arXiv:1303.1356v2 [hep-ph] 29 Apr 2013

Trident pair production in a constant crossed field

B. King^∗ and H. Ruhl Ludwig-Maximilians-Universität München, Theresienstraße 37, 80333 München, Germany (Dated: April 30, 2013)

We isolate the two-step mechanism involving a real intermediate photon from the one-step mechanism involving a virtual photon for the trident process in a constant crossed field. The two-step process is shown to agree with an integration over polarised sub-processes. At low to moderate quantum non-linearity parameter, the one-step process is found to be suppressed. When the parameter is large, the two decay channels are comparable if the field dimensions are not much greater than the formation length.

PACS numbers: 12.20.-m 42.50.Ct 52.27.Ep 52.65.-y

I. INTRODUCTION

Partly due to experiments that have measured them, and partly due to theoretical proposals to observe them, higher-order quantum-electrodynamical processes in external fields have recently gained much attention in the literature. Theoretical results for two-photon non-linear Compton scattering in a pulsed laser field [1, 2] have shown in particle spectra a much richer physics of higherorder processes compared to tree-level versions. Recent attention has also been focused on the trident process in an external field, which is essentially lowest-order fermion-seeded pair creation, e^± → e^± + e^+e^−, where e^+ represents a positron and e^− an electron. Part of the trident process was measured in the landmark E-144 experiment at SLAC [3, 4], which still more than a decade later is being analysed by theorists [5, 6] despite higherorder processes, including trident, having first been studied some years before [7–9] (a review of strong-field effects in quantum electrodynamics (QED) can be found in [10, 11]).

In light of several plans to construct the nextgeneration of high-intensity lasers [12], there has been much activity in attempting to simulate relativistic plasmas that include strong-field QED effects [13]. Due to their complexity and the current lack of a consistent framework for including classical and quantum effects alongside one another, approximations must be employed (although some non-perturbative strong-field QED simulation methods for systems with fewer particles are also being currently developed [14, 15]). The current letter is motivated on the one hand by the need to justify approximating higher-order QED processes by chains of treelevel processes in simulation-based approaches, and on the other by an enquiry into the physics of the trident process in an external field. This study complements the numerical approach of [5] that analysed the weakly nonlinear regime in E-144 using a monochromatic plane wave background modified to take into account finite interaction time, the lucid general theoretical outline of [6] and

∗ ben.king@physik.uni-muenchen.de

the expression for the total rate in a constant crossed field neglecting exchange terms derived in [7, 8]. By deriving an analytical expression for the trident process in a constant crossed field, we will separate off in an unambiguous way, the two-step process, measured in E-144 in a laser pulse, of a real photon produced via non-linear Compton scattering decaying into an electron-positron pair (e^± → e^± + γ, γ → e^+e^−, where γ represents a photon). Moreover, we will show that the two-step process is exactly given by a sum over intermediate photon polarisation of each tree-level sub-process integrated over the photon lightfront momentum and that for small quantum non-linearity parameter, the one-step process involving a virtual photon suppresses the total rate. Furthermore, we compare the relative importance of the two decay channels and comment on the measurability.

The paper is organised as follows. We begin by highlighting important points in the derivation of the trident process in a constant crossed field, relegating technical albeit standard steps to the appendix. The twostep contribution is analysed and compared to combining tree-level rates and then the remaining, nominatively “one-step” contribution is analysed and compared to the Weizsäcker-Williams approximation. The total creation probability is then studied, the measurability of each process commented on, the results discussed and the paper concluded.

II. PROBABILITY DERIVATION OUTLINE

A diagram of the considered trident process is given in Fig. 1, where double lines indicate fermions dressed in the external field, which has a vector potential A^μ(φ), phase φ = κx and wavevector κ, satisfying κA = κ^2 = 0. Following standard Feynman rules (see e.g. [16]), in a system of units c = ℏ = 1 with the fine-structure constant α = e^2, for positron charge and mass e > 0, m, the scattering matrix for this trident process is given by: S_{f i}=α ∫ d^4x d^4y ψ_2(x)γ^μψ_1(x)G_{μν} (x − y)ψ_3(y)γ^ν ψ^+_4 (y)

−(p_2 ↔ p_3), (1) where the electron in, electron out and positron out wavefunctions in the field of a plane wave ψ, ψ, ψ^+ are given by Volkov states [17], G_{μν} (x − y) is the photon propagator and (p_2 ↔ p_3) refers to an exchange of p_2 and p_3 in the first term of S_{f i} and S_{f i} = −→ S_{f i} − ←− S_{f i}. The second term must be subtracted due to exchange symmetry as the two outgoing electrons are indistinguishable (Pauli’s principle). To avoid ambiguity arising from the exchange term, differential rates will be in p^′, p_− and p_+, which refer to the scattered electron, created electron and positron momentum respectively.

FIG. 1. The Feynman diagram for one term of the trident process in a plane wave (the other is given by the substitution p2 ↔ p3). Let us fix the co-ordinate system by defining κ^μ = κ^0(1, 0, 0, 1)^μ, A^μ = A(φ)(0, 1, 0, 0)^μ. Then focusing on just −→ S_{f i} (the calculation for ←− S_{f i} is analogous), using the definition of the objects in Eq. (1) and Fouriertransforming both vertices x and y, one arrives at [18]: −→ S_{f i} = (2π)^2α ∫ drds δ^{(4)}(Π)Γ^μ(r) 1 k^{′2} + iε | |_{k=k′∗}Δμ(s),(2) where Π = p_2 + p_3 + p_4 − p_1 − (r + s)κ, k^′ is the photon wavevector, k^′_∗ = p_1 − p_2 + rκ and Γ^μ(r) and Δ_μ(s) are functions of variables at the first and second vertices respectively. It has been shown that the Fouriertransformation variables r and s are equivalent to the number of external-field photons, when the background is an infinite plane wave [10].

A constant crossed field background A^μ(φ) = a^μφ is interesting, first because many integrals can be performed analytically facilitating physical interpretation, second, that integration is computationally sufficiently cheap that rates could feasibly be added to simulations and third that predictions in a constant crossed field are often a good approximation to in an arbitrary background field. When one considers that a general strong-field QED process can depend on four gauge- and relativistic- invariants [19] ξ = e^2p_μT^{μν} p_ν m^2(κp)^2

; χ = e √ |p_μF^{μν} |^2 m^3 ; F = e^2F_{μν} F^{μν} 4m^4

; G = e^2F^∗_{μν} F^{μν} 4m^4 , (3)

where T^{μν} and F^{μν} are the energy-momentum and Faraday tensors and ξ and χ the classical and quantum non-linearity parameters, it is a common argument [10] that if ξ ≫ 1 (equivalent to process formation lengths being much smaller than the external field wavelength) the external field can be considered constant during the process, and if F, G ≪ χ^2, 1, then probabilities P are well-approximated by those in a constant crossed field P (χ, F, G) ≈ P (χ, 0, 0). The classically non-linear regime ξ ≫ 1 is fulfilled by the most intense lasers [20], as are F, G ≪ 1.

The probability of the trident process can be calculated by performing the trace average over spin states (achieved using the package Feyncalc [21]) and integrating over the outgoing degrees of freedom (a factor 1/2 removes double-counting from identical final particles), P = (1/4)

∏_4 j=2[V ∫ d^3p_j /(2π)^3]tr |S_{f i}|^2, where V is the system volume. When the momentum-conserving deltafunction in Eq. (2) is squared, a factor in the denominator of a formation phase length, Δφ_+, is generated:

δ(r + s − (r^′ + s^′)) | | |_{r+s=r′+s′} = Δφ+/2π, (4) where Δφ_+ = ∫ dφ_+, φ_± = φ_x ±φ_y is assumed finite and φ_z = zκ, z ∈ {x, y}. The formation phase length can be related to particle momenta by calculating the position of the (real) saddle-point in the phase of −→ S_{f i}, φ^∗_+ = φ^∗_x + φ^∗_y and then associating Δφ^∗_+ = ∫ dφ^∗_+ analogous to treelevel calculations [10], explained in more detail in Sec. A 6. Replacing phase lengths Δφ with coherence intervals Δφ^∗ is a key part of this approach and they will be used interchangeably.

As the rate is proportional to |S_{f i}|^2 = | −→ S_{f i} + ←− S_{f i}|^2, we note interference between exchange terms arises. In Sec. A 8, it is argued that this interference is negligible when the field dimensions are much larger than the formation length. This is the only part neglected as we proceed with P ≈ ( −→ P + ←− P )/2. Moreover, p_2 ↔ p_3 is a symmetry of the remaining integrand, permitting us to define P = −→ P = ←− P . Parts of tr |S_{f i}|^2 are independent of outgoing momenta in the 1- (electric-field) direction, to differing degrees. Using the relationship between φ^∗_+ and p^1_{2,3}, an integral J appears in P with the form: J = 1 2π^2 ∫ dφ^∗_+ dφ^∗_− | | | | | ∫ dr e^{iφ∗−r}F (r) (r + iε) | | | | | 2 , (5)

where F (r) ∈ C^∞ . A crucial step is how to deal with the integration over the photon propagator. As commented in [6], using the Sokhotsky-Plemelj formula [22]: ∫_∞ −∞ dr F (r) r ± iε = ∓iπF (0) + P̂ ∫_∞ −∞ dr F (r) r , (6)

where P̂ refers to taking the Cauchy principal value of the integral, P might thought to be split into real and virtual parts, for which the photon is on-shell (k^2 = 0) and offshell, corresponding to the first and second terms in Eq. (6) respectively. However, for a constant crossed field at least, these two terms correspond only to a δ function and a principal value part. Using Eq. (6), performing the principal values first, J can be shown to be equal to

J = J^{(2)} + J^{(1)}_× + J^{(1)}_d (7)

J^{(2)} = 2|F (0)|^2 ∫ dφ^∗_+ dφ^∗_− θ(−φ^∗_−) (8)

~J^{(1)}_× = F (0) π ∫ dφ^∗_+ ∫_∞ 0 dr F^∗(r) + F^∗(−r) − 2F^∗(0) r^2 (9) J^{(1)}_d = 1 π ∫ dφ^∗_+ ∫ dr |F (r) − F (0)|^2 r^2

, (10)

where J^{(1)}_× = 2 Re ~J^{(1)}_× , Re is the real part and θ(·) is the Heaviside theta function. J^{(1)}_d and J^{(1)}_× denote the direct one-step and one-step-two-step interference integrals. Since F most often has a maximum at r = 0 for the most important dynamical regions, it can also be noted that the interference term is effectively negative. We return to this point in the discussion of the onestep process. Recognising that if φ^∗_x, φ^∗_y ∈ [φ_0, φ] then

2^{−1} ∫ dφ^∗_+ ∫ dφ^∗_−θ(−φ^∗_−) is equivalent to ∫_φ φ_0 dφ ∗ x ∫_φ∗_x φ_0 dφ ∗ y and J^{(2)} forms a two-step process. Although there are ostensibly two phase regions φ^∗_x and φ^∗_y, in a constant crossed field, the two-step phase factor is trivially related to the total phase region through ∫_φ φ_0 dφ^∗_x ∫_φ∗_x φ_0 dφ^∗_y = (Δφ)^2 2 , (11)

where Δφ = φ − φ_0 is the total phase difference between the beginning and end of the process in the external field, thereby measuring its extent. What remains in P are terms proportional to 2^{−1} ∫ dφ^∗_+, equal to ∫_φ φ_0 dφ ′ = Δφ, which we deem accordingly a one-step process. The Heaviside theta function in the two-step process preserves causality, ensuring that pair-creation from a photon occurs after photon emission from nonlinear Compton scattering. An important point is that this theta function is generated from terms in both the δ function and principal value part of the photon propagator and so the principal value part also plays a key role in the calculation of the two-step process involving a real photon. Even in the remaining one-step terms in Eq. (7) that comprise a cross-term I^{(1)}_× and a direct-term I^{(1)}_d , it transpires that

I^{(1)}_× (r = 0) + I^{(1)}_d (r = 0) ≠ 0. (12)

So as the two-step term contains a contribution from the principal value part of the propagator so does the onestep term contain a non-zero on-shell contribution. Overall causality can be seen to be observed without having to split up the propagator into δ function and pricipal value parts, by calculating the r-integral early on in S_{f i} using [23] ∫_∞ −∞ dr 1 r + iε e^{ir(φx−φy )} = −2πi θ(φ_y − φ_x). (13)

III. TWO-STEP PROCESS

From the six original outgoing momentum integrals, due to the symmetry in the 1- (electric-field) direction, four integrals remain. As we neglect mixing between direct and exchange terms, each integral in the 2-direction can be factorised into a Compton-scattering vertex part and a pair-creation vertex part. Some useful Airy integrals that were derived from existing results in the literature are given in Sec. B, which facilitated the p^2 and p^2_3 integrations, giving for P^{(2)} a final doubleintegral which can be written as a product of a spacetimedependent phase length squared and a dynamical part dependent on relativistic and gauge-invariant quantities χ_j = χ_E (p^0_j − p^3_j ), χ_E = E/E_{cr} and E_{cr} = m^2/e,

P^{(2)} = (ξΔφ)^2 I^{(2)}/2

I^{(2)} = α^2 χ^2_1 ∫ dχ_2dχ_3 θ(χ_1 − χ_2 − χ_3) A^{(2)} (χ_1 − χ_2)^2

, (14)

where I^{(2)} = I^{(2)}(χ_1) and A^{(2)} = A^{(2)}(χ_1, χ_2, χ_3) given by: A^{(2)} = Ai_1 [ μ^{2/3}_2 ] Ai_1 [ μ^{2/3}_3 ] + a_2 Ai^′ [ μ^{2/3}_2 ] Ai_1 [ μ^{2/3}_3 ]

+a_3 Ai_1 [ μ^{2/3}_2 ] Ai^′ [ μ^{2/3}_3 ] + a_4 Ai^′ [ μ^{2/3}_2 ] Ai^′ [ μ^{2/3}_3 ]

a_2 = μ^{1/3}_2 (χ^2_1 + χ^2)/(χ_1 − χ_2)

a_3 = −μ^{1/3}_3 [(χ_1 − χ_2 − χ_3)^2 + χ^2_3]/(χ_1 − χ_2)

a_4 = −(μ_2μ_3)^{1/3} [ χ^4_1 − 2χ^3_1(χ_2 + χ_3) + χ_1χ_2(−2χ^2

−χ_2χ_3 + χ^2_3) + χ^2_1(2χ^2 + χ_2χ_3 + 2χ^2_3) + χ^2(χ^2 + 2χ_2χ_3 + 2χ^2_3) ] /(χ_1 − χ_2)^2 (15)

μ_2 = χ_1 − χ_2 χ_1χ_2

, μ_3 = χ_1 − χ_2 (χ_1 − χ_2 − χ_3)χ_3

, (16)

where Ai is the Airy function [24], Ai^′, its differential and Ai_1(x) = ∫_∞ x Ai(y)dy. The phase formation length can be written in a variety of ways: ξΔφ = mχ_E Δφ κ^0 = L L_∗ , (17)

where L is the extent of the external field and L_∗ = λ/χ_E the formation length, where λ = 1/m is the reduced Compton wavelength. It is quite logical that the formation length should be of this form when one considers over what extent the work done by the field is sufficient to create a pair L_∗ = m/eE = λ/χ_E . When an arbitrary external field with phase φ and frequency κ^0 is taken as approximately constant over the formation length one can apply the locally-constant-field approximation to P^{(2)}:

P^{(2)}(φ, φ_0) = σ ∫_φ φ_0 dφ_x ∫_{φx} φ_0 dφ_y ∫ dχ_2 dχ_3

∂I^{(2)} ∂χ_2∂χ_3 ,(18)

where σ = (mχ_E /κ^0)^2, χ_1 = χ_1(φ_0), χ_2 = χ_2(φ_x), χ_3 = χ_3(φ_y ) and the phase integrals in Eq. (18) are typical of other product approximations e.g. [25, 26].

Further support that the splitting off of the two stepprocess is unambiguous in a constant crossed field is found upon comparison with the “product approach” of integrating the tree-level processes of non-linear Compton scattering (quantities denoted by subscript_γ ) and photon-seeded pair creation (subscript_e) over the intermediate photon lightfront momenta and summing over its polarisation, l. The differential rates for the subprocess are given by [26, 27]: I_{γ,l} = −α χ^2_1 ∫_{χ1} 0 dχ_k {[ 2 ± 1 z_γ + χ_kz^{12}γ ] Ai^′(z_γ ) + Ai_1(z_γ ) }

I_{e,l} = α χ^2_k ∫_{χk} 0 dχ_3 {[ 2 ± 1 z_e − χ_kz^{12}_e ] Ai^′(z_e) + Ai_1(z_e) } , (19)

where z_γ = (χ_k/χ_1(χ_1 − χ_k))^{2/3} = μ^{2/3}_2 , z_e = (χ_k/χ_3(χ_k − χ_3))^{2/3} = μ^{2/3}_3 , and ± refers to transverse polarisations l = 1, 2. The probability in the product approach is P_{γe} = (ξΔφ)^2I_{γe}/2 where I_{γe} = 1 2 2∑ l=1 ∫_{χ1} 0 dχ_k ∂I_{γ,l} ∂χ_k I_{e,l}. (20) By comparison of Eq. (19) and Eq. (15), one can observe that I^{(2)} = I_{γe}. This agrees with previous analyses performed for the total trident rate in a constant crossed field by analysing the polarisation operator correction to the Volkov propagator in a constant crossed field [7, 8].

The differential rate ∂^2I^{(2)}/∂χ^′∂χ_− (χ^′, χ_− and χ_+ refer to the scattered electron, created electron and positron χ factors respectively) is plotted in Fig. 2 for incoming quantum non-linearity parameter χ_1 = 1 and χ_1 = 10. It was found that for χ_1 ≤ 1, the differential rate is symmetric in χ^′ and χ_−, becoming more sharply peaked around the maximum at χ^′ = χ_− = χ_+ = χ_1/3 as the initial χ is shared equally among the products of the reaction. However when the highly quantum nonlinear regime χ_1 ≫ 1 is entered, χ^′ → χ_1 and χ_± → 1 so the most probable scenario for a highly-relativistic fermion seed that creates a pair is that it remains highly-relativistic and can seed further generations of pairs in a field-free cascade (this point has recently been explored in [26]).

By plotting the differential rate in the 2-momentum component of the outgoing electrons ∂^2I^{(2)}/∂p^{′2}∂p^2_− in Fig. 3 it can be seen that at high χ_1, a beam of electrons colliding head-on with the external field wavevector is split into two connected phase-space regions, denoted by the two lobes in Fig. 3b. Using transverse momentum conservation p^2_1 − p^{′2} − p^2_− − p^2_+ = 0, it can be shown that the distribution in electron and positron momenta is similarly split, with the line of symmetry along p^2_+ = −p^2_−.

FIG. 2. The differential rate of the two-step process ∂^2I^{(2)}/∂χ^′∂χ− for incoming fermion quantum non-linearity parameter a) χ1 = 1 and b) χ1 = 10. As χ1 increases above 1, the probability becomes skewed around large χ^′ and small χ−.

The width of the distribution in p^{′2} and p^2_− can be estimated using the result that bremsstrahlung from an electron is emitted in a cone of radius ≈ 1/γ [28]. Assuming γ ≫ 1, and that the incoming electron collides head-on with the external field wavevector, the magnitude of the transverse co-ordinate p^⊥_2 over the 3- co-ordinate of initial electron momentum must be approximately equal to this angle, i.e. p^{′2}/p^3_1 ≈ 1/γ. Using the approximation χ ≈ 2γχ_E , it then follows that p^{′2} and hence p^2_− must be approximately of the order of unity.

FIG. 3. The scaled differential rate for the two-step process 10^8∂^2I^{(2)}/∂p^{′y}∂p^y_− for incoming fermion quantum nonlinearity parameter a) χ1 = 1 and b) χ1 = 10. For higher χ1, the electrons are split into two ever-distincter momentum regions.

The dependency of the total two-step probability on χ_1 is plotted in Fig. 4, in which I^{(2)} is compared to the product approach using unpolarised tree-level differential rates I_{γe} = ∫_{χ1} 0 dχ_k I_e ∂ I_γ ∂χ_k (21)

where I_j = (I_{j,1} + I_{j,2})/2 for j ∈ {γ, e}. The relative difference between the total unpolarised and polarised rate was found to be around ≈ 12% for 1 < χ_1 < 10^3. In addition, the dashed line in Fig. 4 plots an approximate formula derived by Baier, Katkov and Strakhovenko in [7], adapted to the current notation as:

I^{(2)}_{bks} =

3α^2 16χ_1 log ( 1 + χ_1 12 ) e^{− 163χ}1 (1 + 0.56χ_1 + 0.13χ^2_1)^{16} ,

(22)

which was found to agree with I^{(2)} to within around 4% for 1 < χ_1 < 10^3.

FIG. 4. The two-step rate I^{(2)} is compared to an approximation from the literature I^{(2)}_{bks} and the product approximation of an integration over the lightfront photon momentum using unpolarised sub-processes Iγe.

IV. ONE-STEP PROCESS

P^{(1)} was evaluated as a five-dimensional numerical integral of the form

P^{(1)} = ξΔφ I^{(1)} (23)

I^{(1)} = α^2 πχ_1 ∫ dχ_2dχ_3dp^2dp^2_3dv θ(χ_1 − χ_2 − χ_3) (χ_1 − χ_2)^2

B^{(1)} v^2 , where

~B^{(1)}(v) = |A^{(1)}(v) − A^{(1)}(0)|^2 +

2 Re [ A^{(1)}(0) ( A^{(1) ∗}(v) − A^{(1) ∗}(0) )] ,(24)

where B^{(1)} = B^{(1)}(v) = ~B^{(1)}(v)+ ~B^{(1)}(−v) and A^{(1)}(v) = A^{(1)} ( v, χ_1, χ_2, χ_3, p^2, p^2_3 ) are functions containing products of Airy functions depending on the combination (p^2_{,3})^2 + ν_{2,3} with:

2^{2/3}ν_{2,3}(v) = μ^{2/3}_{2,3} ± v χ_1μ^{1/3}_{2,3}

(25)

where we note ν_j (v = 0) = (μ_j /2)^{2/3}, and the integral in v = 2χ_1κ^0r/mχ_E is between 0 and ∞. A check of the numerical expression was partly provided by the definition ∫ dp^2 dp^2_3 A^{(1)}(0, χ_1, χ_2, χ_3, p^2, p^2_3) = A^{(2)}(χ_1, χ_2, χ_3),

(26)

where A^{(2)} was given in Eq. (15).

As noted in the derivation, the one-step term can be written as the sum of a purely one-step and a one-step-two-step interference term: I^{(1)} = I^{(1)}_d + I^{(1)}_× , where it was seen that I^{(1)}_× < 0. To investigate this point, we plot in Fig. 5 the differential rate ∂^2I^{(1)}/∂χ^′∂χ_−, in which one can clearly observe negative regions. As long as the total differential rate remains positive, this negativity originates from the artificial splitting into one- and two-step terms. The one-step process in these momentum regions is not directly detectable but rather serves to suppress the overall rate. As χ_1 increases, the suppression is reduced and the one-step probability becomes positive.

FIG. 5. A plot of the differential rate of the one-step process in χ^′ and χ− for a) χ1 = 1 and b) χ1 = 10. The one-step rate is entirely negative in a).

To investigate the different dynamics of the onestep process, in Fig. 6 we plot the differential rate ∂^2I^{(1)}/∂p^{′2}∂p^2_−, in which one can clearly observe that the regions of maximum amplitude are negative. Upon comparison with the two-step differential rate in Fig. 3, we found that the purely one-step term I^{(1)}_d did not split into two lobes as early with increasing χ_1 and the line of symmetry in the distribution was at a reduced angle. We consider whether the transverse momentum distribution can be used to measure the one-step process in the Sec. V A.

The total probability of the one-step process is plotted in Fig. 7. We note that the total one-step rate becomes positive for χ_1 ≳ 20. This is a consequence of the positive, purely one-step rate, which increases with χ_1 becoming dominant over the negative cross term between one-step and two-step processes, in which the two-step rate decreases for χ_1 ≥ 20. It is somehow intuitive

FIG. 6. A plot of the differential rate of the one-step process in the 2-components of the outgoing electrons, multiplied by 10^8 when a) χ1 = 1 and b) χ1 = 10.

that the virtual process increases with χ_1. From the bandwidth theorem applied to the uncertainty relation, ΔEΔT ∼ ℏ, the spread of virtual energies available ΔE is larger when the interaction time ΔT is shorter, which here corresponds to the time taken to traverse the formation length L_∗. Since ΔT ∝ 1/u_1, where u_1 is the velocity of the incoming electron, which increases with χ_1, the virtual photons can therefore more easily fulfil energy-momentum conservation at both vertices. The two-step process on the other hand, does not benefit from this scaling. We discuss the consequences of this in Sec. V.

From Fig. 7 we note that the maximum suppression of the two-step rate due to a negative one-step rate occurs at χ_1 ≈ 10. Since the cross-term is essentially the overlap between the one-step and two-step process, and since this grows with χ_1, the suppression does not appear to be due to the increasing overlap of the two decay channels as in e.g. the LPM (Landau-Pomeranchuk-Migdal) effect (recently studied in the combination of laser and atomic fields [29]). What can be noticed, is that the probability for the one-step process becomes only positive when, over a formation length L_∗, regardless of the extent of the field, the purely one-step process becomes more probable than the two-step process.

The total rate for the one-step process can also be verified in part by using existing asymptotic approximations in the literature, for example from [7] one has:

I^{(1)}_{bks} ∼ −α^2 32 √ 2χ_1 3π e^{− 163χ}1 , χ_1 ≪ 1 (27)

the error for which remains less than 20% for χ_1 ≲ 0.1, as plotted in Fig. 8.

A test that was used to approximate the one-step background in E-144 [3, 4], is the Weizsäcker-Williams (WW) approximation P_{ww} [28, 30], which is applicable to the purely virtual part, P^{(1)}_d . This approximation substitutes the virtual photon spectrum of a seed charged

FIG. 7. Various parts of the one-step probability. Dotted lines represent suppression, and for χ1 ≳ 20, the total onestep probability becomes positive (solid line). The purely direct term I^{(1)}_d is also compared with the Weizsäcker-Williams approximation I^{(1)}ww.

FIG. 8. The agreement between the one-step rate and the asymptotic expression I^{(1)}_{bks} from [7] for χ1 ≪ 1.

particle with an equivalent real photon spectrum (by neglecting non-transverse polarisation components) and then assumes the different real photon frequency components can be summed incoherently with the photonseeded pair-creation probability. One can achieve a similar result by performing the spin trace over just the transverse spacetime indices, followed by a limiting procedure k^2 → 0 in the resulting quantum amplitudes [31]. This should be a good approximation to the trident process, the closer the intermediate virtual photon is to being real, i.e. the smaller k^2 becomes with respect to the electron mass. We note:

k^2 = (p_2 − p_1 − rκ)^2 (28) = (p_2 − p_1)^2 − 2rκ(p_2 − p_1), (29)

therefore the closer the scattered electron momentum is to the original one, i.e. the smaller the electron recoil, the smaller k^2 is, independent of r. For the two-step case, the integration of the product approximation shows [26] that in general χ_k ≪ χ_1 and χ_2 ≈ χ_1 when χ_1 ≫ 1. It then follows that when χ_1 ≫ 1, the Weizsäcker-Williams method can be used to approximate to the directly virtual part of the probability, P^{(1)}_d . One can modify the Weizsäcker-Williams approximation for pair-creation via bremsstrahlung [22] to the present case

P^{(1)}_{ww} (χ_1)= 2α π ∫_{χ1} 0 dχ_k χ_k [ ln ( χ_1 χ_k ) −C ] P_e(χ_k), (30)

where C = γ_E + 1/2 − ln 2 ≈ 0.384, γ_E = 0.57721 . . . is the Euler constant. The comparison is made in Fig. 7 where we have taken P_e = ξΔφ I_e and P^{(1)}_{ww} = ξΔφ I^{(1)}_{ww}. For values of χ_1 ≲ 2, the WW approximation becomes quickly worse than 10%, seeming to support the decomposition of the one-step process into purely-virtual and cross-term parts (although the error remains of the order of the polarisation error in the 2-step process, of around 10%). However, despite the accuracy when compared to the purely virtual one-step process, the WW approach does not take into account the cross-term between one- and two-step processes and therefore even fails to indicate the region of measurability of the one-step process or its suppressive effect on the total rate. One might conjecture that the WW rate could be useful when χ_1 increases above 100, but we have not investigated this here as doubt has been cast on whether the perturbative expansion in final particles is valid at such large value of χ_1 [32].

V. TOTAL TRIDENT PROCESS RATE

Comparison of the one- and two-step processes depends not only χ_1 but also on the extent of the external field, and will allow for an analysis of how small the external field can be taken without substantially violating the assumptions in the derivation. In previous sections, it was seen that for small χ_1, the total one-step process becomes negative. Since the total rate must remain positive, this allows for a condition on the minimum allowable dimension of external field. To make the discussion more transparent let us rewrite the phase factors in terms of formation lengths recalling ξΔφ = L/L_∗, L_∗ = λ/χ_E , so that the total probability is of the form: P = 1 2 ( L L_∗ )_2 I^{(2)} + L L_∗ I^{(1)} + I^{(0)}, (31)

where I^{(0)} corresponds to the neglected interference between exchange terms. By regarding L/L_∗ as a separate variable, we plot the dependency of the calculated terms in P on both χ_1 and L/L_∗ in Fig. 9. From the plot of the total rate in Fig. 9a, it seems that L/L_∗ < 2 is required before the total rate becomes negative, and this is most critical at around χ_1 ≈ 10. One might argue that since L/L_∗ < 2, the I^{(0)} term must be taken into account and possibly cancels out this negativity. However, in Fig. 9b we plot the maximum ratio of L/L_∗ required such that also the differential rate of the calculated terms in p^{′2} and p^2_− (solid line) and in χ^′ and χ_− (dashed line) remains positive, which is seen to grow with χ_1 into the L/L_∗ > 2 region (L/L_∗ ≈ 60 was found for χ_1 = 10^3, although it is unknown whether the current method is at all applicable at such high χ-factors [32]). Therefore the I^{(0)} term is unlikely to be fundamental to the discussion.

FIG. 9. Plot a) is the sum of the total two- and one-step rates (multiplied by 10^6 ) as a function of incoming non-linear quantum parameter χ1 and external field dimension L/L∗. Plot b) is the maximum value of L/L∗ such that the differential rate in p^{′2} and p^2_− (solid line) and χ^′ and χ− (dashed line) remain positive.

The origin of this negativity is most certainly the assumptions made in deriving the constant crossed field rates. Most notably, the infinite integral over the external-field phase performed to generate the characteristic Airy functions must be modified to include the finite duration. These results imply a useful additional constraint on the validity of the constant crossed field approximation, namely

ξΔφ ≫ 1. (32)

This is independent of the condition ξ ≫ 1, which is required to justify the limit on the external-field frequency κ^0 → 0 in the expression for a general background because ξΔφ is independent of κ^0.

A. Measurability

Here we are discussing the measurability of electronseeded pair creation in the collision of a laser and electron beam in the non-perturbative and highly non-linear regime (ξ ≫ 1) in contrast to the weakly nonlinear regime (ξ ≲ 1) discussed in [5] in a curtailed plane-wave background. The two-step process is measurable by tak-

FIG. 10. In plot a) for χ1 = 10 is the ratio of the one-step to the two-step process, where in the empty regions, the ratio becomes much larger than the maximum on the colour scale. In plot b), the percentage r(χ1) of the measurable one-step signal to the total signal in the p^2_−– p^2_+ plane, with increasing L/L∗, is plotted.

ing the similar parameters to the SLAC E-144 experiment, but increasing the intensity of the laser used from 1.3×10^{18} Wcm^{−2} to 10^{22} Wcm^{−2} and reducing the pulse duration from τ = 1.6 ps to τ = 10 fs allowing the energy and number of initial electrons to be reduced to 10^9, 3.5 GeV electrons. Assuming the slight angle makes only a minor difference to the two-step probability, ⟨χ_1⟩ = 1, ξ = 30, L/L_∗ = 1100, where ⟨·⟩ refers to an average over oscillations of the external field, the initial beam of electrons would create of the order of 10^6 pairs. We stress that Compton scattering and coherence effects have been neglected. The one-step process in this regime seems much more difficult to separate in an experiment. One possibility is to measure the transverse momenta of final state positrons (the electron momentum distribution will likely be washed out by double-photon Compton scattering of the initial electron). Due to the slightly wider momentum spectrum in the 2-direction for positrons created via the one-step process compared to the two-step process, plotted in Fig. 10a, with a judicious momentum “cut”, the effect of the one-step process could be measured. In Fig. 10b the ratio r(χ_1) of one-step to two-step created positrons outside of the area |p^2_±| < m, in regions of the detector where the former is at least 50% the latter, is plotted as a function of the field dimension L/L_∗. The one-step process is then most measurable for a head-on collision when the χ-factor is increased but χ_E held relatively low. A beam of 10^9, 500 GeV electrons combined with a single-cycle 10^{21} Wcm^{−2} laser pulse (⟨χ_1⟩ = 20, ξ = 10, L/L_∗ ≈ 60) would produce again of the order of 10^4 positrons via the one-step process in these measurable regions from initial seed electrons. Although further Compton-scattering of the positrons could take place, this three- rather than a two- vertex dressed process is less probable.

VI. DISCUSSION

A fundamental difference between the two- and onestep processes is that in the two-step process, the real photon can propagate for an arbitrarily long phase length before decaying into a pair, whereas in the one-step process, the photon’s range is limited by the uncertainty relation. So when the sub-processes are not very probable, for example at low χ, one would expect the two-step process to dominate. If the range of the real photon were curtailed to a length of the order of the formation length, the length associated with the one-step process, this advantage of the two-step process would be lost and the two processes should be comparable, as we indeed find. On the other hand, considering the uncertainty relation in energy and time, the shorter the interaction duration, the larger the bandwidth of frequencies available to fulfill energymomentum conservation at the vertices of one-step pair creation. Therefore, for electrons incident with a high χ parameter, the probability of the one-step process is enhanced compared to the two-step one, leading to its dominance for external field dimensions of the order of the formation length and large χ.

An important point is the overlap of the two production channels. Assuming that the constant crossed field is still valid (ξΔφ ≫ 1), instead of considering the suppression of the two-step through the one-step process, one could instead consider this phenomenon the other way round. The one-step process is essentially suppressed by the more probable two-step process at low χ, but when χ is large enough that the one-step channel becomes more probable over its formation length, the one-step process probability becomes positive and emerges as a separate channel on its own. Moreover, this threshold is independent of the extent of the external field and so this phenomenon is likely present in more complicated backgrounds as well.

Although we have only calculated a two-step process, the question presents itself whether the constant crossed field approximation can be used to model long chains of processes as is typically used in computer codes. In this case for n vertices, assuming the Poisson-like dependence on the external field’s spatial extent (and duration) continues to higher orders, one could have a probability of the form: P = 1 n! ( L L_∗ )_n I^{(n)} + . . . + L L_∗ I^{(1)} + I^{(0)}, (33)

where I^{(j)} represents a process with j − 1 on-shell propagators. Assuming the dynamical factors I^{(j)} are of the same order, the potentially largest negative contribution arises from the I^{(n)}–I^{(n−1)} cross-term, which acquires an extra factor n. Therefore one could surmise that the constant-crossed-field approximation is also valid for an n-vertex process as long as ξΔφ ≫ n.

The two-step process was measured in the weakly non-linear (multi-photon) regime (ξ = 0.3) in the E- 144 experiment. We calculated the approximate number of pairs created in the highly non-linear and nonperturbative regime (ξ ≫ 1, χ > 1). It was found that if the laser intensity could be updated to higher, currently available intensities (2 × 10^{22} Wcm^{−2} was already achieved in 2008 [20]), the particle beam can be allowed to be even less relativistic and the two-step process measurable. More difficult is separating the one-step mechanism for which it is crucial that the field extent is not much larger than the formation length otherwise the background from the two-step channel is too large. However, to utilise the slightly different transverse positron momentum distribution, the χ factor must remain high χ ≳ 10. Here the same order of number of positrons was predicted to be produced in “measurable” regions for a single-cycle 10^{21} Wcm^{−2} pulse but a 500 GeV electron beam.

VII. CONCLUSION

The trident process in a constant crossed field must be considered in its entirety, being separable into two- and one- step processes rather than real and virtual parts, which were both seen to contribute to the one-step process. The two-step process was found to agree exactly with an integration of the average of polarised tree-level processes over lightfront momenta. The one-step process was found to be effectively suppressed for χ_1 ≲ 20 due to the larger probability of the two-step process over the formation length. In the highly non-linear and nonperturbative regime (ξ ≫ 1, χ > 1), the two-step process was shown to be measurable for electron beams even less energetic than in the E-144 experiment, as long as the intensity of the laser is updated to around 10^{22} Wcm^{−2}. For field dimensions not orders of magnitude larger than the formation length, it was shown that the one-step process could in principle be separated from the two-step process using the wider positron transverse momentum spectrum when a single-cycle 10^{21} Wcm^{−2} pulse collides with a 500 GeV electron beam

VIII. ACKNOWLEDGMENTS

B. K. would like to acknowledge many stimulating discussions with A. Ilderton and A. Fedotov and conversations with P. Böhl. This work was supported by the Grant No. DFG, FOR1048, RU633/1-1, by SFB TR18 project B12 and by the Cluster-of-Excellence “Munich- Centre for Advanced Photonics” (MAP). Plots were generated with Matplotlib [33].

Appendix A: Further detail on derivation

1. Definitions

Here we define objects used in the manuscript and further calculation. The Volkov states are [16]:

ψ_r(p) = [ 1 + e/κ /A 2κp ] u_r(p) √ 2p^0V e^{iS(p)} ψ_r(p) = u_r(p) √ 2p^0V [ 1 + e /A/κ 2κp ] e^{−iS(p)} ψ^+_r (p) = [ 1 − e/κ /A 2κp ] v_r(p) √ 2p^0V e^{iS(−p)} S(p) = −px − ∫_φ 0 dϕ ( e(pA[ϕ]) κp − e^2A^2[ϕ] 2(κp) ) , (A1)

where /κ = γ^μκ_μ, γ^μ are the gamma-matrices, u_r (v_r) are free-electron (-positron) spinors satisfying

∑_2 r=1 u_{rρ}(p)u_{rσ}(p) = (/p + m)_{ρσ} /2m, ∑_2

r=1 v_{rρ}(p)v_{rσ}(p) = (/p − m)_{ρσ} /2m, u = u^†γ^0 and the remaining symbols are as described in the paper. The photon propagator is: G^{μν} (x − y) = ∫ d^4k (2π)^4 4πg^{μν} k^2 + iε e^{ik(x−y)}. (A2) The expansion of the vertices in Fourier modes is: ∫ dr 2π Γ^μ(r)e^{−irφ} = ψ_2(φ) γ^μ ψ_1(φ) (A3)

Γ^μ(r) = ∫ dφ e^{irφ} ψ_2(φ) γ^μ ψ_1(φ) (A4) ∫ ds 2π Δ^μ(s)e^{−isφ} = ψ_3(φ) γ^μ ψ^+_4 (φ) (A5)

Δ^μ(s) = ∫ dφ e^{isφ} ψ_3(φ) γ^μ ψ^+_4 (φ),(A6)

where we have used the shorthand ψ_i = ψ(p_i) with spinor indices suppressed and ψ_j (φ) are the Volkov states with Fourier terms e^{±ipj x} removed.

2. Derivation of rate expression

Beginning from the expression for the scattering matrix: S_{f i} = α ∫ d^4x d^4y ψ_2(x)γ^μψ_1(x)G_{μν} (x − y)ψ_3(y)γ^ν ψ^+_4 (y)

− (p_2 ↔ p_3), (A7) = −→ S_{f i} − ←− S_{f i}. (A8)

Using the definitions in Eqs. (A1-A6), we can rewrite Eq. (A7) as: −→ S_{f i} = α π ∫ d^4x d^4y d^4k (2π)^4 dr ds e^{ixΠΓ +iyΠΔ} Γ^μ(r) Δ_μ(s) k^2 + iε , (A9) where Π_Γ = k − δp_Γ, δp_Γ = p_1 + rκ − p_2 and Π_Δ = −k − δp_Δ, δp_Δ = sκ − p_3 − p_4. Integration of Eq. (A9) over x and y gives:

−→ S_{f i} =

(2π)^4α π ∫ d^4k dr ds δ(k − δp_Γ) ×δ(k + δp_Δ) Γ^μ(r) Δ_μ(s)

k^2 + iε , (A10)

and over k gives:

−→ S_{f i} =

(2π)^4α π ∫ dr ds δ^{(4)}(Δp − (r + s)κ) × Γ^μ(r) Δ_μ(s) k^{′2} + iε | | k^′ =k^′_∗ , (A11) where k^′_∗ = δp + rκ, δp = p_1 − p_2 and Δp = p_2 + p_3 + p_4 − p_1. We notice: 1 k^{′2} + iε | |_{k′ =δp+rκ} = 1 (δp)^2 + 2rκδp + iε = (2κδp)^{−1} r − r_∗ + iε , (A12)

where we have defined r_∗ = −(δp)^2/(2κδp). With a coordinate transformation r → r + r_∗ we have: −→ S_{f i} =

(2π)^3α κδp ∫ dr ds r + iε δ^{(4)}(Δp − (r + r_∗ + s)κ)

Γ^μ(r + r_∗) Δ_μ(s), (A13)

In order to evaluate the delta functions, we switch at this point to lightcone co-ordinates. For spatial co-ordinates we define x^± = (x^0 ± x^3), x_⊥ = (x_1, x_2), whereas for momenta, p^± = (p^0 ±p^3)/2, p_⊥ = (p_1, p_2). We also define a co-ordinate system and specify a constant crossed field κ = κ^0(1, 0, 0, 1) A^μ(φ) = a^μφ, a^μ = (E/κ^0)(0, 1, 0, 0), κa = κ^2 = 0, so that κx = κ^0(x^0 − x^3) = κ^+x^−.

In forming the probability, we must square the scattering matrix. Let us concentrate on | −→ S_{f i}|^2 as the steps for other contributions are similar. When Eq. (A11) is modsquared, one has, for some function f = f(r, s, r^′, s^′) ∈ C^∞ :

|S|^2 = ∫ dr dr^′ ds ds^′ f δ^{(4)}[Δp − (r + s)κ] δ^{(4)}[Δp − (r^′ + s^′)κ] (A14)

|S|^2 = ∫ dr dr^′ ds ds^′ f δ^{(4)}[Δp − (r + s)κ] δ^{(4)}[(r + s − (r^′ + s^′))κ] = (A15)

|S|^2 = ∫ dr dr^′ ds ds^′ f δ^{(4)}[Δp − (r + s)κ] δ^{(4)}[(r + s − (r^′ + s^′))κ] δ(r + s − (r^′ + s^′)) δ(r + s − (r^′ + s^′))

(A16)

|S|^2 = ∫ dr dr^′ ds ds^′ f δ^{(4)}[Δp − (r + s)κ] V T (2π)^3Δφ_+ δ(r + s − (r^′ + s^′)) (A17)

|S|^2 = 1 (κ^0)^4 V T (2π)^3Δφ_+ δ^{(2)}(Δp^⊥)δ(Δp^−) ∫ dr dr^′ f(s = Δp − r, s^′ = Δp − r^′), (A18)

where we have defined a formation phase length Δφ_+ [10]:

δ(r + s − (r^′ + s^′)) | | |_{r+s=r′+s′} = Δφ_+ 2π , (A19)

where

δ(x) | |_{x=0} = ∫ dl 2π e^{ixl} | | |_{x=0}. (A20)

At this point, since we wish to form probabilities and not rates, we invoke the relation T/p^0_1 = Δφ_+/κp_1 [10], so that, combining the arguments leading to Eq. (A13) and Eq. (A18), we then have: | | | −→ S_{f i} | | |^2 =

(2π)^3α^2 (κδp)^2 V p^0_1 (κ^0)^4(κp_1) δ^{(2)}(Δp^⊥)δ(Δp^−)I(→, →) I(→, →) = | | | | ∫ dr Γ^μ(r + r_∗)Δ_μ(s_∗ − r) r + iε | | | | 2 (A21)

where we have defined s_∗ = Δp^+ − r_∗, which can be shown to be equal to:

s_∗ =

(p_2 + p_3 + p_4)^2 − m^2 2p_1κ/κ^0

− r_∗. (A22)

We note that in order to evaluate the light-cone coordinate delta functions occurring in Eq. (A21) from a Cartesian integral, one can use: ∫ d^3p_j 2p^0_j f(p_j ) = ∫ d_2p_{⊥j} dp_− 2p^−_j θ(p^−_j )f(p_j ) | | | |_{p+j =} (p⊥_j )2 +m2 4p−j , (A23)

where θ(·) is the Heaviside step function.

The probability −→ P , using the expression −→ P = (1/2)

∏_4 j=2[V ∫ d^3p_j /(2π)^3]tr | −→ S_{f i}|^2, is then given by: −→ P = α^2 (2κ^0)^6(κp_1) ∏ j=2,3 ∫ d_2p_{⊥j} (2π)^3 dp^−_j p^−_j θ(p^−_j )tr I(→, →) | |_{nn} p^−_4 (p^−_1 − p^−_2 )^2 , (A24)

where the instruction nn means that all normalisations of the form (2V p^0_j )^{−1/2} for j ∈ {1, 2, 3, 4} have been removed and the integral in d^3p_4 has already been performed (to account for the degeneracy of outgoing states the total probability P requires an extra factor 1/2 as explained in the main text).

3. Vertex functions

We can rewrite the vertex functions Eqs. (A4) and (A6) in a way that allows them to be easily evaluated by separating integrals from trace products. Concentrating first on Γ^μ(r):

Γ^μ(r) = ∫ dφ { u_{σ2} (p_2) √ 2p^0_2 [ 1 + e /A(φ)/κ 2κp_2 ] γ^μ [ 1 + e/κ /A(φ) 2κp_1 ] u_{σ1} (p_1) √ 2p^0_1 e^{i(rφ+c2φ2+c3φ3)} } ,(A25)

where we have introduced:

c_2 = e 2 ( p_2a κp_2 − p_1a κp_1 ) ; c_3 = − e^2a^2 6 ( 1 κp_2 − 1 κp_1 ) . (A26)

Now as A^μ = a^μφ, we can rewrite Eq. (A25) as:

Γ^μ(r) = u_{σ2} (p_2) √ 2p^0_2V [ C_1γ^μ + C_2 e 2 ( /a/κ κp_2 γ^μ + γ^μ /κ/a κp_1 )

+C_3 e^2/a/κγ^μ /κ/a 4κp_2κp_1

] u_{σ1} (p_1) √ 2p^0_1V

, (A27)

C_n(r, c_2, c_3) = ∫_∞ −∞ dφ φ^{n−1}e^{i(rφ+c2φ2+c3φ3)}.(A28) By shifting the φ co-ordinate φ → φ − c_2/3c_3, one can show:

C_1 = b Ai(μ^{2/3}) (A29)

C_2 = −b [ i (3c_3)^{1/3}

Ai^′(μ^{2/3}) + c_2 3c_3

Ai(μ^{2/3}) ] (A30)

C_3 = b [ − ( μ 3c_3 )_{2/3} Ai(μ^{2/3}) + 2ic_2 (3c_3)^{4/3}

Ai^′(μ^{2/3})

+ ( c_2 3c_3

)_2 Ai(μ^{2/3}) ] , (A31)

b = 2π (3c_3)^{1/3} e^{iη}; η = − rc_2 3c_3 + 2c^3_2 27c^2_3 ; μ^{2/3} = r − c^2/3c_3 (3c_3)^{1/3}

, (A32)

where Ai is the Airy-function defined in Eq. (B12) with normalisation N = π.

The calculation of Δ_μ(s) proceeds in a similar way. From Eq. (A6) we have:

Δ_μ(s) = ∫ dφ { u_{σ3} (p_3) √ 2p^0_3 [ 1 + e /A(φ)/κ 2κp_3V ] γ_μ [ 1 − e/κ /A(φ) 2κp_4 ] v_{σ4} (p_4) √ 2p^0_4V e^{i(sφ+c′2 φ2+c′3φ3)} } ,(A33)

where we have introduced:

c^′_2 = e 2 ( p_3a κp_3 − p_4a κp_4 ) , c^′_3 = − e^2a^2 6 ( 1 κp_3 + 1 κp_4 ) . (A34)

Then:

Δ_μ(s) = u_{σ3} (p_3) √ 2p^0_3 [ D_1γ_μ + D_2 e 2 ( /a/κ κp_3 γ_μ − γ_μ /κ/a κp_4 )

−D_3 e^2/a/κγ_μ /κ/a 4κp_3κp_4

] v_{σ4} (p_4) √ 2p^0_4

, (A35)

D_n = C_n(r → s, c_2 → c^′_2, c_3 → c^′_3). (A36)

4. Fermion trace

The trace to be evaluated comprises the trace of each exchange term mod-squared plus interference terms. If we define the objects:

~M_μ = γ^0M^†_μγ^0; E^±_i = ±/p^i + m 2m , (A37) then for each exchange term squared, the trace is of the form: I(→, →) = ∑ σ_i tr [ u_{σ2} C^μ(p_2, p_1, r)u_{σ1} u_{σ3} D_μ(p_3, p_4, r)v_{σ4}

u_{σ2} ~C^ν (p_2, p_1, r^′)u_{σ1} u_{σ3} ~D_ν (p_3, p_4, r^′)v_{σ4} ]

= −tr [ E^+_1 C^μ(p_2, p_1, r)E^+_2 C^{† ν} (p_2, p_1, r^′) ]

. tr [ E^+_3 D_μ(p_3, p_4, r)E^−_4 D^†_ν (p_3, p_4, r^′) ] , (A38)

where from the definition of I(→, →) Eq. (A21), C^μ and D^μ are factors of C_j and D_j , j ∈ {1, 2, 3}, multiplied by the combinations of gamma matrices occurring in Eqs. (A32) and (A35), integrated over r and r^′ variables. Following similar steps, for each interference term it is of the form: I(←, →) = ∑ σ_i tr [ u_{σ3} C^μ(p_3, p_1, r)u_{σ1} u_{σ2} D_μ(p_2, p_4, r)v_{σ4}

u_{σ2} ~C^ν (p_2, p_1, r^′)u_{σ1} u_{σ3} ~D_ν (p_3, p_4, r^′)v_{σ4} ]

= −tr [ E^+_1 C^{† ν} (p_2, p_1, r^′)E^+_2 D_μ(p_2, p_4, r)

E^−_4 D^†_ν (p_3, p_4, r^′)E^+_3 C^μ(p_3, p_1, r) ] . (A39)

These traces were performed with the package Feyncalc [21].

5. Complex phase factor

It can be seen from the definitions of the Airy integrals resulting from the vertex factors, that an overall phase factor η(·, ·) occurs in the traces I(·, ·) (from the η factors in Eq. (A32) occurring in Eqs. (A38) and (A39)). If one squares the r integral, labelling the new co-ordinate r^′, they are of the form: η(→, →) = − ( c_2(p_2, p_1) 3c_3(p_2, p_1) − c^′_2(p_3, p_4) 3c^′_3(p_3, p_4) ) (r − r^′) η(→, ←) = − (r + r_∗)c_2(p_2, p_1)

3c_3(p_2, p_1) + (r − s_∗)c^′_2(p_3, p_4) 3c^′_3(p_3, p_4) + (r^′ + r_∗)c_2(p_3, p_1) 3c_3(p_3, p_1) − (r^′ − s_∗)c^′_2(p_2, p_4) 3c^′_3(p_2, p_4) + 2 27 ( c^3_2(p_2, p_1) c^2_3(p_2, p_1) − c^3_2(p_3, p_1) c^2_3(p_3, p_1) + c^{′ 3}_2 (p_3, p_4) c^{′ 2}_3 (p_3, p_4) − c^{′ 3}_2 (p_2, p_4) c^{′ 2}_3 (p_2, p_4) ) . (A40)

After some simplification, it can be seen that the noninterference terms have a relatively simple structure

(where χ_E = E/E_{cr}, E_{cr} = m^2/e): η(→, →) = −κ^0(r − r^′) m^2χ_E (p^−_1 − p^−_2 ) [ p^1_2(p^−_3 − p^−_1 ) + p^1_3(p^−_1 − p^−_2 )

+p^1(p^−_2 − p^−_3 ) ] . (A41)

6. Formation length of two-step and sub-processes

If we imagine that the process takes place in a coherence interval of finite duration, for a given incoming electron momentum p_1, these integrals will also be finite (otherwise the particles would have to be accelerated infinitely quickly (see also [34])). We apply the following reasoning, which is standard for lower-order constantcrossed-field processes (see e.g. [10]). The phase of the modified Airy functions that occur at each vertex Eq. (A28) have a stationary point at: φ^∗ = −ρ [ 1 ± √ 1 − 3rc_3 c^2 ] ; ρ = c_2 3c_3

. (A42)

Let us write φ^∗ = −ρ(1 ± δφ^∗), where ρ is the phase at which the process takes place (the saddle-point) and δφ^∗ is the width. It is assumed that δφ^∗ = 0 because when this is not the case, the resulting Airy functions have no dependency on dynamical variables. Therefore, integration over ρ is equivalent to integration over the relevant part of the phase.

The complex phase factor for the purely direct (and analogously for the purely exchange) term in a single rintegral is of the form:

η(→, →) = (φ^∗_x − φ^∗_y)r, (A43) where φ^∗_z is the saddle-point at co-ordinate z and for the purely direct term

φ^∗_x = κ^0 m^2χ_E p^1_2p^−_1 − p^1p^−_2

p^−_1 − p^−_2

(A44)

φ^∗_y = κ^0 m^2χ_E p^1_2p^−_3 + p^1_3(p^−_1 − p^−_2 ) − p^1p^−_3 p^−_1 − p^−_2

. (A45)

7. Isolation of the two-step process

Concentrating on the non-exchange term I(→, →) (an analogous calculation follows for I(←, ←)), the integral over r is of the form: J = 1 π^2 ∫ dp^1_2 dp^1_3 | | | | | ∫ dr e^{i[φ∗x(p12)−φ∗y (p12,p13 )]r}F (r) (r + iε) | | | | | 2

(A46)

with F (r) ∈ C . Performing an integral substitution φ^∗_± = φ^∗_x ± φ^∗_y , one can rewrite this as: J = 1 2Jπ^2 ∫ dφ^∗_+ dφ^∗_− | | | | ∫ dr e^{iφ∗−r}F (r) (r + iε) | | | | 2 , (A47) where J = |∂(φ^∗_+, φ^∗_−)/∂(p^1_2, p^1_3)| is the inverse Jacobian. In order to remain consistent, before integrating in the variable φ^∗_−, we will first perform the principal value calculation. The order of integration is important as principle value and φ^∗_{+,−} integrals do not commute (for example in Eq. (A51), integration in a does not commute with the operation P̂).

J = 1 2Jπ^2 ∫ dφ^∗_+ dφ^∗_− | | | | −iπF (0) + P̂ ∫ dr e^{iφ∗−r}F (r) r | | | | 2 (A48)

= 1 2Jπ^2 ∫ dφ^∗_+ dφ^∗_− | | |−2iπF (0)θ(−φ^∗_−) + ∫ dr e^{iφ∗−r} F (r) − F (0) r | | |^2 (A49) = 1 J { 2|F (0)|^2 ∫ dφ^∗_+ dφ^∗_− θ(−φ^∗_−) + 1 π ∫ dφ^∗_+ ∫_∞ −∞ dr |F (r) − F (0)|^2 r^2 + 1 π [ F (0) ∫ dφ^∗_+ ∫_∞ 0 dr F^∗(r) + F^∗(−r) − 2F^∗(0) r^2

+ c. c. ]} , (A50)

where c. c. stands for complex conjugate and in Eq. (A49) and Eq. (A50) respectively, we have used the results [22]: P̂ ∫_∞ −∞ dr r e^{iar} = iπ sgn(a) (A51) ∫_∞ −∞ dφ θ(φ) e^{iφr} = iP̂ 1 r + πδ(r). (A52)

The first term in Eq. (A50) can be identified as the twostep process due to the two phase integrals that occur, justified in the main text. In addition, a Heaviside thetafunction in −φ^∗_− occurs, which is a sign that causality is preserved insofar as pair-creation can only occur after Compton scattering in this setting.

8. Justification for neglecting interference terms between direct and exchange parts

For the non-interference terms, it has been shown in Eqs. (A46-A50) how the simple nature of the exponential occurring in the vertex functions leads to a dependency on the external field phase in Δφ. For the interference terms the integral over p^1_{2,3} is of the form J (→, ←)= ∫ dp^1_2 dp^1_3 dr dr^′ e^{iη(→,←)}F (r)F^∗(r^′) (r + iε)(r^′ − iε) ,(A53)

where the phase η(→, ←) contains terms of the order p^1_{2,3}, (p^1_{2,3})^3, p^1_2(p^1_3)^2 and (p^1_2)^2p^1_3. Instead of generating an arbitrarily large (divergent in the strict sense) factor of formation length Δφ as for each exchange term squared, for this interference term, an Airy function in remaining particle momenta and r is generated, which, having positive or negative argument, will tend to reduce the value of the integral. As noted in the conclusions of the main text, if one demands that ξΔφ ≫ 1 to prevent regions of negative total probability from arising, then these interference terms can be safely neglected.

9. Numerical evaluation of one-step integral

Despite the five-dimensional integration of I^{(1)} Eq. (A54) not being oscillatory, it is challenging to numerically evaluate

I^{(1)} = α^2 πχ_1 ∫ dχ_2dχ_3dp^2dp^2_3dvθ(χ_1 − χ_2 − χ_3) (χ_1 − χ_2)^2

B^{(1)} v^2

.(A54)

As the evaluation of B^{(1)} is computationally expensive, it is important to know the relevant bounds of the variables. In the main text, it was justified that p^2_{,3} ≈ 1. We then take p^2, p^2_3, ∈ [−4, 4]. From the arguments of the Airy function given in Eq. (25), one would expect the maximum of B^{(1)} in v to be of the order v ≈ χ_1μ_{2,3}. Let a = χ_2/χ_1 and b = χ_3/χ_1 so that a, b ∈ [0, 1], then

χ_1μ_2 = 1 a − 1; χ_1μ_3 = 1 1 − a − b + 1 b . (A55)

However, from studies of the approximated two-step process in [26], it seems that as χ_1 increases above 1, (1 − a)/a ∼ 1/χ_1. Likewise, χ_3 was observed to remain approximately constant so that b → 1/χ_1, leading to χ_1μ_{2,3} ∼ χ_1. Therefore, v ∈ [0, 10χ_1] was chosen for the v integration, with the tail [10χ_1, ∞] evaluated in w with the conformal transformation w = tan^{−1} v. Although the function B is quite smooth in the χ_2–χ_3 plane, the largest contribution to the total integral originates from an eversmaller region around a = 1, b = 0, with increasing χ_1, making these points particularly costly to evaluate. To escape the triangular χ_2–χ_3 plane as given in Fig. 2 in the main text, one can substitute integration variables χ_2 → χ_2/(χ_1 − χ_3) and χ_3 → χ_3/χ_1 to achieve a square integration region between 0 and 1. One can then easier observe where the maxima lie in the integrand and evaluate grids of points incorporating these. The resulting surface can then be interpolated and numerically integrated. For χ > 1, The global maximum was found in an

FIG. 11. The differential of the dynamical part of the one-step rate ∂I^{(1)}/∂χ2∂χ3 for χ1 = 100.

ever smaller region χ_3/χ_1 → 0, χ_2/(χ_1 − χ_3) → 1. For example, for the case χ_1 = 100, as plotted in Fig. 11, the maximum was centred around χ_2/(χ_1 − χ_3) = 0.995, χ_3/χ_1 = 0.005. The tests of accurate integration, other than variation of number of points and integration region, were provided by comparison with asymptotic expressions from the literature for the total rate and the Weizsäcker-Williams approximation.

Appendix B: Integrals of Airy functions

We give here a selection of Airy integrals that are useful in the derivation and are in part derived from other results in the literature. Let us define:

I_{2n} = ∫_∞ −∞ dt t^{2n}Ai^2(t^2 + c) (B1)

J_{2n} = ∫_∞ −∞ dt t^{2n}Ai(t^2 + c)Ai^′(t^2 + c) (B2)

K_{2n} = ∫_∞ −∞ dt t^{2n}Ai^{′ 2}(t^2 + c), (B3) where c is an arbitrary constant (integrals involving coefficients with odd powers of t are zero due to the functions being odd). With I_0, J_0 and K_0 being given in e.g. [35], from partial integration and the use of some primitives given in [36], the following analytical results have also been verified numerically:

I_0 = π 2N Ai_1(v) (B4)

I_2 = − π 4N [ 1 κ Ai^′(v) + c Ai_1(v) ] (B5)

I_4 = 3π 16N [ κ 4 Ai(v) + c κ Ai^′(v) + c^2Ai_1(v) ] (B6)

J_0 = − π 4Nκ Ai(v) (B7)

J_2 = − π 8Nκ Ai_1(v) (B8)

J_4 = 3π 16N [ 1 κ Ai^′(v) + cAi_1(v) ] (B9)

K_0 = − π 4Nκ [ 3Ai^′(v) + cκAi_1(v) ] (B10)

K_2 = − π 16N [ − 5 4 κAi(v) − c κ Ai^′(v) − c^2Ai_1(v) ] ,(B11)

v = κc, κ = 2^{2/3}, N is the normalisation factor occuring in the definition of the Airy function:

Ai(x) = 1 N ∫_∞ 0 dt cos ( t^3 + xt ) (B12)

where Ai^′(x) = ∂Ai(x)/∂x and Ai_1 is defined as:

Ai_1(x) = ∫_∞ 0 dt Ai(t + x). (B13)

[1] F. Mackenroth and A. Di Piazza, Phys. Rev. Lett. 110, 070402 (2013).

[2] D. Seipt and B. Kämpfer, Phys. Rev. D 85, 101701 (2012).

E. Lötstedt and U. D. Jentschura, Phys. Rev. Lett. 103, 110404 (2009).

E. Lötstedt and U. D. Jentschura, Phys. Rev. A 80, 053419 (2009).

[3] D. L. Burke et al., Phys. Rev. Lett. 79, 1626 (1997).

[4] C. Bamber et al., Phys. Rev. D 60, 092004 (1999). [5] H. Hu, C. Müller, and C. H. Keitel, Phys. Rev. Lett. 105, 080401 (2010).

[6] A. Ilderton, Phys. Rev. Lett. 106, 020404 (2011). [7] V. N. Baier, V. M. Katkov, and V. M. Strakhovenko, Soviet Phys. Nucl. Phys 14, 572 (1972).

[8] V. I. Ritus, Nucl. Phys. B 44, 236 (1972). [9] D. A. Morozov and N. B. Narozhnyĭ, Sov. Phys. JETP 45, 23 (1977).

[10] V. I. Ritus, J. Russ. Laser Res. 6, 497 (1985). [11] A. Di Piazza et al., Rev. Mod. Phys. 84, 1177 (2012).

F. Ehlotzky, K. Krajewska, and J. Z. Kamiński, Rep. Prog. Phys. 72, 046401 (2009).

M. Marklund and P. K. Shukla, Rev. Mod. Phys. 78, 591 (2006).

[12] Extreme Light Infrastructure,

http://www.extreme-light-infrastructure.eu

(2013).

High Power Energy Research,

http://www.hiperlaser.org (2013).

eXawatt Center for Extreme Light Studies,

http://www.xcels.iapras.ru (2013).

Institute of laser engineering: Osaka university, http://www.ile.osakau.ac.jp/zone1/activities/facilities/spec e.html (2013).

[13] C. S. Brady, C. P. Ridgers, T. D. Arber, A. R. Bell, and J. G. Kirk, Phys. Rev. Lett. 109, 245006 (2012). C. P. Ridgers et al., Phys. Rev. Lett. 108, 165006 (2012). N. V. Elkina et al., Phys. Rev. ST Accel. Beams 14, 054401 (2011).

E. N. Nerush et al., Phys. Rev. Lett. 106, 035001 (2011). [14] F. Hebenstreit, J. Berges, and D. Gelfand, Simulating fermion production in 1 + 1 dimensional qed,

http://arxiv.org/abs/1302.5537 [hep-th] (2013).

[15] X. Zhao et al., Scattering in time-dependent basis lightfront quantization, http://arxiv.org/abs/1303.3273 [nucl-th] (2013).

[16] V. B. Berestetskii, E. M. Lifshitz, and L. P.

Pitaevskii, Quantum Electrodynamics (second edition) (Butterworth-Heinemann, Oxford, 1982).

[17] D. M. Volkov, Z. Phys. 94, 250 (1935).

[18] Note1, more detailed derivation steps and definitions are given in the appendix.

[19] T. Heinzl and A. Ilderton, Opt. Commun. 282, 1879 (2009).

[20] V. Yanovsky et al., Opt. Express 16, 2109 (2008). [21] R. Mertig, M. Boehm, and A. Denner, Comp. Phys.

Comm. 64, 345 (1991).

[22] W. Heitler, The quantum theory of radiation (3rd edition) (Oxford University Press, Amen House, London E. C. 4, 1960).

[23] A. Ilderton, Private communication (2012). [24] F. W. J. Olver, Asymptotics and Special Functions (AKP Classics, A K Peters Ltd., 63 South Avenue, Natick, MA 01760, 1997).

[25] A. Di Piazza, K. Z. Hatsagortsyan, and C. H. Keitel, Phys. Rev. Lett. 105, 220403 (2010).

[26] B. King, N. Elkina, and H. Ruhl, Phys. Rev. A 87 (2013). [27] A. I. Nikishov and V. I. Ritus, Sov. Phys. JETP 19, 529 (1964).

L. S. Brown and T. W. B. Kibble, Phys. Rep. 133, A705 (1964).

[28] J. D. Jackson, Classical Electrodynamics (3rd Edition) (John Wiley & Sons, Inc., New York, 1999).

[29] A. Di Piazza and A. I. Milstein, Phys. Lett. B 717, 224 (2012).

[30] C. F. Weizsäcker, Z. Phys. 88, 612 (1934).

E. J. Williams, Phys. Rev. 45, 729 (1934). [31] A. H. Olsen, Phys. Rev. D 19, 100 (1979). [32] N. B. Narozhny, Phys. Rev. D 21, 1176 (1980), URL

http://link.aps.org/doi/10.1103/PhysRevD.21.1176.

[33] J. D. Hunter, Computing In Science & Engineering 9, 90 (2007).

[34] V. Dinu, T. Heinzl, and A. Ilderton, Phys. Rev. D 86, 085037 (2012).

[35] D. E. Aspnes, Phys. Rep. 147, 554 (1966). [36] J. R. Albright, J. Phys. A: Math. Gen. 10, 485 (1977).