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AHHOTALONSA

[Ipexnozen onmepaTopEuR MeTOX paccMOTpeHES KBaHTOBHX
SQPeKTOB NpPN ZABMXGHNN BADAKEHHHX YACTHI B MATHATHOM NOIe.

C mOMONED 9TOr0 METOAA PACCMOTPOHH KBAHTOBHE HBIGHHA B
MarHETO-TOPMOSHOM MSIYUGHKM.




HccnezoBarMe KBAaHTOBHX -9QfERTOR NpH MBIYUEHUH 3&PAREHHEHX
HacTML B MArHMTHOM NOIE NMPEACTABIAET GOIBWON MHTEpEC KaK B CHIY
BAaXHOCTH yueTa 8TUX DPJEOKTOB B NPHIOKSHWAX (HanpuMep npu ABMEE -
HEM 4acTul B YCHODUTEeZAX), TAK M C OOWETeopeTHUecKoH Touxy 3pe -
HHES.

PaccuoTpenue aTux 2$JeKTOB NMPOBOZMTCA OONYHO C MCNOXNDH2R0Ba~
HHCM TOYHHX DENECHURA COOTBETCTBYDHMX BOIHOBHX ypaBHeHuli (Jlupaxa,
Kaeilina-l'opzoEa) B HOCTOAHHOM M OZHODOZHOM MATHMUTHOM moze. Taxoit
nomxon HABIAETCA BEChMA CIOKHHM M IPOMOSAKMM TEXHMYECHKM W NO3BO-
dfeT NONYYHTH PE3YyIBTATH TOJBKO B OZHOPOZHOM M NMOCTOSHHOM Mar -
HETHOM mole. Korza aud MsyueHMs HEKOTODHX HBIEHMH NOHAZOOHMIOCH
PacCMOTpETs KBaHTOBHEe SQJeKTH B HEOZHODOZHOM IOJEe, DTO NpPUBEIO
K DE3KOMYy yCHNOXHEHND BHUMCICHHUA Jiaxe B CIA00 HEOZHODOZHOM IOIe
(mozmuit 0Gsop srmx pador cM. B /I7). B To me ‘Bpems zaxe npu uc-
NOJB30BaHMA TOYHHX pemeHUit BONHOBHX ypaBHGHMI ANA monydYeHus pe-
8yapTarTa B MTOre GEpYyTCH KBASHKIACCHUECKH® ACUMNTOTHKYM HaliieHHHX
Qysknuft, Tax YTO B BTOM CMHCIE BCE MOJYYERHHE pPE3yIBTATH ABIHE -
DTCA NPUCIMEEHHHMW. Hak OyzmeT BUAHO HMKE,5T0 0GCTOATENBCTBO HE
ABIAETCH CIyualiHuM.

B maunoif paGore npezmaraeTcs omepaTopHHE MeTox paccMoTpe -
HHEA KBAHTOBHX S5(PQEexTOB NpE ABUKEHHM 3aPAXCHHHX YACTUN B MATHUT -
HOM noze. OTOT METOJ NPHFOZeH AIS PACCMOTPEHHH JOOHX KBAHTOBHX
ABICHK{ B MarHMTO-TODPMOBHOM H3AYYEHUM, & TAKEE JJA UCCIEJI0BAHNSA
INOHX APYTHX NMPONBGCCOB C yUACTHAM BaPAKEHHHX YACTHI W $OTOHOB
B MAarHATHOM noze (poXAeHME NapH GOTOHOM, OZHODOTOHHAF AHHATUIA-
OUf Napu M T.4.). MeToz AOCTATOUHO NMpOCT TOXHMUECKH W NO3BOJAET
EAUHHM O0pasOM MONYUMTE PE3yIBTATH AlA YaCTHI ¢ NMPOM3BOIBHHHM
CIMHOM NMPH JBMECHMM B NDOM3BONBHOM HEOZHOPOZHOM MATHMTHOM MoIe.

B ocHOBE MeTOZa IEEMT TO OGCTOATEIBCTBO, YTO KBAHTOBHE T
eKTH NpPH ZBUXCHRNM YIBTPAPENATVBUCTCKUX YaCTHI B MATHUTHOM MOIE
OHBaWT ZBYX TUNOB. [lepBHii U3 HEX CBABAH C KBAHTUBHM XaDaKTepoM
CANOI'C ABHEEHWA YaCTHI B MarHWTHOM N0Je. BO3HMKAWWAH NDK STOM
HEeEKOMMYTATHBHOCTH AMHAMHUECKUX NEPEMEHHHX YACTUIH MMeeT NOPAZOK
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fOJG OHO MEepexo;uT B u3BecTHoe Bupaxexue [I7. UuTerpuposazue (6) /.N. Baier, V.¥. Ratkov
NPOUSBOIMTCHA M3BECTHHM OCpasOM; PE3ynbTaT ero MOWHO NpeIcTaBNTEL B (Institute of Nuclear Fhysics, Kovosibirsk,
BUIIS paza no X npm Y <«<{ ¥ paAZa no OCpaTHHM CTeneHsM X npH Ue3eSeRu)s

X>>4. QueBUAHO, YTO BO BCEX BHPAKEHUAX XapaKTepUCTUKY HEOLHO -
POZHOCTHM MArHATHOrO MOIA COZEPRATCA TONBKO B X , 3TOT BOIpOC LA EBERACH
BH3Bal HEJABHO ZAMCKYCCHW (ZIA NMEPBOTO UIEHA pa3IOMEHHS NpH X << 4

cu./17).

SaMeTUM, 4YTO NOZOGHNH MeTon paGCMDTpEHHd OAHAKO C pasjoxe-
HHEM KOMMYyTaTODOB JO NEpBOr0 YIEHA IO ﬂhfg' NPUMEHAICA B pAze
KOHKDeTHHX 3azay B /3-57.

An operator method is presented for investigation of quantum
phenomen: in charged particle motion in a mAagnetic field,
The quantum effects in magne tic bremsstrahlung have been consi-

s

dered by means of this method,

B 3akipucHWE OTMETHM, 4TO NPEANOXCHENLA 1I0ZX0Z NMPUMEHUM, BO~
o0me roBOpA, AIA PaCCMOTPEHHA KBAHTOBHX 3Q{EKTOB NPU IBUKEHMU
YacTHL B JNwOOM BHEWEEM Tmoje.




+he investigation of quantum effects in charged particle radi-
ation in a magnetic field is very interesting due to significance
of taking the efiects into account in applications, for example,
in particle motion in accelerators as well as from theoretical
view point.

Consideration of the above effects is usually undertaken using
an exact solution of corresponding wave equations (Dirac, Klein-
Gordon) in a constant hcmogeneous magnetic field.such an appro=-
ach is extremely complicated and technically cumbersome enabling
one to obtain the results only in homogeneous constant magnetic
field. Consideration of quantum eftects in the inhomogeneous field
Tor the study of some phenomena led to sharp complication of cal-
culations even in weakly inhomogeneous field (tor the full review
of these papers, see f- IJ ). However, even when exact solutions of
the wave equation are used ror obtaining a result, one takes a
quasiclassical asymptotic representation of the found functions
so that all the results obtained in this sense are approximate.As
it will be shown later this fact is not accidental.

In this paper an operator mathod of quantum effects investiga-
tion is presented for charged particles moving in a magnetic fi-
eld. This method is designed for the treatment of any quantum
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phenomena in magnetic bremsstrahlung as well as for the study cof
any other processes in which charged particles and pnotons in a
magnetic field take part (production of pair by photon, ome pho-
ton annihilztion of pair, etec.). The reported method is rather
simple from technical standpoint rvermitting one to explicitly ob-
tain the results for parvicles with arbitrary spin and when the
motion takes place in the arbitrary inhomogeneous field.

The method is based on the fact that quantum effects in the
motion of ultrarelativistic particles in a magnetic field can be
of two types. The first type is connected with the quantum chars-
cter of particle motion in itself in the magnetic field. The non~
commutativity of particle variables arising in this case is 1o be

_f'-%_; (where ), = ﬂ'. ) K is the instantaneous radius of cur-
vature, E -~ particle energy; we use a system of units #==Cf=f').
Hence it follows that with increasing energy, particle motior in
a magnetic field becomes more and more "classical".

The second type is connected with particle recoil in radiation
and is of the order of #hji? ( @ = radiated photon frequency).

The quantum effects in magnetic bremsstrahlung may be conveni-
ently characterized by the parameter

A R (1)
X H, M ‘!"*‘}?T

Here .Pt is momentum orthogonal to magnetic field direction,
:E;,.—;“)H.wgiu,uI.IOH e (for electrons), H - magnetic field. For
X<< 4 reccil (that is quantum effects magnitude) is small, then

W ~ cd.f. In essentially quantum region X4, W&~EF ., Hen-
ce it follows that at any X aquantum effects of the Ist type
are negligible as compared with radistion effects. Therefore we
shall neglect noncommutativity of operators of dynamic particle
variables taking into account only their noncommutativity with
the field of radiated photon. Moreover, we shall regularly expand
all the values in powers ?}, keeping only highest order terme.

The expression for the radiation intensity ] and the pro-
bability of the prﬂﬂess:fhf in lower order of perturbaticn tho-
ory have the form:
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Here ,f*ffﬁ) 27/{)- are current ang particle coordinate operators,
respectively, € — rhoton polarization vectnr, the braces 1 :I
mean symmetrized cperator products ql(ﬁa(ﬁ\ the wsve function
of particle with the given spin in arbitrary magnetic field in
operator form, ’}fz=g?%§@+pn21 ﬁ%}lenargy and momentum operators
in the external rield, indices f and i are related to snin charac-
teristics of particles.,

According to the above mentioned in the expresﬁlon for M one
should take intc account pnoton rtield ( E"“"2 ) commutators with
momentum ﬁ? « On making use of the relation
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to the right in ﬂ”*ﬁﬁ- . After doing this one Shdll consider
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the combination “265) KT) « ''he noncommutativity ot the
operators involved % (%2 )j h(ﬁ is essential so that one can-

not restrict oneseli by the expansion in lowest cummutatars. The
main point of the method is disenvangling of this cumbinatmn. It
is very important that in the essential region it
were possible to expand all values in powers j1r/2‘~""(”"*§-fﬂ
For simplicity of treatment we consider the field satisfying the

condition ;H‘/?VjH! << 4 (field changes insignificantly along
the characteristic radiation length), if one introduces the index
of inhomogenity n, then this condition has the form J1_4¢4 .

In all the cases of interest the fields satisfy the above conditi=-
on. In view of this fact, the problem reducec to an integral equ-
ation on solving which one obtains: ;

‘}
Ak

e ;L?(ﬁz} E_—ih (k) _ i Cexp { E ma‘*'l‘(?(f'J'ﬁ(f')gE (5)

It may be shown that for our accuracy the combination
E?kifhﬁgﬁiﬁwﬁ} commutes with all the operators in brackets in
(2). Then all the operators in (2) which are in the brackets of
the initial state can be replaced by their classical values,

The subsequent calculations were performed as those for the
classical description of magnetic bremsstrahlung (see, for examp=
le Zﬁ:}). By carrying out integration in (2) over relative time

2> =$,-¢, and the azimuthal angle of photon emission we obtain
spectral and angular distributions of radiated photon intensities
per unit time '
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where o sy A > ',% 31Hﬂ 3
angle between the phf; ton momentum and orbit's plane, Q= o and
&=L for scalar and spinor particles. This expression de=-

£ .
pends on kinematic particle characteristics Ea?j ’ ﬁﬁﬁU in

the given field, while in homogeneous field it comes to a known
expressian;fij . Integration of (6) is performed in a well .known
way; its results can be represented as a series in X for JX<J<¢
and a series in the inverse powers of X for A >>1 . Evidently.
all the expressions contain characteristics of magnetic field in-
homogenity only in X . This question caused recently a discussi-
on (for the Ist expansion term for X<<4 , See [1_7 )

It should be noted that the above method of treatment with ex-
pansion of the commutators up to the Ist term in #hﬂﬂg has been
spplied for a series of specific problems in153—§] .

In conclusion we note that the presented approach can be gene-
rally applied to consideration of quantum effects in particle mo-
tion in any arbitrary external field.

I1




TUTEPATYPA
I."CHEXpOTPOHHO® MSIyueHne" mox pexaxnueft A.A.Coxonona,A.M.Tep-
Hosa,Mocksa,l1966.,
2.J.8chwinger.Phys.Rev.75,1912,1949,
3.J.8chwinger.Proc.Nat.Acad.Sci.40,132,1954,

4,V.N.Baier,V.M.Eatkov.Phys.Lett.244,327,1967,
5.B.H.Baitep,B.M.Karros  K3T®,52,1422,1967.




