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Abstract

We report the first observation of ion recoil induced by the ionization process for a molecule. The applicability of the method has
been demonstrated by determining the f8, and 8, anisotropy parameters of the angular distributions of NO™ ions in the resonance-
enhanced two-photon ionization of NO(X2H1/2, v =0,J) via the A2ZF(v* = 0, N*) state at 226 nm. An energy resolution in the
range of 10 peV is demonstrated. The method might prove to be particularly useful for studying complex ionization-fragmentation
processes as they occur for example for superexcited molecules.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Recoil-ion momentum spectroscopy has become a
useful tool for the study of different ionization and
electron exchange processes, including ion-atom colli-
sions [1-8], dissociative photoionization of diatomic
molecules [9], ionization of atoms and molecules by
strong electric field [10], and resonant multiphoton
photoionization of laser-cooled atoms [11,12]. In many
cases photoelectron spectroscopy (PES) is also applica-
ble with a better resolution than for ion recoil mea-
surements. In recoil-ion momentum spectroscopy the
main problem is the determination of a tiny heavy
particle momentum change upon light electron ejection.
However, ion recoil spectroscopy allows to study frag-
mentation and ionization processes for molecules and
molecular ions together which cannot be accomplished
by photoelectron spectroscopy. The best approach is the
application of both techniques to detect recoil ions in
coincidence with photoelectrons [5,7].

Here, we present the first application of recoil-ion
momentum spectroscopy to a molecule, employing a
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time-of-flight (TOF) mass-spectrometer with a position-
sensitive ion detector, where ions are produced by res-
onance enhanced multi-photon ionization (REMPI).
We chose to study the ionization of NO molecules
cooled in a supersonic nozzle beam because of the low
NO ionization potential and because its ionization is
well known in literature [13-20]. To our knowledge, to
date there exists only one similar study, in which the
recoil energy and angular distribution of 8’Rb ions are
determined [11,12].

2. Experimental

The experiment has been described previously [21-23]
except that a continuous molecular beam and a posi-
tion-sensitive detector are used. The last modifications
of the apparatus are given in [24-26], only a brief
summary is given here. The basic experimental scheme
(Fig. 1) includes a cold supersonic molecular beam,
state-selective REMPI detection of photofragments, and
a home-built single-field TOF mass-spectrometer com-
bined with a position-sensitive ion detector. A one-color
(1+1) REMPI scheme for NO preparation and probing
via
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Fig. 1. Schematic depiction of REMPI/TOF mass-spectrometer with
position-sensitive detector provided for 3-dimensional photofragment
imaging. Also shown is the axis system used in this work.
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around 226.2 nm is used (Fig. 2) [27]. Here, v denotes
vibrational quantum numbers and N and J are rotational
quantum numbers for Hund’s cases b and a, respectively.
A Nd:YAG-laser-pumped dye laser (Coherent Infinity/
Lambda Physik Scanmate, 100 Hz) operated with Cou-
marin-47 dye and frequency doubling in a BBO crystal is
used.

The vacuum system consists of jet and ionization
chambers separated by a skimmer with 0.4 mm di-
ameter. A cold continuous molecular beam is obtained
by supersonic expansion of a gas mixture NO/Ar
(1:10°) at six bar pressure through a 20 um nozzle.
The molecular beam speed 554 m/s and the NO ro-
tational and translational temperatures are ~3.5 K
[24,25]. Distances nozzle-skimmer and skimmer—laser

NO(XI 5,0 = 0,J)

NO'+e” A
- 051
- . o)
2 0.5-0 z
- [} 5
AT 1 °
o I 0.5-2 2
Ny} s
1£
1551 | ®
1552 2
15 ' E
2 . 1.5-3
anz 0.5 E
J
226I.05 ' 226I.10 ' 226I.15 ' 22(;.20 ' 226I.25 ' 226.30

wavelength / nm

Fig. 2. Rotational (1 +1) REMPI spectrum of NO in the cold Ar
molecular beam. J — N* assignment of the strongest rotational tran-
sitions is indicated. The transitions used in the present study are
marked by asterisks.

beam are 1.5 and 30 cm, respectively. The molecular
beam divergence is less than 0.1 mrad for a laser focus
radius of 20 um and geometric cooling reduces the
Z component of the initial NO velocity to only 0.04
m/s. In the ionization chamber the skimmed molecular
beam is intersected by the laser beam whose propa-
gation direction (X-axis) is perpendicular to the mo-
lecular beam (Y-axis). NO*t generated by REMPI in
the ionization chamber of the spectrometer is accel-
erated along the Z-axis by a 2.3 V/cm electric field
towards the field-free drift region. Ions are detected by
a 8 cm diameter double stage multi-channel plate as-
sembly and a position-sensitive detector (Roentdek).
Only TOF profiles are analyzed in the present study.
The laser power was kept low, typically in the range
6-15 plJ, to avoid saturation effects, corresponding to
peak intensities of (2-5) x 108 W/cm? in the laser
focus. About one NO™T photo ion was registered per
10 laser shots. Typically about 40000 laser shots were
accumulated for each TOF distribution.

Our detector was developed by Jagutzki et al. [30] and
consists of a delay-line anode introduced into the ioni-
zation chamber right behind the multi-channel plate
[28,29]. We used a similar electronic read-out circuit as
described in [31]. Detector resolution is 0.4 mm in space
(1:200) and about 0.5 ns in time [24,25].

An additional potential (=300 V) applied between
multi-channel plate and detector accelerates the elec-
trons to the delay-line anode where a signal is induced
which propagates in both directions towards the ends
of the line where impedance adjusted circuits pick it
up for further processing. By measuring the time pe-
riod between the signal arrival times on both ends of
the line one can determine the position of the signal
source on the line. The detector consists of two indi-
vidual delay lines oriented orthogonal to each other,
forming the XY plane (8 x 8 cm). The output charge
from the multi-channel plate resulting from every
single incoming ion or photon (‘event’) produces al-
together four signals, two on each delay line pair
which are transmitted to time-to-digital converters.
Finally, one event produces two pairs of times, X7, X3
and Y}, Y. X and Y coordinates of a single event in
time units are calculated as (X; — X3, Y7 — 1), and the
event time (the Z coordinate) is calculated as either
(X1 +X2)/2 or (Y1 + Y2)/2. Thus the delay-line detec-
tor yields all three coordinates of each single event.
The latter condition allows to distinguish between true
and false events: the event time provided by the dif-
ferent delay lines must coincide: (X; +X3)/2 =
(Y1 + ¥2)/2. Only events that obey this condition are
taken into account, and all others are ignored. If more
than one ion per laser pulse strikes the multi-channel
plate assembly, each delay line produces a series of
pulses and the criterion X; +X, =Y, + ¥, allows to
correctly assign individual pulses to individual ions.
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3. Results and discussion
3.1. TOF profiles

Fig. 3 shows typical TOF spectra of NO" ions re-

corded in experiments with different laser polarizations,
E L Z and E||Z, where E is the electric field of the laser
radiation. A clearly resolved double-peaked structure in
the E||Z TOF spectrum is due to preferential emission of
the NO" along the laser polarization. The theoretical
angular distribution of NO™ ions detected by (1+1)
REMPI is [12,14,16]
1(0) = % (1 + B,P>(cos 0) + B,Ps(cos 0)], (1)
P, and P, are Legendre polynomials (P (x) = [3x* — 1]/2,
Py(x) = [35x* — 30x> + 3]/8), 0 is the polar spherical
angle, and f5, and f5, are anisotropy parameters.

The axis of the spherical coordinate system is directed
along the electric field of the laser radiation. For a given
speed vg, using Eq. (1) we can find expressions for TOF
distributions as

Hx,z(t) =a;+ bx,Z[(t - tO)/At]z
te (= t0) /A, iflt — 1| <A, (2)
=0, if |t — #o| > At,

where the coeflicients are

a.=1/2—B,/4+3B,/16, a.=1/2+ B,/8+9B,/128,
b. = 3(2ﬁ2 - 5/))4)/8, by = *3/32/8 - 45/34/647
c. = 354,/16, ¢, = 1058,/128,

where ¢ and ¢, are the individual and average TOF, re-
spectively; the indices x and z correspond to £ 1 Z and
E||Z laser polarizations, respectively; the distributions

are normalized to unity, (1/Ar) [* H..(f)dt =1. The
time At may be calculated as

At = vy/A, (3)

where 4 is the acceleration of the NO™ ions due to ex-
ternal electric field Ee, 4 = eEey/Mno. Ions with the
initial speeds vy and —v, along Z-axis have the TOFs of
to — At and #, + At, respectively. The initial recoil speed
of the ions is

Vo = me/Mnov/2(2hv — Ino) /M, (4)

where m, and Myo are the masses of the electron and of
NO, respectively, Av is the 226 nm photon energy, and
Ino = 9.2639 ¢V is the first NO ionization potential.
From Eq. (4) we find vy = 14.1 m/s. With the experi-
mental values of ¢, = 22.78 us and E = 2.3 V/icm, we
obtain Az =19.1 ns. The recoil energy of NOT is
Myov3/2 = 31.2 peV. This is much larger than the ki-
netic energy of the jet-cooled NO parent molecules in
the Z-direction which is less than 1 neV due to geometric
cooling.

3.2. Broadening of TOF profiles

Eq. (2) predicts sharp corners of the TOF distribution
at t = fp £ At. One can see from Fig. 3 that the experi-
mental TOF profiles do not have sharp corners and that
they spread outside |t — #)| > At time range. Hence ad-
ditional broadening mechanisms need to be considered.
Assuming that the broadened TOF profile may be de-
rived from convoluting expression (2) with a Gaussian
distribution, one obtains

G..(1) = /ﬁ exp (— [%DHW(@ dq, (5

o0

NO distribution

T * T T T T
22.76 22.78 22.80
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Fig. 3. Time-of-flight profiles of NO detected by (1 + 1) REMPI at 226 nm at different polarizations, TOF =22.78 ps and N* = 1. The range of times
to + At is shown by two dashed lines. The curves are calculated with Eq. (6).
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where the dimensionless parameter 6 characterizes the
profile broadening. The same assumption was done by
Wolf and Helm [12]. Integration of expression Eq. (5)
yields

Gy:(1) = [Fo(t) — F2(—1)]/ Go, (6)
where
52 712+21+1 3 > )
F..(t) = Ze 2 [201 —2¢t” + 1(2b + 507¢ + 2¢)
—2b—38% — 2] + —fé erf s [4ett
+ 473 (b + 35%¢) + da + 2b5” + 35%¢],
2/7|6|[15a + 5b + 3¢
G, = 2Vl ] -

15 ’
where © = (¢ — #)/At. For the sake of brevity the x,z
indices of the a, b, ¢, and G, parameters are omitted. The
factor Gy normalizes the function G,. to unity:
(1/At) [ G,.(f)dt = 1. The experimental TOF profiles
for both polarizations were fitted by Eq. (6) with the fit
parameters f3,, B4, 0, and Az. Accurate fitting of the best
experimental TOF profiles showed that the fitted A¢
parameters are very close to the value calculated with
Eq. (3); hence we used only the calculated value. The
broadening parameter 6 was found to be 0.32 +0.05.

One can propose several broadening mechanisms.
One is the duration of the laser pulse. According to Eq.
(5), the ions which start from the same space point with
equal initial speeds produce the TOF distribution with a
FWHM (full width at half maximum) of 10.2 ns, this
broadening is much larger than the duration of the laser
pulse (~3 ns). Hence, the duration of the laser pulse
cannot explain the observed broadening.

Broadening due to electric field inhomogeneity may
be neglected because different parts of the image of the
NO molecular beam on the delay-line detector (6 x 3
mm) give the same TOF distribution.

In our spectrometer the acceleration length L, is half
as long as the drift length L,, 2L; = L,. For slow parti-
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cles this constitutes a spatial focusing configuration; i.e.,
to = (2Ly + L) /+/2AL| and d#y/dL; = 0. Thus, the effect
of the finite size of the focal volume is also negligible.

The NO speed distribution along the Z-axis has a
maximum velocity of ~4 cm/s. This speed is negligible in
comparison with vy, hence the thermal contribution may
be neglected.

We did observe a correlation between laser power
and the broadening parameter o, thus space—charge ef-
fects are the most probable reasons for broadening, i.e.,
the interaction between NO™ and other ions produced
by the same laser pulse from background gas.

Neglecting laser pulse duration, we predict from Eq.
(6) that ions with the same starting coordinates and
initial velocities produce a speed distribution with a
FWHM of 7.5 m/s due to space charge effects, corre-
sponding to 9 peV (104 mK), characterizing the energy
resolution of our method. In the Rb atom study of Wolf
and Helm [11,12] using a magneto-optical trap the en-
ergy resolution was much better, about 0.2 peV (2.3
mK). Their background pressure was only 4 x 1077
mbar, while in our experiments it was ~2 x 10~/ mbar.
Very probably, the resolution of our method may be
improved by better pumping or change of background
gases in order to minimize the non-resonant generation
of ions.

3.3. B, and B, parameters

p, and f, parameters obtained from the fits for
N*=0,1,2,3 are summarized in Table 1. The p, pa-
rameter for N* = 0 must be zero, since the rotational
state is isotropic; the non-zero f, parameter in Table 1
may be due to a small contribution of the transition via
N* =1 (see Fig. 1).

From Table 1 one can see rather large variations in
our i, and f3, values. A correlation of these values with
the intensity of the laser radiation exists, but is insig-
nificant within the experimental error. Note that the

Table 1
Summary of the data on on f8, and f, parameters in the (1 +1) REMPI of NO via (X2H1/2,v =0,J) — (A’ZF,v* =0,N) — (12, vt =0,NT)
Transition J—=N Experiment Calculation References
Bs B4 Bs B4
O + Py (0.5) 0.5—0 1.75(0.05) 0.15(0.15) a
01 +Ry1(0.5) 0.5—1 1.90(0.07) 0.6(0.2)
Ry (0.5) 0.5—2 1.40(0.10) 0.0(0.1) a
Ry (1.5) 1.5—3 1.35(0.10) 0.1(0.1) a
O»1 + Ri1(21.5) 21522 1.628° -0.386° [14]
R (20.5) 20.5 — 22 1.534 0.270 1.346 -0.0485 [15]
O + Py (25.5) 25.5 — 25 1.589 0.024 1.602 -0.0387 [15]
On + Py (22.5)° 22522 1.573 -0.0175 1.578 -0.093 [16]
O + Py (2.5) 252 1.576 -0.1002 [17]

#This work. The value in parenthesis represents 1o uncertainty.
®For AN = 0 branch only.
¢Vibrational states: v =0, v* =1, and v" = 1.
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depolarization of the NO in the intermediate state A>X"
cannot explain these variations since depolarization
occurs at times much larger than the laser pulse duration
[18,19].

The anisotropy parameters 5, and f, have previously
been determined for large J values by REMPI-PES [15].
For the J values considered, the energy resolution of this
method allowed to determine state-specific anisotropy
parameters depending on the rotational state of the
molecular ion. The weighted averages of the published
anisotropy parameters obtained in these measurements
are also listed in Table 1 and compare favorably to the
data obtained from our recoil ion measurements for low
values of J. Due to the smallness of the momentum
transferred onto the molecular ion by ejection of a
photoelectron, rotational resolution of the states of the
molecular ion cannot be achieved in our measurements.

4. Summary

We observed for the first time the ion recoil from the
ionization of a molecule by REMPI/TOF. We demon-
strated that the technique is applicable to study the ve-
locity (speed and angle) distributions of ions obtained
from the recoil in photoionization. The main advantages
of the technique are its relative simplicity and versatility.
The resolution of the method of about 10 peV can sig-
nificantly be improved if space—charge effects are avoi-
ded. The merit of the method lies mainly in investigating
complex ionization processes involving fragmentation of
the neutral molecule or the molecular ion which cannot
be studied by photoelectron spectroscopy alone.
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