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Pair production via crossed lasers
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Abstract

The intrinsically nonperturbative “vacuum persistence probabiitydr e + e— production in the overlap region of a

pair of high-intensity lasers is estimated in the context of three models, each of which adapt and simplify the exact
Fradkin representation for the logarithm of the fermion determinant in the fields of the crossed lasers. In each case, one
finds for P an expression resembling Schwinger’s 1951 result for the probability of pair production in a constant electric
field, proportional to an exponential factor which contains an essential singularity and hence does not admit a pertur-
bative expansion about zero coupling. Qualitative estimates of these models suggest that realistic yields for this form of
e+ e— production must await lasers of intensity?2®/m?2 The possibility of producing a quark—antiquark pair in this

way is noted, in particular, with temporary, but large separations addhe
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1. INTRODUCTION (k2 =0,p=p'? = —m?). But this objection is removed in

. , , the overlapping region of two intersecting lasers, where
Consider Schwinger'¢1951) exact result for the vacuum n k@ + n,k@ = p, + p., can be satisfied for a variety of

persistence probabilitf when a constant electric field can integersn, ,. The relevant experimental question here is the

act as the source of energy for the production of a lepton, o hapility, the rate of this process; and for this we consider

pair, the simplest geometry, where the polarization or electric-
- field vectors of both laser beams are the same, but the prop-

P= > C,e "mmef agation directions of the two beams are perpendicular. For
n=1 simplicity, we assume that both beams have the same fre-

each term of which has an essential singularity at zero coudueney: and that the cross-sectional area of each beam is

- 2 : 3
pling. Here, any perturbative approximation of the exact<0‘DS|b§0:tZit pEfle(FC;VZ()eilipi:ﬁe]glrzn r(;fs;ﬁsbtehaem\:ciu.n:tto-
(operator or functionalrepresentation oP must always P

ive an exact result of zero; this quantity is intrinsically *o oo amplitude, the vacuum persistence probability is
9 : ' q y Yp= exp[—T't], where the lasers are turned ort at 0. The
nonperturbative.

. . . Lo probability of producing one or more pairs is thep=1 —
This presentation deals with a new, intrinsically, nonper-"_, . .
. . . ) e ''~Tt, forl't < 1. We assume an “ideal” laser, with pulse
turbative process of some experimental interest: an estima: . 13 . . o2 5
) ) : durationry = 10~ *° s, a flux intensityF, = 10 W/m<, and
tion of the order of magnitude for the production of lepton i T
o . . . of frequency such thdiw = 2 eV; and ask the question: Can
pairs in the overlap region of two crossed or mtersectlngp be sianificantly different from zero for such lasers?
high-intensity laseréFriedet al,, 2001). One finds general-  * 9 y '

izations of the Schwinger essential singularity, which is the rellt If] m(t)(ierfi??/?ex ﬁ(;gnigﬁfnzro:ae:hsgfgm ;sleFr:eeyrnman-
feature that controls the order of magnitude of the resultsd' 2P P ! P ' gy

only the latter are of interest here. hw are absorbed to produce a pair of energyc2; that is,

=108 i
It is well known that a single laser of arbitrary intensity Niw = 2mc?, of n = 2mc/fiw = 10°. Such a production

i ; i 2
cannot extract aa+ e~ pair from the vacuum, sinak, £ amplitude will then have factors ofe, and the amplitude

i == -1 -
P. + p,. if all three momenta are on their mass shellsWIII have n factors ofec = (137)"* and generates a proba

bility proportional tonfactors ofec, which is absurdly small.
. , What can possibly compensate this?
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must include a “counting factor” similar td!/n!(N — n)!, and then perform the following, simplifying approximations.
the number of ways of selectingout of N available pho-
tons. But ifN/n=f > 1, then by Sterling’s approximation, 1. Treatthe absorbed photons as “soft,” sificeing “nat-

one can see that this counting factor is proportiondlo ural” variables, withc =% = 1) o/m=10"%. We then
and iff > 137, the factors ok" are effectively neutralized. introduce a “no-recoil” approximation, of which many
By using a functional representation foandL[ A], all such are available; but the simplest in this problem is to
counting factors are automatically included. drop thefos/ v dependence in the argumentsAadndF:

In QED, the exact functional expression for the vacuum- A, — A, (x+ 28'p),F,, = F,,(x+ 2s'p).
to-vacuum amplitude, inthe presence ofanexternalfigid 2. Keep only the dependence that produces the essential
vector potentialcy,) is given by singularities. In the Schwinger constant electric-field

calculation, the essential singularities come from the
A-dependence, while thE-dependence just contrib-
utes a multiplicative, normalization factor, so that

(0]S[Acx]|0) = ePaetiAtAedd|, g,

where RelL< 0, orT" > 0. Here, the same division applies . . .
i s 5 and since we are only interested in the order of mag-
Dp= ——f— De, v T nitude of'—which depends primarily on the largest
2J sA, SA,

essential singularity—we here neglect thé- depen-
dence. Thus the trace factor becomest, and we

andD. ,, is the(free) photon propagator. An alternate form assume the physically obvious resdilt> O.

of the linkage operatoe?» is given by the functional

integral With these approximations,
B q <i/2)fAM<Dgl>#,,Av LT A+ Agy] 2ds o . dp - ifsds'<52/au2>
(0S[Acxcl[0) =N | d[A]e -er AT e, LAl - -2 —e d*x Se e’
o S (27T)
where the normalization integrBlis defined by { —iefsds'[vﬂ(s') — 2P, 1A, (s+ 25'p) }
e o -1 UIJ_*)OY
. (i/2>fAM(D;1)M,,Ay
N~t = [ d[Ale .

and, holdingf;"ds for the last operation, we must next

decide in which sequence to perforfid*x, [d*p, and

expli [ 8%/8v?]. Unfortunately, these operations cannot be

calculated analytically, and further approximations are
eeded. In the order of increasing complexity, we can dis-
lay three models, as follows.

(It should be noted thdt[A] is really L[F], sinceL[A] is
rigorously gauge invariantFor simplicity, we neglect all
radiative corrections, so thaD|S|0) = el where
A, (x) is the vector potential of the two laser beams, an
henceforth we suppress the designation “ext”:

A AL (X) = e sin(k®-x) + €@ sin(k@-x + §). 1.1. Model A: First cumulant approximation

We do this here because the produeede— appear in the Here, we first calculate the Fradkin linkages:
midst of intense laser beams, and their subsequent motion . .
would be essentially classical. However, neglecting the ra- eifo ds'“z/@“).eifo 2u(8)Qu(s)
diative corrections of gluons in QCD is not tenable; we
return to this point below.

To begin the calculation, we first write down an exact,
Fradkin-functional representation fbfA] (see, e.g., Fried,

S
7if ds'Q?(s")

vs0 = € 0 ’

and then perform

. 2/2s
1992 fdgeflspzy:(e.p,p.k<1>,p.k<2>) i %(E)
4 oo
L[A]=—}fd4x ﬂf 98 istmp) 1 [+
2 2m*Jy s Z_JI du, du, e2suuz/o”, gR(xluyu)
T —o0

s
if ds' X [6%sv2(s)]
-e o I3

. {e—iefo ds'[v,(s") —2p,]A, <x +2s'p —fo u)
grl e Sds’(r F ,,<x+ 2s'p— : u))
(e fo o fo . —(e—0)

with
R(X|ug,uy) = —iezezsf dA[S? —(S)?],
0

S=sin(k®.x + 2sAu;) + sin(k@.x + 2sAu, + §),

,
v,—0
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and(S) = [,dAS This leaves the third operatiofid*x — trivially extracted above Surely this averaging is physi-
(D3ct)-(1/D3) fd3x, but (1/D3®)[d3xexp[R(x)] is too  cally reasonable, which means that thef the two situa-
complicated to evaluate explicitly. tions are physically equivalent.

We therefore consider the simplest “first cumulant” ap- But in the new, head-on beam collision geometry, if the
proximation, replacing the integral over an exponential byelectric fields are in the same direction, as assumed above,

the exponential of the integral, then the magnetic fields cancel; and in the limit> 0 we
are dealing with Schwinger’s problem, and we should ex-
1 5 pect(for n = 1) the factor~e ™7¢° where the Schwinger
EXp[E fd XR(X)}' £ corresponds in our problem ta. Thus we should here

expect a similar forme “™7 | the Schwinger calcula-
In statistical mechanics, this is perhaps the simplest way dfion, I' = F(m?/efw) but here[y = F((m%/ecw), (w/m)) —
approximating a full, cluster expansion. F((m%/ecw),0) as we leth . — oo. It is therefore not sur-
This integration can be done explicitly, and generates foprising that we produce an exponential factor similar to that
our ModelL, a function of two independent variables, of of Schwinger’s exact solution.
form

A max ccw m 1.2. Model B: A “modified first cumulant”
La= ﬂ d/\ld/\2\7<¥ [Aq, /\2>, Amax~ — = 10° approximation
_ w

A max

For our second model, we adopt the sequence:
We make the “natural approximation” of replacing this by
1. Perform the exacfd“x, and then the exact linkage

Lo ffﬂod)‘ 7, operation;
AT, TR 2. Convert the exacfd®p into a pair of integrals, as in
Model A;
and then find the function of a single variable, expressed in 3. Introduce an exact and useful representation for the
terms of a singléproper-time integral, Bessel function, (which appears as a result of the
spatial averaging and approximate the result in a
i (D3ct) 4f°° dt .t[ 1 ] “first cumulant” manner.
A— T . —e Y —
2 (2m)? o t? V1-(yt)* The result is
L - 4. ,3a—1/y
B(y) 2(477_)2 m Y €
ecw
t=m?s y= < 2>.
V6-m which is equivalent to that dfj.

It is important to note that th&@mprope) perturbative
expansion of the square root, in powersydf gives a se- 1.3. Model C: Nonperturbative approximation
guence of purely imaginary terms; that Rel, has no to the full cluster expansion

erturbative expansion. In fact, . .
P P Here, one tries to extract and sum the “mostimportant” part

3 _ of every perturbative order in the cluster expansioh gf
(D3ct) *dr e’ .
Rel, = m| 5 —— with the result
To T

_ . JTo=7y 1>1,;
2(2m)? Vormr 1

[2 (= ,
and I(y) = —J due™"72T(uy),
™ Jo

2 (D%)m* | ) _
I[h=—--Rely,= S yle . or, after an approximate evaluation,
t 2(2m)
Our exponential factoe ¥ is reminiscent of Schwing- (y) ~ i. (D%c) mé.y2e~ /27213
er’s (for n=1), and one may ask: Why? To understand this, V3 (4m)?

consider that special case of “crossed” lasers which corre-

sponds to beams moving in exactly opposite directions. Onwhich displays a “weakened” essential singularity. Numer-
can carry through the same analysis as above, and then ndgally, if y < 1, then

that this newl, will be the same as oui, if one introduces

an extra averaging over the time dependefweich was yie VY < y2e (/27273
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This change in the form of the essential singularity may 2. q andq materialize, each surrounded by appropriate
be given a physical interpretation, as follows. One under- gluonic structure, which immediately starts to form
stands that elementary QED processes occur over distances itself into a tubégstring, joiningg andg.
~A.. But here, because so many low-energy photons must
be coherently absorbed, we can anticipate pair production
by absorption over larger distancesigA¢, whereuy is that
value of the u-variable in thE, integral where the integrand
is peakedug ~ y Y3 = 102. Extracting contributions from
every term of the cluster expansion can be thought of a
allowing absorption to proceed without the spatial restric-
tions contained in the “first cumulant” approximations.

Moving, finally, to practical matters, one must now ask
how large are thesk, numerically. Can one expect reason-

; ; — 1022 2 ~ -5
able production withF, = 107 W/m*, D 107 m, occurs, and the tubistring wins. But this argument suggests

fiw ~ 2 eV, and pulse duration, = 10" 13s? Let us suppose . . . -
thatP = o'~ 0.1, so that roughly 10 pulses are needed tothat theg andq might temporarily reach separations consid

; e ; ~ erably larger than a few fermis.
produce one pair. With intensit,, y = 10°6; so that for . o
an arbitraryF, one can writey — 10-5(F/Fo)¥2. Then, for What would be the signal of such a process? Clearly,

. . there would be large energy deposition in a small spatial
2"02"‘(3';; T\lﬂlgggglie:r:g EhFO/VIV:S Tigtshf ;%tf )rg?:fflggser region. Perhaps a pair of hadronic jets; perhaggs anni-
int .n i f o incr Ob N rtW rders of m hilation a la positronium, with the production of a few
€nsilies appearto Increase by one or two orders of ma etry—high-energy gammas, or even a small “fireball” of

nitude each year, these estimates suggest that one muz rays. Because one is dealing with the conversion of a

wait at least a few years before this form of production is_ . . . ;
virtual quantum state into a real pair, one simply does not

measurable. However, a better evaluation of these Ove'k'now if the second possibility above can occur: but it

Iapp!ng |ptegral§ may show an even “more weakene(_j €Swould seem to be an interesting question, which deserves
sential singularity, and therefore a lowéfF, value. This

. . . . ., some critical attention.
is an interesting, and eventually a practical problem, which

should attract the attention of capable people, both theoret-
ical and experimental.

It is this second possibility which is most interesting, for
the formation of the tubéstring is surely not an instanta-
neous affair; rather, it should be a process that can be char-
acterized by a “string-formation velocity);. As a physical
rocessys = C. But it is possible for theg and g to be
accelerated away from each other by the intense, crossed
lasers so that their relative velocity of separatiay) satis-
fiesvs = v;. Of course, after a quarter-wavelength of the
laser pulse passes over these charged particles, deceleration
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