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Two-photon ionization of Het as a nonlinear optical effect in the soft-x-ray region
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We present numerical simulations of two-photon ionization of Hg 27th harmonic pulses of a Ti:sapphire
laser. This process is chosen as a candidate for the experimental observation of a nonlinear optical effect in the
soft-x-ray domain. We solve the time-dependent Sdimger equation and evaluate the ionization probability
as the number of electrons absorbed by the mask function at the outer radial boundary. Our model can address
guestions concerning possible saturation and quantum interference in ionization at high intensity and ultrashort
pulse duration with no ambiguity. According to our results, in spite of saturation of ionization found at intensity
higher than 18 Wi/cn?, the ionization probability by a 30 fs harmonic pulse with a peak intensity of
(2-5)x 10" W/cn?, attainable with the latest progress in high-order harmonic generation, should be suffi-
ciently high to put the second-order nonlinear optical process in the soft-x-ray region within experimental
reach, along with desirable properties such as its nearly quadratic dependence on intensity and approximate
linearity in pulse width. Our simulations also show that the variation of the yield with the pulse width of the
27th harmonic is no longer linear for a pulse width shorter than 5 fs, while the dependence on intensity is still
quadratic. Our analysis on the ionization of 'Hby a double pulse in such an ultrashort pulse regime shows
that the yield is not simply twice as large as that by a single pulse, but exhibits an oscillation of quantum origin
with the interval and the phase difference between the two pulses. A simple model of the oscillation is
discussed.
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I. INTRODUCTION —34.8 nm) of a Ti:sapphire laser with a pulse width of 30 fs
and an output energy as high as 300(ad 4.5 10*° pho-
Nonlinear opticd1] is a field in physics with a long his- tons per pulse. When such a soft-x-ray pulse is focused to an
tory that studies the nonlinear interaction of intense lightarea of 10 xm? using a commercially available soft-x-ray
with matter. Optical phenomena are called nonlinear whemnirror, its average intensity may reacht@v/cn?. Now it
the material response to an applied optical field depends o time to tackle the problem of inducing nonlinear effects in
the field strength in a nonlinear fashion. Although theoreticathe soft-x-ray domain. Cheet al. [12] proposed second-
work [2] existed as early as 1931, it was not until the obsertarmonic generation in the x-ray region using nonlinear op-
vation of mu_ltiphoton f[ransitions between Zeeman s_ublevelgcm crystals such ag3-BaB,0,, LiB3;Os, and CsBOs.
of an atom in the radiofrequency domai] that nonlinear o \ever, to our knowledge, its experimental demonstration

di f d-h . d h fias not been reported yet. Main obstacles may include high
iscovery of second-harmonic generafidhand two-photon x-ray absorption by these crystals and difficulty in estimating

excitation[5] in 1961, remarkable advances in laser technol-,[heir second-order nonlinear susceptibility.

ogy have enabled a wide variety of nonlinear optical phe- In the present study, we perform numerical experiments of

nomenall], including sum- and difference-frequency gen_{wo-photon ionization of Hé by the 27th harmonic X

eration, optical parametric oscillation, intensity-dependent” P hire | i ical ef
refractive index, multiphoton ionization, and high-order har-—29-6 nm) of a Ti:sapphire laser as a nonlinear optical ef-
monic generatiofHHG). Due to considerable progress in f€ctin the soft-x-ray region. Why He> Because Heis easy

the development of x-ray lasers, synchrotron radiatiorfO Prepare from He, e.g., by means of optical field ionization
sources, free-electron lasers, and high-order harmoniéSing an intense laser or single-photon ionization with high-
sources, high-intensity pulses in vacuum and extreme ultrgorder harmonics. Since the photon enefgyyx=41.85 eV
violet (VUV-XUV ) and soft-x-ray regions have now becomeis not resonant with the sk2p transition energy?w,;
available. =40.8 eV but close to it, high yiel@efined as the ratio of
Among these light sources, the simplicity of HHG is ad- the number of produced K& ions to that of initially present
vantageous in that it involves only table-top devices in shorHe™ ions) is expected. Moreover, this simple hydrogenlike
pulse duration down to sub-f$,7] and in high intensity. system allows us to evaluate yield precisely. In fact, the cross
Using this type of radiation, two-photon and three-photonsectiono of this process calculated analytically by second-
ionization [8—10] of rare-gas atoms in VUV and XUV re- order perturbation theory is 2010 °? cm*s [13]. This
gions was realized. Takahasdt al. [11] recently succeeded value is only one order of magnitude lower than the two-
in the generation of 23rd to 31st harmonic pulsks=-5.8  photon ionization cross section of Xe or Kr by the fifth har-
monic (VUV) [10] and that of neutral He by XUVY14]. The
number of photons per pulse at the 27th harmduig to
*Electronic address: ishiken@postman.riken.go.jp 8% 10'%, which is much larger than in the VUV and XUV
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ranges(up to a few 18 [10]), can well compensate for this ultrashort double pulse, with focus on the oscillation of the

difference. yield with interval and relative phase. The conclusions are
Why numerics, if we know the analytical cross section?given in Sec. V.

The two-photon ionization of Heis equivalent to that of

atomic hydrogen except for a factor stemming from the dif- Il. MODEL

ference in nuclear charge. The history of analytical calcula- ) ) o )

tion of the latter is nearly as long as that of nonlinear optics 10 Study the interaction of a Heion initially in the

experiments. A large amount of effdt5] has been devoted 9round state () with a soft-x-ray pulse, we solve the time-

to the refinement of the evaluation of transition matrix ele-dependent Schedinger equation in the length gauge,

ments since the first attempt by Zerrik6], and the cross a(r 1) 1 5

section is tabulated or graphed in the literat[t8,17-19. i o IV S (D) |@(r,1), (2.0

Strictly speaking, however, these analytical values are valid ot 2 r

only at the long-pulse and low-intensity limit. In order for ) o

the two-photon ionization of Heto be experimentally dem- WhereEx(t) is the electric field of the pulse. Here we have

onstrated and to be applied to autocorrelation measuremen@&SSumed that the field is linearly polarized in theirection.

the variation of the H& yield with harmonic intensity and E_quat_lon(_z.l) is numerically integrated using the alternating

pulse width is required to be quadratic and linear, respecdirection-implicit (Peaceman-Rachfordmethod [26]. The

tively. This relation is not guaranteedpriori at high inten- numerical scheme is now well document@é] and not dif-

sity and ultrashort pulse duration considered in the preserf{cult t0 implement. To reduce the difference between the

study. Although experimental investigation exists on multi-discretized and analytical wave function, we scale the Cou-

photon ionization[20—24 of atomic hydrogen and two- lomb potential .byafew percent at the first grid pcﬁE!Y]. To

photon ionization from its excited state, corresponding workPrévent reflection of the wave function from the grid bound-

on two-photon ionizatiof25] of ground-state hydrogen is 27 /8after each tlr_ne step the wave function is multlpl|eql by a

lacking. We solve numerically the time-dependent Sehrocosl mask functior]{ 27] that varies from 1 to 0 over a width

dinger equation(TDSE) for He* interacting with an ul- of 2/9 of the maximum radius at the outer radial boundary.

trashort intense 27th harmonic pulse, using the alternatin he ionization yield is evaluated as the decrease of the norm

direction-implicit method[26]. This type of treatment can ©f the wave function on the grid, or equivalently, the number
deliver an umambiguous answer in the high-intensity ancPf electrons absorbed by the mask function. In typical calcu-

ultrashort pulse regime. Moreover, it can easily handle thétions, we use a grid with a maximum radius of 125 a.u. and

temporal variation of intensity. maximum number of partla_l Wavelsmx=2. The grid spac-
Our simulations show that the two-photon ionization N9 IS 0.125 a.u., and the time stgp is 1/65536 of an optlgal

probability of He" is sufficiently high to be experimentally cyclet, of the Ti:sapphire laser light, whose wavelength is

observed, with a yield of 3:8107* for the case of a 30 fs nm.
pulse whose peak intensity,, is 5x 10'* W/cn?. The de-
pendence of the Heyield onl . is still nearly quadratic at lIl. TWO-PHOTON IONIZATION PROBABILITY
this intensity domain, although the ionization rate begins to
saturate at,,,c>10" W/cn?. On the other hand, the linear-
ity of yield on pulse duration approximately holds for a pulse
duration longer than 5 fs, while it breaks down for shorter
pulses. Even in the latter case, the yield-intensity relatio
remains quadratic. Thus, the two-photon ionization probabi
ity of He™ is an attractive candidate for experimental obser
vation of a nonlinear optical effect in the soft-x-ray domain.
Furt_hermore, we study two—photo_n ionization by a double Ex(t)=Fy(t)sin wyt), (3.0
pulse in the very short pulse domaircb fs). Our results
reveal that quantum interference effects manifest themselvegith £, being the pulse envelope, chosen to be Gaussian.
as the dependence of ionization yield on the interval and the
phase difference between the two pulses. The resulting oscil-
lation in yield can be explained by a simple model which
accounts for direct ionization from the ground state and Figure 1 shows the yield of Hé obtained by a 27th-
single-photon ionization from thepstate populated by the harmonic pulse with a duratiofFfWHM) of 30 fs as a func-
first pulse. This region of pulse width, though not suitabletion of peak intensityl ;... The solid line is the numerical
for, e.g., autocorrelation experiments, may offer a unique exresults. The ionization probability is 33L0 % at Iy

In this section, we examine the two-photon ionization
probability of He" by a short, intense 27th-harmonic pulse.
As was already mentioned, for applications such as pulse
duration measurements by autocorrelation, the ionization
Ir_brobability should be not only sufficiently high but also qua-
dratic in intensity and linear in pulse duration. We consider a
‘single pulse whose electric field is given by

A. Dependence on intensity

perimental test of quantum mechanics. =5x10" W/cn? and 5.6<10 ° at | ,,,,=2x10"° W/cnr,
The present paper is organized as follows. Section Il sumwhich is sufficiently high to be observed experimentally. The
marizes the simulation model. In Sec. Ill, we apply thedotted line is calculated by the analytical formula

model to the calculation of the ionization yield of Héy a  [“ .ol (t)?dt, wherel (t) denotes the pulse intensity. Below
single soft-x-ray pulse, and examine its variation with inten-I ,,,,=10' W/cn? both lines virtually overlap. On the other
sity and pulse duration. In Sec. IV, we study ionization by anhand, the numerical result is slightly smaller than the analyti-
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FIG. 2. The yield of H&" as a function of photon enerdywy
of a Gaussian pulse with a duration of 30 fs. The solid and dotted
lines correspond to peak intensitypa,=5x10" W/cn? and
2x 10" Wicn?, respectively.

FIG. 1. Yield of HE" vs peak intensity of a Gaussian 27th
harmonic pulse with a duratioFWHM) of 30 fs. The solid line
denotes numerical results obtained by solving the TDSE, and th
dotted line is calculated &% ..ol (t)2 dt. Inset: the same in a linear
scale.

value is 0.90 of that calculated from the quadratic relation
cal value at higher intensity. This saturation of the?He o12=1.61x10" s 1. This ratio agrees well with the value
production is more clearly seen in the linear plot in the inse®0.91 obtained from Eq3.4). Thus, the theory by Haberland
of Fig. 1. It should be noted that this is not due to the de-et al. [29], though, strictly speaking, valid only for the long
crease of Hé [28]. The decrease is as small as 10 3 pulse limit, is useful to understand the saturation of the ion-
even atl ,,,=10" W/cn?. Therefore, this alone cannot ex- ization probability as in Fig. 1.
plain the difference between the two curves seen in the inset We plot the yield of H&" by a 30 fs Gaussian pulse as a
of Fig. 1. Instead, the saturation is mainly due to the quafunction of photon energyiwy for Ip,=2x10" W/cn?
siresonant &-2p transition and the coupling of thep2state  and 5< 10" Wi/cn? in Fig. 2. We also plot their ratio in Fig.
with the continuum. 3. As can be seen from these two figures, if the soft-x-ray

Haberlandet al.[29] developed a theory with two dressed pulse were closer to the resonan@®.8 e\j than the 27th
states coupled to the ionization continuum. Following theirharmonic is, an approximately quadratic dependence on in-
theory, the two-photon ionization raw is given by tensity, one of the desirable properties, would be no longer
guaranteed. On the other hand, if it were farther away from
the resonance, the ionization probability would be too low.
As for the 27th harmonic of a Ti:sapphire laser pulse, the
ionization probability is high enough and, at the same
wherel’,, is the energy width of the 2 state for ionization time, approximately quadratic inlp,, even at |,
to the continuumQg=V?+d%4 is the Rabi frequency
= wy— wyq IS the detuning, and is the dipole matrix ele- 7
ment between 4 and 2p states. Sincé’,, andV are propor-
tional to intensityl, the ratew is proportional td 2 at the low

: (3.2

W=r2p(1—mR

Proportionai to (in’['ensi’[y)I2

(2]

intensity limit and tol at the high intensity limif25]. Espe- % §
cially at the low intensity limit\W has the following form: > 5t I
o 3 3
V 2 T 4_ g 7]
WlOW: ZFZp(a ) (33) _'_8, 3 \ g E
Sk ; . .
and the raticR of W to W,q,, is given by 2 2 Proportional to intensity 3
o f ]
R=2 ( T (3.9 : E
o E N / ! ' - PR S TR T N T N NS T T T T T T T N N T T N T N N | 1 ]
1+z 208408 MO 42 M4 46 48 420
where z=4V2/d2. z=1/(3.77x 10 W/cn?) for the 27th Soft x-ray photon energy (eV)
harmonic. In order to compare E(3.4) with a numerical FIG. 3. The ratio of the yield He at I ;,,=5x10" W/cn? to

result, we have performed a simulation with a constant inthat atl ,,,,=2x 10" W/cn? as a function of photon enerdywy of
tensity of 5x<10"* W/cn? preceded by a Gaussian ramp a Gaussian pulse with a duration of 30 fs. The upper dotted line
which peaks at=133.4 fs with a FWHM of 90 fs, and we indicates the valué6.25 expected for quadratic yield-intensity re-
obtained the ionization ratéRg,=1.45<10'° s71. This lation, and the lowet2.5) for linear relation.
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FIG. 4. The H&" yield divided by the pulse duratiofFWHM) FIG. 5. The ratio of the He' yield at| ya=5%10" W/ent to

_ 3 : :
t, of a Gaussian 27th harmonic pulse with a peak intensity ofihat at | max=2X10" chmz as a function of pulse widtlt,
5x 10 W/cn? (solid ling) and 2x 10 W/cn? (dotted ling as a (I_:WH_M) of' a Gau_s5|qn pulse. The value expected for quadratic
function oft,. Note that this quantity would be constant for the caseYi€ld-intensity relation is 6.25.

of linear dependence of the yield on pulse duration. 5 ] S ) )
(5/2)<. Another point to notice is that the yield is nearly

perfectly quadratic ifl ,, for to<<1 fs, for which the band-
width is again so large that most of it is sufficiently detuned
for the quadratic relation.

In Fig. 6, we plot the ratio of the ionization probability by
B. Dependence on pulse width a 30 fs pulse to that by a 15 fs pulse as a function of photon

Figure 4 displays the dependence of thé Hgield by a  €nergy. T_he peak |.nten5|ty' is5610' W/cn?. The first au-
Gaussian 27th harmonic pulse on its pulse duratign tocorrelatlon_expenments in the soft-x_-ray range mlght be
(FWHM). The relation is evidently linear at the long pulse Performed with such values of pulse width. The yield is ap-
limit, but not obvious in an ultrashort pulse regime consid-Proximately linear in pulse duration as long &&y is not
ered in the present study. In Fig. 4, we can see that the linedp0 close to the resonance.
relation holds atty>5 fs. In this region, the two-photon
ionization of He' by the 27th harmonic can be applied for IV. IONIZATION BY DOUBLE PULSE
the measurement of pulse duration by autocorrelation. On the
other hand, the linearity breaks down for shorter pulses. Witrr_|
decreasingty, the yield-to-pulse-width ratio first increases
and then decreases. This can be understood as follows: d
to the uncertainty principle, the width of photon energy in-
creases when the pulse duration decreases. The uncertainty = - + )+ i +
in Awy equal to the detuning of 1.05 eV=(41.85-40.8) Ex(t)=Fi(t)sin(oxt+ ¢1) +Fa(t)sin(wxt+ ¢,), s
corresponds to a pulse duratitg=2 fs. When the pulse is
so short, the @ level is resonantly populated, and, as a re- 2.00 : : : : : :
sult, the ionization probability is augmented. In fact, we have
found that the peak position of the photoelectron energy © 1.95
spectrum shifts from 29.3 eV aj=6 fs to 28.8 eV att,
=2 fs. Note that Zwy—U,;=29.3 eV and thatfwy
+hwy—U,=28.25 eV, whereU, denotes the ionization
potential of HE'. When the pulse is shortened further, the
bandwidth is so large that most of it is too detuned to induce
ionization of He .

In order to examine the dependence of the yield on inten-
sity for such an ultrashort pulse, we plot the ratio of the yield
at | na=5x10 W/cn? to that atl ., =2X10" W/cn? as a . . . . . .
function oftg in Fig. 5. We_can see fro_m this figure '_[haF even 1'74%.6 408 410 412 414 416 418 420
for such a small pulse width for which the linearity is not
valid, the ionization probability is still nearly proportional to
|7.ax- FOr example, in the case df=2 fs, the ioniza- FIG. 6. The ratio of the He yield by a Gaussian 27th har-
tion probability is 5.5¢10°° at | ;,=5x10" W/cn? and  monic pulse at yg=5x 101 W/cn? with a duration of 30 fs to the
9.4x10 ® atl ,,=2x10" W/cn?. The ratio 5.9 is close to yield by a pulse with a duration of 15 fs.

=5x10"® W/cn? in spite of the saturation. Hence, the 27th
harmonic is situated at a very convenient photon energy.

In this section, we study the two-photon ionization of
e" by a 27th-harmonic double pulse in detail, especially in
the case in which the duration of each pulse is 1 fs. We
WBnsider the electric field given by

—~
©
o

Ratio of the He?*yie
o
(3]

Soft x-ray photon energy (eV)
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FIG. 7. Temporal evolution of the 4& population by two con- FIG. 8. "_'é+ yield by a 27th harmonic double pulse whose
secutive 27th harmonic pulséolid line) and 23rd harmonic pulses l€ctric field is of the form Eq(4.1) as a function °f$23' Each pulse
(dotted ling, respectively. The widthiFWHM) of each pulse is 1 fs, With @ duration of 1 fs has a peak intensity 0k80" Wien? att

the peak intensity is & 1013 W/cn?, and the interval between the — 2t and 2, +4.148 fs, respectively. Solid curves; =0. Dotted
two pulse peaks is 3 fs. curve: ¢,=m/2. Dashed line: H&" yield by a single pulse as a

function of ¢;.

with F, , and ¢, , being the envelope, chosen to be Gauss-

ian, and the phase of each pulse, respectively. The breakerresponding to the energy differente,;=3/2 a.u. be-
down of the linear dependence of the ionization yield ontween 2 and Is. Its period T4 is 0.1013 fs. The relation
intensity has a remarkable consequence that the yield dfetween the phase of the oscillating dipole moment and that
He?" produced by a pulse train isot proportional to the of the second soft-x-ray pulse causes an oscillation in the
number of pulses contained in the train. An example is illus-He? ™" yield as seen in Fig. 8.

trated in Fig. 7. The solid line is the temporal evolution of  In order to confirm this further, we have performed simu-
the population of H&" produced by two consecutive 1-fs lations by varying the intervalit between the two pulse
27th-harmonic pulses, each of which has a peak intensity gfeaks.¢, is fixed to zero andp,=— wyxAt. Note that by

5x 10 Wicn? att=2t, and &, +3 fs, respectively, and a such a choice ofp; and ¢,, not only the intensity of the
phase¢;= ¢,=0. The production of He' by the second second pulse but also the electric field itself is shiftedAtty
pulse is much larger than that by the first pulse. Such avith respect to the first pulse. This is a situation realized in
situation is not suitable for the pulse width measurement byisual autocorrelation experiments. The simulation result is
autocorrelation. When the pulse is as short as 1 fs, the autglotted in Fig. 9. It is clear that the yield oscillates with the
correlation experiments are possible only for more detunedame period as the dipole momeiiiy).

pulses such as the 23rd harmonfaux=35.65 eV), the re- Let us now investigate how the center and the amplitude
sult for which is plotted as a dotted line in Fig. 7. of the oscillation as in Figs. 8 and 9 depend on pulse inten-

Let us now, however, look at this situation from a com-
pletely different point of view. The breakdown of linearity is 5

; . 200x10” —————F——"—"——T1"—T"—T 1T
a quantum effect which cannot be observed using longer L
pulses. The progress of the pulse compression technique may
enable the observation of such quantum effects. It is, there-
fore, important to study how the final yield of He by
double pulse irradiation depends on the interval between the
two pulses and on their relative phase.

Figure 8 shows the Hé yield by a 1-fs 27th-harmonic
double pulse as a function abp,. Each pulse has a peak
intensity of 510" W/cn? att=2t, and &, +4.148 fs, 50
respectively. The solid line is fap,=0 and the dashed line
is for ¢, = /2. We also plot the yield by a single pulse as a
function of ¢»; as a dotted line. In the last case, the yield is
seen to be independent ¢f;, since the pulse is still much
longer than the optical perio@.0988 f$ of the harmonic.
On the other hand, in the case of double pulses, the final g 9. H&* yield by a 27th harmonic double pulse as a func-
yield of H&" is an oscillating function ofA¢=¢,—¢1.  tion of the intervalAt between the two pulse peaks. Each pulse has
After the first pulse has passed, His in a superposition of a Gaussian temporal profile with a duration of 1 fs and a peak
1s and 2p states(the 2p population is 7.% 10 ?). Such a intensity of 5x 10** W/cn®. The first pulse peaks dt=2t, . ¢,
system has a dipole moment oscillating with a frequency=0 and¢,= — wyAt.

150

100

He** yield

0
4.05 4.10 4.15 4.20 4.25

Interval At (fs)
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ax16* ox 1G4 TABLE I. The parameters, b, andc obtained by fitting the
L ' R ; ; ; ;
! g P numerically obtained values of center and amplitude of the oscilla-
. AT tion of the H&" yield by the second pulse with Eg4.3. The
10 3 ,»*"”:,," ] intensity is in W/cm. ¢y, is the value ofc calculated froma andb
- J,r"”.,..» > with Eq. (4.6). The numbers in brackets indicate powers of 10.
£ o {10°8 :
o A =3 Intensity a b c Gh
O o .._,.r o
- ® 5[13] 1.37-18] 8671-33] 200-25 2.1§-25]
o Center 3 10°® 2[13] 5.67-19] 9.77-33] 1.3§-25] 1.49-25]
A Amplitude
2x1o'6" . N P
12 — 3 H H
2x10 10'8 104 =2x10'® W/cn?. From Table |,a is proportional tol,

while b is approximately constant as is expected from Egs.

(4.4) and (4.5), respectively. The relation Ed4.6) is also
FIG. 10. The centefcircle, left axiy and the amplituddtri-  roughly satisfied. Hence, the oscillation of the*Heyield

angle, right axisof the oscillation of the number of & produced ~ can be explained essentially by the simple phonomenological

by the second pulse as a function of its peak intensity. Each pulsenodel discussed above.

has a width of 1 fs, and the peak intensity of the first pulse is

Eéx 1(2)1;)W/cmz. Dotted lines are the fitting curves obtained using V. CONCLUSIONS

g. (4.3.

Peak intensity of the 2nd pulse (W/cm2)

Using numerical simulations, we have examined the suit-
sity. We have performed simulations by varying the peakability of two-photon ionization of Hé by a 27th harmonic
intensity of the second pulse while fixing that of the first pulse of a Ti:sapphire laser as a system for the experimental
pulse to 5< 10** W/cn?, and we obtained the center and the observation of a nonlinear optical effect in the soft-x-ray
amplitude, as defined in Fig. 8, of the oscillation of the num-region. We have considered the pulse parameters accessible
ber of HE™ produced by the second pulse. Their dependencwith a state-of-the-art high-order harmonic generation tech-
on the peak intensity of the second pulse is shown in Fig. 10nique, namely, intensity up to>610"® W/cn? and pulse
The production of H&" by the second pulse proceeds in two width as short as 1-30 fs. Our simulation results have re-
ways: one-photon ionization fromp2and two-photon ioniza- vealed that such an ultrashort intense harmonic pulse should
tion from 1s. By taking their interference into account, the be sufficient to render realistic the observation of the second-
transition amplitude of the entire process has the followingorder nonlinear optical process. Although the saturation ef-
form: fect reduces the ionization probability by about 10% at
_ I max=5x10' W/cn?, the variation of the He" yield with

V(agly)(@gly) + V(1= agly)(ayl 5)e@?T %) (42 intensity is nearly quadratic even in this high-intensity re-

) _ ) ) gion. Moreover, the ionization is approximately proportional
wherel, ; is the peak intensity of the first and the secondyg the pulse width at,>5 fs. These properties are desirable
pulse, respectivelyaol, describes the excitation of thep2  for the experimental demonstration of the nonlinear effect.
level by the first pulseql, the ionization from 2 to the Our analysis of two-photon ionization by a harmonic
continuum, anda,!5 the two-photon ionization from s double pulse with a duration of 1 fs has shown that the in-
Then we can write the number of He produced by the terference between the direct two-photon process from the
second pulse as ground state and the single-photon process from thstate
populated by the first pulse induces oscillation in thé He

2 3/2
al,+bls+cly“cogAd+ o), (4.3 yield with the interval and the phase difference between the
where two pulses. The excitation to thepdevel is possible due to
the large bandwidth associated with the ultrashort pulse
a=agaqly, (4.4  width. The oscillation period is precisely predictable from
the 1s-2p transition energy. The detection of such an oscil-
b=(1-agl)ar~a,, (4.5 lation may serve as a unique test of quantum mechanics.
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