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Exploration of Coulomb explosion dynamics through excited vibrational states of molecules
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The fragmentation dynamics of JH molecular ions in intense laser fields is investigated by means of a
high-precisionab initio method beyond the Born-Oppenheimer approximation. Special attention is paid to the
detailed Coulomb explosiotiCE) mechanisms and dynamics through excited vibrational states,bf Ad
kinetic-energy releaséKER) spectrum and CE phenomenon is predicted, in which the kinetic-energy distri-
bution of H" ions exhibits a series of peaks separated by one photon energy. A proposed scheme for observa-
tion of the KER spectrum and CE dynamics is presented.
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The study of ionization and molecular fragmentation is athe electron is excited to continuum vibrational states, the
subject of considerable interest in strong-field moleculaH,” can dissociate via these states directly or be further ion-
physics. In particular, the responses of the simplest prototyped by the lasefsee Fig. 1a)]. The latter process, which
molecular systems, f1 (D,"), in intense laser fields have will be called excitation-ionization-dissociatigID) here-
been extensively studied in the recent peist10. Figure  after, is a two-step process, in which the ionization of i

1(a) displays some of the major fragmentation mechanismsntermediate continuum vibrational states induces CE. The
arising from above-threshold dissociatiohTD) [11], disso- experiments of ion-induced molecular fragmerfs3, 19
ciation via chemical bond softenin@®SD) [12] and bond  ghoy that the excited states of the transient molecular ions

hardening [13,14, Coulomb explosion(CE) by charge- | ,ve stronq i o
o g influence on KER spectra. Due to this influence,
resonance-enhanced ionizatid€RE)) [15], and CE by the KER spectra have fine structures that differ greatly from

(rjecollids_iotn OI eleclzro_ngtzh,s,li_q, ,?tc' These rr?echagisms Pro- the DCE spectra. This demonstrates the limitation of the con-
uce distinct peaks in the kinetic-energy releg¢eR) spec- ventional DCE picture to explain molecular fragmentation

h .
trum of H" that have been observed experimentally. Th€y \amics In addition, recent experiments of laser-induced

. +
KER spectrum reflects a nuclear state at the time when H ¢ o entation of H[1] show that the tunneling ionization of

breaks ud17]. H. d 2
. . » does not follow the Franck-Condon principle due to the
However, most of the KER spectra of ibns obtained to 5.4 \ariation of the ionization rate with internuclear sepa-

date are not the_ spectra of the “pure;*]—fragmentatmn be- ration. Thus the interpretations of earlier experiments may
cause the experiments were performed usipgridlecules as have to be reconsiderdd].
the initial primary targef8,9]. In these experiments, the,H In this paper, we report on a KER spectrum and CE dy-
is formed from H in a very fast ionization process at the
leading edge of the laser pulse, the ionization gfddes not
affect the fragmentation process ofHand the KER spec- \ !
trum of H" is only produced by dissociation and CE of'H ( \ *,
Nevertheless, in almost all the experiments with, ldnly
parts of the H molecules are ionized to flions[8] and the .
ejected electron in the ionization process is highly correlated
with its parent H* ion [1,10]. Moreover, recent theoretical \\ Z
studies[16] indicate that the correlation effect between the | | !
electrons and ions plays an important role in the fragmenta-|
tion dynamics of [ and have strong influence on the subse- |
quent dissociation. In particular, it has been shown in receni \:ﬁ - -
experiments using 51 ions[8,9] that the KER spectra of H 271 T Vibrational continuum
deviate greatly from those obtained from the experiments \‘
with H,. Thus, the fragmentation dynamics of Hobtained
indirectly from the B experiments is not consistent with that i
obtained by the direct 51 experimentg1,9]. ~\‘///i?/f7 150
In intense laser fields, the electron ofHan be excited @ ?
and ionized. If the electron is ionized, the Hon breaks up

S . . . FIG. 1. Dissociative processes and the KER spectrum.dfii
via dir lomb explosi r ing H ions. If . ! X ! -
a direct Coulomb explosiotDCE), producing H ions intense laser fieldsia) A sketch of the various dissociative pro-

cesses(b) The CE-KER spectrum of Hfor H," with an initial state

of the ground EV eigenstat@,0). The laser field is a sfashaped
* Electronic address: zyzhou@ku.edu pulse withly=1X 10 W/cnm?, A=790 nm, andr=90 o.c.p is the
"Electronic address: sichu@ku.edu total KER spectra angd‘{ is the DCE-KER spectra.
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namics. We assume that thg'Hons are well prepared in a operator techniqué23,24 to propagate the time-dependent
given initial vibrational stat¢8,9] and study the dynamics of nuclear wave function.

intense laser-kf interaction by means of a high-precisiab Further, we expand the nuclear wave functigR,t) in a
initio method beyond the Born-Oppenheimer approximatiorcomplete set of nuclear vibrational eigenfunctidgs,(R)}:
(BBO). Special attention is paid to the correlation betweeng (R,t)=3, a,,(t)¢n,(R), where the expansion coefficient
electron and ion, as well as the KER spectrum of pdo- o, (t) is the probability amplitude on an electronic-
duced in the EID process. A kind of CE-KER spectrum 6f H vibrational (EV) state(n,v). The CE-KER spectrum of H
with the fine structur¢7,10] associated with the EID of con- \hich is described by the probability density of* Hrag-
tinuum vibrational states of 41 is predicted. This spectrum ments, is calculated bdE,| o £(t)]2, whereE, is electronic
consists of a sequence of peaks separated by one phot@fergy in continuum electronic states, aidrefers to the
energy and can be observed through initially prepareds,m energy shared by the fragments. This method is hard to
highly excited vibrational states of fiusing the techniques use becausg, depends orR and it is impossible to find an
already available in the experimen9]. exactR -independenE, for the integral.

Suppose that the laser pulse is much shorter than the typi- ap equivalent method is to project the total wave function
cal rotational period of a molecule and the molecular axis isq the eigenfunction of Hamiltonian with ionization-
aligned parallell to the linearly polarized laser field. In this yissociation of H*. This Hamiltonian can be written as
case, the rotational degree of freedom can be frozen and ”ﬁ’c(r R)=H,(r,R) +H;(r ,R), wherer is the electronic co-
internal motions of the three-body,Hsystem can be de- ' m s

scribed mathematically in a three-dimensiof@D) coordi- otion, andH,=-V2/2 is the Hamiltonian of a free elec-
nate system of the center of mass: two prolate spheroidq on. The eiaenfurnction ofHe can be written as

coprd_mates(,u,v) (0§M<oo.,0s V< 77,0§ ¢$=<2m, where ®(p,E,r,R)=\(p,r)x(E,R), wherey(E,R) andE(=0) are
e a0 o sy o™ e sgnfintionan he cigeneneraf and o) an
SRKSS® . - 2 . .
nuclear separatioR, the electronic eigenenerdy,(R) (the p_/2 (p is Fhe elgenmomentum of the free electrame _t_he
. ' L ; X eigenfunction and the eigenenergy ldf.. The probability
potential energy for nuclear vibratiprand eigenfunction density of H* with kinetic energyE is calculated byp(E)
(w,v,R) are calculated accurately and efficiently by SOIV':ﬂw(p,E,rf)\zdp, where the probability amplitude

ing the eigenvalue equation of a field-free fixed-nuclei elec-W(p E,7) is obtained by projecting the time-dependent
tronic Hamiltonian in terms of a two-center generalized T :

wave functionW(u, v,R,t) at the end of the laser pulsgto
pseud_ospectre(GPS.method[2_1]. The G.PS m_eth_od allqws the CE eigenfu(n/étiortbc()p E,r,R). For H,", the Fi)nt:ffer-
nonqn_lform and opt|m.al spatial grid dlgcretlzathn. High- nce between electronic s,tat’es, is very Slf%bﬂ and can be
precision electronic eigenenergy and eigenfunction can bge lected in the calculation of probability density. Further-
obtained with the use of only a modest number of grid point§1 9 the electronic eigenf Fi ( R>)/ . yll |
[21]. In order to take good care of the correlation betwee ore, fe electronic_eigentunc '.o% rR) 1S a SIowly-

yarying function ofR [20]. In particular, #,(r ,R) does not

electron and ion, we expand the total time-dependent wav ) N
function W(u,»,R,t) in the electronic eigenfunctions change withR under the BO. Thus to a good approximation,

W(w, v, RY=30n(R, (1, »,R) in the BBO framework. we assume thapn(r_, R) is independent _o_R When_ca_lculat-
The time-dependent nuclear wave function of tie elec- "9 w(p,E, 7). In this case, the probability density is calcu-

tronic state,e (R, 1), is calculated from the equation of mo- !ated byp(E) =Zp,(E), wherep,(E) is the contribution of
tion (in a.u) CE from the nth electronic state given byp,(E)

=|(x(E,R) | ¢n(R, 7))|2. If we ignore again the interference
) 1 A between vibrational eigenstates, the total probability density
i—en(R)=| = 2=~ +E(R) |@n(R) + X | Vo (R1D) can be simplified tp(E)=2,,,p(E), wherep?(E) is the prob-
at 2maR? n n
n’ ability density from an EV statén,v) and is given by

+ Znnr(R)%? + Enn’(R):| en (R, 1 P(E) = |, (1) X (E, R)| by, (RN (2)

We will illustrate that the main effect of the interference
where m is the reduced mass of nucleV,(R,t)  petween vibrational states is to make the specfiif) ex-
=V, v,R, D)l (“|[r” means that the integral is per-  hibit some small oscillations. Because the sums to bathd
formed for the fixed R), V(u,v,R,t) v are over discrete and continuum states, the total KER spec-
=(D/2)e(t)Rcoshu cosv is the interaction potential of /i trum contains all the contributions from various CE pro-
with the laser fields(t) in the length gauge and electric di- cesses, including those from discrete EV states by direct re-
pole approximationp=1+1/M, andM is the total mass of moval of the electron. Equation2) shows that the
H,". Zan (R ==(L/m){ih,| 9/ R| hy)|g @and &, (R)=—(1/2m)  probability density from an EV statén,v), pyp, is propor-

X (| P19R?| i )|r are correction terms to the Born- tional to both the probability amplitude populated on this
Oppenheimer approximatiofBO) since Eq.(1) reduces to Statea,, and the ionization-dissociation probability ampli-
an equation of the BO if,,(R)=¢&,,(R)=0. To solve Eq. tude from this statéy| ¢,,). Suppose that the initial state of
(1), we use the Fourier-grid HamiltonidRGH) method[22]  Hj is an EV eigenstaténg,v,) and the DCE probability den-
to discretize theR coordinate and the second-order split- sity from this state isof,g(E), thenp*(E):p(E)—pﬁg(E) is the

ordinate, H,=-V4/2m+1/R is the Hamiltonian of nuclear
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— 10y —fp KER spectra from different EV states without the loss of the
'% —_p 4 ‘”\‘ p} main physical fea_ltures. Figuréa shqws that the total spec-

v 10%3 / U‘\ tra p has two main peaks and a series of subpeaks. The two
S 20 40 60 main peaks extending from 7.5 to 22.3 eV are produced from
z 1077 b PHx10° the DCE of the initial state. They are much larger than those
§ 102 vW\r\‘”v\M‘.ﬂM\W‘MW",\ of the subpeaks. In order to explore the origin of the sub-
2z o ’GO peaks, the DCE-KER spectﬁ% is separated from the total
8 1] KER spectrg and is plotted in the upper inset. The remain-
s derp*=p-pt is displayed in the lower inset. The has two
o

107 - . y . y . peaks located at 11.2 and 15.3 eV, while fsiehas a se-
0 10 20 30 40 50 60 quence of peaks separated by one photon energy.
Kinetic energy E (eV) To probe the underlying mechanism responsible for the
5 ; spectral feature of", we calculate population probability on
., Px10 1 P10 the EV state(n,v), P.(E)=|an,(1)|?>, and the ionization-

P

o
2

- dissociation probability density from theh electronic state
- & pn(E). For a continuum vibrational state of the nth elec-
! [ tronic state, the kinetic energy iR,(E) is calculated byE
g =E,,—Enp, WhereE,, is the eigenenergy of the EV con-
tinuum state(n,v) andE,p is the dissociation energy of the
nth electronic state. Because of the parity of the electron, if
the initial state is a vibrational state o$d, then only even
FIG. 2. CE of H" with an excited initial EV statéL,1). The number multl_phot_on processes are allowed for the transitions
laser field is a sifshaped pulse witho=5x 108 W/cn2, »  &Mong the vibrational states obd, and only odd number
=532 nm, andT=128 o.c.(a) The KER spectrum of H 7 and p mulnphotonl processes are possible for the transitions be-
are the total KER spectra with and without interferengein the ~ tween the vibrational states obd, and those of fo, etc.
upper inset, ang" in the lower inset, are the DCE spectra and EID IN Fig. 2b) we plot the potential energly(R) of 1so,, the
spectra, respectivelyb) The potential energf; (R) of 1so,, popu-  Population probability? (E), and the ionization-dissociation
lation probabilityP; on 1sr,, and ionization-dissociation probabil- probability densityp,(E) at the end of the laser pulse. It is
ity density p; from 1soy,. shown thatp, is very similar toP,;, demonstrating that, is
proportional toP,. P is the probability on the highly excited
probability density from all the other EV states. In the fol- and continuum vibrational states od, [20], while at the
lowing, we will focus our investigation on the physical end of the laser pulsen is the contribution of ionization
mechanism for producing (E). dissociation from 4oy to the total KER spectra. Thys in
We first applied the method to the investigation of thefig. 2(a) is produced through highly excited vibrational
fragmentation of B initially prepared in the ground EV states of H* during ionization dissociation, namely, EID. It
eigenstate (no,vg)=(1,0. The parameters of strong fs exhibits a kind of CE-KER pattern with equal-spacing fine
sir’-shaped laser pulse are laser peak intendigy 1 structures.
X 10" W/cn?, wavelengthA=790 nm, and pulse duration  The EID-KER spectra vary with the initial state and so do
T=90 optical cyclego.c) (=240 fg, which is an approxi- the relative values of the EID-KER spectra to the DCE-KER
mate pulse width with 80 fs full width at half maximum spectra. The DCE spectra depend on the survival probability
(FWHM) of a Gaussian pulse used in a recent experimenpf the initial state, while the EID spectra depend on the
[7]. To achieve converged results, the boundary is set gdopulation probability of the excited and continuum states.
Rmax=35 a.u. and up to 20 electronic states are included irBoth rely on multiphoton excitation rate: the former is in-
the calculation. In Fig. (b), we show the total KER spectra versely proportional to it, while the latter is proportional to
p and the DCE-KER spectig. In the total spectra, there is it. Since the multiphoton excitation rate from a lower vibra-
a main peak located around 13.3 eV, extending from 10.5 tdional state is much smaller than that from a higher vibra-
17.1 eV. This peak is mainly produced from DCE of thetional statg 13,20, the relative values of the EID spectra to
initial state. It provides eachHwith the kinetic energy up to  the DCE spectra increase rapidly with the initial vibrational
8.5 eV. This agrees well with the observation in the experistate. This is more clearly illustrated in Fig. 3, where the total
ment[7]. However, Fig. 1b) shows that the total spectra is KER spectrap, the EID spectrg’, and the DCE spectrpvi1
quite different from the DCE spectra. are plotted for the bf' with a highly excited EV initial state
To get further insight into the fragmentation o Hlwe  (ng,v0)=(1,11). The laser field parameters are the same as
calculate the KER spectrum from the first excited vibrationalthose in Fig. 2. It is shown that the EID spectfaare now
state (ng,v9)=(1,1) of H,". The parameters of the much larger than the DCE specps. The total KER spectra
sir’-shaped laser pulse alg=5x 10" W/cn?, A\=532 nm, are mainly produced from EID. This is due to the large mul-
andT=128 o.c. In Fig. 2a) we display the total KER spec- tiphoton excitation rate from the vibrational statg=11 to
tra with interference(p), and without interferencép). The  the highly excited and continuum states.
main difference betweep and p is thatp has some small Finally, the EID spectra also depend strongly on the laser
oscillations aroundp. Thus, p can be used to analyze the pulse. For a long-wavelength laser, the photon energy is
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FIG. 3. Same as Fig.(8) but the initial state of K" is a highly

excited EV statg1,11).
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quired that H* be prepared initially in a high vibrational
state and that the laser be equipped with a shorter wave-
length, intermediate intensity~5x 10 W/cn?), and a
little bit longer pulse duration.

In summary, based on a high-precision 2D initio
method, we have performed a detailed investigation of the
process involving ionization dissociation in the fragmenta-
tion of H,". A different kind of CE-KER spectrum, the EID-
KER spectrum, is predicted, which consists of a sequence of
peaks separated by one photon energy. The variations of the
EID spectra with the initial state of /1 and the laser pulse
are discussed. A scheme to observe the fine structures of EID
spectrum is proposed. The EID phenomena studied in this
paper is general and is expected to be valid for other mol-
ecules as well.

small, so is the peak separation in EID spectra. Because of

the strong field effect, the peak width in the EID spectra may This work is partially supported by the Chemical Sci-
become broader with the increase of laser intensity. Wheences, Geosciences, and Biosciences Division of the Office
the laser pulse duration decreases, the EID spectra may bef Basic Energy Sciences, Office of Science, U. S. Depart-
come smaller as a result of fewer populations on the excitedhent of Energy, and by the National Science Foundation. We
and continuum states. Therefore, to observe the equa&cknowledge the Kansas Center for Advanced Scientific
spacing fine structures in the EID-KER spectrum, it is re-Computing for the support of supercomputer time.
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