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Autoionizing Rydberg states of NO in strong electric fields
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We report on an investigation on autoionization of Rydberg electrons of the nitric oxide molecule
in strong, static electric fields. The excitation was done via various rotational states Af¥e
intermediate statev( =0) and with polarization parallel or perpendicular to the electric field. The
splitting of the autoionizing Rydberg states into overlapping Stark manifolds is resolved for
excitation above the saddlepoint created by the field. We observe that the competing decay between
photoionization and predissociation can lead to an incorrect interpretation of threshold energy. The
photoionization spectrum of NO Rydberg series attached to various rotational thresholds is very
similar owing to weak rotational coupling. The experimental results are accurately simulated by
guantum calculations based on multichannel quantum defect tHBERDT). A more intuitive
formulation of the average behavior of the photoionization cross section is developed that accounts
for the suppression of ionization near the threshold due to competing predissociating channels.
© 1999 American Institute of Physids$0021-960609)01128-9

I. INTRODUCTION Rydberg level, in zero-field bound by 176 th can classi-
cally escape over the saddlepoifield-induced autoioniza-

An optical pulse can pump the outer electron of an atomjon). For the NO molecule the time scale on which this
or molecule toward quantized, highly excited states, soglectron emission process takes place is on the same order as
called Rydberg states, with energies described by the Rydragmentation of the corépredissociation Each time an
berg formulaE = 1P—1/2(n— 1) (in atomic unit3, where IP gjectron returns to the ionic core there is a probability that it
is the ionization potentiah is the principle quantum number gcaiters and autoionizes and there is a probability that the

ranging from one to infinity, ang. is the quantum d_efe&t. energy of the electron is transferred back to the core, leading
The classical outer turning point of the electron orbit of such;, fragmentation into a neutral nitrogen and oxide atom

a Rydberg state is rather largéor instance 660 A fom In addition to autoionization and predissociation, cou-

t25,'| O’|800| tllilncgs tr(ljetrllnt?rnuglteflrkd|s;ance Ofl tthetr:jl pling of the electron to the molecular core can lead to an
afomic molecue and the fime 12 takes o complete te o, shange of core rotational or vibrational energy to the elec-
orbit is relatively long(2.4 ps forn=25; the same time scale .
; . tron. We refer to the case that the Rydberg electron gains
as the lowest rotations of the NO cardJpon applying a . Lo - ha
; L .rotational or vibrational energy sufficient to escape the ionic
static electric field to the system, the Rydberg levels experi-

ence a Stark splitting and the angular momentum of the orcore as rotational or wbra‘uopal autoionization, rgspec'uvely.
In order to unravel the influence of the various decay

biting electron is no longer conserved. Hence, in addition to . : : o
the oscillation along the radial coordinate, there is also afnechanisms of Rydberg electrons in a static electric field, we

oscillation in the angular momentum of the electron betweernonitor the photoionization of NO at various field strengths.
| =0 up tol =n—1 and back. Fon= 25 with a field strength Nitric oxide has been selected as an example to study these
of 1 kV/cm, the angular momentum period is 10.4 ps. In thadynamics, since the molecule has a convenient and estab-

case, the electron makes about four radial oscillations durinshed Iqser excitgtion §cheme. The excitation pathway is
one complete angular oscillation. schematically depicted in Fig. 1. The molecule is excited

A simultaneous effect of the electric field is a suppres-from the?I1 ground state via a selected rotational state of the
sion, in the direction of the field, of the Coulomb potential A*S™ intermediate statev( =0) to the Rydberg series. A
experienced by the outer electron. In this direction the elecstatic electric field is present that lowers the potential energy
tron can escape over the created saddlepoint with a lowef the Rydberg electron in the direction of the field. The
energy than in zero-field. In fact, at a field strength of 1photoionization yield is monitored as a function of excitation
kV/cm the potential is suppressed so much thatrike25  frequency of the second laser step.
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Electric Field -1 3
—_— E= =t3 Fnk, 3)

where the quantum numbée runs from —1n—3..—n

+1) for the azimuthal angular momentum= 0. The states

that increase in energy compared to the zero-field value

(positive k) are called blue states; those that decrease in en-

ergy (negativek) are called red states. Note that above the

saddlepoint energy the manifolds of adjaceraiways over-

lap because the spread in energy of the manifolds is so large.
So far these considerations are general for atoms and

molecules. Molecules have internal degrees of freedom, and

each of these rotations and vibrations has its own Rydberg

FIG. 1. Schem.atic e>_<citatic_>n scheme of nitric oxidezin a static electric_field.series’ hence we have to consider a far larger number of

The molecule is excited with-£1’ REMPI from the“Il ground state via . .

the A23 " intermediate state to the Rydberg series. The static electric fieloStates than for atoms. The rotational series are separated by

lowers the potential energy of the Rydberg electron on one side. the rotational energ¥,, which is given in first order for
Hunds case KintermediateX state¢ and case dRydberg
statg by

Il. THEORY E,o=BN(N+1), @)

In this section we will describe the full MQDT calcula- with B the rotational constant and the rotational angular

tions that give excellent agreement with the observed Speépomentum of the molecular cof@ote: we useN" for the

25 + + .

tra. However, we will begin with the physical mechanismsA > ) state andN f_or the ionic stgt}a Throughout these

starting from a hydrogen atom in a static electric field. experiments, we excite Rydberg series attached to the lowest
rotational states of the zeroth vibration of NO. In a static

A. Influence of a static electric field electric field where every Rydberg level splits up ino

A static electric field has various effects on a molecule k'States, the system is more prone to accidental degeneracy
As mentioned already, it creates a suppression of the Cod'-’-fl states of different_rotation,. leading to an enhanced cou-
lomb potential of the molecular core in the direction of the pling of several rot'atlo'nal series. These arguments are well
field. The potential energy of the Rydberg electron, when faknown from zero kinetic energ( EKE) spectroscopy.Se-
from the core, can be described as the sum of the CoulomB€S that couple to continuum states, either directly, or via
potential and the potential created by the field strerfgth lower rotational series, induce rotational autoionizafich.

pointing in the directiorz The Rydberg series in NO and their lifetimes and cou-
plings are quite well knowhA:*® Also other decay channels
£ 1 . @ like predissociation are reportéd:1*-**However, important
z.

features of Rydberg electrons in a strong electric field have

received little attention.
The Coulomb potential is raised on one side and lowered on

the other by the electric field. The energy of the local maxi-
mum on the lowered sidéhe saddlepointas a function of  B. Quantum calculation of the photoionization
field strengthF is then spectra

_W_

E=—a\F, 2 We have based our simulations of the photoionization
spectra of NO in a static field on the multichannel Stark
with @=2 in atomic units, ora=6.12cm! if the field is  theory!’ This formulation uses the Wentzel-Kramers—
given in V/cm. Brillouin (WKB) treatment of the Stark problem to describe

In a typical photoionization measurement the photoelecalkali atoms in static electric field§,in order to include the
tron yield is detected as a function of excitation energy. Ongossible exchange of energy and angular momentum be-
would expect a signal with a stepfunction-like appearancetween the Rydberg electron and the molecular ion core. Our
no signal below the saddlepoint and electron autoionizatioiormalism is very similar in spirit to the treatment presented
yield from the quantized states above the saddlepoint. Thim Ref. 19, but also allows the calculation of the partial ex-
threshold can, in a series of such measurements, be trackedation amplitudes into all of the channels, enabling us to
as a function of field strength yielding the experimental valuedistinguish between the photoionization and photodissocia-
of a. tion channels in our calculation.

Another effect of a static electric fiel is that it breaks The treatment in Ref. 17 uses a separation of quantum
the conservation of angular momentum of the Rydberg elecAaumbers into those appropriate in zero-field and those appro-
tron or, equivalently, then-fold degeneracy of a Rydberg priate in an electric field. The reason for this separation is
staten is lifted and splits into a Stark manifold ofseparate that when the Rydberg electron is near the (aithin 10—20
k-states. The energy of the Rydberg Stark states to lowe®ohr radi) the static field plays no role compared to the
order in the field strengtk is electron—ion interaction. Within this small volume, compli-



2558 J. Chem. Phys., Vol. 111, No. 6, 8 August 1999 Warntjes et al.

cated molecular processes can oc@aoupling between dif- TABLE L. Body frame parameters for NQ.ig the orbital angular momen-
ferent rotational and vibrational channels and between Ryd\'™ ©f the Rydberg electron is the projection of the angular momentum

. .. on the internuclear axig are theK-matrix elements, an® are the dipole
berg channels and predlssomatlon channelsut these matrix elements. Thé=0,A=0 andl=2,A=0 channels are coupled in
processes are completely unaffected by the field. Thus, fieldhe body frame and thg-matrix is given a,; andK 4 in the first row and
free channel couplinggparameterized byK-matrice3 and  Kgs andKgyq in the second row.

dipole matrix elements can be used to describe the small

. . A K K D
behavior of the Rydberg electron. When the electron is far-
ther out than 10—20 Bohr radii from the ion, the potential is 0 0 0.395 —0.459 0.0
nearly identical to that foa H atom in a static field. We 2 0 —0.459 0.223 0.0
. . . : 1 0 -1.342 13
neglected any long-range interactions. In this outer region, 1 _1.058 10
the electron moves in uncoupled channels in parabolic coor- » 1 ~0.168 0.0
dinates. It is the connection between these two regions that 2 2 0.287 0.0

gives the full wave function and allows us to obtain the full
multichannel wave function in the field.

Another, more practical, reason for the separation of
guantum numbers is that the formulation distinguishes be-

tween the channels which have nonzero scattering and thosg,, fie|d threshold energies, the zero-filnatrices in the
which have roughly zero scattering in zero field. Since they quantum numbers, and the zero-field dipole matrix ele-

channels that do not have scatterifig:., quantum defects ot in they quantum numbers. In Table | are the last two

that are effectively zejobehave like H, we can account for 4y frame parameters we used in the calculation. For single
them implicitly without the need for including them in our channels, the<-matrices are tanfw) with the quantum de-
matrix manipulations. This substantially improves the efﬁ'fects,u taken from Ref. 8. Thé=0,A=0 andl=2,A=0
ciency of the calculation, which is important because it iSchannels are coupled in the body frame: for these two chan-
necessary to calculate the cross sections at 16 000 to 32 Oﬂgls, theK-matrix is given ak .. andK 4 in the first row and
different energies for many different field strengths and ini-KdS and K4 in the second row. To obtain the lab frame

tial states. arameters, we use the frame transformation applied to mo-

We will sketch the series of transformations that Connecﬁacular rotation2%-2L

the wave function across different regions of space where 1o frame transformation from the body frame to the
different physical processes dominate. Let the parameter (;erq.fielg lab frame is not sufficient to obtain quantum
indicate all of the zero-field channels that have nonzerq, mpers in the formy of Eq. (5). The transformation gives
K-matrix elementsi.e., these are the channels for which thethe channel couplings in terms of the quantum numbers
Rydberg electron experiences non-Coulombic potential {v,N*,1,J,M}, whered is the total angular momentum and
general,y describes five quantum numbers, and for this mo-, its z-component. We need to separate the total angular

lecular situation, momentumJ into the nuclear rotational angular momentum
y={v,N* ,My,l,m}, (5) and the angular momentum of the Rydberg electron. This is
accomplished through one last recoupling that uncouples the

wherev is the vibrational state of NO which is O for the N* andl angular momenta. The unitary matrix that performs

cases we investigatell,”, M, are the total and-component  this recoupling is simply a Clebsch—Gordon coefficient,
of all nuclear angular momenta, ahdh are the orbital an-

gular momentum and thecomponent of the orbital angular . .
momentum for the Rydberg electron. Note there is no cou- (IM[My,m)=(N"M\Im|NTIIM). (7)
pling between states for whiddl +m= M, changes.
The quantum numbers in the field have a form similar toafter this sequence of recouplings, tematrices and dipole
those in zero field. We define the parameNHO be the matrix elements have the correct form.
quantum numbers in parabolic coordinates, There is one last important ingredient that still needs to
N={v,N*,My,n;,m}, 6) be incorporated. Th.is is the possibility that the electrop can
be converted from its nearly free Rydberg character into a
which are similar to they quantum numbers but with the tightly bound electron in a predissociating orbital. Thus each
angular momentum of the Rydberg electron replaced witlime the electron returns to the region near the nucleus there
the quantum number in the electric field,, which is the is an| dependent probability that it will be captured and
number of nodes in the up-potential parabolic coordinate. disappear in a predissociating channel. We include this effect
The formulation of Ref. 17 is general in the sense that itby extending the zero-field-matrix so that each channel is
applies equally well to atoms or molecules in an electriccoupled to an open channel with a strength that reproduces
field. The field dependent transformation between sphericahe zero-field predissociation rate. The electric field does not
and parabolic coordinates and the field dependent phases affect these extra channels so they are treated as completely
independent of the short-range interactions between thepen in our formulation. This channel provides extra width
atomic or molecular ion and the Rydberg electron. The onlyto each resonance and causes a reduction of the photoioniza-
input into the Stark calculations that distinguishes betweettion cross section since the predissociation is another path-
different ions are three kinds of body frame parameters: thevay for decay.
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C. A_verage behavior of the photoionization cross _l YAG 1 | |YAG 2|
section I I

To focus on the overall, average shape of the photoion- ﬂe 1] [Dye2 |
ization spectrum, including the dramatic effect of predisso-
ciation, we assume that the Stark spacing between Rydberg BB@
states of one manifold is not resolved. The basic idea is that 8

by averaging over the Stark spacing almost all of the quan-
tum standing wave behavior is lost. Therefore, the amount of
flux into the ionization channel or detachment channel can be
found by investigating how much each partial wave scatters Electron
into each channel. This works because on average the partial Detector
waves are equally populated over the energy range and they P
each sc_atter independently; for Some Stark resonance Stat%?G. 2. Schematic overview of the experimental setup. The output of the
the partial waves scatter constructively, but for other StateRd:yAG-pumped dye laser 1 is mixed with the third harmonic of the
they scatter destructively so that on average they behave asnfi:YAG laser in a BBO crystal. The resulting UV pulggavelength region
they scatter independently. The average photoionizatiog25-227 nm excites the outer electron of NO from the ground state to a

; e ; ; ecific rotational level tha 23 * intermediate statev( =0). The output of
cross sections, modified due to the competing mechanism ?lfe Nd:YAG-pumped dye laser 2 is frequency doubled in a KDP crystal

p.ret.'jISSOCIatlon, can give accurate information about dlsso(’Wavelength region 320-330 nmvhich excites the electron to Rydberg
ciation rates of Rydberg states. states. The interaction region of the NO beam and the laser pulses lies

We will treat the simplest situation in detail; the exten- between two plates with a homogeneous static electric field. The total elec-
sion to more complex situations is straightforward. The prob_tron yield is detegted by an eleqtron detector and.oscmoscope. Simulta-
. . L. . neously the laser intensity is monitored by a photodiode.
ability for direct electron ejection down potential depends on
the function

Photo-
diode

050, Finally we defineD; to be the direct excitation ampli-
|Yim|?d cosé, (8)  tude into the electron excitation channel. The energy aver-
1 aged ionization cross section in terms of these parameters is

C

@,m(cosas)=27rf

where 65 is the maximum escape angle of the electron with  F o |D;|2(%+[1- %]Bjy). (13
respect to the direction of the fielthe —1 direction, | is the
angular momentum of the Rydberg electron, amdts pro-
jection on the field axis. We assume that the initial excitatio
to the Rydberg state is mainly into one partial angular mo-S9
mentum wave|,. The probability for the direct ejection of o5 |D |2+ |Di|2(1— 5)(1 - Bigp). (14)
the electron from the molecule is

We defineD4 as the direct excitation amplitude into the
pmolecular dissociation channel and the energy averaged dis-
ciation cross section is

There are two points to notice about these cross sections.
7= m(cosbs). (9)  The first is that the sum of the ionization and dissociation
cross sections in the field equals the sum of the two cross
The remaining fraction & # is bound but can still ion-  sections in zero field. The second is that the ionization cross
ize by scattering of the molecular core. We define thesection goes to zero in a smooth manneiEagecreases to
branching ratio for ionizatiorB;s,, as the probability forthe  _ 2 /F: the exact manner in which it decreases to zero de-
bound electron to elastically scatter into the open region Obends on how well the electron can elastically scatter down

space.S;, divided by the sum of the probabilities to elasti- potential compared to how well it can cause dissociation.
cally scatter into the open regid® and to scatter into dis-

sociation,Sy,
d I1l. EXPERIMENTAL SETUP

Bion= ; Si(l)/ ; [S(1)+Sq(D)]. (10) _ For nitric_ oxide, then=25 man_ifold_ of the Rydberg se-
I=[m| I=[m| ries converging to the lowest rovibrational state has an en-

We assume that the electric field thoroughly mixes thes'9Y around 74546 cnt above the ground staidowest

I's so that all of them are equally likely. For tHepartial lonization potential is 74721.7 ¢m,**) which we can, in

wave, the probability to scatter and leave the molecule is principle, reach ‘.N'th one photon of 13‘.1 nm. Hoyvever, since
we start at a finite temperature there is a rotational and vi-

Si(1)=4®,,(cosbs)sin(mu,), (11)  brational ground-state population distribution, which can all
_ N ~ be excited by that wavelength. The result of excitation will
where . is the quantum defect, and the probability to dis-pe g whole distribution of excited Rydberg levels on many
sociate Is rotational states close to the ionization potential. Conse-
Sy(nhy=27T4(1)=2m(n— w3 gdnl), (12) quently, we employeq the following-41’ photon excita}tion
scheme. First we excite from the ground state to an interme-
where 2r(n— u,)? is the Rydberg period in atomic units and diate A?% " state ¢'=0) with a narrow-band ultraviolet
I'gi(nl) is the zero-field dissociation rate of timé state in  (uv) pulse in the region 225—227 nm. The rotational struc-
atomic units. ture of theA 23" state is well knowrf>=% The wavelength
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of the first laser pulse is set to populate a specific rotation ofactors for aX-II transition to the #1 REMPI spectrum.
the zeroth vibration of the molecular core. From there on weThe temperature is about 130 K for all our experiments. At
excite with another narrow-band pulse in the region 320—33this temperature the selectPd,(3/2) toP15(9/2) (where 3/2
nm toward the Rydberg states. In this way we populate Ryand 9/2 is the total ground-state angular momendjncor-
dberg states from only one initial rotation and vibration.  responding to rotational angular momentaMf=0, 1, 2,
The experiments were performed with the setup scheand 3, respectively, have overlap at the estimated 130 K with
matically depicted in Fig. 2. A supersonic jet expansion ofhigher angular momenta with a maximum of 0.5%.
pure nitric oxide gas was used from a pulsed valve with a  The 1+1 REMPI spectrum was measured at various
backing pressure of one atmosphere into the vacuum chanfield strengths. In the range 0—2000 V/cm, no broadening of
ber with a typical background pressure of “£0 the lines was observed, only a slight shift on the order of the
—10 >mbar. The pulsed valve is placed 4 cm from the in-experimental bandwidth. This is not surprising in view of the
teraction region, where the two UV pulses with a delay of 5small dipole moment of this state.
ns excite the molecules from their ground state to the Ryd-  From now on the first UV pulse is set to excite one
berg series. For the excitation step from the RID ground  specific rotational state with decreased fluence. In this way
state toward thé\ S " intermediate statev( =0), the out-  we create some population in the intermediate state and sup-
put of a 10 Hz Nd:YAG laser pumped dy#) laser(tunable  press direct #+1 photoionization. The polarization of the
in the range 615-630 nmas mixed in a BBO crystal with  |aser is perpendicular to the electric field. In Figa)3a sec-
the Nd:YAG'’s third harmonia355 nm). The resulting UV ond UV pulse with a bandwidth of 0.3 crhexcites the outer
pulse (duration 7 ns, bandwidth 0.5 ¢, is tunable over electron of the NO molecule from tha2S* intermediate
the range 225-227 nm and separated in a set of four prismstate (N'=0,v’=0; at 44200.3 cm') to Rydberg states
The pulses have a typical energy of a0. converging to the NO'S* ionic ground state. The solid
The output of a second Nd:YAG pumped d laserin  |ines show the photoelectron yield monitored as a function of
the range 640—660 nm, is frequency-doubled in a KDP crysexcitation frequency in a static electric field of 1000 V/cm.
tal resulting in a UV pulse with a bandwidth of 0.3 Cfrand  The polarization of the excitation laser was either perpen-
tunable in the range 320—330 nm. This second UV pulse igjicular or parallel with respect to the electric field. On the
used for the excitation from th& 23" intermediate state to lower energy side there is no electron yield. Once the exci-
the Rydberg series converging toward the NG ™ ionic  tation energy is sufficient to excite Rydberg states above the
ground state. The typical energy of the pulse is 180The  saddlepoint of the potential, peaks start to appear in the ion-
field direction between the two metal plates in Fig. 2 is cho+zation yield at a threshold of about 74530 chrboth for
sen such that the electrons are accelerated toward a micrgarallel and perpendicular excitation. Note that the photoion-
spheroid plate below and the total photoionization yield isjzation spectrum of the NO molecule is, surprisingly, no
detected as a function of excitation frequency. Simultayore complex than the spectrum of a regular alkali atom.
neously the laser intensity is monitored with a photodiode. gjng this field strength and bandwidth of the excitation la-
ser we are able to resolve the individual Stark states. De-
IV. RESULTS AND DISCUSSION picted above the spectra in Fig.aBare the positions of the
Before employing the + 1’ excitation scheme we used middle k-states of hydrogen of the=25 andn=26 mani-
1+1 resonantly enhanced multiphoton ionizati®®EMPI).  folds upon perpendicular excitation.
The purpose of the measurement is to select appropriate ro- There is a distinctive difference in width of the Stark
tational states for excitation to the Rydberg series and t@eaks depending on the polarization of the excitation laser.
check the influence of the static electric field on the positionThe width of the peaks at parallel excitation is around 1
of the intermediate state. The rotational spectrum of them *, corresponding to a lifetime of these states of about 15
A 23" intermediate state is well kno’#?* and we will not  ps. Perpendicular excitation, however, leads to longer life-
go into detail about this experiment. Resonant two-photoriimes of the states and the width of these peaks is as narrow
ionization via theA 23" intermediate statev( =0) is de- as 0.3 cm™. Since that is the bandwidth of the excitation
tected by focusing a UV pulse in a wavelength range oflaser, we can, from the experiment, only estimate a minimum
223-230 nm and monitoring the total electron yield as difetime of 50 ps for these states. The dependence of the
function of excitation frequency. lifetimes with the polarization may be understood in terms of
The selection of pure rotational stafés from this spec- the geometry of this system. There is both a direct and an
trum is complicated by the presence of bandheads, i.eindirect path for photoionization and it is the indirect path
higher rotational quanta overlap with lower ones and furtherthat gives the Stark resonances. An outgoing electron that is
more theP, Q, andR (corresponding tddJ=—1,0,1 respec- not ejected in the direction of the saddlepoint bounces off the
tively) branches overlap. In fact, the only rotational sequenceavall of the potential and returns to the ionic core. However,
that we found usable is the,, series on the very end of the after one radial oscillation the angular momentum has
low-energy side of the spectrum. This series does not havevolved toward highelr up tol=n— 1. Higher angular mo-
any overlap with other branches. It does show a bandheagienta do not penetrate the ionic core and subsequently can-
structure but the relative population of higher rotationalnot scatter. Only after a full angular momentum oscillation
guanta compared to lower ones is minor at a low temperathe electron can scatter from the nonhydrogenic core into the
ture. We estimate the temperature of the NO gas jet by fittinglirection of the saddlepoint resulting in autoionization. The
a Boltzmann distribution multiplied by the Ha—London broad peaks in the photoionization spectrum upon excitation
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---------- Predissoc. rates from (8]

Photoionization Yield (arb.un)

Photoionization Yield (arb.un)

--------------- predissoc.rates 5x from [8]
— Convoluted experim data
" 1 L 1 n i L 1 A 1 " i
N 74530 74540 74550 74560 74570 74580
L TN 1
Parallel Term Energy (cm')
1 " 1 . $ " 1
74530 74540 74550 74560
(a) Term Energy (cm™)
T T T v T
------------ No predissociation
------- Predissoc. rates from [8] FIG. 3. (a) The total photoionization yield as a function of term energy via
--—-—- Predissoc. rates 5x from [8] the A2S ™" intermediate state with rotatidd’ =0. The laser polarization is
Experimental data either perpendicular or parallel with respect to the electric field of 1000

V/cm. The solid lines are the experimental data, the dotted lines are the
calculated curves. The spectra are well reproduced by MQDT theory de-
scribed in Sec. Il B. Predissociation is included in the calculations with
predissociation rates taken from Ref. 18. For comparison, the position of
somek-states of the hydrogenic=25 andn=26 manifolds upon perpen-
dicular excitation are depicte¢b) Three calculations withoudotted line

and with predissociatiofdashed line with rates taken from Ref. 8, dashed-
dotted line five times fasterare compared to the experimental désalid

line) to illustrate the importance of including predissociation. All traces have
perpendicular excitationc) Three calculations based on Ed.3) without
(dotted ling and with predissociatiofidashed line with rates taken from
Ref. 8, dashed-dotted line five times fagtere compared to the experimen-
tal data convoluted with a Gaussian of 3 ¢nisolid line). All traces have
perpendicular excitation.

Photoionization Yield (arb.un.)

| I i 1 i 1
74530 74540 74550

(b) Term Energy (cm™)

with parallel polarization indicate a single angular oscillationfar above(>40 cm ) the saddlepoint. Close to the saddle-
of the electron before autoionization, whereas perpendiculgsoint, however, the calculation is only accurate concerning
excitation leads to several recurrences of the electron befone position and width of the peaks. The discrepancy in in-
escaping. tensity is diminished by including predissociation into the
An important observation in Fig.(8) is that the ioniza-  calculations. The dotted lines in Fig(aB are calculations
tion peaks do not appear in a stepfunction-like manner bufcluding the predissociation rates shown in Tablétaken

slowly increase in intensity. The number of peaks per unitom Ref. 8. In this energy region the rates are typically
energy increases with excitation energy converging on thg®_1ql0g 1

high-energy side to a constant yiglthe ionization potential To appreciate the effect of predissociation on the calcu-
in zero-field is at 74 721.7 cnt; Ref. 22. Calculation of the lations of the photoionization yield in Fig (13, three calcu-

Rydberg series in an e]ectric; field by u;ing the.paramtleters cHations are depicted, one without and two with different pre-
Table l_fl nd a gonvolutlon with a Gaussian h aving a widlth 01Edissociation rates. All calculated traces are convoluted with a
0.3 cm ~ well simulates the observed photoionization spectraGaussian having a width of 0.3 cih There is a dramatic
decrease in intensity of the photoionization yield close to the
TABLE II. Decay rates for state: I'y(1)/n%; taken from Ref. 8. saddlepoint upon including predissociation. Some peaks
~ » have completely vanished, making the photoionization
To(s)=500cm To(f)=43cm threshold appear higher in energy. Furthermore, the
I'g(p)=1610cm Ie(1>3)=4cm . . . .
T'o(d)=1000 cm™® stepfunction-like behavior of the photoelectron yield at
threshold is lost and intensity only slowly increases with
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higher excitation energy. Note that the agreement with the ' i ' ' ' ‘

experimental results would improve even more by assuming ] N'=0 //
a higher predissociation rate. The dash-dotted line in Fig.
3(b) includes a five times faster predissociation rate than sug- =
gested in Ref. 8 and is virtually indistinguishable from the
experimental data.

That predissociation only decreases intensity in the re-
gion of about 40 cm! above the saddlepoint lies in the fact
that the escape angle of the Rydberg electron far above the
saddlepoint is large and the electron autoionizes on subpico-
second time scales. Closer to the saddlepoint energy, how-
ever, the exit created by the electric field becomes narrow
and the lifetime, hence the number of oscillations of the Ry-
dberg electron, increases. After each angular oscillation the
electron recurs to the core with low angular momentiand
can couple to the predissociation channel. At the saddlepoint
energy the predissociation is even dominant and the photo- =
ionization yield is completely quenched. Naturally the per-
pendicular excited states experience a larger influence of pre- I 250 Viem
dissociation because of the longer lifetimes. It is useful to [ TN T
compare Eq(13) derived in the theory section with the de-
tected cross section convoluted with a Gaussian of 3'cm

1000 V/icm

- 500 V/icm

Field Strength
5
.CI,I’
o

. . | 50 V/
width [Fig. 3(c)]. The resolved Stark states are smoothed out [ror e Cn? ----------
and we can conc_entr_ate on the _overgll i_ntensity behavio_r. As ' 74550 ' 74600 ' 74650 ' 74700
we already saw in Fig.(B), predissociation needs to be in- "
cluded and predissociation rates taken from Ref. 8 do not fit Term Energy (cm)

the experimental data very well. Five time faster rates are, - 4 The photoionization yiel ,: .

. . . 4. yield frod’ =0 as a function of term energy
needed for a good fit. We have no explanation for the dist, electric fields of 1000, 500, 250, and 50 V/cm. The polarization of the
crepancy except that the rates are extrapolated from highexcitation laser is parallel to the electric field. All structures seen are not
n(70_ 120) and lower fieldé<1 V/cm). noise byt reso]ved Stark states. Plotted also is the position of the threshold in

Including predissociation in interpreting photoionization s fields withx=6.12 anda=5.6 as suggested by Ref. 3.
yield spectra of molecules in a static electric field is impor-
tant to determine the saddlepoint energy. If one determines \We now focus on the rotational dependence of the
the saddlepoint energy by fitting the experimental spectrghotoionization spectrum. As in Fig(&8, Fig. 5a) shows
with a smoothed stepfunction, disregarding predissociatiornthe photoionization yield monitored as a function of excita-
one obtains a threshold that is too high in energy or, equivation frequency of NO in an electric field of 1000 V/cm. The
lently, the « from Eq. (2) would be too low. The photoion- |owest trace in Fig. &) is taken with excitation via the
ization yield measurements of nitric oxide in an electric fieldA 23" intermediate rotational stat&’=0 (at 44200.3
reported in Refs. 3 and 26 exhibit an apparent threshold thaim™1). Three more traces are shown taken with excitation
was higher in energy then expected. Instead of the theoreticgla the rotational statedN’=1, 2, and 3(at 44 204.3,
a=6.12cm’, Ref. 3 reported 5.6 cit and Ref. 26 even 44 212.2, and 44 224.1 ¢ respectively. For all traces, the
3.69 cm In Fig. 4 the photoionization yield spectra as a laser polarization is perpendicular to the electric field. Start-
function of term energy are shown for various applied fielding from higher rotational states, the threshold is higher in
strengths. The excitation is via th =0 intermediate rota- energy. The theoretical saddlepoint energies are depicted
tional state with polarization parallel to the electric field. with the dotted line. The increase of threshold energy corre-
Also shown is the saddlepoint energy as a function of elecsponds to the increase of rotational enelegy [Eq. (4)] with
tric field strength according to E(R) with a=6.12cm ! (a) a rotational constar®=1.9842 cm™.*3 The only open chan-
and a=5.6cmt (b) taken from Ref. 3. By resolving the nel for excitation lower than the saddlepoint energy via ro-
structure of Stark states and including predissociation in théational statesN’ >0 is excitation of a bound Rydberg state
calculation we finde=6.12 cnmi %, By artificially cutting the  that decays by rotational autoionization into a lowgr Ry-
high-frequency parts of the spectrum and fitting with adberg series. The near absence of signal below the saddle-
smoothed stepfunction like Refs. 3 and 26, we naturally obpoint energies shows that the rotational autoionization is
tain, when taking the midpoint of the rise, a lowefin our  very weak; note that the competing predissociation channel
casea=5.7(1) cm Y. sets an upper limit to the time during which rotational auto-

In earlier studies on molecules in an electric ffit*° ionization can take place.
Stark structure has been resolved. A saddlepoint, however, is Another argument for weak rotational coupling is shown
not observed due to rotational or vibrational autoionizationin Fig. 5b). Identical spectra are depicted as in Fi¢p)Dut
and we cannot compare the influence of predissociation taow as a function of relative binding energy, i.e., energy
other molecules. compared to the ionization energy in zero-field of the se-
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T " T ' lected intermediate rotational state. Only a small energy
range is shown to illustrate the similarities between the
Rydberg series converging to various rotational limits. The
spectra are detected with perpendicular excitation via the
m A 23" rotational stated’ =0, 1, 2, and Jionization energy
Egpy=74721.7, 74725.7, 74733.6, and 74 745.5 ¢ne-
spectively. In this energy range the separate Stark states of
overlappingn-manifolds can be distinguished. Comparison
| of the four traces reveals that the photoionization yield is
‘ very similar, independent of rotation. Only the intensity of

the separate peaks differs somewhat. This suggests that the
I M bt | ‘ excitation occurs predominantly via ti@branch N’ —N*

=3

=0, as in Ref. 2p and only a weak rotational coupling
changes the intensities of the peaks. In the case of nitric
oxide, the dynamics of a complicated molecular ion and a
Rydberg electron in a static electric field is considerably sim-
pler than might be expected.

Photoionization Yield (arb.un.)

V. CONCLUSIONS

| s 1 s 1
74540 74560 74580 ) _ L
(@) Term Energy (cm‘1) We have mve_sU_gatqu the photoionization of Rydberg

electrons of the nitric oxide molecule. In atll REMPI
T experiment we selected rotational states of Af& * inter-
mediate statey('=0) and monitored the dependence of a
static electric field. Then the frequency of the first UV pulse
was set to populate a specific rotational state and a second
UV pulse was applied to excite to the Rydberg states. The
excitation was done with polarization parallel or perpendicu-
lar to the electric field. The photoionization yield was moni-
tored for autoionizing Rydberg states for NO in various elec-
tric fields and via different rotational states. The Stark
structure in the spectra is fully understood and accurate
simulations are achieved by quantum calculations based on
MQDT. We observe that lifetimes of the Stark states are
different upon different excitation polarization: parallel exci-
tation leads to lifetimes of about 15 ps whereas perpendicular
excitation leads to much longer lifetimes. An important ob-
servation is that predissociation quenches the photoioniza-
tion yield close to the saddlepoint, which can lead to misin-
terpretation of photoionization threshold energy. A formula
[Eq. (13)] for the average behavior of the photoionization
cross section, including the effect of predissociation, gives
L insight into how the ionization signal is suppressed near
-160 threshold. The first peak on the low-energy side of the NO

YT T T

Photoionization Yield (arb.un.)

-170

-165

PRI IO S
-175

Binding E - photoionization spectrum is therefore the onset of the Stark
(b) inding Energy (cm ) structure rather than the threshold of autoionization.

The photoionization spectra via various rotational states
are compared and we observe that excitation occurs predomi-
nantly via theQ-branch. There is only weak rotational cou-
pling leading to a lack of rotational autoionization and very

FIG. 5. (a) The total photoionization yield as a function of term energy. The gimilar photoionization spectra for the different rotational

four spectra are detected via the’S " intermediate state with rotations gyateq of the core. In fact the spectra are very reminiscent of
N’=0, 1, 2, and 3. The laser polarization is perpendicular with respect to the

electric field of 1000 V/cm. For each higher rotation the apparent threshold@" alkali atom.

is higher in excitation energy. The dotted line is the expected ionization

threshc_)ld.(b) The _solld_hn_es are the same traces as for Fig) l_iut now as ACKNOWLEDGMENTS

a function of relative binding energy, i.e., the term energy minus the ioniza-
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