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ABSTRACT

Multiple production of photons by fast elementary particles -
coupled strongly to the electromagnetic field is treated by semiclassical
methods, In this approximation, the photonz are treated in a precise
quantum mechanical fashion, while the motion of the matter field is
" obtained by classical means tut includes radiation reaction effects.

As a specific example the magnetic monopole is &1scusaed {and another ;

posaible domain of applicability 4s pointed ocut). A possible connection
with several recent cosmic ray events is investigated. It is shown that
econventional electrodynamic models (including antiparticle annihilation)
‘produce too few photons and magnetic monopoles Yoo mény, to accéunt for

the observed multiplicitiss.

This work was performed under the auspices of the U.S. Atomic Energy
Commission while the authors were at the University of California
Radiation Laboratory, Berkeley, California, and appeared as ﬁCRL-27L7,

October 8, 1954.
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HIGH-ENCRGY MULTIPLE PHOTON' PRODUCTION

R. Arnéwitt and S. Deser:

I. Introduction

Considerable epeculation wag aroused last year by several unusual
cosmic ray events reported by groups at_Chigagol and Torino.z Although some
of ﬁheae events may possibly be accounted for on the basis of an electro~-
uagnetic cascade uhosé initial photons come from a TTO - 2‘* decay,
such an explanation would require reasonably large atatisticai.fluctuatioﬁs.
We explore here instead the pogsiuilities of obtaining 1argevphoton

lmultiplicities from a single event in the high-energy region both.for
conventional matter=—electromagnetic field couplings and for the more

novél effects introduced by considering also magnetic monopolas, It
becomes apparent during the course of these calculétions that no such
processes can explain the multiplicities enuountered in the new events.
However, our basic interests lie rather with the investigation on a semi-
classical'basis gf strong—coupling, long-range interactions in the domaiu
of high energies. The discussion is couched in terms of the behavior of
monopoles interacting with electrically charged matter which may be of some
1h@rinsic interest. It is possible that at sufficiently high energies the
conventional electrodynamics may be usefully viewed in this fashion. As
has come to be suspected, the effects of vacuum polarization in shieiding
the bare electric charge tend to decrease at higher energies as one penetrates
through the virtual pair cloud. > Thus in this region, the effective
coupling constant for the electromagnetic field may indeed be quite large.

In order to obtain a qualitative idea of the magnitudes to be ,
expected as well as to exhibit the difficulties in explaining the eVents,

. We use numbers of the order given by S¢hein.l Perhaps the most unique
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characteristic of the event in comparison with other cosmic-ray phenomena
is the dccurrchce of a very larée phoﬁon multiplicity, the quanta appearing
t§ em;nate'from a sihgle near-by point. The extremely narrow angle within
Awhich all the photona are found indicates the high energy of the primary
1nvolved Furthermore, despite this, no attendant charged particles were
,‘obserféd, nqr were any neutral-particle decays leading back to the original
event aéeﬁ; althdugh a considerable length of emulsion was exbosed and
scanned by ochein's technique.- Thus, any‘expianation must ensure thaﬂ the
| primaries (which 1nteract with the electromagnetic field) not be visible on |
Schein's plate. The point of origin of the event can be traced back to the
| vicinity éf the aluminum exposure box surrounding the pellicles, indicating
the poésibility that this material played a role in triggering the event.

 It-is,§1ear'that no calgulation based on perturbation theory can be
. useful 4in thé’diécussion of such a phenomenon, What is needed 13 a more
rigorous treatment of the coupled-fields problem. Aithough, of course,
such a formalism does not exist, it is'poeéible to treat the boson field
rigdrously while approximating the matter field by an external current.
.This would'appéar to deal with the important aspects of the interactions
correctly, as it is the multiplicity of the bosons that is most unusual.
Furthermore, although in this approximation the matter field is taken as a
prescribed current, radiation reaction effects on it can be included in the
calcdl#tisn of the cufrenf by.clasaical means, and indeed are essential at
ﬁhesé,energies.

The’partiéular procedure that we emplbyh yields.directly:the

: probability‘fér the production of a given numbér of photons under the action
"of any prescribed current. At the same time, (less reliable) information

18 available as to the energy and angular distributions of the emitted quanta.
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We may note that this formalism can be used for annihilation as well as fof
scattering events by a suitable redefinition of the current.

As ment.ibned previously, it is essential that the orbits of the
:phargta_d particles involved be qé.lculated in such a‘way as to include
‘ radiation reaction effects. Fob high-energy phenoniena, fortunately, &
‘ bi&’éeical c(alcul'ati‘on is available, first given by Pomeranchyk,s In this
domain it would seem lthat quantum effects would be small and such a

calculation should be adequate.

11, Formulation of the Theorx

4 .
The theory of multipla photon production has as a conaequenco
that the probability for the emission of n quanta, p, , by a preooriben v

current, J s obeys the far_niliar Poisson distribution,

W e , @
nl :
wh_ere. W 4s a functionel of j,.; gi'_ven_by
3 S‘J,‘(x) Dy(x = xt) Jy (x!) dx ax' ; @

Dl(x) = 1 fei ke S(kz) dl’lb .
. (27(')3
For aufficiently large W , the most probable number of phot.ona
' emitted 48 n =z W, For emall W the most probable event, of course, is
| zero photons ‘emitted, higlier multiplicitieb being successively less probable.-
The dispersion is the \/_n-' ‘characteristic of a Polsson flié'cribuf.ion.
In the following, it is convenient to represent W as an inbagré.].

in hzombnbuh'épa'ce; We then have, 1n'genera;|., for the most probabié number
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of emitted quanta (for large W) an expression of the form

n & WO gn(e,k)kzdkdﬂ o - (3)

Equation (3) thus furnishes us with a distribution of the quanta in angle
and momentum’ ranges, which may be compared with the observed distribution.
The various production mechanisms may be characteriged by the
effective ocurrent density 4P‘(x) to which they correspond. Since in
each case one considers the radlation as being due to the acceleration of
(possibly) several charged particles, Jp- has the general form

(x) . e .
rm - % %, 8- n)) . (1)

The sum extends over the relevant particlesj V (t) and P (t) are the
i
valooity and position of the ith particle, while ag represento the

“oharge" on the partic].aa6 .

| For the models involving monopoles, the roles of E and H are

| interchanged. If one considers only the two-field problenm (i.e., neglects

| the ooupling to the elsctron field), the entire formsliem outlined above
goeatthrough unaltered. Hers, however, 4q1 wéuld repreeentstho monopoleis
ooupiing constant, | '

: To determine.the orbits for the scattering models to be inserted

in Eq,-(h), we emploﬁ the classical equations of motion for charged particles,
linoluding radiation dampings |

du, 2y
M - + 2 w

dﬁ#/da and' 8 is the proper

where z"vvis the qxtérnal field, Vi =
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time. Using a>high-;ener.gy approximation developed in Reference 5, and

assuming rectilinear motion along the x-axie (neglecting deflection for the.

moment) one obtains7

V0 2 i-? s § e,  ®

aE
wo

where ‘ . |
o)« 2 (gE) [ (5,00 - 5,0 4 (B¢ m,00) [
: o - | o (7

and Vi is the incident véloo’ityo In our models of-' t.hé coamic ray events,
the external field is the Coulomb field of an atom. To within desired

acouracy, it is thers adequate to replace E by & constant of magni.tudo”

Zo over the Fermi~Thomas radius, Ty snd_zéro outsidea Thus
r2 ' ' '
o
' ) 2 22 : .
gx) a¢ 2m (g Ze . 0d xZ r,
- 3 (m kﬁ . < ° .
o (7s)
Integrating Eq. (6) gives )
Y(t) = cos (gt cos *Vi)‘ 0<t Lt
cos (gto+ cos ™ V) z Vo s B 3 }\td

: . o ®

where t  4is the time of traversal (t % r /c) and Vf‘ is the final
velocity. Thus r(t) may be obtained by a simple integration of Eq. (8).
As we shall see below, W is 1naensitivé to the particular shape of the

- particle's orbit. - The sighificant information 6btained_from the above
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analyeis is the final velocity of the particle (i.e., the energy loss) and
"the amount of deflection it undergoes. In general, at these energies,
it will be seen that the following simplified path is adequate to calculate W:
| vy t{ 0 |
v(t) = | (9)

v, - >0

_ Turning now to the annihilation xﬂodela , WO nét.e that although fuhe
p!;_enomenon of pair annihilation is of quantum origin, it may (for obtaining
approximate multiplicitiae) also be oharaoﬁerj.zed by an effective current,
For a fast antiparticle incident upon a afpatioxlzary particle this current
" 48 clearly given by o

q[(vp 1) S(r-vi t) - (0, 1) S(r)] t(Q
. J/V, ] |
0 ' t>0
| | (10)
where V, 4s the incorﬁing velocity. -
Finally, form the annihilation of a fast positronium-like structure,

~ the current takes the form

a [0y, 1) 8 -v0) - (7, DS (r-Tye - S*(t))]
e : ‘ | -
| 0, | >0
| (11)
Hero ?(t) is a small distance of the ‘8ize of the Bohr orbit which goes to
gero at t = 0j its analytic form may be said to eummarize the internal

structure of the bound state.

Eqs, (6) and ({7) yield the energy loss in a-collision, While we
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N ghall discuss the specific results for each case later, it is interesting

to note the explicit dependénce upon the varlous parameteis,

, o (12)

where & " and E ¢ ‘are the initiel and final energles respectively. ?or
extremely highmenergy incident particles the second term on the right-
hand gide givea a lower limit for the final energy. Because of the strohg. '
-mass and "charge" dependence appearing in this term, only parficlea with
 light mass and {or) large “charge® can radiate appreciably. It is, however,
not sufficient for the particle to rédiate an amount of energy compatible
with Schein’s measuremente (aap-for example, ﬁighhlbe achieved by decreasing
the impact parﬁmater 'ro);.the particls must radiate a considerable fraction
of its 1ncidént ensrgy in order that it be adequatsly deflected s0-as not
%o appear on the plate. |

As mentioned above, the details of the path are not relevant‘in.%
caloulating W for collision models. In“momentﬁm spaca, W may be
written as |

| oﬁ.\k (¢ -nor(t)) St
W o= 1 E ﬂ(t) ] .

: 3
- (2m) Nk‘ O (13)

T '
where' n = k/|k[ and the integration over' k, has been performed.

Integrating once by parte gives

" =4fkl(t = ner(s)) -
@ _ 4 Ef(t) dt
(zm 52\}:\ % S 1-nw(e)
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In this form, the restriction that radiation will occur only when there is
an acceleration is obvious. As is well known, the behavior of the time
integration of Eq. (14) is governed by the behavior of the phase, Wﬂen the
latter is very émall, the exponential may be placed.equal to unity and the
integral is seen to depend only on the initial and final velocities. SihCe,
in this case, the cﬁrrént changes rapidly in comparison.to the radiated
frequenéy (taking into account the Dopplerahift), a discontinuous approximation
may‘ba used’ for the velocity (Eq. (9)). In our case the phase has the order

of magnitude
kt(L - nep(t) ) K (1 - V) ' | (15)
1 ' ‘

since the radiation'ls almost entirely in the forward direcﬁion. Inserting
kmax'/;% 1012 ev (the order of the Schein energies), tbtz~’10"19 sec (the
timé of transit across an atomic distance) and 1 - Vi'na-lonlh (since
E/h.ﬁ/'lo7); the phase is of the order of 10°6 radianao8

- In tﬁe "sudden" approximation, the k 4integration of Eq. (14)
diverges logarithmically at both ends. The low-frequency infinity is the
familiar infrared catastrophe that always occurs 4in this typs of problem,
A8 usuél, a cutoff is to be inserted corresponding to the lowest observable
photon frequency. The uliraviolet divergence is due solely té-the'uao of
the sudden -approximation. An instantaneous acceleration implies that an
infinite energy has been fed'into the particle, and is easily remedied by
lcuttiné off the integral at the maximum energy available. Had a more
realistic path been used, the exponeﬁtial that we neglected would iﬁdeed
" have furnished such a cutoff,
We conclude thie section by noting that in tﬁe sudden approximation

-
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Eq. (14) becomes
W:..si.an_k.’}g_&x_,'ﬁnl*”:X; L=V (16)

IX. Conventional Electrodynamic.Models

We now apply tﬁe results of the preceding séction to.varioua mpdels
which remain within the framework of conventiénal electrodynamics. To begin
with,;we c§nsider the'bremsstrahluﬁg of a fast proton or electron when
colliding with an aluminuﬁ Coulomb field. .In both cases W 5 therptimal'
numbexr of photons radiéted, is < 1. This may be seen easily be inserting
into Eq. (16) the values qQz'e, ko = 1013 ev (an extreme upper limit to
~ the energies measured by‘Schein), Kpin ® 106 ev (thelenergy required for a
photon to materialize into & pair and hence a lqwér 1imit), i -V (V’,10°1k0 _
and Vp =0 (again as an extreme), Further, for a proton having an impact
parameter of the order of a Formi~Thomas radius (10¢?>cm), it may easily be.
seon from Eq. (12) that the energy loss is negligible (/v'kef). vIt would

l? cm to obtain energy losses

require an‘impact parameter ry z 10
comparable to those observed. Aside from the improbability of such clqse
'collisions, the energy loss is so small a fraction of the {nitial energy
'(pne part‘in 103) that the deflection would be negligible and the pérticle ’-

‘ wpuld certainly have been observed on Schein's plate. Already here and |
-even moré so &t smaller impact pérAmeters, one would expect some-evid;nce
of nuclear interactions (meson production, etc.)., For elecfrons,_the ’
enefgy(radiated at the Fermi-Thomas radius is still only A~ 109 ev.‘
Althéugh_it is possible to make the electron radigtezﬂaf'ldlg ev‘bj'.

reducing the 1mpact pgramater (also, thqreby,bobtqining a 1érger'deflection),
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the multiplicity n ;5; 1 1is so small ihat this model does not bear
serious consideration. |

It might be supposed that if the charge on the primary were raised
the multiplicity might be adjusted correctly. While this is so for an don |
- of effective charge 10; this increase is compensated in Eq. (12) by the -
“increase in mass, and the deflection remains much too small.

Finally we consider models based upon a ‘fast antiparticle (positron

or antiproton) annihilation, The %}@ for such a procesa has been given

in Eq. (lQ)° Again the current has the same general magnitude as in the
acattering models (q = e),-and a similar calculatioo for n~¥W oconfirme
the value for multiplicity <€ 1910 _

Thus, it is clear that in order to obtain both a high multiplicity
and 1afge energy loss and deflection it is hecessary to postulate a particle:

with small mass and large effective coupling to the electromagnetic field.

IV. The Magnetic Monopole

A quantum theory of the magnetic monopole and its interaotion with
ordinary electrodynamics has been given by Dirac.ll One necessgry consequencs
.of the quantigation of the electromagnetic field in this theory 13 the

_fundamental relotion between e and the monopole coupling, g ,
€5 = & or 32/62/\J‘ 5000 .

* an
In the theory of Dirac, neither of the charged particles is represented by-
‘_ second~-quantized fields. Indeed, the difficulty in formulating the general
‘three~field problem lies in the nonexistence of potehtials; Of course,
_either of the two-field interactions can be treated in the usual fashion,\

the monopole-electroﬁagnetic syst.em being identical to ordinary electro-
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dyna.mics’with e—>g, F}w-p gj.', = ﬁe,',qp ygg + Thus, within thie
framevork, the general boson production formulae hold, J/u, now
~representing the monopole current. We reserve discussign of the implicatidns
of the three-field problem for the next section. Since our proposed model
femains within the simpler two-field assumption we proceed with the
calculations on the basia of the alfeady developéd,theory (Sectioh 1I).

The energy loss given by Eq. (12) is étill valid, as Eq. (7) is
invariant under the transformation F}&y-a E;t . Taking the mass of the
pole to be abolit electronic ﬁass {i.e., E}i o 5 x 1012 e#), we find that
almost all the energy has been radiated, i.e., £ e l()6 ev (for
r, N~ J.O-.9 cm), The neceseity‘of this choice of mass becomes clearer upon j
considération of the deflection, An adequate ide@ of ité magniﬁude may be
obtained from simple considerations of {he momentum aoguired»in the ¥

direction (py) owing to the bending effect of the .Coulomb field,

2
Wy = 8 20 Yy , Py n 28 \1-V¢ |
dt Ly TR £ bwr, /
LLEY . ‘ , o (18)
Hence the deflection angle 6. is given by
tan 6 = [ Pe) o zZeg O . o (19)
\ Px l&Tfl‘om : '

Examinhtion of the geometry involved in the Schein plates indicates that
such ﬁ deflection éould éeﬁd the monopole away from the pellicles. \
It ma& bé psinted out that all but a small fraction of the energy
hasvbaen,radiated before any apéreciable deflection has occurred. (Thus
this large angle does not disagree with the o_bserved‘nar}oy anglé of the

shower, and the calculations given below assuming rectilinear motion are
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adequ&te.) This may be seen qualitatively from the fact that tan 6 at
any point in the collision will have the extra factor of \/l -'Vz(t) R
As soon as this term approaches unity, the eneréy has beén mostly radiated,

A We now consider the distribution of emitted quanta in energy and
angle n(8, k). In calculating W as ;S K dk dfi.n(6, k) we have
attemptedAto roughly take correlations into account, that is to say, the
successive emissions are not strictly independent (owing to the requirements
of conservation). The derivation of the Poisson distribution neglecﬁe this,
and we shall to some extent remedy this oversimplification., The effect
of the correlations ﬁay be divided between theJ{kz dk and dJN-
integrations on the physical grounds that the.formef ghould have an upper
cutoff (which reflects the fact ihat no one photon will have an excessive
energy), while the latter should be restricted to a narrow forward conéf‘
(because of the primary's high forward velocity during emiasioq,'aa
evidenced in the transformation from the c.m. to lab, frame). More
explicitly, we considered the available phase space fér the n emitted
photons12 in the c.m. frams, took ths nth root to represent a "mean"
photon, and equated the result (upon the transforming to the lab. frame)
‘.to the S\ d"k of W, The numerical factors appearing in the c.m.

. phase_space (which are due to the energy conservation law) were used to
 give an energy (j;kz dk) cutoff, while those resulting from the |
transformation to the_laﬁ.isystem furnished the allowed cone angle. We
ghall merely quote the result here that kmak fJ 3éo x primary energy,

- and the cone angle ) ~~10 -3 radian, Our answer, theﬁ, for the number

of quanta emitted below an energy k and within an angle e 18

proportional to
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‘8 k ]

N(o, k) = S S d3k'n(87‘, k') /V,Q n k:i ;@“ 1 '1'- Viv'cos e
/ n - i

0 kmin

(20)

, -1
where kmin =5x 10‘8 ev (the lowest observed pair energy), 1 - Vi = 10 L,
and k,, ¥ 100

both distributions. The total number of quanta emitted when correlations

ev. We note that there is a logarithmic dependence in

are 1hcluded turns out to be A~ 103. Thus the monopole is much too strongly
goupled to account for the Schein event. | '
Just as particle-antiparticle bound states exist in ordinary

electrodynmics, a‘structﬁ;e similar to this may be envisaged in the
monopolevcase. We shall speak of them in analogy to the well-known
»poaitronium system, Since the coupling'wodldvof course be strong, the
similarity between the two structures is to be,viewed only in a pupely
qualitative fashion. One aésumeé that a fast,.stable bound state makes
a transition into a staté of short lifetime becauss oflinteraction with
the aluminum's Coulomb field.

- Setting (phenomf;nologicélly) for the curreamt. in Eq. (11) ? (t) & fo
for <0 and zero for t >0, one can find in the usual fashion that the

number of photons emitted is ~/ 20 for f oi/>"' 1073

cm, Here deflection
is no longer a problem.

Unfoftunately the significant characteristics of such bound states
cannot be calculated in this gtrong'coupling theory. In particular, it
is eésential to have some idea as to the lifetimes of the states invoived,
which requires a quantum theoretical investigation. While néthing positive
can be stated on this problem, the strong coupling neced not imply very

ahdrt lifetimes, One would expect the decay probability for an annihilation
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to be proportional to something like .543(0)}2. The behavior of wave
functions for Coulombic fields with effective coupling constants greater
than one have been investigatgd by Case.13 There it was observed that the
~wave function is highly oscillatory near the origin and hence i‘*’(r)lz

may average to a small quantity for small r.

V. Conclusions

In this work we have investigated & possible method of dealiﬁg

with strong-coupling electrodynamic forces. One such example is the £h§ory
of the magnetic monopoles; There, the coupling is indeed large and multipie
processes are quite favored. It_ehould be remembered, however, that the
investigation of ﬁonopole phenoniena should really be conducted within a
: three—field framework., The genefal question concerning the possibility of
formulating ;hé full problem'along the desired lines is She that cannot be
adequa@ély trested becauss of the lack of a suitable Lagranglan. The two-
field approximation employed throughout cannot therefore be validated, It
seems likely, however, that 1f monopoles exist at all, the success of |
ordiﬁary'electrodynamics would weigh in f;vor of the simple approXimatibn
uéed. ‘A more involved question drises concerning renormalization. If it is
assumed that this concept remains valid in the'thfee-fiéld problem, the lack
of gauge covariance may imply an absence of Ward's identity. In any ekent,
uit remains to be seen how the Dirac condition, eg/L = é, is to be
| interpreted in the 1light pf charge renormalization. Its derivation, of
course, is in terms of unrenormalized quantities.
| So far as the new cosmic ray events are concérned, it 1s not
surprising that weak-coupling eleétrodynamics'is totally iﬁadequate. .On.
the othei_hand, the monopole coupling was found to be too étrong.lh However,~

as was mentioned earlier, one method of envisaging a considerably stronger

.
Va
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coupling than ©< = 1/137 4is related f.o the penetration to the bare
charge at 'high enough energy. On purely heuristic grounds, it is pésaible
t§ account for the high mltipliciﬁy with a particle of charge q ~ Se
and electronic mass. Of course thé domain of energy whare the effective
charge ie appreciably inocreased is not known, Should such energies tuz;g |
out to be not too excessive, calculaﬁiém along the lines performed h;re'

may prove of some help.
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