


B B~Ae yce4eHHOrO KOHyca. HcnonbayeTCR CTaHAaPTH~~ npoM~WneHH~~ 
C~~HT~nnRTOp, B KOpnyce KOTOpOrO M~ 3aMeH~n~ BXOAHOe OKHO Ha 
6onee TOHKOe. 0HO ~MeeT TOn~~HY 0,06 r/cM 2 • . 

C4eT4~K Nal ~cn~TaH c nOMOIIlbiO y -~cTo4H~Ka Cs 137 , AaiO~ero 
MOHOXPOMaT~4eCKYIO n~H~IO 660 K3B. PaapeweH~e C4eT4~ Ka COCTaBnReT 
10%. CpeAHee 3Ha4eH~e aMnn~TYA~ ~ A~cnepc~R He aae~cRT oT MecTa 
o6ny4eH~R Kp~cTanna. 

AnR yMeHbWeH~R Hen~He~HOCT~ ~ aae~c~MOCT~ yc~neH~R ~oToyMHo
~~TenR OT aarpyaoK c~rHan cH~MaeTCR c wecToro A~HOAa 1 31 ~ yc~n~
eaeTCR aapRA04YBCTB~TenbH~M npeAYC~n~TeneM. Bee ocTanbH~e A~ HOA~ 
~ aHOA HaXOARTCR noA HanpR~eH~eM - 20 B OTHOC ~TenbHO wecToro 
A~HOAa. 

B ~3MepeH~Rx ~cnonbayeTCR 3neKTPOH~Ka cneKTPOMeTpa RA e P oT
Aa4~ na6opaTop~~ B~COK~X 3Hepr~~ / 4/ Ha . n~H~~ c 3BM CM-3. B Ka~
AOM co6~T~~. per~cTp~pyeMoM TenecKonoM, aan~c~BaiOTCR .aMnn~TYA~ 

Tpex c~rHanoe: c ~eHTp~nbHO~ aoH~ KpeMH~eooro Ae Te KTopa, ero 
oxpaHHoro KOnb~a ~ C4eT4~Ka Nal . 

3. nOCTAHOBKA 3KCnEPHMEHTA 

Pa6oTa npoBeAeHa Ha ny4Ke MeAneHHoro BbiBOAa c~Hxpo¢aaoTpoHa 
OHRH. YcKopeHH~e RAPa 3He B~BOARTCR np~ 3Ha4eH~~ MarH~THoro 
nonR ycKop~TenR 1 Krc ~ ~MeiOT 3Hepr~IO 464 M3B. Ha nyT~ ny4Ka 
4aCT~~ nOCTORHHO HaXOA~TCR cno~ Be~eCTBa TOn~~HO~ 2 r/CM 2 ,4TO 
cH~~aeT 3He pr~IO AO 438 M3B. HaMepeH~R CAenaH~ np~ nRT~ 3Ha4e
H~Rx 3Hepr~~ 3He . Ha BXOAe B KP~CTann Nal : 428; 387; 295 ; 1]2 
~ 70 M3B . 3Hepr~R aaAaeTCR Ha6opoM MeAH~x nornoT~Tene~ ~ onpe
AenRe TCR ABYMR Heaae~c~M~M~ cnoco6aM~: pac4eTH~M nyTeM no ~oH~
aa~~OHH~M noTepRM B MeA~~ B KpeMH~~ /~/ ~no ~3MepeHHO~ Ben~-
4~He AE - noTepb B KpeMH~eBoM AeTeKTope. PeaynbTaTbl coenaAaiOT 
C T04HOCTbiO 1%. 
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Ha p~c.2 noKa3aHa aae~c~MOCTb 
aMnn~TYA~ c~rHana Nal-c4eT4~Ka 

oT 3Hepr~~ RAeP 3He ~ ee annpoK
c~Ma~~R KBaApaT~4HO~ $YHK~~e~. 
OTKnoHeH~e xapaKTep~cT~K~ C4eT-
4~Ka OT n~He~HO~ 3aB~C~MOCT~ He 
npee~waeT 5% . 

Ha p~c.3 np~BeAeHO ABYXMepHoe 
pacnpeAeneH~e aMnn~TYA c~rHanoe 

t.E-AeTeKTopa ~ -Nal -c4eT4~Ka AnR 
0o 100 200 300 400 E I~<>B J cny4aR, KOrAa nepeA TenecKonoM 

CTO~T MeAHaR ·nnaCT~Ha Ton~~HO~ 

9 MM, nOH~~a~aR 3Hepr~IO RAep 
PHc.2. 3aBHCHMOCTh .aMIIJIH- Ha· BXOAe B Kp~cTann AO 295 M3B. 
TY,Z:U,I CHrHana Nai-ct~eT'IHKa nRTHO c . 6onbWO~ nnoTHOCTbiO co6~-
0T 3HeprHH HAeP renHH-3~· ------~~~ -cooxae~E~Y,, eT nonHoMy ~OH~-

·.L '• ·- +jT 3 
·u ·- JC J. 

. r~ /:-::.nt- . 



1000 

~ 
~ 
~zoo 
~ 

~150 
in 
~ 100 
~ 
~ 
fu 

.. ·. . (E)=Z95 HJIJ 

, , , .,,,,,{~~~~ L 

~ 0L-L-~~~~~~~~~~-L~-L~ 

~ 0 100 200 JOO 'tOO 500 600 700 
HOHEP KAHAflA NaJ-cq£TqHKA 

PHc.3. ABYXMepHoe pacnpeAeneHHe aMnnHTYA CHrHanoa 
~ErAeTeKTopa H Nai-cqeTqHKa. llyqoK renHH-3 nepeA Tene
cKonoM 3aMeAnHeTCH MeAHOfi nnaCTHHOH Ton~HOH 9 MM. 
~nSi - mHPHHa nonoc~, B KOTOPOH OT6HpaiDTCH co6~THH 
AnH llOCTpOeHHH OAHOMepHOrO aMllnHTYAHOrO cneKTpa cqeT
qHKa Nal /eM. pHc.4/. 

100 lfJO 
HillEl' llAIIAAA 

PHc.4. PacnpeAeneHHe aMnnHTYA 
CHrHanOB Nat-cqeTqHKa AnH HAep 
renHn-3 c 3HeprHen 428 M3B Ha 
BXOAe B KPHCTann Nal. 

3a~J.10HHOMY TOPMOmeHH~ AAeP 3He • 
Co6~TJ.1A e ropJ.130HTanbHOH nonoce 
cneea c WJ.1PI-1HOH ~nsi= 25 KaHanoa 
CBA3aH~ C Heynpyri-1M AAePH~M 
a3aJ.1MOAei:icTaHeM e Nal. nonoca 
caepxy o6pa3yetcA co6~TJ.1AMJ.1, 
B KOTOp~X AAPa 3He noTepAJlJ.1 4aCTb 
3Hepri-1H B HeynpyrHX B3aJ.1MQAeHcT-
BJ.1AX B MeAHOM 3aMeAJ1J.1Tene.B HH>K

HeM neBOM yrny rpynn1-1py~TCA co6~TJ.1A OT J.130TOnOB BOAOPOAa. AJ1A 
AallbHeHwero aHaJlH3a 1-13 ABYMePHOrO pacnpeAeJleHHA OT6J.1pa~TCA co-
6~THA, ne>Ka~J.1e B ropi-130HTaJ1bHOH nonoce Ansi, J.1 no HHM CTpoHTCA 
OAHOMepH~H aMnnHTYAH~H cneKTP NaJ-c4eT4HKa. TaKHe cneKTP~ no
ny4eH~ AJlA acex nATH 3HeprHH ny4Ka. DAHH H3 HHX np11 3HeprHH 
3He 428 H3B noKa3aH Ha pHc.4. OcHoBHOH-nHK HMeeT WHPHHY Ha nony
a~coTe 3,3%. 

4. B~4HCnEHHE nonPABOK HA ~AEPHOE B3AHMOAE~CTBHE 3He 
no AMnnHTYAH~M COEKTPMi C4ET4~1KA Nal . 

AMnnHTYAH~H cneKTP cHrHanoe Nal-c4eT4HKa MomHo pa3nomHTb Ha 
ABe KOMnoHeHT~: cp(W,E)=cf>I(W,E)+cf>2(W,E). 3AeCb E- cpeAHRA 
3HeprHA 4aCTH~ Ha BXOAe B KpHCTann, W - 3HeprHA, noTepAHHaA 
4aCTH~aMH Ha HOHH3a~H~. 0yHK~HA ¢ 1 OnHC~BaeT OCHOBHOH nHK,B Ko
TOP~H nonanH 4aCTH~~. noTepABWHe BC~ 3HeprH~ Ha HOHH3a~H~: 

¢I=Cl·exp(-t2 /2); t=(W-E)/u, 
cllyHK~HA cp 2 3aAaeT pacnpeAefleHHe 4aCTH~, HCn~TaBWHX Heynpyroe 

AAePHOe B3aHMOAeHCTBHe H nonaBWHX B 11XBOCT11 aMnflHTYAHOrO pac
npeAeneHHA e o6nacTH W < E • KaK BHAHO 1-13 pHc. 4, <I>YHK~J.1A ¢ 2 ( \V, E) 
cna6o MeHAeTCA B o6naCTH cneea OT nHKa W <E. 0o3TOMY B oKpeCT
HOCTH rnaBHOrO nHKa H nOA CaMHM nHKOM (W= E) ee MO>KHO 3anHCaTb 

2 
X 

1 1 t --
B BHAe: ¢ 2 = c2 ( -2 

- F ( t)) ; c2 = ¢ ( W, E) I w ; F ( t) = -= f e 2 
dx • 

= E-5u y2rr 0 

OcHoeHaA 4aCTb 4aCTH~ N 2 c HenonHOH noTepei1 3HeprHH Ha HOHJ.13a
~J.1~ B~4HCnAeTCA CYMMJ.1POBaHHeM 3KCnepi-1MeHTaflbHOrO pacnpeAeneHHA 
e npeAenax 0 :5 W :5 E- 5u. OcTaewaAcA 4aCTb N; nony4aeTcA J.1HTer
pHpoeaHHeM ci>YHK~J.1H cf> 2 : 

wmax. 
1\T ' I lll C1 \ r 1 , nJ T':" '\ ..3 nJ 
~ · 2 ' ·· max.' .-I - I 'fJ 2 \ " • ....., 1 "' " • 

/1 , 

I I I 

E- 5u 

HCKOMaA BeJ1H4HHa f - nonpaeKa Ha Heynpyroe AAePHOe B3aHMOAeHCT
BHe /HJ1J.1, T04Hee, - Ha B~6~BaHJ.1e 4aCTJ.1~ J.13.0CHOBHOrO nHKa/ eCTb 
f(Wmax)=(N 2 +N2)/N 0 , rAe N0 - nonHoe 4HCno 4aCTH~ a cneKTpe 

Oo 

N0 = f ¢(W,E)dW. BepxHHi:i npeAen HHTerp1-1poeaHJ.1A Wmax e cllOPMyne 
0 . 

/1/ cneAyeT e~61-1paTb c y4eToM annapaTypHoro pa3peweHJ.1A, ci>OPM~ 
3HepreTJ.14ecKoro cneKTpa perJ.1CTpHpyeM~x 4aCTH~ 1-1 APYrl-1x KOHKPeT
H~x YCJlOBHH 3KCnepHMeHTa. npeAellbHOe /MaKCHMaJlbHOe/ 3Ha4eHHe 
nonpaBKH f = f ( "") "'f ( W )-1 W-- - M~ npHBOAHM B Ta6n 1 J.1 Ha max. _. oo • max. 
PHC.5. 3aBHCHMOCTb nonpaBKJ.1 OT W AaHa B Ta6n.2. 

max. 

Ha PHc.5 npH E = 406 M3B cTpenKoH OTMe4eHo 3Ha4eHJ.1e f AllA 
CJ1y4aA, KOrAa BMeCTO ~eHTpaJlbHOH /pa6o4eH/ 30H~ KpeMHJ.1eBoro 
AeTeKTopa Hcnonb3yeTCA oxpaHHoe K01lb~o. H3 3TJ.1X AaHH~x cneAYeT, 
4TO MeCTO npoXO>KAeHHA 4aCTJ.1~ 4epe3 pa6o4y~ 4aCTb TenecKona He 
CKa3~BaeTCA Ha pe3y1lbTaTe J.13MepeHHH BeJ1J.14HH~ f B npeAeJ1aX 5%-
0WH6KH. 3To, B 4aCTHOCTH, noKa3~BaeT, 4TO 4aCTH~~ nY4Ka He no
KHAa~T KpHCTaJlJl H3-3a MHoroKpaTHOrO KYJlOHOBCKOrO pacCeAHHA B HeM. 
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PHc.5. nonpaBKH Ha HAepHhle 
noTepH /sepOHTHOCTH Heynpyroro 
HAepHoro B3aHMOAefiCTBHH/ Hso
TOnOB BOAOPOAa H renHH B KpH
CTanne Nal.llpHBeAeHhl AaHHhle 
AnH 3He,nonyqeHHhle sKcnepHMeH
TanbHO B HaCTOH~eft pa6oTe. 
OcTanbHhle KPHBwe - pesynbTaT 
pacqeTa /eM. Ta6n.3/. CTpenKofi 
yKasaHo sHaqeHHe f ( 3He ),nony
qeHHoe npH OT6ope co6wTHft 
c oxpaHHoro Konb~a Si -AeTeK
Topa. 

f 

0,4 

O.J 

0.2 

0.1 

100 200 JOO 400 
3H£P(Hfl I.(ACTHLL (MJB) 

Ta6nH~a 

flonpaBKa Ha Heynpyroe HAePHOe B3aHMOAeficTBHe 3He C 
Nal , HsMepeHHaH B AaHHoft pa6oTe 

6 

E /HsB/ f 

73 0,009.:!:_0,02 

173 0,058.:!:_0,004 

L~~ 0,126.:!:_0,005 

387 o, 191.:!:_0,007 

428 0,207.:!:_0,005 

3aBHCHMOCTb nonpaBKH f OT npeAena HHTerpHpOBaHHH Wrnax, 

B !PopMyne I I I AnH pasnHqHbJX sHeprH:H E nyqKa 3He 

0 
12 
18 
24 
30 

429 

0,99 
0,96 
0,94 
0,91 
0,89 

387 

0,98 
0,92 
0,88 
0,84 
0,79 

f ( WrnaxJ If 

E/MsB/ 

294 

0,97 
0,86 
0,80 
0,73 
0,65 

172 70 

0,95 0,95 
0,76 0,79 
0,63 0,67 
0,51 0,56 
0,37 0,44 

1 

5. TEOPETH4ECKH~ PAC4ET nonPABOK 
HA ~,liEPHOE B3MtMO,liE~CTBHE 

B HacToR~eM paaAene nonpaeKa 
RAeP 1•2•3 H , 3•4 He. 

r B~4HCnReTCR TeopeTH4eCKH AflR 

B cnoe Be~eCTBa TOfl~HHOH dx nOTOK 4acnu~ N HCn~T~BaeT dN He
dE 

ynpyrHX RAePH~X B3aHMOAeHCTBHH dN = -Nnu;n dx = Nnu;n 
(-dE/dx) 

3AeCb ll - 4HCflO RAeP B eAHHH~e 06DeMa Be~eCTBa, Ujn - Ce4eHHe 

Heynpyroro RAePHoro eaaHMOAeHCTBHR, J( E)=- : - nnoTHOCTb 

HOHH3a~HOHH~X noTepb. H3 3TOrO COOTHOWeHHR cneAyeT $opMyna AflR 
BepORTHOCTH RAepHoro B3aHMOAeHCTBHR B KOHe4HOM cnoe, B KOTOpOM 
4aCTH~a TepReT Ha HOHH3a~HIO B cpeAHeM 3HeprHIO E- E I : 

L\N E dE 
r = -- = 1 - exp (- n f (1in -J- ), 

N El 

/2/ 

TaKHM o6paaoM, AnR nony4eHHR HCKOMOH eenH4HH~ f HymHo 3HaTb 
$YHK~HH uin (E) H J(E).B nHTepaType HMeiOTCR AOCTaT04HO nonHble 
CBeAeHHR 0 B3aHMOAeHCTBHH npoTOHOB c pa3nH4H~MH RAPaMH. no APY
rHM nerKHM HYKflHAaM ony6nHKOBaHH~e AaHH~e CKYAH~ H HeAOCTaT04H~ 
AflR peweHHR HaWeH 3aAa4H. no3TOMY M~ B~4HCflHflH $YHK~HIO U;n no 
MOAenH rnay6epa16/ B onTH4eCKOM npH6nHmeHHH. HcxOAH~M MaTepHa
noM AnR 3Toro pac4eTa cnymaT H3BeCTH~e H3 3KcnepHMeHTa nonH~e 
Ce4eHHR B3aHMOAeHCTBHR npOTOHOB C npOTOHaMH H HeHTPOHaMH /?/ 

H $OPM$aKTop~ RAeP /pacnpeAeneHHe HyKnoHOB B RApax/16 •81. B pac-
4eTax Y4HT~BaeTCR KYflOHOBCKHH 6apbep MemAY CTanKHBaiO~HMHCR RA
paMH, KOTOP~H npHBOAHT K 3aHyneHHIO Ce4eHHR B o6naCTH HHme HeKo
TOpOH 3HeprHH E 1 19~3Ta 3HeprHR cnymHT npeAenoM HHTerpHpoBaHHR 
B $OpMyne /2/. nony4eHHaR HaMH $YHK~HR ~n npHBeAeHa B Ta6n.3. 
HoHH3a~HOHH~e noTepH J( E) B~4HCnRIOTCR MeTOAOM, onHcaHHbiM B pa-
6oTax /!'i/, nonpaBKa Ha RAePHOe B3aHMOAeHCTBHe f, B~4HCneHHaR no 
$opMyne /2/, npHBeAeHa B Ta6n.4. 0Ha coenaAaeT c 3KcnepHMeH
TanbHWMH AaHH~MH AflR npoToHOB /2/ B npeAenax -4%. Pac4eTHWe 
AaHH~e AflR 3He HHme 3KCnepHMeHTaflbH~X AaHH~X, nony4eHHbiX B Ha
CTOR~eH pa6oTe, Ha 20%. 3To, BepORTHO, CBR3aHO C HeT04HOCTbiO 
$OpM$aKTOpa 1He, KOTOP~H HCnOnb30BaH B paC4eTaX. 

M~ c~enanH e~e OAHY o~eHKY eenH4HH~ f, ocHoB~BaRcb Ha AaHHWX 
pafiOTW(lO(rAe npHBeAeHO HeCKOflbKO 3Ha4eHHH Ce4eHHR H30TOnOB 
BOAOPOAa H renHR Ha paanH4HWX RAPaX B HHTepecy~eM HaC AHanaao
He 3HeprHH.HHTepnonHpyR 3aBHCHMOCTb Ce4eHHH OT aTOMHOrO HOMepa, 
nony4aeM o~eHKY ce4eHHH Ha RApax HaTpHR H HOAa /Ta6n.5/. nona
raR, 4TO 3HepreTH4ecKaR aaBHCHMOCTb u. (E) AnR nerKHX HYKnHAOB 
npH paBHOH 3HeprHH Ha HYKflOH TaKaR me:nKaK AflR npOTOHoe/2/,ew-
4HCnReM eepORTHOCTb r RAePH~X B3aHMOAeHCTBHH B KPHCTanne Nal. 
PeaynbTaTw npHBeAeH~ B Ta6n.6. ,llnR RAeP 3He pacc4HTaHH~e TaKHM 
o6paaoM eenH4HH~ C Ha 20% 6onbwe 3KcnepHMeHTanbH~x aHa4eHHH, 
nony4eHH~X B HaCTOR~eH pafioTe. 3TO pa3nH4He MOmeT B03HHKHYTb 
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Ta6mu~a 3 

CeqeuHe ueyrrpyroro HAepuoro B3aHMOAeHCTBHH nerKHX HAep 
c Nal, rronyqeuuoe no MOAenH rnay6epa 

E 
(MaB ) 

20 
3D 
40 
60 
80 

roo 
I 50 
200 
250 
3)() 

400 
500 

p 

!790 
19:IJ 
!927 
I89I 
1809 
1738 
1639 
1570 
1528 
1512 
1541 
1652 

d 
3460 
3741 
3773 
3676 
3496 
3372 
3106 
2896 
2774 
2677 
2549 
2472 

b'vn.. M6 

i-

3200 
3482 
3567 
3539 
3462 
3353 
3144 
2998 
2865 
2768 
2652 
2565 

3He 

1823 
2604 

2931 
3140 
3175 
3!34 
:IJ09 
2902 
279I 
2709 
2609 
2532 

lfHe 

1885 
2671 
2994 
3239 
3285 
3281 
3160 
:IJ59 
2978 
2891 
2756 
2680 

Ta6nm~a 4 

llonpaBKa ua Heyrrpyroe B3aHMOAeHCTBHe nerKHX HAep c Nal , 
Bhl~cneHHaH C ITOMO~bW ceqeHHH H3 Ta6nH~hl 3 

E 
(MaB) 

20 
3D 
40 
60 
80 

roo 
150 
200 
250 
300 
400 
500 

f 

0,004 
0,010 
0,018 
0,039 
0,063 
0,091 
0,168 
0,252 
0,336 
0,418 
0,569 
0,696 

L 
0,004 
O,OII 
0,021 
0,045 
0,073 
0,105 
0,195 
0,289 
0,383 
0,472 
0,628 
0,748 

t-
0,002 
0,007 
0,014 
0,030 
0,051 
0,075 
0,144 
0,222 
0,302 
0,381 
0,530 
0,656 

3He 

0,000 
0,001 
0,002 
0,006 
O,OII 
0,017 
0,035 
0,057 
0,081 
0,108 
0,166 
0,228 

'~He 

0,000 
0,001 
0,002 
0,005 
0,009 
0,014 
0,029 
0,047 
0,069 
0,092 
0,143 
0,199 

Ta6~a 5 

CeqeHHe ueynpyroro B3aHMOAeHCTBHH AeHTepHH, 3He , 4He 
c Nal, nonytteuuoe HHTepnonH~eft p;aHHhlX pa6oThl I 11/. 

0mH6Ka BenHttHH ~n COCTaBnHeT -15% 

H30TOIT 

d 
3He 

4He 

E, M3B 

160 

315 

240 

uin (Na), M6 

922 

896 

979 

0 in (I), M6 

2592 

2852 

2893 

Ta6nu~a 6 

llorrpaBKa ua ueynpyroe HAepuoe ssaHMop;eftcTsHe nerKHX Hp;ep 
c Nal, BhlttHcneuuag ua ocuoBaHHH 3KcnepHMeHTanbHhlX 
ceqeHHH /cM.TeKcT/ 

E 
/MsB/ 

.,, 

.. J 

50 
75 

100 
ISO 
200 
250 
300 
350 
400 
450 
500 

p 

" ""' v 1 vv1 

0,029 
0,059 
0,093 
0,171 
0,257 
0,345 

d 

n nn,., 
VtVV&.o 

0,027 
0,066 
0, Ill 
0,212 
0,318 
0,423 
0,522 
0,611 
0,689 
0,756 
0,810 

r 

n nnn 
""'""' ..... 
0,013 
0,045 
0,085 
0,177 
0,278 
0,377 
0,472 
0,560 
0,639 
0,708 
0,767 

3He 

n nnn 
"''"""""' 
0,003 
0,011 
0,022 
0,048 
0,078 
o;112 
0,148 
0,186 
0,225 
0,265 
0,306 

4He 

" """ ..,, ............ 
0,001 
0,006 
0,014 
0,034 
0,059 
0,086 
0' 116 
0,147 
0,179 
0,213 
0,247 

H3-3a norpeWHOCTH AaHHbiX pa60Tbl/ll/ H HeTOI.fHOCTH npeAnOilO)I(eHHR 

o nOA06HH CIIYHKI4HH uin (E) JV'IR npoTOHOB H RAep. 

6. 3AKI1104EHWE 

8 HaCTOR~eH pa60Te H3MepeHbl H TeopeTHI.feCKH Bbll.fHCneHbl nonpaa

KH Ha RAePHble noTepH H30TOnOB BOAOPOAa H renHR B KPHCTanne Nal. 
npHBeAeHbl Ta6m1l.lbl cel.feHHH oio H nonpasoK r. YAOOHble B npaKTHKe 

o6pa6oTKH 3KCnep~-tMeHTanbHbiX AaHHbiX. MeTOA pacl.feTa npHMeHHM JV'IR 
nD6biX nyl.fKOB H Cl.feTI.fHKOB H npH nD6oi1 3HeprHH. 
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