamu3uposanHHo20 ynpasaeHusl; 13 — onopHasi KOHCMpykuus; 14 — naHeap

Fig. 3. Laboratory laser installation: 1 - reactor; 2 = HCl purification unit; 3 - gas discharge module, 2 pcs.; 4 - regeneration unit;
5 -thyratron discharge power supply unit, 2 pcs.; 6 - thyratron backlight power supply; 7 - optical cavity; 8 - product selection
unit; 9 - gas supply system; 10 — vacuum pumping system; 11 — external cooling system; 12 - automated control system; 13 - sup-
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BO3MOKHOCTh perynupoBaHus B JIJIY B IIMPOKHX
Ipeenax 4YacTOThI CJIeL0BaHMU JIa3ePHBIX MMITY/IbCOB
(0-600 Tw) u SHEPTHUH OT JojIel [0 HeCKOJIbKUX AXKO0Y-
nen (B peXKHMMe BKIOUEHHUH BTOPOTO Ta30paspsAiHOro
monyns 1 cM. puc. 1) mpeBpallaloT MeToJ, JIa3epHOIO
paszesieHUs M30TOIIOB B YHUBEPCAJIbHBIH [3].

[Ipouiecc 7a3epHOro oborameHHs] OCYILECTBIIS-
eTcs MyTeM IepeBoja ¢peoHa-22 B TeTpadTOPITHUIIEH
C IOBHINIEHHBIM COfiepskaHHMeM H3oToma #C. Cxema
Impoiiecca, ocyuectsiagemoro B JUIY, HIIIOCTPHUpPYeET
puc. 2. OHa Bo MHOIOM CXO¥Ka CO CXeMOH IIpolecca
oborameHus yriaepoga o usoromy BC. O6mHUI BUZ
JUIY mipencTaBiieH Ha puc. 3.

OCOBEHHOCTU U3MEPEHUW N3OTOIMA 4C
JlJsL ce/leKTHBHOTO BO30Y>KAeHMs n3oTomna “C HCIonb-
3yeTcsi KOPOTKOBOITHOBASI 4YaCTh CIIEKTpa TeHepaLHuH
CO, nasepa. ONTHUMAJIBHBIMU PabOYHMMU JTHHHUIMHU
BO30Y>KIEeHUSI CIIeKTpa CIy>Kat TuHUHA IP(20) - 9P(36)
13 y>Ke HH3KOM 00/1aCTH MHTEeHCHUBHOCTH TeHepaluu
CO, nmasepa [3].MeTonudeckasi 0co6eHHOCTb H3Mepe-
HUHN “C - Mapli U30TONHMYECKUH caBur “C oTHOCH-
TenbHO 1C M BecbMa HM3Kas KOHLIEHTpALUs Iielle-
BOro usorona “C B cMecH PaslIHYHBIX XMMHUYECKUX
COeqUHEeHUH.

s celeKTHBHOro BO30yKIeHHUsI H3oTora MC
M ONTHMHM3ALMHK IIpoliecca ero HapaboTKu Tpeby-
eTcst rubkasi rmepecTporKa AJTHUHBI

=

The laser enrichment process is performed by con-
verting freon-22 into tetrafluoroethylene with a high
content of the *C isotope. The process flow performed
in the LLI is shown in Fig. 2. It is in many respects
similar to the carbon enrichment process flow by
the BC isotope. The general view of the LLI is shown
in Fig. 3.

FEATURES OF *C ISOTOPE MEASUREMENTS
For selective 1“C isotope excitation, the short-
wavelength part of the CO, laser generation spectrum
is applied. The optimal working excitation lines of the
spectrum are 9P(20) - 9P(36) from the already low gen-
eration intensity region of the CO, laser [3]. A meth-
odological feature of *C measurements is a small #C
isotopic shift in relation to C and a very low concen-
tration of the target 14C isotope in a mixture of various
chemical compounds.

The selective excitation of 1“C isotope and optimiza-
tion of its production process require the flexible tun-
ing of wavelength in the range of 9-11 pm performed
using the diffraction grating automated control.

The precise wavelength tuning is ensured by the
design of a special diffraction grating unit with auto-
matic adjustment and programmable control.

The diffraction grating and deviating mirror at
a given angle to each other are rigidly mounted on

BOJIHBI B pAuama3oHe 9-11 MKM,
KOTOpasl OCyLIeCTBISeTCS IpHU

IIOMOIIY aBTOMAaTH3HPOBAHHOIO
yInpaBaeHUs IUOPaKLIHOHHOMU

PelLIeTKOM.
IIpeniM3rOHHAsl HACTPOMKa IIO

AJMHAM BOJMH obecreduBaeTcs
KOHCTPYKLMel  CIeLHaJbHOTo
y31a AUQPAKIMOHHON PpelleTKH
C aBTOMAaTHYeCKHM peryJHnpo-
BaHMeM M IIPOrpaMMHPyeMbIM
yIpaBieHHeM (puc. 4).

JudpakiimoHHas penreTka
Y [IOBOPOTHOE 3epKajIo 1107, 3a/IaH-
HBIM YIJIOM JPYT K APYTY >KeCTKO
KpemsTcsl Ha IUIACTHHe, KOoTopas
YCTaHOB/IEHA Ha MOTOPH30BaHHOM
nnatrdopMe, HMMeEIOIIEH [Be OCH
rnmosopoTa. C MOMOIIBIO OBYX IIPH-
BOJIOB IIPOM3BOJUTCSL IOCTHPOBKA
(moBopoT u ¢uKcalys) IIIAT-
GOpMBI 110 JBYM OCSIM C paspelre-
HHeM MeHee 1 yI7I0BOM CeKyHHBI.
JUCTAaHLIMOHHO IOCTHPOBKA OCY-
IeCTB/ISIeTCS C IIOMOIIBI0 KOHTPOJI-

Hacmpouku

Puc. 4. KoHcmpykuus y3aa dudpakyuoHHoll pewemku 845 2ubKoli cnekmpanbHoli

Fig.4. Design of the diffraction grating assembly for flexible spectral tuning
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Jepa. YCTAaHOBOYHAas HOCTHPOBKA AUPPAKILIMOHHOIO
y3/1a BBIIIOJIHSIETCSA B AHalla30He JIMHEUHBIX IlepeMe-
IeHUH +3 MM C TOYHOCTBIO +0,5 MM, YIVIOBBIX *1,5°
C TOYHOCTBIO *1,5'. M3meHeHHe yIjla MeXIy OITHYe-
CKOM OCBI0 Pe30HATOPa M HOPMAJIBIO K IIOBEPXHOCTH
IUOPAKLMOHHOKN PeIlleTKH OCYIIeCTBISIeTCS B IIpe-
Ienax 26,7°-33,4°, 4TO COOTBETCTBYET IlepecTporKke
OIHUHBI BOIHBI M31y4deHHsd 9-11 Mrm. OmepaTHBHas
AMCTAaHUMOHHAA IOCTUPOBKA ITHPPAKIIMOHHOIO y3Ja
BOKPYT BEPTUKAIBHOM OCH 00ecriedrBaeT H3MeHeHHe
yria B mpefenax +30° OTHOCUTEIBHO IIpeIBApPUTEIbHO
YCTaHOBJIEHHOTO II0JI0’KeHHUS C TOYHOCTBIO +10"".

BmecTo nupaKkLMOHHON PpeleTKH ¢ Ko3bPHUIU-
eHTOM OTPaKeHHSs <70% B IepBBIH IOPSAAOK Audpak-
LM, KOTOPBHIM OOBIYHO ITPHMEHSIETCS B CeJIeKTHBHOM
pe3oHaTope AJIsi BBIBOZA M3/Iy4eHMs, B PeaIM30BaH-
HOM HaMH CXeMe HCIIOJb30BaHa AUPPAKLKOHHASA
pellleTKa, OTpaskalolljasi OCHOBHOe H3JlyueHue (0o 95%)
B IIepBbIM AUPPAKLMOHHBIN MOPSINOK. Manasg 4acTb
nsnydeHus (5-7%), Hen36e>KHO BBIXOASIAS B HY/1€BOK
IOPSANOK, BBIBOOHTCSA H3 pPe3oHATOpa [ AHarHO-
CTUKH I1apaMeTpPOB JIa3€pHOro U3TyUYeHH .

3AKJ/TIOMEHUE

PaspaboTaHa aBTOMaTH3upoBaHHas JUIY mjis oTpa-
6OTKM Ipollecca OUYMCTKH PeaKTOPHOro rpadura OT
usorona C MeTomoM CeIeKTUBHOM MHOTOPOTOHHOM
Ja3epHOM Aucconuauuy Moinekyasl “CHCIF,. Pe3ynb-
TaThl, IIOJIy4eHHbIe IpU QU3HUYeCKOM IIycke JIIY
U mpupogHoM cofepxkaHuu “C B CHCIF,, moxarsep-
OUIH Pe3y/lIbTaThl UHCIeHHOTO MOJe/IHPOBaHUs. Pac-
YyeThl IMOKa3alMd, YTO MacHlTabupyeMocTh Ipoliecca
criocobHa 0b6ecrieduTh BO3MOXKHOCTB 06PaboTKU 10
3 kr/yac rpadura (mepepaboraHHOro Bo GHpeoH-22)
C YMeHbIIeHHeM KOHIleHTpauuu “C Ha 2-3 mopsaxka.
[TpellM31OHHAsI HACTPOMKA II0 JJIMHAM BOJH obecrie-
YMBaeTCsl KOHCTPYKIMeH CIeLHMalbHOro y3na Aud-
PaKLMOHHOM pelleTKH C aBTOMAaTH4eCKUM peryiupo-
BaHHEM U [IPOrPaMMHUPYeMBIM yIIpaBleHHEeM.
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a plate to be installed on a motorized platform with
two rotation axes. By using two drives, the platform
is adjusted (rotated and fixed) along two axes with
a resolution of less than 1 arc second. The remote
adjustment is performed using the controller. The
installation adjustment of the diffraction unit is
performed in the range of linear displacements of
+3 mm with accuracy of +0.5 mm, angular displace-
ments of +1.5° with an accuracy of +1.5'. The angle
correction between the cavity optical axis and the
normal to the diffraction grating surface is carried
out within 26.7°-33.4° that corresponds to the radia-
tion wavelength tuning of 9-11 pm. The operational
remote adjustment of the diffraction unit around
the vertical axis provides the angle correction within
+30’ relative to the pre-set position with an accuracy
of £10"".

Instead of a diffraction grating with a reflection
coefficient of < 70% to the first diffraction order that
is usually used in a selective cavity for the radia-
tion output, our circuit uses a diffraction grating
that reflects the main radiation (up to 95%) to the
first diffraction order. A small part of the radiation
(5-7%) that inevitably goes into the zeroth order, is
extracted from the cavity to diagnose the laser radia-
tion parameters.

CONCLUSION

An automated LLI has been developed for testing the
reactor graphite clarification process from “C isotope
by the selective multiphoton laser dissociation of
4CHCIF, molecule. The results obtained during the
physical LLI lunch and natural content of “C in CHCIF,
have confirmed the numerical simulation results. The
calculations have shown that the process scalability
is capable of processing up to 3 kg/h of graphite (con-
versed into freon-22) with a decrease in the *C concen-
tration by 2-3 orders of magnitude. The precise wave-
length tuning is ensured by the design of a special
diffraction grating unit with automatic adjustment
and programmable control.
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