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Contribution of the quasifree mechanism to the ratio of double-to-single ionization
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We evaluate the contribution of the quasifi€#) mechanism to the ratio of double-to-single ionization by
one photon. This mechanism is expected to take place in the interaction of a high-energy photon with an atom,
and results in the mutual sharing of the photon momentum by two electrons, with small momentum transferred
to the nucleus. In this case the electrons should be ejected in nearly opposite directions, sharing the energy
nearly symmetrically. By using retardation, we show that the QF contribution displays’aenergy depen-
dence, in contrast to the well-known™ "2 energy dependence of the shake-off term. Our calculation shows
that the QF mechanism does not give a leading contribution to the ratio of double-to-single ionization for keV
photon energies, and is smaller than previously predi¢®t050-29479)50408-3

PACS numbsefs): 32.80.Fb, 32.80.Cy, 33.66q

At high photon energies the photoelectron spectrum ofo the atomic nucleus. Within the dipole approximation the
double ionization by one photon shows different regions, reonly surviving QEES contribution comes from the PS
lated to different mechanisms of ionization. The basic andnechanism. Since two free electrons cannot absorb one pho-
widely accepted mechanism for the ionization of two elec-ton within the dipole approximation, the PS contribution is
trons by one photon in the high-energy regime is the solargely inhibited at high photon energies. If we do not restrict
called shake-offSO) process. In this process, one electron isourselves to the dipole approximation and retardation is in-
suddenly removed from the atom with the absorption of thecluded, then the QF mechanism takes over as the main QEES
photon, and subsequently the second electron is ejected witipntribution.
the rapid change in the potential “seen” by it. Calculations Our concern in this Rapid Communication is to investi-
within this assumption lead to the prediction of an gate the contribution arising from the QF mechanism at keV
asymptotic value for the ratio of double-to-single photoion-photon energies«<<100 ke\). Our goal is to see whether
ization for helium targets oR=o?"/0*=1.67%[1,2]. The this mechanism could make a substantial contribution to the
cross section for single, as well as for double, photoionizatotal cross section at the photon energies of the experiments
tion is known to fall off asw™ "2 In the SO picture the considered hergs,7].
photoelectron spectrum is dominated by love,£0) and To evaluate the contribution coming from quasiequal en-
high-energy €;=w+ €,) electrons. In what followse; and ~ ergy electrons, we will assume that the final state is de-
€, are the photoelectron energies, is the photon energy, scribed by a plane-wave representation
and ¢, is the bound-state energy. Atomic units are used, (14 Py]
except as stated otherwise. _ . 1 . .

There exists another possible mechanism, so-called qua- v (rl,rz)—(zw)3\/§eXF(|k1~r1+|k2-r2). @
sifree (QF) [3,4], that dominates the central part of the spec-
trum (e;=e¢,) for high-photon energies. It has been pro- Herek, andk, are used to denote the electron momenia,
posed[4] that the QF contribution would cause a deviationandr, are the coordinates of the electrons with respect to the
of the photoabsorption rati@ from the predicted asymptotic heavy nucleus of chargg andPy, is the exchange operator.
value of 1.67%1,2]. The QF mechanism is assumed to 0c-The plane-wave representation should be valid Kor-k,
cur due to a mutual sharing of the photon momentum by both_ /=7 i e., where the Coulomb interactions are expected
elgctrons, without the participation .of the at_omlc nucleus. 'r,‘to make a small contribution.
this case the electrons should be ejected with nearly opposite The transition matrix of the process, using the plane-wave

momenta. , , o representation, can be expressed as
In Ref.[5] a mechanism leading to the ejection of two

electrons with quasiequal energies was considered within the : LT LT

dipole approxi(rqnationc.} In that £3/v0rk the authors chose the T=iN2ekadi(kikiko) +& kol (kko= )], ()
name photon-sharinPS to refer to that mechanism. The ~ . i A~
authorg of Ref[5] preg;ented no calculation of that contribu- Wher?"/’i _'S the _Founer trar\sform of the initial state;sﬁthe

tion. Although in the literature the QF and PS mechanismg0larization unit vectork is the photon momentume(k

have been considered independently, we find in the presert0), k=w/c, andcis the speed of light. Two comments are
work that these mechanisms have a unified treatment involWworth making here. First, the use of the plane-wave final
ing a general quasiequal energy-shai@EES mechanism. State has smoothed out the Coulomb interactions, and puts
Here the QEES mechanism is used to denote the total cofibe relevant contribution into the ground state through its
tribution to the spectrum where two electrons of similar en-Fourier transform. Second, whé&n is in the direction okor
ergies are ejected and almost no net momentum is transferréd the amplitude of Eq(2) vanishes fok,=—k,. The am-
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plitude cuts abruptly in this case, but nevertheless peaks d3o2t 472\ [Qq

. . QF _ ~H 202 sir? 2
strongly very near thexactsymmetric momentum configu- decd(om 0 o)1 32 4meq°sin” 6,GZ, (11)
ration. €Qd(6q.0q) | wC

To proceed further, it will be convenient to express the
bound-state wave function in terms of the coordinafes
=(ry+ry)/2 andr=r,—r,, representing the center of mass
of the system and the relative separation of the electrons,

3 2+
d*ops

ded( 0Q y Hq)

Qq

SEls:

)4772Q2 sir? 0oG%, (12)

respectively. The initial state can also be writtdn(R,r)
=i;(R+r/2R—r/2). TheT-matrix element can now be ex-
pressed in the following form:

T=iv2|e-q¥(Q_,q)-T(Q_,q:)]

1. ~ ~
+§e'Q[‘I’i(Q7,qf)+\1’i(Q7,Q+)] : €
k
Qt:Qikl Qt:qiil (4)

and d(fq , 64) =sin 5d6y sin 6, de,. The notation used for
the two terms of Eq(10) will be clarified below, where we
explicitly demonstrate that5y and o35 refer indeed to the
QF and PS contributions.

Up to now, we have not considered any choice of a par-
ticular initial state. We consider now a Hylleraas-type initial
state. We will show that this wave function could be written,
as in Eq.(5), for the caseg>Z and Q=<Z. We specify the
initial state as

Pi(r1,r2) =Nqyho(ry,r2) —Nydho(ry,rp)e””, (13

with go(ry,ry)=e 41 Fla4e P12 gndr=r,—r,. We

whereQ=Kk, +k, represents the center-of-mass momentun@ve optimized the parameters of this wave function by

of the two-electron subsystem, aqe- (k, —Kk,)/2 represents
the relative momentum of the electrons. Defining= Q3?2
and eq=q2/2, the energy conservgtion rgad§/2+ 2¢g=
+¢€p. Note that, since we are in a high-energy case
> — €q, the total-available energy + ey= w.

We now consider the structure of the Fourier transform of

the initial state. Folg>Z and Q=<Z, we assume the initial
state to be cast into the form

T,(Q,q)=N,f()F(Q), (5)

whereN, is a normalization constant, aricand F are ana-
lytic functions, which will be determined below for one
choice of initial state. The functiohhas the asymptotic be-
havior f(q)=q~* for q>Z.

By using Eq.(5), the T matrix is now given by

T=iy2[e qG_+eQG.], ©6)

with
F_
G_=Np(f_—f)F_, G, =Na(f_+f,)—, (7

fo=1(q.), F.=F(Q). (8)

The multidifferential observable of the process in the co
ordinates Q,q) is given by

d°o?* 47 Qq

- 7 2
dEQdQQqu wC 2 | |

T|”. 9

We consider a geometry with=kz ande=x. Upon integra-
tion over the azimuthal coordinates, and¢,, we write the
following formula for the cross section in the central region,
when the quasifree mechanism is relevag-¢Z, Q=2):
d3a?* dodr d3o3L

deqd(0g.0q) deod(fo.0)  degd(fo.0q)’

(10

with

minimizing the bound-state energyy) and requiring that
SvIl(1— 8)=1/2[8]. This condition is required to satisfy the
Kato cusp conditior9] at the coalescence point=0. We
write Eq.(13) in Fourier space,

U =N, ¥ —N 5f dK Y
¥i(P1,P2) =Nitho(P1.P2) 1 ;ZGTKF)Z
X Po(pr—K,pa+K), (14
where
- B 8 a B
¢o(p1,p2)—(1+7312); (@102 (B P2 (15

To show that Eq(14) is cast into Eq(5) for g>Z and
Q=Z, we consider the following two approximatior(s) the
first term of Eq.(14) is neglected; andi) the integral in Eq.
(14) is evaluated with the well-known peaking approxima-
tion. The peaking approximation consists in considering that
the relevant contribution to the integral comes from the re-
gion K~p;~ —p,. This assumption is fully consistent with
the physics of the quasifree mechanism whgre —p,; i.e.,
the electrons are ejected in nearly opposite directions with
nearly equal energies. Under the constraif# « + 8, which
is well verified in our high-energy case, we obtain Egl) in
the form of Eq.(5) with N,= —N;62%/ 7,

Q=27 g7 (16
and
(a+p)
T e "

The termf, which gives the asymptotic behavior of the initial
state forq>1y, has the dependenag *. We are now in a
position to justify approximatiofii), neglecting the first term

of Eq. (14). This term has the asymptotic dependenge
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xq 8 for g> vy; and since the dependence of the second terrr
is g~ 4, neglecting the first term introduces a small error.
Nondipole contribution tar?*: QF mechanismWe now
evaluate the contribution arising from the first term of Eq.
(10). This is a pure nondipole contribution, and gives the QF
contribution to the spectrum. For the physical process we ar¢
considering, the momentump is large with an approximate

valueq~ w. Using Egs.(8) and(16), we can approximate & o

16y*(k-q)?

16y*(k-q)®
(f—f.)%~ K2\ 6
£

q12 ’

(18)

24
7

where only the quadrupole term has been retained. We ex
pect that taking only the quadrupole term is enough to esti-
mate the QF contribution for photon energies<4c?, or
equivalently,q?>k?/4. Note that within the dipole approxi-
mation kK=0) G_=0, and the QF contribution vanishes.

within the dipole formalism.
Resubstituting Eq(18) into Eq. (11), integrating over

the QF contribution as a differential over.

dogr  2°m(N;ys)? (a+B)?
dQ  15c°w™? [(a+p)*+(Q—-k)* 1"

Equation(19) can be integrated in closed form to give the
total contribution coming from the QF mechanism:

19

2273 (N1y8)? 1

O'ZQT::W # wW?OC waég. (20)

We comment on some features of these results. Firs
daé}/dQ is the momentum distribution of the recoiling
nucleus. The nucleus recoil is shapedffy, and it is of the
order |Q—k|=a+ B. Second, the contribution to the total
cross section coming from the QF mechanism falls off as
w2 This is a clear difference from the well-known energy
dependence of the SO term, which falls off @s”’2 This
last fact was the point of departure of the argument of Ref
[4], where a breakdown of the asymptotic shake-off ratio wa
reported.

Dipole contribution too®": PS mechanismiVe now cal-

+
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FIG. 1. Contributions to the total cross section’t) of the
Th|s ShOWS that the QF Contr|but|on Could not be handledjouble ph0t0|0n|zat|0n of helium from different mechanisms in the

dQQ?sir? 0,

photon-energy range 10-100 keV. SO, shake-off contribution as
estimated in previous workgl0,11]. SOr, shake-off contribution
dé,, and after a suitable change of variables, we can expreddcluding a correction arising from retardafigh3]. QF, quasifree

N 9 P contribution[Eq. (20)]. PS, photon-sharing contributid&q. (23)].
The contribution labeled QEES is the estimate of the total contri-

bution coming from quasiequal energy electrpgs. (10)].

obtained within the dipole approximati¢or neglectingk in
the denominator of Eq21)], due to the equality

dQQ?sif 6,  m?

2+ _
Ops™

3c

[a*+(Q—k)]*

with a=a+ B. Retardation just shifts the position of the
aximum of the distribution, but its integrated value remains

he same as in the dipole approximation. Using &8), we

obtain the total contribution coming from the PS mechanism,

(a+pB) o

[a%+ Q7] =123 (22

287 (Npy6)?2 1 1

- 2+
x— 050 (23

The PS mechanism is basically a dipolar process within the
range of photon energies considered hepe<@c?), since

Setardation only shifts the maximum of the energy distribu-
tion. We should note that the PS contribution falls off even
faster than the SO contribution, and could not give a correc-

culate the contribution to the total cross section coming fro”lion to the asymptotic ratio at high photon energies
We now make a comparison of the contribution of the

the second term of Eq10). This term gives a contribution
even in the dipole approximatiork€0). Note that this is
not the case for the QF mechanism, which is a dipole
forbidden contribution. We use the fact that~f_~y/q*

for g> v; this approximation is well verified for photon en-
ergiesw<4c?. InsertingG, ~N,yF _/q* into Eq. (12), in-

QEES mechanisms with the SO contribution. In Fig. 1 we
'show the contributions to the total cross-sectiarf () for

helium targets, for different mechanisms in the photon-
energy range of 10 to 100 keV. The SO contribution has
been estimated on previous calculations within the dipole

tegrating overdd,, and after a change of variables, we ob- approximatior[10,11, displaying the well-known»~ "2 en-

tain the PS contribution:

dofs 2°m(N;y8)? Q?sinfg(a+ B)?
dQ  co” [(a+p)?+(Q-k)**

(21)

ergy dependencgl?]. The curve denoted SOr is the SO
contribution, including corrections arising from retardation
[13]. Note that, even at 100 keV, the retardation does not
introduce a major change on the dipole SO term. In Fig. 1 we

also show the contributions to the total cross section coming

From the last equation, we observe tHat5/dQ shows that

from our estimate of QF and PS mechanidiigs. (20) and

the recoiling nucleus is also left with small momentum. It is (23), respectively. The contribution labeled QEES is the es-

possible to integrate Eq21), and the results equalto that

timate of the total contribution coming from quasiequal en-
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ergy electrons, being the sum of both QF and[E§. (10)]. mentum is transferred to the atomic nucleus. In the double-
The PS mechanism contributes at lower photon enefbes  ionization Compton proce$?,14,15, small momentum also
low 20 keV), while the QF mechanism is the dominant oneis transferred to the atomic nucleus. Therefore, by measuring
at high photon energies. the small recoil-ion momentum, the data account for both the
The important point to note is that the total contribution QEES and the Compton contributions, and in principle they
(QF+PS from quasiequal energy electrons is smaller inshould not be distinguishable from each other. However, at
magnitude than the SOr term. In the photon-energy range afg kev the Compton cross section is of the order &b
Fig. 1, the QEES contributions represent about 3% of thefl4,15|, while (T<23+F is of the order 102 Mb, and so the QF

0
ss,i(r?éet?r:rg altzég IéﬁXtr%Tﬁioa:wbsogt 1ga/r°0i§f 1bou9c r:(gtvm I:lirther%contribution cannot be detected. To measure the QF contri-
Q b o4 o4 p+p ' N bution would require instead the measurement of the two
we haveR=(c§o+ ogr+ aps)/o . Fromﬁour est|+mate of quasiequal energy electrons.
Egs. (20) and(23), together with that obso and o™ [10], In summary, when considering the quasiequal energy-

we obtain sharing contributions, the ratio of double-to-single photoion-
R=0.016%p_ w+p o L (24) igation in the kev regime is given by E_q24). The correc-
QF PS tion to the dipole ratio R=0.0167) is small for keV
wherep =4.02x10°5, p_ =2.29x10°3, andw in keV. In  €Nergies, and in recoil-ion momentum measurements Comp-
F PS ton ions give the largest contribution. Therefore, other fea-
tures of the contribution of quasiequal energy electrons
should be studied to address the question of a possible mea-

. . rement of this electron-electron correlation effect. Results
the SO mechanism and the QEES mechanisms. In the S n the energy spectrum and the angular distribution of

mechanlsm,. large momentum is tran.sferred to the atom'ﬁuasiequal energy photoelectrons will be presented in a fu-
nucleus. This transferred momentum is of the same magnj

: . P . ure publication.
tude as in the case of the single-ionization process, since the
shake-off electron is a low-energy electron, and it does not This work has been partially supported under Grant No.
contribute substantially to the nucleus recoil. However, inPIP-4401 (CONICET). We acknowledge T. SuricR. H.

QEES mechanisms both electrons share the energy and dpPeatt, E. G. Drukarev, and J. H. McGuire for helpful corre-

ejected in nearly opposite directions. In this case, small mospondence.

Ref. [4] the value of por was estimated in between
1.3x10 % and 7.5¢10°, while ppg=0 in that formulation.
We comment here on the substantial difference betwee

[1]T. /&berg, Phys. Rev. &, 1726(1970. [9] T. Kato, Commun. Pure Appl. Mati0, 151(1957).
[2] A. Dalgarno and H. R. Sadeghpour, Phys. Rew4@\ R3591  [10] M. A. Kornberg and J. E. Miraglia, Phys. Rev. #8, 3714
(1992. (1993; 49, 5120(1994.

[3] M. Ya Amusia, E. G. Drukarev, V. G. Gorshkov, and M. P. [11] A. S. Kheifets and I. Bray, Phys. Rev. 38, 4501(1998.
Kazachkov, J. Phys. B, 1248(1979; see also M. Ya. Amu-  [12] The estimate of the SO contribution could be obtained from

sia, Atomic PhotoeffectPlenum Press, New York, 1980 the shake-off formulatiof1,2], where no contribution from
Chap. 8. the regione;=e¢, is included. This gives the asymptotic en-
[4] E. G. Drukarev, Phys. Rev. B1, R2684(1995. ergy dependence "2 Other contributions displaying differ-
[5] Z. Teng and R. Shakeshaft, Phys. Rev4® 3597(1994. ent energy dependences are therefore not included within the
[6] J. C. Levinet al, Phys. Rev. Lett67, 968(1991); J. C. Levin SO term.

et al, Phys. Rev. A47, R16(1993; R. J. Bartlett, P. J. Walsh,
Z. X. He, Y. Chung, E-M Lee, and J. A. R. Samsdinid. 46,

5574(1992; J. C. Levin, G. Bradley Armen, and Ivan Sellin,
Phys. Rev. Lett76, 1220(1996; R. Wehlitzet al,, Phys. Rev. . ) o .
A 5)/3 R3720(1996: L Séielbzrgelet al, Phys. Rev yLett76 sidered, the dipole rati® is unchanged due to retardation.
4685;(1996 T ! ' ' " [14] M. A. Kornberg and J. E. Miraglia, Phys. Rev. 38, R3709

[7] L. Spielbergeret al, Phys. Rev. A59, 371(1999. (1996. )
[8] The parameters arbl,=1.2959, «=1.4037, B=2.2069, y [15] L. R. Andersson and J. Burgder, Phys. Rev. A50, R2810

=0.4504, and5=0.5261. (1994.

[13] Retardation gives a contribution of the orden/2? to the
dipole SO ternfM. A. Kornberg and J. E. Miraglia, Phys. Rev.
A 52, 2915(1999]. If only the shake-off contribution is con-



