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The electrodynamical response of a high-energy photon(§ieng electromagnetic waypropagating in a
static magnetic field to a standing gravitational wa@) is studied. The corresponding perturbation solu-
tions and resonant conditions are given. It is found that, for the electromagnetic wave with a freguemo
a standing GW withwg, the perturbed electromagnetic fields will contain three new components with fre-
quencies|w,* wg| and wg, respectively. The resonant response occurs in two casesefl/2w, (half-
frequency resonangeand w.= wy (synchroresonangenly. Then not only first-order axial perturbed power
fluxes, which propagate along the same and opposite directions to the background electromagnetic wave, can
be generated, but also the radial and tangential perturbed power fluxes can be produced. The latter are
perpendicular to the propagating direction of the background electromagnetic wave. This effect might provide
a new possibility for the electromagnetic detection of GWs. Moreover, the possible schemes of displaying
perturbed effects induced by the high-frequency standing GW at the level of the single photon avalanche and
in typical laboratory dimensions are reviewed.

PACS numbgs): 04.30.Nk, 04.25.Nx, 04.30.Db

I. INTRODUCTION losses of the whole systefa.g., in order to generate a stand-
ing GW with h=10"%3 \;=10m and detect it, the corre-

In 1916 Einstein published his theory of general relativity, sponding signal accumulation time needs 4,0the volumes
which expected the existence of the gravitational wavef the toroidal and detecting cavities are necessarily raised to
(GW's). Nearly 83 years have passed, and yet no gravitag 5x 10* m® and 10 ni at least, respectively, and power
tional radiation generated in the laboratory has been depsses of 1®W are requirelt Although some researd®,10]
tected. However, the observation of gravitational radiationtg overcoming the above difficulties has been déee.,
from the binary pulsar PSR 1933L6 inspired greatly rel- the scheme of decreasing signal accumulation time by

evant research, in spite of it providing only indirect evidencesqueezed quantum state, the model of reducing system
for the existence of GW's. Therefore, the direct detection ofjimensions by composite (;aviEyO] et al.), a large gap still

GW'’s has become urgently necessary. In 1975 Grishchu
and SazhinGS) [1] put forth a scheme of generating high- In a recent papef11], we proposed a new scheme to

frequency GW'’s by a varying electromagnetieéM) field S ; . . )
bound in a toroidal cavity. In the scheme the GWs are fo—StUdy the possibility of displaying standing GW by the reso

cused at the centeffocal region of the toroidal cavity, nant response of the strong EM wave beam, and given major

where they produce a standing GW and could be detected b nclu_sions in a.special case. In this paper we give complete
a detecting cavity put in the focal region. Since this is a .nalytlc_expressmn_s for the perturbatl_o.n sollutlons pf the EM
scheme in which one hopes to realize both conversions of thi€!ds, discuss relative resonant conditions in detail, and de-
EM wave (photons to GW (gravitons (i.e., y—g) and the Ve strict forms of flr.st-order'perturbed !EM power quxe;.
contrary processg— y), and display this effect in a com- Our results show that if de_tectlng system is not an EM cavity
pact structure through achievable limit values of the EM paRut an EM wave propagating along the symmetrical @xi$
rameters, it caused extensive interest and revi@ms). the focal region of the toroidal cavity, where a static mag-
As pointed out by many authof2—9], whether from the netic field pointing along the axis is distributed in the focal

viewpoint of classical or quantum theories, the conversioriegion, then under the special resonant conditions, it is pos-
rate between the GW’@ravitong and the EM wavegpho-  sible to provide a new way of simultaneously narrowing such
tons is extremely low. Thus major difficulties caused by this gaps. Namely, for the resonant states, the key parameters are
situation for the GS schemdincluding other similar not the total net increasing quantities of the EM endfo-
schemepare[1,5,9: (1) excessive signal accumulation time ton numbey but the change of the physical behavior of the
7~Q/ w for the detecting cavity with high-quality facta; EM fields (photong caused by the GW. In other words, even
(2) the influence of possible leak EM fields from the toroidal if the net increasing quantities approach zero, the perturbed
cavity (the GW sourcg (3) giant dimensions and power effect on behavior is obviously different from that of the

background EM fields and can be generated in the local re-

gions. This property may be very useful to display very weak

*Email address: fangyuli@public.cta.cg.cn signals of the GWSs.

5xists between the theoretical schemes and reality.
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Il. ELECTRODYNAMICAL RESPONSE OF A STRONG F(). HereF() represents the background fiefe) is the

ELECTROMAGNETIC WAVE PROPAGATING first-order perturbatlon t&°) in the presence of the Gw.
IN A STATIC MAGNETIC FIELD Unlike the cavity electrodynamical response to the GW
TO A STANDING GRAVITATIONAL WAVE [1,12], our detecting system is an EM wave propagating in a

In order to make the whole system have an acceptablétatic magnetic field distributed in the focal region, i.e.,
size, we study the electrodynamical response to the high- 0)_ 0)_
frequency staﬁding GW Witf)i//=108—103 Hg. For the EM ’ B?'=By"=const, E}’=acogkez—wdl),
detection of the high-frequency GW'’s, we can adopt the syn- a
chronous gauge reference used in REEsL?] (this has been B§,°)=—C05(kez—wet).
reviewed in Refs[1,12,13 and we shall not repeat it here c
In the focal region of the toroidal cavity, the form of the

standing GW in the synchronous gauge refereiacel using In the cylindrical polar coordinates they can be written as

standard cylindrical polar coordinates expressios$l,10] B0 = B<Z°)=const, (5)
J1(kqr
= _Al|((—?)00$wgt+ 0), El(’O):aCOSd’ Cog KeZ— wet),
g
k) EY)=—asing cogkez— wet),
B£°)=Esin¢cos(kez— wel),
h,,=AJo(Kgr)cog wgt+ 6), (1)
a
where A is the amplitude of the standing GW,, J; are Bi/?):ECOSd’ cogKeZ— wet). (6)

Bessel functionsey, k, are the angular frequency and the
wave vector of the GW respectively,is a retarded phase For simplifying calculations, we give complete perturbation
factor. Letting &°x*,x x3) (ct,r,¢,z), from Eq.(1), we  solutions by two steps.

get
. 1 g g 1+h g g ‘24h A. The first-order perturbation to the static magnetic field
00—+ Y11= YT T 1 22~ == ) . . . .
" " 0 . First, we assume that the detecting EM field is only a
935=0,=—1+h,, static magnetic field, Ed5), then the components &1, in
the cylindrical polar coordinates are
%=1, gh=g"=-1-hy, EY rE( EY
Foi=Fy = . Fo=Fgp= . Fos=F3= ,
1 h c c c
2_ b _ _¢¢
g7=g""= | 1t ) 0 (1) 04 ) (H_g®)
F12=F12+F12=—I’(BZ +BZ ), Fl3:F13:B¢ y
33 —
9@ =g*=—1-h,,. 2 F=Fl=—rBW, @)

_The electrodynamical response to the GW can be demtroducing Eqs(1), (2), and(7), into Egs.(3) and (4), ne-
scribed by the Maxwell equations in curved space-tiwe  glecting high-order infinite small quantities, we obtain fol-

use MKS unity, i.e., lowing first-order perturbation equations:
1 9 1 1 1
aqv i Dy =@ <1> Z W (1) _ gl
g (V799 PF up) = moi”, (3) (OB o=Bont rBurt 2Bige T Bozrm 2By
_ + 2 E( ) 1 E( )
F[Mv,a]_oi (4) r.¢ C &, tt
where F,,, j* indicate the EM field tensor and four- =—ACB(z°)k§J1(kgr)sin(wgt+ 5), )

dimensional electric current density, respectively. For the
electrodynamical response in the vacuum, because it has nei- 1 1 1
i i i i (1) (1 (1) (1) (1) (1)
ther the real four-dimensional electric current nor the equiva- (0B'Y),=B,+ —B,/+ 5B, ;,+B,,;,— =B,
, L Nnort o Par T 2P2.¢™" Pzzzm 2Pz,
lent electric current caused by the energy dissipation, such as

Ohmic losses in the cavity walls or the dielectric losgesg., — _AB(ZO>k§JO(kgr)COS{ng 5), 9
see, Ref[1]), so thatj*=0 in Eq.(3). For the effect of the

weak GW field,F,, can always be written ag,,=F(’) (OEW),=(0EW),=0,0BY),=(0BM),=0,
+F(), and |F(1)|<|F(°)| for the nonvanlshlng:(o) and (10)
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wherel] expresses the d’Alembertian in the cylindrical polar r(E((f)+E£;))

coordinates, and the commas denote partial derivatives. Foo=F +Fi5 = :
Solving Eqs(8)—(10), and considering cylindrical symmetry ¢
of the fields in the focal region, we get following perturba-
tion solutions: =(1)
~ > - ~
Fos= FE)%):T. F12=F(112)=—rB(21),

E<1>—1A B0k, rJo(Kyr)Sin(wt+ &
¢ T ACB KT o(Kgr)sin(wg )s

_ 0 =(1)_ 0 =(1
(U=ABY 1 Fia=Fi3 +F3 =By +By,
B '=AB,"| Jo(kgr)— Ekngl(kgr) cog wgt+ &),

—_0) F(L_ ((OF=1¢8)
E51)=E§1)=B§1)=B(¢})=0- (11) Fos=Fy3 +Fyg=—r(B ' +B;”). 1

B. The first-order perturbation to the electromagnetic wave =(1) ) .
) o where F ;) represents the first-order perturbation produced
Second, we assume that detecting EM field is only theyy the direct interaction of the standing GW with the back-

EM wave, Eq.(6), then the components &, are ground EM wave. Introducing Eqsl), (2), and (12) into

0) L =(1) Egs.(3) and(4), neglecting high-order infinite small quanti-
F o —pO EO_T +E ties, in the same way, one finds first-order perturbation equa-
or—ror T ro c tions as follows:

~ ~ 1. 1. ~ 1. 2. 1.
1)y =1 1 1 1 1 1 1
(OEW) =B+ TEV+ 2Bt B 2BV - 5B~ 2B

1 1 1
Aac[(kﬁJr kekg) Jo(Kgt) + = (kg ke Jx(Kgr) + 3 Jo(Kgt) = 13 Ju(Kqr)
e

N| -

Cos¢ cog (wg+ we)t —Kez+ 6]

1 1 1 1
+ zAac[(kg— kekg)Jo(kgr )+ = (kg—ke) J1(Kgr) + 5 Jo(kgr) = 1 —5 Ja(Kqr)
e

X cos¢ Cog (wg— we)t+Kez+ 5], (13

1
ELy =D 4 TED
(OEW)y=Egn+ Bt

f

1 1 1
:EAac[ ~ (Ket ko) 2Jo(kt) + — (kg + ko) Ja(Kgt) SN b COF (g + we)t—kez + 5]+ EAac[ — (kg

- kg)ZJo(kgr) + %(kg— Ke)J1(Kgr) [Sin¢ o8 (wg— we)t+Kez+ 6], (14

=

~ ~ ~ 1. ~ 1.
1 _ 1 1 1 1 1
(OEM),=Ef + TER+ BN+ B SER

1 5 2Ke 4k, )
=§Aa — (kgtkekg)J1(kgr) — TJo(kgr)Jr GZJl(kgr) COS¢ SiN (wg+ we)t —KeZ+ 5]

Cos¢ Sin (wg— we)t+Kez+ 5]. (15

1 ) 2k, 4k,
+ 5 ARG (G —kekg)u(kgn) + = Joflgh) — 2 u(kgt)

It can be shown that the first-order perturbed magnetic field satisfies the similar equationd.3g¢45) consist of group of

the inhomogeneous hyperbolic-type equations, and the right side of the equations group contains the product of Bessel
functions with factors 1/, 1/r?, and 1f3, solving directly these equations is very difficult. Fortunately, using series method,
after a length calculation, we get corresponding solutions for B@—(15) together with Eq(4) as follows:
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E(Y=A;(r)cose co (wg+ we)t—Kez+ 8]+ Ax(r)cose co (wy— we)t+Kez+ 5],
E!})=B1(r)sin ¢ cod (wq+ we)t—Kez+ 81+ By(r)sin g cog (wg— we)t +kez+ 4],

EM=C;(r)cose sin (wg+ we)t—Kez+ 8]+ Cy(1)cos¢ sin (wg— we)t+Kez+ 8],

E(l)—; k.B +C1(r) i Kez— 6)— +wo)t—Kez+ 8]} — ———
r —C(kg+ke) e 1(r) Slngb{coi eZ ) Coi(wg we) ez ]} C(kg_ke)
Co(r)| .
X| kaBo(r)— ; sinp{cogkez+ 8) — cog (wyg— w)t+Kez+ 61},
Bl——— |k —dBl(r) Kez— 8)— +we)t—Kez+ 8} + ———
b _C(kg+ke) eAl(r) dr COS¢{CO$ eZ ) CO{(a)g we) eZ ]} C(kg_ke)
dBy(r)
X | keAs(r)+ ar cos¢{cog kez+ 6) — o8 (wg— we)t+Kez+ 51},
~ —1  [A{N)+By(r) dBy(r)] _ _ 1
B(Zl):C(kg+ke) 1 ; n, dlr S|n¢{sm(kez—5)—S|r{(wg+we)t—kez+5]}+m

Ax(r)+By(r) dBy(r)| . . .
X : + ar Sinp{sin(kez+ 6) — si (wg— w)t +Kez+ 61}, (16
|
whereA;, A,, B;, B,, C,, andC, are functions of, K, o
andk,, their concrete forms are presented in Apperjdae, ~S€cond-order perturbations 6™ in (tp)e presence o(fz)the GW
Egs.(A1)—(A8)]. respectively. For the nonvanishin”, T#”, and T**, we

Obviously, when both the static magnetic field and thepgye
background EM wave are simultaneously present, the com-
plete perturbation solutions should be El) plus Eq.(16),
ie, ED, EP+EP, EM, BY, BYY, andB+BM. In (0) (1) 2)
passing, we note that the above forms of the analytic solu- | T#"[> | T#"|> | T#"|=O0(h?). (19
tions are quite complicated, but as we show under the reso-
nant conditiongespecially the synchroresonaicthe first-

order perturbed EM power fluxes will be reduced to the (1)

Therefore, for the effect of the GW, we are interested#

simpler forms[e.g., see, Eqg24) and (26)]. ) )
but not inT#” and T#”. From Egs.(5)—(7), (11), (12), (16),
C. The electrodynamical response and(17), we obtain

to the standing gravitational wave

The expression of the energy-momentum tensor of the

EM fields in the GW field is given by EF)
1 1 5 0.6 -
prv— — | _pp prag Z quv a
Tir= | P F TG D
04
o @

Due to F**=F#+F#* and |[F()|<|F()| for the nonvan- w L

ishing (%) andF(%), T#* can be disintegrated into '

© @ @ o ‘ ' ' b (x107m)
THY= THY 4 TRV 4 THY, (18) 5 oo

() FIG. 1. Rating curve between the functié(r), Eq. (25), and

Where TMV |s the energy_momentum tensor Of the back-the radial Coordinate, here)\e:2)\g:0.2 m. In faCt, When the
1) (2) summation in Eq(25) reachedp=23, f(r) already approached a

ground EM fields, andT#” and T#” represent first- and stable value for any definiteandk,.
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1 1h 1
T00: &0 EEO)Efrl)_I— ES;?)(EE;;L)+ E(djl))'i' Ehrr(E£0))2+ E Tz_(Eg)))z + %[B(rO)BEl)_‘_ B((;))BS;-)_F B(ZO)(B(21)+ B(Zl))
1 h 1 1 h
b b
+§( h,o =77 | (Bi”)?+5(he + ;) (BY) 2+ 5| hy +—5 (B;‘”)Z}, (20
|
(1) (1)1 1 oa . c050  EDLa) . (D) average value with respect to time. Introducing E§s. (6),
S'=cT"= %(Ed, B, +Es B, —E; By +E;'B; (12), (16), and(A1)—(A8) into Eq.(22), and settings= (it
is always possible we have
+EBY), (21)
(C NGO R - ~ <(§;> B - i<~E<1)B<0>_E<0>~B<1)> B
Sz,b: CT02= %(E(Zl)B‘(’O)_ EEO)B(Zl)_ EﬁO)B(Zl)_ Eﬁl)B(Zm), W= l/2wg o z r r z Jwg= 1/2wg
(22 Aa? _ _
= 8110C f(r)sin2¢ sin(kyz), (29
0
v w1 _ _ -
S=cT®= M_O(E§°>B§j>+ EVBY -EPBY-E, B
(a0 where
ES'BL), (23)

(1) ”

whereT %0 s the(]ii)rst(—lc;rder p(tle)rturbed energy density of the f(r)= >, (—l)p”{
p=0

EM fields, whileS', S?, and S? represent first-order radial,

tangential, and axial perturbed power fluxes, respectively. It _ 2p+6

must be pointed out that for the high-frequency perturbed [(2p+3)2—1]p!(p+2)!

power flux, only nonvanishing average terms of it with re- 2p+1,.2p+1

spect to time have observable effect. It is easily seen from n ke" T }

Egs.(11), (16), and(21)—(23), that the average values of the 4(p+D)!(p+2)! "

perturbed power fluxes, Eq1)—(23), vanish in whole fre-

quency ranges obe# wy and we# 1/2wgy. In other words,

only under the condition ob= 1/2w, (half-frequency reso-  Figure 1 gives the rating curve between the funcfigr) and

Nance or .=, (synchrorenande do (Slr) (51(2, and(Slz) (in- the radial coordinate, and relative parameters are chosen as
a T Ae=2\g=0.2m. Figures 2 and 3 give distributions of

2p%+8p+7
[(2p+4)*=4]1(p+1)!(p+2)!

K2P+3,2p+3
e

(25

cluding T%) have nonvanishing average values with respecz(l)
to time. In the following we study only the tangential per-

(1)

“Right circularly”

propagating region

“Left circularly”

propagating region
)

of<Sw> |

w, = o

~,

“Left circularly”

propagating region
1y
of . N

R,

“Right circularly”
propagating region
(1)

of <S¢
o

s
=5

SO 1120, @t the planeg=+\y/4, respectively.

Using Egs.(5), (6), (11), (16), and(22), in the same way,
turbed power fluxXS?), here the angular brackets denote thepne finds

“Left circularly”

propagating region
o)

of - NET

P

e

“Right circularly”

propagating region
)
of ;
<50
o.2to,

“Right circularly”
propagating region

P
ob < g¢>
o,

X

“Left circularly”

propagating region
o
of <S* >

o=@y

(1)
FIG. 3. Distribution of( S"’)mezl,zﬂg at the planez=—\y/4. It

1)
FIG. 2. Distribution of S),, _ 1y, atthe plane=»\g/4.1thas  has maximum aty= /4, 3r/4, 5ml4, and 74, while it vanishes at
maximum at¢= /4, 3ul4, 57/4, and 7/4, while it vanishes at  ¢=0, #/2, 7, and 37/2, but the directions are contrary to that at the
¢$=0, 72, m, and 37/2, herer=0.2m. planez=\4/4, herer=0.2m.
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FIG. 4. Rating curve between the radial coordinatesd the
function f(r) =2Jg(Kgr) —Kkgrdi(kgr), herexe=1y=0.1m.

f{r)

(1;2 _1 0)Rr(1)

(S >we:wg=—MO<Er B, Voe=og
AaB)? -
- 4,“/0 [ O( gr)

—kgrdi(kgr)Jcose cogkgyz).

(26)

1) ~
We see tha{S”),, -, contains no contribution o).
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“Left circularly” © “Right circularly”

propagating region propagating region
§)]

[SH]
of <« ¢¢> ¢
S >0, of <S*>, ..

(6]

FIG. 6. Distribution of( Sd’)we:wg at the planez=X\4/2. It has
maximum at¢=0, m, while it vanishes atp= =+ /2, but the direc-
tions are contrary to that at the plare=0, herer=N.=\q
=0.1m.

photons, not their resonant conversion, the latter corresponds
only to the second-order perturbation to the energy-
momentum tensor of the background EM fields at classical
level.

Integration of Eq.(26) over the planegp=0 (0<r=<R.,
—\gldsz=\4/4) gives the total power flux passing through
the plane as follows:

Figure 4 gives the rating curve between the radial coordi-

nater and the functionf(r)=2Jy(kyr) —kgrdi(kgr), rela-

tive parameters are chosen)s=\4=0.1m. Figures 5 and
1

6 give distributions of(S“’)we:wg at the planeg=0 andz
=\J2, respectively.
(1)
Figures 1-6 and Eq$24)—(26) indicate that S?) is often

a function of the space coordinates ¢, z, and there are

(1)

corresponding “equivalent emission sources.” Theref&e,
is essentially a power flugphoton flux fluctuation superim-
posed on the background EM fields. From the viewpoint of

(1(])5 Re (Al (l(;
<U >we=wg,¢20_ fO j_)\g/4<s >we:a)g,¢=0drdz

ABYa
2,(,Lokg

JORC[ZJO(kgr)—kngl(kgr)]dr.
27

Figure 7 gives the rating curve between the functidiir;)
=[ EC[ZJO(kgr)—kngl(kgr)]dr andR;, and the relative param-

quantum theory, the above-mentioned properties express agters are chosen ag=»x,=0.1m. We see that the second

tually the change of the physical behavior of the photon

dnaximum of the resonance response occurs in the case of

(e.g., propagating directions and distributions in the locaRe~1.22¢=0.12m and therF(R:)~0.05m. This means
regions. This change is caused by the scattering of the gravi:[hat the effec'uvc_a perturbg—:-d power flux can be concentrated
tons to a large amount of the photons. If there are no ne?", the region with magnitude of a wavelength near the
increasing photons in the first-order perturbation, then thigXIS: )

process should be the elastic scattering of the gravitons to the According to Egs.(5)—(7), (11), (16), (17), (20), (21),

“Right circularly” “Left circularly”
propagating region
of < “83 4>

A wowg

propagating region

“)w
o
of <S¢, .,

(1)
FIG. 5. Distribution of{( S¢)we:w at the planez=0. It has
maximum at¢=0, , while it vanishes ath= = 7/2, herer =\,
=xg=0.1m.

(23), and (A1)—(A8), in the same way, one can give the

51 FRY(x102m)

4

3 - i
e // \ .f!
/A

: /
1\3 /’ 20‘7 R.(x10m)
A\

]
AT

FIG. 7. Rating curve between the functiorF(R,)
=f§°[2.]0(kgr)—kgr.]l(kgr)]dr andR.. The relative parameters
are chosen ak.=Ayg=0.1m.
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(10) (10) (12 TABLE |. The perturbed photon numbét and corresponding
average values{T O>we=l/2wgv (T 0>we=a)g’ (S >we=l/2mg7 relevant parameters.
(1) (1) (1)
<Sr)we=wg, <Sz>we=l/2wgv and(SZ>we=wg. One can also show (1

. . . 2 ~1 3
that even the total net increasing quantities of the EM energ\s'u )me:wg,¢:o(W) nsy N A V) PW)

(photon numberapproach zero in the whole resonant region,(g) 102 1 168 1073 4x10? 108
(1) (1) 25 -1 * —34 g

e, [(TO, _. 0 or [(T9, _;,, d*x—0, the per- (@10 10 10710 4x10 1
T 00, JT 0,1, e (o 1077 102 10 10% 4 10

turbed effect(i.e., nonvanishing first-order perturbed power
flux) can be generated in the local regions. Its behavior ob-
viously is different from that of the background EM fields.

EM wave, some featurgsuch as the propagating directions,
distributions, and strengthsof the first-order perturbed
power fluxes produced by the standing GW are quite similar,
For the standing GW distributed in the focal region of theand the energy contribution to the perturbed power fluxes at
toroidal cavity, the amplitude magnitude is given [dy the boundary is negligible. We will give further argument to
these questions in a later pap&) B{=30T, the strength
%% G‘;VEV, (29) of the background static magnetic fie(this is achievable
c'R c'R strength of a stationary magnetic field in present experi-

ments, while a pulse magnetic field may reach up to
whereW, andwe are the total energy and the average energy; 11 [15]). Notice that although this is a very strong
density of the EM field stored in the toroidal cavity, reSpeC'field, one requires only that this static field be localized in

tively, V is the volume of the cavity, ardis its inner radius. the focal region withR.=0.1m (R,<R) near the axis(3)

Ill. NUMERICAL ESTIMATIONS

Ir(llg)rder to reduce the length of this paper, we consider onl)hc:O_1 m, the radius of the focal regioR=3 m, the inner
(u?), _. . Then the corresponding tangential perturbedradius of the toroidal cavity(4) Q=10" we=10°Jm 3,
° 1) the typical parameters used in Réfs], [2], [9] and[16]. (In
photon flux Of(u‘ﬁ}we:wg can be written as fact, the Q value of a superconducting microwave cavity
may reach up to £8-10[9,17)). (5) The power losses of
(1(; the cavity can be estimated &s=W,w,./Q [18].
_ (u >“’e:“’g 29 According to Egs.(27)—(30) and the above parameters,
n= hoe ' (29) and settingAt=10°s, we get the following resultgsee
Table ).
wheref: is Planck constant. Therefore, the perturbed photon We can see from the results that for schei@e although
1) A=10 % N=10? constructing a superconducting toroidal

number caused b{u?),, -, in the durationAt is cavity with V=4x10Pm?® will be unrealistic under the

© present experimental conditions. Nevertheless, in this case
AB; aAt ch 23-(k K k1) 1d the volume of the toroidal cavity is almost two orders of
2uokgfiwe Jo [2J0(kgr) —kgrJa(kgr)dr. magnitude less than that of the GS scheme, thus a large gap
(30)  between theoretical schemes and reality would be effectively
narrowed. The alternative method is to use strong laser pulse
For finding a reasonable scheme, we choose followingas the background EM wave beam. For example, for the long
parameters(l) a=3x10°Vm?, a/c=10"°T, the ampli- laser pulse, the instantaneous powerPof 101*W is well
tude of the background EM wave. If the cross section of thewithin the current technology in short time, less than 48,
background EM wave is limited in the region of radiBs  but extension to the duration of 16-10"'s will be a for-
=Ne=MAg=0.1m (namely, the EM wave beamthen the midable challengé6]. For the ultrashort laser pulse, the in-
corresponding power is about é¥/. This is equivalent to stantaneous power can reach up td%1a**w [19-21,
photon fluxn(® of 10*s~* roughly for the background EM but the duration is limited in 10"s or less. It is unclear yet
wave of\,=0.1m. Modern Kklystrons or free-electron lasersthat whether and how to expand the duration to a longer
can, in principle, generate such a poy#}. Strictly speak- time. For schemec), A=10"% n=10%s"! N=10, V
ing, the background EM wave expressed by Hj.is only =4 n¥, then ration/n(©~10 %2, this is a very small value,
an ideal form, because any realized EM wave beams anand even under this situation the requirements on some of
static magnetic fields need corresponding boundary condihe relative EM parameters are already limited values of the
tions, and it is necessary to consider the energy contributiopresent experimental possibilities. However, it is remarkable
at the boundary. However, the Gauss li¢liM wave) beam  that (1) Because the propagating directions of the tangential
[14] is just one of the realized EM wave beams, and it isperturbed power fluxes are perpendicular to that of the back-
always possible to construct an abrupt boundary with Gausground EM wave, and they have different distributigns-
ian distribution (generating an approximate uniform static like usual parametric convertgrst provides a new possibil-
magnetic field in a finite region is also always possible ity to resolve and display the effect of the GWs at the level
Although this wave beam is different from the backgroundof the single photon avalanche effect and in the special

N=nAt=
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directions inside of the typical laboratory dimensiori3) pens that the very strong electrostatic fields can be generated
Since the effective perturbed power flux and resonance caim special regions, called crystal channg®2] where the

be concentrated in the region near the axis, the dimensions efectrostatic fields can be as large ad?20m %, and this is

the whole systemgincluding toroidal cavity can be greatly equivalent to a magnetic-field strength Bf-10* T. If this
reduced. For the standing GW af,=0.1m, the radius of effect can be used for such an electrodynamical response, a
the focal region can be reduced to the same order of magnkey breakthrough could be achievédlthough it is unclear
tude[see Figs. 1, 7, and E7)]. The requirements of other yet how to adopt this effect for the electrodynamical re-
parameters can also be further relaxé). For this region  sponse of the GW's, relative research might become impor-
near the axis, adopting a “crystal shield” to possible leaktant in the future. For example, see a review on the relative
EM fields from the toroidal cavity has no principle difficulty problems in Refs[22] and[23], including the possibility of
[some crystals can completely absorb EM waygiotons,  an analogy of the relevant phenomena of 1% after the

but they are transparent to GWgravitons]. (4) The reso-  Bjg Bang in modern high-energy colliders by the effgct.
nant response occurring in the vacuum has neither dielectrigiore research into this subject remains to be done.

dissipation nor the Ohmic losses of the cavity electrodynami-
cal response. Thus the peak values of the perturbed power

fluxes can be almost “insta_mtaneously” achieve_d, although it ACKNOWLEDGMENTS
has no energy accumulation effect of the cavity electrody-
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APPENDIX

We present here the concrete expressions of the funcdipns.,, B, B,, C;, andC, in solutions(16), which were used
in Sec. Il

1 <]
Ay(r ke kg) = Epgo (dgor 2P+ 4= g3or 20+ 2), (A1)
1o ~ 2p+4_ 4= r2p+2
Az(r,ke,kg)=§pz0 (dypr2PH—ggr 272), (A2)
1o + . 2p+d 4t 2p+2
Bl(r,ke,kg)=§pzo (dgpr 2P+ 44 gg,r2P*2), (A3)
1o — p2pt+4 o= r2p+2
Bz(r,ke,kg)zzpzo (dgpr P44 ggpr 2P*2), (A4)
Ci(r ke kg)= X bIr2P3,Co(r ke kg) = 2, byr 23, (A5)
p=0 p=0
where
2p+3
dj, =(—1)"Aa(—1 5 (ﬁ> g o Kezky)
P [(2p+4)2-4]\ 2 4(p+1)1(p+3)! “p!(p+2)!

(K3 2keky) (kg)Zp“ kg L (keky)
T [2p+22-4[(2p+2)7=41\ 2]  |2pl(p+2)! (p—1)I(p+1)!
. (k2% 2Kekg)? (ﬁ)?pl Kg L (kexkg) |
[(2p+4)—4][(2p+2)°—4][2p°—4] | 2 4p—DN(p+1)! (p—2)!p!
(K5 2Kekg)P kg>3 kg , (keZkg)
+[(2p+4)2—4][(2p+2)2—4]---6o><32><12? 24— 2 : (A6)

044018-8



ELECTRODYNAMICAL RESPONSE OF A HIGH-ENERGY . .. PHYSICAL REVIEW B2 044018

. opAaf 1 (k| kg (2K3=3Kekg+k2)
9= (=D <2p+2>?(?) plpral (P
. (K5 2Kekg) (&)ZPT kg (2KG = 3Kekg+ k)
(2p+2)%(2p)* | 2 4(p—D)!(p+1)! [(p—1)!T?
) (K5 2kekg)? (@)29—4{ kS (2KZ+ 3Kkt k3)
(2p+2)%(2p)*(2p—2)*\ 2 4(p—2)!p! [(p—2)!]?
(K3 2kekg)P kg 2. )
* 2p+2)%(2p)% - -36x 16x4 g (2keESkekgtky) [ (A7)
. Aa +1 kq|2P*2 Ke (Ke*Kg)
b= (=P 5\t r32=17| 2 ! I pl !
2 |[(2p+3)c—1]\ 2 p!(p+2)! pl(p+1)!
. (K3 2kekg) (ﬁ)zp{ Ke - (keikg)}
T[(2p+3)°-1][(2p+1)*-1]1 2/ [(p—D)!(p+1)! (p—1)!p!
. (K5 2kekg)? (& 2p—2[ ke  (Kekg) % _____
T[(2p+3)°—1][(2p+1)*—-1][(2p—1)*—1] | 2 (p=2)tp! (p=2)!(p—1)!|~

. (K5£ 2kekg)P
T[(2p+3)>—1][(2p+1)°—1]---48x 24X 8

K2\[—k
(o] e
Z)[ Kk,

It can be shown that the functiorise., the infinite series (A;)—(As), have an infinite convergence radius and good
convergence behavior farwith any finite values.

} : (A8)
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