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High resolution photodetachment spectroscopy of negative ions
via slow photoelectron imaging
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A technique for high resolution anion photodetachment spectroscopy is presented that combines
velocity map imaging and anion threshold photodetachment. This method, slow electron
velocity-map imaging, provides spectral line widths of better than 1 meV. Spectra over a substantial
range of electron kinetic energies are recorded in a single image, providing a dramatic reduction of
data acquisition time compared to other techniques with comparable resolution. We apply this
technique to atomic iodine and the van der Waals clusi@0} as test systems, and then to the
prereactive CID, complex where partially resolved structure assigned to hindered rotor motion is
observed. ©2004 American Institute of Physic§DOI: 10.1063/1.1787491

I. INTRODUCTION ably lower. The highest resolution is generally achieved us-
ing hemispherical analyzers or field free time-of-flight mea-

Photoelectron spectroscopPES of anions is a very — syrements, both of which have low photoelectron collection
powerful method for the determination of electron aﬁ'”'t'esefficiency.

and the study of exotic species such as reactive free radicals, |, anion ZEKE spectroscopiFig. 1(b)],® mass-selected

metal and semiconductor clusters, and bimolecular transitiogions are photodetached with a tunable pulsed laser, and
_5 . . . )
states.” Negative ions can be mass-selected prior to SP€C3nly those electrons with nearly zero kinetic energy are col-
troscopic investigation and selection rules for photodetachrected as the laser is scanned. ZEKE signal is seen when the
ment versus excitation of a neutral molecule are drasticall)(aser passes through a photodetachment threshold between

relaxed. However, the resolution of PES is at best 5-10 me\/an anion and neutral level. Because only a very small range

sufficient to resolve electror_uc a_nd some V|brat|_onal structur%]c kinetic energie§shaded areas in Fig(t)] is collected at
but not the low frequency vibrations that occur in many mol-

ecules and clusters. Anion zero electron-kinetic-energ each laser wavelength, many small energy steps are required
g . . N"%5 record a full spectrum. The energy resolution can be as

(ZEKE) spectroscop§;®a detection scheme which provides high as 1 cm?, but ZEKE spectra of most molecular anions

a spectral resolution of a few ¢y is experimentally very 9 ¢ ' I 8 1FC)) chwid . ved

challenging, and one is limited to the investigation of specie ave features at least 810 cmwide owing to unresolve

where the electron leaves asgwave. This paper presents a rotational structure. In anion ZEKE experiments, the near

technique that combines the advantages of PES and ZEK EK,E and higher energy electrons are a]lowed to separate
by using velocity map imaging/MI) to collect photoelec- spatially for~200 ns after the laser pulse fires, after which a

trons with low but nonzero kinetic energy at a collection weak pulsed electric field is applied to extract and detect the

efficiency of~100%. We demonstrate the advantages of thiSlow electrons; selective detection of the ZEKE electrons is
method compared to conventional PES and anion ZEKE’lchieved'by a Combination of qutial gnd tempora} filtering.
spectroscopy through its application to,117(CO,), and  1he physics of anion ZEKE are quite different than in neutral
Cl~(D,); photodetachment of the third species is of particu-ZEKE experiments, which are now understood to involve
lar interest as it probes the open-shell van der Waals clustdtuised field ionization of very high Rydberg statsThe
Cl-D,, which plays an important role in the €D, near-zero energy electrons produced in the anion experi-
reaction® ments are extremely sensitive to stray electric and magnetic
The three techniques are compared in Fig. 1. Convenfields, making these experiments quite difficult. In addition
tional anion PESFig. 1(a)] is typically performed at a single to the experimental difficulties, anion ZEKE is further com-
photodetachment wavelength; measurement of the resultingficated by the Wigner threshold Idwhich predicts the
electron kinetic energyeKE) distribution[dashed arrows in photodetachment cross-sectionto be o (hv— Eq) Y2
Fig. 1(a)] then maps out the electronic and vibrational levelswherehv—Ey, is the energy difference between the photo-
of the neutral species formed by photodetachment. The indetachment laser and detachment threshold,faiscthe an-
formation obtained from conventional PES is often limitedgular momentum of the photoelectron. Cleadyjs always
by the resolution of the electron energy analyzer which, inzero at threshold and increases rapidly with photon energy
the best cases, amounts to 5-10 meV and is often considesnly if ¢ is zero (s-wave scattereis For all systems with
>0, o remains close to zero for an energy range of several

3Author to whom correspondence should be addressed. Electronic maifeV above threshold, thereby preventing the recording of a
dan@radon.cchem.berkeley.edu ZEKE spectrum.
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Neutral * — 4 FIG. 2. The experimental setup used for the present experinfeatsto
scalg. Regions I-lll are the source regidt), the extraction and ion beam
\ 4 — manipulation regior{ll), and the excitation and detection regigh).
concerned with measuring interference effects associated
hv hv with extremely slow electrons, rather than as a means of
fixed tunable carrying out high resolution photoelectron spectroscopy over
an extended energy range.
2 In this paper we report results for two ions, land
Anion _ - . . .
2) b) ) I7(CO,), which have previously been studied by anion

ZEKE spectroscopy and therefore serve as test systems for
FIG. 1. Schemes fofa) conventional photoelectron spectroscdpES, (b) the SEVI experimen‘izzz Results are then presented for
anion zero electron kinetic energ¢EKE) spectroscopy, antt) slow elec-  Cl™(D,), for which the photoelectron spectrum was previ-
tron velocity map imagingSEV). ously reported® The PE spectrum showed no structure other
than that associated with the spin-orbit splitting of the CI
atom, but the SEVI spectrum shows partially resolved fea-

The experiment described in this paper is based on thgyres assigned to a hindered rotor progression in th®.Cl
VMI of slow photoelectrons; slow electron velocity-map im- yan der Waals complex.

aging (SEVI) [Fig. 1(c)]. Anions are photodetached in a dc
eleptrlc field which projects the photoelectron velocity distri- Il EXPERIMENT
bution onto a detector coupled to a phosphor screen; the
resulting image is recorded using a CCD camera, and ana- Experiments take place in a multiply-differentially
lyzed to yield photoelectron eKE and angular distributions.pumped chambe¢shown in Fig. 2 that is divided into a
Photoelectron VMI has been used in several laborat3figs  source regior(labeled 1 in the figurg a beam acceleration/
including ours, as an alternate technique for performing PE$anipulation regior(ll), and an excitation/detection region
on neutrals and anions. The technique has yielded a fragtl). For the production of anions, a suitable precursor gas is
tional energy resolutioAE/eKE as low as 2%Ref. 17 and  expanded through a 20 Hz-pulsed piezo valve at stagnation
high collection efficiency, especially for the lowest energypressures in the range of 20—80 psi. Precursor gases for the
electrons. present experiments were composed of traces af ©FAr

A typical VMI experiment employs dc fields in the pho- or in a 1:2 mixture of CQ in Ar [spectroscopy of 1 and
todetachment region that are sulfficiently high to collect alll” (CO,), respectively, and traces of CGlin a 5:1 Ar/D,
photoelectrons, regardless of their kinetic energy. In our exmixture [spectroscopy of CI(D,)]. The expansion is
periment, considerably lower extraction fields are used, sarossed perpendicularlyta 1 keV,~200 uA electron beam
that only photoelectrons with eKE of10—-20 meV or less from a continuous electron gun. Anions are formed through
are collected with near unit efficiency. At ekEL0 meV, the  attachment of secondary electrons from electron impact ion-
highest resolution achieved in photoelectron imaging correization to fragments of the precursor molecules. Only the
sponds to an energy resolution of better than 2 tnBy  central part of the ion beam enters the second region through
scanning the photodetachment laser in steps on the order afskimmer with a 1-2 mm orifice.
10 meV, one obtains a series of very high resolution photo- The anions are accelerated and mass separated in a col-
electron spectra that each shows a large range of eKknear mass spectrometer. Two types of mass spectrometers
[shaded areas in Fig(d]. Hence, SEVI is somewhat of a have been employed in the present studies: for the experi-
hybrid of conventional PES in which only a single laserments on T and I (CO,), the ions were extracted in a
wavelength is used, and anion ZEKE in which the laser isBakker-type mass spectromet&f> and the CT(D,) work
continuously tuned. As will be shown, SEVI yields spectrawas done using the collinear Wiley McLaren-type mass
comparable in resolution to anion ZEKE spectra but withspectrometéf shown in Fig. 2. The latter configuration
much shorter data acquisition times. Moreover, since the deyields increased signal by about a factor of 2 along with
tachment laser is typically several meV above a detachmeronsiderably better stability. lons are focused and steered
threshold, it should be possible to obsep#ave detach- through the pinholes into the VMI region by a cylindrical
ment, although we have not yet done so. Our experimenEinzel-lens and by sets of vertical and horizontal deflectors.
draws upon photoionization and photodetachment microstpon entering the excitation region, the ion packets are com-
copy experiments reported previously by Vrakkifid® pressed to~50 ns, corresponding to a mass resolution
Blondel?*?! and co-workers; those experiments were moreM/AM = 400.
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The VMI region is entered through a re-referencing tube 3
that is grounded when the ions enter but switched to the] (@ (b)
desired negative voltage while the selected ion packet is in-
side. This configuration is necessary to allow collinear elec- Q
tron extraction without the need of pulsed imaging. The de-
sign of the VMI region is similar to the one employed in the

1] 20 100
original work by Eppink and Parkéf:the three plategre-
peller, extraction, and ground platare spaced by 1.5 cm O ! jidﬁ
5 * 100
50 100

AE=163cm’

each, the extraction and ground plates have holes with a2.5¢ e _45 o
cm (1 in.) diameter, while the repeller plate has a pinhole
with a 3 mmdiameter. The laser is focused between the
repeller and extraction plates, and propagates perpendicu o
larly to the molecular beam axis, with a polarization vector ’
parallel to the imaging plane. Photoelectrons are accelerate( AE=9.4cm
toward the imaging detector in the dc fields obtained by ap-

plying voltages to the first two plates, and the electron clouds _ e
generated from the different detachment thresholds expanc

on the way to the detector. A time gate on the detector in-!  sg_qgcm" H b 2 70 5 20

10 20

sures that only photoelectrons from the laser pulse are de- Blecron kinefic energy / ani'
tected; these arrive at the detector considerably earlier than
the ions that survive the detachment laser pulse. FIG. 3. SEVI spectra of atomic iodide at electron kinetic energies of 163

1, 40 cnt, 9.4 cmY, and 1.8 crmt (from top to botton. Panela)
Because the threshold phOtoeleCtronS EXpand OnIghmows the photoelectron images after inverse Abel transformation, the traces

slowly, high-resolution SEVI requires long flight times. In j, panel(b) are the angular integrations of the corresponding images.
the present experiment, a 1 m long flight tube is used in

combination with repeller voltages generally in the range
50-200 V. The use of higher voltages allows the operation of
the experiment in a low-resolution mode by extracting elec-

trons with eKE up to~150 meV. As a result of the low Figure 3a) shows a series of photoelectron images taken
extraction voltages, the photoelectrons are very sensitive tRom photodetachment of | at laser energiegrom top to
stray electric and magnetic fields and special precautiongottom) of 163, 40, 9.4, and 1.8 ¢ above the detachment
have to be taken in order to obtain unperturbed images. Pathreshold to the RP3,) state, for which the electron affinity
ticular care has been taken to reduce stray electric fields i(EA) is 3.059 e\?® Photoelectron spectra obtained by angu-
the VMI region where perturbations of the slow electron-|ar integration of the images are shown in F|@3)3 Because
trajectories have the strongest effects. The polished stainlegge electric fields employed for the velocity mapping were
steel plates possess rims that extend from each plate to hale same for all spectra shown in Fig. 3, 100 V on the repel-
way between neighboring plates such that fields from surter plate and 70 V on the extraction plate, the size of the
rounding cables and connections are blocked. Additionallyimage gradually decreases as eKlEv— EA is reduced. At
these rims improve the quality of the electric fields betweerthe same time, the constant resolution of the images in
the plates. Electric fields from the high-voltage connections/elocity-space is reflected in a reduced linewidth at lower
to the imaging microchannel platé@§ICP) and the phosphor  kinetic energies: the images displayed in Figa)3are each
screen are blocked by mounting a grounded steel disk di~6-8 pixels wide, which corresponds to a peak width of 1.1
rectly in front of the MCP. Magnetic fields are avoided by cm™* at eKE=1.8 cm * and 12 cm* at eKE=163 cm L. As
shielding the complete excitation and detection region bythe eKE increases, the fractional energy resolutidiieKE
two concentricu-metal tubes. Photoelectrons hitting the 75improves but then gets worse as the fastest electrons ap-
mm diameter MCP produce an image on the phosphoproach the edge of the imaging detector where stray fields
screen, which is recorded with a CCD camera and transferreflom the MCP and phosphor screen voltages become notice-
to a PC for work-up and analysis. able and the images start to display deviations from perfect
The collinear VMI arrangement in Fig. 2 is similar to circular shapes. In Fig. 3, the smallédt/eKE, 7%, is found
that used in our time-resolved imaging experiméntsyt the  at eKE=163 cm * and corresponds to a peak width of 12
ion lens voltages are considerably lower here, because we acen * (1.5 me\j.
only interested in collecting relatively low-energy photoelec-  Sets of images like those displayed in Fig. 3 also serve to
trons. The collinear configuration presents some experimercalibrate the detection method at a given choice of imaging
tal difficulties compared to the perpendicular VMI arrange-fields. The precise eKE of the peak in each of these images is
ment used by other groups in studies of negative 183, known from the electron affinity of iodine and the calibrated
but offers the significant advantage that its energy resolutiotaser wave number. The kinetic energy is proportional to the
is, to first order, independent of the spread in ion beam ensquare of the image radius and the proportionality factor has
ergy induced by the time-of-flight mass spectrometer, a cruto be determined for each set of imaging voltages. The cali-
cial point in the experiments presented here where we arbration was found to be stable over long periods of time and
trying to achieve the highest resolution possible. the resetting of the fields reproducible to within a sufficiently

II. RESULTS AND DISCUSSION
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FIG. 4. SEVI spectrum of 1(CO,). The insert shows the raw image ob- &
tained with the laser wavelength at 383.14 nm, indicated as a solid verticalg
arrow. The band origin is shown as a dashed vertical arrow. g
high precision(i.e., effects of imperfect setting of the fields
were smaller than the line width
As a first application of SEVI to a molecular anion, we
consider the species (CO,). The PE and ZEKE spectra of o) : , : . . . :
this anion are knowf>?°and its infrared spectrum has been 0 200 400 600 800 1000 1200 1400
recently reported® The anion has &,, structure in which Electron Kinetic Energy / cm”

the CQ moiety is slightly bent, and its PE spectrum ShOWSFIG. 5. Panela) PES of CI'(D,) showing the two clusters of transitions

Franck-Condon activity in the high-frequency €0ending  que to the two spin-orbit levels of Cl. The dotted vertical line indicates the
mode of the neutral-ICO, complex. The ZEKE spectrum origin of the energy axes in Pane{s) and (c). (b) SEVI-spectrum of

shows considerably more structure, most notably a 30%cm Cl(*P3,)-D,. The three Lorentzian lines used to fit the spectrum and their
progression in the C-I stretch mode ofJI0, . sum are shown as dotted and dashed_l!nes, respectigel$EVI-spectrum

. . . . of Cl recorded under the same conditions as theDEIspectrum. In all
The SEVI spectrum of 1(CQ,) is displayed in Fig. 4. panels, the electron binding energy increases from right to left.

The insert shows a symmetrized raw image obtained with the
laser set at 383.14 nifindicated as a solid vertical arrow in
Fig. 4. VMI voltages for this image were 150 V/107 V for shots at each wavelength, the SEVI spectrum required only
the repeller and extraction plate, and 10 000 laser shots weten images and 10000 laser shots at each wavelength. The
accumulated. The image shows four well-resolved rings. Théotal data acquisition time was thus reduced from many days
three innermost rings are spaced by 33 ¢rand are part of to 2 h.
a progression in the C-I stretch mode o€D,, while the Finally, SEVI was applied to the C(D,) anion. This
outermost ring, separated by 65 chirom the adjacent ring, species and Cl(H,) were studied previously by Wild
corresponds to a hot band transition from the=1 level of et al,*>**who measured rotationally-resolved infrared spec-
the anion. tra, and by Fergusoat al?® who measured their photoelec-
The complete spectrum was obtained by joining togethetron spectra. Theoretical studi&s®have shown the anion to
ten photoelectron spectra that were recorded with wavehave a linear geometry and a dissociation energy of 500—600
length steps of 1.5 nm. At each wavelength, electrons frontm %, depending on the isotope under consideration, in gen-
about 10000 laser shots were accumulated, the image wasal agreement with the conclusions of Wdtal. These an-
Abel-inverted and the PES obtained from an angular integraions are of considerable interest because photodetachment
tion was converted to electron kinetic energy by the proceaccesses the shallow minimu@.5 kcal/mol(Ref. 36] on
dure outlined in the last paragraph. Overlap between adjacetite CHH, potential energy surface corresponding to the
spectra was used for intensity normalization. Bands A, Apppen shell ClH, van der Waals complex, which in turn has
and B in Fig. 4 result from excitation 0f4P5,) - (CO,) with  been shown to play an important role in the overal+El,
zero (bands A and Apand one(band B quantum of CQ  reaction dynamic8.Anion photoelectron spectroscopy thus
bend excitation. The splitting of the low-energy band in twooffers the opportunity to probe the vibrational, electronic,
sub-bands A and Ap has its origin in two possible values ofand(possibly the rotational structure of the open-shell com-
Q (Q2=1/2 and 3/2, the projection of the total angular mo- plex, and better characterize its role in the bimolecular reac-
mentum of the iodine atom on the axis connecting the centeition.
of-mass of CQ with 1.3 The progression of peaks in the The previously measured photoelectron spectrum of
image appears in band A of the complete spectrum; a similacCl™ (D) is shown in Fig. %a). It shows two main features,
lower intensity progression also appears in band B. which are spaced by the spin-orbit splitting in atomic CI, 879
The resolution in the SEVI spectrum is slightly lower cm™! (0.109 eV}, and correspond to transitions to the
than in the ZEKE spectruiif,but the clear advantage of the CI(?Pg,)-D, and CF(?Py,,)- D, levels of the neutral com-
new experiment is in the greatly reduced data acquisitiorplex. The spectrum shows hints of unresolved structure con-
time: while the ZEKE spectrum was recorded by scanningributing to both the peaks, as both transitions are wider than
the laser in steps of 0.005 nm and accumulating 5000 lasén Cl~(H,).?® The possibility of resolving this structure

Downloaded 29 Sep 2004 to 128.32.220.77. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 13, 1 October 2004 Photodetachment spectroscopy 6321

makes CI'(D,) an attractive target for our SEVI experiment. porating eitherpara-H, or ortho-D, into the anion com-

Figure 8b) shows the SEVI spectrum of C(D,), taken  plexes, which will eliminate half the hindered rotor levels
at a laser wave number of 30385.1 thindicated as a seen in the photodetachment spectiiftf. Nonetheless, the
dotted vertical line in panefa). Only the CI€P,,)-D, fea- new data presented here represent a step towards a full un-
ture is accessible at this photon energy. The VMI voltageslerstanding of the entrance valley of thet@, reaction in
were V(repeller=918 V andV(extraction)=656V. These the region close to the transition state.
relaztlvely high settlrlgs aIIovy(_ad collection of the entire V. SUMMARY
Cl(“P5p) - D, feature; no additional structure was seen at ) )

We have presented a technique, SEVI, for high-

lower voltages. The spectrum of atomic chloride, recorded : . ;
under the same conditions as Figb)s is shown in Fig. &) resolution anion-photoelectron spectroscopy. The technique

for comparison. We observe two partially resolved transi-4S€S velocity-map imaging to overcome some of the most

tions and a tail toward low eKE. The spacing between thégndamental problems of the original anion-ZEKE tech-

two features, 126 ciit, is similar to the splitting between the nique. As a result we obtain at the same time high sensitivity,
=1 and 2,rotationa,1l levels of D Moreover, the entire high resolution, and fast data acquisition. The performance

spectrum can be fit assuming it comprises three Lorentzia fh.SEVrl] V\éa‘;‘) testedt c()jn Ztomlc.mdlclje and(C(Z)zlz)l,(éJoth Oft
lines with center energies and linewidthigull width at half which had been studied previously using 2 Spectros-
maximum of eKE=366 cm* (F'=295 cm'Y), 555 cm* copy. The SEVI spectrum of C[(D,) reveals hindered rotor
'=161 cni'Y), and 681 cm® ('=102 cm ') r,espectively. structure of the CD, open shell van der Waals complex.
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