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Double K -shell ionization of two-electron ions in Compton scattering of high-energy photons is investigated.
The problem is treated analytically within the framework of nonrelativistic perturbation theory with respect
to the interelectron interaction, using the Coulomb Green’s and wave functions. The energy distribution of
ejected electrons and the double-to-single cross section ratio are cast in the form of the universal scalings. The
approximations made in previous theoretical works are discussed. Atomic targets are assumed to be characterized

by moderate values of the nuclear charge number Z.
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I. INTRODUCTION

The double ionization of inner-shell electrons by a sin-
gle photon has been intensively investigated during recent
decades. Since the incident photon interacts with each electron
separately, the simultaneous ejection of two bound electrons is
caused exclusively by the interelectron interaction. The helium
atom and heliumlike ions are the simplest atomic systems,
where the double ionization can occur. Consideration of such
targets allows one to test the quality of theoretical description
of the electron-electron correlations within the framework of
different approaches.

In this work, we employ nonrelativistic perturbation theory
with respect to the electron-electron interaction. Two small
parameters are assumed to be available, namely, 1/Z < 1
and «Z <« 1, where Z is the nuclear charge number and «
is the fine-structure constant. As the zeroth approximation,
the complete set of the Coulomb wave functions is used. The
characteristic momentum of K-shell electron and its binding
energy in the Coulomb field of nucleus are given by n = maZ
and I = n2 /(2m), respectively, where m is the electron mass
(h=1,c=1).

The atomic ionization can proceed due to both the
absorption and the scattering of photons. As long as the
photon energy w is not too high (o < ), the photoabsorption
dominates over the Compton scattering. However, if w 2 7,
the Compton effect becomes the dominant process. It is well
known that, at high nonrelativistic energies, the ratio of cross
sections for double-to-single photoabsorption R, = o /* /o ¢
does not depend on the photon energy w [1,2]. At present, the
most accurate calculations give R, = 1.67% for the helium
atom at @ > I. The theoretical result is in agreement with
experimental measurements [3]. However, at w 2 7 keV, the
ejection of electrons from the helium atom proceeds mainly
due to the scattering, but not due to the absorption of photons.
If any ions are registered experimentally, without regard to
the particular way they are prepared, all possible ionization
channels should be taken into account in the theoretical
calculations.

In the high-energy limit, the double-to-single cross sec-
tion ratio Rc = o " /o for the Compton scattering was
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calculated with the use of multiparametrical variational wave
functions for the initial atomic state [4,5]. In the case of He,
it was found that R¢ =~ 0.8%. At the asymptotic energy range
characterized by I <« w <« m, analytical evaluation of the
Compton contribution to the double ionization was performed
to the first order of nonrelativistic perturbation theory with
respect to the interelectron interaction [6]. For two-electron
targets being in the ground state, the ionization cross section
ratio was shown to have the simple scaling form

Rc ~ 0.048Z72. (1)

Since 1/Z is the formal expansion parameter of the pertur-
bation theory used in derivation, the higher is Z, the more
accurate is formula (1).

Substituting Z = 2 into Eq. (1) yields R¢ =~ 1.2%, which is
about 1.5 times larger than the value calculated in Refs. [4,5]
by using the highly correlated ground state wave functions.
It should be noted that, for He, the authors of work [6] used
in Eq. (1) the effective nuclear charge number Z i = 27/16
instead of its true value Z. This assumption significantly
increased the ratio R¢, but was not justified (see discussion in
Ref. [7]). For heliumlike ions with Z > 2, the numerical cal-
culations were made in work [7] with the use of the variational
wave function of Hart and Herzberg [8]. The results obtained
for R¢ tend also to the asymptotic limit R¢c ~ 0.05Z 2 with
increasing Z. The experimental measurements of R are
available for helium only [9—13]. These studies indicate that,
with increasing photon energy, the Compton double-to-single
ionization ratio, after attaining a maximum value of about 1.6%
near w >~ 13 keV, declines slowly approaching the constant
limit. At w >~ 100 keV, the experimental data still exceed
the asymptotic value of 0.8% predicted in Refs. [4,5]. Such
slow convergence towards the asymptotic limit seems to be
partly explained by the necessity to account for the interaction
between ejected electrons [14]. One needs also to analyze the
additional approximations made in derivation of Eq. (1).

In work [6], the wave function of the initial state is
constructed with the use of the Coulomb Green’s function,
which is presented by three first terms of the expansion over
the Sturm functions of the nonrelativistic Kepler problem.
Account for the following terms in the Sturm’s expansion
faces the problem. Namely, the corresponding contributions
to the energy distribution of slow ejected electrons exhibit
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nonphysical rise at the electron energies much larger than the
ionization potential /. Therefore, exact estimate of the contri-
butions neglected in work [6] is absent. In this work, we employ
the closed expression for the Coulomb Green’s function [15],
which allows one to perform accurate calculations.

II. AMPLITUDE FOR DOUBLE COMPTON EFFECT IN
THE ASYMPTOTIC HIGH-ENERGY RANGE

We shall assume that the incident photon energy w; is
restricted by the condition n <« w; < m, which is called by
the asymptotic nonrelativistic range. In this case, the dominant
contribution to the cross section arises from the A? term of the
operator of photon-electron interaction, where A is the vector
potential of the electromagnetic field. Taking into account the
symmetry of two-electron wave function and the possibility of
photon scattering on each atomic electron, one can show that
the amplitude M for the double Compton effect is represented
by the Feynman diagram depicted in Fig. 1 (see details in
Refs. [6,16]). The corresponding analytical expression is given
by the following matrix element:

M = V2 U, UGE)V [Yr15915). )

Here p, and p, are the asymptotic momenta of ejected
electrons, U is the operator of the A? interaction, and G(E) is
the single-particle Coulomb Green’s function with the energy
E. The operator V = «a/|r; — ry| describes the Coulomb
interaction between atomic electrons with the coordinates r
and r,. Due to the energy-conservation law, the intermediate
energy is given by

E=2E,—-E, =-12+¢), 3)
where Ej, = —1, E,, = p5/(2m), and &, = p3/n* is the
dimensionless energy of the emitted electron.

The main contribution to the cross section arises from
the edge range characterized by the inequality E, > E,,.
In this case, it turns out that p; ~ w;, while the relative
contribution of the Feynman diagram with the interchanged
final single-electron wave functions (Y5, = ¥p,) is estimated
as n/w; < 1 [16]. The diagram depicted in Fig. 1 accounts
for the interelectron interaction in the initial state only. The
diagrams describing the interelectron interaction in the final
state contain the additional smallness of the order n/w; and,
therefore, can be neglected [16].

gbp = ——

2

FIG. 1. Feynman diagram describing the double Compton ioniza-
tion of the K shell. Solid lines denote electrons in the Coulomb field
of the nucleus, the dashed line denotes the interelectron interaction,
and wavy lines denote incident and scattered photons. The electron
propagator with dot corresponds to the Coulomb Green’s function.
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In the following, we shall employ the momentum represen-
tation. Then the operator V corresponds to the photon propa-
gator D(f) = 4o/ f?, where f is the exchange momentum
of electrons. Let the incident photon be characterized by the
momentum k;, the energy w; = |k;|, and the polarization
vector e;, while the scattered photon has the momentum k»,
the energy w, = |k;|, and the polarization e,. The kernel of
the operator U takes the form
a (e -ep)

N, =2r——2—, (¥
m w1y

(FIULF) = Ny (S f + k),

where k = k| — k, is the momentum transferred to the atom.
The plane-wave states are normalized to § function in the
momenta,

(f'1) = Cru)’s(f = ). &)
Now we redefine the amplitude as follows: M =
«/§Ny F(p1,p2). Then one has

df df’ dfi dfs y
@ny @y @y @ry Vel R
< SNGE SIS + f1¥) D)
< U ) fr — f ). ©)

Since p; ~ w; > n, the wave function v, can be approxi-
mated by the plane wave. The Coulomb wave function of the
K -shell electron is represented as follows [17]:

F(pi,p2) =

ad
(f“hls) = le <_a_> <f|V,n|O>, (7)
n
47
Vi =, 8
FVal ) = =i (8)

where N12S =n’/m and n = maZ. Substituting Eq. (7) into
amplitude (6), one can perform integrations over the interme-
diate momenta. It yields

92 d
F(p1,p2) = Nﬁm/#wmmvwm

X (=fIViuG(E)lq), €))

where ¢ = p; — k. In Eq. (9), after taking derivatives over v
and p one should set v = u = 7. Using the expression for the
Coulomb Green’s function from work [15] and the operator
identity

d

__Viee—> =1a 10
a¢ Viele—0 (10)

one has

a
<_f|Vzp.G(E)|q> __(_f|Vip.G(E)Vie|q>\e—>0

de
2m
q2 + p2

{(flel—q)

Vdx
+n Te(X)(fIVmHmI—qX) - (1D
0
Here we used the following notation:

<(qx>2+<p+x>2)‘“
ex)y=\————1) ,

x(g* + p?) (12
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where A = /(p2 +¢2x)(1 — x), p = /2m|E| = nv/2 + &3,
and ¢ = n/p = 1/4/2 + &,. Substituting Eq. (11) into Eq. (9)
and using the results of work [18], the integration over the
momentum f can be reduced to the single integral:

d 1
/#(W}ul%df}ﬁ(flvi(kﬂtﬂ - qx>

1 dy ai&—l
= Zﬂsz‘/(; )\._1 bifz 5 (13)
a = (pr+qxy)* + (i +v)% "
b = (gxy)* + (1 +v—ip2)’
= V(gx)2y(1 = y) + (L + w3y, )
2 27‘[%‘2
N: = ~ 27‘[%‘2,

where & = n/p, = 1/,/€;. Using Egs. (13)—(15) and taking
derivatives with respect to ¢ and v, amplitude (9) can be cast
in the following compact form:

1
F(pl,pz)=—N{Q(1)+/ ax (1+ )e(x)Q(x)}

(16)

0(x) /ld N B
X) = — |\ ) A T s

o D2 \Tx Toa ) oy be
where N = N, N3 (47 )*man/(q> + p?).

III. ENERGY DISTRIBUTION AND TOTAL
CROSS SECTION

The differential cross section for the double Compton
ionization of the K -shell electrons is related to amplitude (16)
as follows:

(4ra)’ |e; - e1|2

dol" = —— ey P ,p2)I*dT, (18)
dp] dp2 dkz
dl =27 @) @n ) @n ) SE, +E, +w—w —2E).
(19)

Averaging over polarizations of the incident photons and
taking summation over polarizations of the scattered photons
are equivalent to the substitution

2
Z|e2 el

pol

€5 e — e e = —(1+r2>, (20)

where t = (k; - ky)/(ww,) is the cosine of the photon scatter-
ing angle.

Since function (16) depends on the scattering angles via the
momentum g = p; — k| + k; only, it is convenient to express
the phase volume dI" via dq instead of dp;. In addition,
the amplitude F(pi,p;) = F(q,p,) decreases very rapidly
with increasing g. Accordingly, the main contribution to the
cross section is exhausted at ¢ < 5. The energy & function is
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eliminated by integrating over w, due to the relation

8Lx ()] = |x'(9)] ' 8(w2 — w)). @1)
Here a)g is the root of the equation: x(w,) = 0, where
X(@) =wr+ Ep + Ep, +21 — w. (22)
Keeping only the leading terms in the expansion over g/m
yields
2 2 2 2
Eplzé)—,;:;—mzéo—’;l—i—;a—é—%wzt, (23)

2

0 Wi ~
W, >~ W — Z(l — 1), (wz) 1+ —(1 —1). (24)

Then integration over w, is reduced to the substitution

dr 2w, dq dp, dt
%< " )) e

w1y

Here it is also taken into account that the phase volume of the
scattered photons is given by dk, = 2w widwdt.
Let us denote the integral over ¢ as follows:

_ d_q 2
= / ) |F(q,p2)l

Gmax dqq2 /+1 5
= dl2|F(q,t2»P2)| )
/0 Qn)? J

where t, = (q - p2)/(gp2). Since the integral over ¢q is satu-
rated at g < 7, the upper integration limit gm.x ~ w; can be
replaced by infinity. Then, after integrations over ¢ and ¢,
Eq. (18) reads

(262)

(26b)

d
do}* = ggs#, 27)

8
o =207 (1- 2%) o7 = 3l (28)

Here r, = a/m is the classical electron radius, o7 is the Thom-
son cross section of photon scattering by a free electron, and
a(}L is the single ionization cross section of photon scattering by
two-electron target. As seen from Eq. (27), in the high-energy
range, the double-to-single cross section ratio for the Compton
scattering does not depend on the incident photon energy w;.
The angular distribution of slow electrons is isotropic, since S
does not depend on the direction of their ejection. Accordingly,
one can write that dp, = 4nmp,dE,, = 2nn3${1d82. It is
also convenient to express all momenta and energies involved
into the problem in units of n and 7, respectively. Then one
has

++
dog
+
Oc

= Z7%J(gr)des, (29)

dx?

25 o] +1 5
1(82): ;/(; m/;l dl2|F(%,t2,82)| . (30)
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FIG. 2. Universal function J(&;) vs the dimensionless energy &;.

Here

! 1
F(x,t,82) = Q(1) +/ dx <1 + —)
0 A

((xx)2+(k+r:“>2
X

¢
= ) o). (1)

a =g+ 2xxynJes + (exy)® + (A + 1), (32)

b= (exy)* + (M + 1 —i/er)?, (33)
A= V02 y(1 = y) + (A + 1)2y, (34)
A =+/0x +¢72)(1 — x), (35)
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where x =gq/n, &, = p%/nz, {=1//24¢&, and & =
1/./€>. Functions (31) and (16) are related to each other as
follows: F(q,p>) = —Nn~%F(x,t2,8,). The function Q(x) is
given by Eq. (17). Energy distribution of slow electrons (30)
does not depend on Z explicitly. As seen from Fig. 2, it
decreases rapidly with increasing ¢;.

Finally, the double-to-single ionization cross section ratio
for the Compton effect reads

++ E2max
Re = _GC+ = Z‘Z/ J(e2)des. (36)
0

Oc
In Eq. (36), integrating with the upper limit €ypmax >> 1 yields
Rc = 0.050Z72. (37)

This is our main result. Formula (37) is in very good agreement
with previous calculations made in works [6,7]. A comparison
of Egs. (1) and (37) shows that approximation of the Coulomb
Green’s function by three terms of the Sturm’s expansion is
justified with an accuracy of about 4%.

Concluding, we have evaluated analytically the double-
to-single ionization cross section ratio for the Compton
scattering in the asymptotic high-energy range. The derivation
is performed to leading order of the nonrelativistic perturbation
theory with the use of the Coulomb Green’s function in the
closed form. The heliumlike ions characterized by the small
parameters «Z < 1 and 1/Z « 1 are considered as a target.
The universal scalings (30) and (37) can be also used for
more complicated atomic systems, in particular, for stable
multicharged ions with more than two electrons [19].
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