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An injection seeded narrow bandwidth pulsed optical parametric
oscillator and its application to the investigation of hyperfine
structure in the PF radical
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We describe the construction of an all solid-state, narrow bandwidth, pulsed optical parametric
oscillator(OPO based orB-barium borate nonlinear crystals. The OPO was injection seeded by an
external cavity diode laser in the range 755-855 nm to generate high power narrow bandwidth
tunable light in this range and simultaneously at 606—669 nm. The bandwidth of the visible light
was~130 MHz, and after frequency doubling or sum frequency mixing with the second harmonic
of the pump Nd:YAG laser, sub-Doppler spectra with an overall resolution of 450 MHz were taken
in the UV. The system is demonstrated by taking high-resolution spectra of the -3 and 5-7

bands of theA°3II-X33%(v',0) progression and the'=4—v”"=0 band of thedII-a’A
transition in PF. These spectra show clear hyperfine structure, and an analysis of this structure is
presented and interpreted in terms of the electronic structure of the molecule. As a prelude to this
high-resolution study, the first ten members of feX band system and the first five members of

the d—a band system were recorded at the moderate resolution provided by a pulsed dye laser.
© 2001 American Institute of Physic§DOI: 10.1063/1.1405121

I. INTRODUCTION Previously, the only way to obtain the resolution re-
quired in these cases was to use continuous vexg dye
The use of optical parametric oscillataf®PO has be- lasers, or other even more specialist techniques. While cw
come increasingly popular in the last decade in moleculagystems have very low bandwidtlis 1 MHz) they can be
spectroscopy, photochemistry, and many other areas. In adifficult to operate, and the peak powers are low. The latter
dition to the well recognized advantages of the OPO as an athakes the nonlinear optical techniqussich as second har-
solid-state design, the possibility of broad tunability espe-monic generationthat have become essential in modern
cially in the infrared and high peak powers makes them arspectroscopy inconvenient to implement. A system that com-
excellent source of coherent light for spectroscopy at convebines the resolution attainable from a cw laser with the high
nient resolutiong~0.1 cm 1). The spectra that can be ob- peak powers and ease of operation of a pulsed laser system is
tained at this resolution contain a wealth of informationobviously desirable. This has been achieved previously by
about the motions of, and interactions between, the electroremplifying a cw dye laser with a pulsed systdsee, for
and nuclei within the molecule of interest. Higher resolutionexample, Ref. # Such a system may attain the resolution
would benefit many applications, and some completely nevand peak powers required but, given that a cw dye laser is
areas are opened up. For example, at the highest level oéquired, it is difficult and expensive to operate. An approach
spectral resolution, hyperfine splittings due to the differenthat has become feasible recently is to amplify diode lasers,
orientations of the nuclear spins become visible. The conwhich are very easy to operate, with an OPO. This paper
stants describing these splittings can yield direct informatiordescribes such a system, and its application to the sub-
on the electronic wave function such as the amounts of Doppler spectroscopy of two electronic transitions in the PF
character or spin density at each nucleus. See, for exampleradical. The hyperfine structure revealed in these transitions
previous detailed study on theA state of iodine is analyzed in terms of the bonding in PF. A preliminary
monochloridé? where the electronic wave function was report of this work, covering a single vibrational level of the
probed over a large range of internuclear distance by mea °II state, has already appeared.
suring hyperfine splittings over a wide range of vibrational =~ The possibility of single frequency OPO generation has
levels. Other applications requiring high-resolution are thebeen known since the early work of Bjorkholm and
electronic spectra of large moleculeand photodissociation Danielmeyef. They demonstrated injection seeding of a
dynamics’ lithium niobate (LINbQ) based OPO system. The OPO was
pumped by a ruby laser and was seeded with a cw Nd:YAG

dpermanent address: Institute of Physics, National Academy of Sciences (I)?S’er' The cavity was locked to the seed “ght via a piezo-

Belarus, Minsk, Belarus. mounted end mirror ano_l servo loop c?rcuitry. Without seed-
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with seeding oscillation on a single longitudinal mode was

observed. More recently, methods other than injection seed- 50000 P (D) +F (P)
ing for single frequency operation of the OPO have been
demonstrated. These include the use of intra-cavity spectral 40000
elements in the resonator such as an intra-cawijyos’ or

simple amplification(without using a cavity of an external 30000
narrow bandwidth laser source in a series of nonlinear e
crystals® The development of effective nonlinear optical ma- 2
terials such as BB@B-barium boratg KTP/KTA (potassium w 20000
titanyl phosphate/arsenatand periodically poled materials
(e.g.,pp-LiINbO;) has also led to further investigations into 10000
injection seeding. One of the prominent features of OPO

systems is the oscillation simultaneously at two different fre- 0

guenciegsignal and idlerso injection seeding on just one of
those frequencies leads to single mode oscillation of both
outputs. Up until recently’ II’?JeCtIOI’\ seedlpg of BBO b"’ttsedFlG. 1. Schematic potential energy curves for electronic states correlating to
OPO systems has been achieved at the signal wave, with the first and second atomic asymptotes in the PF radical.

seed provided by a Nd:YA&or a pulsed’!! or a single

frequency dye laséf However, applicability of such sys-

tems to narrow bandwidth work has been limited because ofctjyve spin—spin parameters to produce a more accurate de-
the complexity and expense of cw dye lasers. scription of Douglas and Frackowiak’s data. Additional low-
Fortunately, in recent years, a number of commercialesolution data for theA3Il state were presented by
external cavity cw diode lasers have become available WhiCbZoychowdhuryet al’® in the form of a selection of spin-
provide good coverage of the spectral range usually assoGgrpit sub-band head positions far' =0-9 identified in
ated with the idler frequency of a UV pumped OPO systememission at a resolution of 4.5 ¢rh This study also made
These diode lasers are more attractive as single frequengfeasurements of relative emission intensitiesufor 0—3;
seed sources than cw dye lasers due to their compactnesge deviations of these from the Franck—Condon predictions
easy operation and substantially lower cost, and have alreadyte sufficient to suggest a stronglependence to the transi-
been demonstrated as effective cw seed sources fQon moment as in the correspondidg-X transition in the
LiNbO3,****and BBO based systemi3Application of these  jsoelectronic SO radicaP These deviations have since been
Single frequency cw diode lasers for injection Seeding OPQ;onfirmed in a paper by Setser and CO-WOI’%%-TB which
systems at the idler frequency provides an excellent route tthey determined radiative lifetimes for=0 and 1 of theA
obtain single frequency operation at the higher frequencytate of 4.2-0.2us and 3.2-0.2us, respectively. Further
signal wave in the visible region of the spectrum. Whenradiative lifetimes were reported by Nizamov and Sétsas
combined with relatively simple frequency doubling andthe current study was being undertaken; this paper also ex-
mixing schemes, most of the spectral range from the neaended the rotational analysis to a wider range of vibrational
infrared to the UV can be covered at near transform limitedevels of theA state.
bandwidth. Also relevant to the current work are the rotational and
As an application of this narrow bandwidth light source, magnetic hyperfine constants measured #6£0 in the
we have undertaken a high resolution study of the overlapxX ®s,~ ground state by Saitet al?? using microwave spec-
ping AI1-X32~ and d'II-a'A band systems in PF, troscopy. They were able to determine Fermi contact and
where our resolution in the UV is sufficient to resolve thenuclear spin-electron spin constants for both nuclei, which
hyperfine structure in both band systems. PF is a rewardingllowed them to derive values for the spin density andsthe
candidate for the measurement of hyperfine structure as dharacter of the wave function at each nucleus. Reabnt
has two spin3 nuclei, both with relatively large magnetic initio calculations by de Broucke?>?*at the configuration
moments, which implies easily resolvable hyperfine split-interaction(Cl) level have yielded hyperfine parameters that
tings. Approximate potential energy curves for the low lyingare in moderate agreement with the ground state hyperfine
bound states of PF are shown in Fig. 1. constants measured by Saibal,?? although the calcula-
The A3II-X 33~ system in PF was first investigated by tions were limited to the nuclear spin—spin constants and the
Douglas and Frackowidk who observed rotationally re- quadrupole coupling constant fofF at the equilibrium ge-
solved emission from’ =0, 1 and 2 in theA 31 state to a ometry.
range of ground state vibrational levels. It was observed that Douglas and Frackowidk also reported the first obser-
the vibrational structure of tha state is anomalous, with the vations of a number of singlet states, namely théA,
vibrational spacings increasing with increasimgAll three  b!X*, dII andg Il states, as illustrated in Fig. 1. Rota-
spin-orbit components were identified with a splitting of tionally resolved spectra for both tlile-a andd—b systems
~140 cm?! and the A-doublet spliting between the were recorded and analyzed for levels upvto=3 in the
Q=0" and Q=0" parities increased from 0.07 crthfor ~ d'Il state. Based on the fact that testate vibrational
v=0 to 0.25 cm? for v=2. A more detailed analysis was spacing showed similar behavior to that of thetate, it was
undertaken by Kowes'’ who utilized both spin-orbit and ef- proposed that they had the same electronic configuration.
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band visible anti-reflection coating. The crystals were

oo skiz (WL | Ampirior mounted in a walk off compensation geometry as described
solator P20 mounted ~ Adder by Bosenberget al?® The optical axes of the crystals were
ud mirror + PO}~ constrained to equal and opposite angles in a counter-rotating
Idler Signal mount. A dc motor provided high precision rotation of
765-855 m s v A both crystals and additional fine-tuning was possible by ad-
1 | Ve justment of the voltage to a piezo-mount driving the same
NP L motion.
UVPiSnfpnm Dﬁ N \\ - Four flat dichroic mirrors define the OPO cavifgee
MINS BEG Crysals R4 ""5; : M%G Photodiode Fig. 2), which by choice of the mirror reflectivites and servo
Signal loop feedback is resonant with the idler frequency. The ring
M7 607- 662 nm configuration provides ease of alignment, unidirectional out-

, , _ _put, and optical isolation of the potentially damagiitg the
FIG. 2. Schematic of the OPO cavity and locking control system. The ring

cavity is formed by four plane mirro®11—M4) which only reflect the idler seed Iase)rhlgh power light circulating in the OPO cavity.
wavelengths. Active cavity length control is provided by a piezo-mountedThe length of the resonator was 21 cm, which corresponds to
mirror (M3) and compute(PC) controlled servo loop electronics which a cavity round trip time of 0.7 ns. The UV pump pulse Iength
include a photodiode, lock-in amplifier and a signal combi@eidej. The . . . . .
UV pump beam is introduced through mirror M1 and is separated from theS 10 ns, which CorreSpondS to 14 optlcal round trips while
signal beam by an additional dichroic mirrv5) after exiting the cavity.  the pump field is present in the crystals. The output coupler
Arrows‘by the_BBO crystals indicate their contra-rotation about the axegmirror M4) hasR~85% for the idler frequency, while the
shown in the diagram. other cavity mirrorsqM1—M3) have R>99% for the idler

frequency(in this case a spectral window of 750—880)nm

This is consistent with the relative emission intensities reAll four of the cavity mirrors are coated to enable high trans-
ported by Setser and co-work&tdor the d—a and d—b mission of the signal and pump frequencies to prevent any
band systems which seem to indicate again that the Franckdoubly resonant behavior and any possible mode competition
Condon factors do not provide an adequate explanation d¥etween the signal and idler outputs.
experimental observations. In the case of thstate, how- The OPO was pumped by the third harmonic of a Spec-
ever, no vibrational dependence of radiative lifetime wasira Physics Quanta Ray Pro 190 injection seeded, single fre-
identified. The relative positioning of the singlet and triplet quency Nd:YAG laser. This system provided a pulse length
manifolds was established by Cok al?® who observed the of 10 ns at 355 nm, which is longer than normal for this type
spin forbiddenb '3 * —X 33~ transition. of system to aid in minimizing the bandwidth of the OPO
Ab initio studies performed at the Cl level by Latifzadeh outputs. The available UV pump power was 220 mJ per
and Balasubramani%yielded potential curves for all of the pulse. The crystals were typically pumped with a fraction of
electronic states correlating to the first two dissociationthe available powet~60 mJ per pulsebecause the output
asymptotes. These confirm that all of the bound valencower required from the OPO system for this study was
states had been identified experimentally by Douglas angite small(1-2 mJ per pulse on the signal wav&he size
Fragkowiak@ The g'll state they Zobserved has beenyf the pump beam was 8 mm in diameter, and the beam
assigned as the first member of " “I1](nso) Rydberg  ofile was close to Gaussian with20% modulation at the

H 6,27
sem_arﬁ. ¢ ¢ th . foll Section Il d peak. No special efforts were made to smooth the beam
e format of the paper is as follows. Section e shape. The spectral width of the pump laser was measured at

scribes the construction of the injection seeded OPO syste@32 nm with a scanned Fabry—Perot interferometer and was
including the mechanism to lock the cavity length, and the

; determined to be 85 MH#£0.0028 cm'}). The pump pulse
performance of the system. Section Il presents our low- . . : . .
resolution spectra and analysis of both feX band system was introduced into the cavity by transmission through mir-
and thed—a band system, which overlaps tie-X system ror M1 and was separated from the signal wave by an addi-
Sections IV and V detail our high-resolution investigation of tional dichroic mirror outside of the cavity after mirror M,Z'
the same systems with the injection seeded OPO system and '€ OPO resonator was seeded by a commercial single

in Sec. VI we discuss the bonding in PF as revealed by thifequency external cavity diode las€EOSI 2010 in the
hyperfine parameters. Littman configuration. This system generated narrow band-

width (~5 MHz long term light, and in the current study
two different diode modules covered the spectral range 765—
795 and 825—-855 nm. The coarse tuning range of each diode
A. OPO cavity design module is typically 20—30 nm with a mode-hop free tuning
The OPO systertas illustrated in Fig. Pis based ontwo fange of~40 GHz provided by a piezo element. Typical
BBO nonlinear optical crystals inserted in a singly resonanfower outputs from the seed laser are of the order of a few
ring cavity. Both BBO crystals were >812x13mm and mMW. The output of the OPO was insensitive to the power of
were cut to a phase matching angle-e28.0° corresponding the seed laser. This is consistent with the other injection
to a type | phase matching parametric process for the 355 niseeded OPO systeri§:>?°where seed energi€sdown to
pump wavelength. The surfaces of both crystals had a broac00 uW have been sufficient to achieve single mode output.

Il. EXPERIMENT
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B. Cavity locking system 104

To achieve single frequency OPO operation with injec-
tion seeding of cw laser radiation, the cavity length must be
adjusted so that one of the cavity modes is resonant with the
injected radiation. This mode is then excited by the low
power external radiation. This resonant condition must be
maintained while the seed laser is scann@dbte that as
single mode scan range is limited t&40 GHz by the seed
laser the BBO crystal angle can be held fixed during a $can.
The OPO cavity length was locked to the cw diode laser by g0
monitoring the light transmitted through the cavity and main- . . . . .
taining the transmission at a maximum. This was achieved 0050 0025 0000 0025 0050
by modulating the cavity length by applying a low amplitude Av/cm
3 kHz sine wave to the piezo-mounted mirror M3. The o , o

. . . . FIG. 3. Transmission fringes of the signal wave output from the injection
modulation this induced of the transmission of the cw diode€,.4eq opo system through a high finesse Fabry—Peiohe
laser through the OPO cavity was detected by a silicon pho-
todiode(PD), which was situated after mirror M6 and a filter
to block the signal radiation. The modulated Signal from theoutputs will have pu|5e |engths shorter than the 10 ns pump
photodiode was demodulated using a precision lock in ampulse. The linewidth actually achieved is demonstrated quite
plifier (EG&G Brookdeal 9508 The phase sensitive output clearly in the spectrum of the signal wavgig. 3), which
was used as the error signal, input to a PC, for cavity lengtiyas taken using a high finesse Fabry—Perot interferometer
control. Including a PC with an ADC/DAC in our cavity while the seed frequency was scanned. The experimentally
length control loop proved very beneficial; analogue elecdetermined linewidth in the frequency domain has a FWHM
tronics can maintain a fixed cavity length for a purely cwof 130+30MHz with what appears to be a Gaussian line
system fairly easily, but tuneable pulsed systems introducghape. Note that these traces represent several hundred OPO
complications that require careful handling using a purelypulses and the single shot linewidth may be narrower.
analogue system. The first complication is the high light in-  |n the time domain, the signal wave pulses exhibit a
tensity while the pump pulse is present, which saturates thgulse width of 6.5 0.5 ns. Using this pulse duration with the
detectors and produces a large glitch in the error signal. Thigelation Av pyypwA Trwnw= 0.44, the Fourier transform limit
is easily handled by receiving a trigger signal from the pumpis predicted to be 686 MHz. The measured bandwidth is
laser and freezing the feedback process until the error sign@hus only twice the transform limit for a Gaussian pulse.
has stabilized after the pulse. The other Complication is thQ'hese measurements were performed at a pump energy of
limited scan range of the cavity length control piege6  ~60 mJ per pulse, providing 6 mJ in the signal wave with 35
GHz2) requiring regular jumps to a different cavity mode. mJ remaining in the pump wave. Preliminary studies with a
This requires that the mirror be rapidly moved to the oppo4onger cavity length of 40 cm found a higher threshold and a
site end of the range when it reaches one of its limits. Thislight shortening of the pulse duration of both the signal and
can be synchronized with the pump pulse to minimize disidler waves but with no obvious change to the linewidth of
ruption. the signal wave.

The locking algorithm used is straightforward in the ab-  The only limitation to tunability in the current design is
sence of the above special cases. The computer response Wag mirrors M1-M3 which must reflect only the idler. At
designed to be similar to an analogue proportional-integralsome idler wavelengths it is not possible to make mirrors
derivative(PID) control. The mechanical and electronic con- that will not also reflect at 355 nm, requiring a separate mir-
straints on the system are such that there were no problemgr to combine the beams, as, for example, in Ref. 12. Such
with the frequency response of the computerized feedbaclg design would require some lengthening of the cavity but, as
The biggest advantage of this approach was the ease @fentioned above, this does not degrade the performance of
implementation and adjustment of the feedback parameterghe system. With this modification, the availability of tune-

An alignment mode was also programmed where the cavityple diode lasers between 650 and 1500 nm means that the
length is continuously scanned to allow the alignment of theopo system, when combined with frequency doubling or
cavity to be optimized. mixing, gives good coverage down to 200 nm.

0.5+

Intensity (a.u

C. OPO performance D. Spectra

Ideally the injection seeding of the OPO system should A pulsed supersonic jet expansion of PF radicals was
narrow the bandwidth of the signal and idler output frequen-generated by applying an electric dischdfge a mixture of
cies from a free running bandwidth of1 cm * to a Fourier 4% PF; in argon, at a backing pressure of 1 atm, prior to its
transform limited bandwidth. For a pulse with a Gaussianexpansion through a pinhole into a high vacuum chamber.
temporal profileAv pywumA 7ewnv=0.44, so for our 10 ns Fluorescence excited using an unfocused laser beam was im-
pump pulse Av pyv=44 MHz (0.0014 cm?). In practice aged onto a photomultiplier tub@®MT). For the highest
the pulse will not have a Gaussian profile, and the OPQesolution studies, the Doppler broadening was minimized
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by selecting the central part of the image of the gas expan T O P
sion with a slit in front of the PMT as in a similar study on 77+ r+P,
ICI (see Ref. 3L Fluorescence signals were recorded with a S S Y
PC using a digitizing oscilloscopd00 MHz sampling rate om0 9 8 es .3r1rrr|;
for boxcar averaging. The low resolution study was per- 9 8 7 65431 °

formed using a Spectron Nd:YAG 532 nm pumped Spectra Q,
Physics PDL-3 dye laser with a linewidth 6f0.1 cmi L. All

of the high-resolution work was performed using the new
injection seeded OPO system. The absolute frequency wa
determined with a commercial wavemet&uster LM-007
to an accuracy of 0.03 cnf for the fundamental output of
the pulsed dye laser and 0.003 chior the frequency of the
seed light. The absolute band positions from the high-

resolution study given below are, however, not this accurate

T Trrronr
234568

Experimental

Simulation
because they also depend on the frequency of the Nd:YAC
pump laser. There could also be a systematic Doppler shift i gz a3 zsa0 20350
the center of the gas expansion was not imaged. Neither o Laser Wavenumber / cm

these factors would affect the dispersion of the recordegg, 4. Arotationally resolved spectrum of tAéIT,—X 33~ (0,0) band of
spectra, but there is a possible systematic error in the bande PF radical. The upper trace shows experimental data and the lower trace

origins; we estimate this to be up to 0.05¢thn is a simulation generated from the constants given in Table |. The combs
above the spectrum are labeled by lower sfaf€he linewidth of the simu-

lation is a Voigt profile with a Gaussian component of 0.08 ¢rand a
Lorentzian component of 0.03 cth
Il. RESULTS

Low-resolution spectra were recorded in the frequency

range 28 500—33 600 chh. Two overlapping electronic band The lower state constants were held fixed at the values
systems were observed, which could be assigned to tHéetermined by Saite@t al*” (v"=0) and Yamadaet al.*?
A3M—X3S "~ andd —a A transitions. Based on the rela- (v"=1) from microwave and infrared spectroscopy, respec-

charge. microwave data ”"=0) a small correction td was re-
quired to reproduce the published line list. The magnitude of
A. The A—X band system the change, from 16 920.97643) MHz to 16 921.014 @5)

The strongA—X(v',0) progression was dominant in the MHz is of the order oD or A, and is either a typographical
region investigated; transitions from’=0-9 were ob- error or a difference in how the centrifugal distortion terms
served with the fluorescence intensity decreasing with inare expressed. The difference in the values, 1.3
Creasingv’_ Several Weakl(’ ,1) hot bands were also iden- X 1076 Cmfl, is SUfﬁCiently small that its effect on the lodv
tified. Assignment of the vibronic features was relativelylines investigated here is of no importance. A typographical
simple as a result of the spin-orbit sub-band head position§'for appears to be responsible for #ie=18 c9?§tant of
reported by Roychowdhunet al’® A spectrum of the Yamadaet al>” being given as 0.599 7838)) cm ™" instead

A°>TI,—X 33 7(0,0) sub-band is shown in Fig. 4. of the value 0.559 783(0) cm ! suggested by refitting their
The rotational and fine structure of each band was andine list. This correction obviously has a much larger effect
lyzed using a Hamiltonian of the form which is perceptible even in the low-resolution’ (1) spec-
R R R A R tra.
H=BN2-DN*+AL-S+ 5\ (3559 The constants given in Table | are in excellent agreement

with the recent values given by Nizamov and Setséiote

that they use a different definition for two of the fine struc-
ture constants, as they interpret their values in terms of in-
teractions with different electronic states. The resulting
The upper state band origins and molecular constants arisirtdamiltonian is identical provided the replacemeng
from fitting the rotational line positions to the above Hamil- = — 2\ andO= — 20 are made. Consistent with their results
tonian are given in Table I. All of the observed transitionsneither our low-resolution data nor the high-resolution data
fitted to within the experimental accuracy. Fef=0-8 it  presented below showedJadependence to the lambda dou-
was possible to include transitions to all three of the spinbling. Their measurements are potentially more sensitive to
orbit components, making use of hot bands where requirethis as their rotational temperatuf@0 K) was much higher
due to nonoverlapping dye ranges. In the wé@J0) band than in our gas expansion. For the same reason they were
only the strongest transitions to rotational levels in the cenable to make a better determination of the centrifugal distor-
tral spin-orbit component were included in the fit. Transitionstion constantD and the spin rotation constant,

to O'=0 and 2 were observed at the expected frequencies Our measurements have extended the range of rotation-
but with very poor signal-to-noise ratio. ally analyzedA state levels up t@’'=9. This provided the

+3\p[3(352-57),N?],

+10(Se 29+ e+ yN-S. 1)
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TABLE |. Rotational and fine structure constants for téll state of PR,

v’ Origin/cm™* Blcm™* Alcmt Mem™t olcm™t

0 29 481.757810) 0.463 84051) 143.130831) 1.584928) —0.015343)
1 29917.701@30) 0.459 94136) 142.993926) 1.608622) —0.074930)
2 30 354.95648) 0.456 5725) 142.845766) 1.633253) —0.117499)
3 30792.759682) 0.452 0022) 142.716065) 1.649052) —0.185896)
4 31 230.41610) 0.447 7030) 142.522469) 1.643061) —0.232195)
5 31 667.369(92) 0.444 7235) 142.377280) 1.696458) ~0.34113)
6 32103.105@6) 0.440 1824) 142.186052) 1.7255%45) —0.427179)
7 32537.09819) 0.435 977) 141.98318) 1.76812) ~0.56212)
8 32 968.90015) 0.431 4948) 141.70Q@16) 1.80211) —0.65329)
o° 33 395.93%25) 0.427 4971) - - -

Figures in parentheses are one standard deviation in units of the last quoted decimal place.

PMolecular constants were obtained by fitting line positions in beth@ and ¢’,1) bands. The constants
determined by Yamadet al. (Ref. 32 were used foX v”=1, after being corrected as described in the text.
“Only transitions to th&)’ =1 component were included.

precision required to best make use of the skbs2 cm %) over this range, from 1.76 A fos=0 to 1.87 A forv=8
continuous scan range of the OPO system in investigatingsee Fig. 12 Preliminary ab initio calculations have also
the hyperfine structure in thA state. In addition the low- shown that the diagonal spin-orbit matrix elements do not
resolution study has made it possible to follow the anomavary significantly between 1.3 and 2.1 A. In contrast the
lous trend in theA G (v + 1/2) values over a larger range of doubling in theA state steadily increases with as can also
vibrational levels, and allows the trends in fine structure conbe seen from Table I. Since both the=0" and 0" compo-
stants to be considered for the first time. The vibrationalhents are expected to correlate to the same atomic asymptote,
spacings plotted in Fig. 5 show quite clearly that the unusualP(*S) + F(?P), thisv dependence can be associated with an
vibrational structure observed for low, with vibrational increasing interaction with & state. The obvious candidate
spacing initially increasing withy, is common to all three is the b3 " state which correlates diabatically with the
spin-orbit components. This would normally be attributed toP(?D) + F(?P) limit and is therefore expected to cro&sr

the interaction with another electronic state, but there is naindergo an avoided crossing witthe A state potential. Such
state in this region capable of perturbing all three spin-orbian interaction could significantly perturb the structure of
components. It is therefore suggested that the unusual vibréransitions to higher lying vibrational levels.

tional behavior is solely due to the nature of tAestate

potential. Figure 5 also shows a small perturbation affecting. The d—a band system

a single spin-orbit component of=4, for which the() =2

. - . . l
component is slightly displaced. This suggests a weak mix- | In the region StUd'e.?’ a pr'ogredssm‘rn_ln tgéé]_adA
ing with thea A state as this is the only other state in this (¢ ',0) system was easlly assigne fof=0-4 based on
region with anQ=2 component. Ref. 16. Figure 6 shows a typical example of thea (0,0)

Application of the noncrossing rule suggests that all

three spin-orbit components of th& state correlate with : — 1P,
ground state atomic fragments, implying that the spin-orbit 1 2 1 1t 9 8 7 6 5 4 3 2 a
splitting should tend to zero at largeThe observation thak 6 8 76 5432
(see Table)lis almost invariant over =0—-8 can be easily
. S . 1 97 R,
explained by considering the relatively small chang€rin ::a
2
438 Q
O e Experimenital
437 10 e
- 2n
£ 436
= l A
) 435 Simulation w
L 434 —————— I
¥ 28690 28700 28710
8 433 Laser Wavenumber / cm™
432 FIG. 6. A rotationally resolved spectrum of tdeé'II—a *A(0,0) band. The
upper trace shows experimental data. The lower trace is a simulation gen-
431 erated from the constants given in Table Il. The combs above the spectrum

v are labeled by lower staté The linewidth of the simulation is a Voigt
profile with a Gaussian component of 0.08 ¢hand a Lorentzian compo-
FIG. 5. Separation between successive vibrational levels oAtHé state.  nent of 0.1 cm™.
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TABLE II. Rotational constants for tha *A andd Il states of PE.

Ry(2) Ru(
Origin®cm™* Blcm ™t
alAv=0 - 0.567 6216)
dlv=0 28712.112471) 0.480 8918)
dilv=1 29 125.247071) 0.474 9118)

Experimental

dilv=2 29541.896(65) 0.468 9619) 32 (5/2,3/2)
dilv=3 29 960.821(58) 0.463 9020) 21 (5/2,3/2)
diTv=4 30381.14011) 0.459 1829 21 (3/2,1/2)
1-0 (3/2,1/2)
Figures in parentheses are one standard deviation in units of the last quote | Simulation
decimal place. i

PR T Y Y T N T S Y Y YOO Y YOO T DO T S S S T S Y W

30496.8 30497.0 30497.2 30497 .4 30497.6
Laser Wavenumber / cm”

"Term values relative to =0 of thea A state.

FIG. 8. A section of theA I1,—X ®37(2,0) sub-band, showing the ob-
band. Th d b ianifi d in fl served and calculated spectrum of dddranch and fouR branch transi-
and. ere appeared to be no significant decrease In ug(')ns, including the associated hyperfine structure. These transitions are la-

rescence intensity with increasimg, but we were not able beled in the upper experimental trace by lower sfafEhe labels describing
to assign any vibrational levels abové=4. An additional the hyperfine structure in thBs(1) transition represer’ —F" and (F;

band was observed at 30805 —C]-n close to the expected —F1), where the quantum numbefsandF, are as defined in the text. The
simulation shows a stick spectrum calculated using the constants given in

energy of the_d_a (5_'0) band, but the rotational structure Table 1ll, and the convolution of this with an instrumental Gaussian function
appeared radically different to that of the other bands angith FwHM 0.015 cnit.

was therefore not assigned to ttiestate. The rotational line

positions in the five observedi-a bands were fitted simul-

taneously, using a Hamiltonian with a sinwilz term to IV. HYPERFINE RESOLUTION STUDY OF THE A— X
represent each upper and lower state level. Initially the loweBAND SYSTEM

state rotational constant was held fixed at the value measured

by Douglas and Frackowidk(B”=0.5676 cm?) but a bet- High-resolution spectra of theA*II-X°3~ (v’,0)

ter fit could be obtained by floating” and determining an bands have been recorded for=2-3 andv’=5-7. Fig-
improved value of this parameter. ures 8 and 9 show typical spectra from #&0) and (6,0

Table Il contains the improved molecular constants forbands, respectively. Spectra of thid, components showed
the d—a system, including the first values for = 4. Higher @ clear hyperfine splitting for some branch@sg. 8 and
vibrational levels may well predissociate to ground stateSome of the lowd lines for the®IT; component showed clear
atomic fragments; the presence of thé$)(+ F(2P) disso- Proadening and asymmetiig. 9). The overall linewidth
Ciation ||m|t betweenv:4 and 5 Of thed state iS entire|y obtained in these studies wa$.015 Crﬁl which is entirely
consistent with theD, value of 37 1083500 cm® deter- consistent with a contribution 0f-0.006 cm?* from fre-
mined by Berkowitzet al®® Figure 7 shows that the vibra- duency doubling the output from the OPO and 0.011 tm
tional spacing in thel 111 state increases in an even more from a residual Doppler width at 10 K.
pronounced fashion with than that in theA I1 state. As the
two states arise from the same configuration, dtstate po-
tential may also be unusual. In this case, however, interac
tions with other electronic states, such as high levels ofthe 1000
state, could also give this effect.

Experimental - Simulation

-1000

492 Simulation
A
- 420 4000
E
© R..(0)
~ 2000
< 418 Mntal
o ataerterms st BEPEPE it
| 32105.20 32105.30
~ 416 Laser Wavenumber / cm™
+
>
G} FIG. 9. Two rotational transitions in th& °IT;—X 33 ~(6,0) spectrum. The
414 shape of the higher energy pedRy,(0), is influenced by the underlying
unresolved hyperfine structure due to nuclear spin-orbit coupling. The peaks
to lower energyQ,,(3) andQ,,(4), are not broadened and their widths are
412 0 1 5 3 determined by the OPO bandwidth. The linewidth determined from the con-
v tour fitting process was a \Voigt profile with a Gaussian component of 0.01

cm ! and a Lorentzian component of 0.005 ¢hiThe upper trace shows the
FIG. 7. Separation between successive vibrational levels of fié state. residuals from the line contour fitting process.
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TABLE lIl. Rotational and hyperfine constants for tA€’Il state of PF.

v’ 2 3 5 6 7
Origin/cm™* 30 354.939 4448 30792.708 4¢72) 31 667.302 6644) 32103.039 9675) 32537.049 9(56)
B/cm ! 0.456 40424) 0.452 36142) 0.444 22%29) 0.440 10%75) 0.435 93035)
D/cm™t 1.85(19)x 10 © 1.34(34< 1078 1.53(31)x 1078 1.19(21)x 1078 8.5(37)x 1077
Acm™? 142.843 6942 142.703 3754) 142.374 6526) 142.192 0246) 141.969 7832)
Mem ! 1.615 1938) 1.645 4468) 1.700 6328) 1.737 9@43) 1.782 3635)
o/cm™? —0.121 1281) —0.178 410 —0.325 3129) —0.426 1769) —0.562 0739
a (P)’cm™! 0.029 G17) 0.029 G30) 0.027 113 0.026 322 0.027 328)
be+ 3¢ (Pem™? 0.018 956) 0.023 §20) 0.025 §17) 0.024 228) 0.025 157)

a (P’cm™* 0.017 §14) 0.021 342 0.017 §14) 0.021 G13) 0.017 224)
be+ 3¢ (Flem™* 0.030 §57) 0.023 521) 0.021 920) 0.021 528) 0.021 251)

Figures in parentheses are one standard deviation in units of the last quoted decimal place.
bDetermined from contour fit.

The spectra obtained from the OPO system were ana- The only independent information @thus comes from
lyzed using a Hamiltonian of the form the poorly resolved hyperfine structure in tie=1 compo-
. N . N nents(Fig. 9. A line contour fitting process was therefore
Hiot=Hrot Hyp(P) + Hiyo(F), (2) used to extract tha constant for both nuclei as described in
where the Hamiltonian excluding the effects of nuclear spindetail previously® This used line intensities calculated as
|:|mt’ is given by Eq.(1). The hyperfine parts take the same described above with the line shape modeled with an empiri-

standard forri for both nuclei cal combination of Gaussian and Lorentzian components. At
. L . o least five separate scans were fit for each vibrational level.
Hpyp=2al L+ bel-S+ 3c(31,S,—1-9), (3)  The results given in Table Il are an average of these, with a

standard deviation estimated from the scatter in these mea-

with 'A being the spin of the phosphorus or fluorine nucleus ag,rements. The fitted scans included one sharp line and one
required. The energy levels were calculated by setting up thﬁyperfine broadened line so the instrument functitypi-

Hamiltonian matrix in a Hund's caseag) basis using the 5y 0,015 cm? full width half maximun) is determined
coupling scheme from the sharp lines, leaving for each nucleus to be deter-
E,=J+ip: FE=F +1¢, (4) mined from the excess width and a;ymmetry of the other
lines. In a few cases there were two fits with different values
and including all possiblé=;, J and () for a givenF and  for the parameters that gave equally good agreement with the
parity in the basis. As the hyperfine constants for both nucleéxperimental data. In these cases one of the fits gave a nega-
are similar in magnitudef-; is not expected to be a good tive value fora for one of the nuclei which was rejected as
quantum number, SO diagonalization of the full matrix is im- being unphysica| based on the interpretation discussed be-
portant. However, inSpeCtion of the coefficients from th|S|OW All the other constants, inc|udingaé+§c), were ob-
indicates that=, is good enough to use as a label for all tained by conventional line position fits with the nuclear
exceptA °I1, levels, though the fitting process does not rely spin-orbit coupling constants fixed at the value determined
on this. Transition intensities are calculated by transformingyy the contour fit. All of the lines observed for a particular
the matrix elements of the dipole moment in the Hund's casgibronic band were included in the line position fits, though
(ap) basis using the coefficients from the diagonalization. some of the broader lines were given a reduced weight. The
As the ATl state is essentially pure Hund's ca&®  combination by -+ 2c) for each nucleus, as determined from
there are some limitations on the hyperfine parameters thagis fit, along with the other molecular constants are given in
can be determined; this can be seen by rearranging the hyaple I1l. Comparison of these constants with those obtained
perfine HamiltoniariEqg. (3)] to: in the low-resolution study show excellent agreement in all

~ ~ AR aoa P cases.
thp:{aLz+(bF+%C)Sz}|z+%(bF_%C)(I+S—+I—S+)

~{aA+(bg+2c)SMH,. (5)
V. HYPERFINE RESOLUTION STUDY OF THE d-a

The second step follows because theS. term mixes the BAND SYSTEM

widely separated spin-orbit components of fHestate and

thus only shifts the energy levels by a few MHz which is Spectra of thal 2IT-a A (4,0) band were also taken at
below our experimental precision. Equati® shows that high-resolution. A few of the low] rotational lines showed
the hyperfine structure in thI, componentwhereX=0)  clear broadening or partially resolved hyperfine structure, as
is purely determined by the nuclear spin-orbit coupling concan be seen in Fig. 10. Equati¢b) also applies here, and

stanta. The splittings in theQ=0 and 2 components are can be simplified even further &=0, yielding:
governed bya+ (bg+ 5¢) giving two determinable combina-

tions for each nucleus; andbg+ Zc. Hpyp=aAl, (6)
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TABLE V. Hyperfine and rotational constants for tae'tA and thed TI

200 states of PE.

100 Experimental - Simulation
0 alAv"=0 dilv'=4
-100 B/cm™? 0.567 5827) 0.458 9@24)
R.(5) Origin/cm ™t 0.0 30381.191&2)
a(P)®cm™ 0.026 339) 0.021914)

P.(2) - R.(2) o
/|\\\ Simulation /\/|\/|\\ \ H | a(F)’lcm 0.014 3639) 0.0125378)
h [ .

8Figures in parentheses are one standard deviation in units of the last quoted
decimal place.
PDetermined from contour fit.

800

400 M Experimental
0 | | P

378.70 378.75 383.2 383.3 383.4

Laser Wavenumber - 30,000/ cm’ the A state, measurement afin the upper state should allow
6. 10, Th tational lines from th[1—a 1A (4,0) band showi the determination of the spatial avera@nr|r —3|3m). Us-
. . ree rotational lines from —a y ana showing . . -3
clear hyperfine broadenings due to the nuclear spin-orbit coupling. The Iine'-ng atcr)FrT71|C Vall',les Of<': > as tabu',ated by Morton and
width determined from the contour fitting process was an instrumentaPr€StorT,” the spin density in the®orbital on each atom can
Gaussian function FWHM of 0.015 crh The upper trace shows the residu- be estimated for each vibrational levab initio calculations
als from the line contour fitting process. indicate only moderate dipole momei(€s89 D in theX 33, ~

staté® and 0.70 D in thea A staté®) so neutral atoms are

so only one hyperfine constant is required for each nucleué’.sed as a basis, rather than ions. The derived spin densities

The additional complication here is the lack of hyperfine@® given in Table IV and are plotted in Fig. 11 along with
information for the lower state, as a microwave spectrum g€ total spin density, which is consistently 100% within the

not available. Fortunately the splittings in the two lowdst uncertainty arising frona. The same approach can be used

1 1
transitions[R;(2) and P;(2)] have a sufficiently different for thgavalqes for t_h.ed Il anlda ,A Istates,. and tlhe corre-
dependence on the upper and lower state hyperfine constart20nding spin densities are also included in Table IV.
to allow both to be determined. A contour fit was therefore 't 1S Striking that ther spin densities are essentially the
undertaken usin@®,(2) andP,(2), with Ry(5) included to same fqr all th_e states studied, |nclud_|ng the grognd state.
determine the linewidth. Five separate scans were fitted and N€ SPIN de”S'tgz;Of the ground state is as determined from
the nuclear spin-orbit coupling constants for both nuclei PY Saito etal™) However, this is consistent with the
were determined for both tht'TT and thea 1A states; these SIMPIe molecular orbital picture for each state:
are given in Table V. LToR2a%372 X357 alA,

L T0%27*3780 AR, dMI.

. . . . In each case the unpaired electron density is in the 3
.T.O. mterpre_t the nuclegr _spm-orblt coupllng_ constant, theorbital, and the observed values confirm both the above mo-

definition provided by Kristiansen and Vesgtfis perhaps lecular orbital picture, and that the molecular orbitals do not
the most helpiul change significantly between the different electronic states.
The 3m anti-bonding orbital is essentially localized on the
E nASE> . (7 phosphorus, which is consistent with the large difference in

' electronegativities. In this light the moderate dipole moments
Among other things this implies that the sign afwill be  given by ab initio calculations are perhaps surprising and
solely determined from the sign gf;, and should therefore indicate smaller polarization in the fully occupied orbitals. It
be positive for both P and F. This is used to reject any negawould be interesting to compare wittb initio calculations
tive values fora returned by the line contour fitting process. of a but these are unfortunately not available for the values
Considering the .. #?27*378¢ configuration expected for measured here.

NI IR S R

VI. HYPERFINE STRUCTURE INTERPRETATION

Iiz

1
a229NMBMNX< A S 3
I

TABLE IV. Values derived from the hyperfine constants in PF.

X35~ v"=0% a'Av"’=0 A°lov'=2 A®TIv'=3 Alv'=5 ASMlv'=6 A°lv'=7 dHIv'=4

be(P/em™ 0.003 90 - 0.0131 0.0178 0.0202 0.0189 0.0202 -
bF(F)lcm’1 0.002 98 - 0.0270 0.0192 0.0184 0.0173 0.0178 -
c(P)/em™ —0.0168 - 0.0087 0.0087 0.0081 0.0079 0.0082 -
C(F)/(:m’1 —0.008 02 - 0.0053 0.0064 0.0053 0.0063 0.0052 -
(3) spin density(P) 91.3% 86% 95% 95% 89% 86% 89% 72%
(3) spin density(F) 9.1% 10% 12% 15% 12% 15% 12% 9%
s character(P) 0.88% - 3.0% 4.0% 4.5% 4.3% 4.6% -
s character(F) 0.17% - 1.5% 1.1% 1.0% 1.0% 1.0% -
Calculatedd/cm™?* - - 146.5 149.9 137.9 137.5 138.5 -

% andc measured directly by Saitet al. (Ref. 22.
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FIG. 11. (3) spin densities on each atom. The error bars are estimated from riA

the standard deviations of the fitted nuclear-spin-orbit constants in Table III. ) 5 .
The filled squares represent the tof@dr) spin density. FIG. 12. Potential energy curve for the’11 state. The square of the vibra-

tional wave function, and the radial expectation valug, , are plotted for
each level in which the hyperfine constants have been determined.

In principle, the same information on spin densities is
available from theelectron spin-orbit coupling constans, ~ The values derived foc andbg using the above procedure
as detailed in Sec. 4.3.1 of Lefebvre-Brion and Fi8lyal-  are given in Table 1V. Also tabulated is tiseharacter of the
ues ofA predicted using outr spin densities are included in ©Orbitals containing the unpaired electrons determined by
Table IV. These are in good agreement with the observe§Oomparingbe to the expectation values of the atomic wave
values, though as detailed in Ref. 39, the atomic values arg/nctions at the nucleu¥.It is difficult to estimate the errors

so similar the predictions are essentially independent of théltroduced in the determination bf, but itis likely that the
spin distribution. differences in thes character across the range of vibrational

Although only the combinationb(:+ Zc) can be deter- levels investigated are not statistically significant. Even with
mined directly from the experimental data, these values catis apparent uncertainty, it is clear that theharacter of the
be used in conjunction with the nuclear spin-orbit coupling®rbitals containing the unpaired electrons is larger in Ahe
constants to obtain further insight into the nature of the elecstate(the average being P: 4.1%, F: 1.1%an in the ground
tronic wave function. The simple MO picture would predict State(P: 0.88%, F: 0.17% This difference can be explained
no s character in the wave function, suggesting=0. Cal- by considering the orbitals involved; in the ground state, the
culatingc and then spin densities with this assumption givesunpaired electrons are in ther orbitals, which have the
totally unreasonable spin densiti€és400% on B demon- Wrong symmetry for mixing with ass orbital, and the small
strating that it is not possible to ignokg . However, it has S character that is present is normally explained by invoking
been found for a number of molecules containing a singléPin polarizatiorf” In the A state one of the unpaired elec-
unpaired electron that spin densities can be determined frofions occupies @o orbital, and mixing with ars orbital is

the dipole—dipole term then symmetry allowed. The mixing, however, is still small,
implying that the simple molecular orbital picture only re-

3 1 quires a small adjustment to account &urhybridization.
Cc= Egsgmﬂsﬂmg As a result of the relatively small range of vibrational

2 levels investigated, and the uncertainties in the determination
(3 cos 6;—1)8;, of the nuclear spin-orbit constants, it is difficult to confirm a
><< nASE‘ Z 2 inASE> (8) vibrational dependence to the spin densities on the basis of
Fig. 11. Figure 12 shows th& state potential with the square
with the assumption that the angular part of the integral cawf the vibrational wave function and the radial expectation
be evaluated using hydrogerpoorbital$® about the nucleus value for each vibrational level for which hyperfine constants
under consideration. For @ orbital this angular integral is were determined. Note that the variation (in, between
—2/5, and is 4/5 for @o orbital 3 For theA state, with g v'=2-7 is actually quite smalll.79-1.85 A and accounts
po configuration, this factor is the average of the 2, i.e., 1/5for the small variation in the hyperfine parameters and the
We can thus estimate from a and then derivéoe from the  spin densities an@ characters derived from them. Higher
experimentally measured value df{+ 5c). If the same dis- vibrational levels should show more dramatic changes as, for
tribution of the unpaired electron between P and F inghe  example, theaizl:z interaction for the phosphorus atom
andpr orbitals is assumedit is unlikely to be less polarized should go zero at the dissociation limit as the atom has no

in the po than thepr) then electron orbital angular momentum. We could not study
higher vibrational levels here because of poor Franck—
o= %a ) Condon factors for transitions @' >9 from v”=0. How-

20 ever, reasonably straightforward modifications to the meth-
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