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Abstract

Time-resolved photoelectron imaging (TRPEI) is used to investigate the effect of time-evolving alignment on the

photoelectron angular distribution (PAD) from anion photodetachment. The B X 000 transition in C
�
2 is pumped with

a femtosecond laser pulse at 541 nm and probed by femtosecond photodetachment at 264 nm. The pump pulse pro-

duces rotational coherences in the upper state that exhibit partial and full revivals, as evidenced by modulation of the

PAD anisotropy moments. From these, one can extract the excited state rotational constant of C�2 and information

regarding the molecular frame PAD.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Time-resolved photoelectron spectroscopy has

evolved into a powerful tool for investigating the
dynamics of neutral and anionic species [1,2]. Most

studies of this type performed to date have focused

on the evolution of the photoelectron kinetic en-

ergy (eKE) distribution as a function of pump–

probe time delay. However, recent advances in
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imaging techniques [3] have made it possible to use

photoelectron imaging as the detection method in

time-resolved experiments; these time-resolved

photoelectron imaging (TRPEI) experiments yield
the temporal evolution of the photoelectron energy

and angular distributions. The photoelectron an-

gular distribution (PAD) reflects the shape of the

orbital from which ionization or detachment oc-

curs [4,5], and its measurement in a time-resolved

experiment yields information on dissociation and

electronic relaxation dynamics that complements

the time-evolving eKE distribution [6–8]. More-
over, PADs are sensitive to any alignment induced

by the pump laser pulse [9–11]. If the pump pulse

induces rotational coherences in an electronic state,

the evolution of these coherences can be followed
ed.
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by measuring the time-resolved PAD, as demon-

strated by Suzuki and co-workers [12] who have

used TRPEI to detect rotational coherences in

pyrazine. In this Letter, we report the first appli-

cation of this idea to a negative ion, C�2 , showing

that photoelectron imaging can yield high quality
one- and two-photon eKE spectra of C�2 and can

follow the evolution of excited state rotational co-

herences induced by a resonant pump pulse.

Our work draws heavily on the conceptual

framework of rotational coherence spectroscopy

(RCS), developed by Felker and co-workers

[13–15], which utilizes temporal signatures (recur-

rence structures) in order to extract molecular ro-
tational constants. RCS has proved useful for

investigating the structure and rovibronic spec-

troscopy of large molecules and clusters, largely

owing to the considerably better rotational reso-

lution achievable for these complicated species in

the temporal relative to the frequency domain. The

application of RCS to negative ions is of interest

since relatively few rotational constants have been
determined for anions and anion clusters.

In most RCS experiments, the time-evolving

rotational coherences created by a pump laser

pulse are followed using optical detection meth-

ods, in which fluorescence signal is measured as a

function of delay between polarized pump and

time- and polarization-sensitive light collection or

between polarized pump and probe pulses. How-
ever, these methods are generally not suitable for

negative ion spectroscopy experiments as the ion

densities are much too low, and it is instead de-

sirable to probe rotational coherences with

charged-particle production since ions/electrons

can be detected with nearly unit efficiency. Ex-

periments in which the time dependence of the

total ion yield was measured have been carried out
using picosecond (1þ 20) and (1þ 10) pump–probe
ionization [16,17] and time-resolved ionization

depletion (TRID) [18]; however, rotational coher-

ences created by the pump pulse can also be de-

tected via the photoelectron angular distribution,

as shown in a (1þ 20) pump–probe PEI [12] ex-
periment on pyrazine. In this Letter, we employ a

(1þ 10) scheme, in which the pump pulse creates a
partially coherent rotational wavepacket in the

B2Rþu state of C
�
2 , which is subsequently probed by
photodetachment to the C2 þ e� continuum; the
time-evolving alignment in the upper state mani-

fests itself in the PADs.

The relationship between time-dependent mo-

lecular alignment and PADs has been considered

by Underwood and Reid [6,10] and Seideman and
Althorpe [19,20]. Key results are as follows.

Excitation with a linearly polarized ultrafast (fs-

ps) pulse produces a time-dependent alignment of

the molecular axes given by

PMFðh; tÞ /
X2n

i¼0;2;...
Ai0ðtÞYi0ðh;/Þ; ð1Þ

with only the i ¼ 0 and 2 terms contributing for
one-photon excitation and where h and u are

Euler angles defined with respect to the electric

field polarization of the excitation laser. For

aligned (but not oriented) molecules, the general

expression for the PAD, IðhÞ, measured in the

laboratory frame with parallel pump and probe

laser polarizations is given by:

IðhÞ ¼
X2k

l¼0;2;...
bl0 Yl0ðh;uÞ

¼ r
4p

1

 
þ
X

n¼2;4;...
bnPnðcosðhÞÞ

!
; ð2Þ

The anisotropy parameters, bl0, and alignment

parameters, Ai0ðtÞ, are related by

bl0 ¼
X2m

k¼0;2;...
akl0Ak0; ð3Þ

in which the parameters akl0 depend on both

bound-free radial dipole matrix elements and the

relative phases of various photoelectron wave

contributions to the molecular frame (MF) PAD.

This formalism indicates that alignment effects

should be observable via time-dependent PADs,
and that the measurement of these PADs should

provide a rich yield of spectroscopic and dynami-

cal information, in as much as the lab frame (LF)

PAD is a convolution of the MF-PAD with the

time-evolving molecular alignment and alignment-

dependent detachment probabilities.

The spectroscopy of the C�2 anion is well

known. It has been studied using absorption and
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emission spectroscopy [21], resonant two-photon

detachment [22], high-resolution autodetachment

spectroscopy [23], photoelectron spectroscopy

[24,25] and stimulated Raman pumping [26,27].

These experiments and others [28–30] have led to a

fairly complete mapping of the low-lying anion
and neutral electronic states, whose level energetics

and dominant molecular orbital configurations are

summarized in Fig. 1. Many of these studies have

focused on the optically allowed B2Rþu –X
2Rþg

electronic transition, the first spectroscopic band

seen in a molecular negative ion that exhibited

resolved rotational structure. In the work reported

here, this transition is excited with a tunable fem-
tosecond pump pulse for which the bandwidth is

sufficient to cover the entire rotational profile at

the expected anion rotational temperature (50–100

K) [26]. We find that TRPEI measurements on C�2
reveal recurrences in PAD anisotropies that can be

readily related to rotational coherences excited in
Fig. 1. C�2 /C2 electronic energy level diagram with leading

molecular orbital configurations. Level energies were obtained

from (a) [21], (b) [23], (c) [25], (d) [34], (e) [35], (f) [28] and (g)

[29,30]. The two-color eKE limit ð
P

hm� eBEÞ is indicated by
the dotted line at 3.714 eV. Solid (dashed) arrows indicate one-

electron allowed detachment from the B(X) state of C�2 . Dotted

arrows indicate �two-electron� detachment transitions from the

B state.
the B2Rþu state, and yield insight into the molecular
alignment induced by the pump pulse and the

photoelectron angular distribution in the molecu-

lar frame.
2. Experimental

Fig. 2 shows the anion TRPEI instrument [8] on

which these experiments were performed. C�2 was

generated by passing a pulsed expansion (500 Hz,

350 lm pinhole, 30 psi backing pressure) of a 2%

C2H2:2% CO2 mix in neon carrier through a

pulsed discharge. A 1200 eV electron gun provided
a stabilizing charge source for negative ion for-

mation within the discharge. Negative ions were

separated by injection into a time-of-flight mass

spectrometer. Photoelectron energy and angular

distributions were obtained using velocity map

imaging [3]. The photoelectrons were detached in a

high DC field and projected onto a microchannel

plate detector coupled to a phosphor screen. The
resulting image was read periodically by a CCD

camera. Our implementation of anion VMI is

similar to that used by Surber and Sanov [5], al-

though we extract our electrons collinearly rather

than perpendicularly with respect to the ion beam

direction.

Pump and probe frequencies were generated

through frequency conversion of the 790 nm, 1 mJ
(500 Hz), 80 fs FWHM chirped-pulse amplified

output of a Ti:Sapphire femtosecond oscillator

(Clark-MXR NJA-5, CPA-1000). The 541 nm

pump pulse (10 lJ) was generated by sum fre-

quency generation of the fundamental with the

idler produced from a fundamental-pumped opti-

cal parametric amplifier (TOPAS, Light Conver-

sion). The pump frequency envelope was centered
on the rotational envelope of the B2Rþu –X

2Rþg
electronic origin. The 264 nm probe pulse (20 lJ)
was generated by tripling the fundamental output

and was delayed with respect to the pump pulse

through use of a computer-controlled translation

stage. The beams were collinearly combined and

focused within the spectrometer interaction region

with a 50 cm focal length lens. �Time-zero� was
determined from the half-rise in integrated inten-

sity of two-color spectral features.



Fig. 2. Time-resolved photoelectron imaging (TRPEI) apparatus.
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Data were typically acquired for 30 000 laser

shots at each pump–probe delay, resulting in
about 200 000 electrons, with 30–50% of these

electrons arising from excited state detachment.

Images were collected in a 2	 2 binning mode in
order to increase the image collection speed. Laser

and ion noise typically accounted for 
3% of the

integrated signal, though spread about the entire

detector surface. With imaging lens potentials

(repeller/extractor voltages) of 2500 V/1750 V,
detachment signal occupied 50–70% of the detec-

tor area. Three-dimensional distribution recon-

structions were performed using Reisler�s basis set
expansion (BASEX) [31] forward convolution

method. Detachment features were calibrated with

the C2 electron affinity previously obtained from

high-resolution PES [25].
3. Results

A probe-only (264 nm) photoelectron image of

C�2 is presented in Fig. 3a. The image has been

four-way symmetrized to account for detector in-

homogeneity. Fig. 3b shows a slice through the

three-dimensional photoelectron velocity distribu-
tion. Fig. 4a shows the photoelectron spectrum

obtained from the velocity! electron kinetic en-

ergy transformation and angular integration of the

rings in Fig. 3b. The PE spectrum shows several

vibrationally resolved electronic bands involving

photodetachment from the anion X 2Rþg state to

various singlet and triplet states of C2 shown in

Fig. 1; the assignments shown in Fig. 4b are based
on previous photoelectron spectra [24,25].
A pump–probe (541–264 nm) photodetachment

image taken long after time-zero (
120 ps) and a
corresponding slice through its three-dimensional

velocity distribution are presented in Figs. 3c, d,

respectively. Fig. 4b shows the PE spectrum ob-

tained from Fig. 3d, with the new features attrib-

uted to two-photon detachment assigned. Two

new electronic bands result from photodetachment

by a 264 nm photon out of the anion B state, each
with resolved vibrational structure: the c B
band, with its origin at eKE¼ 2.57 eV, and the
d  B band with its origin at 1.23 eV. There is also
a low energy feature at 0.16 eV that arises from

c B photodetachment by a 541 nm photon, i.e.,

the overall photodetachment process involves ab-

sorption of two-pump photons.

Finally, there is a weak band progression with its

origin at 3.714 eV, which is magnified by a factor
of 
10 in Fig. 4c. This band is assigned to a vibra-
tional progression of overlappingX  B and a B
transitions, arising from photodetachment by a

264 nm photon. Based on the molecular orbital

occupancies given in Fig. 1, these transitions can

only occur through �two-electron� transitions, i.e.,
r�1g ðrg ! ruÞ and r�1g ðpu ! ruÞ or p�1u ðrg ! ruÞ,
respectively. Similar �shakedown� transitions have
been observed, though with more intensity, in

pump–probe detachment ofC�3 through aFeshbach

resonance [32].

Table 1 gives a list of peak positions and as-

signments in the one- and two-photon (t > 0) PE

spectra in Figs. 4a, b. It also lists the anisotropy

parameters, b2 and b4, for each peak, as deter-
mined from the angular distribution of the elec-
tron signal for each ring extracted from the



Fig. 3. (a, c) Probe-only (264 nm) and pump–probe (541+ 264 nm) images of C�2 , respectively. (b, d) BASEX-�inversions� of (a) and (c),
respectively.
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photoelectron image. These parameters, defined in
Eq. (2), represent the leading anisotropic terms in

the expansion of the photoelectron angular dis-

tribution. For randomly oriented molecules, such

as those sampled in the one-photon PE spectrum

of C�2 , b2 is the only non-zero term, lying between
)1 and 2, but b4 can be non-zero for two-photon
transitions in which an intermediate alignment is

produced. From Table 1, it is clear that b2 is sen-
sitive to the molecular orbital (MO) from which

detachment occurs and not to the particular elec-

tronic state detached. In particular, r�1g detach-

ment produces p-wave photoelectrons (b2 
 2),
while the negative b2 values for r�1u and p�1u de-

tachment are characteristic of interfering s- and
d-waves [4].
The angular distributions of the two-photon

c B and d  B bands in Fig. 3b vary with time.
Figs. 5a, b shows the time-dependent anisotropy

parameters b2 and b4 for the origin of the c B
band obtained from images taken at various
pump–probe delays from near time-zero through

11 ps. Both plots show low amplitude, reproduc-

ible oscillatory structure. The most notable fea-

tures are the minima near 0, 2000, 7000 and 8900

fs, and the maxima near 2500, 4500 and 6500 fs,

extrema that reflect highly structured rotational

wavepacket evolution. The solid lines in Figs. 5a, b

are semi-quantitative fits to the time-dependent
anisotropy moments. These results represent the

most novel aspect of the work presented here and

are discussed in more detail in the following sec-

tion.
4. Analysis and discussion

In this section, we analyze the time-dependent

angular distributions in terms of the formalism

summarized inSection1.Theanisotropyparameters



Fig. 4. (a) Angle-integrated probe-only (264 nm) photoelectron

spectrum of C�2 . (b) Angle-integrated pump–probe (541+ 264

nm) photoelectron spectrum of C�2 . (c) 10	 magnification of

high-energy pump–probe detachment features. Assignments

described in text.
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plotted in Figs. 5a, b, b2 and b4, are related to
the other set of parameters, bl0, in Eq. (2)

according to
Table 1

Assignments and anisotropies (b2 and b4) of one- ( X) and two-ph

Transition eKE b2
(origin) (eV)

X  X 1.424 1.78

a X 1.338 )0.56
A X 0.387 )0.44
c X 0.255 )0.59
c B 2.573 1.75–1.9

d  B 1.227 )0.55
c B (2	 541 nm) 0.164 1.81

X  B 3.714 –
b2 ¼
ffiffiffi
5
p

b20
b00

; b4 ¼
3b40
b00

; ð4Þ

and are therefore essentially normalized to the

total photodetachment cross-section, which may in

fact vary with time in an experiment such as ours
[10]. The normalization in Eq. (4) removes any

signal dependence on fluctuations in the ion beam

intensity, laser overlap, etc. Under the conditions

of our experiment, with the pump and probe lasers

parallel and absorption of only a single pump

photon assumed, the time-dependent b2 and b4 can
be expressed in terms of the parameters in Eqs. (2)

and (3) as follows:

b2 ¼
ffiffiffi
5
p

a200 þ a220a2ðtÞf g
a000 þ a020a2ðtÞ

and

b4 ¼
3 a400 þ a420a2ðtÞf g
a000 þ a020a2ðtÞ

: ð5Þ

Here, a2ðtÞ ¼ A20ðt;BrotÞ=A00ðt;BrotÞ reflects the

time-dependence of the molecular alignment mo-

ments for a given rotational constant, Brot.
The alignment function is bounded by �1=

ffiffiffi
5
p

6

a26 2=
ffiffiffi
5
p
, with the lower and upper bounds cor-

responding to perpendicular and parallel transi-

tions, respectively. It can be calculated a priori, if

the direction of the transition moment is known,

and is shown in Fig. 5c for the B2Rþu state of C
�
2 ,

for which Brot ¼ 1:8685 cm�1 [21]. In this calcula-
tion, we assumed the C�2 to be excited with a

200 cm�1 pump bandwidth in a parallel electronic
transition at a rotational temperature of 60 K. Full

revival of the alignment occurs at 8950 fs, corre-

sponding to 1=2Brot, along with quarter- and

half-revivals at intermediate times. While full
oton ( B) detachment features

b4 Detachment type

– r�1g
– p�1u
– p�1u
– r�1u

5 )0.15–0.05 r�1g
0.27 p�1u
)0.01 r�1g
– r�1g ðrg ! ruÞ



Fig. 5. (a) b2 (d) and (b) b4 (j), normalized as in Eq. (4), as
a function of pump–probe delay; solid lines are fits to Eq. (6).

(c) Molecular alignment function, a2ðt;BrotÞ as described in

text.

A.E. Bragg et al. / Chemical Physics Letters 376 (2003) 767–775 773
revivals are generally seen in RCS of large

asymmetric top molecules [15], the latter features

are often diminished; they appear in our calcula-

tion owing to the relatively small number of ro-

tational levels and the commensurate beat

frequencies participating in the partially coherent
wavepacket.

Given a2ðtÞ, we attempted to extract ratios of
various parameters in Eq. (5) from a non-linear

least squares fit to the anisotropy moments in Figs.

5a, b, but found very large correlations between

the multipliers to the alignment function that

appear in the numerators and denominators of

these expressions. Instead, since both b2 and b4
appear to oscillate somewhat symmetrically about

a mean value, the data were fit linearly to the

simpler expressions

b2 ¼
ffiffiffi
5
p

a1ð þ a2a t;Brotð ÞÞ and

b4 ¼ 3 a3ð þ a4a t;Brotð ÞÞ; ð6Þ
effectively neglecting the temporal variation of the

total photodetachment cross-section. The quality of

the overall fit strongly depended on the parameters

used to calculate a2ðtÞ; in particular, best results
were obtained with Trot ¼ 60 K and Dmpump ¼ 200
cm�1. Adjusting the rotational constant by �2%
changes the recurrence time by as much as 200 fs,

noticeably reducing the temporal quality of the

fit. Based on the timings of the measured half- and

full-revival features, we conservatively estimate

an experimentally observed rotational recurrence

time, srot ¼ 8950� 100 fs, corresponding to Brot ¼
1:86� 0:02 cm�1. With Trot, Dmpump and Brot fixed,
we find a1 ¼ 0:84970� 0:00001, a2 ¼ �0:10717�
0:00009, a3 ¼ �0:007164� 0:000006 and a4 ¼
�0:05534� 0:00005. In terms of dynamical pa-

rameters in Eq. (5), these fit parameters should

closely approximate the ratios a200=a000, a220=a000,
a400=a000 and a420=a000, respectively.
The negative signs for a2 and a4 reflect the ob-

servation that the oscillations in b2ðtÞ and b4ðtÞ are
of opposite phase to those in a2ðtÞ. Thus, when the
anion alignment function a2ðtÞ is most positive, so
that the anion molecular axis distribution is most

strongly aligned parallel to the laser polarization,

the LF photoelectron angular distribution is less

strongly peaked along the laser polarization than

when a2ðtÞ is most negative. From this observa-

tion, we can draw qualitative conclusions about
the MF-PAD based on some of the ideas put

forward by Surber and Sanov [5] and Reed et al.

[33], as follows.

Since c B detachment involves removal of a
rg electron, the lowest photoelectron partial wave
will be a p-wave with orbital angular momentum

l ¼ 1, consistent with the relatively high (and

positive) average value of b2 in Fig. 5a describing
the LF-PAD. The departing photoelectron wave

must have ru or pu symmetry in the molecular
frame within the electric dipole approximation.

The simplest (lowest l) photoelectron waves of

these symmetries are p-waves, aligned parallel (pz)
and perpendicular (px; py) to the molecular axis.
Detachment to a pz-wave is most favored when
the molecular axis is parallel to the probe laser
polarization, whereas (px; py) detachment is fa-
vored for perpendicular alignment. Hence, the

reversal of phase in the oscillations between LF
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anisotropy parameters, b2ðtÞ and b4ðtÞ, and the

alignment function, a2ðtÞ, suggests that the MF-
PAD has more intensity perpendicular rather

than parallel to the molecular axis, i.e., (px; py)
detachment prevails over pz-detachment.
5. Conclusions

The results presented here represent the first

application of rotational coherence spectroscopy to
a negative ion, C�2 . Excited state rotational coher-

ences induced by an ultrafast pump pulse were ob-

served as modulations in the time-dependent PAD

using time-resolved photoelectron imaging. The

methodology presented here should be applicable

to any negative ion with an excited state lifetime of

at least a single rotational period. It may also be

useful for analyzing the rotational distributions of
anion photofragments produced by impulsive

photodissociation processes; such experiments will

be carried out shortly in our laboratory.

In addition to observing rotational coherences,

we have modeled the time-dependent anisotropy

parameters b2ðtÞ and b4ðtÞ describing the labora-
tory frame PAD using the formalism developed by

Underwood and Reid [6,10], thereby extracting
information on the molecular frame PAD. The

analysis suggests that detachment perpendicular

rather than parallel to the molecular axis is fa-

vored in the MF-PAD.
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