! Ony6mukosano [4. C. 806—817]. :
2 Martepuan 6bUT TIPEACTAaBIeH Ha 3acenaHM¥ TeXHMYECKOro coBeTa CneunanLHoro KOMUTeTa TIPU
CHK CCCP 28 siuBapst 1946 1. (mpotokon Ne 16) [S. C. 69-72].
.+ 3 Jlatupyercsa 1o faTe, yKa3aHHOM HIDKE TEKCTA TOKYMEHTA.
4 Hanee ONyILeHs! CBEICHHS, HETIOCPEICTBEHHO He omoc;mmec;{ K paGoTaM 1o cBepxGomGe.
3 «49» — ycnoBHOE HaMMEHOBAHUE ILTYyTOHMSA-239.
6 (25> — ycuoBHOE HayMEHOBaHUe ypaHa-235.

Ne 11
M3 nadopmanuonnoro Matepuana Ne 46212

28 gupaps 1946 r.°

Cnamue xonuil u pasmnodycenue 6ocnpeujaemcs .Cos. cexpemno
(Ocobas mamka)

Xpanumbv napasHe ¢ wiugpom

Paznmen JI-14x

Ne 462

Hara 1945 e.

_ 0630p no eonpocy 06 amomnoii Gombe
[..]4
Ceepxbomba

1 TepMOSIHEPHOM PeakIiiy JIyylie BCeTo IPUMEHSITh JISTKOe SIIpo, TTOTOMY 4TO
IUIST Hero KyJOHOBCKHI Gapbep MEHBIIe M MEHBIIE IMOTePs 3HEPTHH 3a CUET DJIeKT-
poHOB Ha pammaiuio. Haunbonsimiit ycrex o0CIIaloT CICAYIONIAC PEaKITUHN:

T+p+ 3,98 MaB;

, He’ + n + 3,24 M>3B.

Ipenmnonaraercs, 9To B IOCHEAYIONIE]T. peakliiy JeHTepHit MMeeT HOPMATIBHYIO
IUIOTHOCTb B XUIKOM BUje, T.e. 4,2:10% arm/cm’. MMerowmasicst o61ua;1 SHeprys
cocrasiser npuommsuTensHo 1017 spr/em®, wnm 2,5 Tonnsr TNT/cM?. .

O06e peakiini IIOYTH B OAWHAKOBOII CTEIICHH BO3MOXHEIL. [lonepeunoe ceuenme
g peakiy D(D,n) ciaenymoniee: _ _

E, k9B | 16 20 40 120 300
o, 6[apn] | 0,00025 0,0005 0,0043 - 0,02 - 0,05 © 107 em?
S - (107 cm? = 1 6apn)

ITonepeuHoe cedeHMe TOYHO cienyer dopmyie ['amoBa:

-D+D—>{

T ¢

const “Eﬁ
v?
Ciienyiolye pelIeHs YIPOIIEHE], YT0 OOIMHO NPMBOIUT K JIOTapH(pMHIIecKIM

0CODEHHOCTIM, KOTOPHIX MOXKHO M30€XaTh ¢ ITOMOIILIO TOUYHEIX BEIBOZOB. UHCIEHHETE
BEJIMYMHEL B KOHEUHBIX HOpMysIax BEHIBOAATCS U3 TOYHBIX YpaBHECHMIA.
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Ilomepsa snepzuu na uzayuenue

Ecim 6B GBUIO YCTAHOBIEHO TEIUIOBOS PABHOBECHE MEXIY JaCTHIAMMU U H3ITY-
YeHMeM, HArpeB JeWTepys IO HEOOXOMMMOM TeMIepaTyphl GhUl OBl HEBO3MOXEH.
B neiicTBUTEIHHOCTH TEIUTOBOTC PABHOBECHS HET, ¥ CJICYET PACCMATPUBATH CKOPOCTh
TIEPEX0/ia SHEPIUH OT 3IEKTPOHOB K U3NydeHuio. OHAa NPOMCXOINT U3-3a U3TYJEHMs,
€CJIM 3JIEKTPOH IPOXONUT BOM3Y siipa, Ml HA eIUHHUITY BPpEMEHH U em/nmuy obbeMa
oynert:

-_(dw) _ l@_ e6nzZ3v __64 €Z° , [kT
dt ) e 3 am 3\2x mch m’

[Jie 1 — YHCIO aTOMOB Ha eIMHMIY 06beMa; Z — aTOMHBIN HOMEp; U — CKOpPOCTb
9JIEKTPOHA; M — MAacca JIEKTPOHOB. '

Jis1 ieiTpoHOB: ,
—(%) =1,68-105n*V0  ape/em’/cex = 2,97-10°V8 ape/cm’/cex,
rad

IIe 6 — TeMIieparypa B 3B (BO BCeil Cepu JEKIuii).

O6pazoeanue 3uepeun

. Hpumenenve dopmyisl I'aMoBa M 3aKOHa pachpefeneHus MakcBeuia K JeiT-
poHaM (C IpUBEAECHHBIMY MacCaMH JIBYX CTAIIKWBAIOIIMXCA SAep) AaeT YHACIO CTOJK-
HOBEHUI B BHIE MHTErpaia

2n .
37 °¢

rie M — yMeHbIIEHHas Macca, BEUMCIECHHAS METOIOM HauGoee pe3Koro MTOHIIKE-
uus. Tlpyu 3ToM mocTuraeTcsl CIenyIonyil pe3ysIbTar.

f vdv.e"{z_;%] —2RT/M, V =

_ ) 1
CKopocTh CTOIKHOBeHUsI R = 2,2-107%n% Ae‘mrg/ oA o B
CxopocTh 00pa3oBaHUsT SHEPTUHU: (—ddl;’—) = Rw, [rme] w — obpa3oBaHue SHEP-
obpaz

THH HA CTOJIKHOBEHIE.

Hoeasvnan memnepamypa eocnaamenenus T, MOXET GHITH OTIpelieNeHa HpU
YCJIOBHH, €CJI CKOPOCTh 00pa30BaHWs HEPIMU M CKOPOCTh IIOTEPH 3HEPIHHU Ha
U3IY9CHUC ONVHAKOBHI. o

w : 4,71- 10‘80,.7/6e187’8/9% -MpbB.
s w =,,,3’65 0; = 26,7 k3B.

Ilepexo0 3nepeuu om 31eKmponoe 6 A0pa

Ioreps sHeprUM Ha M3JTy4eHHE IPOUCXONUT, IMaBHBIM 00pa3oM, 3a CYET IJIEKT-
ponoB. ITo3TOMY 3JIeKTPOHEI HECKONIBKO 00JIee OXJIaXICHEI, 9eM ssapa. Ml Iepeore-
HIBAcM PasHUILY B TEMIIEPAType, IPEIIIoNaras, Yro 2JIEKTPOHEI IIOIYYalOT SHEPIVIIO
JIAHIL OT CTOAKHOBEHNS C AApaMH, ¥ He YIMTHIBAEM TOIO, YTO OHM MOTYT IIOJIyYaTh
SHEPTHIO HEIIOCPENCTBEHHO OT IIPOAYKTOB PEaKIIHUM.

1. Ecim 9apo Haxomurcs B IOKOe, OHO HOJIyYaeT OT :—meKrpOHa KHHETHYECKYIO
SHEPIUIO, PAaBHYIO €2/vb, TIe U — CKOPOCTh 3JIEKTpoHa, b — paccTodgHue mo G-
XKANIIEr0 CTONKHOBEHHUS.

25




HpI/I 3TOM nepenacTCd IIOMHAasA SHEPIYA, paBHas

f2M 2/vb) 2zb db-vn?,

'KOTopaa HpI/IBO,HI/IT K 4—” e'n’ f 5 db.

ITpaBunbHOE pemeHHe naeT DI MHTerpaia 3HayeHue 9. Bepxawii npenen mis b
BBIBOAMTCA W3 SKPaHUPOBAHUS, BEI3EIBAEMOIO JPYTUMH 3ICKTPOHAMU.

2. CKopocTh Iepexojia SHepru f Booodue gBisgercs GyHKIuei sHepruu F anpa.
TlockonbpKy CKOpOCTD sSIIpa TI0 CPaBHEHMIO CO CKOPOCTBIO 3JIEKTPOHOB Majia, TO MOXHO
PasIoXUTh GOPMYJTY IO CTENCHSIM E W OCTaBUTD JIUIIb TICPBYIO CTEIICHb:

f(E)= f(0)+ Ef(0).
ITpy paBHOBECHM, KOIIA JEKTPOHEI HaA SApax MMEIOT ONHHAKOBYIO TeMIIEpaTy-
py, f(E) = 0. O10 ycnosue gaet f'(0), BHIpaxxeHHoe yepes f(0). YcranasniBaeM, 4To
CKOpOCTh Iepexoa SHEPIuH ’ :

(d_w) 0 66 - 1026 }z@epn -1
dt nepexod \/5 17 '

anexmp

W3 ypaBHeHMA

( dw dw

)l
dt ) nepexod dt rad
CIeOyer, 4To paSHHHa TCMIIEpATYP MEXNY siapaMK U SJICKTPOHaMHK HC3HAYUTECIIbHA.

Bmopuunvie peaxuuu

Tpuron. u3 peakumm D + D =T + p UMeeT BO3MOXHOCTb BHI3HIBATh PEAKIIMIO
T + D =He* + n + 17,6 M>B. [ipyrue peaxim (Harpyvep, He® + Dwm H + D) menee
BeposTHEL [lomepedHoe cedeHMe It 3TOM peaKii MMEET CICAYIONIYIO (DOpMYIIY:
_ Me-l,sno% _ B(E) 6-1’7745
== == ,

E — B M3B, B(0) = 50, c — B 6apHax,
e A(v) IOCTOSAHHO 1o 3Hepruwm, paBHol 70—80 x3B, m moHKaerca modyrd Ha 10
1o 700 k2B

HavanbHas sHeprus TpI/ITOHa paBHa TipubnauzuTenbHo 1 MsB. oteps SHCpI‘I/II/I
Ha 3JEKTPOHBI BEIYUCTAETCSI B OCHOBHOM TEM Xe CIIOCOO0M, 9TO U TIEPEXO SHEPTUI
U3 AICp B ANCKTPOHEL. Pe3ymbTar ClieIyrormii;

(dw) 8
dt | suexmp 3MT
Eciu morepeil 3HeprMd Ha sAApa IpeHeGpeub, TO IOJIYJaeTcS peLIeHIe
v = v,e”?*"*"” y mpanason fvdt =6%v,/2-10" , 1.e. 10 cm, W v, = 10* cm/cex,
6= 10 x3B. Tlotepsa sHeprumn Ha f1pa: IPUMEHEHHE dopmynsr Pesepdopna s
HeOOMBUINX YINIOB AAET

Q2am) e*n(kT,,,,) 72w =4-1046.72,_w/ cex.

anexmp anexmp

rae M — mpuBeIeHHAsI Macca, U — OTHOCI/ITCJIBHa}I CKOpPOCTb.

aw _ MM, 87:[2 ZDe J fde o M} ZZZf,e“fde
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BoJee TOYHOE BRMUCICHME JAeT [T MHTerpaia 3Haqu1/Ie 10 OHo l'[pI/IBOZ[I/IT K
_( dw ) _0 1325
dt adepr \/W
Ipu 300 x3B, HampuMep, IO SHEPIUH, TIOCTYIAIONIEH OT fA1€p, COCTABISAET
200 spr/cex, DOJA SHEPTHH OT SIEKTPOHOB = 70 3pr/cex.
Taxum obpazom,

(dw) 4.10%w , 01325 _dv _ 210" , 1,69-10
di '

ape/eex.

932 + Nl Tdr e
Bepo;ITHOCTL peakmym T + D:
UHO
p= f —dvjan %’

YucieHHOe WHTETPUPOBAHMEC TAET: :

6,8 | 10 15 20

% | 9 12 16
ITosToMy monydaemas mpu CTONKHOBeHUH D + D moNHAas SHEpTus paBHA
w=(3,65+0,55p-17,4) M3B

(0,55 BBIpaxaeT OTHOCHUTEIBLHYIO Bepo;ITHoch D+ D— T+ H no cpaBHEHUIO
¢ D+ D — He + n). Takoe neficTBHE CHIKAET MACATLHYIO TEMIIEPATYPy BOCILIAMeE-
Henud ot 26,7 k3B no 19,4 ksB.

Jlo6asaenue mpumona

Peaxkiiiist TpUTOHA MOXET IIPOM3OMUTH TakKKe TPH TEIUIOBLIX SHeprusx. ITostomy
MOXET OBITh ITOJIE3HBIM mOo0aBjIcHUEe TPUTOHA. B 3TOM Cilydyae ypaBHCHME IUIST TEM-
nepaTyphl BOCIUIAMEHEHUS CIICAYIOLLEE:

) —12 -199,5
H 29’331 10_123_187’8/9]/3“’00 + nphy 3779.21/? e GI/SWTD =
1,68-107% 2 12
=2————(n,+n;)"0"".
1,6-107° (117
Copepxanue TputoHa, % | 0 0,1 0,2 0,3 0,5

TeMIiepaTypa BOCIUIAMEHEHUs, k3B | 19,4 16,6 14,4 12,9 10,6

Hmeercst omHO Heymo6CTBO: 6OMbIIAsA YAaCTh 3HEPruu OT peakimu 1"+ D conep-
XWTCI B HEUTPOHAaxX, NIMHa TIpobera KOTOPHIX OUYCHBL BeluKa (OKOJIO 25 ¢M, eciiu
MPEIIIOIOXUTh, YTO IIOMEepedHoe ceueHrue D pasHO omHomy OapHy. Ilomepeurioe
ceyeHlie HEM3BECTHO).

B KUIMHTOHCKOM KOTIIE GBUIO HOTYyYeHO HeOObIIOE KOJIMIECTBO 1 B Pe3yIbTaTe
peakyt Li® +n = He* + T + 4,6 M5B, nonepeyHoe cedeHue KOTOPOi paBHO IpH-
6u3nTeNbHO 60 GapH VIS MeIIeHHBIX HEWTPOHOB. B HacTosIlee BpeMsl BO3MOXHO
Hony4eHne HECKOIBKIX MoJielt T'B ToI U3 HEIPOpearupoBaBilX HEATPOHOB B KOTJIE
OoJpIIIOro MacuTata.

T MOXHO TIPOX3BOIHTE IIOIEPEMEHHO B KOTIIE C «25» WU B KOTIIE C «49». B Takom
clIy4ae ClIeNyeT IPUMEHATh O0MOY ¢ «25» Wy «49» B KauecTBe MHUIUATOPA, IIpIIeM
IUISE OCHOBHOM 3arpy3ku umctoro D cMech T,D ciiyXuT OycTepoM.
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Macwmab' gpemenu 045 6030yxcoenus

- Ecmu He yuntsiBaTh 3¢dexra UCTOIEHN MaTeprana u 3pdekra oOpa3oBaHus
TPUTOHA, TO IIOIYy4aeTCs '

= — IOTepH Ha U3JIyYeHHUe + reHepalns SHepru =

0,63-10%w _ig78/6v
—___.e s
¥ 23

dt
= —2 97. 102°J_ 0 +

rae w,, — 9Heprus MatepuarpbHbix yactuil. [Ipenmonaraercs, yro w = 4 M5B (BKmoyast

HEKOTOPYIo 3Heprumio Mg peakiwu T + D). Takxe w, =3/2-2n-kT =2,02-10"6.
Orciona

do _ 107" dw, do d (de
dr = 2,00 dr gr ~ const(9 ~6,), const =75 (dt

7
Tlaxum] o[6p330M], 6 =~ 0, + const- ¢'® . Takum 06pa3oM, MACITab BPEMEHH JUTst
BO36Yx)IeHusT — ropsiaka 107 cek, eciu TOIBKO OHO He HAUMHAETCS C TeMIIEPaTypH,
3HAYUTEIILHO 00Jiee BRICOKOM, YeM TeMIeparypa BOCIUIAMCHEHUS.

) ~10".
2=0;

IIomepu Ha usay4enue, 6vi3vieaemovie KOMRMOHOBCKUMU CHIOAKHOGEHUAMU

Ecnau uMeeTcs Mojie M3IydeHWs, TO IOTepsa W3JIydyeHWs (akThdecKu cHayaia
VBEJIMYUBACTCS BCICACTBHE KOMIITOHOBCKHX CTOJIKHOBEHUI MEKTPOHOB M (DOTOHOB.
JIs HaxomdIerocss B MOKOE SJIEKTPOHA ITONIEPEYHOE CEYCHME OTIPEIESIETCS C MO0~
MOIIbIo hopmyiel ToMIIcoHa

Gy = &v_[
3 {mc
IlepenapacMaa KMHETHIECKAs SHEPTHA COCTABILIET SHEPIUIO TOpAAKa hv/c, oT-

clofa Iepexoll SHeprun nopsnka (hv/c)?/m. Otcona

dw 1’

dt mc?
e N — uncno GoTOHOB Ha eMHUILY 00beMa; Fp — SHEPIHs U3NYICHUS Ha COMHULY
obbema; hy ~ k1, Ty TaKKe = TeMIepaType U3IyJdeHUs

dw

ra

PackpriBass ¢opMyiy uepe3 3HaYEHMS] SHEPTHU JIEKTPOHA W OCTABISIS TOIBHKO
TEPBBIA WIEH, MBI BOOOLIE TTOyIaeM

dw
dr

HaxomuM, 4TO 5Ta HOTeps M3IydeHWs paBHa HOPMAIBHOU IIOTepe U3JyIeHHU,
eCiI

2 2
e ] —0,66-10~%,

2

o
>-hNeoy = %nhvER,
—4n 0 ERkTR.

= 4n22 Eihe(Ty ~ Tony)s  En = 13764,

2neKmp

2,97.10%9/

snekmp ) anexmp

8,9- 10594(
wm 6, = 4270/ 6

anexmp >

€CTH 6,500, = 20 k9B, TO TOTHA 6 = 1,3 K9B.

IToaToMy chemyer TIHATEIBHO N30EraTh II0JI H3IYIEHN (TAKOTO, KOTOPOE MOXET
TIPOM30HTH B O0MOE ¢ «25» mmn «49») B yyacTKe, Tae MPOUCXOTUT BO3OYKICHHUE.
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JI7ist MOCTIDKEHWS STOM L/ MMEIOTCSL Ba cmocoba:

1. I3roToBUTH ONGCTH C 3apsmoM U3 OOMOEI € «25» WK «49» B Ka4eCTBE B3pHIB-
YaTOrO BEINECTBa, KOTOPOEe MPOM3BOTUT OBICTPYIO cTpyio meiitepus. Ilocmemmioio
MOXHO BEICTPEIIUTEH B MUIIEHD ACUTEPHS.

2. VIcrionb30BaTh KOMIITOHOBCKYE CTOJKHOBEHUS GOTOHOB 13 GOMOBI ¢ «25» i
«49» st 06pa3oBaHMS CTPYH Aeiirepus. UTOOHI 3TO JAJO YCIIEX, CAEAYET OCTaBUTh
OTKPBITHIM «OKOIIKO» B 3aIIOJTHMTEJIE, OKpyXaioiieM 60MOy, ¢ TeM YTOOH! U3TydcHNE

' IPOXOIMJIO YePe3 3TO OKOIIKO, B KOTOPOE MOMEIaeTcs AEHTEePHIA.

Ilomeps nepeuu, evizvieaemasn uziyuenuem, o6pa3oeannvim é oelmepuu

BrramcieHMs 1OKa3aiy, 9TO «IIBET» U3IydYeHUs, 00pa30BaHHOIO B AEUTECpUH,
COOTBETCTBYET MPUOIM3UTENBHO 2/3 TeMIepaTypsl JeKTPOHOB. Eciu 6 = 46, ,00mp,
a ¢ = 0, To MBI TIEpeOIICHUBAEM TIOTEPIO dHeprun. Ecmu ¢ = 2/3, T0 MHL ee HemoO-
onieHuBaeM. B TaxoM cirydae rotepst SHEpIUY, BBI3BIBAEMAsk KOMIITOHOBCKUM CTOJK-
HOBEHHEM, PaBHA :

dw ,
== 6500E ROosexmp (1 — 9)-

Ecmy npennonoxXuTs, YTO UMeeTCs IIPEKPACHO OTpaXalolllas CTEHKA, BKILIOYAl0o-

urast 066eM ¥, ¢ BHITYCKHBIM OTBEPCTUEM ydacTka S Ul U3NYdeHU, TO

dE,
dt

Eciu npeamnoioxurs, 94to 6 = const, Ep cTpeMUTCS K aCHMIITOTIYECKOMY 3Ha-
YEHHIO, TO

—2,97-10°V8 + 6500E,6(1— q) %SCER V.

E o 297-10"V8
BoeS '
27 —65000(1—¢)

Dro 3HaYeHUe IIPHOIIDKAeTCst KO BpeMeHy mopsinka 10~8 cex.® TTostoMy obmas
TOTEPS U3TYICHUS COCTaBIISICT

2,97.10°v8 |1+ ;5009(1“1) :
%V—GSOOB(I—q)

Hnga 6 = 20000 3B, V/S = I (HampumMep, citoi TOJIIITHHE] I, OoTpaHWYCHHEINA C Of-
HO¥ CTOPOHBI OTPaXAaIOMIEN CTCHKOI)
.10%VJg l-¢g
2,97-10°Veo 1+60/l—(1—q) .
Jna ymepeHHBIX 3HayeHM [ (ckaxkeM, 20 cM) MOIy4YaeTcsl CYIUCCTBEHHOE YBE-

- JIMYCHHEC NMOTEPH Ha U3TTyUCHHUC.

Tenaonposoonocmo

HOHCPG‘{HOC CCUCHUMC IIepeHoca JJICKTPOHOB B IIOJIC ANCP COCTABJISACT

o, =f(1—cose)l[mv ] 27;;1?96/39 4 (e 2/mv L L= deIllnee//22)_

3HayeHHe PACXOIAIIETOCS HHTETpalIa IIpH 60Jlee TOIHOM BEIUICIICHIH, KaK O6BIY-
HO, paBHO mpubmmsurensHo 10. g v = 1019, o, = 7-1072 CPeHHit CBOGOHEIH
oyt A = 1/30 cm.
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L N v m2v’ 52
Teronposogrocts K =3 /2kn2 3 ak s al™*
 YTouHeHwMe BBIYHCICHMI nano ¢GopMyry
K = k2,0-1029 572,
Ha xy06 mimHBL g TTIoTeps SHEprUY Ha oOBEM paBHA

3 T 210" 07 /a?.

Takum oGpasom,

KOHZYKIMOHHBIE IOTEPU 101
MOTepU HOPMAIBHOTO M3IIyIeHHAT 342

93

wm OpubmsuTelHo 2/3 1 0 = 20 k3B, a = 20 cM. DTy [IOTepI0 MOXHO YMEHBIINTh
C IIOMOIIEI0 MaTHUTHOTrO MOJSA, €CIM R — 3T0 pamuyC KpUBU3HBI IyTH 3JEKTPOHOB
B OTPUIATCILHOM TIOTIE. B TakoM ciydae g MOIIHHIX mmoneil A B dopmyne mig K

cemyer 3aMeHUTh [Ha] R%/A, e R = Z ’Z’

YTouHeHHEe BEIMUCICHMI TaeT
H/H, | 0o 0,5 1,0 2 4 6
Ky/K, 1 1 0,55 0,27 0,12 0,055 0,031

[3mecs] H, = 2,12:10%(T/x3B)~" raycc;
K, = TémnonpoBogHOCTE 6e3 IoJis;
Ky = TeIruronpoBOIHOCT € IIOJEM.
AcuMrroTnyeckas GopMyiia CIeHyIoas:
K, H?
K0 H*

Ilpumenenue maznumno2o noas 043 yMeHbUleHUS MENI0nPoGOOHOCII

TTocKOoMBKY MacIITab BpeMEHH It BOCIUIAMEHEHHUS OUEHE BEJIVK, TEIUIOIPOBOIHOCT
MOXET BBI3BATh CEPhE3HBIE NOTEPH. X MOXHO YMEHBIIUTH C HOMOIUBIO MarHUTHOTO
nons. Eciu Marawsoe mone H BeIpaxaercs B emmrvmiax H, = 2,12 - 106715 rayce
(T'B k2B), TO TEIIONPOBOAHOCTS K paBHA

K/K, | 1 0,55 0,27 0,12 0,055 0,031
H/H, | o 0,5 1,0 2 4 6

K, — TemomnposonHocTs 6e3 MarnuTHOro noyst. Ecmu H >> H,, K =1,47 K H [H.
Heofxodumuuii daa 6éocnaamenenus ofsem BEIVCIEH Ha OXHOMEPHOM MOLIEIH.
Eci HperoIOXUTh, YTO PACTIPEe/ICHIE [IePBOHAYATBHOM TEMIIEpATyPhl MMEET BUJ

-x
Tie <. 10 peakuyst IIPOU30MIET IIPpU YCIIOBUM, YTO T, BbILIe, YeM KPUTHIECKOE
3HA4YCHUC, IIPUBCICHHOC HIIXKC. '

a, cM | 10 | 13 | 17

(T ipumus ¥3B | 50 | 40 | 30

B 9TO BBIYUCICHHC BKIIIOYCHBI KOHCYHAA CEPHA IIPOOYKTOB pacriaga, a TaKXe

JEeHCTBUEC BTOPUYHBIX PCAKIIUHA. KpOMe TOT0, BKIIIOYECHBI TCILTIOIIPOBOAHOCTE U pac-
IMPCHUEC BCIICCTBA.
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Bce npoexmbt ¢ omnowenuu 6030yxcdenus B cBepxO6oMbe, IpelCTaBICHHBIE O
CHX IIOp, BeChMa HeompeneieHHbl. OIUH M3 HUX, 3aCHyXKMBAIOIIKA HAWOOIIIETrO
TIPEIIIOYTCHUSI, COCTOUT B CIEAYIOIIEM: B IIEHTpe Haxomutcd Gomba ¢ «25» (0Kono
100 xr «25») mymieyHoro tuna. OHa OKpyXeHa 3aroaHuTeneMm us BeO, xopoito oT-
PaXaioLMM HEATPOHEL M MPOIYCKAIOIIAM U3TydeHre. YacTh MoBepXHOCTH U3 BeO
IIOKPBIBAETCA METAJUIMYECKMM YPaHOM B KadeCTBE IPENOXPAHUTENA OT HEHCTBHA
M3NTyYeHVSA. 32 5TUM IIPEAOXPAHUTENEM HAXONUTCH CMeCh D + T, nomorpeBaeMast
HEUTPpOHAMHM, UCXONSIIIAMA U3 GOMOEL.

Ecnu nmpuMeHsIeTcss MarduTHOE TI0JIe, TO cMech D + T MOXeT MMETh KOJIBLIe00-
pasHyio dopmy. IIpu 5TO0M MMeeT 3HAUEHNE JIHIIh nonepeqHa;I TEIUIOTIPOBOTHOCTD.
3acmecero T+ D Haxoz[MTc;I qyucTRi D.

pageorxmubusty vipon uz T

D

Bepno: TI'openux
Marepuan o6padotan: Tepmenxuit
«28» smBaps 1946 .

Apxus Pocaroma. @. 1, om. 23, 1. 401, n. 119—156. 3aBepeHHBI TEPEBOL, ¢ aHTIMMCKOTO. TTONNMMHHMUK.

[Mpunoxenue]’
The Super

Lecture series by Fermi:

Most of the work was done by Teller and his group.

For a thermonuclear reaction it is preferable to use a light nucleus, because the Coulomb
barrier is smaller and the energy loss from the electrons to radiation is smaller. The most promising

reactions are
T+p+3.98 MeV;

, He? + n + 3.24 MeV.
In the following Deuterium is always assumed at normal liquid density, i.e. 4.2 x 1022 at/cm®.

D+D— {

Total energy available is about 10" erg/cm? or 2-;— tons TNT/cm?.
The two reactions are about equally likely. The cross-section for D(D,n) reaction is

Ekev | 16 20 40 120 300
0.00025  0.0005 0.0043 0.02 0.05 1072 cm?
(1072* cm? = one «barn»)

The cross section follows closely the Gamov formula

2z ¢

const 9_1_37; )

vZ
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The following derivations are simplified, Ieadrirng ijsually to Iogarithmié 'singularities,v which can _
be avoided by using exact derivations. The numerical factors given in the final formula are derived
from exact equations. '

Loss of energy to radiation

If thermal equilibrium between particles and radiation were established, it would be impossible
to heat deuterium to required temperature. In actual fact there will be no thermal equilibrium and
we have to consider rate of energy transfer from electrons to radiation. This arises from radiation,
if electron passes near nucleus and is per unit ime and unit volume. '
[dw] _166°n’Z% 64 €°Z° , kT

dt 3 mm 32nmeh \m'
n = number of atoms per unit volume; Z = atomic number; v = velocity of electron; m = mass of
electrons. For deuterons:

- %Vt—v] =1.68-10"2°n2J0 erglcm®sec = 2.97-102°6 erglcm?/sec,
rad .

6 = temperature in eV (throughout the whole lecture series).

Energy production

Using the Gamov formula and Maxwell distribution for the deuterons (with reduced mass of
the two colliding nuclei), the number of collisions is given by an integral

2
[vdv-e” { 2 v}a 2_2RTM, V=2Ee,
- 137
= reduced mass which is evaluated by the method of steepest descent. Result
Rate of collision R =2.2-10~2n%0 76 178105 lem¥/sec.

Rate of energy production [EM

= Rw, w = energy production per collision.
prod .
The ideal ignition temperature T;is defined by the condition that rate of energy production

and rate of energy loss to radiation be equal

. 7,
w= 4.71.10~89,.4e‘87-8’9% MeV.
For w = 3.65, 6, = 26.7 keV.

Energy transfer from electrons to nuclei:

The energy loss to radiation arises mostly from electrons which are therefore slightly cooler
than nuclei. We overestimate the temperature difference by assuming that the electrons receive
energy only from collision with nuclei, and neglect that they may receive energy directly from
reaction products.

1) If nucleus is at rest, it receives from an electron a momentum e?/vb, where v = velocity of
electron, b = distance of closest approach. Total energy transferred =

f Zi(ez/vb)2 2nbdb-vn?,

47ren

limit for b is derived from screenlng due to other electrons.

2) The rate of energy transfer fis in general a function of the energy E of the nucleus. Since
the velocity of the nucleus is smalil compared to the velocity of the electrons, one can expand in
powers of £ and needs to retain only the first term f(E) = f(0)+Ef'(0) .
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In equilibrium; when the electrons on nuclei have same temperature, f(E) = 0. This condition
gives f/ (0) in terms of f(0). For the rate of energy transfer one finds

[d_w] - _066-10% 6
dt Jtransfer ‘/5 elec

(dw] [dw]
dt transfer dt rad

gives the result that the tempefature difference between nuclei and electrons is negligible.

nuc -1

6
The equation

Secondary reactions

The triton from the D + D=T + p reaction has a chance of giving rise to the reaction T + D =
= He* + n + 17.6 MeV. Other reactions (e. g He® + D or H + D) are less likely. The cross-section
for this reaction is of the form

A 4 B(E} 17 .
o= %e—””w/ = —I(:_—)e pé VE, Ein MeV, B(0) = 50, oin barns,

where A(v) is constant up to an energy of 70-80 keV and decreases by about a factor 10 up to
700 keV.

The triton starts with an energy of about 1 MeV; the energy loss to electrons is calculated
essentially by the same method as for the energy transfer from nuclei to electrons, with the result

_[d_W] = oo (2nm)% 40 (KT, 00 P2 w = 4106, 2w  sec.
dt alec 3MT

If the loss to nuclei is neglected, one has the solution V=0,6 and a range
Jvdt =6%v,/2:10" ,i.e. 10 om for v, = 10* cm/sec, 8= 10 keV. Energy loss to nuclei: using
Rutherford formula for small angles one gets

22 2 52524
_aw _ MMp en Zr2o€ |y, 199 _ g% My 21700 fﬁ_
dt  (MiM3) Mv My, Jw 76
M = reduced mass, v = relative velocity.
More exact calculation gives a value 10 for the integral. Leads to
[_ dw-] _0.1325
nuc!

—210'4¢/93/2

- erg/sec.
ot o

At 300 keV for-example contribution from nuclei is 200 erg/sec, from electrons 70 erg/sec. Thus
_[dw)_4-10"w 01325 dv_ 2-10"p  169-10%
dt 62 Jwoodt 6% v

Probability of T + D reaction:

vno
p= f dv/dt
Numerical integration gives: v
6 kev | 10 15 20
p. % | 9 12 16

The total energy gained in a D + D collision is therefore
w= (3.65 + 0.55p~17.4) MeV

(0.55 is relative probability of D + D — T + H compared to D + D — He + n). This effect reduces
the ideal ignition temperature from 26.7 keV to 19.4 keV.
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Addition of triton

The triton reaction can also proceed at thermal energles and therefore the addltlon of tnton
will help. The equation for the ignition temperature then is

2221, 12 te7fe, 377-107"2 6—199%v3

Np—7= 92/3 +nDnT T v Wyp =
1.68-10~%° 2
= om0 "o +r) 0%, win Mev)
Triton content, % | 0 0.1 0.2 0.3 0.5 -
Ignition temperature, keV ] | 19.4 16.6 14.4 12.9 10.6

There is one disadvantage: Most of the energy from the T + D reaction is carried by the
neutron, which has a large range (about 25 cm, if the neutron cross-section of D is assumed to be
one barn; the cross-section is not known).

Asmall amount of T has been produced in the Cllnton plle by the Lif + n = He* + T + 4.6 MeV
reaction, which has a cross-section of about 60 barns for slow neutrons. Production of a few moles
per year from the waste neutrons in a large scale pile would be possible. Alternatively it could be
produced in pile of 25 or 49. The scheme would then be to use a 25 or 49 gadget as initiator, the
T,D mixture as a booster for the main charge of pure D.

Time scale for initiation

‘Neglecting the effect of depletien of the material and the effect of production of triton, one
has
dd# = — radiation loss + energy production =—2.97-102°\6 +

where w,, = energy of material particles. Assuming w=4 MeV (to include some energy for

-11 .
T + D reaction). Also w,, = 3/2-2n-kT =2.02:10"'9. Hence a6 _10 % approximately

d (dg . ’ dt 202 dt
~10".
do dt

Thus 8 =20, +const: e1° ! Thus the time scale for initiation is of the order 1077 sec, unless
one starts from a temperature appreciably higher than the ignition temperature.

0.63. 10 w —1878/91/3
92/3

d—e_const(e 6;), const =
dt

Radiation.loss due to Compton collision

If there is a radiation field, the radiation loss actually increases at first, owing to Compton
collisions of electrons and photons. For an electron at rest the cross-section is given by the
Thomson formula )

5 :
o = %”[e—] =0.66-10"%,

mc?
Momentum transfer is of order hv/c, hence energy transfer of order (hv/c)?’m. Hence
dw h? v

dt
per unit volume Also hv ~ kTg, Tr = temperature of radiation (th = 4n&ERkTR Using the trick

= :;—nhvER, N = number of photons per unit volume, E, = energy of radiation
c

of expanding in terms of the energy of the electron and retalnlng only the first term one has in

general
dw

> _4n E oK (Th =~ Toee), Er =13764.
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On:'e finds that _this~ radiati loss is equal to the normal radiation loss if
8.9:-10°02 (0,00 —0r) = 2.97-10%°02, or 65 2 4270/61%, . If 6,4, = 20 keV, then 6 = 1.3 keV.
' Hen_ce one has to be very careful to avoid a radiation field (such as would occur in-the 25 or
- 49 gadget), in the region in which initiation takes place.
~ Two schemes have been proposed for this purpose:
1) To make a cavity charge with the 25 or 49 gadget as explosive, which produces a high
speed deuterium jet, which may be shot |nto a deuterium target.
2) To use Compton collisions of photons from a 25 or 49 gadget to produce a deuterium jet. In
order to make this effective, a « window» should be left open in the tamper surrounding the gadget,
so that the radiation is canalized into this window into which the deuterium is placed.

Loss due to radiation produced in the deuterium

_Calculations have shown that the «color» of the radiation produced in the deuterium corres-
ponds to about 2/3 the temperature of the electrons. If Qz = 0, We overestimate the loss ifg = 0
and underestimate it if g = 2/3. The loss due to Compton collision then is

dw
i ~B6500Ez0,, (1— q).
Assume perfectly reflecting wall enclosing volume V with escape hole of area S for radiation.
Then

%Er _ 5 97.10%8 + 65000 (1-q) “%SCER Iv.

Assuming 6 = constant, Ex tends to the asympfotic value

2.97 1028

cS

Ep— .
Z__65000(1 q)

This value is approached in a time of the order of 10~8 sec. The total radiation loss is
therefore

65000(1—q)

cS

2.97-10®Jo |1+ )
Z——65009(1 q)

For 6 = 20,000 eV, VIS = [ (e.g. layer of thickness / bounded on one side by reflecting wali)

2.97-10%8 1+%61——q——
7—(1 q)

For reasonable values of / (say 20 cm), one has therefore a substantial increase in the
radiation loss.

Heat conductivity ‘
The transport cross-section of electrons in the field of the nuclei is

2 . i
otr_—.f(1—cose)% r_ni—Z] %_475( e?/mv? ) L= f S:(y/)

As usual, the divergent integral has a value of about 10, if evaluated more correctly. For
v =10, o, =27-107%, mean free path A = 1/30 cm.
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Refined calculations of Weinberg + Serber produced the formula
5,
‘ K = k-2.0-10267%2.
In a cube of Iength a the loss per volume is

§”—/<T~1o1°-97/2/az.

conduction loss 10‘10 .
Thus — diation Toss = 357 6° or about 2/3 for § = 20 keV, a = 20 cm.

This loss can be reduced by using a magnetic field, if R is the radius of curvature of the path
of the electrons in the negative field, then for strong fields 1'in the formula for K'is to be replaced

by R%/, where R = ETHE Refined calculations by Landshoff gave the result

HIH, |. o 0.5 1.0 2 4 6
KiiIK, | 1 0.55 0.27. 012 0.055 0.031

H, = 2.12-10° (T/keV)~"® Gauss;
K, = heat conductivity without field;
K,, = heat conductivity with field

The asymptotic formula is —= K —1 A7 %
0
Use of magnetic fleld to reduce heat conductivity

H2

Since the time scale for ignition is very long, serious losses arise from heat conductivity.
These may be reduced by using a magnetic field. If the magnetic field H is expressed in umts of
H, = 2.12.108T"5 gauss (T in keV), the heat conductivity K is ;

KIK, | 1 0.55 027 012 0.055 0.031
HIH, | 0 0.5 1.0 2 4 6

K, = heat conductivity without magnetic field. If H >> H,, K =1.47TK,H? | H>. ~
The volume required for ignition has been calgulated for one dimensional model. Assuming

=X

an initial temperature distribution of the form T,e a*, the reaction will proceed provided Tyis
larger than a critical value given below
a, cm | 10 13 17
(To)eriv k&V | 50 40 30
The finite range of the reaction products as well as the effect of secondary reactions are
included in this calculation. Also the heat conductivity, and expansion of the material.

Tu radistion shield
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2
Toe'xz/a ,the reaction will proceed provided. T, is larger than a

eritical value given below

a 10 13 17 cnm
(Therit 50 40 50 eV

The rinite range of the reaction products as well a3 the e¢ffect of
secondary reactions are included in this calculation.Also the heat

conductivity,and expansion of the material.

So far ell,schemes for initiation of the super are rather vegu
The one in highest favour is as follows:At the centre 1s a 205 gedget
{about I00 kg of 25),shot together by a gun.It is surrounded by = BeQ
tamper which hes good neutron reflection properties and is transperent
for radiation.Part of the surface of the Be0 is covered with Tuballoy
as a shield egeinst radiation and behind this shield 1s & DsT mixture,
which is heated by the neutrons escapingfrom the gszdget.If e magnetic
field is used the D+T mixture might be in the form of an emnular ring,

s0 that only the trensverse heat conductivity matters.Beyond the TeD

mixture is pure D, Tu radiation shield

/
o, /
'/ b
(Bl g ) D
L ;
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So far, all schemes for initiation of the super are rather vague. The one in highest favour is as
follows: At the centre is a 25 gadget (about 100 kg of 25), shot together by a gun. It is surrounded
by a BeO tamper which has good neutron reflection properties and is transparent for radiation. Part
of the surface of the BeO is covered with Tuballoy as a shield against radiation and behind this
shield is a D + T mixture, which is heated by the neutrons escaping from the gadget. If a magnetic’
field is used the D + T mixture might be in the form of an annular ring, so that only the transverse
heat conductivity matters. Beyond the T + D mixture is pure D.’

! Omy6muxoBano B usBneueHun [4. C. 817—823]. ,

2 Marepuan OBUI IIPEICTAaBICH HA 3aceNaHuM TeXHUYecKoro copeTa CIIENMAISHOr0 KOMHTETA HpU
CHK CCCP 28 stuBaps 1946 1. (mpotokon Ne 16) [5. C. 69—72].

3 laTupyetcs Ho maTe, YKa3saHHOM HIDKE TEKCTa JOKYMEHTA.

4 Ilanee OIYILGHEI CBENCHNS, HETIOCPEICTBEHHO HE OTHOCSIIMECS K paGoTaM o cBepxGomGe.

3 Tak B JOKyMeHTE; cienyet: 8 10 paz — cM. IPIWIOXEHHE.,

§ Tax B moxymente; crenyeT: Ipubsusicenue K Smomy 3Hauenuio npoucxodum 3a epemsa 10-¢ cex. Kpome
TOTO, CIOBO «mo» B IIPeAbInyIeil dpase sIBISeTCS U3NUITHAM — CM. TIPHIOXKEHUE.

7 Teker pasnmena «CpepxGoM6a» MaTeprana Ne 462 Ha aHDmiicKoM si3bike npeacrasier CBP Poccnu
6e3 yKazaHusA apxuBHoi1 erenael. CBP npencrasieH Taicke 9K3eMIUISIP TIEPEBOAA HA PYCCKUIA SI3BIK Ma-
Tepuana Ne 462 ¢ asrorpadom S.B. 3enpnopnya — cM. WHIIOCTPALIMIO.

Ne 12
W13 nadopManuonHoro Marepuaia Ne 4642

28 supapsa 1946 1.3

CHamue xonuii u pa3mHoycenue 6ocnpeuiaemcs ' " Coe. CeKpemHo
Xpanumb HapasHe ¢ wugpom

k3. Ne 1

Pasnen J-14m

Ne 464

Jara 1945 e.

SamemKu 0 KOHCIMPYKUUU QmOMHOU GombbL

[

Pasnoe. TIpu B3pEIBe BOBHYTPH IABICHUE B [IEHTPE, IE B3PHIBACTCSI I/IHI/H.II/IaTOp,
sxsuBanenTHo 200000 armocdep. Ha mpoBoJIOKY MOCTHKA B IETOHATOPE HOI[aBaJIOCB
HamnpsokeHue B 5600 BOJET.

B3prs 22 I/HOJISIS 1o 3 PEKTUBHOCTH paBeH B3pbIBY skBHuBaneHTa 1300 ToHH
TNT.

YCTaHOBI/IJII/I, 9TO 3(1)(1)CK’I‘I/IBHOCTL coctamisia 6—13 %, MOTOMY YTO Ciljla B3phIBa
BOBHYTPb ¥ Pa3pyIUTENbHBI 3(hdeKT B pe3ynsTaTe aTOMHOTO B3phIBa HE OCTABNIS-
10T BpeMeHu 114 100% [-Horo] ucronb30BaHUs Matepraia. OH HUCIIONb3YeTCs JIUIIb
Ha 6—13 %. B cBsI3M ¢ 3TUM B HACTOSIIlee BpeMs SKCIIEPUMEHTHL IIPOBOISITCS JIHILb
1o ceepx6ombe. B 3Toif 6oMOe IIpU IEPBOM aTOMHOM B3phIBE HOJDKEH B30pPBATh-
€S BOBHYTPh BTOPOH mIap u3 «49» M, TakuM 006pasoM, MOBBICUTL 3(PHEKTUBHOCTL

39



BBK 31.4
A 92
yaK 621 039 (094)
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2008. — 736¢. ISBN 978 5- 9221 1026-6 (T. I1I; KH. 1).
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