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Spatial discrimination of Rydberg tagged molecular photofragments
in an inhomogeneous electric field
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A new approach to detecting the spatial and energetic distribution of photodissociation products is
demonstrated, in which an inhomogeneous electric field is used for spatially selective field
ionization of Rydberg molecules. State-selected NO fragments from pi@todissociation in a
supersonic beam are excited to highRydberg states and allowed to expand through the
inhomogeneous field provided by an octopole. The field in the octopole results in the field ionization
of those fragments that have moved to large radial distaneés fam) from the beam axis, and
therefore this device transmits only those Rydberg molecules with a low velocity component in the
direction perpendicular to the beam. A detailed characterization of the properties of this
“steradiancy analyzer” is carried out and factors limiting the energy resoluticurrently
approximately 100 cm! at an excess energy of 250 ¢h), along with possible improvements, are
discussed in detail. €001 American Institute of Physic§DOI: 10.1063/1.1408286

I. INTRODUCTION experimental parameters might be optimized so as to obtain
the best spatial resolution in such an experiment.

The first system investigated and reported here uses an

The application of ion-imaging techniques to measureg|ectrostatic octopole, comprising eight cylindrical elec-
the spatial anisotropy and the energy distribution of producirodes of alternating polarity equally spaced around a circle,
molecules from simple gas-phase chemical processes hgsprovide the inhomogeneous field. The photodissociation of
been a rapidly developing field in recent yebfsThe mea-  NO, in a supersonic beam is the simple reaction under study.
surements provide fundamental tests of the qualityabf The experimental apparatus is illustrated schematically in
initio potential energy surfaces and of the dynamics on thosgig. 1. After photodissociation of NQOin Region I, the NO
surfaces. In our own laboratory we have developed an intephotofragments are excited to high-Rydberg states n
est in the near-threshold dynamitas these may be sensitive ~120) by the probe lasers and the fragment cloud is allowed
to more subtle features of the potential energy surface andta expand as the beam passes centrally through the octopole
wider range of nuclear configurations. In this paper a newn Region Il. A pulsed voltage is applied to the octopole
approach for obtaining spatial and energetic information isvhen the fragment cloud is well inside this device and the
described, which is potentially of value in these near-resulting field rises sharply with radial distance from the
threshold studies and in a wider sphere. Product moleculddeam axis. Fragments produced at energies very close to a
from a photodissociation event are excited into higRyd-  dissociation threshold have essentially zero kinetic energy in
berg states, and are then subjected to a pulsed inhomogte center-of-mass frame and remain in the molecular beam.
neous electric field. The probability of field ionization de- Fragments produced at energies significantly above the rel-
pends on the spatial position of the fragments at the time thevant dissociation threshold may have high velocities per-
field is applied. Thus by detecting either the Rydberg-tagge®endicular to the molecular beam axis. These fragments
molecules surviving the applied pulsed field, as in thetravel to a region where the field strength is large when the
present experiments, or by detecting the ions produced bulsed volltage is applied, and.are field ion.ized. The ions
field ionization in the inhomogeneous field, spatial discrimi-Produced in the octopole are discarded, while the Rydberg
nation is achievable. Furthermore, it should be possible tstates that survive the octopolar field are transmitted into

establish a complete picture of the spatial distribution byR€gion lll, where they are ionized and accelerated onto a

varying the field magnitude and its time of application. In d€tector.

this paper we discuss how the field configuration and other "€ Octopole provides a mechanism for discriminating
against fragments produced with nonzero kinetic energies,

thus representing a first step in the direction ofuaable
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Theoretical Chemistry Laboratory, University of Oxford, South Kinetic energy aperture. The effective size of the aperture is
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tim.softley@chemistry.ox.ac.uk; fax: +44 1865 275410 Rydberg states excitgde., the excitation wavelengtlor the

A. Spatially selective field ionization

0021-9606/2001/115(17)/7924/11/$18.00 7924 © 2001 American Institute of Physics



J. Chem. Phys., Vol. 115, No. 17, 1 November 2001 Rydberg tagged molecular photofragments 7925

Dynode Photodissociation
Stack Fine Mesh |aser (380-400nm) (
Electrodes . lonic
MCPs \ N '\ N Eo thresholds %
N

) skimmer
‘ Rydberg /

liys . states MATI /
m Puised PHOMPFI

Fiber-optic \
Output Coupler |

CCD Camera

\ Probe Lasers iy
Octopole v C(v= 15/2 N
Flber-ophic THosPhor Ao 1ri2 M
P Screen ‘ ‘ 1
Taper
Regon Il 11 | Q,,(17/2)
9

FIG. 1. Schematic of the experimental setup. Ra (1712)

X 1,,(v=0) J" = 17/2

applied octopole voltage. The device has been fully charac-
terized and its behavior is analyzed in detail using a combir g 2 mATI probing scheme for NO photofragments’ €0, 3= 17/2)
nation of ion imaging and Mass Analyzed Threshold Ioniza-as used in the PHOMPRphotofragment multiphoton pulsed-field ioniza-
tion (MATI) spectroscopy. The octopole constitutes antion) and imaging experimentsee Sec. Il

example of a more general class of experiments employing

inhomogeneous electric fields and Rydberg excitation to

manipulaté® or analyze spatial distributions of neutral atoms 'l EXPERIMENT

or molecules. A. Excitation and detection

The experimental set-up, illustrated in Fig. 1, is a modi-
B. NO, photodissociation fication of the apparatus described in Ref. 3. The pulsed su-
The dissociation process under study may be written agersonic beam of N© seeded in He at 0.5% molar fraction,
fs introduced into the experimental chamlieraintained at
NO,+hv—NO(v",J")+ O(3P;). (1)  less than 10" mbap via a 0.5 mm diameter skimmer. The
pélolecular beam is intersected at right angles by the photoly-
Sis laser beam and by two additional laser beams required to
excite the NO fragments to the highRydberg states. The
probing scheme is illustrated in Fig. 2. The nascent NO frag-
ment molecules in theyo=0, J\o= 17/2 state are probed in
hv=Dy+E(v",J")+E(J)+KE, (2 a (1+1') mass analyzed threshold ionizatioiMATI)
neglecting the initial energy of the parent h@olecule, Scheme via th€;,/P5,(17/2) transitions in thé\—X(0,0)
whereKE is the total kinetic energy of both products, and Pand of NO. The detection of th#'=17/2 channels for the
D, is the dissociation energy. The NO fragments are detectetdO product was chosen because the population of this level
state-selectively in the present experiments, fisiifg”,J”),  in the background NO impurities contributed negligibly to
and thus the quantitf,y is defined here as the available the NO™ ion yield at the rotational temperature of 5-8 K in
excess energy for distribution among the kinetic energy ofhe supersonic expansion. Also, the chosen rotational transi-

(1+1") REMPI (resonance-enhanced multiphoton ioniza-

The photodissociation channels are defined by the possib
vibration—rotation states of the NO fragments’,J”) and
the three possible spin—orbit statel (f the oxygen atom
3p,, 3P,, and®P,. Energy conservation requires that

Eay=KE+E(J)=hv=Do=E@".J%). ©®  tion) spectrum via thé state and, as shown below, the broad
For any detected quantum stat€’(J”) of NO the total ki- MATI peaks converging to the various accessible ionic
netic energy of the productKE, will be equal toE,,, thresholds of NO are widely separated. Therefore, Imigh-
En—158 cm! and E,,—226 cm! for the NO Rydberg states with a single core angular momentum and
(v",3")+0(CP;), J=2,1,0 channels, respectively. narrow range oh could be tagged when probing the frag-

NO, photodissociation was chosen as the system to teshents.
the octopolar device, building on the previous measurements The linearly polarized output of a frequency-doubled,
of angular distributions for near-threshold photodissociatiorNd: YAG-pumped optical parametric oscillatQuanta Ray
of this molecule in our laboratory. The state-selected RydGCR 190/MOPO 730, 10 Hz, 8 ns pulse2 mJ per pulsg
berg tagging of NO was demonstrated in previousacts as the tunable photolysis source in the near-threshold
experiments, guaranteeing the long lifetimes necessary for aregion atx ~390 nm. The photolysis laser is weakly focused
successful application of the octopole. Furthermore the phoand has a linewidth’ ,,~0.3 cm L. The frequency-tripled
todissociation anisotropy parameters, of importance in theutput of a Nd:YAG-pumped dye lasé6pectron 4000G/
present work, were investigated in detail in Ref. 3 for theSL800, Pyridine-1/DCM dye mixture;-226 nm, 300 xJ
channels studied here. per pulse is used to excite the desired NO fragment mol-
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ecules to theA state. A second, frequency-doubled Nd:YAG- 12
pumped dye lasdiSpectron 4000G/SL800, DCM dye,326

nm, 4 mJ per pulsgis used to excite from tha state to the 10
high-n Rydberg states. The probing laser beams are intro-
duced coaxially and are perpendicular to both the moleculars g |
beam axis and the photolysis laser beam. They are gentl)g
focused by a cylindrical fused-silica len§=15 cm. The
laser providing excitation to the high-Rydberg states is
constantly monitored by a pulsed wavemet®urleigh WA
4500 so as to correct for any wavelength drifts in the course =
of the experiments. This ensures that, throughout the date 5|
acquisition, only states within the selected range of principal
guantum numben are excited.

The photodissociation and fragment excitation take place
in Region | between the skimmer plate and a fine-mesh elec-
trode, both kept at ground potential. The fragment cloud
travels into Region Il at the beam velocity, where it PassSe¥ g, 3. overview MATI spectrum of nascent NOy(,=17/2) produced by
centrally through the octopole. A positive voltage pulse,near-threshold photodissociation of N@xcitation viaN’ =8 as shown in
+Ugp, of 4 us duration and 50 ns rise time is applied to Fig. 2.
every second octopole rod, while a carefully matched nega-
tive voltage pulse;-Usg,, is applied simultaneously to the
remaining rods. A small constant repelling field is applied
across Region Il to suppress any signal due to prompt ions

ATI Signa

74600 74650 74700 74750 74800 74850

. . -1
Total Excitation Energy E ./ cm

V/cm is employed to reject prompt ions and no voltage is

Aol
. e . pplied to the octopole. The spectrum shows a group of
NO Rydberg states field ionized in the octopole. The frag'broad features associated with the field ionization of high-

ments that are not ionized by the discrimination or OCtOpOIq?ydberg series converging to the various ionic thresholds
fields in Region Il, enter Region Ill, where a 200 V/cm elec- N"—5 10 10, accessible fromi’'—8 % The Rydberg series )
tric field pulse is applied. The Rydberg-tagged NO mOIGCU|e%onverging t[) thed * = 10 threshold corresponds to the high-

are field-ionized by the pulse and this field serves also t st series accessible with significant oscillator strength. The
accelerate the fragment cloud towards the detector. The elegharp peaks within thel* =5 to 9 broad features, for ex-
tric field pulse is carefully timed so as to ionize the wholeample the peak at 74710 chor the series in tr{e range
fragment sphere. 74730-74760 cm', are due to channel interactions between

The ionized fragment cloud is accelerated further by . . .
stack of dynodes and crushed onto a microchannel plate da%-]f ng\?vt:rr?) s;erl]tgsthc;)r:jveet;gcltnegd Or::;mﬂ;ggj&?éiiﬁ%g

tector (G_?Al'lio’t T’O mm dlallmeterbcogpledt tg S phoiptt']or The intensity associated with tie"=9 threshold is derived
screen. The total lon signal can be detected by a photomuly ot entirely from such interactions. The' = 10 feature

tiplier tube, amplified, averaged over typically ten shots in 3s the only onenot to show obvious perturbations due to

boxcar mtteglratt?]r, _a”d fgd via gn e:galog—d%ltal converterttqhese channel interactions, and it is therefore ideally suited
a computer. In the imaging mode, the phosphor screen ou p%r characterizing the octopole. However, in some of the ex-

!ts repoﬁsg t%g(féb?%r-o.ptllcalI_?_/hcoupletd Cé:]P camepeox- i periments shown below it was necessary to useNfie-8
|tron|]cc: ' bbefC pIxe SUIt elc):ap grfh rames f"t‘.re SENt AT peak in order to gain sufficient transition intensity.
0 aframe grabbert.oreco Litra 1) an € acquistlion IS~ rpe gypstructure in the mailN*™ =8 feature reveals strong

coptrolled from. a PC. Ima'g('a.s are averageq over 20 ShotI"?nal—state interactions with the series converging toNhe
using standard image acquisition and analysis soft@4s- =9 andN* =10 thresholds. The Rydberg series, simulated

log 5, Noesis S.A. and accumulated over typically 300 ith defect &= 0.7 indi di
cycles. Fewer than 100 ions are obtained per laser shot. owth an average quantum defect @§=0.7, are indicated in

ing to the low kinetic energy of the fragments, the probing 9. 4

lasers do not need scanning over the Doppler profile during

image acquisition. The acquired images are centered, sym-

metrized and filtered prior to Abel inversiGnyhich gener-  C. Potential and field of an octopole

ates the original three-dimensional fragment distribution. An ideal multipole with 21 poles at potentiatb, is

defined as one for which the electric potenda(r,¢) and
B. MATI spectrum of NO g)e(:g tr)nfagmtudeF are given in a plane perpendicular to the
Figure 3 shows an overview of the {11') MATI spec-
trum of NO produced by photolysis of NQust a few cm *
above the dissociation threshold for the channel detected.
The NO @"=17/2) fragments are excited via the(vyg ®
=0, Nyo=8) intermediate with thd’=17/2 and 15/2 lev- F=|-VO(r,e)|= —O0pn-1 (5)
els unresolvedsee Fig. 2 A discrimination field of 1.8 )

®(r,p)=Dor"cosne, (4)
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FIG. 4. MATI spectrum viaN’ =8 in the vicinity of theN* =8 threshold.

The Rydberg series converging to th&"=8, 9 and 10 thresholds are
simulated with an averagep-quantum defect of §,=0.7 and are
displayed to a maximum of=100. The dashed-line box indicates
the region where the mixed diabatic/adiabatic field-ionization efficiency due
to the repelling field £ ,=1.8 V/cm drops from ongat the high-energy
edge, IP-3.1F ) to zero(at IP-6.1JF ). The arrow marks the energy

at which the probe lasers were fixed when recording images and PHOMPFI
spectra.

Electric Field Strength / V/cm

wherer and ¢ are two-dimensional polar coordinates in a
coordinate system with its origin at the center of the device, Radial Distance / mm

ro is the characteristic dimension of the multipole, and FIG. 5. simion™ simulations of(a) the electric potential an¢b) lines of
= f/ro- The electric field magnitude varies only with the constant electric field strength inside an infinitely long octop@ie Simu-
radial distance from the center. andreigicreases the electric lated electric field strengths as a function of the radial distance from the
. . ' . . ._central axis of the octopole, for the experimental geometry employed, with
field streljgth rises more steeply as a function of r§d|al diSarious potentials applied to the octopole.
tance. It is thus possible to have a region of negligible elec-
tric field magnitude in the center and considerable field
strength at small distances from the center.

A good approximation to the ideal multipole can be ob-|ll. RESULTS: CHARACTERIZATION
tained using 2 cylindrical rods equally spaced on an in- OF THE OCTOPOLE PERFORMANCE

scribed circle of radius, with the diameter of the rodd A. Fragment yield as a function of available excess

chosen to fulfill energy (E.,)
(n—1)d By fixing the probe lasers to a given position in the
ro=—% ©  maTi spectrum N*=8, n~125 in this casg and scanning

the photodissociation laser, the total fragment yield for the
The octopole in our experimental setup consisted of eighselected rotational state of NO can be recorded as a function
polished stainless steel rods of diameter 6.66 mm and lengthf available excess energ¥4,). The Photofragment Multi-
10 mm arranged on a circle with=10 mm internal radius. photon Pulsed-Field lonizatiofPHOMPF) spectrum thus
Figures %a) and §b) showsIMION™ simulations of the elec- obtained ford”=17/2 is shown in Fig. @). This spectrum is
tric potential and the electric field magnitude in the planeanalogous to the photofragment multiphoton ionization
bisecting the octopole. Note that the electric field magnitudéPHOMPI) spectra reported in Ref. @vith any differences
around the eightfold axis of the octopole is indeed approxi-due to the parent molecular beam temperatuaad is pro-
mately cylindrically symmetric. The radial variation of the portional to the partial photodissociation cross section into
field is also shown in Fig.(8) for a range of applied voltages the NOQ”=17/2)+ O(®P; channels, convoluted with the
and for the chosen experimental geometry. When voltages afetection efficiency function. The spectrum shows the char-
more than=+ 100 V are applied, the field strength is already acteristic broad overlapping resonances associated with the
0.4 Vicm at a position within 1 mm from the center. Al- excited potential energy surface of the N@arent molecule.
though this field will only ionize Rydberg states with  These “Ericson fluctuations” are observed near threshold in
=200, it is sufficient to cause full mixing for states with  the partial photodissociation cross-sections for all charifiels.
n=100 and may affect the lifetimes of these stdie=e be- Figure Gb) shows the effect on the PHOMPFI spectrum of
low). applying a+=60 V pulsed voltage to the octopole. The de-
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FIG. 6. PHOMPFI spectra witlia) 0 V and (b) =60 V applied to the
octopole, pulse duration 4s. Both spectra are recorded by scanning the
photodissociation wavelength and detecting NO in the SXat#l,,,v}o FIG. 8. Abel-inverted images with,,= 325 cni !, and voltages applied to
=0, JNo=17/2, by excitation to thed* =8, n~125 Rydberg states, fol- the octopole(@ 0 V, (b) =30 V, (c) =40 V, and(d) =60 V. The signal
lowed by field ionization after transmission through the octop@eThe amplification is steadily increased frofa) to (d) such that the intensity in
effective transmission function obtained by dividing the signal showi)in  (d) is effectively magnified by a factor of 100 compared t@a).

by that in(a). The available excess energy,, is defined in Eq(3).

to more energetic fragments decreases rapidly with applied
octopole voltage. It is interesting to observe that if the octo-

tected fragment flux in the PHOMPFI spectrum starts to de T )
gole voltage is increased beyond approximate0 V the

crease with respect to the spectrum at 0 V at an availabl \ =1
excess energy of greater than 120 ¢mdue to discrimina- PFI signal decreases markedly even for a negligible fragment

tion against the more energetic fragments by field ionizatiodiNetic energy. At the highest voltages investigated100
in the octopole. The discrimination is demonstrated more’); @ny kinetic energy discrimination is impossible, since
clearly in Fig. 6c), which shows the ratio of the spectra in neither fast nor slow fragments survive the inhomogeneous

(a) and (b), effectively the transmission function for the oc- €l€ctric field region. As discussed in Sec. Il C, when a large
topole. voltage pulse is applied to the octopole, an electric field suf-

This effect can be investigated in a different manner by_ficient to induce rapid-mixing in the highn Rydberg states

recording the remnant pulsed-field ionizati®*Fl) signal in- 1S expected, even at very short radial distances._ In_ NO this
tensity at various excess energi€s,;, as a function of the has been shown to lead to enhanced predissociation of the

12 . .
voltage applied to the octopole, as shown in Fig. 7. For nearydberg-tagged fragments:? Therefore it is probable that

zero excess energy, the Rydberg-tagged photofragments sifield-induced predissociation plays a role in the loss of signal

vive even when moderately large voltages are applied to th@t higher voltages even for low energy fragments. It is thus

octopole rods, while at higher excess energies the signal dua€ar that there exists an optimal voltage range to achieve
discrimination between low and high energy fragments in

this device, the magnitude of which depends on the photo-

1.2 I ‘ ‘ ’ SR fragment excess energy range to be investigated.
-1
§ 10¢ géo%oooo EEZV:zg%]cmj B. Images of the transmitted photofragment signal
= -, oy ¢ E,,=516cm A more visual demonstration of the effect of the octopole
% 08} ° DDD ° - in discriminating against fast photofragments is seen in the
@ o o images, recorded at a single photolysis wavelength, illus-
Z 06 o DDD ] trated in Fig. 8. Four images of NO fragments are shown at
E °. o © Eai=325 cm ! andn~125, N*=8, using different volt-
}’_ﬁ 0.4 o . L° 1 ages (0—=60 V) applied to the octopole. The data shown are
g <><><> o the inverse Abel transforms of the original ion images, the
g o2 | ¢ o . ) | transform being carried out after filtering and renormaliza-
» o 3 tion. The direction of the photolysis laser polarization is in-
ol 7 e dicated at the bottom of imade). At E,,=325 cm 1, three
0 10 20 30 40 50 60 70 80 90 100 110  channels are accessible, associated Wi, °P,, and®P,
Octopole Voltage Uy, / V O-atom states, with total kinetic energies of 325, 167, and 99

cm 1, respectively. The rings in the images of Fig. 8 signify
FIG. 7. The relative transmission effICIenCMATI Slgnal normalized to 1 at the predlcted pOSItlonS of the fragment She”s Correspondlng
Ug,=0) for Rydberg states passing through the octopole as a function of thg0 the three accessible channels. The positions of the outer
applied voltage. The octopole voltage tuning curves are shown for thre . e . t .

two rings are coincident with the main featuresgay and the

different available energies,, [defined in Eq(3)] with excitation to Ryd- . ' e : i
berg states nead™ =8, n=125. inner ring is coincident with the main feature {d). The
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FIG. 9. The radial intensity of the backprojected images as in Fig. 8, inteFIG. 10. A series of MATI spectra in the region of tNe = 10 thresholdIP

grated over polar anglé<[3°,90 9 plotted as a function of the total frag- (N*=10)] with a voltage pulse applied to the octopole of-30,+45,

ment kinetic energy. The asterisk indicates a feature arising from an artifact 60,80 V and a duration of 4us. The total available excess energy is

in the center of the image. E.=516 cmi! and the discrimination field is 2.1 V/cm. The bold lines
correspond to simulations based on a diabatic field ionization n{edelthe
text).

relative intensities of the rings with no applied voltage on the

octopole are consistent with spin—orbit ratios measured close
to threshold® that are of the order 1:16:10°2 for J cm ! relative to theJ”=17/2 ground state level, is deter-

mined from the ionization energy in Ref. 15, the ground state

=2:1:0. A number of small artifacts, due primarily to 3 ] A :
rotational energy tabulated in Ref. 16 and the ionic rotational

center-line noise, are visible in imagé&s and(d) inside the X .
innermost circle. Note that the total intensities of the fourconstants given in Ref. 17. The well-resolveg Rydberg

images shown are not on the same scale: the gain has be81€S appearing at the IOW -energy side of the figure converge
increased by almost two orders of magnitudednto show to a limit within 0.5 cm' ! of the calculated threshold.

the remnant structure more clearly, i.e., the images are only a

guide to therelative intensities of the transmitted signal in V. DISCUSSION

the three channels at a given voltage.

With increasing voltage on the octopole rods, the outer-
most, initially dominant ring becomes progressively weaker
and the inner shells gain in relative intensity. Figure 9 shows Our analysis focuses initially on the MATI spectra re-
this effect more clearly in a radial intensity plot, integrated inported in Sec. [IIC and shown in Fig. 10 as this analysis
the polar angled over the range ofe[3 ° 90 °l. The inner  provides the key to understanding the performance of the
two shells, corresponding to N@{o=0, J{o=17/2)+0O  octopole. The low-energy regiofred edge of the MATI
(3PO,1) are bare|y visible at 0 V, but become dominant at theprOf"e ata given threshold is determined in part by the field-
higher voltages used at this excess energy. The reduction ignization pulse in Region Ill and also by the decay behavior
fragment flux observed in the PHOMPFI spectrum of Fig.of the lowern Rydberg statesn(<100). The red edge is not
6(b) is thus demonstrated to result from the selective disaffected by the field due to the octopole and therefore we

crimination against fast fragments in the octopole. concentrate our analysis on the high-enefglpe) edge of
the N* =10 MATI feature. The slope of the blue edge be-

comes smaller as the voltage applied to the octopole is in-
creased, and the peak of the rise of this edge, where the
flat top of the peak begins in the simulatigris shifted to
One key measurement in the characterization of the odower energy. This point falls almost into the region where
topole is the effect of the octopole on the MATI spectrum, asindividual Rydberg states are resolved for the highest voltage
illustrated in Fig. 10. The spectra, showing just &é=10 applied (=80 V).
threshold, are recorded for a range of pulsed voltages (0— The high-energy edge of the MATI signal is simulated
+80 V) applied to the octopole rods and at a fixed photolysisusing a hydrogenic diabatic field ionization mod&t® com-
energy givingE,,=516 cm 1. The high-energy edge of the bined with a spatial distribution of Rydberg-tagged frag-
main feature changes significantly as the pulsed voltage apnents determined by the fragment kinetic energy and the
plied to the octopole is increased, as discussed in detail iangular anisotropy in the photodissociation. The fragments
Sec. IV A. Simulations based on a diabatic field ionizationexperience a range of fields when the voltage is applied to
model (see below are also shown and agree very well with the octopole owing to their distribution of radial positions at
the threshold behavior in the experimental data sets. Th#hat time, derived from the distribution of kinetic energies
position of theN™ =10 threshold shown in Fig. 10, 74806.7 and angles of fragment ejection. They will therefore have a

A. Field ionization processes in an octopole: analysis
of the MATI spectra

C. Effect of the octopole on the observed MATI
spectrum
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FIG. 11. Hydrogenic field ionization probability vs the Rydberg electron
energyEgyq= Eprope— IP, With @ comparison of the analytical approximation,

Eq.(7), a_nd the diabatic field ionization model based on Ref. 18 for a pulsedqxjs Wwhere they experience only a negligible electric field.
electric field of 5 viem. These fragments will contribute to the remaining signal in-
tensity in the high region of the MATI spectrum even if
they have substantial kinetic energy. The angular distribution
range of field ionization probabilities. Thus the overall field is assumed to have the normalized form
ionization probability in the octopol®,, for a given Ryd- o
berg excitation energy and given photofragment kinetic  |(4)=-—(1+ BP,(cos)), (8
energy/angular distribution, is given by the weighted average 4
of the field ionization probabilities for the spatial probability where 6 is the angle between the fragment velocity vector
distribution of the fragments. The observed signal is proporand the laser polarization vector. Figure 12 gives a schematic
tional to the fraction of the Rydberg states surviving therepresentation of the geometry and the variables involved.
pulsed octopole fieldi.e., proportional to + P). Note that the photolysis laser polarization is horizofitiaé z
In the regime of high principal quantum numbem ( direction in the figurgand thus perpendicular to the princi-
>100) employed in the present investigations, and given thgal symmetry axis of the octopolthey direction; with this
relatively fast rise-time of the octopole voltage puld@ba-  definition, the experienced field strength changes witihe
tic field ionization is expected to be the dominant ionizationazimuthal angle, even though the angular probability distri-
process. In that case the field ionization probability decreasasution does not.
from one to zero over the rang@—S.lJE to IP—4.6F In order to calculate the MATI spectrum for a given,,
wherel P is the ionization threshold as is shown in Fig."f1. and octopole voltage, it is assumed that the fragment cloud is
To obtain this plot we used E¢40) of Ref. 18 to calculate subjected to the inhomogeneous electric field due to the oc-
the hydrogenic Stark energies in the field and @@ of the  topole when the center-of-mass is found half-way into the
same reference to calculate the ionization rate. Rydbergevice, i.e., after approximately 1. A given spin—orbit
states with a calculated ionization rate of less thah $0*  state of the oxygen atom is assuniee., the calculation is
are assumed to survive. Although onty=0 states are in- performed separately for each chanrahd then the spatial
cluded in the calculation, the overall field ionization profile distribution can be calculated using the appropriate kinetic
changes very little if alm-states are included. Figure 11 also energy and anisotropy parameter for that channel. The field

shows an analytical approximation of the form ionization probability, weighted by the spatial probability
5 distribution, is numerically integrated over all angles and ra-
@ diaty g ‘F)= \/_ E..— (IP—4.6JF)), (7 dial positions to obtairP .
Epronei F) 3\/E( probe( VFD. @ The overall field ionization probability due to the octo-

dia ey o - pole must be multiplied by the probability of ionization by
where® b(EP“’be'F) 's the field ionization efficiency for a the discrimination fieldF,. We assume that this field is

given f_'?ld magnitudé (in V/cm) at excitation enerng_robe ._approximately homogeneous and acts between the octopole
(in cm™*). The agreement between the two curves is satis-

. and the grid dividing Regions Il and lll. For simplicity, the
fs?rﬁglrgtit)r:sthe present purposes, and EQ.was used in the mixed diabatic{adigbatit_: field ionizgtion process due to this
When modeling the spatial distribution of the Rydberg constant repelling field is modeled in analogy to 4. as

tagged fragments at the point of application of the inhomo- 1

geneous field, the angular distribution of photofragment ve @R E i Frep) = \/ === Eprobe— (1P —6.1yFrep),
locity vectors has an important effect. Depending on the an- 3\/?%

isotropy parameter,3, a varying fraction of all photo ©)
fragments will be ejected along the molecular beamwith F,in Vicm andEpein cm ! as before.
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Any Rydberg states at an energy higher than 12 ‘ S , ‘
E=1P —3.1JF e, are assumed to decay with 100% probabil- n=112 P
ity in the presence of the repelling field, while Rydberg states 1.0 v M
at an energy lower tha=1P—6.1JF, are assumed to \

survive the repelling field. Finally, all the MATI profiles cor- 308

responding to each spin—orbit channel are added together in >

the appropriate ratio to yield a normalized MATI spectrum. & 0.6
Figure 10 shows the excellent agreement between the :L_’

experimental spectra and the simulations. The simulations do < 0.4 |

not include the effects of nonzero translational temperature
in the parent beam or the finite interaction width of the laser 02 |
beams, which will lead to a finite width of the fragment
shells at a given excess energy. In reality, fragments ejected
into the same solid angle and with the same excess energy,
but from different starting positions, may experience a range
of electric field strengths. Not included either is the spread of
excess energies due to the rotational distribution of NI FIG. 13. Afimu'a“_c’” of MATI spectrabold line, Ug, =0; dotted/dashed
these effcts are expected to have only a minor fluence offSbis -0 e vty ey 1o el s 2 vty
the appearance of the MATI spectra, since the electric fle|(%av|:516 entl.

strength does not vary drastically on the scale associated

with the resulting spread of the spatial distribution. A

spin—orbit branching ratio op(O3P,):p(0°P,):p(O3Py) corresponding to NO produced in conjunction with the O
=1:0.20:0.044 for thé-component of the NO\-doublet is  (3P;) and O€Py) states respectively, but the simulations are
the only state-resolved reported value for the channel seriggsensitive to the anisotropy of the inner shells at this excess
with Jo=17/2, determined at an energy of,, energy. Evenwithavalue ¢=0.1 for the shell correspond-
=256 cm .13 This spin-orbit branching ratio was used in ing to the formation of O{P,), the difference in the simu-
the calculations. In the energy range of interest, this distribulated spectrum is marginal. The small effect of the inner
tion has been shown to be strongly nonstatistical and to flucshells is due to both the relatively low percentage of these
tuate when averaged over all accessible rotational and elegxcited fine structure states and the slowly rising field
tronic NO state$1% However, the simulated MATI spectra strength as a function of the radial distance in the octopole.
are in fact very insensitive to the exact population of theThe major action of the octopole field is on the outermost
different fine structure states of the oxygen atom, as it iging, while the inner rings are much less affected for the
the outer shell that dominates. For example, a simulatedioltages investigated in this series of spectra.

0.0 : : ‘ — :
74780 74785 74790 74795 74800 74805 74810

Total Excitation Energy E_ . / cm”

spectrum with p(O°P,):p(O°P,):p(0O%P,)=1:0.16:0.07 Figure 13 shows four s_imulated MATI spectr&
does not differ visibly from one usingp(O3P,): =516 cm ', Ug,==+60V) with values of3 for the outer
p(O°P,):p(0O°P,)=1:0.20:0.04. shell ranging from—1 to 2 (B for the inner shells held con-

stan} together with the simulated MATI spectrum without
the octopole. Atn=112, discrimination ratiogthe ratio of
B. Influence of the anisotropy parameter field-ionized fragments to surviving fragments at the given
on the MATI spectra excess energy and applied fiehiary from 5:1 to 10:1, re-

As might be expected from the spin—orbit branching ra-SPectively. Even with a maximum anisotropy parameter of

tio, it is primarily the value of the anisotropy paramegsfor B=2 Fhere _is s_tiII a significant fraction of fragments flyi_ng
the dominant outer shell which has a significant effect on th@" rajectories in such a way that they experience relatively
simulated MATI spectrum. It would be expected that/@s low electric fields onl)_/. As a result, these fragments escape
approaches the limiting value of 2.0, the cut off between thd’®M the octopole region unaffected. Conversely, even for a
n values surviving and the values ionized by the octopole fUlly isotropic angular photofragment distribution3 € 0)

field should become sharper, since the proportion of fragIhe probability of fragments entering a high-field region re-

ments moving in the direction of the rods and thus into the™@ns high, leading to field ionization of a significant pro-
high-field region is largefgiven the specific direction of the Portion by the octopole field.

photodissociating laser polarizatitﬁhiss). The angular an- C. Modeling the effect of th 10D0l
isotropy of the photofragment distribution for the outermost’>- 'V09€liNg the efiect ol the octopole
Py b g on the PHOMPFI spectrum

and dominant ring can be determined from the ion image
with the octopole turned off. A value g8=1.6+0.1 is ob- Using the same model as outlined in Sec. IV A, the rela-
tained atE,, =516 cm !, as expected from Ref. 3 where a tive transmission probability of the fragments through the
high-energy limiting value for N@of B;,,=1.54 was calcu- octopole can be calculated as a functionky, for fixed
lated. The inner rings are however significantly weaker andRydberg state energy and octopole voltage. For simplicity,
the angular anisotropy parameter for the two higher-energyhe anisotropy parametg is assumed to be independent of
channels cannot be easily determined from these imagek,,. As shown in Fig. 14, excellent agreement is obtained
Values of 3=1.3 and 1.0 have been assumed for the shellbetween this calculated function and the experimentally ob-
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1.2 - ‘ ‘ as a step function of the field for a given(energyE,,) but
T . increases from O to 1 over a range of fields given i
10 o 3£2 ] =E, /4.6 toE/3.1. The underlying physical reason for this
£ S SP; is that the blue-shifted Stark states are field ionized at higher
S 08| —— All channels fields than the red-shifted Stark states, and a mixed popula-
2 tion of such states are excited by the probe lasers. If a
5 06+ mechanism for selective population of the red-shifted states
3 could be devised, then this field-ionization profile could be
E» 04 - sharpened. It would also be sharpened by Rydberg tagging at
= higher n values, but this would require a lower discrimina-
02 tion field (see below. It should be noted that a range wof
| e T values is typically populated in the present experiments be-
0.0 — ‘ A —— Rl SRS cause of the finite laser bandwidth, and this contributes to the
0 100 200 300 400 500 spread in the field-ionization behavior. These factors would
Excess Energy E,, / om not be limiting if the field gradients in the octopole were

FIG. 14. The simulated transmission probabilibpld line) as a function of  iNfinitely steep. The use of higher-order multipoles with
excess energy in the octopole, assuming a populatiom=cf26 and with  steeper field gradients is discussed below.

anisotropy parameter$=1.60, 1.3, and 1.0 for the @) J=2,1,0 chan- A further factor that needs to be considered in optimiz-
nels, respectively. The experimental ratio of the MATI intensities with the ; : : s :
octopole on and off is shown by the diamorjéem Fig. 6c)]. The contri- ing the resolution is the finite duration of the voltage pulse

butions to the simulations from the three different channels are shown sep@&Pplied to the rpds_- In Order.tO.Obtai.n a Well'deﬁned voltage
rately. pulse, where ringing and similar distortions are kept at a

minimum, a duration of 4us was chosen for the present

experiments. However, in the duration of this pulse, the
served ratio of the PHOMPFI signals with the octopole ongenter-of-mass of the molecular beam travels approximately
and off [from Fig. 6c)]. Small deviations between experi-  mm, a good fraction of the length of the octopole. The
ment and simulation could be in part due to the variation Oftagged fragments will experience a change of electric field
B with E,,.° The simulated data shown for the separatestrength due to the expansion of the fragment sphere during

channels indicate that the fragments of lower kinetic energyne voltage pulse. The contribution to the energy resolution
associated witt’P; and °P, channels make a significant Ag_, can be calculated to be

contribution to the transmitted signal at highEg,,. The
level of agreement demonstrates that our model encapsulates
the major factors controlling the effect of the octopole on the

MATI and PHOMPFI spectra.

ton+toff

1—
2t of

AEBq= Elallr\]/] , (10)
where EQ{J} is the limiting value of the available kinetic en-
ergy beyond which all fragments are field-ioniz@gsuming
D. Factors affecting the discrimination of the kinetic ejection perpendicular to the molecular beam diregtiand
energy aperture t,, andt.g are the times at which switching occurs. For the
The experimental results and their agreement with simuexperimental valuet,,= 10 us andt,z=14 us and an esti-
lations show clearly that the pulsed-field octopole acts eﬁecmatedEgrﬂ=400 cm !, based on Fig. 6, we obtain a contri-
tively as a discriminator against high kinetic energy frag-bution to the limiting resolution of
ments, and that its behavior is well understood. As can be AE..=57 cntt (11)
determined from Fig. 14, the kinetic energy resolution is avi '
~100 cm'! (defined as the energy range over which the ~ When using a fairly long voltage pulse it is also neces-
transmission function falls to from 1.0 to Q.&t an excess sary to consider the variation of the octopole-generated field
energy of 200 cm?! (the midpoint of the transmission func- with axial distance along the octopole. The field strength
tion decay curve The major factor contributing to the reso- simulations presented earlier are based on an infinitely long
lution is the range of angles over which the photofragmentslevice and do not take into account the presence of further
are ejected, i.e., fragments of the same kinetic energy are netectrodes on either enn the present set-up a grid is
all experiencing the same field. Improved discrimination inmounted at each end perpendicular to the beam).akise
favor of low kinetic energy fragments could be achieved byfield is least perturbed in the middle of the octopole, but its
fast gating of only those fragments arriving at the same timenagnitude at given radius varies with distance along the axis
as the parent molecular beam center-of-mass, with the mormeeating a funnel-shaped field region instead of the ideal cyl-
energetic fragments arriving earlier or later. Given the curinder shape. In fact this effect tends to compensate the pre-
rent experimental set-up using a slow phosphor sc(B&0  vious factor[given by Eq.(10)] as the field becomes smaller
and a slow amplifier, such discrimination in time-of-flight is for a given radial distance when the fragment cloud moves
not possible, but improvements in this direction are undertowards the exit of the octopole.
way. The employed repelling field also affects the perfor-
Another factor contributing to the photofragment kinetic mance of the kinetic energy aperture as it limits how high the
energy resolution is the diabatic field ionization mechanismdetectech values can be. This field is present to suppress the
The ionization efficiency in the diabatic model does not risesignal due to any prompt ions and ions formed by field ion-
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E. Imaging the effect of the kinetic energy aperture

lon imaging provides an excellent way of obtaining di-
rect spatial information on the results of the discrimination
process. Figures 8 and 9 show very clearly how the intensity
of the fragment shell corresponding to the lowestR))
dissociation channel decreases rapidly as a function of ap-
plied voltage, such that the highest energy channéPg)
provides the dominant feature in imagd). Figure 9 also
reveals how the center of the outermost ring gradually moves
inwards as the voltage increases; this ring in imétjecon-
stitutes the tail of the blurred shell for the lowest dissociation

| | | channel. Similar effects are seen in images obtained at other
74780 74785 74790 74795 74800 74805 74810 excess energies, although the discrimination against the outer
Total Excitation Energy E____/cm™" ring becomes less as the maximum excess energy decreases.
Note that the additional shoulder in the 60V profile at a
: . . fragment kinetic energy of 40 cnt is caused by an artifact
FIG. 15. Simulation of MATI spectralJg,=0V (solid ling) and Ug, . .
— =45 V (dotted ling, in the vicinity of theN" =10 threshold and for N the center of the image.
repelling fields of 0.5 and 2.1 V/cm, with,,=516 cm . It is interesting to consider whether the Abel transform,
used to obtain Fig. 8, is actually valid in the experiments
presented in this paper. The transform requires cylindrical
symmetry around an axis in the plane of the image. In prin-
o ) . ciple, this is provided by the linearly polarized electric field
ization of the higha Rydberg states in the octopole. The yector of the photolysis source. The octopole itself possesses
higher this electric field, the fewer the number of Rydbergg|so approximate cylindrical symmetry; the symmetry axis
states with very hign that can survive; yet these are pre- js howeverperpendicularto the imaging plane. Fragments
cisely the states which would give the best kinetic energyejected at the same polar anglebut different azimuthal
discrimination, because they are most susceptible to the o@ngle ¢ (refer to Fig. 12 for a definition of these angles
topole field. In principle the spatial separation between iongxperience different electric field strengths and are thus not
formed in Region II, and those produced in Region Ill, couldaffected in the same way by the device. The required axial
be achieved by applying a lower discrimination field over asymmetry breaks down, so that the Abel transform is not
longer flight distance. However, this might reduce the signabtrictly valid, and the reconstructed images presented above
owing to the finite lifetime of the Rydberg states. must be interpreted with caution. Some of the artifacts may

Figure 15 compares the simulated MATI spectr(with potentially be attributed to the break-down of this symmetry.

0 and=*45 V on the octopoleE,,,=516 cm ) for a repel- For this reason it is not generally possible to extract anisot-

ling field of 2.1 V/cm (as used in the present experiments Fopy parameters from the images when the octopole voltage
with that for a field of 0.5 V/cm. With the higher repelling 1S honzero. Nevertheless the ion images consolidate the char-

acterization of the octopole and the features revealed agree
well with the expected spin—orbit distributions and the ex-
pected positions of the various fragment shells. The octopole
acts as an approximately cylindrically symmetric steradiancy
analyzer.

n=112 =157 IP (N'=10
1 v ¥

0.5V/cm

MATI Signal / a.u.

2.1V/cm

probe

field, reasonable signal levels are obtained ret 112

(Eprobe= 74795.6 cm?), where the discrimination ratio

(field-ionized versus survivingis 6:1. Meanwhile, for the

lower repelling field a discrimination ratio of 35:1 is ob-

tained atn=157 (Eyope= 74800.2 cm?) for a similar sig-

nal level. This difference is further accentuated at higher op-

erating voltages of the octopole. F. Conclusion: The road towards a zero kinetic
One last point addresses the decay mechanism of thenergy photodissociation spectrometer

high-n Rydberg states. Predissociation is the most likely ma-

or d h | for the Rvdb q7 Addi In the previous section, factors contributing to the ki-
jor decay channel for the Rydberg-tagged fragments. Thetic energy resolution of the present device were discussed.

tionally, as discussed above and exemplified in Fig. 7qpage include the inherent angular distribution of the photo-
electric-field induced predissociation becomes dominant ifagments, the intrinsic diabatic field ionization mechanism,
the higher range of applied voltages. It leads to a generghe yoltage pulse duration ofds, the speed of the detection
decay of higha Rydberg states, independent of their aSSOCi'system, the field gradients in an octopole, and some minor
ated kinetic energy. To some extent the detection of NO igffects due to finite interaction volume, the range of principal
not ideal in this type of experiment because predissociatioguantum numben, and the rotational temperature of the
of the optically accessed Rydberg states is known to be fasparent.

Interestingly, however, both the excellent agreement between |t is interesting to compare the present experimental re-
simulated and experimental MATI spectra in Fig. 10 andsults with work performed in the group of Houst#hn their
evidence obtained from ion images suggests that the multiexperiment, theatomic oxygen fragments from NQOphoto-
pole operates largely by field-induced ionization of thedissociation are excited to high-Rydberg states and left to
tagged fragments. drift in a long time-of-flight tube for 36@s. The detection
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Radial Distance / mm nevertheless negligible strength in the center of the device.
2 0 1 2 3 4 The simulated MATI spectra show that a strong bias against
£ a) s the faster fragments can be achieved at this excess energy.
> 15} SO The discrimination ratio is better than the octopole example
2 1 fgggx s in Fig. 13, as measured at the top of the rise in the blue edge.
e ———— 4750V / The present experiments clearly demonstrate the prin-
'§ 5 —-=- 1000V ) ciple of using field-ionization of higim Rydberg states in
| 0 , e ‘ inhomogeneous electric fields to obtain information about
512 |5(N+=10) ] the sana_I/energetlc d|st_r|bl_Jt|on of photofragments. Given
& 1.0 1 the potential for substantial improvements, we are confident
(\g 0.8 - - 3\2’50\/ ] that multipole devices of the kind presented here will provide
HO6 [ T el +500V ] a valuable tool in photodissociation or reaction dynamics
B 04 s T o 75OV ] studies. The testing of a variety of different field configura-
= 027 | T L\ T Etooov tions should be carried out, and the possibility of detecting
0780 74785 74790 74795 74800 74805 74810 74815 selectively the ions produced by the inhomogeneous field,
Total Excitation Energy E,,, / cm’™ rather than rejecting them, should be explored, especially in

o i o _ alternative field configurations. We believe that such investi-
FIG. 16. (a) The electric field strength as a function of the radial distance in

a dodecapoldb) Simulated MATI spectra in the vicinity of the threshold for gatlons_ will l?ad to _a novel means fo_r prOY'd'”g deta"?d

N* =10 after transmission through a dodecapole at an excess energy of 5tfree-dimensional plcture§ of the tra—JGCt_o“eS of reaction

cm L. products, and hence details of the potential energy surfaces
for the reaction.
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