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Inner-shell photoionization at relativistic energies
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At relativistic energies the cross section for the atomic photoelectric effect drops off as does the cross section
for liberating any bound electron through Compton scattering. However, when the photon energy exceeds
twice the rest mass of the electron, ionization may proceed via electron-positron pair creation. The cross
section for this channel saturates at several times the threshold energy, and hence the most probable way of
photoionizing an atom at high energy is to make the vacuum spark. We present estimates for the cross section
of this “vacuum-assisted photoionization” which proceeds either via direct pair creation on the bound electron
or via pair creation on the atomic nucleus binding the inner-shell electron followed by an electron-electron or
positron-electron encountdiS1050-2947®9)05204-X]

PACS numbd(s): 32.80.Fb

[. INTRODUCTION present study shows that at highly relativistic energies the

cross section of this new photoionization process becomes

Inner-shell photoionization of an atom or an ion is one oflarger than the cross section of photoionization through

the most basic processes in atomic collisions. With severaCompton scattering or photoelectric effect. It is remarkable

very high-energy and high-intensity synchrotron x-raythat we find here a feature similar to that in electron capture

sources existing or being built around the world, the physicsliscussed above; that is, at high relativistic energies, photo-
of inner-shell photoionization has undergone a significant reionization of an atom or ion will proceed preferentially
birth. lonization may proceed through the photoelectric ef-through “sparking” of the QED vacuum. We will call this
fect or Compton scattering. At MeV photon energies andnew photoionization processacuum-assisted photoioniza-

beyond, the cross sections associated with both processgsn.

decrease with increasing photon energy essentially as The removal of the inner-shell electron through vacuum-
1/(fiw), making them very small in the highly relativistic assisted photoionization will result in the creation of two
energy regimg1—4. vacancies, one in the inner shell and the other in the

In the relativistic regime an atom can be described as aegative-energy sea. This means that from a theoretical point
many-body system containirfjelectrons occupying discrete of view this photoionization process can also be viewed as a
bound statesZ being the atomic charge number and, in thedouble ionization by a single photon. Thus, one should ex-
Dirac picture of hole theory, an infinite number of electronspect many similarities in its theoretical treatment with the
occupying the negative-energy continuum. Atomic transi-well-known photo double ionization of two bound electrons.
tions with an energy scale of MeV and higher will bring into An extensive literature discussing this latter process can be
play the negative-energy continuum, allowing a new class ofound. And because it is the simplest many-electron system,
atomic collision processes to take place. For example, onphoto double ionization of helium has been the subject of a
such process is capture from electron-positron pair produczonsiderable number of theoretical and experimental studies
tion in relativistic heavy ion collisions, a process that hasover the last three decadgs0—-14. Many tools that probe
been extensively studied over the last deddded]. The in-  the electron-electron correlation for the various mechanisms
teresting aspect of this process is that at relativistic energiethat contribute to photo double ionization have been success-
a highZ bare ion that impinges on an atom will preferen- fully developed, see McGuiret al. [10], and references
tially pick up an electron from the vacuum instead of captur-therein.
ing an already existing bound electron of the target. This Extending similarly detailed studies to vacuum-assisted
underlines the very important role that the QED vacuumphotoionization will lead the research into the unique posi-
plays in atomic collision processes at such high energies antibn of probing the fundamental dynamics and correlation of
in very strong fields. a bound electron and an electron from the negative-energy

The aim of this paper is to study photoionization at MeV continuum. However, compared to photo double ionization,
energies and beyond, and to investigate the effects of corr¢he situation is made somewhat more complicated by the
lations between the bound electron that is removed by thipresence of an extra lepton, the positron. The positron re-
process and the Dirac sea. Indeed, when the photon enerdjgcts the creation of a vacancy in the Dirac sea and this
exceeds twice the rest mass of the electron the negativeracancy can interact after collision with the inner-shell elec-
energy continuum will play an additional important role; tron. There is also an extra difficulty associated with the
photoionization of, say, thk shell can now proceed through simplified description of the true QED vacuum in Dirac’s
a new channel in which the excess energy is taken by one dfole theoretic picture since a rigorous theoretical treatment
the negative-energy electrons. The final result is the creatiorequires the solution of the relativistic many-particle problem
of the K vacancy along with an electron-positron pair. Ourin QED [15]. Finally, similar to the treatment of photo
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double ionization of bound electrons, several different chanHere a=e?/%¢ is the fine structure constant,

nels may contribute coherently, making a full treatment of

the many-electron problerfusing the quantum equations of 8 ,

motion and second quantizatjoquite difficult. oT=37g (2
Our goal in this paper is to gain some insight into the

physics that comes into play by limiting the scope of our.

i 2
work to very simple approximations that make the calcula-> the Thomson cross section, ang=e*/me” denotes the

tions tractable. We estimate the total cross section OFIa}sspal _electron radius. ThF.“ parametend the nonrelativ-

vacuum-assisted photoionization and compare it to the crodStic binding energye, s are given as

sections of photoionization through Compton scattering and

photoelectric effect. The photon energies of interest here are 2= Eis E zl(aZ)chz 3)

MeV and higher, that is, energies above the threshold for ho—Eq’ ) ‘

electron-positron production. Furthermore, since our goal is

to study pair creation and ionization, we avoid complicationsit may be noted that the factor in front of the square brackets

associated with the initial interaction of bound electrons inin Eq. (1) is the nonrelativistic perturbative result. At the

atoms by considering a hydrogenlike ion. absorption edgé w=E, the correction for nonperturbative
We shall present different mechanisms by which Vacuumeffectsy that is' the factor in Square brackets in E-q:- as-

assisted photoionization can take place, but will examine iRyymes the value 2 exp(—4)=0.12.

more detail only two fundamentally different mechanisms: In 5, expression folK-vacancy production valid for lovi-

the first, the photon converts into an electron-positron pair iy yierjals when the photon energy is raised into the relativ-
the field of the nucleus and, subsequently, the bound electrqgtiC regime,iwo=mc, has been obtained by Sauter by ap-
is ionized through an electron-electron or a positron-electro lication of ,the Born,approximation cf16]. The expres-

encounter. In the second mechanism, an electron-positrof, .\ hich is valid far from the absorption edge, reads
pair is produced in the field of the bound electron which in ' '

X1

1 In( 71+V3’i_1)

27’1\/’)’5_1 71_\/’)’%_1

the process takes enough recoil to be freed from the atom or 3 m\5 4 5
ion. The contributions of these two mechanisms to the total O_Born:_zsa4o__r<_> (72_1)3/2 ~ 4 v1(71—2)
cross section are shown to be comparable in magnitude. K 4 fiw ! 3 1+l
However, the dependence of their respective cross sections
on the atomic charge number of the target or on the quantum
numbers of the initial inner shell is drastically different. } ' (4)

The paper is organized as follows. In Sec. Il we briefly
review photoionization through Compton scattering and thel_he quantityy,; =% w/mc+ 1 is the Lorentz factor for the
photoelec_tric effect. Section Il is d(_edicated to .Cal.cu@ionsemitted electroln when binding effects are disregarded. It may
T B e nota i oy, 1 .0 reuces t the nomvelatvistc
; . . . I;%)_erturbanon result, that is, to the front factor in Efj). The
tions and compare the cross sections of the various photoio 15 o o
o P . igh-energy limit of Eq.(4) is given by
ization processes at relativistic energies.

Il. PHOTOELECTRIC EFFECT 3 1 ho

_25 4~
AND COMPTON SCATTERING Tsaute™ 7 £ 0T~

W me©

In this section we shall give a brief discussion of the . ) )
well-known inner-shell vacancy production mechanisms,a”d for.brewty we shall call this the Sauter cross section. For
photoelectric effect and Compton scattering. The discussioﬁo”eC“f)”S accquntlng for the nonperturbative nature of the
serves as a background for the discussion of vacuum-assist&jeraction for highz and ho=mc? we may refer t17],
photoionization in the following sections. We shall quote theS€€ alS0[18,19. The nonperturbative correction factor to
basic cross-section formulas, which display the explicit deMultiply the Sauter cross secti¢§) in the high-energy limit
pendence on target charge numBend photon energf . assumes the values 0.97, 0.80, 0.52,.0.29, 0.22, and 0.20 for
These formulas will be used in Sec. IV for comparison withZ ©f 1, 8, 26, 55, 82, and 92, respectively, (18]. _
the vacuum-assisted process. All cross sections to be listed CONSider next Compton scattering. The cross section for
are per electron rather than per atom. scattering a photon of enerdyw = yo,mc® on a free electron

Consider first the photoelectric effect. A useful formula at restis given as
for the cross section fdk-vacancy production has been pro-

vided by Stobbe, cf[16,17]. Stobbe applied the dipole ap- 3 1+ yo[2y0(1+ o) (142
proximation ignoring also retardation effects and performed Tc=yor ¥3 [ 1+ 2y, ~In(1+2y)
a calculation based on exact nonrelativistic wave functions 0
for a hydrogenlike ion. The cross section so obtained reads 1 (14 270) 1+3y, ®
+—In(1+ -,
. [mS)? 270 T (14 24,)2
Tsiobpi 2\2Z%a oy T

s . cf. [16]. The nonrelativistic limit of the expressioff) is
exp(—4¢ cot §)} 1 simply the Thomson cross sectier quoted in Eq.(2). At

x l-—exp —27é) high energies the Compton cross section reads

Eis
2#(%
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guantum state of the target atprand the cross section for
, ho>mc (7)  transferring an energy larger than the binding enegy
Since relatively large energy transfers are of interest, we

that is, a slightly slower falloff with increasing photon en- Shall simply apply the cross section for collisions between
ergy is encountered than for the photoelectric effect, comfree particles, that is, the Rutherford cross sectitwe finer
pared to Eq.(5). Binding and motion of atomic electrons details accounted for in the Mer and the Bhabha cross
cause the cross section to drop belew when the photon Sections are neglectedrhe annihilation channel open to the
energy is decreased to the region of energies characteriziSitron when it encounters a target electron is discussed

the atomic motion, see, for instance, Hubletlal.[20], but ~ Separately in Sec. IlIC. _ _
such energies are not of concern here. With the above model it is obvious that the cross section

for the process in question is related to the cross seetjgn
for pair production in the field of the nucleus by the simple
relation

At sufficiently high photon energies ionization of an
inner-shell electron may be catalyzed by the creation of an o1=oppXP, P=P,.+P_. 9

electron-positron pair. IEg denotes the binding energy of . . —_

the inner-shell electron, this process occurs with a threshold "€ quantities.. signify the knock-out probabilities for the

frequencywy, of electron and the positron. For the pair production cross sec-
r

tion we may apply the Bethe-Heitler result, which pertains to
hop=2mc+Eg. (8)  the Born approximation, cf.16]. It may be written as

3 1
O-C:§U-T,y_0 |n(270)+§

IIl. VACUUM-ASSISTED PHOTOIONIZATION

The inner-shell electron may be freed by electron-electron o, 28
(positron-electropinteraction or by photon-electron interac- Ten=2 arOEL' (10
tion. In the first case we may think of pair creation in the

field of the atomic nucleus followed by knock out of the The logarithmic factol assumes at high energies the value
inner-shell electron by one of the outgoing particles of the

produced electron-positron pair. In the second case, we may In(183%3)—1/42, Thomas-Fermi atom
. . . . _ L s —

think of, for |_nsta_nce, Compton sqatterlng on the inner-shell Liws>me? In(2yo) — 109/42, bare nucleus,

electron(freeing if) followed by pair creation on the outgo- (11)

ing photon branch. The nucleus is not needed to propel this

action. Or, still in the second case, we may think of pairwhere, as noted, the upper expression is obtained for a
creation directly on the inner-shell electron giving it a recoil nycleus whose field at large distances is screened out due to
sufficiently large that it leaves the scene. Also in this casejhe presence of atomic electrons. Screening is important at
the presence of the nucleus is not required in order to mediery high energies; for lead, the two expressions in &)

ate the transition. are equal aty,=hw/mc®=275, or 141 MeV. Near the
threshold for pair production(w=2mc?) the behavior ot
A. Pair creation with e*-e~ encounter is roughly Lo (1—2mc?/Aw)3, cf. [22]. From threshold

increases smoothly over roughly two orders of magnitude in
photon energy to the screened value in Edl). The result
for a bare nucleus listed in Eq11) applies approximately
over most of the increase. Close to threshold the Born ap-
groximation actually fails, and production becomes some-
hat more probable than this approximation predicts, at an

Consider electron-positron pair creation in the field of an
atomic nucleus of charg@e. The outgoing electron or pos-
itron collides with an inner-shell electron and transfers a
energy to it which is larger than its binding energy. De-
termination of the corresponding cross section according t
the standard rules of quantum electrodynamics requires qui

extensive calculations. We do not attempt such calculation%nergy of 3n¢” by a factor of 2 for a lead target, ¢fL6]. At

here. Instead we shall make a simple semiclassical modé]e same time the distribution over kin_etic energy, which is
which allows for estimates of cross sections identical for the electron and the positron in the Born ap-

In our model, the electron and the positron are create&’rOXimatiO”’ _becomes asymmetric due to attraction, respec-
with equal probability anywhere inside a sphere of radiust'vely’ repuIS|0_n_ by the nucle_us.

equal to the reduced Compton wavelength=7%/(mc) 'I_'he probability fof knopkm_g out Fh‘? bound electron by,
~386 fm of the electron centered at the nucléRs]. No for instance, the positron is given within our model as
correlation between the points where the electron and the i do

positron first appear is assumed and also any interaction be- P, < f‘i dT—J dan>. (12)
tween the two is neglected. Hence the probabilities for Eg dT

knocking out a bound electron will be computed indepen-

dently and added. From the point of first appearance eachhe averag¢ ) is an average over positron energies, point of
member of the pair is assumed to leave the scene on @reation, and emission directionET” denotes the positron
straight path and we ignore the change in kinetic energkinetic energy. The z axis is defined by the direction of the
which classical mechanics would dictate due to motion in theoutgoing positronz, denotes the value of its first appear-
background potential of the nucleus. For each of them, thance, andg denotes the density of the bound target electron
probability for knocking out a bound electron is defined byin its initial state. The differential cross section for transfer-
the local electron density along the pdats defined by the ring an energyrl to the target electron is
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do 1 me Bessel function. A similarly simple expression was not found
ﬁZZTrré—z - (13)  in the relativistic case. Instead numerical calculation accord-
By T ing to Eq. (18) shows that the result for the density factor

when computed in units ofrfa?) ~* varies only very little

where the initial electron motion is neglected and the quang i the target atomic number. Within a few percent we have

tity B, represents the velocity of the positron in unitscof

for all Z simpl
The probability(12) factors as or &l & simply
, 1
_ [re-2m@ | ng iiny [ES" DO fx O, = . (19
P+—JEB dELT(ELY) . deT Zodzr\3 > a2
=3.D,, (14)  As a consequence the density factor exhibi&?ascaling.

Concerning the cross-section facir, appearing in Eq.
where the average now is over point of creation and directiori14), let us first discuss the positron distributi6(E<"™), as-
of exit only. We shall determine each of the two factors insociated with the pair creation in the nuclear field. First we
Eq. (14) separately and start by considering the density facnote that well above threshold, this distribution is symmetric
tor®, . around the midpoint energyw/2—mc®. However, close to
Let us assume the electron to be in the ground state of ghe threshold energy, positrons tend to come out with higher
hydrogenlike ion. Leta denote the nonrelativistic radius of energies than their negatively charged partners. At
the shell, a=ay/Z with a,=#%/me®=a ' being the =3mc? the positron kinetic energy is on average twice that
Bohr radius of hydrogerabout 0.53 A. In the extreme case of the electrons, cf[16]. Despite such asymmetries which
Ac<a, thatis, at low atomic numbe# the creation pointis are intimately related to the aforementioned motion in the
essentially at the origion the scale ohg). Hence background potential of the nucleus, we shall asstE&")
. " to be symmetric in the following. Basically, we assume the
< f dan> _)f dzrg, Ac<a (15) prodl_Jction to be symmetric locally, and any asymmgtries are
2 0 considered to be due to the subsequent acceleration of the
o _ positron and deceleration of the electron as ttigyto) leave
which is easily evaluated as the scene. Next we note that the distribution in question in
" 1/1 general is rather flat. At extreme relativistic energies it has a
J dan=—<—2> broad minimum at the midpoint which is roughly two-thirds
0 Am\r 1s of the maximum obtained when one or the other of the
charged particles takes all the energy available for distribu-
(16) tion as kinetic energy. At moderate energies corresponding
to, roughly, 2@nc? or lower, the distribution shows a broad
) o L _ ) maximum at the midpoint energy; the falloff towards zero at
The quantitys appearing in the relativistic result is defined asthe two end points of the spectrum appears only within the
_ last 10% or so of the energy range. Actually, very close to
s=V1-(a2). 17) threshold, that is, for photon energies below roughiyc3,

It assumes the value 0.801 for lead. It may be noted that foih® distribution, as computed in the Born approximation
lead, the relativistic resultL6) is about twice the nonrelativ- Where no asymmetry appears, varies essentiallyyds - y)

istic value. However, for such a heavy target the approximawherey=EX"/(hw—2m¢c?), cf. [22]. In view of the gener-

1 [ 1, nonrelativistic

T 2ma?|[s(2s—1)]"L, relativistic.

tion (15) does not apply—for lead=1.7x. ally flat distribution we shall simply make the substitution
When we go beyond the regiois<a, that is, to moder-
ate and highz, two counteracting effects set in. One is that f(EKIM) (20)
+

relativistic effects cause a higher degree of localization of the ho—2mc
ground state so as to produce higher numbers; this is what

Eq. (16) shows. The other is that withc no longer small By insertion of this expression and the Rutherford cross sec-
compared tog, the average of the integral on the left-handtion (13) in Eq. (14) we end with the following estimate for
side in Eq.(15 will always be below that evaluated in Eq. the cross-section factor:

(16). Using the symmetry of the ground state we may write

1 277!’0 Xg l(l 3 )I (’)/2)
- — =3 _ — = X nf—
f dzng) = iw?(% T xg v2 7212 4787\ xg
% 3
c * ——| 5+ 5X%g/In — -5
Xfo I(p)27'rpdp§f_ N1s(P,2)dz, 72\2 478 T\ xg+2] 242 27,

(18  where xg=Eg/mc® and y,=fiw/mc®—2. The factor in
square brackets tends to 1 at high photon energies and van-
wherel(p)=2\/}(cz—p2. With a nonrelativistic hydrogenic ishes at threshold w =% w,,. For photon impact on hydro-
ground state wave function, the last integral yieldsgenic lead, the square-bracket factor assumes values of 0.78,
(ma?)~1(2p/a)K,(2p/a), where K; denotes a modified 0.91, and 0.96 at photon energies of 1.5 MeV, 2.0 MeV, and
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3.0 MeV. Hence except very close to threshold, which in this B. Pair creation in the field of a bound electron
example appears at 1.12 MeV, the cross-section factor is
well approximated by the front factor in E(R1).

Collecting the above information, and multiplying by a
factor of 2 by the assumption of equal probabilities for
knockout by the created electron and positron, we end u
with the following estimate for the probability that enters in

Different from the mechanism discussed in the preceding
section where one member of the electron-positron pair pro-
duced in the nuclear field collides with a bound electron, in
he case of pair creation by a photon on an initially bound
lectron the presence of the nucleus is not required by kine-

Eq. (9): matics. Due to change in mass of the particle producing the
field the threshold energy for pair creation is different from

(a?2)? (a?2)? that encountered in the preceding subsection. In particular,
=2 1—-s 1—[1—(012)2]1’2' ho=2hoy. for a pair to be produced in a collision of a photon with an

(22) electron at rest the photon energymust exceed th¢?, i.e.,
twice the threshold energy for pair creation in the nuclear
For aZ<1, the probability is 42 and it changes only field. In order to have a more compact notation we use in this
slightly for heavier element§0.90x4a? for Z=82]. In  subsection natural relativistic unitgi€m=c=1), unless
other words, our estimate fét is essentiallyZ independent  otherwise stated. In these units length is measured in units of
and well approximated as the reduced Compton wavelengkia while momentum and
_ 4 energy are measured in units mfc andmc?, respectively.
P=2x10"% fw=2hoy. (23 The differential cross section for pair production in the
Note that for energies below, roughly, twice the thresholdfi€!d Of free unpolarized electrons was derived by Votruba
energy the variation due to the square-bracket factor in E(cjg‘l] in lowest order perturbation theory. Compared with the
(21) should be taken into account in the estima® and ethe-Heitler cross section for nuclear pair production by a
(23). In this region asymmetries in the pair production specPhoton given in Eq(10), the calculations are considerably
trum are also significant. more complicated due to recoil and exchange effects. More
With an essentiallyZ- and energy-independent probabil- precisely, retardation effects become important since the re-
ity, our estimate(9) for the cross section for pair creation il velocity of the initial electron is not negligible in com-
with K-shell ionization, when the latter appears throughParison with the speed of light. In addition, one has to take
electron-electron or positron-electron interaction, depends offito account e>_<c.:hange terms which are associated V\{'th. the
atomic number and photon energy essentially as the Bethé@mstlngwshablhty of the two electrons and also radiative
Heitler cross section for pair creation, Ed.0). Hence we corrections. . . .
expect roughly az2 scaling as well as a saturation of the In the lowest order of QED this process is described by
cross section at high photon energies. elements of the third order scattering maﬁ@E)D connecting
Estimates of the ionization of electrons bound in shellson€ photon state and three fermion states, i.e., two electrons
other than theK shell may be obtained in a similar manner. @1d one positron, and one has to consider a total of eight
From the study of the density factdr, for the K shell as Féynman diagrams when the four exchange diagrams are in-
detailed in Eqs(15)—(19) as well as by noting that the radii cluded. In the corresponding direct Feynman diagrams
of higher shells are considerably larger than that of khe Shown in Figs. &)-1(d) the incoming photon and the initial

shell it is plausible to apply the approximation electron have four-momentaandp;, and the outgoing lep-
tons have momentg;,p., andp,, respectively. While dia-
1/1\™ 1 grams 1a)—1(d) contribute also in the case of nuclear pair
== an 2 2m, (24)  production, the additional four exchange diagrams)ta
nl

(dsy) are associated with the indistinguishability of the two

) L electrons in the final state. These diagrams are obtained from
where the superscript nr stands for nonrelativistic arahd . direct ones by interchanging the electron momenta

| are the main and orbital angular quantum numbers. To 0b;4, in the final states. Due to the considerable complexity

tain trr:e last result, a Pyd(rj?gerr]]hke lon was agam'"assume f the expressions associated with these eight Feynman dia-
For the cross-section factdr, the expressiori2D) still ap-  gams which require the evaluation of traces containing

plies. Consequently, the estimate corresponding to(£8). products of up to six Dirac matrices ISSEDF the common

reads practice was to use approximations, either by considering
2% 104 nonrelativistic or high-energy limit24]. By nonrelativistic
Pn= n2+1)’ ho=2hwy. (25  limit is meant the region of photon energies-4m<m. In

addition, extensive numerical calculations were performed in
tatézs] where the cross section for electron-positron pair pro-
d duction by unpolarized photons on free electrons was com-
puted for a wide range of photon energies.
Only relatively recently was an exact expression for the
Paha=4X 1074, fw=2ho,. (26) ~ cross section of triplet production, i.e., pair creation in the
field of a free electron, obtained by integrating analytically
For the case of lead or gold the total probability for ionizing the fully differential cross section over the angles of the out-
the atom following a pair creation event would hence end ugoing electrons, without any approximatiof®6]. The re-
near 1.8 10 2 in this simple model. sulting energy-differential cross sectider/dE, with respect

As before the estimate is per electron in the particular s
With Eqg. (25) the total probability for any completely fille
shell is
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(b)

FIG. 1. Feynman diagrams for pair creation by a
photon in the field of an electron. Diagrart® and (b)
are referred to as Borsellino diagrams, and the
Compton-like diagramsc) and (d) are namedy-e dia-
grams. The corresponding exchange diagrams)<{a
(dsy) are obtained by interchanging the final electron
lines, i.e., the four-momentg; and p, of the electrons
in the final states.

(cex) (dex)
to the positron energy is thus evaluated by a one dimensionahan diagrams associated with the interaction of the initial
numerical integration over the angi, between the mo- electron with the photon, i.e., the so-callgek diagrams, as

mentak and f)p of the incoming photon and the produced Well as exchange effects: More precisely, they consider only
positron, respectively. As a result of this important progressgiagrams(a) and(b) in Fig. 1. It is explicitly demonstrated in

the accuracy of the previous approximations as well as of thE25] that the neglected diagrams provide contributions with
numerical cross-section calculations associated with this pranutually opposite signs, such that they partially cancel out

cess could be rigorously determined. for w=15. In addition, Borsellino derived a tractable al-
In particular, it is seen that while the threshold approxi-though lengthy expression for the recoil momentum distribu-
mation to the total cross section for triplet product{@4] tion dog/dg, which turns out to be particularly useful for
3 the present investigation.
- . . . . .
Uthreshold:arg (k—4)2, 27) Returning to the process in which an incoming photon

4% 3° creates a pair in the field of an initially bound electron one
has to take into account also atomic binding effects. In other
is valid only very close tav=k=4, the results obtained in words, the outer and inner fermionic lines in Fig. 1 have to
[25] by direct numerical integration are correct: For photonbe associated with Coulomb-distorted wave functions and
energies 4 w<16 there is a good agreement with the re-external-field Green's functions for electrons and positrons,
sults of Haug[26], the relative differences being less than respectively. However, the exact solution of such a treatment
1.2%. In addition, the cross sections obtained26] cover incorporating the electron-nucleus interaction exactly to all
the range of photon energies 4.800<5x 10, confirming  orders inaZ and the interaction with the incoming photon in
Borsellino’s result§27] for photon energies above 8 MeV. third order is an extremely difficult task. Instead one may
Borsellino[27] and Ghizzett{ 28] have derived analytic ex- follow the approach of Maximon and Gimf29] (see also
pressions for the total cross section by neglecting the Feyri30]) in which atomic binding effects are accounted for ap-
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proximately by considering inelastic scattering. In this spe{27]. While the last term in this expression vanishes by con-
cific approach the total cross section for pair creation in thestruction due toly,(q)=1 for q=qg, the next to the last
field of a bound electron by a photon with momentlnis  integral can be neglected since the cross sectigrend og

written as differ only in the contributions provided by the Compton-
q q like and exchange terms, i.e., diagrafeg (d), and (a,)—
_ % dog  [Om OOy (dew in Fig. 1. As mentioned before, these contributions are
o(k)= fqmdQ|0n(Q) dq * % dg dq’ (28) negligible for small momentum transfegssq,. As a result,

the final expression for the pair production cross section in

where do¢/dq is the recoil-momentum differential cross the field of a bound electron may be written in the form
section, and y,(q) is the incoherent scattering function as- given by Maximon and Gimnj29] as
sociated with all possible excited stateg 0. For large mo-
mentum transfersg=q,, one hady,(q)—1 such that the
electron is treated as free. For a discussion of the scattering
function and related quantities see, for instaf84,35. The
incorporation of binding effects through the scattering func-The largest contribution in this expresson is provided by the
tion 14,(q) is justified as long as the relevant momentumfirst term
transferq is small compared to momenta of the created fer-
mions[30]. For the special case of a hydrogenlike ion in its

: : ) av dog
ground state considered in the following one may use the og(k)= do——, (35)
relativistic expression for the incoherent scattering function am 44

o(K)=og(K) + Aoy (k) —AS(k,Z). (34)

. _ 2
sin(2stan 'Q) (29) which represents the pair creation cross section in the field of
2sQ(Q2+1)s | a free electron by considering only the first two diagraajs
and (b) in Fig. 1, i.e., the Borsellino diagrams. The second
whereQ=q/(2aZ) and the quantity is defined in Eq(17).  term in Eq.(34),
The integration limitsq,, andqy, in Eqg. (28) are the ki-
nematic limits for the momentum transfer. For an initial elec- do do
f B

tron at rest p;=0) one has Aoy(k)= qudq<———>, (36)
Um

lon(a)=1—

dg dq

ﬁ=5f=|z— 5«-:-_ 5pr (30)

is associated with the remaining six diagrams of Fig. 1, i.e.,

the Compton-like and exchange diagrams. From Haug's

work [26] one may see that for incident photon energies
=15 the correctiom\ o4 (K) is always less than 1.2% of the
—1)—(k+1)vk(k— . H :

:k(k D= (k+ 1) vkk 4), (31) total cross sectiom((K) in the field of a free electron. On the
other hand, for photon energies<dv<<15 the Compton-like
and exchange contributions are important ang(k)

_k(k=1)+(k+1) Vk(k—4) 32) > g¢(k) so that the correction tertvo, (k) is always nega-

Au 2k+1 ' tive in this energy range. The last term in Eg§4),

such that the allowed values for the recoil momentagm
<(q=<(y are obtained in the laboratory system as

Am 2k+1

One may note that in the limit of very high photon energies
the recoil momentum lies in the range_@q<k. In Eq. AS(k,Z)=qudq[l—I0n(q)]%, (37)
(28) qg, which lies betweemny,, andqy,, is chosen so that m dqg
lon(@>0g)=1. Since the contributions associated with the
six diagramd(c), (d), and (g, —(d,) in Fig. 1 are important
for large momentum transfer, i.&>1, only the second in-
tegral in Eq.(28) is relevant for these diagrams, see, for
example,[29]. As a consequence, the first integral in Eq.
(28) contains only the contribution of diagrart® and(b) of
Fig. 1, enabling us to rewrite the total cross section as

(k)—qud [dO'B+
7 q a dqg

m

which is associated with screening effects, gives a nonvan-
ishing contribution only for small momentum transfer, i.e.,
dm=0=<(Qp<1. As we noted in the discussion following Eq.
(29), for large momentum transfer the incoherent scattering
function 14,(g)—1, such that{1—-14,(q)]—0, for g=1.
The quantity ZAS(k,Z) was calculated numerically and
do; dog dog tabulated if 29] as a function of the photon energy for vari-
—_— = —) —[1-lon(q) ] == ous elements up to lead.
dg dq dq In order to proceed further we consider in the following
the total cross sectiong(k) for pair creation in the field of
- fqodq<%—%> + qudq[l— |0n(q)]%, a free electron as derived [27,28 by a direct evaluation of
an 1 dq dq do dq diagrams(a) and (b) in Fig. 1. In addition to an analytical
(33  expression of the total cross section in terms of an expansion
in successive powers of KLthrough 1k’ [28], in [27] an
where we introduced the differential cross sectthng/dq  explicit representation of the differential cross section
associated with Figs.(&8 and 1b) as derived by Borsellino dog/dq is given in the form
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FIG. 2. Recoil-momentum differential cross sectabwg /dq for

pair creation by a photon on a free electron as a function of th

momentum transfeq for different values of the photon energy.

dog(k,q) _arp
Mz%[A(q,kHB(q,k)qu dq’C(qu)}

dq
— (39)
W(W-1)2
Here, the quantity
W=g*+1 (39

is the energy associated with the momentum trangfdate
different momentum-dependent contribution#\(q,k),
B(g,k), andC(q,k) in Eqg. (38) are explicitly given in[27],
and will not be repeated here. In addition][#9] the integral
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the maxima of the curves depicted in this figure become
larger and larger in magnitude with increasing values of the
photon energy.

The comparison of these momentum distributions with
the corresponding exact distributiods ¢, /dq associated
with pair production in a static Coulomb potential with
=1 as derived by Jost, Luttinger, and Slotf83] provides
further insight. In the work of Maximon and Gimf9] it is
shown that in the region of very small momentum transfer
the differential cross sectiondog/dq and docy,/dq ap-
proach the same distributions in the limit of high photon
energies. On the other hand, for relatively high momentum
transfers there are differences between these differential
cross sections that are in general smaller than a factor of,
roughly, 2[29]. Suh and Beth¢32] showed that for very
small momentum transfer, i.eq<1, the recoil energy taken
eby the particle producing the field is negligible compared to
its rest mass, regardless of whether it is an electron or a
nucleus. As a result, for photon energies of several hundred
MeV and higher the recoil-momentum differential cross sec-
tion dog/dq approaches the same limiting distribution as
docoy/dg, and the associated total cross sectiopsand
ocoul are essentially identical. However, with decreasing
photon energy the differences between the two recoil-
momentum differential cross sections become larger and
larger such that for photon energies around 10 MeV the total
Cross sectiorrg,, exceeds the cross sectiorg by a factor
of 2 [29].

Having discussed the recoil-momentum differential cross
sectiondog/dg, we are now in a position to calculate the
contribution of the mechanism of pair production in the field
of the bound electron to the vacuum-assisted photoionization
cross section. Since in the case of a bound electron momen-
tum can be transferred both in excitation and ionization one

in Eq. (38) could be expressed in terms of dilogarithms, i.e.,has to exclude the channels in which the atom ends up in an

" 4q'C(q K ==l In T W—a?
0 2 T(W+9)
+L,| - —Lz{ 1 }
W+q T(W+Qq)

(40)

such that the differential cross secti@8) is further simpli-
fied. In the last expression the quantityis defined as

T=k(q—W+1)—W+[k(qg—W+1)-W]*—1,
(41)

and

x In|1—t]|
LZ(X):_fodt t

(42

represents the dilogarithm functi¢81].
In Fig. 2 we show the differential cross sectidarg/dq

for a free electron as a function of the momentum trangfer
for different photon energie®=10, 50, and 100 MeV, re-
spectively. It is seen that with increasing photon energies the
recoil-momentum distributions attain their maxima at lower

and lower values of the momentum transterin addition,

excited state. This may be achieved in the simplest approxi-
mation by requiring that the allowed minimum momentum
transferq,, equals the momentum,,; given by

Oeut™ \/(1+EB)2_ 1,

which is needed to ionize the bound electron. H&g rep-
resents the binding energy of the initial electron as given by
the Sommerfeld formula for hydrogenlike iongg=1
—1—(aZ)? for the 1s state. Neglecting screening effects
and the correctiol oy(k) in Eq. (34), which are of minor
importance in the energy range studied here, the total cross
section o,(k) for the vacuum-assisted photoionization
process—regarded as pair creation in the field of a bound
electron with the ionization of that electron—may be written
as

(43

(44)

with the maximum allowed momentum transtgy from Eq.
(32).

C. Pair creation with subsequent annihilation

Positron annihilation is an additional source of vacancy
production. Following the initial conversion of the incoming
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FIG. 3. Cr_oss section fgr (_:rea_tlon oftashell vacancy fqr lead cium (Z=20) for different photoionization processes as a function
(Z2=82) for different photoionization processes as a function of the

of the photon energy. The dashed-dotted line corresponds to the
photon energy. The dashed-dotted line corresponds to the Compt P 9y P

Yompton effect and the dotted line to the photoelectric effect.
effect and the dotted line to the photoelectric effect. Vacuum- P P

isted photoionization i ted by the dashedrfieeh Vacuum-assisted photoionization is represented by the dashed line
assisted photolonization IS represented by the dast edrieeha- (mechanism 1, i.e., pair production in the nuclear field with subse-
nism 1, i.e., pair production in the nuclear field with subsequentquentet_e_ encounter and by the solid lingmechanism 2, i.e
e*-e~ encounter and by the solid linelmechanism 2, i.e., pair o

duction in the electron field tivelv. Th ’ pair production in the electron fieldrespectively. The cross sec-
production in the electron fieldrespectively. The cross sections are tions are peK-shell electron.
per K-shell electron.

. : . . lation on an electron in bound motion only with replacement
photon into an ek—:;c;ron-posnron pair, the positron may well f the positron velocity by the relative positron-electron ve-
subsequ_ently ann|h|le_1te on an inner-shell electron. The fmq city. An upper limit of the cross-section factd,, for

productdls an a;]tom W'Ith an mnher—shell vallcaﬂpy, atr;d an eIec{innihilation on & electron is hence provided by replacing
tron and two photons leaving the scene. In this subsection wg—1 ", | Eq. (46) by mc(p~ ). For the ground state of a

shall estimate the strength of this channel through construc:- * - o .
tion of a simple model along the lines of Sec. IIl A. nonrelativistic hydrogenlike ion this amounts to 16%3Z).

Let us assume the initial photoconversion to happen in théAItogether we have

field of the atomic nucleus. All that is needed in order to 16r§
estimate the relative strength of the annihilation channel is S,
then an estimate of the probabili®y,,, that the positron,

once created, will annihilate with an inner-shell electron. TheComparison with Eq(21) shows that, in general, the cross

ratio of P,,, to the probability computed in Sec. Il A, cf. sectiono- f ; :

: . : 53 for vacuum-assiste&-shell vacancy production
Eqs..(22), (23), and (29), W'." .pr(.)wde the estimate of the via annihilation is relatively small compared ¢q, namely,
relative strength of the annihilation channel.

anns m (47)

By the assumption of annihilation being a localized event o3 2
requiring the annihilation partners to be at the same spot in =39l (48)
space, the annihilation probability assumes a form similar to !
the knock-out probability given in Eq14), that is, For a lead target, the right-hand side amounts to, roughly,
. 1/8. Close to threshold the square-bracket factor of (Ed).
P o= Jh“’_zmczd Elﬂnf(Elﬁn)o-am{Elﬁn)X<J dan> should be included but it does not significantly change the
0 z9 result. In conclusion, the magnitude of is howhere sub-

stantially larger than the uncertainty with which we have

=ZannX P . (45) determined the cross section .

The density factor is the same as before, cf. E§8) and

(24). Determination of the requested ratio is hence reduced to IV. RESULTS

determination of the rati@ ,,{2%, , , where the factor of 2 in

the denominator appears by the assumption of equal knock- In the preceding section we investigated the contributions
out probabilities for electrons and positrons with equal vet0 vacuum-assisted photoionization of inner-shell electrons

locities. by three different mechanisms that we assumed not to inter-
The cross section foftwo-photon annihilation of a non-  fere with each other: pair production followed by electron-
relativistic positron on a free electron at rest reads electron or electron-positron interactidi$ec. Il A), pair
production in the field of the bound electrofSec. Il B),
o= mrdB, (46)  and pair production followed by the annihilation of the pos-

itron with the inner-shell electro(Bec. 111 O. The cross sec-
cf. [16]. As before 3, is the speed of the positron in units of tions for the three mechanisms are referred togsr,, and
c. Let us assume that the same expression holds for annihéz;, respectively.
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will proceed almost exclusively through the vacuum-assisted
process.

Pair production followed by electron-electron or electron-
positron interaction provides the largest contribution to the
cross section for the creation okashell vacancy in Pb. This
situation is reversed for CaZE&20) as shown in Fig. 4,
where the largest contribution to the cross section comes
from pair production in the field of a bound electrom,].

This behavior is more clearly seen in Fig. 5 where the
cross sections of the two mechanisms are shown as a func-
o 2 yrS pos 20 tion of the target atomic numbeZ. Pair production on a

Nuclear charge number Z bound electron dominates for lo#/-targets then decreases

steadily as a consequence of the increased binding energy

FIG. 5. Vacuum-assisted photoionization cross sectienand  which requires higher and higher momentum transfer to free
o, associated with pair creation in the nuclear and electron fieldthe electron. The contribution from the pair production in the
respectively, as functions of the target atomic numbefhe upper  npyclear field followed by electron-electron or positron-
curve corresponds to the sum+ . electron interaction increases almost as the square of the

nuclear charge and subsequently dominates for Higit-

Figure 3 shows the cross section for creation &f-ahell oms. Unlike the individual contributions, the sum of the
vacancy in lead Z=82) for the different photoionization Cross sections of the two mechanisms changes by at most
processes discussed in the present paper except for the an@l% over the whole range of atomic targets and exhibits a
hilation channel. In the preceding subsection it was showrroad minimum around = 20. o
that the contribution associated with positron annihilation is _Finally, as we move to higher shells, the contributions to
small, which is the reason the corresponding cross section Rhotoionization from the photoelectric effect, Compton scat-
not displayed in this figure. The curves are drawn using tabut€ring, and pair production are very different. The photoelec-
lated valueg20] for the photoelectric effect and Compton tric effect brings almost no contribution to the creation of a
scattering, respectively, Eq), (19), and(21) for o, with ~ vacancy in the higher shells while for Compton scattering the
the product of the quantities on the right-hand side of theProbability is proportional to the number of electrons in that
latter two making up half of the probability appearing in s_hell_. The contribution from yacuum-a35|sted photmong-
Eq. (9) and with tabulated valuel20] for the nuclear pair tion is somewhat more comphcated becau;e of the very dif-
production cross section. For the cross sectigrassociated ferent beh_awor of mechamsm; that contribute to .the total
with pair creation in the field of a bound electron we use EqsCrOSS Section. As can be seen in £2(), the probability to
(43) and (44) as discussed in Sec. Il B. Note that the crossCréate a vacancy in any filled shell through the first mecha-
sections are given per electron and one has to multiply by 81SM (1) is @ number that approximately does not depend
factor of 2 to account for botK-shell electrons. From Fig. 3 ©n the shell according to our simple model. The situation is
one can see that the cross section for the creation kif a 29ain different for the second mechanisan) for which the
vacancy in Pb at photon impact energies below 1 MeV igProbability to create a vacancy in any filled shell is propor-
dominated by the photoelectric effect. However, with in- fional to the number of electrons in the shell multiplied by a
creasing photon energy the photoelectric cross section déactor between 1 and 4. This factor is higher for the higher
creases as a high negative power of the photon energy arells. The multiplying factor is related to the binding energy
then(above 10 MeV as the inverse of the photon energy, see©f the shell that in turn dictates the minimum momentum
Eq. (5). The Compton cross section exhibits a slightly slowertransfer to free the bound electron, and hence its variation is
falloff, see Eq. (7). In contrast, the contribution from Similar to that ofo in Fig. 5 which never exceeds a factor
vacuum-assisted photoionization increases with increasingf: roughly, 3.
photon energy, starting from a threshold of approximately 1
MeV for oy and 2 MeV foro.

The contributionss; and o, saturate at 7.5 mb and 2.5
mb, respectively. The most important result displayed in Fig. In the present paper we make several approximations and
3 is that the total cross section of vacuum-assisted photoiorbuild simple models to make the calculation of vacuum-
ization becomes comparable to the cross section of photoiorassisted photoionization somewhat tractable. The price we
ization through Compton scattering and photoelectric effecpay, of course, is that our results should be considered more
for approximately 100 MeV photons and it dominates atas a first estimate of the contribution of vacuum-assisted
higher energies. At 1 GeV, 90% of the cross section forphotoionization to the total photoionization cross section.
creating aK vacancy is due to contributions from vacuum- The most important prediction of our calculations is that
assisted photoionization. This very interesting theoreticallacuum-assisted photoionization will dominate the other
prediction can be tested experimentally with 1 GeV photonknown photoionization processes at high energies. An inter-
that are becoming available at several accelerator facilitiegsting parallel can be made with capture from pair produc-
for example, through backscattering of laser photons on the ion which dominates charge transfer in relativistic heavy ion
GeV electron beam at the European Synchrotron Radiationollisions. This highlights the crucial role that the negative-
Facility (ESRB in Grenoble, France. At even higher ener- energy continuum plays in the relativistic regime in atomic
gies the removal of any atomic electron by photon impactollision processes. As we have seen, there are many physics

Cross section (mb)

V. CONCLUDING REMARKS
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insights to be gained by our somewhat simple models. Howpowerful theoretical tools developed in extensive studies of
ever, a close look at the extensive literature on photo doublphoto double ionization of atoms may be extended to de-
ionization will reveal several important limitations of the velop a more rigorous relativistic description of vacuum-
present calculations. For example, we used a semiclassicassisted photoionization.

picture for the first vacuum-assisted mechanism)( and
neglected the interference between the creation of the pair
and the subsequent electron-electron or electron-positron in-
teraction. This is obviously a gross approximation that is
probably quite innacurate for high-atoms since the size of This work was supported by the Danish Natural Science
the K shell is comparable to the volume in which the pair isResearch Council, and by the Director, Office of Energy Re-
produced. As we pointed out in the Introduction, vacuum-search, Office of Basic Energy Sciences, Chemical Sciences
assisted photoionization is in some sense similar to a photBivision, of the U.S. Department of EnerdpOE) under
double-ionization process. In particular, this means that th€ontract No. DE-AC-03-76SF00098.
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