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Strong-field photoionization of vibrational ground-state H,* and D,* molecules
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We report on the observation of a high-energy “shoulder” in the kinetic-energy distribution” airtd D
ions formed in the interaction of Hand D, with ultrashort light pulses of an intensity higher than approxi-
mately 16° W/cn?. It extends up to a kinetic energy @8 eV. The “shoulder” ions are formed by
Coulomb explosion after photoionization of the respective molecular ion. The shape of the “shoulder” indi-
cates that photoionization of 4 in the vibrational ground state=0 and of B,* in v=0,1 is the mechanism
for atomic ion formation near the “shoulder” cutoffS1050-2947®9)06111-9

PACS numbgs): 33.80.Rv, 33.80.Wz

. INTRODUCTION beam was focused to a focal spot diameter~o25 um
within the interaction region with the hydrogen and deute-
Molecular decay mechanisms in high-intensity ultrashortjum molecules. The light intensity was adjusted by a com-
light pulses have been the subject of intense investigationgjnation of ax/2-wave plate and a polarizer. Absolute values
Special emphasis was always put on molecular hydrogeps the light pulse intensity based on the measured focal spot
since already on this simplest molecule all mechanisms, SP&jze, the pulse width, and the pulse energy are correct to

cific at least to diatomic molecules, can be investigated and, ;iihin a factor of~ 2 Despite this poor knowledge of abso-
what is of paticular importance, even partly compared tq '

theoretical results on molecular dynamics heavily perturbedJ .teh_valtjesorelaftl\;]e o each. otherl, intensities are correct to
by light. Most prominent contributions to molecular disso- within = 15% of the resp_ectwe vae. .
ciation have been identified as bond-softening dissociation or Hydrogen and deuterlym were supplied in a'weII colli-
above threshold dissociatihTD) [1-5] (and Refs. cited Mated pulsed supersonic beam. The ghs purity was
there and Coulomb explosion after stripping of more than 99-999% and the ppurity 99.7% with H as the main re-
one electrof6—9]. In the case of hydrogen all experimental S|dgal impurity. The velocity spread along the beam axis is
data show that complete ionization is a stepwise proces§stimated to be less than60 m/sec for Hand =45 m/sec
First, one electron is photoionized with the nuclei at the H for Do. Transverse to the beam axis, the velocity spread is
equilibrium internuclear separation. The second electron ifixed by beam collimation to less than5 m/sec (H) and
preferentially removed through charge resonance enhancetd4+m/sec (D). This setup eliminates the thermal velocity
ionization (CREI) of H," after the internuclear separation spread present in a bulk gas sample which we found mainly
has widened into a range between approximately 6 a.u. anlmits the resolution achievable in measuring the kinetic en-
10 a.u.[6,9]. In all other diatomic molecules the removal of ergy of dissociation produc{d4].
more than one electron with subsequent Coulomb explosion An electric field free time-of-flight technique was used to
follows a similar pathway7,8,10,11. determine the kinetic energy of fragment photoions emitted

Here we investigate dissociative photoionization of hy-into a solid angle=5x10"3 along the molecular beam
drogen with the formation of charged dissociation productsaxis. The polarization axis of the light beam coincided with
having a kinetic energy higher than that of Coulomb explod-his axis in the experimental runs. The solid angle subtended
ing ions formed via the CREI mechanism. These ions can bby the detector was practically independent of the kinetic
expected to give insight into the strong field properties ofenergy of the ions in the energy range of interest h&sg,
H,"™ at small internuclear separations, a population of low=3 eV). At the end of the drift tube we detected the ions
lying H," vibrational states through the primary, lghoto- ~ with a microsphere platéMSP). Single ion arrival times
ionization step, or possible nonsequential double ionizationvere measured with a time to digital converter with 1 nsec
of H, at the equilibrium internuclear separatiorRy( time resolution. The kinetic energy resolution achievable
=1.4 a.u[12]). In order to get information on how nuclear was limited by the geometry of the spectrometer setup to
dynamics affects the formation of high energy dissociatiomAE/E,,=0.05 in an energy rangé,;,<10 eV.
fragments, we compare data for hydrogen and the isoto- Space charge in the focal spot of the laser beam did not
pomere deuterium. affect the ion kinetic energy distributions. This was achieved
by reducing the density in the molecular beam by a large
separation between the nozzle and the focal spa (m).
In the experimental runs we detected at most two/D4

We used pulses of a Kerr-lens mode locked Ti:sapphiréons in the solid angle subtended by the ion detector (
laser at 790 nm amplified to a pulse energy of up to 2 mJ at5x 10 %). Based on H angular distributions measured in
10 Hz repetition rat¢13]. The pulse shape can be approxi- Ref.[15], a total emission solid angle of charged dissociation
mated by a Lorentzian intensity distribution with a full width products of€2~0.9 is determined. With these solid angles
at half maximum of=80 fsec. The linearly polarized laser one calculates that no more than 1000/BI* ions have been

Il. EXPERIMENT
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TIME OF FLIGHT [usec] . . . . . .
ground ions contribute to the yield in both time-of-flight

spectra. These ions are extremely fast. Therefore we suspect
that they are H ions from either HO or residual hydrocar-

Ron impurity dissociative photoionization. Since the experi-
mental setup is nog/m, sensitive we cannot exclude the
possibility that ions other than Hmake up the background

ion yield.

formed in the focal spot in each laser pulse if one assumes a Fi9ure 2 shows an overview kinetic energy distribution of
detector efficiency of 50%. For a conservative estimate of th& 1ons formed by d|sso5C|at|ve photoionization of Bt a
maximum kinetic energy gain of an#D" ion due to the Nght intensity of 2.5x 10" W/cn?. It was determined from

space charge of these ions, we assume that they are formi}f time-of-flight spectrum in Fig.(&) by a time to kinetic-
within a sphere with a diameter equal to the focal spot diamENergy transformation. The energy range extends from 0 up
eter of 25 um. This gives rise to a potential energy of less [0 10_ eV. Three main stuctures are observable. A quite nar-
than 150 meV for an F/D* ion at the surface of this charge OV liné near 0.5 eV ion kinetic energy, a broad hump with
cloud. Thus 150 meV is an upper limit for the kinetic energy St€€p high energy cutoff extending from about 1 eV to 5

gain of the ions due to acceleration by the electric field of the?V: @nd a “shoulder” on a small signal level extending from

space charge. As an independent check of space charge &-2-2 €V up to~8eV. o _
fects, we varied the backing pressure of the pulsed nozzle. !N @ first step [ becomes photoionized in the high-
No observable effect on the ion kinetic energy distributions"ensity light puls¢16-20. At the 790 nm excitation wave-
was observed. length the 0.5 eV line in Fig. 2 is then formed by dissociation
of D,* after effective absorption of two laser photorisae(

=1.57 eV)[16-20. Assuming unperturbed D vibrational
states, levels with vibrational quantum numbers 2,3,4

In Fig. 1 we show primary ion time-of-flighfTOF) spec-  contribute to photodissociatiof21]. The broad hump with
tra for D* [Fig. 1(a)] and H" [Fig. 1(b)] which we measured the maximum at a kinetic energy of approximately 4 eV has
at a light intensity of 2.5 10'® W/cn? with 10 nsec time its origin in Coulomb explosion after photoionization of dis-
binning. No electric field was applied to accelerate the ionssociating B ions[17—21. Charge resonance enhanced ion-
The prominent feature in both spectra is Coulomb explosionization (CREI) of D, at internuclear separations between

FIG. 1. Primary D (a) and H' (b) time-of-flight spectra taken
at a light intensity of 2.5 10" W/cn?. The insets show on an
enlarged scale the new plateaulike structures observed directly le
of the rising edge at short flight times of the prominent lines in the
spectra.

IIl. RESULTS AND DISCUSSION

after charge resonance enhanced photoioniza(l@REI) ~6 a.u. and~10 a.u. contributes to this structufé—8|
[6—8] of H," and D,", respectively. The corresponding lines [17-21.
appear at 4.9usec [D*, Fig. (@] and 3.6 usec [H", The high energy “shoulder” is the new structure which is

Fig. 1(b)]. The plateaulike structures directly adjacent to themost pronounced at high light intensity. It exists also fgr H
CREl lines at 3.7usec [D*, Fig. (@] and 2.7 usec [H*,  To reveal its evolution with light intensity, Fig. 3 shows this
Fig. 1(b)] are new features which will be relevant for the part of the kinetic energy distributions for,lfFig. 3@)] and
discussion below. They are shown on an expanded scale D, [Fig. 3(b)] on an enlarged scale. Corresponding spectra
the insets of the figure. For D the new structure is more for H, and D, were recorded at equal light intensity
pronounced than for 5. [(1) 1x10®Wlen?, (20 1.5x10®Wlen?, (3)

In the time-of-flight range belows 2.5 u sec the ion sig- 2.5 X 10" Wi/cn?]. A “shoulder’-like structure is found at
nal observed in both spectra is completely formed by backevery intensityl. With decreasingl, the ion yield in the
ground gas photoionization. The spectra in Fig&@) land  “shoulder” regime decreases. At the same time the lower
1(b) look very similar in this time interval. Since we did not bound E,;;, of the kinetic-energy range where it is visible
apply electric fields for ion acceleration, the same back-decreasesE,,, is determined by the position of the high
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Corresponding spectra were taken at equal light intengity:
1x 10"®°Wicn?, (2) 1.5x10%Wicn?, (3) 2.5X 108 Wicn?
The spectra reveal a “shoulder”-like structure at high kinetic ener-  FIG. 4. lon yield as a function of the internuclear separafon
gies. determined from the ion kinetic energy distributioifsg. 3). Cou-
lomb explosion of(a) H,* and (b) D," with zero initial kinetic
energy cutoff of the CREI ion yield maximuiisee Fig. 2 energy is the basis for the energy Rotransformation(a) Dashed
The high energy terminatiok ., of the “shoulder” is at line: Ixo(R)|? for the H* vibrational ground state, dotted line:
~8 eV, nearly independent of the light intensity and isoto-|xo(R)|> for the H, vibrational ground state(b) Dashed line:
pomere. Beyone ., (Exn>8.5 eV) the residual ion yield |xo(R)|> for the D" vibrational ground state, dotted line:
observable originates completely from decay of backgroundxo(R)|*+blx:(R)[*+cxo(R)x1(R). For the light intensities see
gas moleculegsee the TOF spectra in Fig).IThe ratio of ~ Fig- 3
the mean ion yield in the “shoulder” to the maximum ion
yield on the CREI structure increases with increasing lightpendent of the light intensity, a smaR cutoff in the ion
pulse intensity from 0.5% over 0.6% to 1% fog HFig. 3@]  yield is found at a nearly fixed internuclear separation.
and from 0.8% over 1% to 3% for [jFig. 3b)]. Charge resonance enhanced ionizatioREI) is impossible
Similar to the interpretation of the CREI structure, we in the R range where the “shoulder” photoions are created.
suspect Coulomb explosion of hydrogen and deuterium to b&he necessary localization of thg H(D,™) electron is only
responsible for the ion yield in the “shoulder” region. In the possible at internuclear separations larger than approxi-
case of H and D,, the complete loss of electrons initiates mately 6 a.u.
Coulomb explosion. From the kinetic energy;, of a disso- The maximum in the ion yield &=2 a.u. develops in a
ciation product (H or D*), the internuclear separatiddat  light intensity range between 1%10"°W/cn? and
the instant of complete photoionization can be determine@.5 x 10'® W/cn?. It appears exactly at the equilibrium in-
from ternuclear separation of ;i and D,* in the electronic
ground state &o4. This suggests that population in the
e =0 vibrational state is its origin. For a more detailed test of
~ 2Ewn—Eo’ (1) this assumption, we determined the nuclear wave function
Xo(R) of the unperturbed §i and D,* vibrational ground
Heree s the elementary charge afg the kinetic energy of states in the harmonic approximation. The vibrational fre-
nuclear motion prior to complete photoionization. In thequency and equilibrium internuclear separations were taken
analysis of the daté&E, will now be assumed to be small in from Ref.[12]. The probability distributiongy(R)|? to find
comparison to E,, in the “shoulder” region (8 eV H," and D, at an internuclear separatiéhare plotted as
<2En<17 eV). This seems to be justified in view of dis- dashed lines in Fig. 4.
sociation product kinetic energies found in bond-softening In the case of ', | xo(R)|? fits well to the experimen-
and ATD at the excitation wavelength used hgté—21.  tally observed ion yield maximum &=2 a.u. Especially
With E, set to zero it is possible to convert the ion kinetic its smallRrising edge which is least influenced by the strong
energy distributions in Fig. 3 into ion yield distributions CREI yield maximum is well reproduced. This finding
which are a measure of the probability of complete ioniza-Strongly supports the assumption that tRe=2 a.u. yield
tion of H, and D, as a function of internuclear separation maximum is formed by photoionization of,H molecules in
(see, for example]17]). They are shown in Fig. 4 for the the vibrational ground state. Since we started from tHis
“shoulder” ions. result gives further evidence that in general complete photo-
Based on the transformation wif,=0, the “shoulder” ionization of hydrogen is a sequential process where first one
ions are formed by complete photoionization of the mol-electron is removed to yield 1. Direct double ionization of
ecules at internuclear separations between 1.5 a.u. and 4 atdp would give rise to an ion kinetic energy distribution
(Fig. 4). For both H and D,, the R dependences of the ion which should resemble the,Hibrational ground-state wave
yield in the “shoulder” develop a maximum &~2 a.u. at function in the electronic state 5125 The corresponding
the highest light intensity. At lower intensities only a shoul- probability distribution is included in Fig.(4) as dotted line
der is formed similar to that in the kinetic-energy distribu- centered aR=1.4 a.u. In thisR range the ion yield is prac-
tions. This is best visible in the Dresults[Fig. 4(b)]. Inde- tically zero.

2
R
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For D," [Fig. 4b)] the probability distribution corre- 40-
. _ oo . ()
sponding to thesr=0 ground vibrational level is too narrow
to reproduce the observét=2 a.u. ion yield maximum. In 354

order to get a better agreement at the Rwsing edge of the

yield maximum where the influence of the CREI peak is %
smallest, a possible way is to assume a population in the firs_a
excited vibrational statev(=1) of D,” which also becomes
photoionized. We took a possible population in this state into
account in a partially coherent way and tried to reproduce the

measureR dependence by a probability distribution of the - 20¥——=————%

form a[ x5(R) +bx3(R) +cx1(R)x2(R)] with x; and x, R [a.u]

real valued nuclear wave functions. Similar te

_qr' x1(R) was .used in the harmomc approximation of.the FIG. 5. (a) Dependence of the H ionization potential on the
D," 1soy potential-energy curve with the same equilibrium i uclear separatioR [24]. (b) The perpendicular ionization
internuclear separation as fg(R). A good fit is obtained  propapility of H,* as a function of internuclear separatirealcu-
for relative contribution®=0.45 andc= —0.14. The corre- |ated for a flat top 80 fsec light pulse. Solid linex810 W/cn?,
sponding probability distribution is plotted in Fig( as a dashed line: x 10" W/cn?, dotted line: 1.5< 10'° W/cn?, dash-
dotted line. A pure incoherent superposition gf and  dotted line: 210" W/cn?.

x2 (c=0) would overestimate the observed ion yield for

R>2 a.u. A pure coherent superposition would require population has to remain v= 1 to explain the details of the
==2.\b, that is c=*1.34. The determinecc=—0.14 R=2 a.u. yield maximum in Fig. ). Photodissociation is
therefore means that a nearly incoherent superposition of vihe population loss channel of these states. Via dissociation
brational wave functions gives a good fit to the observed ionhe internuclear separation increases into a regime where
yield distribution. CREI nearly instantaneously serves to photoionize the mo-
For the given interpretation of tiR=2 a.u. yield maxi- lecular ion at the intensities used in the experimgzq.
mum to be justified, three conditions have to be fulfilled. Survival of population inv=1 for D," in contrast to H"
First, the mean kinetic energy in the nuclear motion prior tounder otherwise the same conditions may be explained in
removal of the second electron has to be small. This justifiegerms of the tighter binding of this vibrational state in case of
the transformation from the ion kinetic-energy distribution top,* and a lower velocity of nuclear motion. Depending on
the R distribution usingE,=0 in Eq. (1). Since obviously the internuclear separatid®) dissociation can be initiated by
only vibrational statesy=0,1 are involved in formation of the absorption of five to eleven laser photons between 1.5
the maximum, this choice is reasonable. For these siafes a.u. and 2.5 a.u. This is the minimum number of photons
<150 meV, which is small compared to twice the kinetic necessary to excite the ions vertically to the lowest-lying
energy of the “shoulder” ions. repulsive excited electronic statp@,, . In the samédR range,
Second, the ionization probability of the molecular ions18 to 22 photons are necessary for photoionization if one
has to be close to unity over the range of internuclear separeglects the quiver energy of the free photoelectron. Com-
rations where ther=0,1 wave functions are different from paring these numbers, it may be justified to assume that at
zero. Only in this case can it be expected that the square afie light intensity where efficient excitation to the dissocia-
the wave function directly fits to the measuiRdlependence tion continuum becomes possible, the inverse of the rate for
of the ion yield. To have an estimate of the necessary lightibsorption of further photons up to the ionization continuum
intensity to meet this condition, we used the ADKm- s already smaller than the time it takes for the molecular
mosov, Delone, Kraingvexpressiorj22] to approximate the ions to increase their internuclear separation significantly.
ionization rate of H" for internuclear separations between 1 Under these circumstances it becomes possible to map the
a.u. and 3 a.u. We calculated the probability for vertical ion-ionic vibrational ground-state wave functions through Cou-
izing transitions from theR-dependent ionization potential lomb explosion as it is observed in this experiment. The
I,(R) [see Fig. §a)]. The results for several intensities be- higher yield of “shoulder” ions for B compared to His
tween 8x 10" Wj/cn? and 2x 10" Wi/cn? are shown in  probably a consequence of smaller nuclear velocities at com-
Fig. 5(b). They are based on a light pulse of constant intenparable total energy deposited in the nuclear motion. It is
sity | over a pulse duration of 80 fsec. This estimate showsertainly not an image of population differences created in
that light pulse intensities approximately higher thanthe v=0,1 vibrational states by the primary,Hand D,
1.5 x 10" W/cn? are necessary for nearly unity ionization photoionization step since at least for unperturbed vibrational
probability over the relevant range of internuclear separastates of the ions the ionization Franck-Condon factors into
tions. The experimental intensity of appearance of fhe thev=0,1 states are higher for,H [23].
=2 a.u. ion yield maximum is higher than this estimated Taking unperturbed stationary nuclear wave functions is
necessary lower limit. This supports our interpretation of itsthe “simple man’s way” to model the maxima in thie

251
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o

origin. dependence of the ion yield BRt=2 a.u. At the light inten-
Third, non-negligible population has to survive in the vi- sities used this is expected to be only a first approximation
brational states v=0,1 up to light intensities | since the ko electronic potential is distorted even at the

>10' Wicn?. The experimental data indicate that fos™H  relevant small internuclear separations. Additionally a dy-
only v=0 remains populated while forD at least a certain namical evolution of population in the lowest vibrational lev-
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els should be taken into account in a thorough theoreticalvhich correspond to complete photoionization at the equilib-
analysis. rium internuclear separation of,tbr D, which may give a

In conclusion, our experimental data give a hint at thehint to nonsequential photoionization.
population of low vibrational states of ,f1 (D,") by strong
field ionization of the respective neutral molecule. But what
is more surprising, a non-negligible amount of population ACKNOWLEDGMENTS
remains there up to light intensities higher thart>My/cn?
in pulses with a pulse width 080 fsec. The results also We are grateful to Dr. M. Kalashnikov and G. Sommerer
show that complete photoionization even at these intensitiefor their assistance in running the laser system used in this
is a strictly sequential process. No ions have been founéxperiment.
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