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The properties (interaction features) of a particle experiencing a sharp momentum change are
investigated. The analysis is carried out for two successive bremsstrahlung acts of an elec-
tron on immobile centers within the framework of standard renormalized quantum electrody-
namics. The difference between the present analysis and the usual one is that the time varia-
tion of the system functional (assumed initially as a packet) is calculated. It is shown that
after the first interaction the particle stays in a state in which its subsequent interaction dif-
fers from the normal one for a long period of time (which is macroscopically long at very high
energies and much greater than the time of passage of the packet). In this state the proper
field of the particle differs from the stationary proper field of an ordinary particle with the
given momentum. The effect is of a classical nature and is quite large because of the relativis-
tic slowing down of the restoration time of the stationary state at high energies. It is charac-
teristic not only of bremsstrahlung and not only of electrodynamics. The possibility of the ex-
istence of this effect for a nucleon strongly interacting with its meson field is discussed and

some estimates are presented.

INTRODUCTION

F ROM the point of view of classical electrody-
namics it is obvious that an electrically charged
body whose momentum changes abruptly will not
establish instantaneously around itself a stationary
co-moving electromagnetic field that corresponds
to the new state of motion. In a coordinate frame
fixed in the particle, the time of establishment of
the stationary field at a given point should be the
larger, the farther this point is from the axis of
the motion or—in terms of the Fourier represen-
tation of the field—the smaller the wave number of
the Fourier component. So long as the field of the
charge is still in the transient state, the interac-
tion between the body and other bodies (to the ex-
tent that it is due to the contribution of the given
Fourier component) will differ from the interac-
tion produced when the same body (charge) arrives
with the same momentum from infinity surrounded
by a stationary field (for the given body momen-
tum).

In nonrenormalized quantum electrodynamics
(for example, with a form factor) it is likewise
possible to trace a similar delay in the ‘‘normal’’
state of the self-field of the electron, and to verify
that there exists a time interval during which the
charged particles differ from normal for the same
particle velocity (see Sec. 4 below). Similar phe-

nomena should take place also for any other field, .
at least in the weak-coupling model.

The same effect should appear also in renor-
malized quantum electrodynamics, although the
self-field of the particle is described here in a
singular fashion. In the present paper, we demon-
strate this with bremsstrahlung as an example,
but the described effect is not at all limited to the

chosen concrete process.
The effects that arise at high energies are

quantitatively appreciable. An example is the
process described in the last paragraph in Sec. 2.
Essentially, however, the phenomenon in question
is the basis of many so-called diffractive inelastic
(or coherent inelastic) processes that are investi-
gated at high energies, transition radiation in lay-
ered media, etc.

The result of the present analysis reduces for
the most part to proving that an electron can have
a sufficiently long-lasting state in which it has a
nonequilibrium self-field (‘‘semi-bare electron’’),
and that this state can be registered separately
from the first interaction event that generates it.
Such a conclusion makes it possible to raise the
question of the existence and possible role of such
a nonequilibrium state for a particle that interacts
strongly with its field (nucleon). This process can-
not be solved by direct calculations. It is discussed
in Sec. 5, where certain estimates are presented,
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showing that if this conclusion is valid for a nu-
cleon, then appreciable effects can take place when
superrelativistic nucleons interact with nuclei, etc.

1. BREMSSTRAHLUNG FROM ONE CENTER

Let us consider the bremsstrahlung of an elec-
tron at a stationary (for example, Coulomb) center
located at the origin x = 0. Since we are interested
in the time evolution of the process, the initial
state of the electron must be specified in the form
of a packet that is bounded in the direction of mo-
tion. When t— —« the functional of this state (in
the interaction representation) is

{ 7(p1) avt (p1)dpi 0>

where p; = |pi|, v4 is the spin index of the elec-
tron, and aLl(pi) is the renormalized operator of
its creation. The electron energy is €p,
= (p% + mz)i/2 where m is the renormalized mass.
The superior bar in (1.1) denotes averaging over
the packet f(py).

We stipulate that the center of the packet pass
through the point x = 0 at the instant t =0, i.e.,
that in x-space we have a wave

D(— o0) = =, (1.1

oxp [—i (eqt — qiX)] F (EA—TW) , (1.2)
where v = (Vpep), = ) is the velocity of the center
of the packet, 2L the width, and q; the average
momentum. The function F(¢{) has a maximum at
¢ =0 and F(¢) —0 at |£|> 1. It is convenient to
assume that the packet is Gaussian. Then, in p-
space

L
f(l)1)=-—_exp[— L2(p1—qi)z] (1.3)
Va
and when L —« we get
f(p) = 6(p1— q4). (1.4)

The scattering is from a static internal field
with 4-potential

A = au(x) = b e gu(@)dig;  (L5)

1

(23-[)3/2

for a Coulomb center
9o(q) = Ze / 2n)*eq?,  Auf = Ze /4n|x]|.

The perturbation operator is
+co

Ity =\

—oo

= Hy (t)+ V(t)— Hom(t), (1.6)

where Hi is the Hamiltonian of the interaction
with the radiation field and V ~ e?—with the scat-

(z) (Au(z) + A (2) ) — dmp (2) p(2) : el diz
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tering center, and we have introduced explicitly
the factor of adiabatic switching-on and switching-
off the field at t = + (it is understood that at the
end we must put € = +0).

Accurate to the lowest required order (third)
in e, we have

t
O ()= T exp [——i { a1, yar ]cpo

t
—{1—1

50

()t

1 t

X § d’ Hy (') Hy (¢7) — § dt’ Hom (¢) +(— 1) ( V(&)
(=92 o g
+-5 2§ a Sdt”T(HJ(t')V(t”))}lDo. (1.7)

—00 —o00

The first four terms in the brackets described the
free motion of the electron without scattering from
the center; the next describes the Born scattering
from the center without interaction with the radia-
tion. The bremsstrahlung is given by the last
term.

We are interested in the admixture of the state
a;z(pz k)oz (k) |0), containing the electron
(P2 — k, vy) and the photon (k, j)(« (k) —creation
operator for such a photon with momentum k and
polarization j):

MK () = <0 a3 (pa—K) o™ (K) D (£) = —<0]ay] (ps — k)
t

xa () § ar § ar Ty @)V @) @,

—-00

(1.8)

This expression must be furthermore averaged
over the packet. Calculation (in the notation of [“)
yields (€1 — +0, €9 — +0, €4 £ €y):

2 t‘ t
5 Po (P2 — p1) S dity S dtsexp [— &1 |t1]

—o0 —0

My (t) =

—e|h|l{} (1.9)
=0 (s—t1) {Ro"exp [— i (ep, + €p,) ta
-+ i (ep, + Ep,-x + £) 81] — Ry~ exp [—i (ep-k — €p,-k) 2
— 1 (ep,— &p,-k — k) 11} + O(t1 — t2) {— Ry exp [—i (&,
—&p,-k — k) t1— i (ep, — €p,) t2]
+ R(*exp [—i(ep,x -+ &p,— k) 1 + 1 (Epi-k + Eow-k) 2]},
(1.10)

va (P1) 1* (ep,1Y° £ (Pr— k) 7 £ m) YO0+
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1 -
Ry* = 5 D)0 (p2) 1° (Bp,1° ok Pt o 12) T
Pz

X (p: —k) (1.11)

]/2k
The integration with respect to t; and t; is
carried out simultaneously with averaging over py.

The terms ¢, and €, _k in the exponents are
then expanded in powers of the deviation from the
center of the packet, for example

pr = qu + (6ap/ap)P=Fb (pl - ql): 8‘]1 + U(II (pl - ql)’ (1- 12)

where Vg R 1 is the velocity of the center of the
packet. When we encounter the expression

(vg,-x — q,) 1 == '[am?® (eq; — €q,-x) ti, (1.13)

we can discard it as being relatively small for all
the time intervals of interest to us (see below).
The spreading of the packet is of the same order
as given by (1.13). According to the same esti-
mate, this spreading is small over the times of
interest to us.

Substitution of (1.10) in (1.9) gives four inte-
grals with respect to time (and with respect to py).
Thus, for example, if (1.12) is used, we get for the
first of them (we replace p; by q; in R%)

tS dt, S dt1 { Vﬁ

X exp [i (ep, 4 &p,-x + k) t1 — I (p, -+ €p,) La

exp [— L* (pr—q1)*1dp,

. 1 2L
—er |t | —ea|ta]|] = {H;,’:’a’q*)*{ vq exp [_ (2q,
52 . 1 ¢
—&pk— k)z‘vq—g] Va (1— v S e dE)

1 :

Vg t?
- 42 ]} ’ (1-14)
a = vgt/2L + i (eq,— &p,-x — k) Lvq,. (1.14a)

We are interested in times t that are long com-
pared with the time of motion 7y, of the packet
past the scattering center:

>y, 1, = 2L /v.

Under these conditions |a|> 1. When t < — 77,
i.e., so long as the packet has not yet reached the
scattering center, the integral in (1.14) becomes
equal to V7 and J1 = 0. On the other hand, if
t > 71, then the integral is exponentially small and
we have approximately

o 1

i (ep, + £q)

(1.15)

2ntAr, (8q, — €pp-k — k), (1.16)
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AL(®) = L/ T,

The 6-function Ay, smeared over the packet guar-
antees an approximate satisfaction (within the lim-
its imposed directly by the energy in the packet) of
the energy conservation law. When L —

AL(g) — O, (E) .

The integration in the remaining three integrals
is similar. We assume throughout that t > 7,
discard the exponentially small terms which are
essential only during the time of motion past the
scattering center, and retain only the terms with
‘‘quasi-resonance’’ denominators €q, —€q,—k — Kk
and €p, — €p, -k — k, which do not vanish but are
anomalously small at high energies and when the
k make a small angle with q; or p,, respectively
(compared, for example, with €p, + €p,—k + k). We
then obtain (t > TL):

(1.17)

1y

@ Eq-k — k

ok ie?
MEM () = P (91— p2) { .

 Ry(L—expl—i(ep—epx—k—ie)t]) }
€p, — Ep-k — k

X A (eq, — epx —k) (e — +0). (1.18)

In one case it is necessary to retain explicitly
the switching-off factor e €t which makes it possi-
ble to go to the limit as t — +«~. In such a transi-
tion the exponential drops out, and we obtain the
usual matrix element of the bremsstrahlung (in
particular, we can put L = oo).“ It consists of two
cones directed respectively along the initial mo-
mentum ¢ and along the electron momentum after
scattering p,. The denominators in (1.18) contain
the usual expressions:

. B 2eq.k )
Q) =¢eq —8q-k —k=— o to (1 — g cos8y), (1.18a)
Qy =y, —epx —k = — 28" — (1 —wcos6), (1.18b
= _ = S
2 P: pz-k 3q| Epik ( . )

where v, = ql/eq , v :p/ep; 0y and 6 are the an-
gles of the vector k with q; and p = p; —k, re-
spectively.

However, whereas the first cone is produced
immediately at t > 71, the second differs from

DThe exponential (1.18) is preceded in fact also by a fac-
tor G, which under the conditions of interest to us is close to
unity:

Ap (SQ1;%"1.)—T) = cxp L 120, (QZ +0 (T>ﬂ

We shall henceforth impose on L the condition L, << 1 (see
(2.1)), so that G=1 + O(L{,) = 1.

AL (E'L - Bp:"
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zero only at times which are not small compared
with the time interval

1 &q, + €p,

Ty=— = .
K ep,—€p.k — Kk 2&p,_kk (1 —vcosh)

(1.19)

For reasons which will become clear later, we
shall call this the regeneration time for the photons
of momentum K. For a nonrelativistic particle,

p2 ¥ m, or simply in its rest system, we have
putting for this case k = K,

T~ 1/k=1]k. (1.19a)

However, at high energies p, > m, |p; — k|> m,
assuming k | < k| < pp, where k| and k| are
components of the vector k perpendicular and
parallel to p;, we have

Ty ~ 2paky (pr —ky)

22+ k2 = 2 N M Cnd . WLO) _Le,
mk® + k) *py? m

kiluz + kJ_W' k_o ,74’
(1.19b)

where k is expressed in terms of its value kK’ in
the rest system of the electron, k= epzk?, /m,
k, =k.

Thus, Ty can be large if €p > m. Even if we
are interested in photons whose energy in the elec-
tron rest system is of the order of m, kol~ k?l
~ m, then an electron of energy ~10% eV should
traverse a path of approximately 1 cm before such
a photon will be emitted. With decreasing k, this
time increases. At low energies €py» ON the other
hand, the regeneration time for this electron is of
the order of 1/m. The obvious reason for the dif-
ference between the times (1.19a) and (1.19b) is the
relativistic retardation of the time on going over
to the laboratory frame, where the same photon
has kj~e€.

2, SUCCEEDING INTERACTIONS

It is now appropriate to formulate more pre-
cisely the limitation and the width of the packet L.
We shall assume that for the values of k of in-
terest to us

1 1 1 1

_ =, —, <L L<L (2.1
[Pe—qu| " &, &g K <h<k )
Therefore, within the limits of the time t ~ Ty the
electron is sufficiently well localized. Under these

conditions, as assumed above,
AL (Sm - 8[’2) = AL (alh — €pp-k— k) .

Let us consider a particular case. Assume that
an electron, without emitting a photon in a direc-
tion close to qi, is scattered through an angle
which is much larger (for the given k) than the
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apex angle of each of the bremsstrahlung cones.
We can consider separately the corresponding
contribution A®(t) to the functional—it is obtained
from the second term in the curly bracket of (1.18)
(allowance for the first term changes nothing in
principle). In addition, the elastically scattered
neutron will move (without radiation) in this direc-
tion and its contribution to the functional is given
by the next to last term in (1.7) (Born scattering):
t
AD(t) = —i 3 V(') dt’ @,

—00

+ 3 @rap @0 m—1)2 10y, (2.2)

iy ve®

Ry (exp [—i (ep,— &p,k— k—1ie) ] — 1)

Mo —
= Zoz P (@ —P) €p,— Epyk — K

% Ar (eq,— epx — k), (2.2a)
—i t§ V() dt =3 SMO VAL (Ep— Eq)) Qo
% (p2), 0> &®ps, (2.3)
My = *(;[—)ZS; ®o (41— p2) Ro*,
Rov = (07 (qu) 100** (pa)). (2.3a)

Recognizing that by virtue of (2.1) the ratio of the
A1,-functions is close to unity and substituting in
R, (1.11)

n 1 _
(P2 —m)ap = 2ep, PIPRS (12) 227 (2),
v

we obtain

AD (0 = (@, Mo 5,07 (p)]0)

e ngsk exp [{ (t/Tx—iet)] —1M,a R

e’ /T v
X (P —K) 0" (K) [0} A (5, — eq) &P, (2.4)
=2 Veﬂ (5 (o) #0% (p— 1K) (2.4a)

This expression has a simple meaning. Let us
consider an electron (py, V) emitted at the instant
t = 0 (this is equivalent to an electron having at the
instant t = 0 an asymptotic state &, =aj, (py)[0)),
and let us turn on instantaneously (non—aéiabatic-
ally) its interaction with the field. Then for t >0

t
Dy, () = (1 — iSH’ (£) dt') a,," (p2) | 0).

0

(2.5)

This expression (when averaged over the packet)
coincides with the curly bracket in (2.4). Thus
A®(t) is obtained by multiplying the amplitude of
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the Born scattering (qi, ¥y) — (Py, ¥3) by the func-
tional of the state of the electron (p,, v3), calcu-
lated with allowance for the interaction with the
field that is turned on at t = 0. The latter yields
in (2.4) a nonvanishing integral (for a given k) only
if t 2 Tk

The functional q>p2 vy (t) in (2.5), which enters in
(2.4), can be broken up into two parts:

(Dpzvz (t) = (Dgz": (t) + (D;)z"z (t)’ (2.53.)

exp [it/Tx — et]

iTx

T . e g
(ngvz (t) = Qv, (p2) I O> (231:)”/232’_ &k

M'a,, (p—K)o;" (k) |03, (2.6)

7 __¢ ¢ 3 v (o +
@, (1) = (Zn)y,ggdwm @ (2 — k) 27" (k) [05. (2.7)

The first part (2.6) describes a stationary free
electron with its field and goes over as t — « into
an asymptotic functional a{,z(pz) [0), in which the
self-field is taken into account in the renormalized
mass. The second, (2.7), describes the really radi-
ated field and the recoil electrons.?’ A superposi-
tion of both parts for t << T yields approximately

CDPsz (t) =~ (DO = a\,z* (pz) [0>, 0 < t < Tk

(more accurately, 71, <t < Ty). Within the lim-
its of this time there are no photon states in the
functional at all. Therefore under new interac-
tions the system exhibits properties which, as we
shall soon show, differ from the properties of an
ordinary free electron.

Assume that in the direction of the vector po
there is located a new scattering center at a dis-
tance I, from the first, and at the frequencies of
interest to us

(2.8)

L<h<<Tx

The result of the interaction with the second cen-
ter can be obtained as follows

(2.9)

t
@' (t) = T exp [—- i\, (¢ dt' | By (), (2.10)
ty
where t; can be chosen to lie between zero (more
accurately, between a quantity that greatly exceeds
the dimension of the packet) and t. The calcula-
tions, of course, duplicate the preceding ones, the
only difference being that the integration with re-
spect to t begins not with —« but with t;, which by
virtue of (2.1) can be assumed equal to zero. This

2)If we go over to the Schrédinger representation, then the
time dependence is expressed by the single factor
exp(-i€ ,t) in (2.6) and by exp[~i(€y, . + k)] under the inte-
gral sign.

E. L. FEINBERG

yields in place of (1.18) for the second interaction,
which deflects the electron and gives it a momen-
tum ps, a single-term formula (the counterpart of
the term proportional to R{ in (1.18) turns out to
be reduced here in the ratio /,/ Tk and L/Tk):

fr,2

vsK’j’ €
Mﬂ:vzk] (&) =— -4—n2‘(P0 (pa—q2)

Ry (1 —exp[—i(ep, —ep -k — k' —ie)t])
>< 7
Eps - EPu—k' - k

X Ap(gq,—ep-w—k), 2L <LtL Ty, (2.11)

(q; is the momentum of the center of the packet
that moves along p,).

Here, thus, there is no cone of emitted photons
directed along the ‘‘initial’’ electron motion p,.
There is only a cone around the new direction of
motion of the rescattered electron p3, a cone ob-
tained upon decay of the new equilibrium state
(2.11) with momentum p;. This radiation appears
only when

t?‘ Ty =— 1/’(3"3% Ep-kr — ]f,)‘

A concrete example can illustrate the foregoing
result. Assume that an electron with momentum p,
and energy of the order of 10'% ev produces brems-
strahlung in a thin layer of matter and is scattered
through a large angle. The photon is emitted in a
direction close either to the direction of its initial
momentum p; or to the direction of its new mo-
mentum pPy. The second case, however, may not be
realized: if at a distance < 1lcm there is a new
layer of matter then the electron can experience a
new scattering and acquire a momentum p;. How-
ever, the new bremsstrahlung quantum emitted to
this case has a very low probability of being
emitted in a direction close to p,, the radiation be-
ing directed predominantly along p;. Accordingly,
the cross section of the second act will be appre-
ciably smaller than normal.

3. DISCUSSION OF RESULTS

We have calculated above essentially the S ma-
trix for finite times t. In place of this we could
have considered immediately scattering by two
centers and calculated S(+«, —»)(this would have
yielded in principle a more accurate result). The
replacement of this quantity by the product S(+x, t)
S(t, —=) (which is equivalent to the approach in
Secs. 2 and 3) signifies discarding higher-order
diagrams, in which, for example, the internal pho-
ton lines connect the incoming electron (in our
case ;) with the outgoing one (in our case pj),
etc., and discard in general the diagrams with ad-
ditional lines joining S(+,t) with S(t,—«). The
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admissibility of the employed approximation fol-
lows, first, from the smoothness of the interaction
constant, because of which the higher approxima-
tions should influence the result little (although
they do perhaps contain a divergence); second,
from the fact that, as already verified, the suc-
ceeding interaction events can be separated by
distances that are much larger than the dimensions
of the packet and separated by times much longer
than the travel time of the packet. Therefore, the
time sequence of the interaction between the par-
ticle and each of the scattering centers can be ob-
jectively fixed. We are thus fully justified in
ascribing a relative independence to the state of
the electron-plus-field system described by the
functional (2.4)—(2.8) during the time interval

L <t < Tk. During this time we can subject the
system to any desired interaction.

The second interaction act could have a charac-
ter different from bremsstrahlung. Therefore the
examination of the S matrix for a finite time t has
considerable heuristic value. By confining our-
selves to examination of the S matrix between in-
finite limits we lose much information on the qua-
siequilibrium systems, that is, those relatively
autonomous, and existing for a long time, although
generally speaking they are not in equilibrium.
Thus if a fast proton enters into a layer of matter
and we are confining ourselves to a study of only
the equilibrium products of the interaction at
t — +, then we register only the electrons, pho-
tons, and neutrinos, and forego knowledge of the
very fact of the existence and the properties of the
intermediate unstable formations such as the pion
and other unstable particles.

The superposition of the equilibrium state of
the electron with a packet of free photons has in
general much in common with the unstable particle
states, for example, with resonances. However,
there is no preferred resonant value of the energy
here. The spectrum of the photons emitted during
the decay of the state is a continuous bremsstrah-
lung spectrum with a maximum at k — 0. The spin,
on the other hand, and the other characteristics
are the same as for the electron, since they are
specified by the initial state when t =0, &(0)
= a},(Pp) |0). The quantity Ty can be regarded as
a measure of the lifetime of the system.

4, PHYSICAL INTERPRETATION OF THE
EFFECT

We know how intuitive is the interpretation of
the formation of two bremsstrahlung cones. When
the electron momentum changes abruptly from p;
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to py, the self-field carried by it must rearrange
itself, part of the equilibrium field, corresponding
to the motion with momentum p;, breaks away,
propagates along the direction of py, and gives the
cone expressed by the first term in the curly
bracket of (1.18). On the other hand, establishment
of the field corresponding to the new momentum p,
occurs in exactly the same manner as if the
initially-resting electron were to acquire abruptly
this momentum (within a time short in compari-
son with the reciprocal frequency of the component
of the field k of interest to us). This is the situa-
tion both in classical and in quantum electrodynam-
ics.[?] Understandably, the establishment of an
equilibrium field component with frequency wy at
low electron velocities should occur within a time
wl? = k™!, But for an electron with €P > m the
time slows down, and the regeneration of the field
occurs after a longer time than given by formulas
(1.19a)—(1.19Db).

Within the framework of nonrenormalized quan-
tum electrodynamics (for example, with a cut-off
form factor), the additional term in (2.5) clearly
stands for the self-field of the electron, and the
operators a*(p) pertain to the electron with non-
renormalized mass, €P = (p? + m%)!/%. Here (2.8)
describes a ‘“‘bare’’ or ‘“‘undressed’’ electron, and
(2.5) a ““dressed’ one. It can be stated that as a
result of the first interaction the electron with
momentum P, is emitted in the nonequilibrium—
bare—state. After a time ~ Ty this state breaks up
into an equilibrium ‘‘dressed’’ electron with func-
tional &€ (2.6) (in this case, of course, without the
factor e€tY) or (2.5), and a packet of real photons
with recoil electrons af (2.7).

For field frequencies k § m under the assump-
tion that dm = my — m < m,, the difference be-
tween the results of the two approaches—consecu-
tively normalized and nonrenormalized—should be
quantitatively insignificant. The formation of an
equilibrium cloud around the undressed nonrela-
tivistic electron in the nonrenormalized electrody-
namics was considered long ago. [3) 1t was shown
that the initially undressed electron not only pro-
duces around itself a nonequilibrium dragged field,
but should furthermore radiate free photons, the
energies of the two fields being equal.

In renormalized electrodynamics, however,
neither this entire terminology nor the simple ap-
proach itself can be employed literally. One might
think that only ‘‘renormalized’’ particles of mass
m, in which the sought field of the particle is al-
ready taken into account, are involved in this case,
and no components of this field apparently can be
separated, investigated separately, etc. On the
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other hand, it is clear that the delay in the forma-

tion of the equilibrium field in the remote regions

of space should in some manner be reflected in the
formalism of the theory. The answer, in our opin-
ion, reduces to the following.

Mass renormalization is carried out in the the-
ory in an infinite time interval, and reflects an in-
tegral characteristic of the self-field of the parti-
cle—its energy. In particular, it describes com-
pletely the influence of the self-field on the passive
behavior of the electron in external fields that
change at infinitesimally slow speed. On the other
hand, if the electron experiences acceleration, then
the reconstruction of its self-field—especially in
remote regions (that is, for small k), can be only
gradual. In the formalism of quantum field theory
this is ensured by additional adiabatic turning on
(at t — —) and turning off (at t — +«=) of the in-
teraction with the field. Because of this, the state
of the electron at the final instant of time t is de-
scribed by the functional &(t) (2.5), which differs
from &(—«=) = &, (2.8). The additional term con-
tains entirely that part of the electromagneticfield,
which is ‘“‘thrown off’’ when the momentum is sud-
denly changed in any given concrete process.

In contrast, as seen from (2.4)—(2.8), during the
initial time after the scattering, the electron is
described by the functional a,, (py) [0), that is, it
does not contain additional terms that reflect the
dynamic behavior of the self field. They have had
no time to form and therefore the electron has
nothing to ‘‘throw off’’ during the second scattering
process (and this is why no corresponding cone is
produced). During this time the self-field is taken
into account only in that respect that the electron
mass contains its energy. Accordingly, in an arbi-
trary and limited sense we can say that when
0 <t < Ty the electron is not uniformly ‘‘dressed’’
with respect to the given components k of the
field, or more accurately speaking, the electro-
magnetic field is not yet in that equilibrium state
which ensures during subsequent interactions the
results that are customary for the free electron.
The time that the electron stays in this nonequi-
librium state at high energies is so long that it
can be experimentally registered.

Thus, the effect under consideration has essen-
tially a purely classical nature—retardation during
establishment of the equilibrium field (especially
in the remote regions). The additional stretching
out of the process in time at high energies has a
purely kinematic nature—the relativistic slowing
down of time on going over from the electron’s
proper system to the laboratory system. There-
fore the effect under consideration should be mani-
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fest also in other processes. Indeed, if we con-
sider, for example, the simple Compton effect on
an electron, then the recoil electron also is emitted
in a nonequilibrium state af,z(pg) [0). Only after a
time of the order of T| does this state go over
into the equilibrium state of (2.5) and a set of addi-
tionally radiated photons. (In fact, the calculation
reduces to a calculation of the double Compton ef-
fect, that is, we are dealing with the next higher
order (~e3) of perturbation theory.) An analogous
effect can easily be traced also in the model of
meson-nucleon interaction with weak coupling.

We note that in the renormalized theory the re-
sult is similar to that obtained by Ginzburg:[ 3
during the decay of the nonequilibrium state (2.5)
into an equilibrium electron € and a packet of
free photons (with recoil electrons) &/, the energy
E€ contained in the additional term in &€ is equal
to the energy Ef of the packet. Indeed, if H, is the
energy operator of the noninteracting electron and
photon fields, then, using (2.6) and (2.7), we have

o el o€
B = ((D’HO(D)“'(ZR)z

Sd% S (g B) T2 | M F (4.1)

=((®° —a," (p)|0Y), Ho(®°— a,’ (po) ]| 0))) = E°.

5. CONNECTION WITH OTHER PHENOMENA

It is easy to note that the effect under consider-
ation will have a close bearing on inelastic diffrac-
tion processes and the transition radiation of rel-
ativistic particles (see, for example, [4) ). Many
electromagnetic phenomena occurring at high en-
ergies are based on the fact that the emission of a
photon by an electron is a process that takes place
on a long effective path

Loy ~ |p— p'—k| 7, (5.1)

where k, p, and p’ are the momenta of the photon
and the electron before and after radiation. If
there are N scattering centers (a crystal) along
the line of motion of the electron in this path, then
we obtain coherent bremsstrahlung immediately
from N centers.!®’ If, to the contrary, strong
multiple scattering takes place on the path I.¢f,
then the bremsstrahlung act will be suppressed,[6
ete.

At high energies [l pp practically coincides with
Tk. From the point of view of deductions concern-
ing the time of formation of an equilibrium shell,
the forementioned diffractive inelastic processes
can be understood in the following way. In order
for the photon to be emitted, it must have time to
build up in the electron state (2.6). To this end,
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the time required in the rest system of the elec-
tron is ~1/ky. In the laboratory system, for a rel-
ativistic particle, it is larger by a factor €,/m.
During that time the electron covers a path lg¢f.
There will be no radiation if the electron experi-
ences along this path strong scattering that returns
it to a nonequilibrium state aj(p)|0), in which it
lacks the quantum necessary for the radiation (the
effect of Landau and Pomeranchuk[“). To the con-
trary, if the electron experiences during that time
the coherent scattering action of N centers, then
the radiation becomes amplified[ 51 (similar rea-
soning is used in L") for the diffraction splitting

of a deuteron). In the analysis used in this article
we deal with a different aspect of the question: the
state in which the electron has a quantitatively re-
duced and a qualitatively distorted radiating abil-
ity is characterized by a certain autonomy and can
be regarded to a considerable degree separately
from the process of formation of this state.

This naturally raises the question of extending
the results to strong interactions. We have as-
sumed that the duration of the regeneration of the
equilibrium state does not depend on the magnitude
of the coupling constant. This is also explained by
the fact that the greater this constant the faster
the growth of the additional term in (2.6), the equi-
librium level of the term itself. The two factors
cancel each other. However, we cannot, of course,
transfer this deduction literally to strong interac-
tions. Nevertheless, we can present qualitative
arguments to show that similar phenomena can
occur here, too.

We can consider separately two stages of the
interaction process, for example for fast nucleons.
During the time of the nucleon collision a pertur-
bation can occur in their meson cloud and can have
the same order of magnitude as the time required
for the given Fourier component of the meson
cloud to traverse the relativistically compressed
cloud. In the rest system, these dimensions are
1/X’, and in the c.m.s. of the colliding nucleons
they are contracted by a factor ep/ M, where
¢ = (p* + M3/ is the energy of the nucleon of
mass M and momentum p. Thus, the time of for-
mation of the nonequilibrium state for the compo-
nent k® is

M 1
qlorm 92 (5.2)
T ep K
(in the electrodynamic case considered above, it
coincided with the travel time of the packet Ty,
(1.15)). The time of regeneration of the ko-compo—
nent of the equilibrium cloud in the nucleon rest
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system can be assumed to be of the order wigo

= (k" +u?7!, where p is the meson mass. In the
c.m.s. of the colliding nucleons it is increased by
a factor ep/M, that is

pregen __ & 1
e e
Thus, TLF8®™ can be large in absolute magnitude.
Furthermore, it is ~(€p/M)2 times larger than
T}f{((:;rm and the equilibrium state can again be re-
garded as relatively autonomous and long-lived.

If such considerations are valid, then they can
find important applications in high-energy physics.
Thus, for example, in connection with some still
unconfirmed experiments with cosmic rays, a
rather fantastic scheme has been proposed for
nucleon-nucleus collisions. Namely, Zatsepin[“
has proposed that the nucleon incident on the nu-
cleus can lose its meson cloud by collision with a
surface nucleon of the nucleus, and has no time to
recover it during the succeeding collisions inside
the nucleus. As a result, the ‘“‘undressed’’ nucleon
can pass through the nucleus and experience fewer
new collisions, or none at all, and lose no energy.

We see that such a concept can be even formu-
lated theoretically in a consistent fashion. Zat-
sepin[“ justified the slowness of regeneration of
the cloud by assuming a weak interaction between
the nucleon and the meson. It was shown above
that actually in the case of weak coupling the value
Ofrghg% Iilnteraction constant does not influence
Tk . However, although for strong coupling
we cannot make any such statements with the same
degree of assurance as for electrodynamics, the
hypothesis outlined above gains a certain degree of
support in our analysis. The stretching out of the
time of regeneration of the equilibrium state has
to a considerable degree a kinematic nature and
should apparently take place for any particle that
interacts with its field. It would be exceedingly in-
teresting to investigate experimentally this possi-
bility in nucleon physics at very high energies.

In conclusion I am sincerely grateful to my
friends in the theoretical division of the Physics
Institute for a very interesting and useful critical
discussion of the results.
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