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Disentangling molecular alignment and enhanced ionization in intense laser fields
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Using circular and linear laser polarization for strong-field dissociative ionization we show that iodine
molecules are rotationally fixed by their own moment of inertia during the dissociative ionization with a 80-fs
pulse. What seems to be alignment of the fragments is created by an enhancement of the ionization rate, which
is strongly dependent on the angle between the molecular axis and the laser electric-field vector. By the
introduced method we can measure the degree of alignment, foBi,, Cl,, and G and independently
estimate the enhancement of the ionization rate fof31050-294®9)50105-4

PACS numbeg(s): 33.80.Rv, 33.90-h, 42.50.Vk

It is widely assumed that small molecules in the gas phase With the following scheme we distinguish unambiguously
rapidly align with the laser polarization when illuminated by between the effects of molecular alignment and angular de-
intense femtosecond or picosecond pulsks4] due to the pendent ionization rate on the observed anisotropic fragment
torque on the laser-induced molecular dipole moment. Thelistribution.(i) We select a direction for observation of frag-
experimental justification for this assumption is the strongment ions resulting from dissociative ionization via the ge-
angular dependence of the exploding fragment distributio®metry of the time-of-flight mass spectrometéii) The
[5—7] during dissociative ionization. Pump-probe experi-alignment relative to the laser field is controlled by using
ments by other§8] as well as by our group9] appear to either linearly or circularly polarized light. Alignment along
confirm this interpretation. Based on this experimental evi2 given axis is only possible in linearly polarized light, since
dence, theoretical description of molecules in strong fielddn circularly polarized light the field vector rotates too
has concentrated on linear modg&1,2). In fact, the evi- quickly for any molecule to follow, and thus molecules can

dence has appeared so strong that the angular dependencéBl align to a plane. The use of circularly polarized light

the fragments in dissociative ionization experiments has bee nables the calibration of ionization in the absence of linear

guantitatively compared with models for orientational trap_ahgnm_ent.(m) The dlffer_ences b_etwe_en the obser_ved fr_ag-
. i . . mentation patterns obtained using linearly polarized light
ping of molecules in continuous laser field<].

with E|r, and circularly polarized light with equal electric

Feld amplitude, are a quantitative measure for the degree of

the angular depgndeqce c;f hthe frlagment dEtrlbutlon ISalignment of molecules in the linearly polarized laser field.
caused by a reorientation of the molecidd]. It has been First, the measuring scheme is established using a mol-

found experimentally that diatomic molecules appear to CoUgcle for which alignment is unlikely, due to large moment
lomb explode at a critical internuclear separati®12),  of inertia and low anisotropic polarizability. We chose di-
which is about 1.3 to 2 times the equilibrium internuclearjggomethane (CHl,) since the two iodine atoms have just
separation. Theoretical mode[l§,13,14, supported by eX- the critical internuclear separation where the enhancement of
periments[15,16], explain this anisotropy by an enhance- the ionization rate peaks fos.IWe confirm that ionization is
ment of the ionization rate for linearly polarized light with mainly dependent on the electric-field component parallel to
electric-field vector parallel to the molecular axi|¢) com-  the axis along the-+l bond. That is, the same dissociative
pared withELr. This increase peaks at the “critical dis- ionization signal should be observed for parallel and circu-
tance”: while the molecular ion dissociates it reaches a critidarly polarized light, provided they have the same maximum
cal internuclear separation at which the least bound electrofields.
localizes on one atomic core and the field of the other atomic Second, we study a series of diatomic molecules to deter-
ion assists the laser field in tunnel ionization of the elongatednine the influence of mechanical and electronic molecular
molecule. By modeling enhanced ionization classically, itparameters on alignment. Singeshows little alignmentsee
has been shown recently that dynamic alignment is unnecebelow), we also use the opportunity to quantitatively study
sary to account for the anisotropy in the iodine fragmentghe ionization enhancement ip [and CHl,) for linearly
[17]. It is important to experimentally clarify the degree of polarized light with polarization axis parallélersus perpen-
molecular alignment, since many phenomena depend on ttdicular to the internuclear axis. Furthermore, we show that
angle between polarization and molecular axis. Note, inhibilaser-induced shielding of Coulomb repulsion by almost ion-
tion of reorientation of a molecule often seen in so[iti8] is  ized electrong3] cannot be used to explain experimental
equivalent to an inertial confinemefdemonstrated below data on the critical distandd 9,12 observed in dissociative
of heavy molecules in the gas phase. ionization experiments.
The experiment is performefll5] with a background
pressure of X10 °® mbar at an operating pressure of about
*Present address: CEA Saclay, DRECAM/SPAM, 91191 Gif surl0”’ mbar (i.e., below the pressure at which space-charge
Yvette, France. effects influence the resujtsThe laser beanidiameter 4 to
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12 mm enters the vacuum chamber through a 6-mm-thick el T T '
fused silica window. It is focused by a parabolic mirror of grcular zl CH]J,

50-mm focal length into the 3-cm-long acceleration stage of
a time-of-flight (TOF) mass spectrometer to a focal spot of
7.5- to 2.5um diameter. The molecular fragments enter the
3-cm-long drift region via a 2-mm entrance hole. This results
for a TOF voltage of 800 V in an acceptance angle of 24°
for the P*-1" channel.

The linearly polarized laser puls€¢625 nm, 130uJ, 80

--------------- - perpend-

intensity

fs) are transformed into circular polarization byzn& plate. e L : e

The presencéor absenceof a subsequent polarizer allows 20 15 10 5 0 5 10 15 20

us to choose linearly polarized light—either parallel or per- away from detector E_ [eV] towards detector
n

pendicular to the detector axiser circularly polarized

light) with equal field amplitude, which is critical to our  FIG. 1. Kinetic-energy distribution of?" resulting from the
approach. If the laser electric-field component parallel to thexplosion of CHI, for circular laser polarization as well as for
molecular axis primarily determines the ionization rate inparallel or perpendicular polarization with respect to the molecular
strong-field ionization, then—in the absence of aligment—aaxis. The ion signals for parallel and circular polarization are ap-
pulse linearly polarized witlE|r and a circularly polarized proximately equal.

pulse(which has an additional field component of equal am-

plitude but phase shifted by/2 and perpendicular to the that primarily the parallel component of the field is impor-
molecular axi$ should produce the same fragment ion sig-tant. In the absence of alignment the large difference in sig-
nals at the detector. The light intensity for perpendicular ponal between circulaparalle) and perpendicular polarization
larization was a factor of 1.12 higher than for parallel polar-can only be due to angle-dependent ionization. Thus, align-
ization, i.e., the electric field was 6% larger. This deviationment can be observed, even in the presence of angle-
results from the fact that th&/4 plate was designed for dependent ionization, by comparing the signal intensities ob-
610 nm. tained with parallel and circular polarized light.

Studying ionization without alignment requires a mol- We study a series of diatomic molecules with decreasing
ecule with large moment of inertia and small anisotropicmoment of inertia (4,Br,,Cl,, and Q). Figure 2 depicts the
polarizability[Eq. (1)]. CH,l, is such a candidate sin€g it  time-of-flight distributions for 1" and CI'* (n=2,3) for the
has with r(I—I)=3.58 A [20] a moment of inertia 1.7 three different polarization states. Since the ionization rate is
times larger thant (ii) it has an anisotropic static polariz- primarily determined by the parallel field component, differ-
ability, «j—a, (defined relative to the—-l bond axig, ent strengths of the fragment signals for parallel and circular
which is equal to that of,latr,, and 30% smaller than that polarization measure the degree of alignment.
of elongated 4 at 3.6 A[21,22; (iii) this anisotropy of the The following observations can be made based on the |
polarizability of CHyl, should decreasg21] as the carbon- data: (i) The kinetic energy of the’l (and E*) fragments
iodine bond length increases, until thé"'C-1™* bonds are nearly identical to the corresponding peaks in thelCH
break(electrons localizg (iv) after the carbon and hydrogen
fragments leave CHl,, aj(wg) —a, (wg) of the remaining
elongated J is small since 3.6 A is the characteristic dis-
tance for electron localization in all charge states,of1i3].

Note, that the large mass differences between the con-
stituents of CHI, separate the time scales of motions in-
volved in dissociative ionization. Hydrogen and carbon de-
part quickly, leaving the heavier fragments almost in their
original position. Assuming Coulomb potentials and unit
charge on the carbon and iodine fragments, thel ®ond
length doubles within 40 fs. Experimentally we obsenfé C
fragments with typical explosion velocities of 0.26 A/fs
(=40 eV). Thus for CHI, molecules in the high-intensity
region of the laser focu¢labeled by the charge state the
fragments reachisolated iodine ions are produced well be-
fore the peak of our 80-fs pulse and close to their original
internuclear separation ®~3.6 A. This allows a detailed
comparison with iodine sincR~3.6 A is also the critical ; ; ; .
distance for J. 13 14 1.7 1.8

Figure 1 shows the kinetic-energy distributions of thé | time [us]
fragments of CHI, for the three laser polarizations. The  FiG. 2. Flight time distributions of the ionic fragments for chlo-
fragmentation channels are labeled with the charge states @he (above and iodine(below). The * intensities for parallel and
the two ionic fragments. Parallel and circular polarizationscircular polarization are nearly equal, whereas they differ signifi-
yield approximately equal signals for the 2-1, 2-2, 2-3, andcantly for CP*, showing the absence of alignment for the iodine
even the 3-3 and 3-4 channdlsot shown, which confirms  molecule.
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data. For example, the kinetic energy in the 2-1 channel is A better description is obtained by solving numerically
5% larger for iodine than for CHl,, and in the 2-2 channel the classical equations of motion for the internuclear distance
the kinetic energy is 11% larger for the fragments.pfian ~ and for the angle between molecular axis and laser polar-
for those of CHlI,. (ii) The signal strength of the 2-1 channel ization. While the internuclear distance is assumed to in-
is identical for parallel and circular polarization, while for crease due to Coulomb repulsion, the angular acceleration is
2-2 only a slight difference can be detected. Diatomic iodinediven by the torquev =dxE on the molecular dipole mo-
does not significantly align for laser intensities below thementd induced by the laser fiel&(t). During dissociative

threshold for 45* . (iii) The splitting of the peaks of the ionization, the. moment of inerti(t) =mr(t)?/2 is time de-
same fragment channéand thus the kinetic energy of the Pendent, leading to

fragments$ is identical for parallel and circular polarization. _

This is in contradiction to Brewczylt al. [3], who inter- . o —a; ) . r.

preted their calculated results by a shielding effect due to 0=———E()"cosfsinfg+2-6. @)
highly excited “not quite ionized” electrons for linearly po-

larized light. If shielding were important, the electrons would 5, o gitional term due to the initial angular-momentum pro-
be driven away by the circularly polarized light, making thejection on the laser polarization axi?l,, given by

shielding ineffect.ive and resultir:g in a larger kinetic energyMgcosa/lzsins 6 [25] can be neglected for the strong laser
of the fragment ions(iv) The P portion of the spectrum  fjg|qs considered here. The mass of the molecule has two
shows that alignment increases for higher charge states. counteracting effects in the angular acceleration process. A
Observation(i) above shows that the1*" fragments jight molecule is easy to accelerate, but the internuclear dis-
from both ChHl, and |, originate from approximately the tance increases quickly, once the molecule reaches a disso-
same internuclear distance, which is consistent with a criticatiative state. Thus, the increasing moment of inertia leads to
distance of 3.6 A{12]. Thus, the two atoms in the iodine areduced or even negative angular accelerdtienond term
molecule must have moved out during the rising edge of then right-hand side of Eq1)] while the laser field is still on,
laser pulse, which excites all molecules into mostly dissociaand leads to an angular deceleration when the laser is off.
tive stateg23]. The nearly equal ion signal in Fig. 2 at low  Using the measured threshold intensities 87 I[26] and
kinetic energies foiE|r as for ELr shows that the same a Gaussian laser pulse time profile, ELj. overestimates the
fraction of molecules is in dissociative states and reaches thexperimental alignment for iodine by a factor of 2 but under-
critical distance at low laser intensity, either in the outerestimates the effect for chlorine by a factor of 2. The accu-

regions of the focus or in the rising edge of the pulse in thd@acy is limited by the uncertainties of the electronic proper-
inner regions of the focus. ties (@ and the threshold laser fields for ionizatioiVhile
This excitation of molecules irrespective of their orienta-the ground-state polarizability of a neutral molecule is well
tion is an alternative interpretation of the pump-probe experiknown, it is not for elongated and excited molecules or for
ments[8,9], which have so far been claimed as unambiguougnolecular ions. Note, thdt) for neutral diatomic molecules
evidence for alignment. If the preceding perpendicular pum@n increase oty with elongation was found by quantum-
laser pulse excites almost all molecules, these are large§hemical calculationg27,21]; (i) the relation betweerr and
dissociated by the time the second parallel polarized pulsescillator strengtf;; ,a(|j))~=if;; /f , with transition en-
arrives. Therefore, fewer ions will be observed in the samergiesw;; indicates an overall decrease @fwith increasing
ionization channel in the pump-probe induced fragmentcharge[28]; recent calculation$21] show a decrease af
spectrum. from neutral iodine to £* by a factor of 2;(iii) « can be
The chlorine data showva) the same kinetic energy split- negative in some excited statéis;) for increasing laser field
ting for circular and parallel polarized light, i.e., again no the polarizability differs from the zero field value even in the
shielding by Rydberg electrong) that the intensity of GI* electronic ground statg29]; (v) whenr reaches the critical
in the 2-1 channelforward ions for parallel polarization is a distance, electron localization occurs and the anisotropy in
factor of 2 higher than for circular polarization, which is the frequency-dependent polarizability w,) must decrease.
consistent with a higher degree of dynamic alignméa); This can be understood as a consequence of the shallow in-
that the angle-dependent ionization causes a factor of 3 iternal barrier of the double-well potential of the elongated
intensity between perpendicular and circular polarizationmolecule. These severe uncertainties of the polarizability
Based on these quantitative data and those ofddid Q  lead to the overestimate of alignment in the former calcula-
(not shown we see that lighter molecules are partially align- tions[9] performed in our group.
ing, even in a pulse as short as 80 fs, with the degree of Since iodine does not align significantly for charge states
alignment increasing for higher charge states and for debelow 5+, we can use the 2-1 channel to extract a quantita-
creasing initial moment of inertia. tive measure of the increase of the ionization rate between
Alignment is far from instantaneous, as can be seen by parallel and perpendicular polarization. Since our laser peak
classical estimate assuming constant angular accelerationtensity exceeds 0 W/cn?, the ionization into the triply
during a rectangular 80-fs laser pulse. Using the polarizabileharged state,f* is saturated, i.e., all ions come from the
ity components defined relative to the molecular symmetryegion of the laser focus where the laser intensity exceeds the
axis of the neutrall,a—a, =7.6x107*° Asn?/V [24], threshold for triple ionization but stays below fourfold ion-
the moment of inertia at,, and the maximum field given by ization. The volume of this region increases with the thresh-
the ionization threshold o, E,;,=1.5x10° Vicm, one  old intensity as ¥41,°"). The observed tenfold increase in
obtains a total angle changed=4.2°. ion signal for parallel compared to perpendicular polarization



RAPID COMMUNICATIONS

PRA 59 DISENTANGLING MOLECULAR ALIGNMENT AND ... R3173

is therefore equivalent to a decrease of the threshold intensitgnd perpendicular light in the nonsaturated regj8H. Dy-

by about 4.5. We measured the same change of threshofthmic alignment during an 80-fs laser pulse becomes more
intensity by decreasing the laser intensity of the parallel posignificant for higher field strengths and for the lighter mol-
larization until the ion signal for parallel polarization equaled ecules. The calculation of alignment in either femtosecond or
the ion signal for perpendicular polarization at the previougPicosecond pulses is extremely difficult due to uncertainties
intensity. Based on Ammosov-Delone-Krainov the¢dp]  in polarizability in the multitude of states that the molecule

ization rate(in the region of 18°* s™1) by 1C%, while a de- important to investigate to what extent the anisotropy of the

. ; fragment distribution in picosecond pulse experiments
crease in intensity of 4.5 changes the rate by. 10 , ! . .
n "y 9 b 9,4], for which our proposed method is valid as well, is

In conclusion, we have presented a method to disentang s
ue to dynamic alignment.

the contributions of angle-dependent ionization and of align

ment, respectively, to the anisotropy of the fragment distri-

bution. For }, where alignment is negligible at field
strengths below the ionization threshold fgrl, it is now

We thank David Joines for valuable technical support and
G. DiLabio and J. Wright for their data prior to publication.
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possible to measure the relative ionization rate for paralletion.

[1] A. Giusti-Suzor and F.H. Mies, Phys. Rev. Le@8, 3869
(1992.

[2] B. Friedrich and D. Herschbach, Phys. Rev. L&#, 4623
(1995.

[3] M. Brewczyk, K. Rzazewski, and C.W. Clark, Phys. Rev. Lett.
78, 191(1997.

[4] V.R. Bhardwaj, K. Vijayalakshmi, and D. Mathur, Phys. Rev.
A 56, 2455(1997).

[5] L.J. Frasinskiet al, Phys. Rev. Lett58, 2424(1987).

[6] K. Boyer et al, Phys. Rev. A39, 1186(1989.

[7] D.T. Stricklandet al, Phys. Rev. Lett68, 2755(1992.

[8] D. Normand, L.A. Lompreand C. Cornaggia, J. Phys. 25,
L497 (1992.

[9] P. Dietrichet al, Phys. Rev. A47, 2305(1993.

[10] B. Friedrich and D. Herschbach, Chem. Phys. L2&2 41
(1996.

[11] A. Talebpour, S. Larochelle, and S.L. Chin, J. Phy13L49
(1998.

[12] M. Schmidt, et al, J. Nonlinear Opt. Phys. Mated, 817
(1995.

[13] T. Seidemann, M.Y. Ivanov, and P.B. Corkum, Phys. Rev
Lett. 75, 2819(1995.

[14] S. Chelkowskiet al, Phys. Rev. A52, 2977(1995.

[15] E. Constangt al, Phys. Rev. Lett76, 4140(1996.

[16] C.N. Gibsonet al, Phys. Rev. Lett79, 2022(1997.

[17] J.H. Posthumust al, J. Phys. B31, L553 (1998.

[18] M.A. Kramer, W.R. Tompkin, and R.W. Boyd, Phys. Rev. A
34, 2026(1986.

[19] P.A. Hatherlyet al,, J. Phys. B27, 2993(1994).

[20] z. Kisiel et al,, J. Chem. Physl05, 1778(1996.

[21] G. DiLabio and J.S. Wrightunpublished resulis

[22] K.J. Miller, J. Am. Chem. Socl12, 8543(1990.

[23] R.S. Mulliken, J. Chem. Phy$&5, 288 (1971J).

[24] D.W. Callaharet al, J. Chem. Phys72, 4791(1980.

[25] B.A. Zon (unpublished

[26] P. Dietrich and P.B. Corkum, J. Phys.28, 2323(1993.

[27] W. Kolos and L. Wolniewicz, J. Chem. Phy&6, 1426(1967).

[28] P.W. Atkins,Molecular Quantum Mechanig®©xford Univer-
sity Press, New York, 1983Chap. 13.1.

[29] G.R. Kumaret al,, J. Phys. B29, L95 (1996.

[30] M.V. Ammosov, N.B. Delone, and V.P. Krainov, Zh. Eksp.
Teor. Fiz.91, 2008(1986 [Sov. Phys. JETB4, 1191(1986)].

[31] B. Walkeret al, Phys. Rev. Lett73, 1227(1994).



