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Using molecular nitrogen as an example, we show th

tial phctoionizatian cross sections of free molecules in €

at fluorescence excitation spectroscopy can be used 1o measure par-
xternal electric fields. The production of the N;(B 2}:;) state was

studied and the threshold for this process was found to shift finearly with the square soot of the applied field. This behav-
jor is compared with the hydrogenic case and with previously studied systems.

1. Introduction

Studies of atomic and molecuiar ph@m%aﬁizatien in
external electric fields provide special insight into pho-
toionization dynamics because they allow one to
probe the effects of changing the molecule’s external
field (i.e. the photceiectmn’s boundary conditions)
while leaving the care region practically unaffected
[1—10]. This has stimulated extensive theoretical in-
terest [1,2.8.1 {—14] and recent multichannel guan-
tum defect theory (MQDT) calculations have success-
fully accounted for the novel features observed in ex-
perimental spectra {13,141, Unfortunately, the types
of experimental information available are limited be-
cause many standard methods (e .8 photoelectron
spectroscopy} are not applicable when external fields
are present. In the present work, we demonstrate that

fluorescence excitation spectroscopy 18 useful under
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these conditions, and that one may selectively probe
photoionization channels which populate individual
excited states. In particular, this selectivity is ex-
ploited here to study an excited-state threshold which
would be masked if total photoabsorption Of photo-
ionization methods were tO be used.

Molecular nitrogen was studied in the present work
with the excitation/fluorescence sequence

Ny(X1Zg) + 7w = NyBZEZD +e”

NH(K2Ep) e’

The process was carried out in Stark fields with
strengths up to 7.64 kV/cm. The undispersed fluores-
cence intensity from the B state of N; was monitored
as a function of the excitation energy, 1. This sys-
tem was chosen fora couple of reasons. First, the
partial photoionization cross section for the N3(B D
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state is very small compared with the total photo-
jonization cross section [15-171, underscoring the
point that weaker channels in atomic OF molecular
photoionization in external electric fields may be
studied selectively using fuorescence excitation spec-
troscopy . Second, autoionization structure is very
weak in the threshold region for the B state of N3,
and an unambiguous study of the threshold shift as a
function of applied field is easily carried out.

The behavior of the shift in the observed threshold
is an easily parameterized quantity, and is readily com-
pared to shifts observed in other molecules. Very few
of these studies have been carried out, but it appears
that a comparison of these shifts among various mole-
cules may provide insight into the dynamics of molec-
ular photoionization in clectric fields. A larger collec-
tion of data is necessary o broaden the scope of the
emnpirical evidence, and the present study contributes
to this by providing the first information on a small
diatomic molecule.

2. Experimental

The experimental arrangement is shown in fig. 1.
Basically; the gas sample was photoionized with an
electric field present and the total (non-monochro-
matized) fluorescence from the B state of NE, ',
was monitored as a function of the excitation energy.
#ico. The experimental apparatus is sinilar to the ar-
rangement used for fluorescence polarization studies
[18,19]. Vacuum ultraviolet radiation from the Syn-
chrotron Ultraviolet Radiation F acility (SURF-1I) at
the National Bureau of Standards was the excitation
source. The incident YUV radiation was monochro-
matized with a 2 m monochromator [20] and the ex-
periments wete performed with 0.8 A instrumental
resolution. The radiation intersected the gas sample
which was formed with an effusive jet.

The electric field was created by applying voltages
of equal magnitude and opposite sign to two planar
grids that were spaced 0.785 cm apart. The gas jet was
attached to one of these grids and was insulated from
the chamber ground by a 15 cm Jength of teflon
tubing. The chamber pressure during the measure-
ments was approximately 104 Torr and the sample
pressure in the interaction region was somewhat
higher, probably in the range of 10-3-10-2 Torr.
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Fig. 1. Schematic diagram of the appaatus.

There were no discharge problems with this arrange-
ment. Data were colle cted with fields of 0.00; 127,
2.55,5.10,and 7.64 kV/em. Measurements were
carried out with the electric field oriented in either
direction along the polarization axis of the excitation
radiation and the results were independent of this
orientation, suggesting the absence of experimental
artifaets.

The fluorescence radiation was collimated with a
planc-convex jens, and the fluorescence intensity was
monitored with a twelve-stage photomultiplier tube
cooled to —30°C. An electrically controlled shutter
was positioned in front of the detector 80 that dark
counts were measured and subtracted from the data.
The experiment was interfaced to a dedicated 1St
11/2 microcomputer using standard CAMAC inter-
faces. The only differences between these measure-
ments and the previous polarization measurements
[18,19] were the presence of the Stark plates to gen-
erate the electric field and the absence of a polarizer.

An interference filter was placed in front of the
detector to ensure that only the desired fluorescence
signal was observed by the detector but the results
were insensitive to this precaution. This is not sur-
prising, because no other Ng fluorescence occurs in
the operational spectral range of the photomultiplier
tube. The results are presented for the data obtained
with the filter absent, as the statistics are somewhat
improved for these data.
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3. Results

The fluorescence excitation spectra are shown in
fig. 2. The thresholds are clear in all cases and they
shift systematically to lower energy as the external
field is increased. The thresholds have been extracted
from these spectra by normalizing the spectra above
threshold (as plotted) and taking the wavelength at
the half-maximum as the threshold wavelength.

The intensity of the fluorescence signal decreased
systematically as the electric field was increased. For
the spectrum taken at 7 .64 kV/cm, the fluorescence
intensity above threshold was roughly half that ob-
served for the field-free spectrum. This is attributed
to the extraction of ions from the interaction region
by the electric field during the fluorescence lifetime
of the B state of the N§ ion. There are two cases
where this ion extraction must be taken into account
for reliable interpretation of the data. First, extreme-
ly longived excited states can be fully extracted
during the fluorescence lifetime, reducing the signal
below usable levels. Second, measurements requiring
relative signal levels for different electric fields must
be calibrated for this signal loss, which is field
strength dependent. For the present study, however,
this effect was not important because only the shape
of the excitation curve in the threshold region was of
interest and the excited-state lifetime was short com-
pared to the extraction time.
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Fig. 2. Fluorescence excitation spectra for different applied
electric fields. The states involved are given ineq. (1}
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The signal levels were quite high (2000 Hz) s0
that the data acquisition time for the spectra shown
was less than two hours. It is reasonable to assume
that for cases with large signal levels such as this, the
experiment might be extended to include the mea-
surement of monochromatized fluorescence.

4. Discussion

The threshold shown in fig. 2 is unobservable in
photoabsorption of photoionization spectra even in
the absence of an electric field [15,16]. The present
results clearly define the ionization thresholds and the
dependence of these thresholds on the electric field.
Thus, they demonstrate that fluorescence excitation
spectroscopy can be used to select a channel of inter-
est and to investigate its behavior systematically in the
presence of an electric field.

Tt is straightforward to estimate the energy shift of
the ionization threshold on the basis of electrostatic
considerations. In the sbsence of an external field,
the long-range potential for the photoelectron is pure-
ly Coulombic, i.e. £ = —1/r. Introduction of a uniform
electric field adds an additional term to the long-range
potential, namely —Fz, where F'is the field strength
and z is chosen as the direction of the applied field.

-z 0 . +Z
E=-1/r—Fz
AE=2FY?

Fig. 3. Stark plus Coulomb potential showing the classical
prediction for the shift in the ionization threshold; the figure
and equations apply strictly only for the case of atomic hy-
drogen.
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[21,22]. This is reflected as non-Franck—Condon vi-
brational branching ratios and p-dependent photo-
clectron angular distributions. One could further ex-
plore the dynamics of shape-resonant behavior by
gently perturbing the molecular potential with an
electric field and measuring the vibrational branching
ratios by means of vibrationally resolved fluorescence
spectroscopy . This is one iflustration of how dis-
persed fluorescence might prove to be a useful exten-
sion of the method discussed here. Furthermore, po-
larization measurements on the fluorescence may be
carried out ¥, accessing information on degenerate
ionization channels as has been done in the field-free
case [18,19]. This type of study would be particularly
useful considering that other techniques used in field-
free conditions (e .g. angular-resolved photoelectron
spectroscopy) are not applicable in the presence of an
electric field.

5. Conclusions

Fluorescence excitation spectroscopy was per
formed to monitor production of N}S ions created in
the B 22: state by photoionization of N, in a uni-
form electric field. The main result of this study is an
experimental one — fluorescence excitation spec-
troscopy may be utilized to selectively probe ioniza-
tion channels leading to excited photoions in the
presence of an applied electric field. In the present
work , this permitted the observation of a very clear
threshold versus field strength behavior which was
compared to similar effects seen in other systems.
Refinements and extensions of the technique are
feasible given the large signal levels observed for the
present measurements. Two examples are monochro-
marized fluorescence studies and fluorescence polari-
sation studies. In any case, the ability to selectively
probe jonization channels in the presence of external
fields broadens the scope of future experimental and
theoretical studies.

Some preliminary polarization measurements have been
performed on COa, similar to those described in ref. [1el,
except that an electric field was introduced. Changes in po-
larization with the introduction of the electric field were
observed and are being analyzed currently.
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Fig. 4. Shift inthe ieni;atien threshold of the B ZEB state of
N7 as a function of FY2,

Hence, the long-range potential for the photoelectron
is E = —1/r= Fz (atomic units), as sketched in fig. 3.
Straightforward manipulation shows that the classical
shift of the ionization threshold due to the electric
field is AE = 2F}/2 (atomic units), i.. the threshold
is expected to shift linearly with the square root of
the applied electric field. The energy shift of the N3 B
state threshold is plotted as a function of the square
root of the electric field in fig. 4, and a linear relation-
ship is seen. Also plotted in fig. 4 1s the dependence
predicted for photoionization of atomic hydrogen
based on classical electrostatic considerations. Itis
seen that the nitrogen result is not as steep as that
predicted for a pure Coulomb plus Stark potential.
This is most probably a consequence of the deviation
of the anisotropic molecular core potential from the
pure Coulomb potential and may, in principle; yield
information on the molecular potential.

(Clearly, further interpretation of the present re-
sults is needed, and it is hoped that the present re-
sults will provide an impetus for theoretical efforts in

Table 1
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this vein. For the present, however, it is instructive 10
compare these results with those for other systems
that alse have dearly discernible shifts in ionization
threshold [9,10]. Results have been obiained on
benzene and the benzene—Ar complex for their re-
spective ground-state ionization thresholds [10]. For
these systems, the hydrogenic behavior was followed,
including the slope of the line. Duncan, Dietz and
Smalley [9] investigated the threshold shift for naph-
thalene and found linear behavior, but the slope has 2
smaller value than that for Np. The experimental
values for these systems are given in table 1. These
comparisons demonstrate that the threshold behavior
is dependent on the molecular environment, and that
the differences in behavior can be resolved experimen-
tally. Hence,; additional experimental evidence to-
gether with detailed theoretical analyses should lead
to new physical insight into the effects of different
short-range potentials on photoionization dynamics
in external fields.

[t is clear that this method can be applied easily to
many atomic and molecular excited-state thresholds
to analyze the relative partial photoionization cross
section for a particular electronic state as a function
of wavelength. A useful extension of the method
would incorporate a monochromator in the fluores-
cence channel in order to separate vibrational struc-
ture in molecular-ion fluorescence spectra. The resolu-
tion requirements for such studies would be modest,
and the observed signal levels for the nitrogen case;
which has a fairly small cross section, indicate that
dispersed fluorescence experiments would be viable
in many cases. Such vibrationally resolved measure-
ments could, for example, slucidate shape-resonant
behavior in an electric field. Molecular shape reso-
nances depend sensitively on the effective molecular
potentiai and, hence, on the internuclear separation

Compilation of observed threshold behavior. In the present work and two previous experimental studies, the ionization threshold
has been observed to shift linearly with the square 1001 of the electric field, Le. AE = mFY?%  The values of the slopes given are cof-

servatively estimated to be accurate Lo 5%

Molecule State Slope )
mL/kV/em)' )

[ E————————

Ref.

I ———————

present work

le
Ny Bz} 152
naphthalene ground state 124
benzene ground staie 189
benzene—Ar ground state 189
H ground state 193

MAMMM

{91

[10]

[10]

classical prediction

[
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