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Transfer ionization in fast ion-atom collisions: Four-body Born distorted-wave theory
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The theory of transfer ionization in fast ion-atom collisions is investigated within the four-body distorted-
wave formalism. The four-body Born distorted-wave (BDW-4B) method, which was originally introduced for
double electron capture, is presently extended to transfer ionization. In the entrance and exit channel, the
BDW-4B method coincides with the four-body versions of the boundary-corrected first Born and the continuum
distorted wave approximations, respectively. An illustrative application of the present method is performed for the
previously most studied case of transfer ionization in proton-helium collisions at intermediate and high energies
(0.3-10 MeV). The obtained total cross sections are compared with all the available experimental data. Overall,
very good agreement is found, particularly at high impact energies that are within the expected region of validity

of the BDW-4B approximation.
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I. INTRODUCTION

Two-electron transitions in four-body fast ion-atom col-
lisions have been extensively studied in the last two decades
both theoretically and experimentally (see, e.g., the most recent
reviews and books with the references cited therein [1-4]). This
includes transfer ionization as a collision between a nucleus as
aprojectile and a multi-electron target from which one electron
is captured and the other ionized. Transfer ionization still
remains one of the most challenging collisional processes with
two active electrons even in the simplest case, which involves
heliumlike targets. This scattering phenomenon has opened
interesting and fruitful discussions about different scattering
mechanisms, including the role of static as well as dynamic
electron correlations. In spite of a markedly rapid decrease of
the total cross section, much attention in the past literature has
been devoted to transfer ionization at relatively high impact
energies.

The first systematic measurements of total cross sections
for transfer ionization of He by fast H, He?*, and Li** ions
were made by Shah and Gilbody [5,6]. Later, Mergel et al. [7]
measured total cross sections in H*-He collisions at projectile
energies 0.15-1.4 MeV by means of cold-target recoil-ion
momentum spectroscopy (COLTRIMS). They reported the
first kinematically complete experiment for transfer ionization.
Using a convenient combination of high-quality ion beams
that were available in the heavy-ion storage ring CRYRING
with the COLTRIMS setup and a pulsed extraction system,
Schmidt et al. [8—10] measured total cross sections for transfer
ionization in the high-energy range 1.4-5.8 MeV in H*-He
collisions. Woitke et al. [11] and most recently Sant’Anna
et al. [12] measured total cross sections of transfer ionization
for Li**-He collisions at larger energies than those from the
experiments by Shah and Gilbody [5].

Several research groups have reported on theoretical studies
by focusing on total cross sections for transfer ionization. The
semiclassical independent-event model (IEM) of Dunseath and
Crothers [13] gave cross sections that were considerably larger
than those of the corresponding experiments in collisions of H™
and He?* nuclei with a helium target. Using a coupled channel
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semiclassical impact parameter approximation with a traveling
atomic orbital expansion and employing the independent
particle model (IPM), Singhal and Lin [14] obtained results
that overestimated the measured cross sections and clearly
revealed the inadequacy of simple uncorrelated models to
describe pure four-body problems of scattering. The IPM
was also employed in Ref. [15]. A simple variant within the
IPM based on the Bohr-Lindhard and the classical statistical
models has been developed in Ref. [16] for transfer ionization
of helium by ions A9t (¢ = 1-3). Both the IEM and IPM
ignore the inter-electron correlations from the outset and
compute the probability for transfer ionization as a product
of the individual probabilities for capture of one electron and
independent ionization of the other electron. Galassi et al. [17]
employed the IPM to compute total cross sections for transfer
ionization in (H*,He“)-He collisions. In the latter study, the
single particle probabilities as a function of impact parameter
were computed using the continuum-distorted-wave eikonal
initial state (CDW-EIS) method. Their results [17] are in
better agreement with measurements than the computations
of Dunseath and Crothers [13], but are still larger than the
experimental values, especially for the case of H impact.
Using the second Born approximation, Godunov et al. [18]
found that the allowance for static electron correlation directly
determines how closely the obtained theoretical total cross
sections agree with the experimental data. The latter results
from the second-order computations [ 18] with the uncorrelated
functions differ considerably from experimental data, whereas
an approximate inclusion of static correlations gives noticeably
better agreement with the same measurements. In the compu-
tations from Ref. [18], an additional approximation was used
for the dynamic electron-electron correlation 1/|r; — r;| from
the perturbation potential in the exit channel via —Zt/r; +
1/|ry —ry| = —(Zt — 1)/r1, where r and r; are the position
vectors of the electrons e; and e, relative to the target
nuclear charge Zr, respectively. The four-body continuum
distorted wave (CDW-4B) method has been formulated and
implemented by Belki¢ ef al. [19] for He?*-He collisions,
resulting in very good agreement with measurements. Later
on, the CDW-4B method employed by Mancev [20] was also
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found to be in very good agreement with the experimental data
for Li**-He collisions.

Studying the collision mechanisms for transfer ionization
within differential cross sections has been the subject of
numerous investigations from the experimental and theoretical
standpoints [21-37]. In these examinations, transfer ionization
by proton impact clearly dominates because the exit channel
contains no three-body Coulomb interaction. This is due to
the fact that the proton captures one electron to become a
neutral hydrogen atom and, therefore, one could expect that
the postcollisional interaction with the projectile system would
be weak, as indeed turned out to be the case.

The present work is concerned with the extension of
the four-body Born distorted wave (BDW-4B) method from
its original inception for double charge exchange [38] to
transfer ionization. The BDW-4B theory is a fully quantum-
mechanical four-body formalism, since it explicitly considers
each individual particle and all the interactions among them in
the collision under investigation. This permits a systematic
study of the complete dynamics of four-body scattering
processes [38,39]. The BDW-4B method strictly preserves
the correct boundary conditions in both collisional channels
according to the principles of scattering theory [40] and the
asymptotic convergence problem introduced by Dollard [41].
This amounts to an explicit inclusion of all the Coulomb
distortion effects of the unperturbed channel states, with a
simultaneous and consistent subtraction of the static Coulomb
interactions from the perturbation potentials in the initial
and final states [1-3,40—43]. Thus, in the entrance channel,
the initial state is taken as being influenced only by the
motion of the two heavy scattering aggregates. This yields
a distortion of the initial scattering state through a logarithmic
phase due to the perturbation potential from the remaining
asymptotic Coulomb interaction between the projectile and
the point charge of the target as a whole. In the exit channel,
alongside the logarithmic phase for the motion of heavy
particles, an appropriate distortion of the final state is included
through the two full Coulomb wave functions for the ejected
and captured electron in the field of the bare and partially
screened target nuclear charge, respectively. Therefore, the
BDW-4B approximation coincides with the CDW-4B [19]
method in the exit channel. On the other hand, in the entrance
channel, the BDW-4B method reduces to the four-body
boundary-corrected first Born (CB1-4B) approximation [44].
After its formulation and implementation in the case of double
charge exchange [38], the BDW-4B approximation was also
successfully applied to single-electron capture by fast nuclei
and hydrogenic ions from heliumlike targets [45-47].

Multiple differential cross sections for transfer ionization
can undeniably yield the most detailed insight into versatile
collisional mechanisms. However, when it comes to the usage
of the abundant atomic databases in other neighboring fields
of fundamental and applied research, total cross sections were
most frequently needed. The primary reason for this is that
in various applications ranging from plasma physics through
thermonuclear fusion to hadron therapy in medicine, total
cross sections for atomic collisional processes are the principal
entries to comprehensive Monte Carlo simulation codes for
reliable assessment of energy losses of multiply charged
heavy ions during their passage through matter. In these
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stochastic simulations, total cross sections directly determine
the stopping powers of heavy ions. For example, in hadron
therapy, radiation doses delivered by heavy ions to the
treatment site in patients are critically dependent upon the
accuracy of total cross sections (and the ensuing stopping
powers) for various atomic and nuclear collisions taking place
in the tissue during the treatment. A detailed exposition of
many essential applications of the theory of atomic collisions
to hadron therapy in cancer treatment can be found in the most
recent review [48]. The larger the charge of the projectile,
the higher the probability for multiple electron transitions,
including a combination of simultaneous formation of bound
states and emission of electrons into their continua, as is
actually the case in transfer ionization. Because of a widely
expressed and urgent need from many different applications in
interdisciplinary fields, we are concerned here with computa-
tions of mainly total cross sections for transfer ionization. For
an implementation and illustration of the proposed BDW-4B
method, we choose the prototype process in H-He collisions
at impact energies £ = 0.3—10 MeV, at which the three sets
of independent experimental data are currently available.

Atomic units will be used throughout unless otherwise
stated.

II. THEORY

We examine a collision in which a fully stripped projectile
P of charge Zp impinges upon a heliumlike atomic system
consisting of two electrons e; and e, that are initially bound
to the target nucleus T of charge Zt. During such a collision,
one electron (ey) is captured by P into a bound state (Zp,e1) ,
whereas the other electron (e;) is simultaneously ionized:

Zp + (Z1;e1,63); —> (Zp,e)) s + Z1 + ex(k). (1)

Here, k represents the momentum vector of the ejected electron
e, with respect to its parent nucleus T. In Eq. (1), the small
parentheses symbolize the bound states, whereas the subscripts
i and f are the collective labels for the sets of the usual
quantum numbers. Thus, e.g., for the hydrogenlike system
(Zp,e1)f, we have f ={ngLymy}, where ny, £y, and my
are the principal, angular, and magnetic quantum numbers,
respectively. Let s, and x; be the position vectors of ¢; (k =
1,2) relative to the nuclear charge Zp and Zr, respectively.
Further, let R denote the position vector of Zp with respect
to Zt. The vector of the distance between the two electrons
e; and e, is labeled r,, where rip = x;1 —x, =81 — §2. In
the quantum-mechanical four-body distorted wave formalism
[1-3], the post form of the transition amplitude for process
(1) is:

T} = (x; 1Us197). )
The initial wave function ®;" in the entrance channel with the
asymptotically correct boundary condition can be written as
follows:

cD[—‘r — (pi(xl’xz)eik,~r,'+[\), ln(vR—u-R)’ (3)
where vector r; is the relative vector of Zp with respect
to the center of mass of (Zr;eq,ey);. Function ¢;(x,x>)
represents the two-electron bound-state wave function of the
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atomic system (Zrt;ej,ez);, whereas k; is the initial wave
vector, v; = Zp(Zt — 2)/v, and v is the impact velocity vector.
The unperturbed part ¢; (x1,x2)e' 7 of the initial state CD;L
from Eq. (3) is distorted by e¢/"!"@R=v"R) even at infinite
separations between the two scattering aggregates. This is
due to the presence of the asymptotic Coulomb repulsive
potential, V,*° = Zp(Z1 — 2)/R, between the projectile and
the screened target nucleus of point charge Zr — 2. Here,
V2 is the asymptotic limit of the perturbation potential
V; in the entrance channel, where V; = ZpZ1/R — Zp/s;1 —
Zp/sy —> Zp(Z1 — 2)/R as R — o0, in which case we also
have s; — oo (k =1,2).

In the BDW-4B theory, the distorting potential Uy and the
distorted wave function x , are chosen according to

1 1 1 1
Uf :ZP <E__>+<___> _VSI lnwf'vxl’ (4)

52 ri2 X1
X; = N (ON () ses(s e hrmrmivinwRv R
X 1Fi(=ig,1,—ipx, —ip - x7)
X 1 Fi(—ivr,1,—ivx; —iv - x1). ®)

Here, ¢y = (2m) /%€, @(s1) is a hydrogenlike wave
function of (Zp,e1)s, ry is the position vector of T with
respect to the center of mass of (Zp,e;)s + e, in the exit
channel, k s is the final wave vector, N (¢) = I'(1 4+ i¢)e™/?,
and N~ (vp) =T +ivp)e™ /2, where vr = (Zr — 1)/v,
vy =Zp(Zr — 1)/v, ¢ = Zt/p, and p = k + v. The symbol
1Fi(a,b,z) stands for the Kummer confluent hypergeometric
function. By means of the well-known asymptotic forms of
1Fi(a,b,z), it is readily seen that the wave function x,
obeys the correct boundary conditions in the asymptotic region
(R — o0) [1-3].

Using Egs. (3), (4), and (5), the expression for the transition
amplitude 7;; becomes

]‘l} — N** //f dR dx] dxzei(X'S[Jriﬁ'xl7!‘K~X2£(R)(pi(xl’xz)

X1 Fi(ig,Lipxa +ip - x2){[Zp(1/R — 1/57)
+(1/ri2 = 1/x)] 1 FiGive, Livxy +iv - x )@} (s1)
= V593(s1) - Vi 1 Fiive, Livxy +iv - x1)}, (6)

where N~ = (27) 732N~ (vr)N~(¢). In Eq. (6), the auxiliary
function L£(R) represents the product of the two logarithmic
Coulomb factors e/’ MVR=vR) and ivy MWR+v-R) -~ Fypction
L(R) can advantageously be reduced to the following ex-
pression with only one remaining logarithmic Coulomb phase
factor:

L(R) — eiv,- In(wR—v-R)+ivy In(vR+v-R) _ (,ov)zi""(vR +v- R)ié
(7

where & = Zp/v and p is the projection of vector R onto the
XOY plane (p = R — Z, p - Z = 0). Here, Z is the vectorial
component of R in the direction of the the Z axis. The
multiplying term (pov)*" does not contribute to the total cross
section and, therefore, can be dropped from the transition
amplitudes [43]. In addition to this significant simplification,
we have also used the eikonal hypothesis (k ; ~ k;), since the
small-angle limit is amply justified for heavy particles, and
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this yields

ki-ritkp-ry~o-si+p-x, ®)

where « and B are the two momentum transfers introduced by

v Ei—E;—E\ ..
o=1n- R — v,
v

v E;—E;—E/\ __
2 v

with v =(0,0,v) and n-v =0. The quantity E; is the
initial electronic binding energy of (Zr;ej,e;);, whereas
the final discrete and continuous energies of e; and e, are
E;= —Z%/(Zn?) and E, = k2/2, respectively. The trans-
verse component of the change in the relative linear momentum
of a heavy particle is denoted by n = (5 cos ¢, sin ¢,),0). By
inspection, it is at once seen that the BDW-4B method exactly
coincides with the CDW-4B method [19] in the exit channel,
and with the CB1-4B approximation [44] in the entrance
channel. Therefore, the BDW-4B method preserves the correct
boundary conditions in both scattering channels for transfer
ionization, as was originally the case for double electron
capture [38,39] within the same theoretical framework. The
initial state of (Zr;ej,e;); is presently taken to be the ground
state (i = 1s?) and, as such, is described by the simplest
Hylleraas-type wave function [49] without static correla-
tions ¢; (x1,X2) = @p(x1)@y(x2), where ¢, (r) = N, exp(—br),
N, = (b*/m)"/2, and b is the Slater-type effective nuclear
charge (b = Zt — 0.3125).

Thus far, experience with computations of total cross
sections has shown that for different single- and double-
electron transitions [1-3], the terms Vp,, = Zp(1/R — 1/52)
and Vi = (1/rp —1/x;) give contributions of varying
significance, depending on the kind of collision examined.
Regarding the complexity of the analysis, one is faced with a
considerably increased computational demand when the per-
turbation potentials Vp 5, and Vi, ; are explicitly incorporated
into the transition amplitude of any approximation, including
the BDW-4B method. This is due to the two additional three-
dimensional quadratures that arise from the Fourier trans-
form for Vp,, and Vi, ;. Because of this circumstance,
the present application of the BDW-4B method to transfer
ionization will simplify the distorting perturbation U, from
Eq. (4) to retain only the gradient-gradient term (V - V), as
was done in the majority of previous computations, e.g., in the
CDW method for heliumlike targets [1,2,40,43]. In such a case,
the transition amplitude is reduced to the following expression
for a particular case of the final ground state ls(f =
{ngLrms}={1,0,0}) of the hydrogenlike system (Zp,e;) :

T = %N‘*Z;/szz/dR(vR +v- R)fe i RDD,,

€))

(10
where
D, = /dxle_i”'x‘_hx‘ [Vsle_z"“]
X [V 1FiGvr,Livx; +iv - xy)], (11D

D, = /dx2€7“c'xrbx21F](l'LLl'PXz +ip-x). 12)
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Using the following standard real integral for a convenient
representation of the confluent hypergeometric function [50]
in Eq. (11):

1Fi(ivr,livx +iv-xq)

1 1 )
— d[ t l(v)C]-‘rv')Cl)tl7 13
T | dn e (13)
where fT(tl)ztf”Tfl(l—tl)—ivT’ the integral D
becomes
1 1
D=———"7—— dty fr(t)F1(R), 14
= fri T L A eE®. ()
where

Fi(R) = f dxie” VTNV em ] [V Q)] (15)

with Q(x ) = ¢/V\1+v¥)1 Integral F;(R) can be analytically
reduced to a one-dimensional integral following Ref. [38], as
outlined in the present appendix. With this result, the original
nine-dimensional integral for the matrix element Tl}’ is
reduced to a two-dimensional numerical quadrature with real
variables.

The triple differential cross sections for simultane-
ous transfer and ionization can be obtained from the
expression

3o+

d
)= —
Qi) = di 47292

/ il (16)

Here, the transition amplitude T7;f(y) is independent of
the azimuthal angle ¢,, ie., T;;(n)=T;(n). There-
fore, the integration over ¢, can be done analytically
to yield

1 o
Q) = 5— /0 dnn|T;F (. (17)

The total cross section is introduced as a triple integra-
tion over the momentum k of the ejected electron, where
K = (k sin 6, cos ¢, ,k sin B, sin P, ,k cos O ):

srad) = [ax 00 = [ [ aosino,
0 0
2
X/ do, O} (k). (18)
0

Here, the integration over ¢, can be done analytically with the
result 27, since Ti+(17) [and, hence, Q;;(IC)] does not depend
upon ¢,. However, the integrations over « and 6, have to
be carried out numerically. Hence, according to the BDW-
4B method, the total cross section is derived in terms of a
five-dimensional numerical quadrature over real variables. The
main features of these numerical integrations, including the
Cauchy regularization of the quadrature over variable #;, are
given in the Appendix.
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TABLE I. Total cross sections Q; in the BDW-4B method as a
function of the laboratory impact energy E for transfer ionization
H* + *“He — H + *He’" 4+ e¢. The numbers in square brackets
denote powers of 10, e.g., 7.88[—21] = 7.88 x 107!

E(MeV) 03 0.4 0.5 0.75 1
5 (em?) 7.88[-21] 3.09[-21] 1.32[—21] 2.30[—22] 5.90[23]
E (MeV) 1.5 2 5 75 10

f/(cmz) 7.72[—24] 1.73[—24] 1.26[—26] 1.37[—27] 2.79[—-28]

III. RESULTS AND DISCUSSION

As an illustration of the BDW-4B method for transfer
ionization, the following prototype collision between proton
and helium is investigated:

H' + He —> H+ He?" + e, (19)

with Zp =1 and Zp =2. The results from the present
computations of total cross sections for process (19), at impact
energies E = 0.3—-10 MeV, are given in Table I, as well as in
Fig. 1. As can be seen from Fig. 1, the BDW-4B method
underestimates the experimental data [5,7,9] at energies
0.3—3 MeV. On the other hand, the agreement between the
theory and the measurement [9] is very good at impact energies
larger than 3 MeV. Based upon the earlier experience with
transfer ionization treated by the CDW-4B method [19,20], it
is anticipated that the explicit inclusion of the presently omitted
dynamic electron correlation effects would improve the overall
standing of the BDW-4B theory with respect to all the existing
experimental data at intermediate-to-high energies. The results
on this will be reported shortly.

H'+He —= H+He’'+e 3

Qif(cmz)

L PR SR | L L PR SRR
03 06 1 2 3 5 7 10
E(MeV)

FIG. 1. Total cross sections Q; as a function of the laboratory im-
pact energy E for transfer ionization H* 4+ “He — H + *He*" + e.
Theory: the post form of the BDW-4B method (solid line: present,
Qir = Q;). Experimental data: e Shah and Gilbody [5], [ Mergel
et al. [7], and B Schmidt et al. [9].
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IV. CONCLUSION

We have investigated the problem of transfer ionization in
collisions between bare ions and two-electron atomic systems.
A second-order theory termed the four-body Born distorted
wave (BDW-4B) method is formulated and implemented. The
scattering wave functions of the proposed method exhibit the
correct asymptotic behaviors in both the entrance and exit
channels, which was the objective of the Dollard asymptotic
convergence problem for atomic collisions with the presence
of Coulomb potentials at infinitely large separations between
the scattering aggregates. The BDW-4B theory is illustrated
by its application to transfer ionization in H*-He collisions at
impact energies E = 0.3—-10 MeV. Agreement of the obtained
theoretical total cross sections with the available experimental
data is especially good at larger energies.
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APPENDIX

Integral F;(R) from Eq. (15) can be analytically reduced to
a one-dimensional integral following Ref. [38] with the final
result

1— t)e—iQ1~R—A1R
A
x [aiR*> = bR —¢; —dy(1 + A\R)R - 7], (Al)

1
; t
Fi(R) = 27 Zptiwe'® R / dt (
0

where
Q) =ar—B(1—-1),
o P (A2)
A7 =vit(l — 1)+ Zpt + A{(1 — 1),
Bi=B+vt, vi=vl—-1), A =b—ot,
s A3)
a1=A]51+, b1=ClA1,
w=iv, Ssi=M—y, n=owt(l-1), (A4

1 =38, 8 =AT+y/8,

2 / / (AS)
dy =—A1(yy +81), vy = —0)1 —1n).

On the other hand, the integral D, from Eq. (12) can be
analytically calculated by means of the complex contour
technique of Nordsieck [51] so that

8 i
D, = Kz_erzTO‘ Ro, (A6)
where
71— 2lc'p—l-ibp
0 T T 2y p2
1—i¢ b—ip (AT)
Ro = +ig —.
k2 + b2 K2+ b2 —2k-p—2ibp
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In this way, the expression for the transition amplitude
in Eq. (10) reads

16N*Z)*N2n3 /0 T Ro
CGvr)C(1 —ivy) &2+ b2

1 1 _
< [ anfateon [ a0 0y, )
0 0 A

1

+
Ty =

d
Jt) =arls — b1, —ci 1) + ZI(KI +A1K), (A9
where

I, = /dRRn_l(vR +v- R)ife—in'R—AlR’

(A10)

(n=123), K,=v-Vgl,.

Integrals 1, » 3 and, consequently, K » can also be analytically
calculated along the lines in Ref. [38], and the following result
is obtained for J(t;):

J(t) =8nT(1 +i&)FD(A — iEB), (A11)
where
D by diD
= —2a,—A — A, —c —2— (A1 — Ay), (Al2
A alAl ,3+A1 c a)Al( 1 2), (Al2)
D by diD
B=2a,—Bg— —By, —cC+2——(B; — By), (Al3
6l1Al P A c1C + wAl( 1 ), (Al3)
B¢ 20A —iQ, -
F = > = (1112—1Q21v), (A14)
07+ Af 07+ Af
v A2 A
C=——-1, A=—5——, D=—, (A15)
BA, 07 + A7 Ay
Ay =1—4A, B, =1+2AC,,
(A16)
Co=C[4+(1—-i§)C],
Ap =6(1 —2A), Bg =2ACp+ 3Dy, (A17)
Cp = C[184+9(1 —i&)C + (1 — iE)(2 — i£)C?],
(A18)

Dp=2— (1 +if)C,
Ay = (24 i£[2 — (1 +i£)CT), By = uw(2 + (1 — i£)C],
(A19)
Ay = {2(1 — 6A) +i&[2AC, + (3 +i&)INQ, - v)’A
C=1+i§)CI6+ (1 —i&)C] -6,
By = uwl(1 + if) — 2AC}],

20)

(A21)

Cy=(1—i&)CI6+ (2 —i&)C1+6, u=(1+C)A,.

Therefore, this derivation reduces the nine-dimensional in-
tegration for the matrix element 7;F from Eq. (10) to a
two-dimensional numerical quadrature over the real variables
{t1,t}.

We made use of the Gauss-Legendre quadrature rule for
the numerical integrations over «, 6,, and 1 in Egs. (17)
and (18). To this end, it is convenient to introduce the

change of variables according to k = /2(1 + x)/(1 — x),x €
[—1,4+1], cos O = u, u € [-1,+1], n = 2(1 + y)/(1 — y),

and y € [—1,+1]. The latter change of variable in n is
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very important, since it concentrates the integration points
near the forward cone [52], which gives the dominant
contributions because of the eikonal nature of scattering for
heavy projectiles. The singularities at x =1 and y =1 are
superficial, as they disappear after a full analytical scaling
of the integrand. By this scaling, the only place where the
inverses 1 /(1 — x)and 1/(1 — y) appear in |Ti+(17)|2 is through
the overall multiplicative term § = /1 — x [(1 — x)/>*(1 —
y)!'*7€|2. Finally, the product of S with the differentials
k2dkndn yields 4/2(1 + x)(1 — x)’dx dy, so that all the
integrands in Egs. (16)—(18) are regular functions at x = 1 and
y=1.

S0 — f(0)

1 ! no\'" —
o ()"
B(Gvr,1 —ivy) 0 1—1 5]

where fi 0 = f(1) — f(0). This is followed by the simultane-
ous Cauchy regularization of both branch-points singularities
atty =0andt =1:

; _ isinh(rvr) /1 dt1< f ) F@) =t fio— £(0)
T 0

1—1 5]

+ivr fi,0 + f(0),

where we have utilized the well-known properties of the
beta and gamma functions [50]. In this way, the regularized
integration over t; in Eq. (A24) becomes well adapted for
the application of the Gauss-Legendre numerical quadrature.
Another procedure which is also employed in our algorithm
consists of splitting the interval [0,1] into two sub-intervals:
(1) [0, 1/2] and (ii) [1/2,1]. This is followed by changing the
integration variable as in Ref. [54] via t; = (1/2)e™" for [0,
1/2]andt; = 1 — (1/2)e™" for [1/2,1], so that the integral from
Eq. (A24) is reduced to the form [;° dwl[ fi(w) + fo(w)le™,
which can be evaluated by using the Gauss-Laguerre quadra-

(A24)
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Special attention has to be paid to the integration over f;.
Namely, this quadrature requires a numerical computation of
an integral of the type

1 1 1 )
I=—— [ dut]"" (1 —t)7"f(t1), (A22
s L = ), a22)

where B(ivr,1 —ivy) is the beta function [50] and f(z)) is
regular in the considered interval [0, 1]. Here, the integrand
possesses integrable branch-point singularities at #; = 0 and
t; = 1. Following Ref. [53], we apply the Cauchy regulariza-
tion of the whole integrand. With this goal in mind, we first
conveniently rewrite the expression for I as

N f /ldt f iw+f(0)/ldt f ivp 1
S SR IS o \i=n) ul

(A23)

ture method. Both procedures are found to yield the same
numerical results.
As a test of the numerical integration over x in fooo dr g(k),

instead of the change of the variable x = +/2(1 + x)/(1 — x),

we also used the substitution ¥k = tan( [x + 1]/4):

/OO di g(x)
0

1
= / dx g{tan(n[x+1]/4)}%se(:2(7r[x+1]/4). (A25)
-1

Then, the Gauss-Legendre quadrature is applied to the right-
hand side of Eq. (A25) and the same numerical results
are obtained. Likewise, we also applied the Gauss-Laguerre
quadrature for integration over « and arrived at the same
numerical results. The number of integration points for
each axis is gradually and systematically increased until
convergence to the preassigned two decimal places has reliably
been reached.
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