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The ionization spectrum of the He atom under double-resonance irradiation is studied theoreti-
cally. A previously developed theory is extended and adapted to treat this process. The first source
(synchrotron) is tuned around the transition from the ground state to the 23sp— 'P° autoionizing
state, and the second source (laser) is put in resonance with the transition from 23sp— 'P° to the
higher-lying quasibound state 2p3p 'P¢ (or 2p4p, 2p5p). Accurate ab initio calculations have been
performed to obtain all the necessary parameters. It is found that the single-field ionization spec-
trum is strongly modified, exhibiting coherent trapping and ac Stark splitting. These results are in
consonance with previous model calculations as well as with other ab initio calculations on a
different zone of the He continuum. The results show that for the resonances considered these
strong effects can be observed at megawatt laser intensities.

I. INTRODUCTION

Two independent external electromagnetic fields are
essential for a class of atomic and molecular physics ex-
periments. This consists of those experiments in which
one of the two fields is utilized to perturb the isolated
atom (molecule), and the second external field probes this
perturbed system. Double-resonance spectroscopy is
based on such a concept and has proved to be of much
utility for understanding the interaction of atoms (mole-
cules) with external electromagnetic fields.'

This area of research has acquired an additional di-
mension in recent years with the continuum taken explic-
itly into account. Previously, all double-resonance
schemes considered only discrete states of a system. The
frequencies of the electromagnetic fields matched the
discrete energy intervals of the system in question with
all the relevant states being in the discrete part of the
spectrum. What happens if one of the three levels neces-
sary to consider a double resonance experiment is square-
ly in the continuum, has aroused the interest of many
researchers.?”!! One of the principal reasons for this is
that the continuum in such a scheme allows one to con-
sider various new phenomena, such as the creation of a
photon-dressed stabilized state or even a pair of such
states. The interference effects that are produced due to
the presence of autoionizing states in the continuum lead
to considerations of the analogue of coherent trapping,'?
by now well understood both theoretically and experi-
mentally. In molecular physics, the predissociating states
may give rise to interesting pathways of selective and
efficient photodissociation.* The opportunities offered by
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the introduction of the continuum are not yet completely
explored, as would appear from the attention that is still
being paid by the theoretical research in this area.

One of the aspects of this newer kind of spectroscopy
is, however, the lack of accurate calculations with specific
atoms or molecules. Most of the works reported concern
theoretical models rich in ideas but somewhat meager in
terms of quantitative predictions, the reason for which is
to be sought in the absence of ab initio calculations so
necessary for quantitative predictions. An exception is a
recent work on helium, where accurate ab initio calcula-
tions have been utilized to bring the theory to the con-
sideration for experimental realization.!* In this paper,
we also consider helium, albeit with a different ab initio
calculation and in a different energy regime, in order to
understand some of the theoretical constructs in an ex-
perimental setting. These two works, along with, hope-
fully, more to come, should allow one to propose helium
for considerations of experiment, especially since helium,
apart from being one of the easiest atoms to work with
experimentally, lends itself to reliable ab initio calcula-
tions better than any other atomic system.

The experimental motivation for such research is also
not too difficult to see. The possibility of having simul-
taneous beams of photons arising from a laser and a syn-
chrotron for two-photon experiments is a rather enticing
prospect for not far in the future. Already, lasers are uti-
lized to excite atomic systems which are then photoion-
ized by synchrotrons.'* Furthermore, in solids, photons
from a synchrotron and a laser haver been utilized for
joint excitation.!> The capability of having a mono-
chromatic polarized light source in the energy range
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where autoionizing states may be coupled directly to the
ground state, i.e., by a single photon, and the develop-
ment of lasers with which such autoionizing states may
be coupled to other states that one wants to “‘strong cou-
ple,” make the necessity of such calculations evident in
order to be able to evaluate the outcomes of such experi-
ments.

The purpose of the scheme investigated in this work is
to excite the system from the ground state to the 'P° con-
tinuum in the energy range of the first narrow autoioniz-
ing state, the 23sp — ! P state and then to couple this state
to a 2pnp 'P° one (see Refs. 16-20 and references
therein). These states lie above the n =1 ionization
threshold, but the !P¢ continuum opens only at the n =2
threshold, so they may be considered stable against au-
toionization, which may occur only through exceedingly
weak interactions (i.e., spin orbit and mass polarization).
The calculations refer to the case in which a m =0 pho-
ton beam is employed to excite the system and a m =1
one to couple the autoionizing level with the 2pnp states
(two-photon) transitions between .S and 'P¢ manifolds
are forbidden if the photons have the same polarization).

The following sections contain a description of the
ab initio calculations for helium that have been used to
construct the effective Hamiltonian and a presentation of
the theory adapted for the process in question. This is
followed by the results of the calculation of the photo-
electron spectra, the final observable of such processes.
We find that our results make the prospects of such ex-
periments rather attractive due to the low laser intensities
required. These are then discussed and some relevant
conclusions are drawn.

II. WAVE FUNCTIONS AND MATRIX ELEMENTS

The method of calculation has been discussed in detail
elsewhere,!® so here only the main features are summa-
rized. Unless otherwise specified, all quantities are ex-
pressed in atomic units.

In helium the LS coupling is quite adequate, so the
states may be characterized by the usual labels n, L, M, ,
S, Mg, and 7 (parity) and only the M; =M;=0 com-
ponents need to be calculated.

The states needed in this calculations have been ob-
tained by large configuration-interaction CI expansions
over L? bases formed by spin- and symmetry-adapted
Slater determinants

Ny S CUI'Lm = mO) | X gim @X g1 — m B
m

- |Xq1mﬂXq'l'—ma!)

where N, is a normalization constant and the basis orbit-
als X, belong to the following types: (a) Slater-type or-
bitals (STO), needed to describe the wave functions in the
region close to the nucleus; (b) hydrogenic orbital (HO),
needed to represent the outer part of the Rydberg states;
(c) simulations of inverse R times a cosinus (SIRC),

Xim (V=N fi(r)cos(kr)Y,, (r),
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where f,;(r) is a smooth function of the form
f1(r)=r'[ 4 exp(—ar)+B exp(—br)],

which behaves like r/ for small » and simulates the proper
1/r damping of a continuum wave in the interval
2-3<r <80-90. The k values are chosen equally spaced
according to k;=(2j+1)m /2R, R(=200, so that all the
SIRC’s have a node in R,. As shown in previous work,
by employing a large number of basis configurations of
the form (¢,5) (HO,SIRC) corresponding to a large R, it
is possible to obtain many “continuum” variational wave
packets that are almost exactly proportional to the true
eigenstates of the same energy inside a sphere of radius
about R,. Since in a large outer region of this sphere, the
states assume their asymptotic behavior, the propor-
tionality constants and phase shifts of the variational
states may be obtained by comparing the calculated elec-
tron waves to 8(E)-normalized shifted Coulomb waves.
Since all the matrix elements required in this work in-
volve at least one localized state, the variational states
normalized in this way reproduce them accurately. Al-
though a single calculation may yield only a point in the
energy region of a narrow resonance, it is possible to
reproduce in detail the behavior of the phase shift and of
the photoionization cross section by performing several
calculations for slightly different values of R,. The reso-
nance width I' and the Fano parameter ¢ have been ob-
tained in a previous work!® by a least-squares fit of the
phase shift and of the photoionization cross section to
their theoretical expressions.

The initial state, the ground state 1s2'S*, and the final
states 2pnp 'P¢ are the lowest of their symmetries; their
approximation through CI wave functions needs no more
specifications, although a few comments may be ap-
propriate.

Our ground-state wave function does not reach the ex-
treme accuracy of more refined calculations, but its ener-
gy —2.903 53 compares well with the “exact” nonrela-
tivistic value —2.90372 (Ref. 17) and yields oscillator
strengths and photoionization cross sections in excellent
agreement with theory and experiment. On the whole,
any error in the initial state is well below the other ap-
proximations involved in the present work.

The energies of the 2pnp !P° levels, —0.58022,
—0.54003, and —0.524 09, compare well with the avail-
able experimental and theoretical data.!8~20

Finally, a localized representation of the 23sp— 'P° res-
onance has been obtained by diagonalizing the Hamil-
tonian over a basis including localized and Rydberg or-
bitals but no SIRC ones. The interaction with the contin-
uum displaces this state by about 3X 1078, fully compa-
rable with its width 3.985X 10~°. Position, width, and q
parameter of this resonance are in good agreement with
the available data.

The transition-matrix elements have been computed
with both the length and the velocity form of the dipole
operator showing good gauge invariance. Only the
length-gauge results have been utilized for the computa-
tions.

The atomic parameters utilized are summarized in
Table I.
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TABLE I. Relevant parameters of the He states in Fig. 1 as
obtained from the ab initio calculations discussed in the text (all
in atomic units).

State Energy n T,
1s215° —2.90353 3 2.491
23sp— 'P° —0.59700 4 0.3151
2p3p 'P* —0.58022 5 0.1783
2p4p 'P* —0.54003
2p5p 'P¢ —0.52409

T,={2pnp'P,, m=1|r,|23sp- 'P°, m=0)
¥,=1.89X107¢, ¢,=¢g=—4.0
2
U(B)=00Lq+—w2), o=w/y,
1+&
0,,=0,(q*+1)=0.708

III. THEORY

The photoionization rate of the atom, according to the
scheme depicted in Fig. 1, can be computed utilizing the
effective Hamiltonian approach developed in previous pa-
pers* and using the results of the ab initio computations
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previously described. The difference with our previous
work lies in the fact that here, the autoionizing resonance
is the intermediate state, whereas in the past we focused
on the case of a resonance as the vertex of a A scheme.
Such a difference is, however, of minor importance from
the point of view of the theory.

Let us recall the essential features of our treatment.*
The first step consists in considering each autoionizing
resonance as the result of the interaction of a bound state
with a continuum. As a consequence, we have to consid-
er a flat continuum i.e., one for which the relevant matrix
elements are weakly energy dependent.

The next step is the examination of the full Hamiltoni-
an for an atom plus two single-mode fields (w;,w,) and
the selection of the relevant resonant subspace. For the
present case, such subspace is assumed to be the one
spanned by the following atom times photon states (see
Fig. 1 for a visual guide):

|11n1,n2> ’

12;n,— 10y ) {legn,—1,ny) ],

~

] (1

135, —1,n,—1);{legn; —1,n,—1

—1,n,—2)} .

.

{le ">

|2 == 23sp - ' P°
2p3p 'pe a
|3y=q2p4p 'p¢ D

2p S5p 'pc ¢
®W; =£2.30653 a.u.

0.01678 a.u. a
o . =( 0.05697 a.u. b
2 0.07291 au. ¢

FIG. 1. The ground state and the part of the continuum spectrum of the helium atom utilized for the double-resonance scheme.
The states are indicated by the dominant configuration. According to the present ab initio calculation, |3) is a nearly stable state
embedded in the continuum for all the three cases indicated in the figure. Also shown are the various photon emission-absorption
processes taken into account in the present work. The absorption of more than one photon w, is neglected since we study the limit of
weak intensity. The second source w, is assumed to be not so strong as to allow a significant continuum-continuum absorption emis-

sion.
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While all the states in (1) are globally quasidegenerate,
only those on the same line have nearly the same atomic
energy. The choice of the subspace (1) means that we are
taking into account (1) transitions from the ground state
[1) to the state |2) or direct ionization into the continu-
um {|e,)} (which interacting with [2) gives rise to the
resonance) by absorption of a photon w,; (2) transition
from |2) to |3) by absorption of a photon w,; (3) ioniza-
tion from [2) to {leg)} (a continuum degenerate with
|3) but not interacting with it) by absorption of w,; (4)
ionization from |3) to { |EB, )} by absorption of w,.

We have neglected continuum-continuum transition as
|

H=(g,+n,0,+n,0,)|1){1]+[e;+(n
+2fe le,) (e lde, + (VY [1)(2] +H.c)+

L= Doy +n,0,112)€2] +[e5+(n,
2112)(3|+H.c.)+ [f pil
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well as those that involve more than one photon o, (this
latter omission is due to the fact that we are interested in
a weak w,; field). As shall be seen a posteriori, the field
strength of w, for the experiment lies in the megawatt
range, making the effect of the continuum-continuum
transitions of imperceptible proportion. We have also
treated |3) as a stable state.

The zero order states (1) are couplied by the two elec-
tromagnetic fields as well as by the internal perturbation
V'Y responsible for autoionization. According to the pre-
vious assumptions, we write the Hamiltonian as (the no-
tation is contracted, for simplicity: |1;n,,n,)=/1), etc.)

— Do, +(n, — D, ]13) (3]

b 1) (e,lde,+H.c.

+ ]f V2 2)Cegldes+H.c., ]+ [f Vi) 12) (e lde,+H.c. J+ lf V2 2)(egldes+H.c. ]

+ [f V‘Z’ 12)(e,lde,+Hc. l ,

where

Vil=—pE, V¥=—uE,.

We proceed now by projecting out all the continua in-
volved in the subspace (1) and obtain the following 3 X3
effective Hamiltonian matrix:

—iyitA  (yy)' g —i) 0
HT= |(y, )" qg—1i) —iy, 1253 ,
0 1454 —iyy+A
(3)
where
vi=vi 8,=987,
7’25'}’%‘*’7//23’ 52:55"'5?’
7357’33' ,
W}V(l) 2 ,
ﬂ,IV(l] ’2 |V(2) 2 ,
,yﬁ’:v'V(Z) 2 . 4)

31—:/3,

The real part of the level shift § is given by the Hilbert
transform of the corresponding y; for example,

1
85=
! T

€4 €tc. (5)

The Fano parameter q is deﬁned as usual:

V(z)

Vid+ = Pf o |SYHTV2L (6

(2)
[
The two detunings in Eq. (3) are defined as
A=¢g,+8,+w,—(g,+86,) ,
AN =g;+6;—(g,+ 6,1t w,) . (7)

The effective Hamiltonian (3) is the starting point for
computing the relevant transition amplitudes between
[1), |2), and |3), which are the basic ingredients for
evaluating the ionization rate into the various channels
(see the Appendix). A compact expression for the ioniza-
tion rate for the case of a weak w, field is derived in the
Appendix. In the limit of very weak o, field one has

[2¢S +(g*—1)P]
S+ p?

We=2y, |1+7,

WB,’EO

[S and P are given in (A22) and (A23)]. Notice that the
above ionization rate W, depends linearly on the intensi-
ty of the o, field (since ¥, < |E,|? but is a highly non-
linear function of |E,|%. The above expressions have
been used to perform the calculations on helium atom
presented and discussed in Sec. IV. [Equations (A27)
could be used to investigate the case of weak to moderate
w, field.]

IV. RESULTS AND DISCUSSIONS

We shall now examine the result of the computations
for the helium atom in the region of the 23sp — resonance
(state |2) in Fig. 1). In Fig. 2, the double-resonance ion-
ization spectrum for the electron emerging around the
energy E,—gthresh (g, is the continuum involved in the
autoionizmg state) is shown. The second field w, is tuned

to match the energy of the upper (long-lived) resonance
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FIG. 2. (a) Fano line shape for the ionization from the helium ground state for w, close to the excitation energy of the resonance
23sp—. The values of g and y$ have been obtained by fitting the ab initio calculations: ¢= —4, y$=1.89X 107 % a.u. (Table I). The
abscissa is the detuning A [see Eq. (7)] in units of y§ i.e., A/y$. The ordinate is the ionization cross section in units of its maximum
value, i.e., 0,,. Since the ab initio calculation gives o,, =0.708, the value of o may be easily extracted from the figure. (b) Ionization
cross section when the second field w, is switched on. The units are the same as in (a) (o, is again the maximum value of o when
only o, is switched on). Here |3)=2p3p and I, =10° W/cm?. (c) Same as in (b) with I, =10° W/cm?. (d) In the previous cases, the
ionization from level |3) into the continuum {|ez )} by absorption of a photon w, has been neglected. Here we mimic the effect of
this additional channel by assuming y4'=v5/10. The intensity I, is the same as in (c).

2p3p (see Fig. 1) and its intensity is progressively in-
creased starting form I, =0 [Fig. 2(a)] to I, =10° W/cm?
[Fig. 2(c)].

Here we have neglected the ionization up from level
|2) into the continuum {[eg)} and from level [3) into
the continuum {|egz )} by absorption of a photon w,. We
have estimated that the probability of such process with

respect to the primary one (ionization in a) is negligible
for I, <108W/cm?) i.e., for all the cases computed.
Figure 2 shows the typical features of a double-
resonance spectrum (see Ref. 4 for a discussion on similar
absorption spectra for model systems). The w, field pro-
duces a very narrow dip for small values of the intensity
I,. This effect can be attributed to a coherent trapping
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effect (see Ref. 1). By increasing the I,, the dip broadens
and the peaks move apart, due to the dynamical Stark
splitting originating from the strong field-induced cou-
pling between the 2pnp and the 23sp — resonance.

Figures 2(b)-2(c) refer to the case in which
|3)=2p3p 'P. It is, however, worthwhile to note that
they are far more general as far as the choices of |3) are
concerned. In fact, any other long-lived level (and, in
particular, the other two obtained here from the ab initio
calculation, i.e., 2p4p and 2p 5p) exhibits the same behav-
ior at a scaled intensity. Suppose that utilizing a given
state |3) with the transition moment y we have comput-
ed the ionization spectrum at a certain intensity I. Then
it is easy to verify that the same spectrum holds for
another state [3) with u’' at the scaled intensity
I'=I(u/u')* Hence the same Figs. 2(b) and 2(c) can be
referred to |3) =2p4p, with intensities 62.5I, and 195.21,
respectively.

Looking at Figs. 2(b) and 2(c) one can see that the in-
tensity required to observe a drastic modification of the
ionization spectrum is not very high (and several orders
of magnitudes less than one needed for the case studied in
Ref. 13). The reason is that we have focused on an inter-
mediate resonance (i.e., the state |2)=23sp-) having a
quite long lifetime 1/y, (in fact the ionization spectrum
undergoes a strong modification only when V3, /y,~1).

As a conclusion, we briefly review the content of the
paper. We have presented the scheme for the double-
resonance experiment in the continuum of an atomic sys-
tem, specializing ourselves for the helium atom, with the
support of appropriate ab initio calculations. We have
calculated the ionization spectrum when the helium atom
in its ground state is simultaneously irradiated with a
weak light source w, such that it is ionized near the
23sp— resonance and a stronger source w, to match the
energy difference between the above resonance and the
upper level 2p3p 'P¢ (or 2p4p, 2p5p). We have shown
that significant effects appear at intensities around 10°
W/cm?. This intensity value in rather promising for an
experimental realization, since it is still sufficiently weak
to maintain at a negligible level other photon absorption-
emission processes which could obscure the one we are
interested in. Therefore we believe that this is the zone of
the helium continuum that merits particular attention for
the experimental realization of a double-resonance ioniza-
tion using @, photons from a synchrotron and w, photons
from a laser.

APPENDIX

We derive here an expression for the number of elec-
trons at time ¢ into the various continua, in the limit of
weak w, field. We call P(t) the number of electrons and
use the same label for the continua as in Fig. 1. Hence,
for example, P,(7) is the number of electrons ionized into

the continuum a at time ¢, etc. The various P’s can be
calculated from the following relations:

Zyzf P,(t , (A1)
Pﬁ(z =2y3'f0P3 Ndt' (A2)
P (1)=1—P(1)—P;3(t)—Pg(t)—Pp(t), (A3)
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where

N=|U, (D)%, Py(t)=|Uy(1)]? (A4)

The above equations refer to the specific case of He dis-
cussed in this paper, since the autoionizing width of the
state |3) has been assumed to be negligible.

The transition amplitudes U;,(¢) can be easily comput-
ed from the relation

—izt
e

——HC‘E 1>dz (AS)
z—

_ g/,

through the residue theorem. Indicating by M,; the co-
factor of (z —Heﬁ)lj and by z,, z;, and z,, the three roots
of the secular equation, one has

_lzzt

Uj(t)=a eviz°'+bje_iz'1+cje , (A6)
where

a;=M;(z5)/(zg—2 Nzp—23) ,

b;j=M;(z,)/(z,—z5)(z,—2,), (A7)

¢;=M;(z,)/(z;—2o)(z,—2y) .

In the limit of weak w, field, one of the roots, say z,, is
essentially the unperturbed complex energy A—iy, with
a small correction. The other two roots z, and z, have a
much larger imaginary part. Hence after a rapid tran-
sient, Eq. (A5) becomes

Uy (D=ae "' (A8)
and
Uy (0= 4,e ", (A9)
where
r=—Im(z;),
! ! (A10)

=|aj|2.

Equations (A8) and (A9) are valid for t >T'; !, T'; .

Let us consider the ionization by a pulse of duration
t,>>T7',T'; " and suppose that we are able to collect all
the electrons ionized from ¢ =0 to essentially t=co. The
collected number of electrons is indicated by V. One has
(N is the number of atoms in the interaction volume)

‘NB_——NPB(tP) ’
Ng=NPg(t,) (A1)
Noy=N[1—P,(t,)—P3(t,)] =Ny~ Ny .

Notice that all the A’s except N, are simply proportional
to the corresponding P at the end of the pulse. The
reasons for the peculiarity of WV, is that all the population
that, at the end of the pulse, was in state |2) is fully ion-
ized after a sufficient time.

Let us now evaluate the P’s. From Egs. (A1)-(A3) and
(A9), we have, for t, <<1/T, i.e., far from saturation (for
the field w,),
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y . l-e 2Ty, _ A—Vi(A—A") (A22)
Pﬂ(tp)—z')/zAz 2F0 =2‘}/2A2tp , (A_AI)Z‘F?/% ’
P28 (A12) P2
=2y A;t, .
BV Aty Pyt ——2T (A23)
Furthermore, (A—A")Y+y;3
Py(t,)=A4,(1=2Tt,) From the first of Egs. .(AT/'), and Eq. (A10), after some
(A13)  Dassages one obtains (utilizing zo=A)
Py(t))=A;(1-20t,) .
g g A ={[AA—A)—y7;— V5P
The last of Egs. (A11) becomes X
+riA—a)+yAP/Q (A24)
Ng=N[1—4,— A3+2t,(A4,+ A43) R R
P y A, = {7 1720q(A= A +y; 1+ (yyg —A+A)}/Q
—2v84,1,—2y¥ 4;1,] . (A14)
(A25)
The term 1—A;—A,— A; must be zero since 5 5
N, (t,=0)=0. Hence A;=717(q¢"+ 1)V /0, (A26)
N =2N[To(A4,+A4;)—yE4,—y8 431, . (A15) and
. L . . 0=l(A—z;)A—z))|*.
Defining an ionization rate per atom in the continuum a 1 2
as A combination of Egs. (A16)-(A18) with Egs.

Wo=N,/(t,N), (A16)
one has
W, =2T(A,+A;)—2y54,—2y5 4, . (A17)
Similarly,
Wﬁgzylngz )
5 (A18)
Wg=2y5 4, .

The final step for obtaining a compact expression for the
ionization rate consists in evaluating I'y, 4,, 4,,and 43.
The secular equation for H°® can be written as
2
Y1v2(g—i)
z+iy,— Vi /(z—A+iy,y)

z=A—iy,+ (A19)

An approximate expression for z, can be obtained by put-
ting z =A on the right:

2

zo~A—iy,+ rivald —D) (A20)
0 Y A iy, —Va (A=A +iyy)
Then
2
o _
Iy=—Imzy=y, 1+y2—i—q—”—‘2 S;2(+P21)P ,  (A21)

where

(A24)-(A27), gives an analytical expression for the ion-
ization rate W as a function of the other two roots z; and
z, of the secular equation (A19):

We=2y5{[AA—A)—y,y3— V5 T
+ly(A—A)+y381/Q

We=2v8vyv2g*+1)V3/Q , (A27)

_ 2gS +(g*—1)P o
W, =2y, 1+y2—‘i——7sz+l)2 — (A, +A4)—Wy—Wp .

In the limit of a very weak w, field, one may obtain z,
and z, by solving the secular equation for the 2X2 sub-
matrix of the effective Hamiltonian, involving the two
states strongly mixed by the field E,. In this limit one
may verify that

A, =1,
A,=0,
A;=0,

so that

2_
1+7, 2gS+(g°—1)P

Wa=2r, S+ p?

(A28)
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