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Not long ago, it seemed unrealistic for molecular
dynamics of photodissociation processes that the
escape velocity and direction of photoproducts could be
directly measured given an exact knowledge of the
quantum states of these photoproducts and of the initial
molecule. However, a breakthrough was made in 1987
with the advent of an imaging technique that made it
possible to determine the three-dimensional spatial dis-
tribution of charged particles [1]. In this technique, res-
onance-enhanced multiphonon ionization (REMPI) is
used for ionizing photofragments and the nascent frag-
ment ions are accelerated by an electric field and
detected as scintillations on a phosphorescent screen.
Recently (1997), an improved version of this method—
velocity map imaging [2, 3]—was suggested. In this
method, due to the application of electrostatic lenses,
all ions with the same initial velocity vector are mapped
onto the same point on the detector irrespective of their
initial positions.

In this paper, we describe a new version of the imag-
ing technique, an alternative to velocity map imaging,
in which a homogeneous electric field is used and a
phosphorescent screen is exchanged for a delay-line
detector (DLD) with high time resolution. This new
method makes it possible to measure all three compo-
nents of the velocity of a photodissociation or photo-
ionization product. A setup consists of a time-of-flight
mass spectrometer, a chamber for creating a molecular
beam, and a laser system (Fig. 1). The mass spectrom-
eter consists of a chamber with a homogeneous electric
field, in which a molecular beam (the 

 

Y

 

 axis) and a laser
beam (the 

 

X

 

 axis) intersect. Positive photoions created by
laser radiation are accelerated by the electric field (along
the 

 

Z

 

 axis) and are detected by means of the DLD.

The ion detecting system is a multichannel plate
8 cm in diameter, each channel of which is a photoelec-
tron multiplier; the DLD is located behind this plate. In
principle, such detectors have been known for half a
century, but they have heretofore been used only in
nuclear physics [4, 5]. The detector used in this work
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Fig. 1.

 

 Schematic of the experimental setup: TMP, turbomo-
lecular pump; FL, focusing lens; DL, diverging lens;
W, quartz window; N, nozzle; PBP, Pellin–Broca prism;
BBO, crystal for frequency doubling.
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was manufactured at the Institute of Nuclear Physics,
University of Frankfurt [6]. The DLD is a ceramic
frame, 

 

10 

 

×

 

 10

 

 cm, on which two wires, each 45 m long,
are wound parallel to the 

 

X

 

 and 

 

Y

 

 axes. Each event—an
ion or a photon that strikes the multichannel plate—
produces charges on both delay lines. The idea of a
DLD is that a charge appearing somewhere on the delay
line is propagated in both directions toward the line
ends, where the signal arrival time is recorded. Let 

 

X

 

1

 

and 

 

X

 

2

 

 be these arrival times for the delay line along the

 

X

 

 axis, and let 

 

Y

 

1

 

 and 

 

Y

 

2

 

 be such times for the delay line
along the 

 

Y

 

 axis. The coordinates 

 

X

 

 and 

 

Y

 

 of an event in
time units can be calculated as (

 

X

 

1

 

 – 

 

X

 

2

 

, 

 

Y

 

1

 

 – 

 

Y

 

2

 

), and
the time of the event, which is the 

 

Z

 

 coordinate, can be

calculated as . The time of signal

propagation from one end to the other is the same for
both delay lines; therefore,

 

X

 

1

 

 + 

 

X

 

2

 

 = 

 

Y

 

1

 

 + 

 

Y

 

2

 

.

 

Only the signals that meet this condition are taken into
account; the other signals are ignored.

Mention should be made of methodical experiments
in which a source of 

 

α

 

 particles was placed in the cham-
ber of the mass spectrometer and a metallic wire was
located before the DLD. From analysis of the image of
this wire on the DLD, its spatial resolution was deter-
mined to be 0.4 mm.

The laser system consists of an Nd:YAG laser and a
dye laser. The dye laser fundamental is first doubled
and then focused into the mass spectrometer chamber.
In this work, we obtained (2 + 

 

1

 

i

 

) REMPI spectra [7, 8]
of a Cl atom (235.336 nm) and an HCl molecule (tran-
sitions at about 237 nm); (1 +

 

 1

 

i

 

) REMPI spectra [9] of
an NO molecule (about 226.2 nm); and (2+1+

 

1

 

i

 

) and
(2 + 1

 

i 

 

+ 1) REMPI spectra [8, 10] of 

 

H

 

+

 

 and 

 

Cl

 

+

 

 ions
(the subscript index designates the ionizing photon):

 

(1)

(2)

(3)

(4)

, (5)

(6)

X1 X2 Y1 Y2+ + +
4

------------------------------------------

Cl 3 p2P3/2( ) Cl* 4 p2D3/2( ) Cl+ e,++2hν +hν

NO X2Π1/2 v 0 J,=,( )

NO* A2Σ+
v ' 0 N',=,( ) NO+ e,+

HCl X1Σ+
v 0 J,=,( ) HCl* B1Σ+

v ' J', ,( ),

+hν +hν

+2hν

HCl* HCl** Cl→ H* 2s 2 p,( )+

Cl H++ e,+

+hν

+hν

HCl** Cl* 4s 4 p,( ) H+→

Cl+ H e,+ +

+hν

+hν

HCl+ X2ΠΩ v
+,( ) e++hν

HCl+ X2ΠΩ v
+,( ) e Cl H+ e.+ ++ +hν+hν

Here, v stands for vibrational and N and J, for rota-
tional quantum numbers. It is worth noting that HCl+,
Cl+, and H+ ions are detected in processes (3)–(6). This
new type of measurement is referred to as mass-
resolved REMPI [10].

The possibilities of this method are illustrated by
experiments on molecular beam imaging. Figure 2
shows three distributions of NO+ ions at different times
of flight. Analysis of spatial distributions of NO along
the Y axis showed that these distributions W(y) have a
Gaussian shape:

where L is the position of the molecular beam maxi-
mum and Ws is the width of this spatial distribution. The
lowest Ws value obtained in similar experiments is
∼1 ns, which is the time resolution of this method. The
L value is a linear function of the time of flight t0, L =
L0 + vexpt0 (here, L0 is the position of the maximum of
the background signal of NO molecules). The molecu-

lar beam velocity vexp =  is determined from the

slope of the plot of L versus t0 (table).

Let us introduce TY as the translational temperature
of the beam along the Y axis

where vy and MNO are, respectively, the velocity and
mass of the NO molecule. Substituting vy – vexp =

, we find the following relationship between Ws

and TY:

where  is the slope of a linear function that fits the

experimental dependence of Ws on t0.
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Temperatures of molecular beams for different buffer gases

Gas vmax,
m/s vexp, m/s TY , K Trot, K Tcalcd,  K

Ar 554 558 ± 4 3.5 ± 0.5 3.0 ± 0.5 –4 ± 5 

He 1751 1718 ± 12 12.3 ± 2 8 ± 2 11 ± 5 

N2 783 747 ± 12 12.7 ± 2 12 ± 2 26 ± 9 

H2 2931 2041 ± 40 152 ± 6 
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The internal beam temperature Tcalc can be calcu-
lated by the formula

Here, vmax is the theoretically calculated maximum
possible beam velocity [11],

Tcalc T0 1
v exp

vmax
---------- 

 
2

– .= where MB is the molecular mass of a buffer gas; k is the
Boltzmann constant; T0 = 295 K is room temperature;

and γ = , with γ being  and  for, respectively,

monatomic and diatomic buffer gases.

vmax
γ

γ 1–
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2kT0
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Fig. 2. Experiments with NO/Ar beams. (a) Spatial distribution of NO+ ions at different times of flight (accelerating voltages U).
The upper wide and long distribution arises from background hot NO molecules. (b) Time-of-flight distributions obtained for the
same three groups of ions and shown in the same plot. For clarity, the widths Wt of the time-of-flight distributions are increased
100-fold.
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The rotational temperature Trot of NO molecules
was routinely measured from the intensities of REMPI
lines of the electronic rotational spectrum.

It is worth noting that all three temperatures—Trot,
Texp, and TY—are of different nature and can be differ-
ent. However, these temperatures are roughly the same
in our case (table).

Studying three-dimensional spherical distributions
is exemplified by the photodissociation Cl2 + hν →
2Cl(2P3/2). In these experiments, the Cl(2P3/2) atoms are
ionized according to scheme (1) 3 ns after the photoly-
sis of a Cl2/He mixture by radiation with λ = 355 nm.
The experimental three-dimensional distribution of Cl
atoms consists of two intersecting spherical distribu-
tions (Fig. 3). One of them corresponds to background
hot Cl2 molecules and the other, to cold molecules from
the molecular beam. Both distributions have a Gaussian
shape, with the width at half-maximum being 0.22 and
0.53 km/s for the cold and hot Cl2 molecules, respec-
tively. The width of similar distributions is mainly
determined by the translational and rotational tempera-
tures of the Cl2 molecule, the laser spot length, the spa-
tial resolution of a DLD, and the laser pulse width
(5 ns). It is worth noting that the best resolution of the
method is achieved when the molecular beam is as cold
as possible and a two-lens configuration and a large
image diameter are used.

The configuration with two lenses suggested in this
work is an alternative to the velocity map imaging
method [2, 3]. In this configuration, the laser beam is

slightly expanded with the first diverging lens and then
focused with the second lens (Fig. 1). The focal lengths
of the lenses and the distances between them were opti-
mized by calculations that included aberration and dif-
fraction. According to calculations, this configuration
allows one to make the laser spot length negligible
(~0.2 mm).

The time and energy resolution of the method is
illustrated by experiments on studying the ionization of
NO and HCl molecules. The change in the momentum
of a molecule in the course of photoionization is usually
ignored; however, our method has a very high energy
resolution (10 µeV), which allows one to study photo-
ionization by observing ions rather than electrons. Fig-
ure 4 shows the REMPI signals of NO+ ions recorded in
experiments with different laser polarizations: E ⊥ Z
and E || Z, where E is the electric field of laser radiation.
The same figure also shows the time intervals t0 ± ∆t,
where t0 is the mean time of flight and ∆t is determined
by the electron recoil that arises from the escape of an
electron from a molecule in the course of photoioniza-
tion. This quantity has a simple meaning: ions with ini-
tial velocities v0 and –v0 along the Z axis arrive at the
moments of time t0 – ∆t and t0 + ∆t, respectively. Here,
v0 = 14.1 m/s is the velocity of the NO+ ion,
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2 2hν INO–( )
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=
+
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Fig. 3. Photolysis of Cl2 at 355 nm. (a) The three-dimensional velocity distribution of Cl atoms consists of two spherical distribu-
tions due to hot and cold molecules. (b, c) Schematic of the procedure of separation of a distribution. For each distribution, the radial
distribution function is shown.
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where me is the mass of an electron, MNO is the mass of
an ion, hν is the photon energy, and INO is the ionization
potential of NO molecules. The interval ∆t can be cal-

culated as ∆t = , where a is the acceleration of NO+

ions in an electric field with the strength Eex, a = .

The angular distribution of NO+ ions in this case is
described by the expression [13, 14]

(7)

where P2 and P4 are Legendre polynomials, θ is the
polar spherical angle measured from the direction of
the vector E, and β2 and β4 are anisotropy parameters.
From this, expressions for time-of-flight distributions
of ions can be obtained, which were used for fitting the
experimental data (Fig. 4).

It is important that the time distribution of NO+ ions
is adequately described by Eq. (7), which implies that

v 0

a
------

eEex

MNO
----------

I θ( ) θsin
4π

----------- 1 β2P2 θcos( ) β4P4 θcos( )+ +[ ],=

all ions have velocity v0. However, a radically different
distribution was obtained for HCl+ ions. This distribu-
tion was simulated using a distribution of ions by veloc-
ity v0; hence, we obtained the distribution of HCl+ ions
with respect to vibrational number v+ in the course of
ionization (5). As a result, we obtained a method of
studying photoionization that is an alternative to photo-
electron spectroscopy.

It should be emphasized that this three-dimensional
method is much more informative than two-dimensional
imaging methods [1, 12]. For example, in this work, the
β2 parameters for H+ ions that form in process (3) were
found to be 1.2 and 0.7 for J' = J'' = 0 and J' = J'' = 1,
respectively, and to be slightly different for E ⊥ Z and
E || Z. Thus, four β2 parameters were measured and two
quantities were calculated from them, namely, the
degree of alignment of HCl* molecules in process (2)
and the degree of alignment of HCl molecules in the
molecular beam [15]. A two-dimensional technique
provides two β2 parameters and, hence, allows one to
study only one type of alignment.
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Fig. 4. Velocity distribution of NO molecules resulting from
electron recoil in the course of photoionization. The time
interval t0 ± ∆t is shown by vertical dashed lines. Solid
curves show the result of fitting the theoretical expression
with β2 = 2.0 ± 0.2 and β4 = 0 to the experimental data
points.


