


1 Introductlon

Although the Vavrlov-(‘herenkov eflect'is a well establrshed phenomenon Wldely used
in physics and technology {1], many its aspects remain uninvestigated up to now. In"
particular, it is not clear how.takes place a transition from the sub-light velocity
regime to the the super-light one.. Some time ago {2,3] it. was suggested that side by
side with the usual Cherenkov and bremsstrahlung shock waves, the shock wave as-
sociated with the charged particle passing the medium light velocity c, should exist.
The consideration presented there was-pure -qualitative. without any: formulae: and
numerical results.. 1t was grounded on.the analogy:with the phenomena occurring
in-acoustics and hydrodynamics. It seems to us that this analogy is not complete.
In fact, the électromagnetic waves are pure transversal,-while acoustic and hydrody-
namic waves coutain longrtudmal components Further, the analogy 1tself cannot be
considered as a final proof.: : : B oehslm e e C :

Usually, treating the Vavrlov-Cherenkov eﬂ'ect one conmders the charge motlon in
an infinite medium with a constant velocity v > ¢,. In the absence of ¢, dispeision,
there is no elcctromagnetlc field (EMF) before the Mach cone accompanying the
charge, an infinite EMF on the Mach cone itself and ﬁnlte ‘values of EMF strengths
behind it (see, e.g., [4]). In this case an 1nformat10n concerning the transition effects
arising when charge velocity. coincides with Cn 15 lost (except for the existence of the
Cherenkov shock wave rtself) Thus, there is a neceSSIty to couslder accelerated and
decelerated charge motions and to study above mentioned’ effects '

In Ref. {5} it was consrdered the straight-line motion of the charged, particle with
a constant acceleration: 7= - at?. his ea.sy to check that this motion law is obtained
“from the relatrvrstlc equatlon

» dz /3 s Je
dt,/l_.ﬁz 'dt’»»~—’v o
(m is the rest mass) for the followmg electrlc ﬁeld dn'ected along the z axm

. ‘ 2ma : o ;
o g ma_ L1
e E - e(l—ftazlcz)"/2 : . , , ( )

~For the case of accelera.ted molion it was found there- tha.t two shocL waves arise
when charge velocity coincides with c,." First of them is"a well-known Cherenkov -
shock wave Cy; having the form of the'Mach cone and propagating'with the velocity
of charge.” The second of these waves (C.) closing the:-Mach cone and propagating
‘with the velocrty ¢y, 1 just'the shock wave exmtence of whrch was predicted in:Refs.
[2,3]. These two .waves form an indivisible entrty "As. tlme ‘goes, the dimensions of
this complex grow, but its form remains essentxally the same. The singularities of of
Cy. and Cjs shock waves are the same and much stronger than the singularity of the
- bremsstrahlung shock wave arising from the begmmng of charge motion. - ‘

For the case of decelerated motion it ‘was found in the same reference that an
additional shock wave. arises at the moment when charge velocity coincides with

Bereanosuistd woTdeyr
WR-5MX HCC3oZootund
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- ¢, This wave bemg detached from the charge exusts even after termmatnon of the
charge motion. ‘It propagates: wrth the velocrty c,. and has the ‘salne smﬂulanty as
the Cherenkov shock wave. - : : : :
The drawback of Ref. [5] is that the electnc field (1.1) mamtauung charge niotion
tends to co as z approaches ¢?/4a. *This singularity makes the creation of electric
field (1.1) to- ‘be rather problematic. This, in ‘turn, complicates ‘the. expenmental
verification of the shock waves existence predicied in [2,3].: Pt
Here we consider the straight-line motion of-a point charge in a constant umform

electric field and evaluate EMF arising from-such a motion. ‘Obviously, it'is much

"easier to create the consta.nt uniform electric field than the singular electric field
(1.1).-Qualitatively, we confirm the results obtained in [5] concerning the existence
of new shock waves associated with the. passing the light medium velocity. -

‘Previously, the accelerated motion of the poini charge in a vacuuwm was considered

by Schott [6]. Yet, his qualitative conbrderatron was pure geomemcal not. allowmg
the numerrcal mvestrgatrons . : o ;

. 2 Statement of the phys1cal problem o

'Let a charged partlcle moves msrde the medrum wrth the polarlzabr.htre-, € and 7
,'a.long the given trajectory c(t) Then its - EMF at. the observatlon pomt (p,/,) is
given by the Lrenard Wlechert potentla.ls :

@(r t)— ZIRJ A( ) = "‘“ZI ‘,:k&io};“%‘{iéi:,o_.1(2.}1)
Here .

( )lt t.,v-» R = |7 ~ €{ts)| -—”!7-'(?—5(? N/ en

and c,, is the hght ve]ocrty inside the medium (c, = NGO The summmg m (2. l),’

13 performed over all physrcal roots of the equatlon

wl-t)=lF=&s - (2.2)

To preserve the. causality, the time of Tadiation t” should be smaller than the obser- -
vation time t. Obviously, ¢’ depends on the coordmatea 7, ¢t of the pomt P at which

‘ "the EMF is observed. Wlth the-account of-(2.2) one gets for R.

R=el-t)-aE-&afe 09

Consider the motlon of the charged pomt—hke pal"-Ile‘ Of th(’ rest mass m inside the
medium in a constant electric field E along the Z axis. Vr[ he mohon law 1s given by .

Cr(t) =B M-z, % ’= mcz/E >0. 0 . (2.4)

(see, e.g. [7])
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The charge velocit_\"iis given by

: A d *
L :'—Z— = czt(z +c21:2)"1l2 :

dt

Clearly, 1t tends to the hght velocnty in vacuum for t'— oo. The retarded tunes t’
satisfy the followmg equatlon :

cu(t ~t') = [p2 + (z +zo = zo + Jt’z )2]llz o S (2.8)
“It is convenient to mtroducc the drmensronless varlables o

£=Ct/zo, "‘Z.=Z/,Zo, ﬁ.ip/éo B (2'6!)

Then,
a(t—t)—[ﬁz (Z+1_ /1+tn)21/2

ln order not to overload exposmon we drop the tr.lda. srgns  r e e
2 oz(t—t’)—[p2+(z+l-\/1+t’3 )2]1/2 ST _(28)

For the treated case  of one—drmensronal motion the denommators R are gnen by

o 2(t—t>\f_1+f’—t(z+1-\/1+t’) <29>;

We conbrder the followmg two problems - :

LA charged pa.rtrcle Tests at the origin up to a moment t' = 0 After that 1t is
umformly accelerated in the’ posmve dlrectron of the iz axis, , ;
I A charged particle decelerates umformly movmg from z =0 to the ongm Aftera
the moment ¢’ = 0 it rests there. " ;

It'is easy to check that the movmg charge acquu'es the hght velocrty c,,, at the
moments = :1:0:/ V1-a? for the accelerated and decelerated motlon resp The.
posntron of a charge at those moments is 7= 1/\/1 —- o2 - 1 . .
It is our aim to mvestrgate space—trme dlstnbut1on of EMF armng from such partlcle ‘
motions. For this we should solve Eq.(2. 8) Squa.rmg it we obtain the fourth degree:

amafe @)

- algebraic equation relative to ¢'. It is just this way of finding shock waves positions

whrch was adopted in [5 ] It was shown in the same reference that there is another;.

much simpler approach for recovering of these smgulantles (1t was extensively used:
by Schott [6]).. - We seek - zeros of deuormna.tors R; entering into the deﬁmt1on ol'
e]ectromagnetlc potentrals (2.1). They are obtamed from the equation - R

2(t—t)\/l+t’2—t(z+l-—\/> tfz)—o IRTT T
We rewnte (2 8)mthe form : o 3 P
0 ~—oﬁ(t—t)’—(,:+1-\/1+t'12 AT ~(’2,11), ,
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Recovering ¢’ from (2.10) and substituting it into (2.11) we find the surfaces o(z, ¢)
carrying the singularities of electromagnetic potentials. They are just shock waves
which we seek for. It turns out that the bremsstrahlung shock waves {i.e., moving
singularities arising from the beginning or termination of a cha.rge motion) are not
described by Egs. (2.10) and (2.11). The reason for this is that on these surfaces
the electlromagnet_ic strengths, not potentials, are singular [4]." The mentioned above
simplified procedure for recovering of EMF singularities is to find solutions of (2.10)
and (2.11) and add to them ”by hands ” the positions of the bremsstrahlung shock
waves defined by the equation r = oz, r = 0
approach to the complete solution of (2.8)"was proved in [5].

3 N umerical results

- Accelerated motion. e :
 For the first of the treated problems ( uniform acceleration of the charge initially
" resting at the origin) the resulted configurations of the shock waves are shown in

“Fig.1 (& = 1/2) and Fig. 2 (¢ = 1/4). We sec on them the Cherenkov shock
~ wave Ciy having the form of the Mach cone and the surface Cp closing the Mach

cone. It turns out, that.the surface Cy: with a good accuracy is approximated by’

the ‘part of the sphere o° + (z — z)? =_{t = t;)* (shown by the short-dash carve
C) describing the shock wave emitted from the point 2 =11 — )M | at the
moment £; = &(1 — o?)~2 when the velocity of the charged ‘particle coincides with
the velocity of light in the medium. On the internal sides of the surfaces C, and C'y

electromagnetic potentials acquire the infinite ,{Valuoé.‘,.Orj:thc"éxtgilnal,'siﬁ_ie_iqf GM‘ .
| s there are no solutions.
Cu surface lying inside

lying outside of C; the ele/‘cti'oma.g‘net‘id‘potgnﬁt’ia.lgiz}'r(e; zérp {
there).. On the external sides okaL'fa\ndA on the part of th
Cy the electromagnetic potentials liave finite values.”

The positions of the shock waves for different observation timnes are shown in F ig. .

3 {« = 1/2) and Fig. 4 (o = 1/4)." Tlic dimension of the Mach cone is zero for

¢ < t; and continuously rises with time z > ¢;. The'physical reason for this is that C,

- shock wave closing the Mach cone propagates with' the lightivélo'c'ijty"c,.:,'wwyhile" the

head ‘part of the Mach cone C_u;a'ttéché(l,’td‘th"'e‘fchéfgéd partlcle p;épagates ""i;t;hf’

-“the velocity v >"¢,!

In the negative z sémi-space the experimentalist will detect only the bremsstrahlung
" shock wave. In the positive'z semi-space the observer placed not not very far from
the z axis will detect Cherenkov shock wave first, bremsstrahlung shock wave later -
and;finally, shock wive originating from charge éi(c\eédi‘ng’ the medium light velocity.
The observer at the iargef distance from the z axis will see only the bremsstrahlung

shock wave. o et T T ;
In the gasdynamics the existence of at least two shock waves aitached to the finite

body moving with a supersonic. velocity was proved on the very general-grounds by -

Landau and Lifshitz {[8] , Chapter-13). In the present context we associate them

with Cr, and Cy shock waves.: B A T

-

v p* + 2% The equivalence of this

‘ Decelerated motion. 77 7w L S :
Now we turn {6 the second problem (uniforin deceleration of the charged particle
along the positive z semi-axis up to a moment £ = 0 after which it ‘rests at the origin).
In this case only negative retarded @in;es' t; have a physical 1meaning.” : g
For the observation time ¢ > 0 the resulting configuration of the shock waves is shown
m Fig.5/for v = 1/2 and Fig.6 for « = 1/4". On them we sce the bremsstrahlung
shock w:ave Cy arising from the termination of the charge motion and the blunt i
shock wave Cyy. Its head part with a good accuracy is described by the sphere
0P+ (z— ) = (t+4)? {shown by the short-dash curve) corresponding to the shock

* wave enutied from'the point z; = {1~ & )y"Y2 _ 1 at the moment = —afl— a?)y2

when the. velocity of the decelerated charged paricle coincides with the velocity of
light in the medium. The clectromagnetic potentials vanish outside of Cys (as no
solutions exist ’the'rgjigpglﬁ;i,chuire‘!.he;inﬁnjt-e, valliespu,,the..int-é»mal part of Chy.
Therefore, thlxe‘;surfacewcyr represents the shock wave. ‘Aé/'a"‘rzeéﬂli‘ff(‘)r the dééglerated
motion after termination of the particle motion {t > 0) one has the shock wave Cu
and the bremsstrahlung shock wave €, arising from the termination of the particle
motion. o e e e e e
The positions of the shock waves for ditlerent observation times are shown in Fig: -
7 (o'=1/2) and Fig. 8“(;1\:-“)/4).'/()(}& sees on them how the acute Cherenkoy shock -

wave aitached to the moving charge transforins into the blunt shock wave detached B
ffdln'tlicvclla'fgéll e o e E T U TP P e
For the decelerated ‘motion d.'ndf,';k 0 (i.e}.,_‘v‘b\gforre_jic’rminatioyn,}quthc charge . mo-:
tion) the physical solutions exist only inside the Mach.cone Cys (1= ~2 on Figs.: 7 -
and 8)."On the iniernal boundaries of the Mach cones the electromagnetic. potentials -
acquire the infinite'values. On their extern

les the electromagnetic poten- -
tials are zero {as nosolutions exist there)

: * charge velocity, coincides with
2, the Cherenkov shock wave leaves the charge and, expands with the velocity =,
{t =2, 4 and 8 on Figs. 7 anf8). As it was mentioned the blunt head parts of these
waves with a.good accuracy is approximated by the equation pl-if (2= 20 = (t+4)°
{(short-dash curves), - 7 7 - ‘ It :

In the negative > semi-space the experimentalist will detect the blunt shock wave
first and brerﬁsstrahlhng shock wave later. In the positive x semni-space for.the ob-
servation point not very'far from the z. axis the observer will sce ‘(,.'{llterelikdy shock
wave first and bremsst‘rahlungyshl'o‘ck wave later. For larger distaucés from the z axis
he will see the blunt shock associated 3 ith t-llé;'fpassjmg of the medium light velocity

first and l)reﬁlsStrahlung slxock;WaVe later N ) ; .

In order not to hamper the exposition we did not mention.on the ‘continuous
radiation which reaches the observer between the arrival of two shock waves or after
the arrival of the last shock-wave. It is easily restored from the contplete exposition
presented in Refl. {5} for the z = at? motion law. Also, in order not to overload
Figs. 3,4,7 and 8 we did not show on them the bremsstralung shock waves .. Their
positions is restored by using the equation r = o, r = /p? +22, >0,

B ~
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Fig.1: Dlstnbutlon of the shock waves for the nml'ormly accelerated charge and<
a= 1/2 't =2 (& is"the ratio of the llght velocity in medium to that of in vacuum).

CM is the (‘herenkov shock ‘wave, 'Cp i 1 the shock wave emitted from the _point

2= (1 - a)) 12 I at’ the moment t; = a(1— &?)"1/2 when the charge velocity -
_coincides_with the merhum hght velocxty With a good accuracy it. is described by
the spherical surface p* 4 (2 = 7,)1 = (f - f[ )? (shown by the short dash curve). Cy .
1s_the bremsstrahlung shoch wave ongmatmg from the begmmng (at tlle momem.k

t= O) of the charge motlon

" Fig.2: The same as in Fig.1 but for o = ‘]/4. -
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Fig.3: Time evolution. of the shock waves for:the uniformly accelerated charge
and a =1/2. Cjs is the usual Cherenkov shock ‘wave, Cp is the shock wave emitted
at the moment when the charge velocity' coincides with the medium hght veloc1ty
Short dash curves C’ are the same as in Fig. 1. : S en P T
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: Fig:4: The same as in Fig.3 but fora= ]/4



Flg The distribution of the shock waves for the uniformly decelerated charge

(o =1/2,t.=2). Cyis the blunt shock wa.ve .Part of it with:a good accuracy

it is approximated:by. the spherical surface p? + (z — #)? ='(t +;)? (it is shown

" by short dash curve C). C, is the bremsstrahlung shock wave- ongmalmg from the
termination (at the moment ¢ = 0) of the charge motion. - : :
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- Fig.6: The same as in Fig.5 but for & = 1/4.
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- Fig.7: (ommuous lrausformahon of the (‘herenkov shock wave attached to a
moving charge (t = —2)into the’ blunt shock waves (t.'= 2, 4, 8) detached from’ a
charge for the decelerated motion and —k—, 1/2 The charge motion terminates at
the moment ¢t = 0. The numbers near the curves mean the observation times. Short
dash curves are the same as in F)g

Fig.8: The same as in Fig.7 but for « = 1/4.
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4 Conclﬁsion

~

To the end we studled the space-time distribution of the electromagnetlc field aris-
ing from the accelerated charge motion. This motion is maintained by the constant
electric field which is easy to create in practice. We confirm the qualitative predic-
tions of Refs. [2,3] concernmg the existence of the new shock wave ( in addition to
the Cerenkov shock wave) anising when the charge velocity coincides with the llght
velocity in medium. The quantitive conclusions made in [5] for less realistic electric
field maintaining the accelerated charge motion are also confirmed. We specify un-
der what conditions and in which space-tinie regions the mentioned above new shock
waves do exist. It would be interesting to observe these shock waves experimentally.
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