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Abstract 

Schwinger's result for the rate of pair creation in a uniform 

external field has been transcribed previously into QCD. We reexamine 

this problem. Schwingér's implicit neglect of the mutUal.interaction of 

the pair and strict energy conservation, while generally of negligible 

importance in QED, are of major importance in QCD. In the picture of 

strict color confinement in a tube we derive a new result which is free 

of these defects. 

In a classic paper on quantum electrodynamics, Schwinger derived, among 

other things, the persistence of the vacuum against ee creation in a 

uniform external electric field [1].  It is implicit in his derivation that 

the mutual interaction of the pair, is neglected and that the energy stored in 

the external field is large compared to 2me.  His explicit formula for the 

rate per unit volume that a ee pair will be created in the uniform field 

of strength c is, 

= (ec2 	 exp (—,rm2n/ec) 	 (1) 

n=1 ' 

where e is the electron charge andm its mass. Recently a number of authors 

have applied this result to hadronic production in high—energy ee 
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annihilation 12,31. In the annihilation event, a tube of color flux is 

supposed to be formed connecting a rapidly receding quark and antiquark. In 

this uniform color field a virtual qq pair may tunnel to a real state causing 

the tube to fission and thus creating mesons. The-mass of the created quark 

appears explicitly in (1), thus giving different production rates for K and 

However, there are essential differences between the QED and QCD 

processes of pair creation. In QED the flux lines between opposite charges 

spread out in space. This causes essential difficulties in accounting for the 

mutual interaction of a virtual pair immersed in an external field. 

Nevertheless, it is generally true in QED that the mutual interaction is 

negligible compared to the force exerted on each member of the pair by the 

external field, in contrast, the lines of color flux in QCD are believed to 

be confined to a narrow tube connecting -opposite color charges. We adopt this 

picture quite literally. A virtual pair in such a field will generate a color 

field of the same strength as that in which they were born. Thus the mutual 

interaction is not negligible. Indeed, if it were negligible, as has been 

tacitly assumed in earlier work [2,3], it would be inconsistent to assume that 

pair creation causes the fission of a color tube. It is precisely because the 

field is equal and. oppositely directed to the original field that the region 

between the created pair is devoid of color flux and causes fission. Unlike 

QED, the confinement of colorallows us to account precisely for the mutual 

interaction (in the idealization of a uniform field in the tube). This we now 

do. 

Suppose that a virtual pair appears spontaneously at some point in the 

flux tube. The quark and antiquark in this pair can have any combination of 

momenta, spins, flavors, and colors if they carry as a whole the same quantum 

numbers as the vacuum from which they emerge. This means that the spin, 
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flavor, color charge, and momenta of each component of the pair should be 

opposite. Let the magnitude of the transverse momentum be denoted by p 1 . 

(We shall use longitudinal to denote the orientation of the tube and 

transverse to denote an orthogonal direction.) First we calculate the 

probability that each component will tunnel from the virtual state to a real 

state having the same energy as the original state. The longitudinal momentum 

of each component at the point where the virtual pair first appears must 

sati sfy 

p +p + m2  = 0 
	

(2) 

or 

= lET 	i(p + 
2)112 	 (3) 

As they move apart in the field of the tube their mutual interaction produces 

a field equal in magnitude but opposite in direction to the field in the tube, 

thus destroying the field between. After they have each moved a distance r in 

opposite directions from the point of first appearance, the energy balance 

reads 

1/2 
2 (PL 

2  (r) + 2 + m2) 	= 2ar 	 (4) 

The right side is the energy of the field of the tube that is destroyed when 

the quark and antiquarkeach moves a distance r. The string constant, a, 

which is the energy per unit length stored in the field is given by 

1.2 a=Ae 	 5 

where A is the cross-sectional area of the tube and c is the color field 

strength. Gauss' law gives the relation between the flux and the quark color,  

charge q/2 = eA, so that 
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c=ge 	 (6) 

Hence 

1/2 	 1/2 

pL(r) = i 	
2 

(1 —(gr/4) 2 ) 
	, ET = 

(P
2T + m2 ) 
	

(7) 

The action of both quarks integrated from the initial point to the point where 

they materialize given byp(r) = 0 is 

4E 1 /gc 	 2 

f IPLI Action = 2 	 dr = 2 	 (8) 
ge 

0 

The probability that a virtual pair can tunnel to a real state in the field of 

thetube, with each component having transverse momentum, p1,  is therefore 

(PT) = I e_onh I = exp (-4irE/ge) 
	

(9) 

Our action, and hence the exponent in 	differs by precisely a factor 

of 2 from the result of Casher at al. [2].  Their result can be derived by 

saying that the quark (or antiquark) acquires an energy from the applied field 

(g/2)cr when it moves a distance r, but does not feel the field of its 

partner. One obtains instead 

= exp T2  E/g) 
	

(10) 

Knowing the correct tunneling probability froma virtual to areal state 

we can now calculate the probability that a pair will actually be created. 

Following Casher et al., we compute the vacuum persistence probability, which 

is the probability that no such tunneling event for any spin, flavor, or 

transverse momentum has occurred at any point r in the tube at any time t 

during the existence of the tube, 

16 
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<0+10 > 2 = 	Fl Tf U ff ri - P( PT ) l 

	

— 	flavor spin RT r 	t 

	

= exp 	 -n ri - P(p1 )] 	 (11) 

Let L XLYL ZT be the space—time region of the tube in which no such event 

is supposed to have occurred. Let z be the longitudinal direction. Divide it 

into cells of length equal to that required for the materialization of a pair, 

which is according to (7), 

	

Az = 8 E/gc 	 (12) 

The time interval I is divided into cells according to the frequency with 

which such tunneling attempts can occur in accordance with the uncertainty 

pri nciple, 

	

2ir 	2ir 	ii 	 13 A 

Since P(p ) is independent of r, t, and spin, we obtain 

	

2 	L -r f pdpd
= exp 	 f2i\/2n\ 9M [1 

 

= exp (_LxLyLz  I ) 	 (14) 

where 

00 

= - 	2 	f dE 	11 - P(p 1 )] 

	

32n 	flavor 2 mf  

= (gc)2 1 exp (- 4irmnIgc) 	 (15) 

flavor n=1 

In the above y= 2 is the spin degeneracy. Taking into account that the quark 

color charge is g/2 we see that this differs from Schwinger's result simply by 

replacing the charge g/2 by g/4. 
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The above p may be interpreted as the rate at which a q pair, having 

opposite color charges g/2 are created per unit volume inside the tube 

containing the color field of strength c . Of cOurse, itis independent of 

position in the tube and of time. 

Equation (15) was derived with reference to pair creation in a flux tube 

having a field strength € equal to that connecting oppositely charged quark 

and antiquark. However, if quark configurations are possible that give rise 

to a larger uniform field strength E, a review of our derivation readily 

reveals that (15) remains true, where e is the field strength connecting the 

created pair. The only restriction is that the color of the created pair must 

be the same asthe color of the quark-antiquark giving rise to the flux tube, 

for otherwise the pair cannot absorb energy from the external field. 

In summary, we have derived the probability per unit four volume for 

creation of a quark-antiquark pair in a chromoelectric flux tube. Our result 

differs from Schwinger's because we are able to take into account the mutual 

interaction of the pair and strict energy conservation. While neglect of 

these in QED are justified for macroscopic electric fields, they are not 

justified in QCD. It is remarkable that within the assumed confinement of the 

color field it is possible to solve a problem in QCD that has remained 

intractable in QED. It is of course precisely the confinement of color that 

allows an easy solution. 

This work was supported by the Director, Officeof Energy Research, 

Division of Nuclear Physics of the Office of High Energy and Nuclear Physics 

of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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