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Few-photon electron-positron pair creation in the collision of a relativistic nucleus and an intense
x-ray laser beam
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We study the nonlinear processeag* pair creation by a nucleus which moves at a relativistic energy in the
laboratory frame and collides with an intense x-ray laser beam. The collision system under consideration is
chosen in such a way that the simultaneous absorption of at least two photons from the laser wave is required
in order to exceed the energy threshold of the reaction. We calculate total and differential rates for both
free-free and bound-free pair production. In the case of free-free pair creation we demonstrate the effect of the
laser polarization on the spectra of the produced particles, and we show that at very high intensities the total
rate exhibits features analogous to those well known from above-threshold ionization rates for atoms. In the
case of bound-free pair creation a singularity is found in the laboratory frame angular distribution of the
produced positron. This singularity represents a distinct characteristic of the bound-free pair production and
allows one to separate this process from free-free pair creation even without detecting a bound state of the
captured electron. For both types of pair creation we consider the dependences of the total rates on the collision
parameters, give the corresponding scaling laws, and discuss the possibility to observe these nonlinear pro-
cesses in a future experiment.
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[. INTRODUCTION bare nucleus at rest is exposed to such an XFEL field, then,
in principle, pair creation is possible but it requires the ab-
The large progress in laser technology over the last twaorption of n~100 laser photons. Therefore, the resulting
decades has given rise to extensive research activities in thgoduction rate will be negligibly small, since, as a general
field of laser-matter interactions. The emphasis has mainlyyle, the rate for am-photon process scales &' in the &
been put on the strong-field processes of multiphoton anc 1 regime.
tunneling ionization or excitation of atoms, molecules, or To overcome this problem, one can make use of a nucleus
clusters by intense laser pulses, thereby restricting the focufat is not at rest but moves at a relativistic energy through
on systems that are governed by nonrelativistic dynamicshe |aser wave; that is, one can consider pair creation in a
(see, e.g.[1,2] and references therginFor the process of |aser-nucleus collisiofil5,16. Then, in the rest frame of the
strong-field phOtOiOﬂiZ&tiOﬂ of atoms also relativistic eﬂ:eCtSnudeu& the photon energy is Dopp|er shifted, which consid-
have been studied in some deteske, e.g., Refd3-11).  erably lowers the required number of laser photons to be
However, if an atomic system is submitted to a radiation fieldabsorbed. In the case of a head-on collision, the enhancement
of extremely high frequency and/or intensity, then not onlyfactor is maximum and given byl+p)y where 3 is the

excitation or ionization can occur but also the reaction Chanreduced Ve'ocity of the nuc'eus in the |aboratory frame and
nels of e " pair creation open. The different processes are

schematically depicted in Fig. 1. Within the Dirac sea pic- B
ture, the process of pair creation can be viewed as the tran- A
sition of an electron from the negative-energy continuum /J/
into a positive-energy state. In the case of free-free pair cre- (A N
ation (a) the latter is also a continuum state, while it is a N 1
discrete bound state in the case of bound-free pair creation
(b). In Fig. 1 also the process of ionizatign) is shown,
which is the transition from a positive-energy bound state to
the positive-energy continuum. Notice the especially close
relation between the procesgd&s and(c).

The subject of laser-induced pair production is mainly v
discussed in connection with the new x-ray free-electron la- L e
ser (XFEL) facilities [12], presently under construction at
SLAC and DESY[13]. They are proposed to yield beams of a) b) <)
spatially coherent synchrotron radiation with single-photon
energies up tow~10keV at intensities close td
~192° W/cn?, corresponding to an intensity parameter FIG. 1. Schematic sketch of the processegapffree-free pair
~\l/ wc of the order of 10° [14]. If an atom, an ion, or a creation,(b) bound-free pair creation, ar(d) ionization.

positive continuum

negative continuum
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y=(1-B?»"Y2is its Lorentz factor. Note that the laser elec- electromagnetic fields of the nucleus and laser wave. That is,
tric field strength is equally enhanced in the nucleus framewe have to deal with the Hamiltonig20]

In Ref. [15] we focused on the situation where an extremely ) 0.2 A0

relativistic nucleus, whose energy lies in the range of the H=-lica -V +yc -Ayta A, 1)

upcoming large hadron collider at CERN, is moving thro“ghwhich, for simplicity, is taken in the rest frame of the

a superintense near-optical laser wave. Under those circu ucleus. HereA,?,:Z/|x| is the nuclear Coulomb potential

stances the pair creation can be viewed as a quasistatic tup- & -, ~ : .
neling process. andA!"=(0,A,) denotes the laser four-potential taken in the

In contrast to this high-intensity and low-frequeng., radiation gauge. In general, the transition amplltude'for a
¢£>1) scenario, we consider in the present paper the compléiU@ntum mechanical process can be expressed in two
mentary low-intensity and high-frequencyi.e., ¢<1) equivalent ways, either in the post forisee, e.g.[21])
situation—that is, pair production in the collision of a mod- i
erately relativistic nucleus and an XFEL beam. The param- (S=1)s=-- J [(H- io"t)(I)f]T\IIid4X (2
eters of the colliding system are chosen such that the absorp- c
tion of at least two photons is required in order to surmount,, . :
the energy threshold of the reaction. Pair creation by twot—Dr in the prior form
photon absorption is the lowest order of multiphoton or non- i
linear pair production. Note that the corresponding linear (S- Dy :_JWI(H_i&t)(Did“Xv 3)
process—i.e., pair creation by a singfequantum of suffi- ¢
ciently high energy in the Coulomb field of a nucleus—waswhere ¥; (¥;) is an eigenstate of the full Hamiltonia,
considered long agql7]. We study both free-free and njle @, (d,) is an exact asymptotic finginitial) state lack-
bound-free nonlinear pair production where, in the lattering oniy the potential that causes the transition. If we chose

Ease, dthf tcrea]lct(;:rc]i eIecfcro?_lls sm;ultan\lj\c/)uslyl Calpiurfr? "tmt) ?{ﬂe latter potential to be the nuclear Coulomb potential, then
ound state of the projectiie nucieus. We caicuiate the oty o form amplitude for pair creation can be written as
reaction rates as well as the energetic and angular distribu-

tions of one of the produced leptons. While in R¢f5,16 i fo s
we treated a circularly polarized laser field only, in the (S- 1)fi=——f\I'fAN¢§)gd4x, (4)
present paper we also consider the numerically more in- ¢

volved case of a linearly polarized wave and demonstrate thg;ih, the negative continuum Volkov sta +) describing the

influence of the laser polarization on the particle SpeCtraoutgoing positror(see below: For the fully interacting state

Notice that the effect of the laser polarization on the totaI\I,f that describes the motion of the produced electron, no
production rate in the>1 regime(i.e., the tunneling re- 55 sical expression is known. In the following subsections

gime) has been d|§cussed in ReL8]. Furthermore, WE €X"  we will therefore employ physically reasonable approxima-
tend the presentation of two-photon bound-free pair creatiog,ng 1oy that are suited for the treatment of free-free and
given in our Letter[16], where this nonlinear process was bound-free pair production, respectively

consi?ered for the first time. | . _ Beforehand, we note that in this paper the laser field is
Before we start our consideration, a last remark may be ifyosrined by a classical, monochromatic plane wave with the

o_rd+er. A few years ago, th_e _nonlinear process Qf _free-fre%ave vectork“=w/c(1,e,) and the amplitudea, which is
e e pair creation in the collision of an ultrarelativistitec- either linearly polarized,

tron beam with an intense optical laser pulse was experimen-
tally observed at SLAC[19]. This process seems to be Al(x) = a cos, (5)
closely related to the free-free pair production in highly en- )

ergetic nucleus-laser collisions. However, the very importan! Circularly polarized,

difference between these two processes is that, according to
the theoretical analysis in Ref19], the pair production in

the electron-laser collision mainly proceeds via an indirecHere, 7=(kx), a=a(0,e), and a4=a(0,e,). The Dirac
mechanism where first a high-energy photon is produced bgquation(i#+A, /c—c)¥ =0 in such a transversal plane wave
Compton backscattering, which afterwards creates a pair by exactly solved by the Volkov stat¢22,23

interacting with the optical photons. Since the Compton

cross section strongly depends on the mass of the scattering l//(i) (=N ( 14 KA, ) ) eifu)(x) )
particle, the two-step process is suppressed by several orders s P\" " 2c(kp) ) P '

of magnitude in the case ofteavyprojectile like a nucleus )

(cf. also the discussion in Refl5]). Therefore, in the With

present paper the two-step mechanism for pair production is

. 1 K 1
not taken into account. f®(x) = + —f [ T —Az}d .
(x) = £ (px) + okp) (PA) + oA (A7
II. THEORY

Af(x) = a} cosn+ aj sin 7. (6)

The indices(*) refer to the charge of the corresponding

A. General Dirac particle,p* ands are its (free) four-momentum and

When we consider pair creation in a laser-nucleus colli-spin projection, respectively, ann{)'s denotes a free Dirac
sion, we have to treat the lepton motion in the combinedspinor[24]. The normalization constant is conveniently cho-
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sen asN,=c/q°, whereq’=E,/c is the zeroth component of 1 () )
the so-called effective four-momentum, D,= E[Jml@)e 0 =Jy_4(a)e" V] (12)
. A ke ®) Here, we have used the abbreviatioas (af+a3)'? and
2¢%(kp) Mo=arccosa, / @) =arcsifa,/ ) with
which characterizes the motion of an otherwise free Dirac (ap.) (aps)
particle in a laser wave; herA’=¢c* denotes the time- @ = J::;_)'aﬁ(z_) (13
averaged square of the laser amplitude, where the dimension- - ’
less quantityé is the intensity parameter. By the Lorentz for j=1,2.
scalarg?=m?c?, the effective mass. of the leptons in the In the case of a linearly polarized laser wave of the form
laser field is defined. Note that, due to the small valug,of (5) we have instead
the effective momentum and the asymptotic free momentum e, aoké
practically coincide in the high-frequency field of an XFEL. MV =0 S B+ -
PP T8 { ! {ZC(km) 20(kp_)} !
B. Free-free pair creation az(ek)k "
First, we consider the case of free-free pair creation where - 2c(kp,)(kp.) " Up,.s,- (14)

not only the positron but also the electron is produced in a _
continuum statgcf. Fig. 1(@)]. If the electron velocityv_  This time, the so-called generalized Bessel functignsee,

with respect to the nucleus is not too smalk., if Z/v_ e.g.,[26]) enter the coefficients:
< 1), then the influence of the laser field should be dominant -
in comparison with the nuclear Coulomb field. For this rea- Bn=Jn(ay, ap),
son, one may describe the outgoigigstate by a correspond-
ing positive continuum Volkov state and find in this way 1~ ~
from Eq. (4) the approximate amplitude Co = Sln-a(ar, ap) + Jpua(a, @),
(S-Dg=-~ f [0 s AR W s, 0% 9 1~ - ~
¢ o o Dn= Z[Jn—z(al,az) + 2Jn(ag, ap) + Jnialag, a)]. (15

for free-free(ff) pair creation. Clearly, up to an overall sign,
we would have found the same expression, if we had startedere,

from the post-form amplitud€?) instead. The integral in Eq. o
(9) can be solved analytically by Fourier expansion with the 3 -
use of the generating function of the Bessel functigni25]. Inlaz,a2) mgw In-2m( 1) 2), (16
The resulting fully differential production rate can be ex-
pressed in the form with
cZ? 8(QY d%q, d%q. _ |:(a1p—) _ (alp+):| __ i[i 1 ]
FRe=5 5 2 ZIML o™ 00 10 M o) Tk ] "7 8l k) (k) |
n=ng s; n + - 17)
where the first sum runs over the number of absorbed laser (
photons, beginning with the smallest possible numingr _ _
Q“=qgt+qg*-nk* is the four-momentum transfer to the C. Bound-free pair creation
nucleus, and thd&/lg‘)p denote some reduced amplitudes. In the case of pair production with capture the electron is
In the case of a circularly polarized laser wave of the formcreated in a bound state of the nucléefs Fig. 1(b)]. Speak-
(6) these reduced amplitudes refid] ing of a bound Coulomb state in the presence of a laser wave
implies that this state still keeps its main properties as a
MO =T {( _al(ek) ) ( £kdy bound state and, therefore, a clear physical meaning can be
PP TP-S 2ci(kp.)(kpo) /" \2c(kps) attributed to this state. This is guaranteed, e.g., if the nuclear
field strengthFy experienced by the bound electron is sig-
- ke ) +( £kdy - doke ) (+) nificantly larger than the peak laser field strength(taken
2c(kp.)/ " \2c(kps)  2c(kp)/ ") RS in the nuclear rest frameln such a case, the effect of the

(11) laser wave on the bound electron should be less important
than that of the nuclear Coulomb field. Under such circum-
with €=(1,0) such thaté=+° and the coefficients stances, in Eq(4) one may use the approximatioiy = ¢,
B, = J.(@)&"m wheregy, is the Coulomb ground state. We chose the ground
noen ’ state to represent the bound system because most of the elec-

1 trons are expected to be captured into khghell since it can

_= i(n+1)7 i(n-1)7, accomodate larger momenta. We thus arrive at the approxi-
Cn= 2[Jn+1(53e O+ Jn-a(@)e I, mate amplitude
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for bound-free(bf) pair creation. If, instead, we had started with

from the post form versiori2) and had employed a corre-
sponding approximation t&;, then we would have got the

slightly different expression

(S- 1)bf:IEf¢Isa'AL‘// d4X_“J¢1s/AL$+) d*x.
(19

One can, however, show that both forms yield identical tran-

sition rates since the amplitud¢$8) and (19) differ by a

(total) time derivative only. Note, moreover, that the approxi-
mations that Eqs(18) and (19) are based upon are essen-
tially similar to those used in the so-called strong-field ap-
proximation theorie§26—28 which are widely applied in the

theoretical treatment of laser-atom interactions.

We now want to derive in some detail the differential pair

creation rate, since this was omitted in Rglf6]. The deri-

vation is more conveniently performed starting from the
post-form amplitudg19). Further, in contrast to our treat-
ment of free-free pair production, we restrict ourselves to th

case of a circularly polarized laser bednoi. Eq. (6)]. We

perform the calculation in the rest frame of the nucleus: i.e.,
in what follows all quantities are to be taken in this frame.

Note that this derivation is similar to that given in RE3]

where the strong-field photoionization of a hydrogenlike ion

was considered.
The ground-state wave function in E4.9) can be written
as

$1sX) = 9(r) xs (9, @) Ers,

where the radial wave functiog(r) and the spinorgs (9, ¢)
are taken from Ref[24]. The fully differential production
rate is essentially given by the square of the amplit(ic®
summed over the particle spins:

T=2 (5= )
Si

1 ire(+ + ! !
— aoz f d4xf d4xre—|[f( )(x)—f( )(x )+E 4(t-t )]g(r)g(r’)
Sy

x Ut <1+ Ak

KA (+)
Ups, 2c(kp) )ALXS X's AL( —>up,s+'

2c(kp)
(20)

Here, E;s= oc? with o=[1-(aZ)?]*? is the ground-state en-

ergy, and functions that depend @h rather than orx are

marked by a prime—e.gA/ =A_(x’). The electron-spin sum
in Eqg. (20) can be carried out explicitly by calculating the

matrix

M = 2 Xs_;s_-

S_

(21)

T= 2 ug Tu) = %:Tr{f‘([b -0}, (22)
& . a?
(’AL 20(kp) )M(’A“ ka)k)'

Hence, we get

j:#fcﬁxfdAX/e—i[f(+)(x)—f(+)(x’)+Els(t—t’)]g(r)g(r/)T
(23

This integral can be solved analytically by expanding the
exponential into a Fourier series. The result for the doubly
differential transition rat€per unit time is

dszf E | | uA Ug + uc)

_ SNE,+E;.—
dE,d cosd, Z3n>no [1+(p/2)7]* B+ Eus

Nw),

(24)
with the smallest possible number of photans p=|q—nk|,

é?md

P
Up = E{([Jn—l(g)]z +[3ns1 (O (o + ©) (I Z)*2 + (po

= 0)P(pl2)DV? - (212)po(plZ2)A(p, - bk)UV]
+(42)30-1(0)Ins1 (O o pl )25 UV},

U=~ zg<p/z>27>n[an<z)12[02<p/2)2u2 + V2 + (2/Z) oo

+ bk, — 2p, ) UV],
a2
= 5 ——— Pl D o™ (pl2)2U* + PV*
Uc Cs(po—pz)P[ (O1(pl2) T (plZ) U +

- (212)a7(p, - b)UV].

Furthermore, in Eq(25) we have used the abbreviatiomns
=(1-0)/aZ, p,=|plsin 6,, {=ap, /c(kp), b=n-a?/2c*(kp),
and

(25

_ 1+ o)[T(@)F22 V1 +(pl2)*F
- TL+20) (p/2)°

U=sinX+ (p/Z)cosX,
V=0(plZ)cosX —[1+(1 +0)(plZ)?]sin X,
X = o arctarip/Z). (26)

Ill. RESULTS AND DISCUSSION

A. Free-free pair creation

Then, the positron spin sum can be evaluated in the usual In this subsection we present our results on free-free pair

way as

production by a proton colliding ay=50 head-on with an
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FIG. 2. Projectile frame rates, differential in the positron energy o ) ) )
Ec’w for free-free pair creation by a proton colliding #£50 with FIG. 3. Projectile frame rates for free-free pair creation, differ-

an intense XFELw=9 keV, =8 10'° W/cn®) of linear or cir- ential in the polar emission anglrfé,r of the positron. The param-
cular polarization. eters of the colliding system are the same as in Fig. 2.

the production rates differential in the positron emission
angle with respect to the laser beam direction. The angular
distributions for linear and circular laser polarization are very
similar. In both cases the particles are mainly emitted under
angles of about-30°. While the polar angle distributions of
Fig. 3 for linear and circular laser polarization are very simi-
lar in shape, the azimuthal angle spectra, shown in Fig. 4,
polarized wave. In the rest frame of the nucleus, the Iase‘rjjisplay a very distinct polarization effect. In.the case of a
frequency and field strength are enhanced by the fadtor linearly polarized wgve'about_ 40% more positrons are emit-
+8)y=100. Hence, the energetic threshold for pair creatior]tzed aslong ;]he polquiﬁtlon aX|sfthan. pelrptlandlclula}r tg:ﬁ

can be surmounted by the absorption of at least two photor}%qe' (oli)s]t'rivk\)lut?(r)?]aisslri]sotreo ciaC S?}Iuoe ?OCI(;E)SKE)‘[J)S/ gona"ln:;]Zeetr wav?
from the laser wave. As long @<1, the relative contribu- o P y 1y rea
tion of the higher photon ordefsi=3) is proportional tog2 sons. In addition, we note that the electron and positron are

and, thus, negligible. Clearly, this argument does not hol referably - emitted with (almos) opposite transversal

any longer if the value of approaches unity. Therefore, at omenta—i.e., with a large relative transversal velocity. For
y long PP . ' = this reason, the final-state Coulomb interaction between the

the end Of. the S}Jbsectlon we want to slightly brqaden '.tselectron and positron is small, which justifies its neglect in

scope by discussing some results on few-photon pair creatiofy i cotment

in the £~ 1 transition regime. o We now turn to the corresponding positron spectra in the
In the following, we use primed quantities in the nuclear

rest frame and unprimed quantities in the laboratory frame laboratory frame. Note that the laboratory frame and the
P q y 'nucleus frame are connected by a Lorentz boost along the

intense x-ray laser of 9 keV photon energy that is either lin
early or circularly polarized. We mainly focus on the situa-
tion where the laser wave has an intensity of 8
X 10 W/en? (i.e., é=7.5X10™%). This corresponds to a
constant electric field strength Bf =1.8x 10** V/cm in the
case of a circularly polarized wave and to a peak field
strength of F . =2.5x 10'* V/cm in the case of a linearly

1. Positron spectra: Polarization effects

1.0 T T T T T
First we discuss the energetic and angular distributions of
the produced particles. Within our approach, which is of first 034 |
order in the nuclear Coulomb potential, the spectra for the _
emitted electron and the emitted positron are identical. Ford W
definiteness, all figures refer to the produced positron. Wew 1 S~—rorT o ]
give the differential rates with respect to the effective posi- * 1
tron momentumg¥, which is practically identical with the
observable free momentupf [cf. Eq. (8) and the following
remarK. In principle, the spectra shown are thus directly 0.2
accessible to an experiment. O circular
We start with the positron spectra in the rest frame of the 00 . . . .
proton. As Fig. 2 shows, the energy spectra in this frame are 0 60 120 180 240 300 360
symmetric about the mean value of 900 keV, where they o, ldeg]
attain a maximum. This maximum is more pronounced in the
case of a linearly polarized laser beam. Clearly, the symme- FIG. 4. Projectile frame rates for free pair creation, differential
try arises from the fact that in the approximation used then the azimuthal emission angig,, of the positron. The parameters
distributions are identical for both leptons. Figure 3 showsof the colliding system are the same as in Fig. 2.

dR'/d¢
[=3
®
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FIG. 5. Laboratory-frame rates for free-free pair creation, differ-  FIG. 7. Partial laboratory-frame rates for free-free pair creation
ential in the laboratory-frame enerdy,. of the positron. The pa- by a proton colliding aty=50 with a circularly polarized XFEL of
rameters of the colliding system are the same as in Fig. 2. 9 keV photon energy for different values of the laboratory-frame
laser intensity.

beam axis. Figure 5 shows the laboratory-frame energy spec-

tra. The main contribution to the total rate comes from posization and of 3.8 for circular polarization; this means
itrons in the energy range 8 Me¥VE,, <30 MeV. For ener- that on average-2 X 10713 pairs are produced per collision if
gies below~20 MeV the differential rate is considerably we assume the laser beam to have a finite duration of 100 fs.
larger for a linearly polarized wave, whereas for higher enFurther we note that also in the tunneling regime a linearly
ergies the results for both polarizations practically coincidepolarized laser wave is more efficient for pair creation than a
Figure 6 shows the laboratory-frame rate differential in thewave of circular polarizatioi18]. A similar polarization ef-
polar emission angl@,. of the positron with respect to the fect is also known from the perturbative treatment of strong-
propagation direction of the laser beam. The particles aréeld photoionization29].

emitted within a narrow cone around the backward In agreement with the general scaling law mentioned in
direction—that is, under small angles of typically 1.5° with the Introduction, the nonlinear production rates are propor-
respect to the proton beam direction. This is similar to outional to & or 12, respectively, unless the laser intensity
results on free-free pair creation in the tunneling regjfi@. ~ amounts to or exceeds1(?> W/cn¥, which corresponds to
We note that the azimuthal angle spectrum in the laboratorp value of the intensity parameter close to unity. For such
frame differs from the nuclear frame spectrum shown in Fighigh intensities the contributions from the higher photon or-
4 only by an overall constant factor of, which is due to  ders(n=3) become non-negligible, as Fig. 7 shows, where

time dilation. the partial rates for pair creation by absorption of two to six
photons are given. Fdr10?° W/cn? the contributions from
2. Total rates: Above threshold pair creation the higher photon orders are already considerable, while for
Integration of the differential rates yields a total |=10°° W/cn? they even exceed the contribution from
laboratory-frame production rate of 4.8'dor linear polar- =2. An analogous phenomenon is known from the above-
threshold ionization(ATl) of atoms in strong laser fields
4 . . . . . (see, e.g.[1]). Similarly as for the ATI, the above threshold
pair creation at = 1 forms a bridge between the multiphoton
— linear pair creation(é<1) studied in this paper and the tunneling
------ circular . . R .
3 . pair creation(¢>1) considered in Ref{15].
g
a& 24 P 4 B. Bound-free pair creation
% il \\ In this subsection we consider bound-free pair creation by
y N a heavy nucleus that collides at a Lorentz factorysf50
H N head-on with an intense x-ray lasdw=9 keV,é=7.5
X 10 of circular polarization. The corresponding laser
0 7 . . . ) field strength and intensity amount B =1.8xX 10! V/cm
1770 1775 1780 1785 1790 1795 1800  and|=8x 10" W/cn?. The nuclear charge is chosen 2&s
6,, [deg] =50 such that thé&-shell Coulomb field ofFy~Z3x5.14

X 10° V/cm is about 40 times larger than the laser electric
FIG. 6. Laboratory-frame rates for free-free pair creation, differ-field strength of F ~1.8x 10*3V/cm in the nuclear rest
ential in the polar emission angl, of the positron. The param- frame. The binding energy of I&-shell electron amounts to
eters of the colliding system are the same as in Fig. 2. Ex=E;s—c?=35 keV. The photon energy in the nucleus
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£, X (2x107)

frame is w’ =900 keV. Here and in the following we use 2.0x10°
primed quantities in the rest frame of the nucleus and
unprimed quantities in the laboratory frame. Hence, as be- ;
fore, the threshold for pair creation can be exceeded by the  1.5x10*1 |
absorption of at least two photons, whereas the contributior — j
of the higher photon orderg.e., n=3) is negligibly small.
Furthermore, we note the following facts: The pondero-
motive energyE,onq=£2c?/2~0.15 eV of a free electron in
such a laser wave is orders of magnitude smaller than the
K-shell binding energ¥y. Similarly, the radiug ,s=éc/ w’
~ 10 cm and the velocity .= £c~ 10’ cm/s of the laser- /.
induced quiver motion are many times smaller than the 0.0
K-shell radiusrc~1071° cm and theK-shell orbital velocity 0
vk~ aZc~10cm/s. Moreover, a rough estimate shows o' [deg]
[30] the lifetime of the bound hydrogenlike system in the !
laser wave to be orders of magnitude longer thanktfehell FIG. 8. Projectile frame rates, differential in the polar emission
orbiting time 2mry /v ~10"1%s. All this gives further evi- angled, of the positron, for nonlinear free-free and bound-free pair
dence that the Coulomb state of the bound electron in thereation in the collision of a relativistic heavy nucle(%=50, y
presence of the laser field has a direct physical meaning. Ga50) and an intense XFEIw=9 keV, 1=8x 10'° W/cn?). Also
the other hand, neglecting the higher photon orders and thehown is the rate for bound-free pair creation by a single photon of
small ponderomotive effects, the created positron is emitted8 keV.

with a fixed kinetic energy of about 800 keV in the nucleus o ) .
frame. This corresponds to a positron velocity of shifted to smaller emission angles. From a theoretical point

~126 a.u. and, hence, to a rather small ratizép, ~0.4.  of view this shift is due to the small argument behavior of the
The Volkov description of the outgoing positron can there-Bessel functionJy(¢) that, according to Eq25), appears in

nonlinear bound-free
nonlinear free-free
1-photon bound-free |

[s"/deg

1.0x10* |

dR/deq

5.0x10° i

fore be regarded a reasonable approximation. the one-photon rate but not in the nonlinear rate. The abso-
lute values of the one-photon rate are orders of magnitude
1. Positron spectra larger because of the weaker intensity dependence.

First we present our results on the angular and energetic bNOW Wef turn t?o\ thﬁ- d|f£erintlal p;]roducrglon rate_s in :cheh
distributions of the produced positron. For comparison, weaeoratory frame. As Fig. 9 shows, here the energies of the

have also calculated the corresponding rates for lineap@und-freé and one-photon positrons roughly amount to

bound-free pair creation by the absorption of a single photo MeVS Eqs'lz MeV, which is notlce_ably smaller than the

of twice the energy from an equally intense laser wave. Alsdypical energies of the free-free positrons. Note that small
for comparison, we further give the differential rates for two- €™M!SS10N angles in thi nlIJckI)eus fran;e corr?rshpond o ﬁmall
photon free-free pair creation by simply scaling our resultSMISSIon energies in the laboratory frame. The one-photon

on free-free pair production by proton impact by the factorSpeC.trum exhibits an interesting feature since,l unlike t.he
22 (cf. Sec. Il A). For the positrons originating from nonlin- nonlinear spectra, it is a monotonously decreasing function

ear bound-free pair creation we will use the shorthand notalth the maximum value at the smallest possible positron

tion “bound-free positrons.” Accordingly, the “one-photon energy. This qualitative distinction is caused by the above-
positrons” and “free-free positrons” are those produced by
linear bound-free pair creation and nonlinear free-free pair :
creation, respectively. ] ix (2x107)
Figure 8 shows the angular spectra of the created posi  1.5x10°- ‘
trons in the nuclear rest frame. The emission angle is mea —,
sured with respect to the propagation direction of the Iaseré
beam. The angular distribution attains a maximum at-~,
~10°—-15° in the cases of nonlinear and linear bound-free =
; . . . 5
pair creation and at-30° in the case of nonlinear free-free 2
pair creation. Since the emission angle is, roughly speaking
inversely proportional to the emission momentum, the differ-
ent positions of these maxima are due to the fact that the 0.0
kinetic energy of the free-free positrons is, on average, half 0
as large as the fixed kinetic energy of the bound-free and the E [MeV]
one-photon positronécf. Fig. 2). For the same reason, the !
comparatively broad energetic distribution of the free-free  F|G. 9. Laboratory-frame rates for free-free and bound-free pair
positrons gives rise to an angular distribution that is broadegreation, differential in the energ, of the positron. The param-
than the distributions of the other positrons. Comparing thesters of the colliding system are the same as in Fig. 8. Also shown
quite similar spectra of the bound-free and one-photon posis the rate for bound-free pair creation by a single photon of
trons, we notice that the distribution of the latter is slightly 18 keV.

2.0x1 03 T T T T T T T

nonlinear bound-free
------ nonlinear free-free
1-photon bound-free
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FIG. 10. Laboratory-frame rates for nonlinear free-free and FIG. 11. Total nuclear-frame rates for two-photon pair creation
bound-free pair creation, differential in the polar emission amgle ~as a function of the nuclear frame photon energyZsi50, y=50,
of the positron. The parameters of the colliding system are the san@nd é=7.5X 107,
as in Fig. 8.
length, then we can give the rough estimate that, on average,

mentioned slightly different behavior of the nucleus-frame3.3X 107'° bound-free and 4.8 10"'free-free pairs are cre-
angular distribution of the one-photon positrons at smallated per collision. The corresponding rate for the one-photon
angles(cf. Fig. 8). procesqwith the double-photon energys much larger and
Figure 10 shows the angular distributions of the bound-amounts to 4.6 10's™.
free and free-free positrons in the laboratory frame. In sharp From our numerical calculations we can also determine
contrast to the corresponding angular spectra in the nucledbe dependences of the total rates for two-photon pair pro-
frame (cf. Fig. 8 the laboratory frame distributions are duction on the collision parameters v, & and w. Clearly,
highly different from one another. While the free-free posi-both rates scale a&' in the ¢<1 regime. FurtherRy«Z°
trons smoothly cover the narrow angular range between, saghows the typicalZ dependence of a capture procg24]
177.5° and 179.8°, practically all bound-free positrons arevhereas, according to EL0), Ry scales aZ?. Note that the
emitted into the angle 177.25°, thereby forming an almostotal rates in the nucleus framB; =R, can depend on the
discrete spectrum located slightly below the continuous freetemaining parameterg and » only through the combination
free spectrum. This singularity arises from the fact that the»’ =(1+8) yw=2yw. As Fig. 11 showsRy is proportional
fixed positron velocityv, in the nucleus frame is smaller to o' while R increases with its third power. Thus, in sum-
than the relative velocity between the two frames of refer-mary, the scaling behavior of the total rates for two-photon
ence(cf. Refs.[16,21]). One can show that the angle, where pair production is given by
the singularity appears, coincides with the smallest possible 155 ,
emission angle that, for kinematical reasons, is accessible to Ror o ¥ 220" = oin),
the positrons. This minimum angl,, is given by

Ry o 7_122§4(w, - wmin)sa (28)
Sin Gpin = 7+’8+, (27)  with wy,, denoting the respective threshold frequencies for
P two-photon pair creatiofii.e., 2wmi,=m.c’>+E, in the case

with B,=v,/c andy,=(1-8?)"Y2 The same argument holds Of bound-free pair creation andwR,,=2m.c? in the case of

for the one-photon positrons; i.e., their angular spectrum exfree-free pair creation We stress, however, that both our
hibits the same singularitgand is therefore not shown in Fig. theoretical approaches are not justified near to these thresh-
10) To the free-free positronS, however, this argument doeglds since the influence of the nuclear Coulomb field on the
not apply since their energy in the nuclear rest frame is notesulting low-energy leptons is not small.

fixed but varies over a broad range. Thus, in some sense one

may say that the fixed emission energy of the bound-free

positrons in the nucleus frame leads tgpaactically) fixed IV. SUMMARY AND CONCLUSION

emission angle in the laboratory frame. We have considered the strong-field processes of free-free

and bound-free™e" pair creation by few-photon absorption
in the collision of a relativistic nucleus and an intense x-ray
When we integrate the laboratory-frame spectra showtaser beam. We mainly focused on a situation where the pair
above, we get total rates &,=6.5x 10° s™* for nonlinear  production occurs by the simultaneous absorption of two
bound-free pair creation arféy=9.6x 10° s* for nonlinear  photons while the contribution of the higher photon orders is
free-free pair creation. This means, if we assume the projeaiegligibly small. We discussed in detail the resulting angular
tile nucleus to collide with a finite laser pulse of 100 fs and energetic distributions of one of the emitted particles. In

2. Total rates: Scaling behavior
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the case of free-free pair creation a particular emphasis wagsroduction rates are rather small. Nevertheless, since the cre-
laid on the effect of the laser polarization on the lepton specated leptons are emitted with high energy into a narrow an-
tra. In the case of bound-free pair creation we found that thgyular cone, they should be accessible to a measurement. We
positron spectra are mainly governed by kinematical confyrther note that the free-free and bound-free reaction chan-
straints. Further, the scaling behavior of the total production,qis can be clearly discriminated from each other, either by
rates was analyzed. In addition to these two-photon Creat'of};lking advantage of the qualitatively different angular distri-

processes we briefly discussed a situation where, due to rapnutions of the emitted positrons or by aiming at feinci-

increasing laser intensity, also higher photon orders are co ,
tributing. Under such circumstances the production procesd€nd detection of the created electrons. In the case of bound-

may be callechbove-threshold pair creatiofin analogy with e pair creation the latter would mean to detect the
the well-known AT). hydrogenlike ion formed by the projectile nucleus and the

Finally, we briefly address the question whether the noncaptured electron. A rough estimate shows that the majority
linear processes of free-free and bound-free pair creation ca#f these ions will survive the passage through the laser beam
be observed in experiment. According to our results, the total16,30.
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