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Memrkos U. H. 11-2019-40
CBeTUMOCTh HOHHOTO KOJUT HJiep

IMomyuen copMyn CBETUMOCTH KOJUT Wuep IpU CTOJIKHOBEHMH JBYX ITy4KOB,
OTJIMY IOLIMXCS, BOOOLIE roBOPs, CBOMMU II P METP MH (« CHMMETPUYHBIE KOJUI M-
aepbl»). PopMynn CHp BEIJIUB UL BCTPEYHBIX U «IIOMYTHBIX» ITyYKOB, UMEIOIIUX CO-
BII /I IOLINE NPOJOJIbHBIE OCH. P cCMOTpeHBI TpH 4 CTHBIX CIIyd 9 (DOPMYIIBI: CTOINK-
HOBEHHE JIBYX UICHTHYHBIX KCU JIBHO-CUMMETPUYHBIX CIYCTKOB CIPYIIIUPOB HHBIX
IIy4KOB, CTOJIKHOBEHUE CTYCTK C P CIIyLIEHHBIM IIy4KOM U CTOJIKHOBEHUE [BYX p C-
MYIIEHHbIX My4koB. Kp TKO p cCMOTpeH B pM HT Iepecek IIuXcs My4koB U cop-
MYJIUPOB H CIIOCO0 p cUeT HX CBETUMOCTH. P ccMoTpeH mpoOnieM CHHXPOHM3 UM
CTOJIKHOBEHHH CHUMMETPHYHBIX ITY4KOB. IIpefcT BiIeH METOX ONTHUMU3 LHU II P Me-
TPOB LIMKJIMYECKOTO KOJUT HIep H OCHOBE MUHHMMH3 LM 3H YEHHWH CIBHUIOB OeT -
TPOHHBIX 4 CTOT, BbI3B HHBIX JEHCTBUEM IIPOCTP HCTBEHHOIO 3 Pl IIydkKoB. IIpuse-
JEHbI YMCJICHHBIE [IPUMEPBL P CYET CBETUMOCTU HECKOJIBKUX BUIOB CUMMETPUYHBIX
KOJIJT HZIEpOB.

P Gor BbmmosnHeH BJI Gop Topuu (pH3MKH BhICOKUX dHepruil um. B. U. Bekcnep
u A.M.b nuun OMAU.

IMpenpunt OGbeIUHEHHOTO UHCTUTYT SAEPHBIX HcciefnoB Huil. Jy6H , 2019

Meshkov I. N. D1-2019-40
Luminosity of an Ion Collider

A formula is obtained for the luminosity of a collider at the collision of two
beams that differ, generally speaking, by their parameters (‘“asymmetric colliders”).
The formula is valid for counterpropagating and merging beams with coincident
longitudinal axes. Three special cases of the formula are considered: collision of
two identical axially symmetric bunched beams, collision of a bunch with a coasting
beam, and collision of two coasting beams. Collision of intersecting beams is briefly
considered, and the method for calculating their luminosity is formulated. The
synchronization problem is considered for collisions of asymmetric beams. A method
is presented for optimizing parameters of a cyclic collider by minimizing betatron
frequency shifts caused by the action of the space charge of the beams. Numerical
examples of luminosity calculations for several types of asymmetric colliders are
given.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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BBEAEHUE

3 14 p cyeT CBETUMOCTH KOJUI HIOEp HU3BECTH CO BPEMEHHM IIEPBbIX Ipel-
JIOXEHUH YCKOpHUTeNel H BCTpeuHbIX Mydyk X *. TeM He MeHee O cuUX IOp He
IPEUTOXKEHO AOCT TOYHO KOMIT KTHOI (hOpMYJIbI, OIMCHIB FOIIE CBETUMOCTD KOJI-
7 Wep B OOLIEM Cllyd € CTOJIKHOBEHHS JIBYX IYYKOB C ITPOM3BOJIBHBIMHU I1 P Me-
TP MH, MO3BOJIAIOIIEN NIPOU3BOAUTh H JIMTHYECKUE WM YHCIEHHBIE P CUETBI, HE
npuber 4 K METOl M M TeM THYECKOTIO MOAEIHPOB HHS.

P 6or H 1 npoexkrom NICA B OObeqMHEHHOM WHCTHTYTE SIIEPHBIX UCCIIENO-
B Huii [1] morpeGoB 1 HCHONB30B HUSL P 3JMYHBIX B PH HTOB BCTPEUYHBIX HOH-
HBIX IIy4KOB, B TOM YHCII€ OTJIY IOIIUXCS COPTOM Y CTHIl BO BCTPEYHBIX MUK X,
CTPYKTYpOU Iy4YKOB — H IIPUMEp, CTOJKHOBEHUE CTPYIIUPOB HHOIO My4K C P C-
MyIIEHHbIM U T. 1. T K MOSABWICA « CUMMETPHYHBINA Kosul Huep». Ilpu aToM BbIdC-
HUJIOCH, 4TO (popMys1, yMOOHBIX WIS H JMTHYECKHX P CUETOB CBETUMOCTH T KHX
KOJUI HIepoB, HET B JIUTEP Type, B TOM 4Kcle U B 0030pHbIX nyonuk 1msix. K x
Ip BWIO, HPUBOAATCS (POPMYIBI, CT BIIME KJI CCHYECKHMMH, HPUTOAHBIE TOJBKO
ISl «CUMMETPUYHBIX» KOJUT HIEepOB, NMEIOLINX OAWH KOBBIE I P METPHI Iy4KOB
CT JIKUB IOLIMXCS Y CTHUIL, OTIIMY IOIIMXCS, ObITh MOXET, JIUIIb 3H KOM JIEKTpPH-
YECKOIO 3 p4f , T.€. Ul 9IeKTPOH-NO3UTPOHHBIX ¥ IPOTOH- HTUIPOTOHHBIX KOJ-
a1 unepos [2,3]. Hepenxo mpuBoasatrcst yrnpoineHHble ¢opMyinsl [4, 5], He comep-
X LIMe T K H 3bIB MBI «II p METp MEeCOYHBIX 4 coB» (II. 1.2 HiKe).

[TompITKH MOMYYUTh (POPMYITY /IS JOCT TOYHO OOLIEro Cyd s MPHUBOMST, K K
Ip BUJIO, K 'POMO3IKHM BBIP KEHHSIM, COIEPXK LIMM MHOTOKD THbIE HUHTErp JIbl
[0 HIECTU KOOPAMH T M IPOCTP HCTB KOODPAUH T-UMITYJIBCOB [6].

Heob6xonuMocTh Bcnonp30B HUS MTOKOOHOH (POPMYIIBI OCT €TCsl, HECMOTpS H
BBICOKOpP 3BHUTBIE METOIBI YHCICHHOTO MOJETUPOB HUS AWH MUKH 4 CTHIl B YCKO-
pHUTENAX 3 PAXKEHHBIX 4 CcTHL. T K g popMynT HyXH g NMPOBEICHUS P CYETOB
H YypOBHE OLIEHOK, YTO HEOOXOIMMO JUIsl BHIOOP HCXOAHBIX 3H YEHHI I P METPOB
KOJUT Wfep .

*Ileps s chopMyn s oueHKH cBetmmoctH npemnoxken [l Kepcrom B moknm me 1956 .
(Kerst D. W. Properties of an Intersecting-Beam Accelerating System // Proc. of Intern. Conf.
on High Energy Accel., Geneva, 1956. P.37): umcno coGbIThii B €IMHHIYy BpPeMEHHU I IPOLIECCOB
C IONepeyHbIM ceueHneM A B CTONKHOBEHMSX ABYX CTYCTKOB ¢ uMcioM 4 cruul N1 u N2 u auHoit [
MPH CKOPOCTH 4 CTUIl v p BHO n = 2N Navl A.



P 31.1 o HHOI cT THU MpeAcT BisieT cOOOHM p CIIMPEHHBIH B PU HT MyOJNK -
uuu [7]. P ccm TpuB eTcd cilyd i CTOJIKHOBEHM JIBYX IIy4KOB B KOJUI igepe, I -
P MeTpbl KOTOPBIX — BUJ CT JIKHB IOIIUXCSA U CTUIl M UX YHUCIIO B MyYKe (CTYCTKE),
UX DHEprus, T KXe p 3Mepbl U GOpM KoJel KOJL1 ijiep U Ip. — MOryT ObITh
p 3muunbl. [TogpobHO 06CyXI ercsd B pu HT KOJUT HIep , B KOTOPOM OCH BCTped-
HBIX IIyYKOB COBII [l 10T H Y4 CTKe BCTpeuH («coyn peHus Jiob B 100»), T K 4TO
IYKH MOTYT UMETh OOIIMe JINH3bI (PUH JIBHOTO (POKYC , M Kp TKO IPEACT BIICH B -
pPH HT mepecek IoImuxcd MydkoB (intersecting storage rings). Mcmp BieHsl T Kxe
«Hen30exHble» ored TKH, JOIYIIeHHbIe B IepBoi p Oore.

B p 30.2 omuc H MeTox ONTUMM3 UM II P METPOB LMKJIMYECKOrO KOJUI M-
Aep H OCHOBE MMHUMH3 LIUM 3H YEHHWH CIOBUTOB OET TPOHHBIX 4 CTOT, BBI3B H-
HBIX JEUCTBUEM HPOCTP HCTBEHHOIO 3 psl Iy4ykoB. IlepB g HONBITK T KOW
nyOosuK 1M (He BIIOJIHE YO YH $) cael H  BropoM B p 6ote [8]. B p 31.2 1 H-
HOH p OOTBI UCIIOJIB30B H IOJYYESHHbI HeJ BHO YTOUHEHHbI B PU HT (OPMYIIbI
athpexT BcTpeuHbIX MydkoB (beam—beam effect).

P 3x1.3 comepXuT 4ucieHHbIE IPUMEPHL P CYET CBETUMOCTH HECKOJIBKHX BU-
JOB CHUMMETPUYHBIX U CHMMETPUYHBIX KOJII HAEpOB, BKIIIOY S KOJUI inep H
«p BHOBECHBIX» MyYK X [9], MpencT BN WHTEPEC B COBPEMEHHOU SIepHOM
tuzuke.

[TonmyyeHHbIe pe3yabT THl MPUMEHHUMBI K K K BCTPEYHO-BCTPEUYHBIM (counter-
propagating beams), T K 1 K IOIYTHO-BCTPEUYHBIM («CIIMB IOIIUMCS» — «merging
beams») myuK M.

Bce dopmyiibl CBETUMOCTH M UX YMCIIEHHBIE 3H YEHUS MIPUBOASTCS OAA OOHOU
mouku écmpeyu Xonn inep (Interaction Point — IP).

1. ACUMMETPHUYHBIE BCTPEYHBLIE ITYYKH

1.1. CBetumMocTh — 0O CIyd W. P cropeneneHue IUIOTHOCTH Y CTHIL
CTPYIIIHPOB HHOTO IMyYK , «I' YCCOBOTO» IO BCEM TpeM H3MepeHwsM (T, Yy, S),
HAMEET BUJL

(t) N L (R
pilt) = exps—=|—5"—+—"+—>5
(27T)3/2 Ozi (t) oyi (t) 0si 2\ a2 (t) Jii (t) o

(1.1)
3mech N; — YUCIIO U CTHII B CTYCTKE ¢-TO My4K ; ¢ = 1,2 — HOMep MyUK ; 0qj —
I YCCOB T P METP CIYCTK «(-CTETNeHH CBOOOMBI MyuK (v = x, Yy, S). AH JIOTHYH S
copmyn p crpespeneHus IWIOTHOCTH B P CHYyIIEHHOM (coasting) myyke ¢ p BHO-
MEpHBIM p CIpe/ieJIieHreM IUIOTHOCTH 1O TIEPUMETPY KOJIbI[ W YUCIOM 4 CTHUIl IV;
9 (S11% )11

N; 1 x? y?

= 2700 (D 0y () Comg P 2\ 0% (0 T 2,0

pi(t) (1.2)
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Puc. 1. CxeM CTOJNKHOBEHUsI ABYX CTYCTKOB B IIOCKOCTH iy = 0. (1,2 — LEHTPbI CTYCTKOB:
71,2 — P CCTOSHUS TOYKH CTOIKHOBEHHUS JBYX 4 CTHUI («interaction point») IP oT nentpos
CTYCTKOB; Scoll — TO Xe€, OT H 4 J1 KOOpOHH T; Bi 2 (s) — oru6 ioume (6er -pyHKIMH)
MEPBOrO U BTOPOTO MyYKOB

Jlyist ynpolueHus ornuc HUs KWHEM THKH CTOJIKHOBEeHWil (puc. 1) BeiGepeM oTcuer
BPEMEHH M H Y JIO KOOPAUH T T K, 4TO 1pH ¢ = O meHTpbl 000UX CryCTKOB OymyT
H XOIUTBCS B H 4 Jie koopmuH T (z =y = s =0): s} (0) = sJ(0) = 0. Dro
O3H 4 €T, 4YTO BpeMs CTOJIKHOBEHUS ¢

S1
—x0<t=— < oo.
U1

KOOPZ[I/IH Thl IECHTPOB CI'yCTKOB Sg HU3MCHAIOTCA CO BPEMCHEM K K

sY(t) = vit, 2 =4y? =0. (1.3)

MbI Oorp HUYMMCS CITyd €M T K H 3bIB €MbIX JIOOOBBIX CTOJIKHOBEHHIl, KOTIl OCH
CIYCTKOB COBII JI IOT MexXay coboii u ¢ ochlo s (cM. puc.1). H M morpebyrorcs
T KX€ KOOPAUH ThI CT JIKMB IOLIMXCS Y CTHIIL 7);, OTCUUTBHIB €Mble OT LIEHTPOB UX
crycTkoB (B J1 60p TopHOU cucteme!). Tornm s; — KOOpPOMH T ¢-i 94 CTHIBI —
B J1 60p TOpHOI cucteMe T KOB (cM. puc. 1):

s5; (1) = 89 (t) + . (1.4)

HOHepequIe KOOpAUH Thl 4 CTHULBI HO-IIPEXKHEMY OTCUUTBIB €M OT OCU S

B J1 6Op TOPHOIi cHCTeMe. 3 BUCMMOCTD MONEPEYHBIX P 3MEPOB CTYCTKOB 04 (t),

oy; (t) OT BpeMEHH IOSBISETCS B PEe3yabT T MX JBHXCHHS B (POKyCHpYIOLIE
CHCTEME!

Oai (t) = EaiBai(Si (t))a a=zy, 1=12, (1.5)



Ie £,;= const — ®MHTT HC MyYK ,

52 (t
Bus (su(1) = By + 250 (1)
— 6et TpoHH g (6er -) dyHKIMS (DOKycHpyOIIEH cucTembl; B, — ee MUHH-

M JIbHOE 3H YeHHe, KOTOpoe JOCTHI eTcd, K K IIp BWIIO, B mouke écmpedu s = 0
(IP); s;(t) — KOOpOMH T Y CTHIBI B MOMEHT BpeMEHH ¢.

M&l npeanion I eM T KXKe, 4TO AUCHepcUus H y4 CTKe BCTPeud IIyuKoB p BH
HYJII0, YTO UMEET MECTO B OOJIbLIMHCTBE NP KTUYECKHX CIIyY €B.

3 Bpemd CTONKHOBEHMS JBYX CLYCTKOB CIIOH 4 CTHI[ HEpBOIO CIyCTK
p1 (x,y,m1,t) dy Tepecex €T crycrok 2, CT JIKHMB SICh B K XIOW Touke () co
crnoeMm pa (2,y,n2,t) dna. Koopaun T a10it Touku s(t), s;(t), s9 (), n;(t) ca-
3 HBI MeXJay co00i p BeHCTB Mu (cM. puc. 1)

s(t) = s1(t) =89 (t) +m = s2 () = 3 (t) + 2. 1.7)

Teneppb MOXHO 3 MUC Th «OUYEBHIHOE» BBIP XEHHE I CEEMUMOCMU H  OOHY
MOuKY écmpeuu:

%) 9] Ip lp
L:nbunchf()/dx/dy/dnl/dn2pl(xvyanl(t))pQ(xayvn2(t))a (18)

—Ip —Ip

[I€ Mhunch = MiN {Nbunchl, Mbunch2} — MEHbIIEE W3 3H YEHHI YUCII CTYCTKOB
Bmyuk X 1 U 2; fo — 49 cTOoT 0Op IIEHUS U CTHUIl IyYK C MEHBIIAM YHUCIIOM
CIYCTKOB. DTOT BBIOOP 3H YEHUH Mpyunch U fo CIEMYET U3 YCIOBHS CUHXPOHH3 LIUU
crosikHOBeHHH (11. 1.5). MHTEerp Jibl 10 MPOXOIBLHBIM KOOPOMH T M 7)1, 7)2 Oepyrcd
npubIMKEHHO B KOHEYHBIX Hpelesl X, 3H YeHUS KOTOphIX +lp ompenesieHbl HIXe
B nogdcHeHuu K opmyse (1.11).

U3 p Bencts (1.7) ¢ yuetrom ycnosuii (1.3), (1.4) crenyeT COOTHOILIEHUE MEXIY
KOOPIUH T MU 7)1 U 12!

m®) =m+ (1 2) 20

1

3pech vy, — Jrebp Mueckue 3H 4eHMd cKopocTeil u ctuy 1 u 2.

Beens 06030 uenus so(t) = sV(t), n =y, 3 numem

n2 =1+ Vso, VEl*?- (1.9)
1

ITI pmMerp V > 1 nng BCTpeYHO-BCTPEUHBIX MydkoB M V' < 1 miId momyTHO-
BCTPEYHBIX.



IMocKosbKy MBI BBENH IEPEMEHHYI0 So(t) = w1l W BBIP 3WIH 7)2 4epe3 7)
S0, TO UHTErpupoB HUE B (1.8) MO BpeMEeHM CTOJIKHOBEHHUS MOXHO 3 MEHUTh WH-
TErPUPOB HUEM IO Sg (KOOPOMH T UEHTP IMEPBOrO CryCTK ), HWHTEIPUPOB HUE
[0 JUTHH M CIYCTKOB IIPOBECTH IO HepeMeHHOM 7). IKoOUu H 3 MEHBbI MepeMeHHbIX
p BeH

D, 12)
D(Som)

B pe3ynsT Te NpuxomuMm K BbIP KEHUIO

urn IN N
L:”(b%d 01 ;fo /dso/dn/% dm/wy )dyx
51052

1 ({2 1%
X exp [5 (:—2+ (”27250)” (11D
sl s2

=V (1.10)

rae

1 1 1 z?
%/fz (Ia 507771) = eXp | — 2 + 2 7 5
021 (80,1m) 02 (50, 7) 071 (s0,m) 025 (s0,7m)

(1.12)
2lp — mpomoINbHBIA (S) p 3Mep y4 CTK , H KOTOPOM OCH OOOUX IIy4KOB CO-
BII /1 10T M TJie P CIIOJOXEH AeTeKTop. JIOK JIbH S CBETHMOCTb NpH So = *lp
YMEHBII €TCd H HEeCKOJIbKO MOPSAKOB OT M KCHM JIBHOTO 3H 4eHud Ipu So = 0
u3-3 poct Oer -(pyHKIMH, YTO HOK 3 HO B IL. 1.5.

DysKIMI0 Yy (Y, So,M1) H XOLUM 3 MEHOH UHIEKC M DPIYMEHT & H .
Huterp 1 ot ¢, mo dx 1 er

/ww (z,50,m)dx = \/ﬁ . (1.13)

Vo1 (s0,m) + 03 (s0,7)

o0
WUurerp 1 [ 1y (y, So,71) dy BHIUKCISETCS H JIOTUYHO € 3 MEHOH T H .
— 00

Hcnoneays 30 yenus (1.5) wid 0,4, 3 nUlIeM

\/%2:1 (s0,1) + 022 (50,1) = Vea1Bar (s0,1m) + €02Ba2 (s0,m).  (1.14)

Dynkuun Bg; onpenenensl B (1.6). AH JIOrMYHOE BBIp XEHHE JUIA 0y; H inem
3 MEHOU T H Y.

IMonct Bnss 3H yenus wnrerp a (1.13) u 31 MeH teng (1.14), T xxe ux
y- H joroB B (1.11), npuxoaum K AOBOJIHO I'POMO3IKOMY BbIp XKEHHUIO ISl CBE-



THMOCTH KOJIJT fll[@p C IMOJIHOCThIO CUMMETPUYHBIMU CT'YCTK MU:

johat INN
7 — "bunchN1N2 fo 2f0 /dso/dnx

(27r) 051042

1| n? +Vso\’
exp{ —= 77_2 + <u)
2o Os2
x (L15)
V/(€21B21(s0, 1) + €22B22(50, 1)) (41By1 (50, 1) + £42By2(50,7))

OTMeTHM, YTO 3TO €CTh CEEMUMOCIb KOJLL 1loep H 00HO Mecmo ecmpeuu. Kpome
TOro, 6er -PyHKIMK B TOYK X CTOJIKHOBEHHS Y CTHI[ UMEIOT P 3HbIE 3H YCHUS
(Bz,y)1,2, €cmu 4 cTHLBL 1 1 2 OT/IMY 10TCS XOTS OBI IO OJHOMY U3 I P METPOB —
3 psmy, M cce WIH 9Heprud. [103ToMy MOXKHO BBECTH «/ D Memp OMHOCUMEIbHOL
M 2HUMHOU KeCMKOCMU» \: B

1

A= L.
B3

(1.16)

IMockonbKy 3H 4yeHHs 6eT TPOHHBIX (DYHKIMII B2 MPONOPLUHOH JbHBI M THUT-
HON KECTKOCTH CT JIKUB IOIIMXCA Y CTUL ( H JIOTUYHO (DOKYCHBIM P CCTOSHHUSIM
M THUTHBIX JIMH3), MOXHO OXHJ Th, YTO II P METP A ONHCHIB €TCS BBIP KEHHUEM

Z
A= B2Lzz (1.17)
Zy p2
3nech Z12 — 3 pajg TOK (B €IMHMI X 3 DPSAJ  QJIEKTPOH ); P12 — HMILYJIEC

y ctul mydykoB 1 u 2. Ilpu p BHBIX ckopocTsax 4 ctull 1 u 2 Belp xenue (1.17)
HE 3 BHCHUT OT CKOPOCTH 4 CTHI U P BHO

\ my A1 Zs
0= —7%5 7
mo Z1 1427
rie Ai; > — TOMHBIE BEC 4 CTHI]; M2 — M CChl HYKJIOHOB CT JIKHMB HOMIUXCS

4 crul 1 u 2 (oTuuMe mo/my OT eauHUIB! He TipeBbim eT 1-1073 ang Beex snep
nepuogmdeckor T omurpl). OnH Ko 3H deHus A (1.17) u Ao npubIuxeHHble, T K
K K H BeJIMuuHy OeT -(pyHKUMH H OOIIeM Y4 CTKE KOJIell CYHIECTBEHHO BIIUSIOT
3H YEHHs I p MeTpoB (POKYCHPYIOLINX CUCTEM H HHAWBHUIY JBHBIX Y4 CTK X.

B cnyd e mydkoB p 3HBIX U CTUIl IT P MeTp A = 1 T KXe, ecnu (oKycHpy-
IOIMe CHUCTEMBI ABYX KOJIEI KOJUT #iep He MMeT H oOmeM y4 cTKe (y4 CTKe
B3 MMOJIEHCTBUS 4 CTHL) (POKYCHPYIOIIMX 3JI€MEHTOB, OIPENEIISIOMNX 3H YEHUS
6er -pyHKLMIT Kosel Kol iuaep . DTO MMEET MEcTo, B 4 CTHOCTH, B KO Ude-
p x ¢ nepecek towumuca nyux mu (1. 1.6).

Boip xkenue (1.15) cymecTBeHHO ynpoll eTcs B TpeX 4 CTHBIX CIyd X, p C-
CMOTPEHHBIX HHUXE.



1.2. OnuH KoBbIe BCTpeyHble My4KH. B p ccM TpuB eMoM cityd e ofuH KO-

BbIX BCTPEYHO-BCTPEUYHBIX ITYYKOB UMEEM

vy =—vy, V=2 Bfy=B,=B BY=B,=B"

r2 — yl — Fy2 — Hy»
Os1 = 052 =05, Ex1l =Ez2 =2Ex, Eyl = Ey2 = Ey.
U3 (1.15) ¢ yuerom 3H wenuii B, (1.6) u s;(t) (1.9) monyunm
nbunchN1N2f0
L= x Int Ba:a B y Os)s
8no? oo, Bl (B By o)
Ip oo
1
Int1—2/d80/d77 X
2
—Ip —0 So+1 S0+ 1
1 1
+(B;> *(3;)
n* + (n+ 2s0

Hp606p 3y4 YUCJIMTEIIb IIOK 3 TeJId 9KCIIOHEHTBI

7+ (n+250)" = 2 |(s0 + )" + 53],

(1.18)

Hepexoiud 3 TeEM OT NEPEMEHHBIX MHTEIPUPOB HUS Sg, 7) K HEPEMEHHBIM So U
¢ = so + 1 u BeruucnuB sskobu H nepexox D (so,n)/D (so,¢) = 1, H xomum

Ip oo

—0%/a2
Int1:2/e_83/gfdso/ © dgb

—Ip — o0

o\ o\
b <B;;> b <B>

T xum o6p 30M, OBOIHON HHTErp j1 MpeoOp 30B H B IPOM3BEACHUE IBYX HHTE-
rp s10B. [lepBblil U3 HUX, UHTETP JI [0 So, IPU 05 K Ip p BeH os/m. B ciyu e
B; = B, = B" moiny4 emM H3BECTHOE BbIP XEHHE CBETHMOCTH KOJUI HIep H

KCH JIbHO-CUMMETPHYHBIX My4K X (cM. [2], opmyssl (6.134), (6.135)):

o nbuncthNQfO

Os

u’ du
= —==0 d = .
4#@3* Ha, Pra ( \/_/1+ “ B*

(1.19)

3nech Pryg(a) — T K H 3bIB eMblil T p MeTp ecousix 4 coB (hourglass effect),

OIMCBIB IOIIUIA 3 BUCUMOCTh CBETUMOCTH OT Os " B*.



1.3. CTonKHOBeHHE P CIYHIEHHOTO IyYK €O CTPYHNHPOB HHbIM. [lo-mpex-
HEMY CYMUT eM (POKYCHPYIOIIYI0 CHCTEMY KCH JIbHO-CHMMETPHYHON H Y4 CTKe
BCTpEUYH, HO TEHEPDL IYYKHU COACPK T Y CTHLLI P 3HOIO BUA U OTJIMY IOIIUECA,
BOOOILIE rOBOps, dHeprueil. [loaTomy

By =B, =B{ # By, =By =

B3. (1.20)
@opMyaT Il CBETUMOCTH, KODA OAMH U3 CT JIKMB HOIMXCS MydkoB (Nz)
p CIyIIeH U MMeeT P BHOMEpHyI Mo mepumeTpy Kombll Cling MIoTHOCTH (1.2),
oy ercd ot (1.15) BeIp XeHHEM B 3H MEH Telle IpoOu Mmepei UHTETp JIOM, P B-
ueM Teneph (27)%/205Ching.  3Hech 05 = 051 — «T YCCOB » JUTMH  CTYCTK
CTPYIIUPOB HHOIO Iy4YK .
g Kcu NbHO-CUMMETPUYHBIX IMydkoB ¢opmya (1.15) mpunHum et Bua

nbunchN1N2f0
— Dbunch MN2J0 oty (By, Ba, 0y),
(27)3720, Cring x Inty (B1, B2, 05)
Ip Ip
IHtQZV/dS()/an
—Ip —Ip

ElB;<

1 2
3 57 €XP (—2717) (1.21)
1+(So+77> 1+(So+77> s

B*
B )| B

311eCh Npynch U fo — YHCIIO CTYCTKOB CIPYNIIMPOB HHOTO My4K U Y CTOT 00p -
meHus ero u ctuy. I1 p merp V, BooOIe roBopsi, MOXET OTJIMY ThCS OT 2.
[ToBropuM 1peoOp 30B HHE HEPEMEHHBIX H JIOTHYHO ClieJ HHOMY BBILIIE:

¢:50+777 11[}:77

SIko6u u mepexox D (so,n)/D (¢,1) = 1. B pesyasr te unrerp i (1.21) p 3-
OUB €TCS H JIB HE3 BHCHMbIX:

lp 9 2lp d
Inty = V/exp —d)— dz/J/ ¢
202 ¢ 2 ¢ 2
—Ilp —2lp ElB* 1 =+ ( *> + EQB* 1 + ( *>
1 B1 2 32

HpOI/I3BG£[$I UHTEIrpuUpOB HHUEC, H XOOUM

nbuncthNQf[)v f l
27chlring \/_O'S

B* B3
x\/ L2 2arctan (xp), (1.22)

L=

(ele + 8235)(6135 + 623’{)



. ElB; —i—EgBi’< 2lp
XP =\ 6By +e2B5 \/Bi By

IIpu ycnosuu
05, Biy <Ip < Cring, xp >1 (1.23)

BbIp kenue (1.22) npuHuM et Gojiee KOMII KTHbBIA BHIL:

unc N N B*B#<
7 — MunchV1 2f0V i B _ (1.24)
2Cring (€1B1 + 8232)(6132 + €2B1)
Boip xenue (1.24) MOXHO ympoCTHTh, UCHONB3ysd T p MeTp A (1.16):
nbuncth NQ fO A
L= v . 1.25
2C’ring \//\(5% + 5%) + 6162(1 + )\2) ( )

W coBceM mpocToe BbIp XEHHE JUIS CBETUMOCTH TOJNYY eTCS MpPU OAWH KOBBIX
Y CTHI] X BCTPEUYHBIX IyYKOB, OJWH KOBBIX 3H UEHHSAX WX DHEPIHU W DMHUTT HCOB
nydkoB: A =1,V =2, 1 =e9 = ¢,

nbuncth N2 fO

I —
QCringE

(1.26)
1.4. CronkHoBeHHEe IBYX P CHYyLIeHHbIX My4koB. [Ipu ycmosmax (1.20) u
BI,Q < (2 momyynm u3 (1.15) H mormyno (1.21) 3H YeHHe CBETHMOCTH:

_ NlNgfo

L = x Int
20,0y

lp lp

1
Int3:V/dSo/d77 o 2
1+(80+”) 1+(So+77>

—Ilp —lp ElBik + e85
* 2 *
Bl B2

3nmech N1, No — uucio 4y crun B nyuk x 1 u 2; Cy, Cy — nepumeTrpsl KoJiel
H Komureneil. Y cTtor cTonKHOBeHHH fo = max {v1/Cy, va/Ca}.
IIpoussens unterpupoB Hue H JjoruyHo (1.21)—(1.25), H xomUM

N1 N fy B:B;
L= Vi 2 arctan , 1.27
70iCh ' P\ B ¥ B B 1 5B S et ko) (127)

1 p merp xp onpezener B (1.22). Ilpu yenosun BY , < Ip, xp > 1 H xonum

N1 N> fo A
L=——F7"""VI . 1.28
0102 D\/(€1>\+€2)(€1 +€2>\) ( )



T MEEHTWYHBIX KOJNIel] KOJUT HIep U BCTPEYHO-BCTPEYHBIX IyYKOB V = 2,
A =1, u dopmyn (1.28) nmpuHuM eT BUA
N *fo
=——"Ip.
C?¢
1.5. P cnpeneiieHre CBeTHMOCTH IO JUIMHE Y4 CTK BCTpedd. Momymmsanus
6er -pynkuui kosu1 daep (1.6) BONM3M TOYKHM BCTPEYH HEM30EXKHO BBI3BIB €T
U3MEHEeHHe CBETHMMOCTH 110 JUIMHEe Y4 CTK B3 MMopeiictBusi. H ubonee npocro
IOK 3 Th 3TO B CITy4 € OfAMH KOBBIX BCTPEYHBIX Iy4KOB (T1. 1.2). JleHCTBUTENBHO,

HPOU3BOJH s CBETUMOCTH [0 KOOPJHMH T€ So MPOHOPLHUOH JIbH TOIBIHTETP JIBHOM
¢yukuuu B Beip keHun mig Puc(a) B (1.19):

dL (dL) e (s0/04)*
-~ \dso /) pax 1+ (s0/B*)*

Bgensd nepemennyio x = so/B*, oiyd eM (pyHKLHMIO P CHpeneieH s CBeTUMOCTH,
HOPMHUPOB HHYI0 H M KCHMYM:

frix) =

(1.29)

dSO

o (x/a)? o

S == 1.
T YT (1.30)

I'p duku sr10ii pyHKIMH (pHC.2) MOK 3BIB 0T, YTO C POCTOM 0 (I P METP «)
(hyHKIIMS p cripenenieHus] CBETHMOCTH YIIHUPSETCs, IOK ee IIMPHH He JOCTUIHEeT
H chbienus (x > 5).
DTO H ChHIIEHNE COOTBETCTBYET CTOJKHOBEHHUIO JIBYX P CIYIIEHHBIX Iy4KOB
(1. 1.4). Kpome Toro, pe3ynbT Thl, IPEACT BICHHBIC H PHC. 2, IO3BOJISIOT BEIOP Th
3H YEeHHUe
lp =3B". (1.31)

=
o]
T

0,21

075 -4 3 2 -1 0 1 2 3 4 x 5

Puc. 2. ®yukuun (1.30) p crnpeneneHus CBETUMOCTU IO y4 CTKY BCTPEYM IYYKOB: (v =
10;3;1;0,3
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1.6. CTonkHOBeHHE TepeceK HOMMXCA My4KOB. [ yBEIWYEHUS CBETHMO-
CTH B COBPEMEHHBIX KOJUI HWep X HCIOJIb3yeTCsi MHOTOCTYCTKOBBIH PEXHM, 4TO
0OBIYHO TIOIp 3YMEB €T H JIMYMEe ABYX He3 BHCHUMBIX KOJell BO M30eX Hue I p -
3UTHBIX CTOJIKHOBEHMH H OOLIMX y4 CTK X TP €KTOPHUH U CTOJKHOBEHHE IyYKOB
IO/l YITIOM. DTO M H 3bIB €TCS «IepeceK Ioluecs IydyK» («intersecting beams»).
ITpu aTOM BHE y4 CTK B3 MMOIEUCTBHS IYYKH P 3BEIEHBI JOCT TOYHO I JIEKO, T K
4TO UX (hOKYCHPYIOLINE CUCTEMbI HE UMEIOT OOIINX dJIEMEHTOB, YTO JOMYCK €T He-
3 BHCUMYIO PETYJUPOBKY I1 P METPOB JIByX CT JIKMB IOLIMXCS IyYKOB CHMMETPHY-
HOro KOJUI inep . DTo 0COOEHHO CYIECTBEHHO ISl 3JIEKTPOH-UOHHOIO KOJUT ii-
nep (1. 3.3). IlpoaonbHbie OCH K XIOW U3 (POKYCUPYIOIIMX CHUCTEM JIBYX KOJell
3 I 10T OCH CT JIKUB IOIIUXCS ITy4KOB, IIPH 3TOM JIOK JIbHBIE 3H YEeHHUI HX OeT -
(hyHKIMH TO-TTpeXXHEMY OIKCHIB I0TCSl cooTHOImEeHusIMH (1.6), HO Tenepp B «Cob-
CTBEHHBIX» KOOPIOUH T X KOJIELl T, OCU S; KOTOpBIX nepecek torcd B IP mox
yriiom 20 («full crossing angle») (puc.3). P crionoxenue kosen BbIOp HO T K,
YTO BCE TPU OCH S1, S2, So J€X T B OAHOW IUIOCKOCTU. B 3TOH Xe IIOCKOCTH
JeX T OCH ¥Y;, OCH X; COBH I IOT M H IIp BJIEHBI OPTOTOH JIBHO INIOCKOCTH (S,
y;). T Koil BbIOOp H Ip BIICHHH OCeil Heciay4 eH: OH obecreduB er H HOOJee
OBICTPOE P 3BEJEHUE MYYKOB, UTO HYXKHO, €CIIH Tzi = Oy;.

D¢ eKTUBHOCTh p 3BEACHUS IMYYKOB H Y4 CTKE B3 MMOIEWUCTBUS IMPHUHSITO
OLIEHUB Th BEJIMYMHON OTHOIIEHHMS Y-KOOPAUH Thl TOUKU H OCH CTYCTK , OTCTOSI-
weit ot [P u 04(dyg = 04sin(f), cM. puc. 3), K IPOEKLHMHU IOMEPEIHOTO P 3MEP
CIYCTK 0y H ocb Yo(Ayo = oy cos(d)) — T K H 3bIB emblil 1 p MeTp ITuBuH-
ckoro (Piwinski angle):

o
¢ = —tané. (1.32)
Ty
[MpotsxeHHocTs 0611 cTH B3 MMogeiicTBus (3 UT hOHOM H pHc. 3) 2] p MOXHO
OLIEHUTh K K on
lg = ——, 0g<0s. (1.33)
sin 0

B of6meM ciyd € ®T BeIMYMH P BH
o

ly = ——v (1.34)

VIt

Yo

Puc. 3. CxeM CTONKHOBEHHS IepeceK IOLMXCS MydKOB JIs ¢ > 1; OB JIbHBIE TP HUII
MOK 3bIB I0T «1-0-p 3Mepbl» CTYCTKOB, (DOHOM 3 JUT OOJT CTh B3 MMOAEHCTBUS U CTHI
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OtMernM, uto Tipu ¢ > 1, 6 < 1 dopmyn (1.34) cosm 1 er ¢ (1.33), mpu
¢ 1lp ~os.

B komn iimep X, rae HpUMeHSETCs CXeM MepeceK IOMMXCS IMYYKOB, Yroin
0 < 1. T x, B LHC yron € («the half crossing angle») B ppupyercs B 3 BUCHMO-
CTH OT BBIOOp peXHM KOJIUT Huep M 3 mpocoB 3kcrepumeHT ot 0,6 MKp 1 110
0,32 mp 1 [10], B KEKB atot yron coct Biger 11 mp a [11]. Tloatomy s orie-
HOK CBETUMOCTHU KOJUI Hep ¢ mepecek IOMUMUCS IMydK MM MOXKHO MO-IIPeXHEMY
10JIb30B ThCs (DOPMYJ MM, NpUBEIEHHbIMU Bbie (mm. 1.1-1.4), 3 Menus o, H

oy 1+ ¢? u ucnons3ys s 36 yenus [p dopmynst (1.33), (1.34).

Tem He MeHee IPU HMCIOJIB30B HUM CXEMBI NepeceK IOIIUXCS My4yKOB BO3HU-
K IOT B [JpYyrux HeXesl TeJIbHBIX 3((eKT , A9 KOMIIEHC UM KOTOPhIX MpUMe-
HSETCSd T K H 3bIB €M s Kp OOB s TEXHUK *.

[epBsrii 9¢pheKT — HEeHyIIeBOM Yo CTOJTKHOBEHHUS 26 TBYX BCTPEYHBIX CTYCT-
KoB. [l yctp HeHusd »Toro ahekT HCIOoIb3yeTcd cxeM «Kp OoBOro mepeceue-
HUg» («crab crossing») [12]. H Tp exTopusax K XIOro u3 Iy4KOB, O U IO-
cne npoxoxnenusd IP, ycr H BiuB 101cd BU-pe3oH TOpbI, H CTPOEGHHBIE H MOy
C HONEpPeYHbIM M THUTHBIM IOJEM, KOTOPOE MEHSET 3H K 3 BpeMs IMPOXOXie-
HU] CTYCTK M P BHO HY/IIO IIPU MNPOXOXIEHHUU LIEHTP . B pesynpT Te «ronos »
U «XBOCT» MOJYY IOT YA PbI MOJS B MPOTHBOIOIOXHBIX H NP BJICHMUSAX, CTYCTKH
[IOBOP YMB IOTCS BOKPYr ocH x (H puc.3) u npuxondr B IP B ¢ 3e ¢ H np Bie-
HUSAMM CBOMX OCEH H BCTpeuy Ipyr apyry. Pe3on topsl, ycr HOBieHHbIE 3 1P,
BO3Bp Il 10T OPHEHT LU0 CITYCTKOB B UCXOJHOE IOJIOXEHHE.

Lenp aT0ii onep LMK — MOJ BUTh CUHXPOOET TPOHHbIE PE30H HCHI (TOYHEe,
H PYLIMTb YCIIOBHUE HMX BO30YXIEHHMs), KOTOpble BO3ZHHUK IOT IPU CTOJKHOBEHHH
CTYCTKOB TIOJ1 YIJIOM. Pe30H HCBI, B TOM YHCJIe U HEBBICOKOTO MOPSJIK , HOSBISIOTCS
13-3 KOPPEJALUU MEXJy MONepeYHOl KOOPAUH TOW 4 CTHLBI B CUCTEME BCTped-
HOTO Iy4K (T.€. MONEPEeYHOro yA p ) U IPOIONbHONW KOoOpauH Thl. U ycTp HA-
I0TCSl OHM TIpUMEHeHneM crab crossing.

Bropoii appexT crnoxnee. [Ipu ymeHblieHnn 6eT TPOHHOH (PyHKLIMH (C Le-
JIBIO TIOBBIIIEHHS] CBETUMOCTH) 10 P 3Mep OOJ CTH B3 UMOAEHCTBHS BO3OYXH -
10TCSl HeNMHElHble OeT TPOHHBIE PE30H HCHI M3-3 B3 MMOIEHCTBUS Y CTHLBI C I10-
JIeM BCTPEYHOIo CrycTK (CM. T KXe «3(ekT BcTpeun», m.3.1). g yctp He-
Hust dToro agpext I1.P iiMoHIM ObLT NMpemIoxeH MeTOl, MOJYYMBIIUA H 3B -
HHe «Kp OoBble T Jiuu» («crab waist») [13-15]. nsa storo mepex u 3 IP H
000uX KOJBI X YCT H BIIUB IOTCS CIIEIU JIbHbIE CEKCTYIOJIbHbIE JIMH3BI, T K YTO
TOAL BJSIIOTCS OET TPOHHBIE PE30H HChI, BO3HUK IOIIME M3-3 TOro Xke agext
BCTPEYN IIy4YKOB.

*MerToz MOy4HsT CBOE H 3B HUE 10 H JIOTHH C JABHKEHHEM CTYCTK MEXIy «Kp OOBBIMH» pe3o-
H TOp MU U Kp 0 , KOTOpBIIl, K K U3BECTHO, ABUXETCS OOKOM («(PM3HKHU LIyTAT»).
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K cox menmio, crab crossing u crab waist HECOBMECTHMBI, TPUXOAUTCS BBIOH-
P Th OIMH METOJ M3 JAByX — TOT, KOTOPHIH B KOHKPETHOM CJIy4 € J €T OOJIbIIyIo
cBeTUMOCTh. Kp 0OB S TeXHUK — OTJIMYHOE PElLIeHHUE JIs IEKTPOH-TIO3UTPOH-
HBIX KOJII HIEPOB, HO HE BCEIN IMOAXOIUT Uil HOHHBIX.

IogpobHoe u3MOXEeHHe «Kp OOBOH TEXHHKH» BBIXOAUT 3 P MKH [ HHOM
CT ThU (CM., H mpumep, [16]).

1.7. CHHXPOHH3 LHA CTOJIKHOBEHHH. AcCUMMEMPUUHbIL KO H0ep gcmpen-
HbIX C2PYNNUPOG HHbIX NYYKOE SIBIIETCS H HOONee CJIOXHBIM B PH HTOM C TOYKHU
3peHHs] CHHXPOHHU3 IIMU CTOJIKHOBEHHH JIByX CI'YCTKOB 3THX MMy4koB. CTOJKHOBE-
HUsI CTPYIIIUPOB HHBIX MYYKOB IMPOUCXOMIT H OJHOM M TOM Xe€ Y4 CTKe, 0OIIeM
1 000MX KOJIell, €CIIM Y CTOThL 00p MLIEHMS Y CTUL f1 o U YUCIIO CIYCTKOB B Iy4-
K X (Nbunch)1,2 YIOBIETBOPSIOT P BEHCTBY

N1 Mbunchl fl - nanuncthQ; (1 35)

e 71,2 — ILeNble YUCa . B onTHUM JIbHOM B pH HTE P 3Mepbl KONEL U 9HEPIHs
9 CTHIl BBIOp HBI T K, YTO M1 = Mo = 1. IIpu ®TOM 4 CTOT CTOJKHOBEHHIA

fcoll = nbunchlfl = nbunch2f2- (136)

DTO U eCTh I P METP Mbunch fo PUA CTOIKHOBEHUU IBYX CIPYIIIMPOB HHBIX ITyd-
kKoB (cM. (1.8), (1.11), (1.15) u o nee). YcnoBue cunxponu3s 1uu (1.35) BbIMOMHS-
€TCsl TOJIBKO ISl OIIPEIe/IeHHBIX 3H YeHHI 9Hepruu (CKOpocTel v1, v2) CT JIKUB -

IOIMUXCA 94 CTHII:

1 Mbunch1 C2 (1.37)

2 " 12N bunch?2 Cl ’
IMockonpKy I p METPBI N1 2 U Nhunchl,2 — LEJbIE YUCT , MUHUM JIBHOE U3Me-
HEeHHe DHEPruM 4 CTHI BO3MOXHO TOJBKO CK 4KOOOp 3HO, ¢ m roM An = 1.
Ck HUpOB HHe ¢ Oojiee MEJIKMM I I'OM TpeOyeT CHeLd JIbHBIX Mep 110 M3MeHe-
HMIO JUTUHBI OPOUTBHI OJHOTO U3 IYYKOB.

OueBUIHO, YTO TPH P BHBIX NEPUMETP X KOJEL M P BHBIX YHCT X My =
N2, Mbunchl = Mbunch2 CKOPOCTH Y CTHUI] CIIEAyeT BbIOp Th P BHBIMH, M CK HH-
POB HHE II0 CKOPOCTH (HO He MO ®Hepruu!) JOMycK eTcs C IPOU3BOJIBHBIM, HO
OIIMH KOBbIM 1 roM. KpoMe Toro, eciiv oaMH U3 Iy4KOB WM 00 P CIIyIeH-
Hble, T KOl npobiemsl He cymiecTByeT. CK 3 HHOE OCOOEHHO CYLIECTBEHHO VISt
BCTPEUHBIX IyYKOB YMEPEHHO PEJIITUBUCTCKHX 4 CTHL, YTO UMEET MECTO, H IpH-
MEDp, B 3JIEKTPOH-UOHHBIX KOsl Huep x [17].

IIpn CTONKHOBEHMM P CHYIIEHHOIO MYyYK CO CIPYHNUPOB HHBIM foo =
Nbunch f0, TI€ Nbunch ¥ fo — I P METPBI CTPYNIIMPOB HHOIO My4YK , IPU CTOJK-
HOBEHHUHM JIBYX P CIYLICHHbIX Iy4KOB

fcoll = max{fla f2}a

rae fi,2 — 49 CTOTBI OOp LIEHMS Y CTHUII IEPBOTO U BTOPOTO ITyYKOB.
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2. OITUMHU3AIIASA CBETUMOCTHU IMAKJINYECKOI'O KOJUTAMIEPA

2.1. DddeKTHI MPOCTP HCTBEHHOTO 3 pAx My4KoB. [IpoGnem ycToituu-
BOCTH JIBIDKEHHS 3 PAXEHHBIX 4 CTHIl B HUKIMYECKHX YCKOPHTENAX AOCT TOYHO
XOpOLIO M3y4eH , U P 3p OOT Hbl p 3JIMYHBIE METOIbl BO3MOXHOIO IOJ BIIEHHUS
P 3pyll foiero jeiicteus HeycroitunBocteid. Cpenu H ubosiee CUIBHBIX U TPYIHO
OZl BJISIEMBIX HEYCTOMUMBOCTE — 3(pcheKThl IPOCTP HCTBEHHOTO 3 PSA , IPUBO-
Jduye K CIBHTY 4 CTOT OeT TPOHHBIX Koyied HHMH 4 CTHI] MOA AEHCTBHEM co0-
CTBEHHOTO 3JIEKTPOM THHUTHOTO Mojd mydk (a¢ppext JI cneTt ) u momisd BCTped-
HOTO My4YK B KO #pep X («addexT BeTpeun» — «beam—beam effect»). Meron
BHIOOP OINTHUM JIbHBIX 3H YEHHMH I P METPOB Iy4K , MUHUMH3HUPYIOLUI JAeicTBHE
9THX JIBYX d((PEKTOB, p CCMOTPEH B | HHOM D 3Iele.

Dppexm JI caemm . P cupeneneHue MIOTHOCTH 3 Pl «I YCCOB » CIYCTK
Y CTHIL C 3 PSIOM Ze OIMCHIB €Tcsl B 11 60p TOpHOIH cucteMe hopMynoii

pz (%, y, s) = Zep(x, y, s). (2.1

3necy p(x,y,s) — p copenenende WIOTHOCTH 4 ctul cryctk (1.1). B m jb-
HEUIIEM P CCM TPUB €M CIIyd W JAJIMHHBIX CTYCTKOB O 3> O, Oy, M1 KOTOPBIX
BIIEKTPUUYECKOE MOJIE T YCCOB CIYCTK 3JUTUNTHYECKOIO CEYEHHUS C IMOJIyOCIMH Oy,
0y B 00T CTH T < 0y, Yy < 0y ONHUCHIB eTcsl (HopMyIoi

x
—, & — KOMIIOHEHT
By, (s) = 2p0(s) | ) ow po (5) = ﬂe—ﬁ/%z
z,y\5) = = x
Oz + 0y l, 1 — KOMIIOHEHT |, V2ros °
Oy
(2.2)

Iono6H s ¢opMyn TOIMyYeH , CTPOTO TOBOPS, IS MYYKOB DILTHITHYECKOTO Ce-
YeHHs U C TOCTOSHHOW IUIOTHOCTHIO (CM., H mpumep, [18]). Crporuii BbIBOI
(popMyIIBI [J1 TIYYKOB C DUTUNITUYECKUM CEUEHUEM U T YCCOBBIM P CIpe/IeieHUeM
IUTOTHOCTH CJIMIIKOM FPOMO3IKUI U TpeOyeT UCIOIb30B HUS CHElHU JIbHBIX (PYHK-
uuii. [IoaTOMy MBI OTp HHYHJIHCH 37eCh (POPMYITUPOBKOHN pe3yiabT T H YK 3 HHEM
H COBIl JieHHe J HHOI (opMysbl NpU 0, = 0y C (opMynoil g KCH JIbHO-
CUMMETPHUYHOTO T YCCOB IIYYK , KOTOpP 51 P CCUUTHIB €TCSd H JIMTUYECKH JIOCT -
TOYHO IpocTO 1o Teopeme [ ycc .

M rHHTHOE MOJie CITYCTK B JI GOp TOPHOI CHCTEME CBSI3 HO C BJIEKTPHUYECKUM
nojieM u3BecTHbiM cootHotenneM B = 1/¢[v, E]. 3mece u 1 siee Bce BeKTOpHbIE
BEJIMYUHBI 0003H YEHBI KUPHBIM MIPH(PTOM, V — CKOPOCTh CTYCTK , H TP BJICHH 5
BIIOJIb OCH S.

Cuit , JeCTBYIONT 9 H Y CTHILy CTYCTK CO CTOPOHBI TOJISl €€ CTYCTK , OIU-
CBIB €TCS BBIP XEHHEM

F = Ze (E + é [v, B]) =Ze (E—B’EL), (2.3)

14



B =v/c, ¢ — ckopocts cger . [lonepeyn s Komnonent cuwisl F p BH

Ze _
FL:?EL,yz(l—QQ) vz 2.4)

Yp BHeHue OeT TPOHHBIX K0jeO HuWil 4 crtuubl M ccbl M B (hokycupyloleil cu-
cTeMe KOJIbIl KOJUI Haep C y4eToM JEWCTBMS H Hee MOJd CIyCTK OIMCBHIB eTcd
BBIP KEHUEM

d’z ZeE

2 2 | _ x
yM [dtQ + Qiwox| = R 2.5)
rae (Q; — 4Yuciao 6eT TPOHHBIX Koyie® HUU 1O OCH = 3 OfUMH O00OPOT Y CTHLIBI
B Koblle («OeT TPOHHOE YHCIO0»), wy — Y CTOT 0Op ImeHus. Bsemem cuBur

4 CcTOTHI OeT TPOHHBIX KOO HUU Ag.wo MO IEHCTBHEM IT-KOMIOHEHTHI CHJIbI
F, (2.4) u nepenuuiem yp BHeHue (2.5) B BUIE

d*x 9 2 Zek,
yr i (waox— 73M>.

3 TeM MpeAcT BUM Ip BYIO U CTh B BUJIE — (Ql + Aqw)nga:. W3 p BeHCTB 1BYX
BBIP XEHUH JUIsl 1P BbIX 4 CTEH NPU yCIIOBUM § K 05, Ag, <K (J; H XOuUM

ZeE, Z2Nr 1
Agy ~ — ‘ =33 2 5 ) (2.6)
2Q v Mwiz V3A oy (00 + 0y)) QowjV2mos

3nech Mbl HCIONB30B JU P BeHCTB wo = 27/Ty = 27(Cling/Bc¢) U 0003H YeHUS:
N — uucno 9 crun B crycrke (myuke); r, = e/myc? = 1,535 - 10716 oM —
KJI CCHYECKHii p IIMyC NPOTOH ; My, &~ 938 MaB/c? — M cc nmpoToH (HYKIIOH );
A — M cC Y CTHUBI B TOMHBIX EIMHHUI] X. 3 TE€M MbI UCIIOJIb30B JIU P BEHCTB ,
B KOTOPBIX (B,) ecTh cpelHee 1O MEPUMETPY KOJbL[ 3H 4YeHHe -0eT TPOHHOM
(pyHKIMH, £, — T-OMUTT Hce Mydk . OKOHY TeJIbHO Mojayd eM (cMm. T kxke [19]) *

Ag = — Z2Nrpkbunen(Ba)
” 2n32y3 Aoy (0n + 0y))
_ Z°Nry, VB,
a 2m2y3A \/a(\/E»L<Bl> + \/5y<By>)
Clring

Kbunch = ——.
bunch V2o,

kbunchz (27)

Agy H XOIUM 3 MEHOH T > .

*Dr  QopMyn cHp BEIMB JUIS 9IEKTPOHOB (MO3MTPOHOB) MpH A = 1 1 3 MeHe Tp H Te —
KJI CCHYECKHII p JHUYC 9IEKTPOH .
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Ipu ycnouax B, = By, €, = €y = € NPUXOIUM K KJI cCUYECKOH chopmyie
JI cnert [20] ams KpyIbIX T YCCOBBIX ITyYKOB:

72 rpIN

= P kbunch. 2.8
A dn iP5 bunch (2.8)

Aq =

g p cnywennvix nyukoé B dopmyn x (2.7), (2.8) HOCT TOUHO MOJOXKUTD

kbunch = 1, B 4emM MoxHO yGemuthbest, noBropuB Beiki fku (2.3)—(2.8) wut p(z,
y,8) (1.2) mpu = < 04, y < 0y.

Dppexm ¢cmpeuu. U ctuil 1, mepecek s BCTPEUHBIN CTYCTOK YU CTHIL 2, Jie-

TSIIUN il H BCTpedy, MOydY €T MOJ AeHCTBHEM DJIEKTPOM THHTHOTO TIOJS CTYCTK

NIpUp IIEHUE MMITYIIbC
o0

Api2 = /F12(t)dt7

— 00

rae (cMm. (2.3))
1
Fio = Zje <E2 + po) V1 [V27E2H) = Z1e(E2 — (81,82)El2).

3nech BekTophl B 5, = Vi2/c; Eg — BEKTOp 21eKTPUYECKOTO MOJIS CTYCTK 2
B J1 GOp TOPHOU CUCTEME B TOYKE H XOXaeHus 4 ctuupl 1; E|o — ero xomio-
HEHT , MOIEPEYH 4 OCH S.

3 BUCHUMOCTH MOIEPEYHBIX KOOPAMH T 4 CTULBI 1 B 11 60p TOPHO# cucTe-
Me Z,1(t) OT BpeMeHM H XOIMM, MCIOJb3y MHB PU HT (Za1(t))?/Bai(s(t))
(cM. puc. 1 u dopmyny (1.6)):

Za1 (5(t)) = zar (0)4]1 + ( ;(ti) . (2.9)

IpononeH s koopauH T s(t) onpenenern B (1.7), BX, = B,1(0) (1.6). Koop-
JUH ThI 4 CTHULBI 1 oTHOCHUTEIBHO LHEHTPp CryCTK 2 H XOJuM, BOCIIOJIB30B BIIMCH
puc. 1 u p Bencts mu (1.7) u (1.9):

Ta2 (t) = xa1 (1), m2(n,s0) =n+ Vso. (2.10)

[pup meHWe UMITYJIbC 9 CTHUIBI B TUIOCKOCTH (X, S) OMPEnessaTcs L-KOMIIO-
HeHToi cunsl Fio:

Fxlg = Zle (1 — (ﬁl,ﬁz)) Ezg(t) (211)
Kowmmoneury E.o noss cryctk 2 B Touke (x1, 0, s(¢)) H xomum u3 (2.2):
27Z3eN: —n3(t
Euo (1) = 202 e < "22( )> a1 (t).  (2.12)
022(t) (022(t) + 0y2(t)) V27os2 205

16



ITonepeunsle «o-p 3Mepbl» CIYCTK 2 H KOOPIUH Te S(t) — 052(t) U oy (t) —
onpenenenst B (1.5), (1.6) ans 31 yenuit 6er -yHKUMHA Bao(s) 94 cTUIl CIyCTK
2 B touke (z1(t), 0, s(t)) — koopmuH Te 4 cruupl 1 (2.9) B TOil Xe TOUKe.
OrMmeruM, 4TO B TOUKe $(t) 4 cTHIBI 2 U | H XOMITCS B MOMEHT BpEMEHH
s—n

U1 '

t(svn) =

DTO p BEHCTBO IMO3BOJISIET MIPEOOp 30B Th 3 BUCHMOCTh I1 P METPOB OT BPEMEHHU
K 3 BUCHUMOCTH OT S.

3 OmHO CTOJKHOBEHWE Y CTHI | TONYY eT MomepedHblii mMmmyiibe (ycpen-
HEHHBIA IO MHOTEM 000poT M (!))

ta

Apara(n) = / Fous (s(1) dt

—t1

_ 42125’ Ny 1 — (B4, B)

052 Bic

®(n),
(2.13)

lp 2
>:¢127_£ 022(s) <ail<(j>)+ay2<s>> o ‘%(%> -

@(n
Koopmua T x1(s) onpenenes B (2.9), m p MeTpsl 042(s) — B (1.5), (1.6).
[Ipn MHOTOKp THOM IepecedeHHH 4 CTUIeH | BCTPEYHOro CrycTK 2 BO3HH-
K €T CABHI 4 CTOTBHI O€T TPOHHBIX K0jieO HuUil &1 (MpuHATOE 0003H YeHHe). DTo
U €CThb «i p Memp dppekm gcmpeuu», unu «beam—beam (BB) tune shift».
BenuunHy £15 MOXHO H WTU B NPUOSUKEHUU MOHKOU JIUH3bL, BBIYUCITUB M -
TpUIly Hepexox i oOOpOT Y CTHLBI B KOJbLE KOJUI HOep C Y4eToM BO3-
MYLIEHHS JBMKEHUS 4 CTHLBI DJIEKTPOM THUTHBIM MOJIEM BCTPEYHOTO CIYCTK 2
(cM. mpuitokeHue). 3H S MPHUP LIEHHE MONEepPeYHOl KOMIIOHEHThl MMITYIbC Y -
ctuipl Apg1o (2.13) u npeHeGper s M3MeHEeHUEM KOOPIMH Thl 1 3 OJHH MPOJIET
CKBO3b CT'YCTOK 2, MOXHO 3 MEHHUTb CTYCTOK 2 TOHKOH JIMH30H C (POKYCHBIM P C-
cTOsIHUEM fpp:

1 1 Ap,
— - Pol2 - 21(0) = /ea1 By (2.14)

fss x1(0) p1

3necy B, — 3H 4yeHue OeT TPOHHOH (DYHKLMU B TOYKE BCTPEYM B OTCYTCTBHE
«BO3MYII IOILei» TOHKOH jMH3bl. ClBHT ¢ 3b1 OET TPOHHBIX KOJIEO HUIl IPU K XK-
noM nepecedyenuu coct BisieT (popmyn (I1.3) B npusioxeHun)

A :i. 2.15
¥ Y (2.15)

BroMy caBury ¢ 36l 6€T TPOHHBIX KOJ€0 HHH COOTBETCTBYET COBUT UX 4 CTOTHI
% _ By, 1 Apgin
21 4 21(0) p1

5&:12 =
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Ioncr Bisst cion 3H denue [ (2.14) u Apg1o (2.13), H Xomum

_ Z1ZyrpN, 1—(By,85) By
51'12(77) - 2 *
Ar 2mege Bin B,

Qy12(n) =

—Ip

Ip

_ /
i 14+ (= 2 14 (— 2+ 2By
B, B, 22B"

[MomuepkHeM, uto popmya (2.16) 1 er OcosoTHOe 3H YeHue BB-11 p MeT-
p . O BeIOOpe €ro 3H K CK 3 HO HHUXe, B H 4 Jjie 1. 2.2.

IT p merp P,12(n), B otmure ot P(n) (2.13), npuseneH 3mech K Ge3p 3-
MepHOMY Buny. Kpome TOro, oH 3 muc H 4epe3 3MHUTT HCbl U OeT -(pyHKLIUH
IYYKOB, YTO YAOOHO NPH YHMCIIEHHBIX P CUET X. DTOT II P METp SABIIETCS H JIO-
TOM H3BECTHOTO «I1 P METP TMecOoYHbIX 4 coB» (1.19) B opMyn X CBETUMOCTH.
IT p merpsl abcheKT BCTpedn Ans y-CTeHeHNn cBOOOMbBI Eyio U P19 TOMYyUNM U3
(2.16) 3 Menoit * = y. Ing oneHkH 3hpeKT BCTPEYH AOCT TOYHO P CCMOTPETh
cryd i p < 0s. B aTom ciiyd e 1 p metp @12 HE 3 BUCHT OT 1) U CT HOBHTCH
KOHCT HTOH. 37iech, K K U B (hOPMYJT X CBETUMOCTH B P 3. 1, ciieqyeT IpHHATH
Ilp = 3B* (1.31) ona coocubix myukoB u (1.33), (1.34) g nepecek IOmuxcs.

OtmeruM, uto opmya (2.16) oT/IMY eTcd OT BCTpeu IOMIUXCS B JIUTEP Type:
B HUX OTCYTCTBYeT I p MeTp P, 12 (110 Kp HHEl Mepe, BTOpY He yI JIOCh OOH -
PYXUTH OPMYIIbI, COOEPXK IIME 3TOT I p MeTp) (CM., H npumep, [21]).

B ciyu e odun koevix écmpeuno-6cmpeutsix  KCU JIbHO-CUMMEMPULHBIX NYyU-
K06 C 4 CTHLl MU P BHBIX CKOPOCTEH M P BHBIX ®MHUTT HCOB B KCH JIbHO-CUMMET-
pHUYHOI (hOKYCHPYIOLIEH cHcTeMe KOJUT Hzep

Z1:22:27 A1:A2:Aa V1 = —U2g, /61:7/625/67 V:27
Exl = Ex2 = Eyl =€, Os1 = 052 = O, (217)
By, = BZl =B, = B;2 = B7,
BoIp XeHus (2.15), (2.16) 3H yuTeNnbHO yHpoIl IOTCSA: T P METphl & mid 000mX
[y4KOB COBII [l 10T U P BHBI

22N, 14
A 4me B2y

§x () = &y(n)

)\O(I);c (77)7
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Ip/B*

1 1 1 2
b, —0)= ——— — 2 gy =
,yl2 (77 ) a o / m X
—lD/B*
lD/D'S
1 / 1 o2
= — ——e ““ du, (2.18)
2 2
v szD/as \/ 1+ (au)
Os S0 S0
a=— =—, u=—.
B*’ X B*’ o
IIpu 05 — 0 umeem o — O U, COOTBETCTBEHHO, I1OJIy4 €M
By s (1= 0) = — / —2u%g
., = —_— e u =
w127 \/ﬁ

C pocroM amuTT HC yHkms P, 12 MOHOTOHHO yObIB €T ¥ p BH 0,913 mpu
a=1wu 0,554 npu o = 5.

Dppexm ecmpeuu u cmuyvl ¢ p CRHYUWEHHbIM NYHKOM OIHCHIB €TCA BBIP Xe-
HUAMH (2.16), (2.18), B KOTOPBIX INIUH CIYCTK O¢ HOPUHAT P BHOM NEpPUMETPY
Kombll  Ching (M. 1. 3.2).

OrMeTuM, 4To 6eT TpOHHbIE caBUIH Ag 1 € 3 BUCAT OT DHEPTHU U CTHI Yepe3
JIOpeHI-¢ KTopsl (3 U 7.

2.2. OnTuMu3 OHA CBETHMOCTH KOJUT Haep . B moHHBIX KomuT dmep X o0
coBur GeT TPOHHBIX U CTOT, Ag U &, UMEIOT OTPUL TeJbHOE 3H YeHue. DTOT ¢ KT
UMeeT MPOCTOH (PU3NYECKHI CMBICI: U CTHIIBI OOOMX BCTPEUYHBIX CTYCTKOB MMEIOT
HOJIOKHUTENIBHBIN 3 Psijl (3 HMCKIIIOYEHHEM «dK30THYECKOTrO» CIIYd s OTPHIL TEIbHO
3 PAXEHHBIX MOHOB OJHOrO U3 Iy4ykoB). [loaTOMy CWJl TMpPOCTpP HCTBEHHOIO 3 -
P K K COOCTBEHHOTO CIyCTK , T K W BCTPEYHOTO OTT JIKMB IOUI I, H NP BIIEH
H PYXy OT UX OCH. DTHM M ONpenessercs OTPHULl TeJbHBIH 3H K CABUT Y CTOT
(cM. popmynet (2.5), (2.6)). UH ye 0OCTOUT 1esIo B 2IeKTPOH-HOHHBIX, DIEKTPOH-
HO3UTPOHHBIX M IMPOTOH- HTUIIPOTOHHBIX KOJul Huep X. T M cun  BCTpeuHOro
Iy4K TMPHUTSITHB IOLI 5, U 11 P MeTp & UMEET IOJIOXUTENbHOe 3H ueHue. Tem He
MeHee 06 ekt p 6OT 0T HE3 BUCUMO, U K PTHH P 3BUTHSI HEYCTOHYMBOCTH
My4yK NpH NpHOIKeHnH OeT TPOHHOH Y CTOTHI K PE30H HCHOMY 3H UYEHHIO J0-
CT TOYHO CIIOXH 5. [109TOMy I71s IPOCTBIX OLIEHOK B K YECTBE KPUTEPHUS YCTOM-
YUBOCTH OET TPOHHBIX KOyeO® HUHf MOXHO BBIOp Th TPeOOB HHUE, YTOOBI CyMM
MOJIyJIeil CIBUTOB GET TPOHHBIX YMCE HE MPEBBILI J M KCHUM JIBHOTO 3H YEHMSI:

B I JIbHEHIIIEM MBI 6yZ[CM HCIIOJIb30B Tb, IJId KP TKOCTH HU3JTI0XKCHUA, 0003H 4YeHHsd

Ag = |Aql€ = [¢].
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W3 mp KTUKW M3BECTHO, YTO MHTEHCHBHBIM ITy4OK YCTOWYHMB (TP IPOYMX
BBITIOJIHEHHBIX YCIIOBHSX), €CITU

AQ < 0,05. (2.19)

D10 nepeuiii kpumepuii onmumu3 yuy. Ipy BBIOOPE ONTUM JIBHBIX 3H YEHUH 1T P -
METpPOB IYYKOB KOJUI HIep JMOCT TOYHO OOECTIEUUTH BBHIIOJHEHHE BTOTO YCJIOBHS
A H uOOJbIIeH U3 IBYX I p 1T p MeTpoB Agy, & u Agy, &. Bynem cuut Ts,
4TO H MOOMBIIME 3H 4YEeHUS UMEKT - p MeTpHl (ciyd i o, < 0y), MO3TOMY
I JIpIIE P CCM TPUB €M 3 J Yy ONTHUMHU3 UM UMEHHO 3TUX I P METpPOB.

Ipenct Bum 1 p Metpsl niepBoro nyuk Agp (2.7) u &2 (2.15), (2.16) B Bune

VA ZZy
—N xls T =——N. b.L P
1 1021, &z12 o, V2ba

a0 = Tp \/mkbunchl
B3y VEal (\/sﬂ(le) + \/ey1<By1>)

1-— B,
_ (glv Bs) 2L §,12(n)
27'('512 /8171 2

Aqwl -

; (2.20)

1

U, H JIOTHYHO, 1T P MeTphl BTOporo mydk Agz # 21, 3 MeHuB 1 = 2. 3 Ttem
3 NMIIEM B yp BHEHHS

AQJ:I + E.’L‘l? = Alea
Aggr + &z21 = AQga.

(2.21)

Teneps MOXHO, K 3 JIOCh Obl, MOTPeOOB B BbINOHEHUs ycaoBus (2.19) mist o6oux
myakoB (AQ1,2 < 0,05) u 3 muc B m p Metpsl Ag u & B Buge (2.20), momyduTsh
cUCTeMy JIByX Jire0p MYeCKUX Yp BHEHHI OTHOCHTESbHO Heu3BeCTHbIX N1 U Na:

Zl2 YAVA
A1a 11V + A 14V2 Qa1
) (2.22)
Zs YAVA
Y brolN1 = AQ 0.
Aza olNg + e 2V Qa2

OT™MeTHM, 4TO 3TH yp BHEHHS CBS3 HBI MeXay coOoif depe3 m p MeTphl dh-
ekt BeTpeun — 12 M Eypo1. OOH KO TPU MONBITKE PEIIUTh «B JIO0» 3Ty
CHCTEMY yp BHEHHU BBIICHSETCS, UYTO MPH ONpPeIeICHHBIX 3H YEHHSX DHEPIUuu je-
TEPMHH HT CHUCTEMBbI OOp I €TCH B HYIIb, ¥IMO O3H U em OMCYMCMEUe PeUleHUA.
IToaTOMY ONTUMM3 IMIO 1T P METPOB MyYKOB MIPUXOIAUTCS POU3BOANUTH, UCXOMS U3
(pu3MYecKNX W OYEBHAHBIX M TE€M THYECKHUX COOOp XKCHHH.
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[Tpumem, 4To 06 KOJBLI KOJJI Hep M BCTpEUHble My4KH 1 U 2 «H CTPOEHBI»
T K, YTO UX JI CJIETTOBCKHE C/IBUIU P BHBI (6MOpoOe yCA06UE ONMUMU3 YULL):

Agep1 = Ager = Agy. (2.23)

Torn 4yucno 4 CTUI] B CTYCTK X ®THUX IIYYKOB YIOBJIETBOPSIET COOTHOILIEHHIO
(em. (2.20))
2
N1 - Ay Z5 ago

et B2 224
N2 Z12 AQ Qg1 ( )
Ionct BuB Ny /Ny (2.24) B otHomerue m p MeTpoB Ag/&, H fineMm
A @ A 1 a,
Qo _ ) %=2 2o _ - Qa1 (2.25)

Ex12 Ober’ w21 Ao baz

DTH COOTHOIIECHHS! MO3BOJISIIOT UCKIIIOUUTh U3 Yp BHEHHMH (2.21) m p MeTphl £;12,
Ero1, ¥ cucteM  yp BHeHHi (2.22) CONEPXKUT TOJNBKO TPU HEM3BECTHBIX — Ag,,
AQl‘l u AQ;EQ:

bwl
A0Gz2

(2.26)
Aoby

(7]

Otcion cieayeT T Kxe, 9To ¢aBurd AQ ;1 1 AQ,o He SIBISIOTCI HE3 BHUCUMBIMU
n p mMerp Mu. BoiGp B, H nipumep, 3H uyenue A(Q) 1, Mbl OJHO3H YHO OIpEJIENsieM
3H yeHnsI Aq, 1 AQyo:

AoGz2 az1 + Aobr2 Aoago
_ AQut, AQus — AQui. (227
Notgs 1 b 0 B = a2

Aqy

3 Tem u3 (2.25) H xomuM &9, Exo1 u U3 (2.20) 30 yennsa Ny, No. T xkum o6p -
30M, OMpeEJieNIeHbl BCe I P METPhl, HEOOXOMUMbIE ISl BEIYKCIICHUS! CBETHMOCTH.

Boobrie roBops, mepBbIii KpUTEPHH MOXET H PYII ThCA, T K YTO (DYHKITUS
AQ.2(Fion) TpeBbicHT BBIOp HHOE TpeneibHOe 3H dyeHde (H mpumep, 0,05).
B 5TOM ciiyd € NpuXOAUTCs CHUX Tb 3H 4eHue AQ .1, oK AQ) 2 HE OMyCTUTCS
unxe 0,05.

[penct BIeHHBIN CIMIOCOO ONTUMH3 LUK I P METPOB KOJUT Hiaep H II T eT
Orp HUYCHUS H HHTEHCUBHOCTH BCTPEUHBIX ITyYKOB U TEM C MBIM H CBETHMOCTh
Koyt ¥imep . Ho »To He 3H YHT, YTO HET CIOCOO TOBBICHTh CBETHMOCTH. Meii-
CTBUTENIbHO, BCS ONTHUMU3 I[Msl BbIlle ObUT TMPOBEIEH JUIS BBIOP HHBIX 3H YCHHI
I p MeTpOB (POKycHpymoLieil cucTeMbl (B*), 3MUTT HCOB MYy4KOB (€) U NPOIOIIb-
HBIX P 3MEPOB HX CIYCTKOB (0) WIS CIPYIIIAPOB HHBIX MY4KOB. O KTHYECKH TPU
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H 6Op ®THUX I p METPOB OCT [0TCA CBOOOAHBIMU. MIX BBIOOp ompenenseTr Benu-
YHHY CBETMMOCTH IOCI/Ie MPOBEIeHUSI ONTUMHU3 IUU. M 171 HUX CYLIECTBYIOT CBOU
Orp HUYEHHS.

H uynem ¢ smurt He . K K ciexyer u3 obieil popMysibl I CBETHMOCTH
(1.15) 1 ee 4 CTHBIX CIIyd €B, CBETUMOCTb IIPONOPLMOH JIbH IPOM3BEAEHHIO YH-
CJI 9 CTHI BO BCTPEUYHBIX MyYK X (WM MX crycTK X) N1, N2 u o6p THO mporop-
LUOH JIbH ®MHTT HC M IIy4KOB. B cBOI0 ouepenb, M KCUM JIBHOE YHMCJIO 4 CTHII,
K K cnenyeT u3 (2.20), mpaMoO MpOIMOPIMOH JBHO 3MHUTT HCy. B pe3ynmsT Te cBe-
TUMOCTh T KX€ MPSIMO NPOIMOPIMOH JbH 3MHUTT HCY:

N1 Ny
ox —=
S

L X E. (2.28)
T xuM 0Op 30M, CBETHMMOCTh MOXHO IIOBBICUTB, YBEJIMYMB S ®MUTT HChl 00OMX
BCTPEYHBIX IMyYKOB U, COOTBETCTBEHHO, yuciio 4 ctull B Hux (!). Ho 3mech p HO
WU TO30HO H CTYN €T Orp HUYEHHWE WHTEHCHBHOCTH B MHXEKIMOHHOH cucreme
KOJUI MIAEpHOIO KOMIUIEKC .

Bnuguue nByx Apyrux nm p MeTpoB He croiib odyeBugHo. Ceerumocts (1.15)
00p THO MPONOPLHOH JIbH 3H YeHHIO OeT -(pyHKINH B TOYKE BCTpeud B* u 3 -
BHCHT OT OTHOIICHUSI = 05/ B* — T K H 3bIB eMOro 3(p(eKT IEeCOYHBIX U COB.
Oco0eHHO sICHO 9TOT 3(h(PEeKT MPOSBISETCS B CIIyd € ABYX OJMH KOBBIX CIPYIIIH-
poB HHbIX y4koB (1.19). @yukums Py () MOHOTOHHO cit 1 eT oT 1 mpu o« = 0
1o 0,287 npu o = 5, U, K K OTCIO[l CJeJyeT, IPOAOJIbHOE CX THE CTYCTK IIPH IO-
CTOSTHHOM 4YHCJIE U CTHII B ITy4K X (CIYCTK X) HE I €T 3H UUTEJIbHOTO yBETHMYEHUS
cBerumoctu mipu o5 < B*. T k, Puc(l) = 0,7578.

B 1O Xe BpeMsa M KCHM JIBHOE YMCJIO Y CTUIl B CTPYNIHPOB HHBIX My4yK X
IPSIMO TIPOIIOPLHOH JIbHO juTHHE CIYCTK  (1/Kbunch). CJ1€HOB TENbHO, 3 BUCH-
MOCTh CBETHMOCTH OT IPOAOJIFHOTO P 3Mep CIYCTK H JIOTMYH €€ 3 BUCHMOCTH
OT ®MHUTT HC : YBEJIMYUB S [UIMHY CTYCTK , MOXHO IPOIIOPIMOH JIBHO €ro IUIHHE
0s TIOBBICHTh CBETUMOCTbD, YBEJIMUUB 5l OJHOBPEMEHHO YHCIIO 4 CTHI] B CIYCTKE.
OIH KO IpH 3TOM, KPOME «TEXHUYECKUX» Orp HUYEHH MHTEHCUBHOCTH, IOSIBIISI-
€TCsl Orp HUYEHME JUIMHBI CTYCTK TpeOOB HUEM JIOK JIM3 LU Y4 CTK CTOJIKHO-
BeHUs Ny4KOB (cM. I. 1.5 u puc.2). @ KTHYECKH MPUXOIUTCS BBIOMP Th MEXIy
BEJTMYMHON CBETUMOCTH U KCENIM HCOM OemeKmop .

[Tpumepsl MpUMeHEHUs MPEACT BICHHOIO METOA ONTHMH3 LMH I P METPOB
KOJUI filep NpHUBEAEHHI B p 31. 3.

3. IPUMEPBI OIITUMHU3AIINU CBETUMOCTH
MUKIIMYECKNX KOJUIAIJIEPOB

B aTOM p 3zenie npuBEiEHbl YEThIpe IpUMEp BBHIOOP OINTHUM JIBHBIX 3H ue-
HUIA I p METPOB T4 P 37IUYHBIX B PH HTOB IIMKJIMYECKUX MOHHBIX KOJUT HIEpoOB,
BKJIIOY ¢ 3JIEKTPOH-HOHHBIN KOJUI Iiep U KOJUT fep H «CIHB IOIUXCSA» IyYK X.
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IT p MeTpsl KO filep ® ero Myd4KoB (QOPMYJIHPYIOTCS B K XJIOM U3 IIpH-
MEPOB.

3.1. Honnsiii kot igep NICA — cummerpuyH g Mo . CuMmMeTpuuH 4
Mon uoHHOH ¢ 3b1 Kot igep NICA mpenmnosn r er cToIKHOBeHUE B onHOU I[P
06yx ceycmiog adep °TAuTt (1 6m.1).

B aTOM KOHTEKCTE T p METp A\ p BEH SOUHUIIEC BBUAY CHMMETPHH K K ITYYKOB,
T K U (POKYCHPYIOIIEH CHCTEMBI.

K X mok 3bIB 10T pe3yasT Thl p cueToB (puc.4,a), addekTom, ompene-
JISIOMUM 3H YeHHe WHTEHCHBHOCTH IIyYKOB M, COOTBETCTBEHHO, CBETHMOCTH,
spisgercss apgpekm JI caemm (Aq (2.7), (2.8)). BnusiHue s¢gpdexm ecmpeuu
(€ (2.16), (2.18)) cT HOBHUTCS 3 METHBIM IpH 2Hepruu Bbime 3 [aB/aykmon. Cymm
CIBUrOB OET TPOHHBIX 4 CTOT Ag U £ OCT eTcsl MOCTOSIHHOW U p BHOU AQ; =
AQ> = 0,05. I p merp P12 (2.16) 310ech p Ben 0,457.

M KcuM JIbH 1 CBETHUMOCTb, p ccuMT HH o mo ¢opmyne (1.19) (puc.4,6),
npu sHepruu 4,5 [sB/Hykion jgoctur et 3H yenma 5,7 - 1027 em=2 - ¢!, Ho
IUT 3TOTO TpeOyeTcs TOBOJIBHO BBICOK I HHTEHCUBHOCTD ITyYK : B K KIOM CTYCTKE
HYXHO umeTh 110 6,9 - 10° HoHOB.

T 6mux 1. IT p merps! Kouun iinep NICA npu cTOIKHOBeHHMH sAfep 30J10T (cHMMe-
TPUYH A MOJ )

IT p merp Konmpuy 112
[IepumeTpsl Konel, M 503,04
Honbt 197 Ayt
BHeprus noHos, ['sB/Hyknon 1,0-4,5
Munumym et -yukimu B IP B*, cm 60
DMUTT HC CIYCTK HOHOB, T MM - Mp I 1,1
JnuH  Ccryctk o, cM 60
Ber tpouH 5 4 cror Q) 9,44
0.05 T T 1011
0.04} = - Ni
1010
w 0.03 1 o
S =
<1 0.02f 14 109
0.01 O
T R 108
1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0
E;, GeV/u E;, GeV/u

Puc. 4. 3 BuCHMOCTh OT 3HEpPruU HOHOB F; I p METPOB MOHHOTO KOJIT faep H Crpym-
nupoB HEbIX mydk X YTAuTT; AQ = 0,05: ) n p merpm JI cierr Agq (crutoun g
KpuB 5) U 3pdekr BcTpeud & (IUITPUXOB 5); 6) CBETHMOCTb KO imep L;; (CIUIOMH o
KpUB §) M YUCJIO Y CTHII B crycTtke [V; (IITPUXOB $)
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[Ipn TOBBIIEHUH 3HEPIHU CT JIKMB IOMIMXCS U CTUL 9(QeKThl MpocTp H-
CTBEHHOTO 3 PSIl MEHSIOTCS PONSIMA — I1 P MeTp 3(ppeKT BCTpPEeUH MPEBBILI €T
n p merp JI cierT . DTO BUIHO H IPUMEPE GCMPEUHBIX NPOMOHHbIX NYHKOE, KO-
Topsie 1 HUpyioTcs B mpoekte NICA [1] ¢ monspu30oB HHBIMU NPOTOH MH U
JOEeUTpoH MU (puc.5).

CHUMMETpPUYH § MOA JABYX MICHTHYHBIX D ChyujeHHbX nyukoe (puc. 6) yoemu-
TEJIBHO TOK 3bIB €T, K K BJIMSET OTCYTCTBUE UX IPYNIIMPOBKH H CBETUMOCTh: €e
BenuuuH  (popmyn  (1.29)) yMeHbII eTcd H HECKOJIBKO MOPAAKOB. DTO HOYTU
OYEBMAHBIN pe3ylbT T. MeHee OYeBHUAHO, YTO IV BHBIM OTp HHYEHUEM B 1 HHOM
ciayu e gsisietcd apdekT BcTpeuun (puc. 6, ).

CsetuMocTh p ccuuT H 1o ¢opmyn M (1.28), (1.29). DMuUTT HC p CIyIIeH-
HBIX IIYYKOB 37eCh ObUT yBeaudeH g0 11 7 - MM - Mp 1, 9TO, B COOTBeTCTBHH C (2.28),
MIPUBENIO K NMPONOPLUHOH JbHOMY, B 10 p 3, YBEJTMUEHHIO CBETUMOCTH.

ITo cp BHEHHIO C MPEABIAYIIMM CIyd €M CIPYIIIUPOB HHBIX HMOHHBIX ITy4KOB
197 Au™% (cm. puc.4) n p Merpsl apchexT BeTpeun u achpekt JI creTT momens-
JICh MECT MM — Tellepb MHTEHCHBHOCTD ITyYKOB OIp HUYMB €T 3(p(eKT BCTpeuu.

0.05 1033 T 10y,

0.04 7 102 64101 "
7003 fﬁE 103! H1013
<1 0.02 S10°0F e q1012
0.01 $102 - H101
10%] S TR

E,, GeV

E,, GeV

Puc. 5. 3 BUCUMOCTb OT ®HEPIHU HPOTOHOB Ep 11 p METPOB NPOTOH-IIPOTOHHOIO KOJUT M-
zep ; AQ = 0,05: ) n p merpnl JI cierr Ag (criiomH g Kpus ) U d¢dekT BcTpedn
& (TpuXOB 4); 6) CBETMMOCTb KO/UT Hiep Ly, (CIUIOIIH $ KPUB §) W YUCIO 4 CTUIL B
cryctke Np (IITPUXOB $)

0.05 T T T J__-Jd---d--- 10 5
———————— a | 7 N;

0.04 -~ 2 8 4
G

w 0.03 g6 3
S ﬂ.o

<1 0.02 < 4 2

0.01 q& 2 1

1 1 1 0 0

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0
E;, GeV/u E;, GeV/u

Puc. 6. 3 BUCHMOCTb OT ®HEpruM HOHOB E; T p METpPOB MOH-MOHHOTO KOJUT Haep H p c-

79+.

nymennbix mydk x 127 Au”"; omurr Hew nyukos 11 7-MM-Mp i ) 1 p merpi JI ciiert
Agq (crutomH s kpuB 1) u a¢pext Berpeun & (WITPUXOB 51); 6) CBETUMOCTb KOJUT HIep
L;; (CIUTOIIH g KPHB $) ¥ YHUCIIO 4 CTHL B Iy4yke N; (LITPUXOB 5)
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3.2. Komn iigep NICA — cummerpuyH 1 Mox . B x yectBe mpumep
CUMMETPHUYHOTO KOJuT taep p ccmorpuM Kot inep NICA H  ecmpeunvix npo-
MOHHBIX U OelimpoHHbiX nyuk X. T K 9 3 1 4 TOABIAETCS NpH H3ydeHHH pu-
3UKW CIIUH HYKJIOH , KOTI MOXHO P 3JIMYUTh MPOTOH-TPOTOHHBIE M MPOTOH-
HEHTpOHHBIE cOyn peHus. IIpu 3TOM MHTEpec MPEeACT BILIOT 00 CIyd S — IOKO-
SILLIErocs LeHTP M cC (1. M.) IBYX CT JIKUB IOLUMXCS HYKJIOHOB (pp WIH pn) U L. M.
CHUCTEMBI MPOTOH—IEUTPOH. B TlepBOM ciIyd € CKOpPOCTH NMPOTOHOB U NEHTPOHOB
P BHBI 10 BEJIMYMHE, BO BTOPOM CKOPOCTh JIEUTPOH MEHbIIIe CKOPOCTH MPOTOH :

_ Bp
By = .
VAL + 82 (1-42)

3neck By U B, — CKOPOCTH SA1p (NEHTPOH ) M NPOTOH B €IMHMI, X CKOPOCTH
ceer , A, = AN, [t P BHO OTHOIIGHHIO M CCBI HyKJIOH fIpP K M Cce IPOTOH ,
ANx — rToMHblii Bec sap . T KO pexuM NpeicT BIsSeT UHTEpeC VIS WU3y4eHHS
TEH30PHOHN MONApU3 LHMH, BO3MOXHON MpHU pd-CTOIKHOBEeHUSX. I p cyer pe-
KFMOB T KHX CTOJIKHOBEHMH HYXHO B COOTBETCTBYIOIIHE (DOPMYJSBI CBETHMOCTH
BCT BUTH 3
V=142,
BN
B (2.16), (2.18) B7Mecto 1+ 32 3 muc 1 1 + BnpBp. Kpome Toro, B 310ii MOzie
CTOJIKHOBEHHMI NPOTOH—SIPO M3-3 P 3HOCTU CKOPOCTEH NPOTOHOB U JEUTPOHOB
CUHXPOHM3 LUS ONTHM JIbH , €CJIM OJUH U3 IIy4KOB P CIYLIEH.
Pesynbt THI p cuetoB mid kosut inep NICA co crpynmupoB HHBIMU JEHTPOH-
HBIM U IIPOTOHHBIM IIyYK MU UISl NPOMOH-HYKJIOHHbIX COYO peHuil (T.€. B CUCTEME
HEHTP M CC MPOTOH U HYKJIOH sp ) NpuBedeHbl Huxe (puc.7). CBETUMOCTb

3.1

0,1 1012
35 a 101
< 0,01} E
S C 2
w 1010 =
< P TE 7 =
<1037
S Lo 10°
< e

104 ! ! | ! 10%7 I ! | ! 108

1 2 3 4 5 6 1 2 3 4 5 6
E,, GeV E,, GeV

Puc. 7. 3 BUCHMOCTb OT 9HEPIHHU IIPOTOHOB Fp, I p METPOB HOHHOTO KOJUT HIEp CO Crpy-
IHMPOB HHBIMHU AEHTPOHHBIM U MPOTOHHBIM My4YK MM; 3MHUTT HCHI Iy4yKoB 1,1 7-MM - Mp 1,
B* = 3 M: ) np Merpol JI ciertr Ag (CIUIOIIH s1 KPHUB s1), CYMM DHBI CHBUT OeT -
TPOHHOIO YMCIT I NpoTOHOB AQ), (IyHKTUDPH 9) U 3(PdeKT BCTpeud Il IPOTOHOB
H JIEUTPOHHOM crycTKe &pq (WUITPUXOB SI) M ACHTPOHOB H HPOTOHHOM gp (WUITPUXITYHK-
THPH $); 6) CBETUMOCTb KOJUT ¥iep Lpq (CIUIOIIH S KPUB ) M YUCJIO Y CTHUI] B CTYCTK X
IeiTpoHoB Ny (IITPUXOB ) U MPOTOHOB [NV}, (IIyHKTHUPH £)
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B IIPOTOH-HYKJIOHHBIX COYJ PEHMIX BbIYMCIEH 31ech 1o dopmyne (1.19). Ilyuku
UMEIOT P BHBIE MUTT HCHI 1,1 7-MM-Mp I. DHeprus 4 CTUI B KOJUT imepe co-
cr Bister 1-6 ToB/HyKIOH, /sy = 3,87—13,87 TeB. 3H 4eHHs OCT JIbHBIX
I p MeTpoB Te ke, uro U B T Oi. 1. IT p mMerp A mpunar p BHbIM 1, T K K K
B ko1 igepe NICA mpenmnon r ercd NpUMEHEHUE OPUTUH JIBHOM CXEMBbI CBele-
HUS ITy4KOB, TJ€ M THHUTHI CBEIEHUS YCT HOBJIEHBI OJMXKE K TOYKE BCTPEUH, UeM
JIH3bI (PUH JIBHOTO (POKYC , UTO MO3BOJIFET UX PEryIHpOB Th HE3 BUCUMO. B aTOM
[pUMepe OCHOBHBIM OIpP HHYEHHEM HHTEHCHBHOCTH ITy4KOB M, COOTBETCTBEHHO,
CBETUMOCTH T KXe siBisiercs appekt JI ciieTt juis 060MX My4KOB.

3.3. DaeKTPOH-HOHHBINA KOJUI #ep ¢ P BHOBECHBIM HOHHBIM IMy4KoM. Of-
HUM W3 B XHBIX IIPUMEHEHUI B SIepHON (pU3MKE NPH HCCIENOB HUM PEIKUX U
P IMO KTHBHBIX M30TOIIOB MOXET CT Th 3JIEKTPOH-HOHHBIH KOJUI iiep ¢ p cimy-
IIIEHHPIMHA MOHHBIMH U CTPYIIIMPOB HHBIMH 3JIEKTPOHHBIMU My4kK MU. K K MOXHO
OXMJ Th, T KOW KOJUT iziep OyIeT A B Th OYEHb HM3KYI0 HHTEHCHBHOCTb MOHHOTO
nyyk . Pemmth nmpoGneMy ero cBeTUMOCTH HpeT T JIOCh, IIPUMEHSISI T K H 3bIB -
€MBIIl KpUCT JUIMYECKUH, WU YIOPAJOYEHHBIH, NOHHBIN Iy4OK.

Unes T xoro myuk Ob1 mpemioxeH B 1985 r. B.B.II pxomuykom mocie
YCHELIHBIX KCIEPUMEHTOB I10 MO BJCHMIO IIyM MPOTOHHOIO MyYK MU €ro CX -
TUIO B H KOIIUTEJIE C 3JeKTPOHHbIM 0XJ1 XjeHueM HAII-M B MHcTuTyTE dn1epHoii
¢uzukn CO AH CCCP. B 1990-x 1r. B HECKOJIBKUX JI OOp TOpHSIX MHpP 9KC-
MEpUMEHTHI OBUIM MOBTOPEHBI M IPOLECC CXK THA My4K MAET JIbHO HCCIENOB H.
Bckope nogBunuce ¥ nepBble NPEUIOKEHUd KOJUT HIEpOB H KPHUCT JUIMYECKUX
nydk X [22,23]. OgH Ko A JbHEMIIUH H JIU3 MOK 3 JI, YTO HHTEHCUBHOCTb KpHU-
CT JUIMYECKMX ITy4KOB OYEHb HEBEJIMK W CBETUMOCTb T KOro KOJUI ijep Oyuer
OuYeHb HU3KOM (cM. JeT i B [9]). B HECKONbKMX HE3 BUCUMBIX DKCHEPUMEHT X
O00H pyXEeHO, YTO KPHCT JUTMIECKHH («YMOPSIOYEHHbI») My4OK, MPEACT BIIIIO-
muil coOOl 1eNoYKy MOHOB, LIMPKYJIHPYOIINX B KOJBLIEBOM H KONHUTENE, UMEET
JIMHEHHYIO TJIOTHOCTH, HE MPEBBIII HOIIYIO

dN;
—2) < 3-10° uoHOB/M. (3.2)
ds

FJ'[ BHBIMU JOCTOHUHCTB MU yl‘[Opﬂ):[O‘-IeHHbIX l'[y‘{KOB ABIIAIOTCA UX ‘-Ipe3Bbl‘{ I71HO
M JIbI€ ODMUTT HC U P 36p00 9 CTUl IO UMILYJIbCY:

e~0,1-1,8nm, Ap/p~ (1-5)-10"%(10).

Ilepexom mydk B YHOPSJOYEHHOE COCTOSIHUE MPOUCXOMUT CK YKOM TIpU
YMEHBLIEHUH IUIOTHOCTH MYy4YK [JO KpUumuuecko2o 3H ueHua okono 90 uonose/m.
[Ipu »TOM TOTIEpeYHBIH p 3Mep MYyYK U p 30pOC IO UMITYJIbCY YMEHBII I0TCS MO-
YTH H TOPSIOK. DTO CBOEro ponm ¢ 30BBI MEpexoi U3 KB 3UYNOPSIOYECHHOTO
COCTOSIHUS B yIIOpsZIOueHHoe (pHcC. 8).

Js1 crpynnupoB HHBIX YIOPSIIOYEHHBIX MYyYKOB yciaoBue (3.2) BBHIOTHIETCS
T KXe, TOJIBKO Tereph dTO JUHEHH S IUIOTHOCTh CTYCTK , HEe CpPeOHss IUIOTHOCTb
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T T T T T — T — T
104E 238492+ 360 MeV/u e I e 10| 129Xe36* 7.4 MeViu 4|
I o al = f w6
3 : o® 1 X i g ]
2 I o® ¢ 1 3 I « i
g 105 3 = 3 i 1
5 I .
£ L Phase ] =
[} -
g L transition - £ ™ Phase
s 10-6 ° g transition
Fe ° 3 S 4k nup?® .
Foo ey L-2soma i 2 i = f
-||||||i cooel ool oo voomsl veomml vvoomd 3ol |- C 1 Lol 1 [ ||||-
1 10 102 103 10% 105 10° 107 108 103 104 105
Number of stored ions Number of stored ions
104 o LEREARLLL | LLRRLLL | LRI T T Illllt
E Protons 7 MeV ;, E
el : :?’,:’ ’ :
o aid
g h ) o
2 10°FPhase | 4 ° E
S F transition; 7o ]
£ - [ 2 _ ]
S L . Al,=25mA
= M g m[,=50mA
[ ple . *I,=100mA ]
0—6 MR TR LR TTTT B AR TTT R TTT T

102 10> 10* 105 10 107
Number of stored protons

Puc. 8. 3 Bucumoctb p 30poc 10 uMInyiscy (1o) OT YMCH 9 CTHIL Iy4K B H KOIHMTENSIX
C 9JIEKTPOHHBIM OXJI XAECHUEM: ) 23892+ B ESR [24]; 6) 12Xe3%T B CRYRING [25];
¢) ipotonsl B S-LSR [26]

mydk . [TosToMy mpuMeHeHUe CTpyIIHPOB HHOTO MyYK FMEET CMBICI JIUIIb IpU
3H YUTEJIHHOM Je(hUIINTE HOHOB.

[Ip KTHYecKuil MHTEpeC MPEACT BIFET APYyroe CBOMCTBO T KUX ITyOOKO OXIJI -
KICHHBIX HOHHBIX IYYKOB: B H AKPUTHISCKOM COCTOSHHUM UX TOTIEPEYHBIH p 3Mep
U p 30pocC M0 UMITYJILCY YBEJIMYHB IOTCS OT 3H 4yeHMs (3.2) ¢ pOCTOM JIMHEHHOMN
IUIOTHOCTH 110 3 KOHY

1/3
N /
UL(Ni) = Otransition . (33)
Ntransition
W »TOT 3 KOH BBINOJIHSAETCS BIUIOTh 10 M KCUM JIbHOU JIUHEHHOU NAOMHOCMU T0-
pank 5 - 10° monos/M [9]. T Koii 3 KOH SBISETCS PE3yIbT TOM P GHOGECUS
BHEUIHEI0 OXJI XJIEHUS MOHOB 3JIEKTPOHHBIM IyYKOM WM BHYTPEHHEro H IpeB T K
H 3bIB €EMBIM BHYTPHUIIYYKOBBIM P CCEIHHEM — KYJOHOBCKHM P CCEIHUEM HOHOB
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T omun 2. I1 p MeTpsI 371eKTPOH-HOHHOTO KOJUI iaep

Y cruuel 0y4kKoB KOl iaep Housr 238792+ DNeKTPOHBI
ITysok «P BHOBecHbI» p cryiieHHbI | CrpynimipoB HHbINM
[epumetp KoOmBL , M 18,56 16,0
Bueprus 4 crun, MaB/Hykiion, MaB 300 500
Y cror 06p menuns, MI'n 10,547 18,75
Yucno 4 cTHLl B y4Ke/B CTYCTKE 1-10%-1-107 10%°
Yucno crycrkos — 9
JmMH  Crycik , M — 4
DMHTT HC MyYK , HM 0,01-170 50
[Tonepeunslii p 3Mep CTYCTK , MKM < 220 220
JI cnerroBckuit casur Agq < 0,004 7,6-107°
DpexT Berpeunt e, Eei 0,08 < 0,01
3u yeHue Ger -¢yHkimu B* B IP, M 1,0 1,0
CeetumocTh, cM~ 2 - ¢~ 7,5-10%3-1,7 - 10%7

*IlepuMeTp KONMbIl BBIOP H T K, 4TOOBI BHIIONHANOCH YCiIOBMe cHHXpoHu3 muu (1.35), Heo6xo-
AUMOE U CIPYHITUPOB HHOI'O MOHHOIO IYy4YK .

MydKk oxuH H apyroM. 3 KoH (3.3) ObUT ®KCIIEPHMEHT JIbHO MPOBEpeH I p C-
MYIIEHHBIX ITy4YKOB.

«P BHOBeCHBIi1» IIy4oK MOHOB (3.3) I1 HUPYeTCd MCHOJb30B Th B DJIEKTPOH-
nonHoM kot iaepe rmpoekt DERICA (Dubna Electron-Radioactive Isotope Col-
lider fAcility) [27]. B 1 6:1.2 mpuBeseHbl BO3MOXHbBIE I P METPbI KOJUT Huep
U ero CBETUMOCTb IPU CTOJKHOBEHUH BJIEKTPOHHBIX CI'YCTKOB C «p BHOBECHBIM»
HOHHBIM ITy4koM (cM. zieT au B [9]). Ilpundro, uTo B KON iigepe UCIONb30B H
cxeM Tmepecek rommxcs mydkos (. 1.6). ITostomy A = 1. Yromn ¢ (1.32) npunsr
npeHeOpexuMo M JibiM. CBeTUMOCTb p ccuuT H 110 chopmyie (1.25).

Pe3ynsT THI oueHOK (pHc. 9) MOK 3bIB 0T, YTO «p BHOBECHBI» Iy4OK (CILIO-
LIIHblE KPHUBBIE) MMEET HECKOJIBKO OOJIBILIYI0 CBETMMOCTb, YEM CIPYIIIIMPOB HHBIH
IY4YOK C ITIOCTOSHHBIM ®MHTT HCOM (ILITPUXOBBIE), HO IO T€X MOP MOK HX MOIepey-
HBIE P 3MEpHI HE CP BHSUINCH, U IIPOUTPBIB €T» MOCIETHEMY, KOTA P 3Mep p BHO-
BECHOIO MOHHOTO ITy4YK MPEBBICHJI MOMEPEYHbIe P 3Mepbl 3JeKTPOHHOTo. MOHHBII
IY4YOK, MOTIEPEYHbIi p 3Mep KOTOporo orp HuueH agextom JI crert (MyHKTHP-
Hble KpUBbIE), IMEET H MMEHBIIYI0 UX TPeX B PH HTOB CBETUMOCTh, T K K K B
®TOM CIIyd € OH OIpelessieTcs HONePEeYHbIM P 3MEPOM JIEKTPOHHOIO ITyYK .

Orp HUYEHHE MHTEHCHBHOCTH MOHHOTO U 3JIEKTPOHHOTIO ITy4KOB UMEET B 3TOM
KOJUT fiiepe p 3Hble MPUYMHBL. M KCHM JIbHOE YHCIIO 4 CTHUI] B MOHHOM B ITy4Ke
OTIpeJIeNIeTCsl YCIIOBUEM COXP HEHHUS M JIOTO MOMEpPedHoro p 3Mep cryctk (3.3).
VHTEHCUBHOCTD 3IEKTPOHHOTO CIYCTK JHUKTYyeTcs 3(peKTOM BCTPEUH, KOTOPBIN
BTOT CIYCTOK CO3[ €T /I MOHOB. B uncieHHoM npumepe 11 p MeTp &;. UMeeT 3H -
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Puc. 9. 3 BUCHMMOCTH OT YMCI Y CTHLl MOHHOIO IYYK CBETUMOCTH 3JIEKTPOH-UOHHOIO
Kot igep L () u momepedHoro p 3mMep o (6) MOHHOTO My4K (CryCTK ): CIUIOIIH S
JIMHUS — P CIYLLEHHBII OXJI XJICHHBI MOHHBIN I1y4OK HUXE U BbIIIe ¢ 30BOrO IEPEXoxn ;
IITPUXOB S — CIPYIIIUPOB HHbI HMOHHBIN IIyYOK C IIOCTOSIHHBIM 3MHUTT HCOM, P BHBIM
OMUTT HCY DMEKTPOHHOrO Mydk (50 HM); MyHKTHPH $ — CTPYNIHUPOB HHBIA HOHHBIH ITy-
YOK, BMUTT HC KOTOPOI'O OTp HMYEH IPOCTP HCTBEHHBIM 3 paaoM (11 p metp JI cierr )

YeHue, KOTOpoe AOCTUKUMO TOJIBKO MpU 3(p(eKTUBHOM BO3AEUCTBUU H HOHHBIN
MYYOK 3JI€KTPOHHOIO OXJI XIEHHS, YTO, BIIPOYEM, HEOOXOAUMO U 11l (hOpMHUPO-
B HUSL P BHOBECHOI'O MOHHOTO ITyYK .

Heob6xomuMocTh NMpUMEHEHHs P CIYIIEHHOTO MOHHOTO ITyYK BBI3B H Tpe-
60B HUSMHM CHHXPOHHM3 IIMM CTOJIKHOBEHHMH, W B JI HHOM CIIyd € TH TpeOOB HHS
HOCSIT IPUHLMIHN JIBHBINA X p KTep. CKOPOCTH PESITUBUCTCKHX 3JIEKTPOHOB U HO-
HOB 3H YMTEJIbHO OTJIUY I0TCS, 4TO TPeOyeTcs C MOW MOCT HOBKOM DKCIIEPUMEHT
H T KoM komn #agepe [17]. Ho mostomy ymosietBoputh yciosuto (1.35) mid
CIPYNIUPOB HHBIX 2JIEKTPOHHOTO M MOHHOIO ITyYKOB MOXKHO JIMIIb IIPU CTPOTO
OITpeJIeSIEHHBIX (AMCKPETHBIX) 3H YEHHUSX I P METPOB Y CTHIl U P 3MEPOB KOJIell.
A 3TO MCKJII0Y €T BO3MOXXHOCTH IV BHOTO CK HUPOB HUS II0 ®HEPIUH Y CTHII, YTO
HYXXHO, K K P BWIO, B sjIepHO-(PU3MYECKUX HCCIeNoB Hugx. I[lpobGnem cHu-
M eTcsl WIS YIbTP PESTUBUCTCKHUX 3JIEKTPOH-HOHHBIX KOJUT HAEpOB, INle CKOpO-
CTH ®JIEKTPOHOB M TSXKEJbIX Y CTHIL NP KTUYECKH HE OTIMY I0TCS OT CKOPOCTH
ceer . T xue Koyt #imepsl p 3p 6 ToB 1oTca B LIEPH (Large Hadron-Electron
Collider — LHeC) u B aByx 1 60op Topusix CLIIA — Bpykxeiisenckoii (Rela-
tivistic Electron—Hadron Collider — eRHIC) u 1 6op Topuu um. dIxeddepcon
(Medium energy Electron—Ion Collider — MEIC).

Hu3K s MHTEHCHBHOCTh P BHOBECHBIX ITyYKOB OIP HHUYMB €T OOJI CTh MX IpH-
MEHEHHUI H3ydeHHeM (PU3UKU PelKHMX («3K30THYECKHMX») U P JUO KTHUBHBIX H30-
tonos [27].

3.4. «CauB 1ommecs» HOHHbIe My4kH. [lepBoe mpenoxeHue 1Mo MpuMeHe-
HUI0 MOHHBIX H KOITUTENEil C 3JIeKTPOHHBIM OXJI XAEHHEM («KyJlepbl-H KOIHTe-
JIu») B DKCIEPUMEHT X MO siepHoil dusuke [28] mosBuioch B Konue 1970-x rr.
B p 60T X, npoBoauBmuxcsi B USI® CO AH CCCP 1o p 3BUTHIO METOH 3JieK-
TPOHHOTO OXJI XjaeHHs. T Kue 3KCIepuMEeHTHI ObIIM H 4 TbI crycTs rmoutu 10 ser,
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T omun 3. I p MeTpsI KoJu1 fiiep €O CJIMB IOMIMMHUCA MY4YK MH

Y cruusl nyykoB Kol iaep 28892+ 2592+
ITyqok P cnymennnni | P crymennbiii
[epumetp kOB , M 76,22 62,86
BHeprus 4 crun, MaB/Hyki0H 785 500
M rauTtHoe none aunonen, Ti 1,5 1,5
Yucino 4 cTull B Iy4ke 4,9 .10 2,35 -10%°
DMUTT HC MYYK , 7 - MM:-Mp I 1,1 1,1

JI cnerroBckuit caBur Agq 0,043 0,043
Dext BeTpeun 12, E21 0,007 0,002
3u yeHue Oer -¢pyHkuuu B* B IP, M 2,0 2,0
JUIMH  y4 CTK B3 MMOIEHCTBUS, M 6,0
Ceerumocts, cM ™ 2-¢ ! 2,4.10%

KOIJl B HECKOJIbKUX SIIEPHO-(PH3UYECKUX JI OOp TOPUSX OBbUTM MOCTPOEHBI H KO-
IIUTEIN C DIEKTPOHHBIM OXJI XJIeHueM. H ubosiee KTUBHO UCCIIENOB HUS BEJIUChH
H H komurene Experimental Storage Ring (ESR) B mccienoB TembcKoM IeH-
tpe GSI (O pmmt ar, ®PI). Torm xe ObUIO BBICK 3 HO MNpemIoxeHue [29]
0 TIOCT HOBKE ®KCIIEPUMEHTOB H KOJUI Hepe CO «CIIUB IOMIMMHCT» («merging»),
WIN «IOTOHSIOIUMU», IIy4K MM, 4 CTHIBI KOTOPBIX H y4 CTKE€ BCTPEUH IBUXKYTCS
B OJIHOM UM TOM XK€ H IIp BJIIEHUU, UMES P 3HYIO CKOpPOCTb (sHepruw). T K s nocr -
HOBK 3KCIEPUMEHT OTKPBIB €T JOIOJTHUTEIbHbIE BO3MOXHOCTH B UCCIIEIOB HUU
CTPYKTYpBI P OMO KTHBHBIX SJIEP.

OngHO M3 BO3MOXHBIX IPUMEHEHHMH KOJUI iijiep H CJIMB IOIUXCHA IyYK X,
npemioxenHoe B p 6ote [30], — m3yyeHue (PU3UKHA B KyyM B CTOJIKHOBEHHSIX
TSXKENbIX FIep, CO3M IOIIUX «CBEPXKPHUTHYECKOE» B3JIEKTPUYECKOoe Ioje, P 37e-
JSIoIIee Y CTHLBI BUPTY JIBHOW 3JIEKTPOH-NIO3UTPOHHON 11 pbl. [logoOH s 3 -
I 94 00CYXI ercs JOBOJIBHO JI BHO. B KOHKpETHOM cxeme sKcrepumeHT (T 0. 3)
CT JIKMB I0TCS SIp ABYX M30TONOB yp H 238U%2F y 235U92% | sneprua koro-
pBIX BBIOp H T K, YTO UX IIOJIH 5l DHEPIHsd B CHCTEME LIEHTP M CC COCT BIISET
6 M>3B/HyKJIOH. DTOro JOCT TOYHO Uil HPEOHOJIEHUS KYJIOHOBCKOrO O phep .
IIpemn r ercd T KXe HCIONB30B Th CXEMY IepeceK MUMXcs MmydkoB (1. 1.6) wiu
cxemy kKomn #gep NICA — T Kyl0 Xe, K K B B pU HTE BCTPEUHBIX ACHTPOH-
[IPOTOHHBIX MYYKOB (1I.3.2).

[MpoGrieM CHHXPOHM3 LM CTOJKHOBEHHH, T K Xe, K K ONUC HO BBIIIE, pe-
Il eTcs MPUMEHEHHUEM [BYX P CIIyLIEHHBIX ITy4KOB.

CeeTuMOCTb KOJUT Haep orp HuueH a3gpexToM JI crnerT , 4To 0ObsIcHIeTCs
Cp BHMTEJIBHO HEBBICOKOW BHEpPIrUel TSXKeNbIX fuep. Ee 3H 4eHue p ccuuT HO 10
opmyn M (1.28), (1.29), u, k x npeanon r ercs B [30], oHO BIOJHE AOCT TOYHO
IUTS TIPOBEICHUS TPEUVIOKEHHOTO KCIIEPUMEHT .
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3AKJIIOYEHHUE

IIpusenenHsle GoOpMysIBI CBETUMOCTH KOJUT HAep B TpeX p 3JIUYHBIX PEXU-
M X CTOJIKHOBEHHH — JBYX CIPYNIIMPOB HHBIX IIy4KOB, OBYX P CIIyLICHHBIX U
CTPYIIIUPOB HHOTO C P CIYLIEHHBIM OIKCHIB IOT BCE BO3MOXHBIE B DU HTHI IIPH-
MEHEHHd [MKJINYEeCKHX KOJUT Haepos. I[IpenioxXeHHplii METOl ONTUMH3 LU I P -
METPOB MOHHOTO KOJUI HIep TMO3BOMAET ONpeNeSuTh UX MpeaesbHble 3H YeHUS U,
COOTBETCTBEHHO, H UTU M KCHM JIbHO BO3MOXHYIO CBETUMOCTb KOJIT Huep . B x -
YECTBE I1 BHBIX KPUTEPUEB, OTP HUYMB IOIIUX IPEIE/IbHbIE 3H YEHUS CBETUMOCTH,
IPEIOKEHbl U UCIONB3YITCA B YHACIEHHBIX IpuMep X OB 3(eKT mnpocTp H-
CTBEHHOTO 3 Pl CT JIKMB IOINUXCS IMYYKOB KO/UT HAEp — COBUIM 4 CTOT IIOIe-
peunbix (6eT TPOHHBIX) KOJjieO HUIl 4 CTHI[ MOJ JIEHCTBHEM COOCTBEHHOIO 3JIeK-
TPOM THUTHOTO mond cryctk (o¢ext JI crnert ) u mojs BCTPEYHOIO CTyCTK
(apdext Bcrpeun). ChopMyIUPOB Hbl YCJIOBHS CUHXPOHU3 LIMK CTOJIKHOBEHUH,
IIOK 3bIB IOLIME MPEUMYIIECTBO P CIIyLIEHHOIO IMYYK B CIy4 € CHUMMETPUYHOIO
ko ipep (m.3.2). H uucneHHpIX mpuMmep X IOK 3 Hbl CIIyd W, KOLJ OIpe-
JEJISIONMM gBiseTcs 1 cieTT-apdexT (mm. 3.1, 3.2 — crpynnupoB HHbIE HOHHBIE
Iy4YKkH, 1. 3.3 — 2IeKTPOHHBIN My4YOK U M.3.4 — p CHyLICHHbIE HOHHBIEC MYYKH),
U CIyd M Orp HUYEHUS CBETMMOCTH 3(pdekToM BcTpeud (1. 3.1, p CIylieHHble
HOHHBIE IyuKH, miL. 3.2, 3.3). B m.3.1 I8 NpOTOHHBIX BCTPEUYHBIX IIy4KOB IIOK -
3 H NPOMEXYTOUYHBIH ciyd i, Korg 3¢eKT BcTpeun npeobi 1 eT npu Oosbinoi
SHEepIuu.

Asrop BbIp X er 611 rox pHoctb B. A.JlebeneBy, C.C.H r iiuey u E. b. Jle-
BUYeBY 3 moJjie3Hbie o0cyxmenus, . Ixxoerty u C.5IM rydu 3 MpeicT BICHHYIO
nennyro uHgopm o, 1. H.III tunoBy u A.O.CugopuHy, 03H KOMUBIIUMCH C
PYKOIIUCBIO CT ThU M J BIIUM MHOTOYUCJIEHHbIE KPUTHYECKUE 3 MeU HHSA U pe-
komenp nuu, XK.JI.M nbueBoil 3 LEHHbIE COBETHI NIPH NPOBENECHUM YUCIEHHBIX
p cuetoB u C.A. MenbHUKOBY, TII TEJIHHO MPOBEPUBLIEMY BBIYHCICHUS M BHEC-
1IeMy HEOOXOAMMBIE MCIP BJICHUS.

P 6or BpmonHeH B cBa3u ¢ ocymecteiaeHneM npoektop NICA [1] nu
DERICA [24] B OUSIM. ABTOp NpPHHOCUT HCKPEHHIOI OJ1 TOI PHOCTh KOJuIe-
I M3 COBMECTHYIO p OOTy H 1 ®TUMH NPOEKT MH.

IIpunoxenue
IPUBJIVKEHAE TOHKOM JINH3BI

CaBur 4 CTOThI OeT TPOHHBIX KoJieO Huit &2 MO JeiicTBreM beam-—beam
apekT H ineM, yMHOXHMB M TPHIly Iepexoj Uil o0OpOT Y CTHLBI B KOJbIE
KoJUl #igep (T K H 3bIB €M s M Tpull TBucC )

cos g + asin sin
Mring = ( o L o ﬂ SOE) ) y Yo = 277@7
—7ysin Yo COS o — (rS1N g
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H M Mpuyy moOHKOU JIUH3bL

(hokycHOe p cCcTOsIHUE KOTOPOW f HYXHO CBSI3 Th CO COBHIOM (¢ 3bI OET TPOHHBIX
Koneb HHid.

M tpuny nepexox M* ¢ yd4eToM BO3MYyIIEHHs, BHOCUMOIO TOHKOM JIMH30M,
H ieM, NepeMHOXUB M TPULI Mying ¥ My:

. Bo . .
cos o + ap sin g — — sin g Bo sin g
M* = Mrinng = a0
— Yo sin g — ? cos g + 7 sin g €os g — Qg Sin g

(IL.1)
IIpenct BuUB wieHsl M Tpulpl M ™ B Bune

" =0+ Ap, Ap <K po; B=00+AF a=ay+Aa, v="9+ Ay,

e Ay, Aa, AB, Ay — BO3MyIlIeHUS,, BHOCUMbIE TOHKOM JIMH30U, 3 MHUIIEM
M Tpuuy M™:
M*=Ma = < oS+ asing Bsing™ ) (1.2)
—ysing cos p* — asing

IIpup BHSIB 3 Tem cootrBercTBylome wiedsl M Tpuu (I1.1) u (I1.2), H ilnem B
JIMHEHHOM NpUOIMKEeHHH 110 A-ujieH M

* ﬁO . . .
mi; = mﬁ — 77 sin g = —Agp (sin g — ag cos @) + Aasin @y,

miy = m1A2 — 0 = fycospoAp + ABsin gy,

cospy  Qpsing .
ms = mQAl - = [ [ = Y0Agp cos g — Ay sin o,
miy = may, — 0 = —Ap (sin g + ag cos pg) — Aasin g.

T xkuM 06p 30M, MBI MOIYYHWIIH YeThIpe Yp BHeHHs Wil HemsBecTHBIX Ay, Aq,
AB u A~:

Ap (sinpg — ag cos pg) — Aasin g = %sin ©0,
ApfBy cos g + ABsinpg = 0,
1
—Apyp cospg — Aysinpg = 7 (cos o — ag sin o) ,

Ay (sin g + ag cos gg) + Aasin gy = 0.
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Pewr s a1y cucteMy JUHEHHBIX yp BHEHHS WU3BECTHBIM METOIOM BBIYHCIICHHUS Jie-
TEPMUH HTOB, H XOJUM OIPENENUTENb CUCTeMbl Deta = —2 sin4g00 U Olpenenu-
TeJb ¢ 3 MEHOH nepBoro croiby B Deta H Kod(hULMEHTHI P BOM 4 CTH CH-
cremst Dety, = —(8o/f) sin*pg. VX oTHOUIeHME /I €T HCKOMOE 3H UEHHe CHBHT
¢ 3Bl ¢ B IPUCYTCTBUM TOHKOM JIMH3BI:

_ Det,, _ @
? 7 Deta  2f

(IL.3)

D10 BBIp XeHue it A B TOYHOCTH COBIT I eT ¢ (2.15), nockomeky By = B, —
3H yeHue OeT TPOHHOH (PYHKLMH B TOYKE P CIIOJIOXKEHHS «BO3MYI IOUIEH» TOH-
KOU JIMH3bI (B ee OTCyTCTBHE), (POKycHOe p ccrosHue f = fpp.
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