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On the B—X transitions of expansion cooled silver halides
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Fluorescence excitation and mass-resolved excitation spectroscopy of jet-cooled silver halide~AgX!
bare molecules are explored for theB←X systems of AgCl, AgBr, and AgI. These spectra are
compared to those from static gas measurements. The continuous-wave expansion molecular beam
of Ar–He with AgX species is generated at a temperature of 1100 °C. For AgI two types of
progressions are shown to appear in 31 000–33 000 cm21 range. The first set of transitions is
attributed to theB state and is quite similar to the other AgX molecule’sB←X transitions. The
second set has been previously observed for high-temperature AgI vapor as a partly resolved series
of features on a broad absorption. The nature of this state and whether it arises from a level crossing
between theB surface and an unobserved state is not clear. We analyze two different possible
explanations for the newly resolvedB8 progression: TheB and B8 progressions involve two
different excited electronic states; and both progressions belong to one excited electronic state with
a complicated single adiabatic potential surface. Computation of vibrational harmonic and
anharmonic constants suggests that the potential shape of theB/B8 state is substantially different
from that of a common anharmonic oscillator. The nature of theB/B8 surface must be resolved
through detailed and accurateab initio calculations. Ag ions produced by 112 photoionization of
AgX at longer wavelengths are not fragmentation products of AgX ions, but rather arise from the
dissociation of a neutral AgX in a highly excited state. This intermediate state at;62 000 cm21 is
accessed from theB state by absorption of a photon of approximately the same energy as required
for the B←X AgX transition. © 1998 American Institute of Physics.@S0021-9606~98!00946-5#

I. INTRODUCTION

The spectroscopy and photophysics of silver halide crys-
tals is a broad subject with a vast literature.1–3 Because of the
practical importance of the silver halides in photography,
much of the literature is relevant to the photophysics of la-
tent image formation. The electronic spectroscopy of the
B←X transition of silver halide molecules~AgX, X5F, Cl,
Br, I! in the vapor phase was initially studied in the 1930s,
later in the 1960s, and led to quite reliable characterization of
the respective potential curves.4–8 This insight was achieved
by fitting mostly ‘‘hot’’ transitions arising from higher vibra-
tional levels of the ground state and populating only very
few vibrational levels of theB state. Brice reported for AgI
the appearance of additional weak peaks on top of a broad
absorption between 31 670 and 33 150 cm21, but a conclu-
sive assignment for these features was not offered.9

No modern molecular jet spectroscopic studies have
been reported for these molecules; however, Wang and
Gole10 have reported the results of a silver vapor–fluorine
reaction system for which AgF spectra are observed. This
study yields fundamental insight into the other silver halide
molecules. The assignment of spectral features has been re-
fined by extensiveab initio calculations for AgF.11 The first
three excited states of AgF are labeledaO2, A81 ~two fine
structure components of the3S1 state! and AO1 ~the single
fine structure component of the1S1 state!. These excited
states are strong mixtures of ionic Ag1 (3,1D:4d95s1)

F2 (1S:2s22p6) and neutral Ag (2S:4d105s1)
F(2P:2s22p5) configurations. Avoided crossing of the ionic
~bonding! configuration and the neutral~dissociative! con-
figuration occurs near the minima of these surfaces. The re-
sulting mixed adiabatic surfaces are quite complex. These
two surfaces dissociate to Ag(2S)1F(2P). The BO1 state is
the fourth excited state of AgF and its assignment is not
certain: It can arise from either one of the Ag1(4d95s1)
1F2(2s22p6) valence asymptotic ionic fragments or the
lowest singlet Rydberg state of the Ag1(4d95p)
1F2(2s22p6) configuration. Mixing between neutral and
ionic configurations of AgF is critically dependent on the
relative energies of the Ag 4d and F 2p levels. Thus, the
extent and nature of different configurational mixing in AgX,
X5Cl, Br, I, excited states in general may be different for
each species.

Despite the outstanding importance of silver halide pho-
tochemistry and photophysics for practical applications, sur-
prisingly little information exists on the silver halide mol-
ecules or small clusters. We focus our interest in this report
on the re-examination of AgX spectroscopic characteristics
for the B←X transition employing both fluorescence excita-
tion and mass resolved excitation spectroscopies.

II. EXPERIMENTAL PROCEDURES

The experimental setup and procedures for fluorescence
spectroscopy and time-of-flight mass spectroscopy of the su-
personic expansion cooled samples are in principle identicala!Electronic mail: erb@lamar.colostate.edu

JOURNAL OF CHEMICAL PHYSICS VOLUME 109, NUMBER 22 8 DECEMBER 1998

98310021-9606/98/109(22)/9831/12/$15.00 © 1998 American Institute of Physics



to those described in previous papers12,13 and will be sum-
marized only briefly here: Variations from these procedures
are given below.

The molecular beam is generated thermally by heating
the solid silver halide in a continuous-wave~cw! high-
temperature quartz nozzle. Figure 1 depicts a schematic
drawing of this home built nozzle. The nozzle consists of a 2
in. o.d. stainless steel tube~SST! adjustably mounted on a 9
in. o.d. stainless steel flange~MDC!. The quartz nozzle is
made from commercial 10 mm i.d., 12.5 mm o.d. tube~QT!
by highly precisely pulling one end to a point and cutting the
tip to reach the desired orifice diameter. The tube’s other end
is flared in a right angle flange which is sealed to the stain-
less steel flange via a Viton-7 O-ring~OR!. A second O-ring
is used on the nonsealing side of the quartz flange to ensure
a moderate and even pressure upon tightening the front re-
taining flange~FF! to hold the quartz nozzle tube in place.
Heat shields~HS! cut from Al2O3 plates are slip fit on the
nozzle tube in order to reduce heat radiation exposure of the
metal parts and O-rings.

Useful tip hole diameters are found to be 0.1–0.55 mm.
We record, depending on the experimental conditions, vibra-
tionally hot or cold@full width at half maximum~FWHM!
about 5 cm21# spectra by choosing appropriate combinations
of nozzle tip hole diameter, backing pressure, and sample
temperature.

A 75 mm long silicon carbide tube~Hexoloy SA, The
Carborundum Company, Niagara Falls, NY! 13 mm i.d., 19
mm o.d., is slip fit to the quartz tube and is used as the
heating element~SiC!. The actual heater position is such that
the nozzle tip is fully covered without interfering with the
expanding molecular beam. Two graphite disks~GD! ma-
chined from a 33 mm diam rod~EDM Supplies, Downey,
CA! are attached to the heater o.d. and two clamps machined
of tantalum are employed to provide electrical connection to
the power feed-through and eventually to the electrical cir-
cuit power supply~PS! outside the chamber.

Since silicon carbide’s electrical resistance decreases
with increasing temperature, it becomes necessary to control
and limit the actual current in the heater power supply cir-
cuit. The heater is, therefore, in series with six parallel wired

300 W light bulbs. A typical operating condition is 6 A and
90 V ~540 W! across the SiC tube generating a sample tem-
perature of about 1100 °C.

The solid sample~S! is placed in a quartz boat that
reaches inside the part of the quartz tube that is completely
covered by the heating element. In some cases a quartz
sleeve~QS!, covered with freshly deposited magnesium ox-
ide on its inner surface, is mounted on an aluminum slip ring
~SR! and used as additional radiation shielding. This setup
allows an increase of the sample temperature by about
100 °C. The obtained vapor pressures for AgX are given in
the literature: 100 Torr at 1297 °C for AgCl,14 76.6 Torr at
1200 °C for AgBr,15 and 93.75 Torr at 1200 °C for AgI.16

The usable range of this high-temperature nozzle is limited
to below the softening point of quartz glass, which appears to
be about 1650 °C. All supersonic expansions are carried out
with ;30 psig of argon, helium, or a 10% Ar–He mixture as
carrier gas.

The excitation laser beam generated by a Nd/YAG
pumped dye laser crosses the molecular beam at a distance of
10 mm from the nozzle tip for fluorescence excitation experi-
ments. The dye solution for excitation is DCM in methanol;
the dye laser output frequency is doubled. Fluorescence is
collected and focused directly onto the photocathode of a
Hamamatsu R943-02 photomultiplier tube~PMT!. In order
to prevent scattered laser light from reaching the PMT, sev-
eral glass filters~HOYA B-370 or B-380!, in addition to a
stainless steel cone that matches thef-number of the collec-
tion lens, are placed in front of the PMT. The obtained
signal-to-noise ratio is about 20:1 in most cases. A gated
integrator/boxcar averager~SRS 280! and a personal com-
puter process the PMT output signal.

For mass resolved excitation spectra the focused beam of
a 193 nm ArF excimer laser~Lambda Physik! serves as an
ionization source. The excimer laser energy is 68–150 mJ
per pulse, but only a small fraction of this energy~3–7 mJ!
reaches the ionization source due to beam attenuation on the
optics and the beam collimation. Both lasers are temporally
and spatially overlapped. In some instances the excimer laser
is replaced by a second Nd/YAG pumped dye laser operating
with fluorescein 548 in methanol–NaOH or DCM in metha-

FIG. 1. Schematic drawing of the
high-temperature cw nozzle consisting
of the principal parts slip-ring~SR!,
quartz sleeve~QS!, power supply~PS!,
front flange~FF!, heat shield~HS!, sili-
con carbide tube heater~SiC!, graphite
disk ~GD!, stainless steel tube~SST!,
O-ring ~OR!, quartz tube~QT!, sample
in quartz boat (S1B), and tantalum
wire ~Ta!. This setup enables the
sample temperature to be varied be-
tween 25 and 1600 °C.
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nol. The ionization laser output is doubled~DCM! or
doubled and mixed~F548! with Nd/YAG 1.064mm radiation
to generate the appropriate laser wavelength.

The given experimental setup does not allow the cw
nozzle to be directly inserted into the mass spectroscopy
vacuum chamber due to final pressure constraints (p
,1025 Torr) for the mass spectrometer. Hence the fluores-
cence and mass chambers are connected via a 1 mmorifice
nickel skimmer of hyperbolic shape~model MIT-85-1, Beam
Dynamics, Inc., Minneapolis, MN!. The nozzle tip is placed
about 20 mm in front of the skimmer. The molecular beam is
generated in the fluorescence chamber and its coldest part
passes through the skimmer into the mass chamber where the
species are ionized and accelerated up the flight tube of a
Wiley–McLaren-type time-of-flight mass spectrometer to-
ward the detector@Galileo Electro-Optics multichannel plate
~MCP!#. The skimmer-to-ionization region distance is 15 cm
and the length of the ion drift region to the MCP is 1.5 m.
Mass spectra are recorded with a digital oscilloscope~Tek-
tronix RTD 720A! and monitored with software described in
detail elsewhere.12

AgCl, AgBr, and AgI are obtained in their highest avail-
able purity grade from Aldrich~Milwaukee, WI! and used
without additional purification.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Generation and analysis of data

In this paper, we present the results of a study of the
B←X transitions of silver halide molecules AgX (X5Cl,
Br, I! using three different experimental procedures: Fluores-
cence excitation~FE! spectroscopy, mass resolved excitation
spectroscopy~MRES!, and time-of-flight mass spectroscopy
~TOFMS!. TheB potential surface of AgX is accessible from
the X surface between;30 200 and 32 500 cm21 and is
easily accessed by one-photon absorption and detected by
FE.

Generally speaking, our findings are consistent with pre-
viously reported data on spectroscopy of silver halide vapors
in the region 30 250 and 31 600 cm21.4,6–8 By using our
high-temperature cw nozzle and appropriate expansion con-
ditions, we record spectra~FWHM ;5 cm21! arising almost
only from theX state zero-point vibrational level. We adjust
the conditions with suitable combinations of nozzle tip hole
diameters~0.10–0.55 mm!, backing pressures~up to 30 psig
of Ar or He! and sample temperatures~from AgX’s melting
point to;1200 °C!. This allows the detection of spectra with
almost no transitions visible from other than the ground-state
vibrational level, whereas those experiments on AgX in a
heated quartz cell lead to hot spectra with transitions from
ground-state levels up to 17. Expansion cooled samples show
somewhat broadened peaks with shoulders or even split
peaks as a direct consequence of the presence of the various
isotopes. In order to clarify this issue we perform experi-
ments using TOFMS and MRES. Both methods require the
generation of AgX1 ions, which are achieved via a two-color
two-photon process. The first photon excites the silver halide
molecules to theirB states and the subsequent ionization is
accomplished with an excimer laser photon.

The actual time-of-flight mass spectra of AgCl, AgBr,
and AgI and their clusters and fragments are reported and
discussed in a subsequent paper. We describe in the context
of this paper only those parts of the mass spectrometric de-
tails that lead to a deeper understanding of the presented FE
data. This two-color process results in a triplet mass peak for
the AgCl and AgBr bare ions and a doublet for AgI due to
the X and Ag isotopes. The MRES for each separate molecu-
lar isotopic species can be resolved and separately recorded.

Commonly, the energy of the vibronic transitions of a
nonrotating diatomic molecule is given by an expansion in
the symbolsne , ve , vexe , veye , andveze . These fitting
parameters have their usual meanings as system origin, vi-
brational frequency, and anharmonicities17

n5ne1bve8u82b2ve8xe8u821b3ve8ye8u83

1b4ve8ze8u842bve9u91b2ve9xe9u92, ~1!

u5~v1 1
2! with v50,1,2,..., ~2!

b5Am/m1, ~3!

in which m5reduced mass of the identified ‘‘normal’’ mol-
ecule andm15reduced mass of the identified ‘‘isotopic’’
molecule. Symbols marked with a prime refer to the excited
state, and those marked with a double prime refer to the
ground state. We perform a simple least-squares fit of the
experimentally observed peak positions to Eq.~1! in order to
characterize the potential curves including the vibrational
isotope effects.

B. Silver chloride

Figure 2 shows the FE spectrum of theB←X transition
of AgCl cooled in a supersonic expansion. In some cases the
band heads appear to be split due to the vibrational isotope
effects of chlorine (35Cl and 37Cl) and silver (107Ag and
109Ag): The FE spectra are thus composed of individual con-
tributions of the abundant isotopes. The actual peak positions
for a given AgCl isotope in particular are difficult to extract
when the vibrational isotope effect is less than a wave num-
ber. Hence much more detailed data are generated from the
mass-resolved excitation spectra. Figure 3 pictures the mass
resolved excitation spectra of two silver chloride isotopes as
well as the spectrum recorded in the corresponding107Ag
mass channel. The isotopically resolved spectra recorded in
the 107Ag and109Ag mass channels reflect directly theB←X
transitions of the corresponding107Ag and 109Ag containing
AgCl molecules: in particular,107Ag 35,37Cl at 31 573.7 cm21

~0,0!, 31 842.4 cm21 and 31 835.2 cm21 ~1,0!, and 32 097.5
cm21 and 32 089.3 cm21 ~2,0! and109Ag 35,37Cl at 31 573.6
cm21 ~0,0!, 31 842.6 cm21 and 31 835.3 cm21 ~1,0!, and
32 097.4 cm21 and 32 087.8 cm21 ~2,0!. In this way we also
gain information about species that are indistinguishable by
MRES due to their identical masses. All observed peak po-
sitions recorded in the AgCl mass channels are listed in
Table I.

The AgCl ~0,0! transition appears as the strongest signal
in the FE spectrum in agreement with the fact that the inter-
nuclear distance is very similar in the ground andB state.
Mass-resolved excitation spectra for the three silver chloride
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mass peaks are very similar to those obtained by fluores-
cence excitation spectroscopy regarding peak intensities and
peak width. The presence of the different silver and chlorine
isotopes becomes immediately apparent if one compares in-
dividual transitions for the three AgCl mass-resolved data
sets, although it is not possible to distinguish between the
two species107Ag 37Cl and 109Ag 35Cl. Since the isotopic
shift for higher transitions is considerably larger@see Eq.
~1!#, we assume the observed FE peak positions for the light-
est and heaviest AgCl isotopes are of sufficient accuracy to
be considered for computing of vibrational constants.

The vibrational analysis based on data given in Table I
predicts shifts of up to 10.4 cm21 ~2,0! for the various ob-
served transitions for the lightest and the heaviest isotopes.
The experimental findings are in good agreement with these
predictions.

The spectra scanned for AgCl at the two Ag mass chan-
nels differ slightly from those of the AgCl mass channels.
The intensity pattern is changed, although the peak positions
are in rather good agreement. The fact that the~2,0! transi-
tion is the most intense feature in the Ag detected AgCl
MRES and the~0,0! transition is rather weak, gives a clear
hint about the position of the intermediate dissociative po-
tential curve through which the AgX neutral fragmentation
occurs. The mass spectrum related to the features observed in
Fig. 3 is quite interesting and revealing. Figure 4 shows the
mass spectra of AgCl obtained by excitation at three differ-
ent vibronic transitions of AgCl’sB←X system followed by
subsequent dye laser ionization to generate Ag1 and by ex-
cimer laser ionization to generate AgCl1. A number of
points are worthnoting concerning these TOFMS data.

First, the AgCl dissociates in the excitation/ionization

process, generated by the dye laser only. Dissociation takes
place on the intermediate state surface~after the second of
three photons is absorbed! because excimer laser (111) ion-
ization does not yield Ag1, because the ionization cross sec-
tion depends critically on;500 cm21 in theB←X transition
~see Fig. 3!, and because the (112) two-color ionization
process generated by the dye laser only would be near
threshold with little excess energy left remaining in the AgCl
ion to break the AgCl1 bond. Moreover, the covariance map-
ping technique12 is employed to reveal possible relations be-
tween silver halide bare ions (AgX1) and Ag1. The mea-
sured normalized covariances and correlation coefficients
between AgCl1 and Ag1 are zero~no correlation! for all
possible isotopic combinations. Consequently, the formation
of the AgCl1 and Ag1 ions must be independent.

Second, the expected mass peak widths are 20.6 ns for
Ag1 and 24.0 ns for AgCl1. The measured widths are, how-
ever, 46 and 76 ns, respectively. The Ag1 peak splitting can
be attributed to fragmentation of AgCl at the intermediate
state with release of 0.6 eV kinetic energy for~2,0! excita-
tion, but the AgCl peak widths are caused by an unknown
phenomenon. Laser polarization~parallel and perpendicular
to the flight tube axis! changes the splittings of the107Ag and
109Ag isotope features due to projection of the dissociation
velocity of the Ag atom on the flight tube axis, but does not
affect the AgCl peaks.

Third, one can tune theB←X transition at higher vibra-

FIG. 2. FE spectra of theB←X transition of expansion cooled AgCl and
AgBr. The spectra were taken with a 0.25 mm orifice nozzle, a sample
temperature of 1100 °C and a backing pressure of 30 psig He.

FIG. 3. Two-color MRES of AgCl. The spectra were recorded for dye laser
excitation of theB←X transition and ArF excimer laser ionization. The
figure compares the spectra taken in the mass channels107Ag 35Cl and
109Ag 37Cl with the spectrum from the107Ag mass channel. The latter is the
result of a one-color multiphoton ionization with only a dye laser under
identical expansion conditions. These conditions generate Ag* after the sec-
ond photon is absorbed and Ag1 upon subsequent photon absorption by
Ag* . The intensity disparity for the~2,0! isotope features in the molecular
isotopic mass channels mirrors directly the 1:3537Cl:35Cl abundance ratio.
The intensity pattern for the107Ag mass detected AgCl spectrum is ex-
plained in the text.
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tional modes so as to generate only one of the isotopes in the
mass spectrum. This occurs because the isotope spectral fea-
tures are better resolved as the excitation energy increases
within the B state@see Figs. 3 or 4~c!, for example#.

Table II contains the molecular parameters for both the
X andB states of AgCl. The AgCl~2,0! transitions detected
in mass channels107Ag and 109Ag show the contribution of

two species containing each particular isotope:
107Ag 35Cl/107Ag 37Cl and109Ag 35Cl/109Ag 37Cl.

C. Silver bromide

The FE spectrum of AgBr is similar to that of AgCl, as
shown in the lower trace of Fig. 2. The spectrum is domi-
nated by intense transitions arising from the zero-point level
of theX state. Hot band transitions are visible, as well. These
latter features can be suppressed completely by using a small
nozzle hole diameter and carrier gas pressures of up to 30
psig for the expansion. As seen in Fig. 5, the spectra ob-
tained for scans of selected AgBr mass channels appear
sharp and with almost the same intensity distribution as
found in the fluorescence excitation spectra. Again, the pres-
ence of silver and bromine isotopes causes a spectral shift
that is well pronounced between the lightest and heaviest
species. Table III tabulates these results. In contrast to the
findings for AgCl, the~0,0! transition dominates the AgBr
spectrum recorded at the silver monomer mass channel. The
AgBr spectrum detected in the107Ag mass channel has both
broad @~0,0!, ~1,0!# and sharp@~2,0!# features and intense
@~0,0!, ~2,0!# and weak @~1,0!, ~3,0!, ~4,0!,...# features as
shown in Fig. 5. These differences suggest a number of ex-
cited intermediate states could be involved in the Ag* disso-
ciation with different lifetimes and different Franck–Condon
factors. The spectra recorded in the silver mass channels
show transitions previously observed for the107Ag and109Ag
containing AgBr species. Explicitly: 107Ag 79,81Br at
31 245.0 cm21 ~0,0!, 31 417.5 cm21 ~1,0!, 31 582.8 cm21

~2,0!, 31 738.7 and 31 735.2 cm21 ~3,0!, 31 876.4 and
31 879.6 cm21 ~4,0!, 32 001.0 cm21 ~5,0!; and109Ag 79,81Br
at 31 245.0 cm21 ~0,0!, 31 417.5 cm21 ~1,0!, 31 582.6 cm21

~2,0!, 31 735.2 and 31 733.8 cm21 ~3,0!, 31 876.3 and
31 873.7 cm21 ~4,0!, 31 998.3 and 32 001.3 cm21 ~5,0!. The
molecular parameters for the surfacesB and X are given in
Table II.

FIG. 4. Excitation energy dependent two-color MS of AgCl. The spectra
were obtained by tuning the excitation laser to~a! nexc531 583 cm21

(;0,0), ~b! nexc531 844 cm21 ~;1,0!, and ~c! nexc532 108 cm21 ~;2,0!.
Both the ArF excimer laser and the dye laser irradiate the molecular beam in
this experiment. AgCl signals are obtained by excimer laser (111) two-
color ionization and the Ag signals are obtained by (112) one-color ion-
ization from the dye laser only. AgCl fragmentation occurs in the neutral
molecule at;64 000 cm21 to generate an excited Ag that is ionized by
another dye laser photon. The third isotope feature at 146 amu is missing
due to laser tuning~c!.

TABLE I. Observed transitionsB←X transitions in AgCl; n85excited-state vibrational levels,
n95ground-state vibrational levels~in cm21!.

n950 1 2 3 4 5 6 Isotope

n850 31 572.2a 31 233.5 30 895.6 107Ag 35Cl
31 572.0a 31 241.3 30 909.4 107Ag 37Cl
31 572.2a 109Ag 37Cl

1 31 835.4a 109Ag 37Cl
30 827.8 109Ag 35Cl

31 841.8a 31 501.9 31 163.7 30 829.5 107Ag 35Cl
31 837.3 31 172.6 107Ag 37Cl

2 32 087.9a 109Ag 37Cl
32 088.0a 30 749.7 107Ag 37Cl
32 098.8a 31 758.0 31 419.6 31 084.2 30 751.2 107Ag 35Cl
32 097.7a 31 095.1 109Ag 35Cl

3 32 341.6 32 001.1 31 663.1 31 326.0 30 993.1 30 660.0 30 335.0 Ag35Clb

32 328.3 31 995.1 31 006.5 Ag37Clb

4 32 227.6 31 889.1 Ag35Clb

32 218.0 31 886.3 Ag37Clb

aObtained from mass resolved excitation spectra.
bSilver isotopes not resolved.
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D. Silver iodide

Figure 6 shows the FE spectrum of the AgIB←X tran-
sition and Fig. 7 shows mass resolved excitation spectra of
AgI (B←X) detected in the mass channels of107AgI,
109AgI, and 107Ag. The B←X ~0,0! transition is no longer
the most intense band in this spectrum, consistent with a
slightly shifted excited stateB potential surface with respect
to the ground-state surface. An additional set of transitions
(B8←X) is also observed in this region.

Figure 7~c! shows the mass resolved excitation spectrum
of AgI as detected in the107Ag mass channel. As can be
seen, the spectrum includes all the transitions observed for
the AgI isotopes, however the first four transitions of the
B←X transition are very weak as detected for a (112) one-

color dye laser only ionization scheme. The noteworthy
change in signal intensities of certain peaks occurs because
the intermediate state18 ~;65 000 cm21! reached by the sec-
ond photon is only weakly dissociative, while the energy is
sufficient for dissociation at the~4,0! and ~5,0! transitions.
TheB8 state levels must access a different intermediate state
that is always consistently somewhat dissociative.

As can be seen in Figs. 6, 7~a! and 7~b! the spectrum of
AgI in the B←X region consists of two progressions. The
first set of features between 30 740 and 31 635 cm21 belongs
to theB←X transition~see Table IV! and a second different
transition (B8←X) is found in the spectral region 31 613 to
32 600 cm21. Based on vibrational spacing considerations,
the feature observed at about 31 635 cm21 might be an over-
lap of transitions that belong to both progressions.

The 3.8–4.1 eV region of the excited electronic manifold
of AgI has been discussed by Mulliken,18 Barrow,8 Davi-
dovits et al.5 and Singh and Rai,19 and it is extremely com-
plicated and crowded with both bound and dissociative inter-
acting zero-order potential-energy surfaces.

TheB←X absorption spectrum of silver iodide vapor in
the near ultraviolet region has been observed and discussed
by several groups.5–7,9 In addition to the sharpB←X fea-
tures of AgI, a few very weak band heads on the top of a
continuum in the region 300.0–320.0 nm are reported.9

Since these weak features could not be fit into the vibrational
analysis of the main progression, these transitions have re-
mained unclassified.

Our jet experiments reproduce most of these less intense,
unassigned features. In fact, due to both the cooling of AgI
and the MRES technique, an entirely new progression of 27
well-resolved transitions is revealed~see Table V!. For both
sets of transitions, the vibrational isotope effect is detected,
although it appears much more pronounced for the second
progression. TheB state exhibits its known strongly anhar-
monic shape with only a few vibrational levels which con-
verge rapidly. Surprisingly, the newly discovered series of
B8 transitions shows a completely different vibrational be-
havior; the levels diverge slowly with a remarkably small
vibrational energy.

Below we analyze two different possible explanations

FIG. 5. MRES of AgBr recorded for theB←X transitions in the AgBr and
Ag mass channels. Spectra recorded in the AgBr mass channels 186 and 190
arise by two-color (111) dye plus excimer laser ionization and the spec-
trum recorded in the Ag mass channel arises by (112) one-color dye laser
ionization.

TABLE II. Molecular constants of AgCl, AgBr, and AgI calculated based on Eq.~1!; in cm21.

107Ag 35Cl 109Ag 81Br 107AgI
B←X B←X B←X

This work Bricea This work Bricea This work Bricea

ne 31 604.73 31 606.92 31 277.14 31 280.43 31 197.45 31 190.87
ve8 279.25 281.00 179.77 180.80 124.46 131.30
ve8xe8 4.3703 6.0 2.058 4.45 3.4611 5.175
ve8ye8 20.3420 20.095 20.4515 20.06 0.2126 20.05
ve8ze8 20.000 44 20.081 96
ve9

a 343.60 247.72 206.18
ve9xe9

a 1.163 0.679 0.433
sb 0.214 0.219 0.080
Dnc 0.9 1.2 0.5

aThe ground state and comparison data are from Ref. 9.
bStandard deviation of the fit.
cMaximum deviation between the experimental and the fit peak positions~in cm21!.
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for the newly observedB8 progression: 1. theB and B8
progressions originate from two different electronic excited
states; and 2. both progressions belong to one electronic state
with a complicated single adiabatic potential surface. An ex-
ample of a single potential yielding converging vibrational
spacing for the first few vibrational levels followed by di-
verging spacing for the high vibrational levels is a so-called
shelf state observed in alkali dimers. Those surfaces arise
from avoided crossing between two diabatic potential
surfaces.20

1. Two different electronic states

A possible and straight-forward assignment for the high-
energy progression labeledB8←X is that the transition ter-
minates on a new bound electronic surfaceB8 that is ac-
cessed from the ground potential surface. This new surface
does not necessarily cross theB surface in the accessed
Franck–Condon regions ofB and B8; they probably ap-
proach each other closely. The reasons for this assignment
are as follows:~1! TheB8←X progression begins before the
B←X one ends;~2! although the progressions appear to be
independent, a significant perturbation of theB8 state, in the
energy region in which both transitions exist, is apparent;~3!
the B←X progression abruptly ends at~5,0!; ~4! the B8←X

FIG. 6. FE spectra of expansion cooled AgI. The spectrum consists of two
merged but distinguishable sets of progressions, theB←X andB8←X tran-
sitions. The previously unassignedB8←X set shows a well-pronounced
isotopic displacement. These features are discussed in the text. An expanded
view of this latter transition is shown at the bottom of the figure.

FIG. 7. ~a! and~b! Two-color dye plus excimer laser MRES of AgI recorded
for B←X andB8←X transitions in the mass channels109AgI, 107AgI. The
arrows associated with trace~b! are discussed in Fig. 10 caption.~c! One-
color excitation spectrum of107AgI detected in the107Ag mass channel.

TABLE III. Observed transitions B←X transitions in AgBr; n85excited-state vibrational levels,
n95ground-state vibrational levels~in cm21!.

n950 1 2 3 4 6 Isotope

n850 31 243.0a 30 996.8 30 751.3 30 508.3 30 262.7 107Ag 79Br
31 243.0a 109Ag 81Br

1 31 416.7a 31 383.4 30 922.9 30 677.0 107Ag 79Br
31 415.3a 109Ag 81Br

2 31 582.8a 31 333.3 31 086.2 30 849.8 30 596.0 107Ag 79Br
31 580.8a 109Ag 81Br

3 31 736.8a 31 486.9 32 278.3 107Ag 79Br
31 734.1a 109Ag 81Br

4 31 878.6a 31 624.2 31 135.5 30 895.5 107Ag 79Br
31 875.2a 109Ag 81Br

5 32 003.4a 107Ag 79Br
31 999.8a 109Ag 81Br

6 32 099.9a 109Ag 81Br

aObtained from mass resolved excitation spectra.
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progression goes to a much higher energy than theB←X
progression~;600 cm21! and thus they do not have a com-
mon dissociation limit; and~5! if the B surface were to have
a second minimum and theB8←X progression were associ-

ated with bound states contained in this second well, one
would expect a very different Franck–Condon factor for
B8←X and a strong vibrational perturbation at the top of the
barrier for this new minimum and at the dissociation limit.

TABLE IV. ObservedB←X transitions in AgI;n85excited-state vibrational levels,n95ground-state vibra-
tional levels~in cm21!.

n950 1 2 3 4 5 Isotope

n850 31 156.0a 30 946.2 30 743.5 30 538.0 30 338.4 107AgI
31 156.0a 109AgI

1 31 274.0a 31 064.5 30 863.1 30 457.9 30 252.0 107AgI
31 272.8a 109AgI

2 31 384.3a 31 175.2 30 971.0 30 763.0 30 563.0 107AgI
31 383.6a 109AgI

3 31 484.5a 30 665.0 107AgI
31 482.9a 109AgI

4 31 570.3a 107AgI
31 570.2a 109AgI

5 31 634.9a 107AgI
31 633.5a 109AgI

aObtained from mass resolved excitation spectra.

TABLE V. Observed transitions for theB8←X system of AgI~in cm21!; n85excited-state vibrational level,n95ground-state vibrational levels. TheB←X
transitions listed in Table IV comprise the first five transitions of the single surface analysis of the right hand side of the table. Also note that the~5,0!
transition of Table IV is now labeled~6,0! for the single surface assignment forB,B8←X on the right hand side of the present table. The107AgI molecule
features are used for the fit to the isotopic data and the109AgI data are calculated to determine the isotope shift.

Measured transition
energiesnexp

Transition assignments and the deviation between the calculated and
the measured peak positionsDn5ncalc2nexp

Two potential surfacesa Single surfaceb Modified single surfacec

109AgI 107AgI
B8←X
(n8,n9) 109AgI 107AgI

B←X
(n8,n9) 109AgI 107AgI 109AgI 107AgI

31 613.5 31 616.7 ~0,0! 20.42 23.70 ~5,0! 1.59 20.86 5.02 2.03
31 633.5 31 634.9 ~1,0! 2.03 0.29 ~6,0! 2.18 1.35 24.64 24.88
31 655.3 31 659.0 ~2,0! 4.27 0.37 ~7,0! 1.79 20.93 2.31 20.49
31 683.7 31 687.6 ~3,0! 1.69 22.26 ~8,0! 20.02 22.66 1.45 21.15
31 710.7 31 715.2 ~4,0! 2.10 22.28 ~9,0! 2.33 20.69 3.76 0.68
31 739.8 31 744.6 ~5,0! 1.84 22.66 ~10,0! 3.14 20.07 2.76 20.47
31 769.3 31 775.5 ~6,0! 2.45 23.26 ~11,0! 3.15 21.28 3.31 21.06
31 801.0 31 806.8 ~7,0! 1.99 23.13 ~12,0! 3.20 20.50 3.78 0.04
31 834.1 31 839.3 ~8,0! 1.12 23.20 ~13,0! 2.74 20.26 2.60 20.41
31 865.9 31 872.0 ~9,0! 2.42 22.59 ~14,0! 3.12 20.62 3.48 20.23
31 899.5 31 906.0 ~10,0! 2.69 22.52 ~15,0! 3.40 20.42 3.49 20.35
31 934.0 31 940.9 ~11,0! 2.73 22.67 ~16,0! 3.34 20.65 3.42 20.55
31 969.0 31 975.7 ~12,0! 2.85 22.14 ~17,0! 3.12 20.50 3.34 20.29
32 004.7 32 011.2 ~13,0! 2.78 21.80 ~18,0! 3.14 20.03 3.15 20.01
32 040.6 32 047.6 ~14,0! 2.96 21.91 ~19,0! 3.03 20.38 3.23 20.18
32 076.6 32 084.2 ~15,0! 3.43 21.82 ~20,0! 3.55 20.25 3.56 20.25
32 114.0 32 122.6 ~16,0! 2.87 23.17 ~21,0! 3.28 21.23 3.38 21.12
32 151.5 32 159.5 ~17,0! 2.54 22.69 ~22,0! 3.81 0.12 3.88 0.19
32 188.8 32 198.3 ~18,0! 2.74 23.78 ~23,0! 4.52 20.51 4.54 20.49
32 226.8 32 236.4 ~19,0! 2.55 23.84 ~24,0! 4.42 20.48 4.43 20.47
32 265.5 32 275.1 ~20,0! 1.99 24.18 ~25,0! 3.95 20.75 3.97 20.74
32 302.2 32 311.7 ~21,0! 3.78 22.05 ~26,0! 5.44 1.01 5.35 0.90
32 341.0 32 351.1 ~22,0! 3.86 22.34 ~27,0! 4.49 0.16 4.18 20.17
32 381.0 32 390.3 ~23,0! 3.16 21.98 ~28,0! 3.61 20.02 3.11 20.53
32 421.7 32 431.9 ~24,0! 2.25 23.53 ~29,0! 2.48 21.78 2.08 22.14
32 462.1 32 472.3 ~25,0! 2.19 23.31 ~30,0! 2.79 21.01 2.69 21.06
32 502.8 32 513.4 ~26,0! 2.47 23.13 ~31,0! 3.70 20.32 4.01 0.03
32 543.3 32 554.4 ~27,0! 3.68 22.11 ~32,0! 4.69 0.31 5.09 0.69

a~0-20,0! obtained from MRES in the AgI mass channels;~21-27,0! obtained from FE spectra; the transition assignment is tentatively chosen.
bSingle RKR surface fitted to bothB←X andB8←X progressions simultaneously.
cModified RKR surface with a local minimum in the shelf region.
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The nature of this surface is at present not clear and can only
be determined by a complete and very extensiveab initio
calculation.

A least-squares analysis, third-degree polynomial fit of
the spectroscopic data including the isotopic displacement
can be undertaken for both progressions independently based
on Eq. ~1!. This procedure leads to an accurate potential
curve for theB state. TheB8 data are much more difficult to
deal with since the absolute numbering of the observed tran-
sitions is ambiguous. Therefore, as a first approximation, we
assume theB8 ~0,0! transition is the one observed at
31 616.7 cm21 ~for 107AgI) and we apply the fitting proce-
dure to theB8 state using the spectroscopic data given in
Table V. The calculated isotopic displacement for each tran-
sition deviates apparently in a systematic manner from the
experimentally obtained values~see Table V!. Such fits rap-
idly become better if one assigns the 31 616.7 cm21 ob-
served transition to a higher vibronicB8 state@e.g., ~6,0!#.
Although this leads to smaller standard deviation fits, the
overall result is suspect because the computed system origin,
vibrational frequency, and the anharmonicities have physi-
cally unreasonable values.

In some instances one can determine the absolute label-
ing and the~0,0! transition position for a spectrum if one
assumes that the isotopic displacement for transitions close
to ~0,0! is very small and that it increases noticeably at
higher vibrational levels. That is, the isotopic splitting is fit
to determine the vibronic numbering and the absolute vibra-
tion numbers in the excited states are obtained from the fit.
Here too the fit parameters are not physically meaningful
~e.g.,ve,0).

If we treat the 107AgI ~and 109AgI) data indepen-
dently we obtain fits with acceptable standard deviations;
however, the prediction of the109AgI transitions based on
the 107AgI data ~and vice versa! by applying the factorb
@see Eq.~3!# fails. Since it is not possible to explore the
nature of these experimentally observed deviations from
regular behavior in full detail, we choose the transition
numbering shown in Table V and determine for the mo-
lecular constants of theB8 state ne531 705.69 cm21,
ve520.01 cm21, ve8xe851.149 cm21, ve8ye8520.0364 cm21,
andve8ze850.0005 cm21.

2. One potential surface

Alternatively, consider that bothB andB8 progressions
belong to one electronic state with a complicated potential
surface arising from avoided crossings between two~or
more! diabatic surfaces. To examine this possibility, the
Rydberg–Klein–Rees~RKR! method21 is employed to ob-
tain the potential curve for this state from the measured vi-
brational energies. In the RKR approach, one obtains the
left- and right-hand turning pointsr min and r max for ro-
vibrational level (n,J) of a potential surface from the Kleinf
andg integrals

r max2r min52 f 5S \

pmcD 1/2

3E
21/2

y

@GJ~n!2GJ~x!#21/2dx, ~4!

r max2r min

r minr max
52g54S pmc

\ D 1/2

3E
21/2

y

BJ~x!@GJ~n!2GJ~x!#21/2dx, ~5!

in which GJ(n) is the vibrational energy and

BJ~y![
]E~n,J!

]@J~J11!#

is the effective rotational constant. Equation~4! is used to
calculate the distancer max2rmin between the outer and the
inner turning points for each vibrational leveln of the new
potential surface. The function valuesGJ(x) between the
measured energy levelsGJ(n) are obtained by a cubic spline
interpolation. The measured vibrational energies of the
107AgI isotope are used in the calculation. The effective ro-
tational constantsBJ(y) needed in Eq.~5! cannot be obtained
from our experiment because our spectral resolution~;0.5
cm21! is lower than what would be needed for resolving
individual rotational transitions of AgI. Therefore, we resort
to the following approximate procedure. A Morse potential
curve is fit to ther max2rmin values calculated from the RKR
method forn50, 1, and 2. The vibrational eigenvalues of the
obtained Morse potential are nearly identical with the mea-
sured vibrational energiesGJ(n) for n50, 1, and 2. This
indicates that the RKR potential curve may be very close to
the Morse curve at energies below the vibrational leveln
52. The equilibrium internuclear distance for this Morse po-
tential is derived from the known rotational constantBe

50.0407 cm21 measured in Ref. 6. The repulsive branch
from this fitted Morse curve is then employed to calculate
the positions of the inner turning pointsr min for all measured
vibrational levelsn. This approach is justified since the re-
pulsive branch even in complicated potential curves is gen-
erally smooth and often is approximated by an exponential
form. The outer turning pointsr max are calculated by adding
the r max2rmin values calculated from the RKR method to the
above values ofr min . The resulting potential curve is shown
in Fig. 8 which also shows the ground-state potential curve
taken from Ref. 19. TheB state curve fit to bothB and B8
progressions has a shelf region on its outer wall between 3.0
and 3.6 Å which makes the potential well unusually wide.

The vibrational eigenfunctions for thisB state potential
curve are calculated by solving the radial Schro¨dinger equa-
tion by the method of Numerov and Cooley using theINTEN-

SITY computer code by Zemke and Stwalley.22 The calcu-
lated B/B8 and X state eigenfunctions are used to compute
the Franck–Condon factors and transition dipole moments
for theB←X ~n,0! transitions. Figures 9~a! and 9~b! compare
the measured and the calculated spectral intensities. The cal-
culated intensities show the right trend with strong~n,0! tran-
sitions forn<4 and a weaker~n,0! progression forn.4. In
the calculation, this weaker progression reaches a minimum
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at n56 and a maximum atn57 or 8 while the experimental
intensities reach a minimum atn55 and a maximum atn
56. Since the RKR method can only give two turning
points, no local minimum can appear in the RKR potential
curve. A better agreement with experimental intensities is
achieved for a slightly modifiedB state RKR potential curve
in the shelf region, with a local minimum well depth of about
30 cm21 at an internuclear distance of 3.42 Å. The calculated
intensities for this modified RKR potential curve are shown
in Fig. 9~c!. The intensity minimum shifts ton55 and the

weaker progression maximum occurs atn56 in better agree-
ment with the experiment.

In both calculated spectra the intensities in the weaker
progression decrease with increasingn somewhat slower
than the experimental intensities. The calculated intensity de-
crease withn would be faster if the repulsive branch of theB
state curve were less steep than that obtained from the
Morse-curve extrapolation described above. Overall, the
shelf state model~perhaps with a shallow local minimum in
the shelf region! describes both the vibrational energies and
the spectral intensities of the107AgI isomer rather well. The
only serious discrepancy with the experiment is for the iso-
topic displacement. Table V shows deviations between the
calculated and the measured vibrational eigenvalues for both
107AgI and 109AgI isomers. Note that the deviation is small
for 107AgI because its measured vibrational energies are em-
ployed to construct the RKR potential curve. The109AgI ei-
genvalues calculated for this potential curve are larger than
the measured ones. The calculated isotopic displacement is,
therefore, systematically smaller than that experimentally
observed—up to 4 cm21 smaller forn<19.

Thus, we can fit theB←X and B8←X AgI spectrum
~within the Born–Oppenheimer approximation! in two ap-
parently reasonable ways: An RKR single electronic
potential-energy surface; and two potential-energy surfaces
for B and B8 excited states. Nonetheless, neither gives a
satisfactory model for what we know to be vibrational isoto-
pic splitting.

E. AgI—MRES of higher electronic states

The excited states of AgI have been the subject of nu-
merous studies. The states located are theA @~0,0! at 23 879

FIG. 8. Potential curve of AgI’sB/B8 state as obtained by RKR modeling
of the observed109AgI and 107AgI spectral data. This state has a well-
pronounced shelf region between 3.0 and 3.6 Å. The ground-state potential
curve data are taken from Ref. 19.

FIG. 9. ~a! FE spectra of expansion cooled AgI, see caption of Fig. 6.~b!
Calculated spectral intensities for the RKR potential curve~see Fig. 8!. ~c!
Calculated spectral intensities for the modified RKR potential curve possess-
ing a local minimum in the shelf region with well depth about 30 cm21 at
internuclear distance 3.42 Å separated from the main well by a barrier at
3.20 Å.

FIG. 10. Two-Color (112) dye laser MRES of AgI. The excitation laser is
tuned to selected transitions of107AgI of the B state; see short arrows in Fig.
7~b! for exact laser tuning positions.
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cm21#,23 C @~0,0! at 44 607 cm21#,24,25 D @~0,0! at 45 471
cm21!,24,25 andE @~0,0! at 47 460 cm21!17 in addition to the
B and B8 states reported herein. Very little is known about
states at higher energies than these.

The ionization energy of AgI lies between;71 000
cm21 ~8.8. eV! and 74 000 cm21 ~9.2 eV!. (111) one-color
ionization through theB8, B states is not possible and (1
11) or (112) two-color ionization detection in the AgI
mass channel is very weak if detectable at all, employing two
dye lasers. Typical ionization for the AgI mass channel is by
(111) two-color ionization employing a dye laser for the
(B8,B)←X transition and an ArF excimer laser~193 nm! for
the I←(B8,B) transition ~total energy;83 000 cm21 or
;10.3 eV!. This scheme does not generate Ag1, so the AgI1

ion must be stable at;1.2 eV vibrational energy or the elec-
tron carries away most of this excess energy.

The reason we observe AgX spectra in the Ag mass
channels is that the neutral AgX dissociates on an excited-
state surface~;60 000–70 000 cm21! and the Ag* absorbs a
third photon for ionization to Ag1. The overall process is a
(112) two-color or one-color ionization as follows:

AgX ——→
hn1

AgX~B8,B! ——→
hn2

AgX~Z!

→Ag*1X* ——→
hn3

Ag1.

The interesting point here is that this process is highly reso-
nant for the second-photonZ←B AgX transition. Figures 10
and 11 show this behavior in AgI through theB and B8
states, respectively. In these figures one can see that the over-
all ionization process for AgX→¯→Ag1 is doubly reso-

nant: Once forB8, B←X and once ofZ←B8,B. In this
nomeclature ‘‘Z’’ may imply a number of different elec-
tronic valence and/or Rydberg states. This would be an ex-
cellent way to explore the nature of the highly excited elec-
tronic states of AgX, in general, and AgI in particular. We
have not extensively studied these transitions for AgCl and
AgBr, but such resonances exist for these AgX molecules, as
well.

IV. CONCLUSIONS

This study of AgX species in the gas phase is made
possible by a convenient high-temperature cw nozzle that
displays stable expansion characteristics and minimizes the
decomposition of AgX species. TheB←X transitions of
AgCl, AgBr, and AgI are observed by both fluorescence and
isotopically selective mass resolved excitation spectroscopy.
New molecular constants have thereby been determined for
the B state of these molecules. Two approaches are taken to
analyze the complex nature of theB, B8←X transitions of
AgI within the Born–Oppenheimer approximation: Two
transition to different electronic statesB8 andB from theX
state; and a single transition to a complex RKR derived sur-
faceB. Both fits to the data are reasonable for a single iso-
tope of AgI but neither can explain the107AgI/109AgI isotope
displacement observed for theB8←X transition.

The one-color (112) doubly resonant ionization of the
silver halides does not generate AgX1, but yields Ag1. Our
findings support the conclusion that the Ag1 ions are gener-
ated by neutral molecule fragmentation at the intermediate
level of the second absorbed photon and that the third ab-
sorbed photon ionizes Ag* . The Ag* is probably in its2P or
2D electronic state.
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