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Abstract

We study e et pair creation in the collision of a heavy nucleus with an intense x-ray laser,
where the produced e~ is simultaneously captured into the K-shell of the projectile nucleus. The
parameters of the colliding system are chosen such that the absorption of at least two photons from
the laser wave is required in order to surmount the energy threshold of the reaction. Considering
this fundamental nonlinear strong-field process for the first time, we estimate the total production
rate as well as the angular and energetic distributions of the emitted positrons. According to our
results, the process of nonlinear bound-free pair creation could become observable by the aid of
the upcoming x-ray laser facilities.
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In the early years after the construction of the first laser in 1960, several theoretical
physicists addressed the question, whether e~ e™ pair creation in the strong field of a coherent
electromagnetic wave is possible [1]. However, the laser intensities and frequencies, that were
found to be required for the experimental observation of such a process, were far beyond
reach at that time. At present, the interest in this fundamental question has been revived
by the remarkable progress in laser technology over the last two decades. In particular,
the x-ray free-electron laser (XFEL) facilities that are presently being built at SLAC and
DESY [2] seem to provide a promising tool for the experimental study of laser-induced pair
creation [3]. These new x-ray sources are proposed to yield spatially coherent synchrotron
radiation with single photon energies up to Aiw ~ 10 keV at intensities close to I ~ 10%°
W /em?. This corresponds to an electric field strength of F' ~ 10'* V/em and to an intensity
parameter of £ = eF/mwc ~ 1073, Hence, in contrast to visible or infrared lasers at this
intensity, ponderomotive effects are negligibly small in an XFEL. For this reason, energy
thresholds of strong-field processes are significantly lower in an XFEL than in low-frequency
lasers [4]. In a strong-field environment, due to its large photon number density, nonlinear
processes, involving the simultaneous emission and/or absorption of more than one photon,
can occur with a non-negligible probability. The rate for an n-photon process scales as £2"
in the £ < 1 regime.

A single laser wave, inasmuch as it is a plane wave, cannot extract pairs from the vacuum,
no matter how intense it is [5]. Hence, an additional agent is required in order to create pairs
in a plane-wave laser field. Against this background, several authors have recently studied
pair creation in the electric field of a standing wave formed by two crossed XFEL beams [3].
Another conceivable possibility for the required additional source of electromagnetic energy
is the Coulomb field of a charged particle, e.g., an electron [6] or a nucleus [7]. However, if
the particle is at rest, then the absorption of about 10?> — 10*> XFEL photons is required in
order to exceed the energy threshold. Because of the £2" scaling, the resulting production
rate will be negligibly small. To overcome this problem, one can consider pair creation
by a nucleus moving at relativistic energy through an intense laser field, i.e., pair creation
in a laser-nucleus collision [8]. Then, in the rest frame of the nucleus the photon energy
is doppler-shifted, which considerably lowers the required number of laser photons to be
absorbed.

When a nucleus collides with a laser beam, not only free [8] but also bound-free pair
creation is possible, i.e., the e~ is created in a bound state of the nucleus. For a single
v-quantum of sufficiently high energy impinging on a nucleus at rest, this process has, in
principle, been considered long ago [9]. But, to the best of our knowledge, pair creation with
capture by simultaneous absorption of more than one photon has never been treated so far.

Bound-free pair creation in a laser field can be viewed as a photon-induced transition
of a bound e~ to the negative continuum, reversed in time. Thus, there is a close relation
with the process of atomic photoionization. A relativistic S-matrix approach to nonlinear
photoionization of hydrogen in a strong laser field has been developed in Ref.[10]. In the
spirit of the strong-field approximation [10], the amplitude for bound-free pair creation with
the e~ captured into the K-shell can be written as
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taken in the nuclear rest frame. Here, ®;5 is the Coulomb-Dirac wave function of the
hydrogenlike ground state of the projectile nucleus of charge Z, A* denotes the classical



four-potential of a circularly polarized, monochromatic laser field of frequency w and wave-
vector k, and ¥, is a Volkov-Dirac wave function of the negative continuum satisfying
(ihey"d, + ey* A, — mc®)¥, = 0 and describing the motion of the e* in the laser wave
(see, e.g., Ref.[11]). This motion is characterized by the so-called effective four-momentum
¢" = (E,/¢c,q), which is related to the the ordinary free four-momentum p* by
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For ¢ < 1, the difference between ¢* and p*, which is caused by the ponderomotive potential
of the laser, generally is very small. The effective four-momentum gives rise to an effective
mass m, according to m?¢? = q,¢" = (1 + £€)m?c®>. The approximate amplitude (1) is
expected to give a good description of the creation process, if the following two conditions
are fulfilled. First, the influence of the nuclear Coulomb potential on the bound e~ state
should be much more important than that of the laser field. This is the case, if the electric
field of the laser is small compared to the Coulomb field experienced by the K-shell e,
and/or it oscillates with a frequency that is high in comparison with the orbital frequency
of the bound e~. Second, for the emitted et the situation should be reversed, i.e., here the
effect of the Coulomb field is supposed to be small compared to that of the laser field. This
requirement is satisfied, e.g., if the relative velocity between et and nucleus is high enough.

In Eq. (1), the perturbation that induces the transition, is the four-potential of the laser
field. This potential, which is fully accounted for in the “initial” state ¥,, is not included
in the “final” state ®;5. Therefore, the amplitude (1) is said to be expressed in the post
form. We note that the corresponding prior form, where the transition is induced by the
nuclear Coulomb potential, leads to the same differential pair creation rate. In the nuclear
rest frame, this rate can be expressed as
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with 0, = /(q,k) and Ei; = mc?[1 — (aZ)%Y2. In Eq. (3), the sum runs over the number
n of absorbed laser photons with ny denoting the smallest possible number required from
the law of energy conservation, the latter being ensured by the d-function. The functions
T, entering Eq. (3) mainly depend on the e momentum and the laser frequency. Their
analytical expression, however, is rather complicated and, therefore, not given here.

We have applied our theory to the collision of a heavy nucleus of charge Z = 50, moving
at a Lorentz factor of v = 50, with an intense, circularly polarized XFEL beam of photon
energy hw = 9 keV and intensity parameter £ = 7.5 x 10~*, which corresponds to an
electric field strength of F = 1.75 x 10" V/ecm and an intensity of nearly 10 W/cm?. The
collision is assumed to be head-on, i.e., the propagation directions of the collision partners
are antiparallel. Then, in the nuclear rest frame, the photon energy as well as the laser
field strength are enhanced by the factor (14 3)y with 8 = [1 —1/+?]'/? and, thus, amount
to fiw’ = 900 keV [12] and F’ = 1.75 x 10" V/cm. Here and in the following, we use
primed quantities in the nuclear rest frame and unprimed quantities in the lab frame. The
ponderomotive energy of a free e~ in such a laser field amounts to Eos. = £2mc?/2 ~ 0.14 V.
The amplitude and velocity of its quiver motion are given by ry = &c/w’ ~ 107" cm and
Vose = £ ~ 107 cm/s, respectively. In comparison with that, the binding energy of an e~ in
the K-shell of the projectile ion is Ex = E;s —mc? = 35 keV. The K-shell radius amounts to
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FIG. 1: Nuclear frame rates for nonlinear pair creation, differential in the polar emission angle of
the e*. The parameters of the colliding system are Z = 50, v = 50, hw = 9 keV, and F = 1.75x10'!
V/cm.

ri ~ 1071 em, and the e~ orbital velocity is vg ~ aZc =~ 101° cm/s. The energy threshold
for bound-free pair creation with capture into the K-shell is AE ~ 2mc? — Ex = 987
keV. This threshold can be surmounted by the absorption of at least two laser photons;
the relative contribution of higher photon orders (n > 3) is proportional to &% and, thus,
negligible.

Note that, in the nuclear rest frame, the K-shell Coulomb field of the nucleus, given by
Ze/r3 =~ 6.4x 10" V/cm, is fourty times larger than the laser field strength F”. Tn addition,
since the laser frequency w’ is much larger than the orbital frequency wx = vk /rg, the
effective distortion of the ground state by the laser field is even weaker than the ratio of
the field strengths suggests. Moreover, the values of the binding energy Fx, K-shell radius
ri and orbital velocity vg are orders of magnitude larger than the parameters Fos, Tosc
and ves. characterizing the oscillatory motion of a free e~ in the laser wave. Altogether this
implies that the influence of the laser field on the bound e~ is extremely weak. Hence, the
Coulomb-Dirac description of the bound e~ state has clear physical significance. Regarding
the state of the created e™, we note the following: Since the pair creation occurs practically
exclusively by absorption of two laser photons, the et is emitted with a kinetic energy of
2hw' — AFE ~ 800 keV in the nucleus frame. The corresponding e velocity v gives rise to a
Massey parameter of Zac/v =~ 0.4, making the Volkov-Dirac description of the outgoing e™
a reasonable approximation.

Based on Eq. (3), we have estimated the total and differential rates for pair creation with
capture into the K-shell for the collision system under consideration. Figure 1 shows the
angular distribution of the emitted e in the nuclear rest frame, while Figs. 2 and 3 show
the energy and angle spectra after Lorentz boost to the lab frame. For comparison, we
also give the corresponding rates for nonlinear free-free pair creation [8]. Neglecting the
higher photon orders, the positrons originating from bound-free pair creation (the “bound-
free positrons”, for short) have a fixed total energy of £, = 2hw' — Eis = 1.32 MeV in the
nuclear rest frame. Contrary to that, the energy of the free-free positrons varies continuously
between m.c? ~ mc? and 2hw' — m.c? = 1.29 MeV. In both cases, the main part of the
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FIG. 2: Lab frame rates for pair creation, differential in the total energy of the emitted e™. The
collision parameters are the same as in Fig. 1. Also shown is the rate for bound-free pair creation
by a single photon of 18 keV.

positrons is emitted, roughly speaking, into the propagation direction of the laser beam (see
Fig. 1). In the lab frame, as Fig. 2 shows, the energies of the bound-free positrons roughly
amount to 5 MeV S E, S 12 MeV, which is noticeably smaller than the typical energies of
8 MeV S E, S 30 MeV of the free-free positrons. Integration over FE, yields a total rate for
nonlinear bound-free pair production of Rys = 6.5 x 10® s~!. This means, if the projectile
nucleus collides with a laser pulse of 1 fs coherent spike length, then, on average, 3 x 102
bound-free pairs are created per collision. The total rate for free-free pair production is
somewhat larger and amounts to Rg = 9.6 x 10® s~!. In addition, Fig. 2 shows the rate for
bound-free pair creation by a single photon of twice the energy at the same laser intensity
as before. Unlike the nonlinear spectra, the 1-photon rate is a monotonously decreasing
function with the maximum value at the smallest possible e energy. (This distinction is
connected with the different angular distribution of the 1-photon positrons in the nucleus
frame.) The absolute values of the 1-photon rate are orders of magnitude larger because of
the weaker intensity dependence.

In contrast to the spectra of Fig. 1, the lab frame angular distributions for nonlinear
bound-free and free-free pair creation are qualitatively distinct from one another (see Fig.
3). While the free-free positrons smoothly cover the narrow angular range between, say,
177.5° and 179.8°, practically all positrons from the bound-free channel are emitted into
the angle 177.25°, thereby forming an almost discrete spectrum located slightly below the
continuous free-free spectrum. The basic reason for the peaky distribution of the bound-free
positrons is kinematical by nature: Into the Lorentz transformation from one frame to the
other there enters the Jacobian

|d cos 8, /d cos By| o |3y — Beos| (4)

with 3, denoting the reduced velocity of the e in the nuclear rest frame. Since, in this
frame, the et has a well-defined energy, the value of 3, is fixed. Apparently, the Jacobian
(4) becomes singular at the nuclear frame angle 0, = arccos(3/) = 22.75°, which exactly
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FIG. 3: Same as Fig.1, but given in the lab frame.

corresponds to the lab frame angle 6, = 177.25° where the peak in the angular spectrum
occurs. Moreover, we note that the latter angle coincides with the minimum lab frame angle
that, for kinematical reasons, is accessible to the et. Tt is given by sin 0, = —v4 64 /708
with v, = (1 — 32)7'/2 [13]. Hence, essentially all positrons are squeezed into this minimum
angle. The above argument does not apply to the free-free positrons, since their energy in
the nuclear rest frame is not fixed but varies over a broad range.

Further, we address the question, whether the process of nonlinear bound-free pair cre-
ation can be observed in experiment. One possibility would be to aim at the detection of
the produced e™. According to our results, the total rate for bound-free pair creation is not
very large, but since the positrons are emitted with high energy into a definite polar angle,
they should be accessible to a measurement, though. Here it is of crucial importance, that
the bound-free positrons can be discriminated from the free-free positrons due to their very
different spectra. We also notice, that our calculated et spectra, though expressed with
respect to the effective momentum, should be directly measureable since ¢# ~ p*. Alter-
natively, one could try to detect the hydrogenlike ion formed by the projectile nucleus and
the captured e~. Certainly, this bound system can decay by the influence of the laser field;
but, for the present situation, we estimate the life time of the ground state as 10 ! s in the
lab frame [14]. Thus, if we assume the laser to be a fs pulse, most of the bound states will
survive and, therefore, also they might serve for the experimental observation of the process.

Finally, we give the scaling behaviour of the total rates for nonlinear bound-free and
free-free pair creation, that is, we specify the dependences of Ry and Rg on the collision
parameters Z, v, &, and w. Since in both cases the pair is almost exclusively produced by
absorption of two photons, both rates scale as £* in the £ < 1 regime. Hence, an increase
of the laser field strength by one order of magnitude, due to improved x-ray focussing
techniques, would lead to a rate enhancement by four orders. Further, Rys oc Z° shows the
typical Z dependence which is known from bound-free pair production in heavy ion collisions
[13], while Ryg scales as Z* due to the first-order treatment of the nuclear Coulomb potential
in Ref. [8]. Regarding the remaining parameters v and w, we note that, in the nuclear frame,
the production rates R’ can only depend on the combination (1 + f)yw & 2yw, which is



the doppler-shifted laser frequency w’. Due to time dilation, the relation with the respective
lab frame rates is given by R’ = vR. The w' dependence of the nuclear frame rates R’ was
determined by numerical calculations. As a result, we find the scaling behaviour of the total
rates for 2-photon pair creation approximately to be

Rpe o< v ' Z° €M (W' — win)
Rg o< v ' 2264 (W — wm)? (5)

with W' ~ 2vw and wy, denoting the respective threshold frequencies for nonlinear pair
creation [15].

In conclusion, the fundamental strong-field process of nonlinear bound-free pair creation
in the combined electromagnetic fields of a nucleus and a laser has been considered for the
first time. We calculated the angular and energetic distributions of the positrons produced
in the collision of a relativistic heavy nucleus and an intense XFEL. Interesting peculiarities
in the spectra were found, and the scaling behaviour of the total pair creation rates was
analyzed. Our results suggest, that nonlinear pair creation could become accessible to
experimental observation by the aid of the upcoming XFEL facilities, provided that such a
facility is brought together with a suitable ion accelerator. Alternatively, one could replace
the ion beam by an e~ beam in order to study the very closely related process of pair creation
with positronium formation in e -XFEL collisions.
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