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3-D Imaging technique — observation of the
three-dimensional product momentum distribution

ALEXEI I. CHICHININ, TINA S. EINFELD,
KARL-HEINZ GERICKE AND CHRISTOF MAUL

6.1 Introduction

As we have seen 1n the previous chapters inversion algorithms are required in
conjunction with two-dimensional (2-D) detection methods 1n order to reconstruct
the velocity (speed and angle) distributions of the products of photodissociation
processes. Since these generally need to make certain assumptions about the sym-
metry of the measured distributions it would be desirable to measure the velocity
distribution directly by making a simultaneous measurement of the position and
arrival time of each of the photoproducts. In the previous chapter we saw how
two charge-coupled device (CCD) cameras can be used in conjunction to make
such a measurement. The present chapter develops this idea further by describing
a newly developed three-dimensional (3-D) photofragment imaging technique. In
this context the term “3-D 1maging’ refers to the simultaneous measurement of
all three coordinates of a single particle, which are defined by the spatial posi-
tion 1n the 2-D surface of the position-sensitive detector (PSD) and by the time
of arrival at the detector (the third dimension) of the ionized product of a pho-
todissociation process. The transverse velocity components (v, vy) of the initial
velocity of the product are determined from the measured 2-D impact position
on the PSD surface, while the measured time of arrival gives the longitudinal
component (v, ) of the velocity. Hereafter the laboratory axes X, ¥, and Z are di-
rected along the laser beam, the molecular beam, and the accelerating electric field,
respectively (Fig. 6.1). Directly determining the 3-D velocity distribution of the
product provides complete information about the photodissociation process. Note
that this technique may easily be extended to study the velocity distributions of the
products of chemical reactions; a second molecular beam must be added in this
case.

[3&
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Fig. 6.1. Schematic depiction of the REMPI/TOF mass spectrometer with PSD provided
for 3-D photofragment imaging. Also shown is the coordinate system used 1n this work: the
X axis is defined by the laser beam, the Y axis by the molecular beam, and the Z axis by
the spectrometer axis.

6.1.1 Why 3-D imaging?

What are the principal advantages of the 3-D imaging techniques over the 2-D
‘velocity map imaging’ method? As we have seen 1n Chapter 3 1in order to analyse
2-D ‘velocity map’ images the Abel inversion algorithm or the forward convolution
analysis is usually used. The Abel algorithm is rather simple, but 1t has several
limitations: first, it assumes c¢ylindrical symmetry of the imtial 3-D distribution,
second, the electric field vector E of the dissociative radiation must be perpendicular
to the Z axis (E L Z), and third, a rather large nomber of data points 1s necessary
to reconstruct the 3-D distribution of the ions. The forward convolution analysis 1s
more powerful, but it is computationally expensive and, 1n general, does not lead
to unique solutions [11.

In contrast to the 2-D method, the 3-D imaging approach 1s qute straightforward.
Integration techniques, such as the Abel inversion algorithm or the forward con-
volution analysis, are not required. Moreover, the 3-D tmaging approach 1s more
universal: it can be used with any polarization geometry, including the common
cases (E || Z) and (E L Z), and it does not assume any symmetry of the initial 3-D
distribution.

There are several phenomena that may break the cylindrical symmetry of the
initial fragment distributions. First, alignment of the parent molecules in the cold
molecular beam: collisions occurring during the supersonic expansion can preduce
the molecules in their lowest rovibrational states with alignment of the rotational
angular momentum along the axis of the molecular beam [2,3]. The degree of
alignment, which can be rather large, varies strongly with the molecular speed, and
it is expected to depend on the experimental conditions [2]. The phenomenon has
been observed for O, [4,5] and N, {6] seeded in lighter carriers, for CO seeded in
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He [{7], and for N; drifted in He [3]. Evidence for the effect has been also reported
for benzene [3]. This effect changes the relative intensities of ions travelling along
the ¥ axis and the X or the Z axis. Second, alignment of the products may occur
due to a correlation between the J and v vectors, where J is the rotational angular
momentum and v ts the recoil velocity of the products. The 3-D imaging approach
does not remove this effect, but it provides many more possibilities to study it.
Third, the length of the spot of the REMPI laser (usually about 1 mm) is small,
but not negligible in comparison with the size of the ion distribution over the PSD
surface (in the range of a few centimetres). This makes the speed distribution along
the X axis wider than that along the Y axis.

Another advantage of the 3-D imaging technique is the possibility it offers to
perform coincidence measurements [9-13}: that is, to simultaneously detect two
fragments generated in the same elementary process from the same parent molecule.
Coincidence measurements are especially important for studying the dynamics of
photoinduced three body dissociation [14,15] (ABC + Av — A + B + C) since
they simultaneously provide 3-D velocities of two fragments while the 3-D veloc-
ity of the third fragment can be calculated from the conservation law for linear
momentum.

6.2 Experimental method

A possible experimental arrangement for a 3-D imaging apparatus is shown
schematically in Fig. 6.2. It consists of an optical system, a molecular beam, a
time-of-flight (TOF) mass spectrometer, and a PSD.

6.2.1 Optical system

The optical system generally comprises two pulsed lasers. The first one is a pho-
tolysis laser for the photodissociation of the parent molecule; the second one is a
probe (1onizing) laser for the state-selective detection of the neutral photofragment
by the REMPI technique. It the wavelength of the second laser is suitable for pho-
tolysis, then a single-laser configuration is possible. The probe laser is usually a
frequency-doubled dye laser or OPQ, pumped by a Nd:YAG laser or by an excimer
laser. The radiation with the doubled frequency may be extracted, for example, by
a Pellin—Broca prism. A straightforward interpretation of the 3-D PSD image re-
quires the spot of the probe laser to be completely inside the spot of the dissociation
laser. Hence, both laser beams must be collinear. The beams may propagate towards
each other (Fig. 6.1); or they may propagate in the same direction (Fig. 6.2). In the
latter case, another Pellin—Broca prism i1s used to combine the two individual laser
beams to a single laser beam with two wavelengths.
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Data transfer

Delay-Line i

Fig. 6.2. REMPI/TOF/DLD 3-D tmaging experimental set-up. PP = Pellin—Broca prism,
BBO = frequency-doubling crystal, MCP = micro-channel plate. The photolysis laser 1s
the third-harmonic of a Nd:YAG laser (355 nm), the probe laser is a frequency doubled
Nd:YAG laser pumped dye laser. An additional telescope system may be installed on the
way of the photolysis laser beam.

Note finally that the adjustment of the optical system and the ion detection system
may be rather laborious; hence we recommend the use of a molecular beam with a
NO gas mixture for the preliminary alignment because NO molecules in different
rotational states may easily be detected by a single-laser set-up with a high sen-
sitivity using a (1 + 1) REMPI scheme via the AT¥+ « X *I1 transition around
226.2 nm [16].

6.2.2 Molecular beam

Although throughout this chapter a cold supersonic continuous molecular beam 15
assumed, with a few changes the approach may also be used with a pulsed beam.
The vacuum system of the TOF mass spectrometer consists of jet and ionization
chambers separated by a skimmer (typical diameter of (0.2-0.8 mm). Turbomolecu-
lar pumps evacuate both chambers. The molecular beam 1s obtained by a supersonic
expansion of a gas mixture at a pressure of several bar (typically 1--10 bar) through
a nozzle. The typical diameter of the nozzle is 1040 pm: the smaller diametcrs are
difficult in use because they tend to be easily blocked even by very small particles
contained in the gas reservoir; the larger diameters require very efficient pumping.
It is appropriate to make the distance between the nozzle and the skimmer as large
as possible (the larger the distance, the colder the beam), but not larger than the
length Lg of the isentropic region termed the ‘zone of silence’ [17]. The length Lg
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Fig. 6.3. Lett: a schematic diagram of the TOF MS. A homogeneous electrostatic field
in the acceleration region (L) is created by a system of electrode rings. The system is
confined by metatlic meshes from both sides. Behind the drift region (L,) the ions impinge
upon the MCP. Secondary electrons from the MCP are accelerated towards the DLD. Right:
illustration of the DLD princtple. Every event generates four signals on the DLD: one on
every end of the two orthogonal delay lines, denoted X', X5, Y, and ¥>. X and ¥ coordinates
are obtained from the differences X, — X; and Y> — ¥, respectively.

is given by Lg = 0.67 4 (Pa/Py)'"?, where d is the diameter of the nozzle, Py is
the 1nitial pressure inside the nozzle and P, is the background pressure in the jet
chamber (typically 10~7-107'Y bar). Lg ranges typically from a few centimetres to
a few metres, depending on the experimental conditions.

6.2.3 TOF mass spectrometer

In the 10nization chamber the skimmed molecular beam is intersected by the probe
and the photolysis laser beams whose propagation direction (X axis) is perpendic-
ular to the molecular beam propagation axis (Y axis). The ionization chamber is
shown 1n Fig. 6.3. Products generated in the photodissociation are state-selectively
ionized by the probe laser and are accelerated along the Z axis towards the field-
free drift region of the TOF MS. Typically, electric field strengths of 3000 V/m
are realized by applying an acceleration voltage of U, =~ 300V to the accelcra-
tion stage. The space-tocusing condition 2L = L, should be obeyed in order to
simplify the interpretation of the 3-D PSD images. Here, L is the length of the
acceleration region and L, 1s the length of the drift region (Fig. 6.3). Single ions are
detected by a micro-channel plate (MCP) assembly (typical diameters of 4-8 cm).
Subsequently, the resulting secondary electrons are monitored by the PSD.

6.2.4 Delay-line position-sensitive detector

In this section we describe the special case of a PSD, which we call a delay-
line detector (DLLD). The DLD consists of a delay-line anode introduced into the
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ionization chamber right behind the MCP assembly (Fig. 6.3). An additional poten-
tial (Up == 300 V) applied between the MCP and the DLD accelerates the electrons
to the delay-line anode. Note that the MCP signal itself, produced by incoming
ions and picked up from the charging circuit of the MCP assembly, is only used for
adjustment purposes and for the measurement of the mean TOF averaged over all
observed single ion events, whereas all quantitative information on the 3-D velocity
components of each individual ion is obtained from the DLD signal.

The idea behind a DLD is the following: a signal induced somewhere on a
delay line (basically nothing more than a long wire) propagates in both directions
towards the ends of the line where impedance adjusted circuits pick it up for turther
processing (Fig. 6.3). By measuring the time period between the signal arrival times
at both ends of the delay line one can determine the position of the signal source
along the delay line.

The technical realization of the DLD employed here 1s described 1n detail 1n
Refs [18-20]. Briefly, it consists of two individual delay lines oriented orthogonal
to each other, thus forming the X-Y plane (Fig. 6.4). A metal body supports ceramic
rods placed on the edges; and the delay lines are wound helically on this 8 x 8 cm?
supporting plate. By this folding technique, a propagation delay of 20 ns/cm and a
total single-pass delay of 150 ns is realized, corresponding to a physical length of
the delay line of 45 m. Each delay line consists of a pair of wires wound parallel to
each other, with a small potential difference (~ 30 V) applied between the two wires
of each pair. Thus, the incoming charge cloud from the MCP induces a differential
signal on each delay-line pair that propagates to the delay line ends where 1t 1s
picked up by a differential amplifier.

6.2.5 DLD data analysis

The output charge trom the MCP resulting from each single incoming 1on or photon
(‘event’) produces altogether four differential signals, two on cach dclay-line pair

Bare copper
puter winding pair

.............

1(7 Ceramic Copper

Bare copper
inner winding pair

Fig. 6.4. Detail of a helical wire delay-line anode.
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(Fig. 6.3). These signals are decoupled from the DC voltages on the wires, ampli-
fied, and transmitted to constant fraction discriminators and then to time-to-digital
converters. Finally, one event produces two pairs of times, 7y, 1y, and fy, , ty, on the
delay lines that are wound along the X axis and the Y axas, respectively. The X and ¥
coordinates of a single event in time units may be calculated as (rx, — 7x,. fy, — ty,)
and the time of the event (corresponding to the Z coordinate) may be calculated as
either (tx, + tx,)/2 or (fy, + ty,}/2. Thus, the DLD yields the 3-D coordinates of
each single event.

The latter condition makes it possible to distinguish between true and false
events: the event time provided by the different delay lines must coincide, hence
tx, + tx, = ty, + ty,. Only those events that obey this condition are counted, and all
others are ignored. If more than one ion per laser pulse strikes the MCP assembly,
then each delay line produces a series of pulses and the critenion ty, + tx, = ty, + ty,
allows one to correctly assign individual pulses to individual ions.

6.2.6 Time and space resolution of the spectrometer

The space resolution of the REMPI/TOF/DLD spectrometer may be determined
by experiments with a fine metallic mesh placed just in front of the MCP assembly,
which is irradiated by « particles. The wires of the mesh appear as a geometric
projection on the DLD, and the dimensions of the wires and the holes of the mesh
allow one to determine the spatial resolution of the detector. The image of such
a mesh on our DLD is shown in Fig. 6.5. From the analysis of the image one
obtains a space resolution of the DLD, which can be better than 100 um | 19]. In the
present experiment, the resolution was 400 pm, which still corresponds to a spatial
resolution of 1 part in 200 because of the detector size of 80 mm diameter.

The DLD provides the possibility of detecting several products per laser shot,
provided a minimal difference between arrival times of 17 ns i1s maintained. This
detector dead time is mainly determined by the typical duration of the pulses on
the delay lines. The time resolution for the time of an individual event in the
REMPI/TOF/DLD spectrometer is usually limited by the duration of the probe
laser pulse, which is of the order of 3—5 ns if a Nd: YAG pump laser is used.

6.2.7 Why DLD?

As has been described in previous chapters the common PSD for a velocity map-
ping experiment uses a phosphor screen as an optically collecting anode com-
bined with read-out by video camera and/or charge-coupled device (CCD) camera
[1,21]. This ‘classical’ method 1s optimized for the 2-D imaging of single particles.
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Fig. 6.5. Detail of an image acquired with the DLD [19]. The lines of the mesh were 0.1 mm
in diameter, X and ¥ are given in channel numbers (40 channels = 4 mm).

However, it 18 not very useful for obtaining the remaining space coordinate via
timing information due to the relatively slow electronic read-out of the optical
image, and because after each laser shot a complete optical image, which must
contain just one event, has to be analysed. A more promising way of using a
phosphorescent detector with two cameras was described in the previous chapter
by Zajtman, Hebert and Strasser, where fluorescence lifetime measurements of the
phosphor screen were used to extract information of the arrival time of each particle.
However, in this time-resolved camera the phosphor needs to be sclected in accor-
dance with the arrival time distribution of the particles of the process under study.
The construction of a DLD is stmpler and less expensive than the special imag-
ing CCD cameras and it can be used without modification for different chemical
Processes.

6.3 Applications of the delay-line detector
6.3.1 Speed and temperatures of the molecular beam

Although the real advantage of the delay-line detector is its ability to determine
3-D product momentum distributions, our technique also provides an excellent
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Fig. 6.6. Upper panel: space distribution of NO™ ions from the 226.2nm ionization of
NO at different acceleration fields. The molecular beam propagates vertically from top
to bottom and is intersected by the laser beam at a right angle. The position L of the
molecular beam image on the DLD is the product of the average speed ot the molecular
beam with the time-of-flight. W, is a measure of the longitudinal speed distribution of
the molecular beam. Lower panel: distributions of the times-of-flight for the same three
groups of ions. For illustrative purposes the widths W, of the lines are increased by a factor
of 100.

opportunity to stady molecular beam properties. Figure 6.6 shows examples of the
space distribution of NO* ions at ditferent acceleration voltages that are equivalent
to different times-of-flight. In these experiments, a diluted (10™*) mixture of NO
in X(X = Ar, He, N) was expanded through the nozzle and NO was detected by
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Fig. 6.7. Plot of the position L (Fig. 6.6) versus the time-of-flight r for NO/He, NO/N,, and
NO/Ar yields straight lines the slopes of which are the speeds vey, of the molecular beams.

(1 + 1) REMPI at 226.2 nm., The analysis of the space distributions of NO along
the Y axis has shown that the distnbution has a Gaussian profile:

. 2
4In2(y — L) ) 6.1

Wi(y) = Wy exp ( W2
where y 1s the space coordinate along the molecular beam axis, L is the position of
the image of the molecular beam with respect to the laser beam—molecular beam
interaction region, and W, 1s the full width at halt maximum {FWHM) of the space
distribution, The variations of L and W; with time-of-flight ¢ are shown in Figs. 6.7
and 6.8, respectively, and can be used to calculate the speeds ve,, of the molecular
beam and the translational temperature 7.

The method to obtain the speeds vey, of Ar, He, and N> molecular beams is quite
straightforward: the speeds are the slopes of the linear fits to the data in Fig. 6.7,
Vexp = dL/dt. The maximum theoretical speed of the molecular beam vy, may be

calculated as

2k T
Vmax = \/ 4 L (62)
¥y —1 m

where m 1s the mass of the buffer gas molecule (He, Ar, N;, or H, 1n our case),
k is the Boltzmann constant, 7o = 295 K 1s our room temperature, and y is the
ratio of heat capacities, Cp/Cy. The y parameter 1s 5/3 and 7/5 for an atomic and
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Fig. 6.8. Plot of the longitudinal width W; of the image of the molecular beam (Fig. 6.6)

versus the time-of-flight ¢ for NO/He, NO/N;, and NO/Ar. The data exhibit the expected
lincar dependence the slopes of which give the temperatures of the molecular beams, see
equation (6.5).

a diatomic buffer gas, respectively. Equation (6.2) assumes that all rotational and
translational energies of the molecule are transformed to directed, collective kinetic
energy of the beam: the colder the beam, the closer vmax and v.yp values. Note that
the internal temperature of the beam T, may be obtained from the difference

between these speeds:
- ) ,
Tee = To | 1 — ( "“"“") ] (6.3)
UTT]EIT{

The experimentally observed ve and the calculated v, values are listed in
Table 6.1.

Figure 6.8 is an experimental plot of the width Wj as a function of the time-of-
flight . The Gaussian profile of the space distribution is due to the one-dimensional
Gaussian speed distribution over the ¥ axis, which is characterized by the temper-
ature 1.:

_ 2
M(v, Ump) ) (6.4)

Wi(v,) = W, exp ( T

where M is the mass of the NO molecule. Substituting v, — vexp = (y — L)/t one
can find the relation between W, and T, by comparing equation (6.4) with (6.1):

2
M (G)

~ 8k(In2)?

1

(6.5)



3-D Imaging technique 149

Table 6.1. Summary of temperatures and speeds of the molecular beams for
different buffer gases. vy is the maximum beam velocity which has been
calculated assuming complete cooling to a temperature of O K, calculated with
(6.2); Vexp IS the experimentally observed value; T, is the translational
temperature of the moleculur beam devived from the spread in the v, velocity
component (in beam direction), extracted from the broadening of the impact
position on the DLD, see (6.5); Ty, is the rotational temperature of the NO
molecule extracted from spectroscopic measurements of the intensities of
rotational transitions; T.. is the internal temperature of the beam obtained from
the difference between Vey, and vmax, (6.3). The negative calculated temperature
Jor the Ar beam is a consequence of taking the difference of two large quuntities
with small experimental uncertainties

Gas Umax (IN/S) Vexp (m/s) T (K) Trot (K) Tealc (K)

Ar 554 558 + 4 35405 3.0+ 0.5 —4 1+ 5
He 1751 1718 =12 123 +2 8+ 2 11 £5
N> 783 747 + 12 1274+ 2 12 £ 2 264+9
H- 2031 2041 £+ 40 152 £ 6

where dW/dlt 1s the slope of the linear fit to the data in Fig, 6.8. The experimental
results on 7 are summarized in Table 6.1. Note that the variations of W, with TOF ¢
can be used to calculate the translational temperature of the beam along the Z axis,
where W, 1s the width of the TOF distribution (Fig. 6.6). This temperature was found
to be very small (about 0.2 K for NO/Ar). Thus, using this simple analysing tech-
nigue, we can gain information on the beam temperature parallel and perpendicular
to the propagation direction of the beam:.

6.3.2 Spectroscopy of cold molecules

Another interesting application of the DLD is the REMPI spectroscopy of cold
molecules. It 1s well known that in ultra-cold supersonic beams a considerable
stmplification of molecular spectra can be achieved. Here, one problem is the con-
tribution of recom-temperature background molecules and impurities which make
the spectra more difficult to analyse. In time-of-flight experiments with a perpen-
dicular geometry of molecular beam and spectrometer axis it is easy to distinguish
between contributions from the molecular beam and background contributions since
the particles which belong to the molecular beam are located on a very small area
of the DLD which is shifted from the axis of the laser by the distance L = Vexpl -
Here ¢ 1s the TOF and v, is the experimentally determined speed of the molecular
beam (Fig. 6.9).
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Fig. 6.9. Space distribution of NO™ jons from the 226.2 nm ionization of NO. lons irom
the molecular beam are located in a small area marked by the dotted ellipse. Only these
ions are used to construct the rotational REMPI spectrum of NO.

This method allows, for example, the determination of the rotational temperature
T... of NO in Ar, He, and N; molecular beams (Fig. 6.10). In general, there exists
a good agreement between the temperatures Trots Texp. and T as summarized 1n
Table 6.1.

6.4 Classic photofragment imaging: photolysis of Cl;
6.4.1 Experimental results

The quality of the 3-D imaging technique was examined by studying the well-known
photolysis of molecular chlorine, Cl, 4+ Av (355 nm) — 2 CI(3p %P4 72)-

In the experiments the third harmonic of a Nd:YAG laser (355 nm) was used
to photolyse Cl;, and a Nd:YAG laser pumped dye laser was used for the (2 + 1)
REMPI detection of ground state CI(*P5 ;) atoms at 235.336 nm. In such measure-
ments the wavelength of the probe laser radiation was scanned over the Doppler
broadened absorption line in order to realize an unbiased detection of all ] atoms
regardless of the v, component of their velocity. An example of 3-D speed distri-
butions of Cl atoms obtained in this way is shown in Fig. 6.11. Each data point
contains information on the velocity components vy, vy, v,. However, due to the
restrictions of a 2-D black and white picture, only a projection of this real 3-D
distribution can be seen.

The 3-D image of Fig. 6.11 consists of two overlapping spherical distributions:
the first (lower) one corresponds to fragments from cold Cl; in the molecular
beam, and the second (upper) one corresponds to fragments from background Cl»



3-I} Imaging technigue 151
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Fig. 6.10. Rotational REMPI spectrum of NO in the cold Ar molecular beam. Only ions
from a small area marked by the dotted ellipse in Fig. 6.9 are tauken into account. The
assignment of the rotational transitions is indicated. In the upper left corner: simplified
determination of the rotational temperature 7, of NO. 5,y is the peak area for a single
N « J transition, A is the cumulated peak arca for all transitions originating from a
single J level after correcting for degeneracy.

1-
.D_
s

-2 -

_3—
1 1 h | | I I | | 1
-1 0 1 2 -2 1 0 1 2

X (cm) X {cm)

Fig. 6.11. The 2-D representation of the full 3-D speed distributions of Cl atoms generated
in the photolysis ot Cl; in Cl;/H; and Cl;/He molecular beams. The lower spheres result
from Cl fragments from the photolysis of cold Cl; in the molecular beam, whereas the upper
spheres result from Cl fragments from thermal background Cl,, Circles indicate the centres
of the Cl fragment speed distributions shown in Fig, 6.13.

O
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Fig. 6.12. The 3-D images of the CI atom distribution can easily be divided in two parts
which is not possible with conventional 2-D images. In the upper corner this separation
procedure is shown schematically: the experimental 3-D spherical distributions are replaced
by half-translucent spheres.

at room temperature. Again, the centres of both distributions are shifted by the
distance L = vexpf. Thus, from Fig. 6.11 one may easily determine the speed of
the molecular beam from the distance between the two rings divided by the TOF.
The H, beam has been found to be slightly faster than the He beam, see Table 6.1.
Now one can, for example, separate these distributions, as is schematically shown
in Fig. 6.12, and exclusively study the speed distribution from the dissociation
of cold molecules free from background interference. This separation is easily
feasible. since for every single event depicted in Fig. 6.11, the knowledge of all
three components of the velocity unequivocally determines to which sphere the
fragment belongs. This situation is completely different from a conventional 2-D
image, because in a 2-D image the spheres occur as two circles and within the
common area of these two circles it is impossible to know which data point belongs
to which distribution.

The result of our 3-D Cl, study is shown in Fig. 6.13. In principle, the Cl fragment
speed distribution, hence also the distribution of its kinetic energy Eyi,, should be
single-valued: Eyio(CD) = 12[hv — Dy(CD], where the (small) internal energy of
the parent molecule has been neglected. Here, fv is the encrgy of the dissociat-
ing photon, and Dy 1s the dissociation energy for the atomization of the chlorine
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Fig. 6.13. Speed distributions of Cl fragments from the photodissociation of Cl, obtained
from 3-D 1mages (see Figs. 6.11, 6.12) for a Cl,/He molecular beam.

molecule. However, this very small thermal energy after cooling of the parent in the
SUpErsonic expansion in conjunction with the response function of the apparatus
leads to a small broadening of the speed distribution as depicted in Fig. 6.13. We
determined not only the average width of the speed distribution of Cl, but also the
widths along all three axes. It was found that these widths are different and exhibit
a different dependence on the acceleration voltage. The main anisotropic factors,
which contribute to the width of the distribution, are the length of the laser spot, ro-
tation of Cl;, and the speed dispersion of Cl, in the molecular beam. From Fig. 6.13
it can be seen that also the widths of the distributions for room-temperature and
cold Cl; parent molecules are different because of the different speed dispersions
and rotational energies.

6.4.2 Spatial fragment anisotropy — how to calculate the £ parameter

From the observed 3-D distributions not only the speed distribution can be extracted
as demonstrated in the previous section, but it is also possible to determine the angu-
lar distribution of the photofragments for any given speed value v. Before specific
examples are dealt with, the general approach to studying angular distributions of
photodissociation products will be considered. The normalized angular distribution
of photofragments with a single given speed with respect to the polarization vector
E of the electromagnetic field of the photolysis laser is, as we are now familjar,
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written as
1
P8, @)= E[I + B Py(cos 8)]. (6.6)

Here & and ¢ are the polar and the azimuthal angle of the photofragment recoil ve-
locity v with the polarization vector E, g 1s the anisotropy parameter which charac-
terizes the angular distribution, and P,(x) is the second-order Legendre polynomial:
Po(x) = 1h(3x* — 1). P(6, ¢) is normalized such that

T 2T
f sinadef do P, ¢) = 1.
0 0

If the integration over ¢ is performed, then a distribution Py,(8) with respect to the
polar angle may be defined:

Pu(®) = Y sin0[1 + B Pa(cos b)) (6.7)

such that
A
f Py (6)dG = 1.
0

The g parameter ranges from —1 to +2 with an 1sotropic distribution of the frag-
ments corresponding to § = 0. Most often, the g parameter 1s considered to be
independent of the fragment velocity. However, this need not be the case. Espe-
cially, the broader the kinetic energy distribution becomes, the more important
hecomes the velocity dependence of 8, and the more information on the dynamics
of a reaction is contained in this velocity dependence. An interesting application
of the 3-D technique is the study of this dependence. This means that we must
calculate the 8 parameter for a group of photofragments that have a velocity within
the range vy < v < vy. The experimental distribution of the photofragments over
the angle ¢ is given by the function Pey,(6). The g parameter may be determined
from the condition

3 4
= [ 1Pen(®) = PuerPa0 =0 (6.8)
af Jo

The normalized experimental distribution of the photofragments over the angle ¢

may be calculated as

N

1
Pexp(®) = — D86 — 00), (6.9)

i=1
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where 6(x) 18 a delta-function, 6; is the polar angle for the i-th photofragment, and
the summation is performed over particles with velocities in the range of consid-
eration. /V 1s the number of these particles. Inserting (6.9) into (6.8) gives the final
result

B ="5(32B/% + 1) (6.10)

where B, = % > . sinB;[ Py(cos 6:3)/.

The f parameter can also be obtained from a subset of the observed photofrag-
ments if the range of the angle @ s accordingly constrained. For example, in the
E || Z case a contribution from *’Cl atoms to the distribution of *°C1 atoms occurs
at some range of the angle 6. Usuoally, we want to get rid of this contribution. Let
us determine the 8 parameter for a group of the photofragments that are situated in
the range a < @ < b. The same approach gives the final result

B A§By — Ap(A By + C1) + A Cy
Ag(A 1B — ) — A1(A1 By — Cy)

g = (6.11)
where A; = fj[Pg(COS 6)) sinf d@ and C; = fj[Pg(CDS )]’ sin® 6 d6. Applying
(6.10) or (6.11) to experimental results one can find the 8(v) dependence.

Concerning the photolysis of Cl;, at 355 nm the perpendicular optical transition
11, <« 120; contributes to more than 90% of the light absorption [22-24]. The
excited state 1s repulsive, so the dissociation is fast and the 8 parameter must be
close to its limiting value of —1. The value determined from our experimental
datais 8 = —1.00 == 0.05 and agrees excellently with previous measurements and
theoretical calculations [22].

0.5 Beyond the classic application: modern developments
6.5.1 Atomic photofragment alignment

The strength of the 3-D imaging method lies in the straightforward investigation
and analysis of processes where the cylindrical symmetry of the fragment dis-
tribution 1s broken. One such example is the photofragment angular momentum
polarization (orientation and alignment) in a photodissociation process. Fragments
produced by (circularly or linearly) polarized photolysis may be oriented and/or
aligned, that means that they exhibit nonequilibrium populations of the m; and
|m ;| magnetic sublevels, respectively. Measurements of the angular momentum
polarization as a function of the recoil velocity vector (v—J correlation) provide the
most detailed information on the dissociation dynamics. While this property has
been studied for rotating diatomic photofragments for over a decade, the atomic v—]
correlation has been observed only recently [25-29]. Note that in most essential



156 A. I Chichinin et al.

details, there is little similarity between atomic and molecular phototragment
phenomena.

We consider only the case of monoenergetic atomic photofragments produced
by linearly or circularly polarized photolysis radiation, and detected by a linearly or
circularly polarized probe laser via (2 + 1) REMPL In the case of linearly polarized
photolysis and probe laser radiation, polarization geometries may be realized where
the polarization directions are oriented paraliel or perpendicular to each other. The
angular distribution of the atoms is then given by [28]

i . ,,
6.9 = |1+ 56x = D]+ Vi@ + ax +axc) (6.12)
| -
- ﬁ ] | 4 5
[ (B.¢)y=1]1+ 5(3:4: — 1) | — E(ﬂl + dax + azx”)

3V 2 -
- (=% (a4+ g“]-’f) cos 2¢ (6.13)

_. R J(J+1) _ 2 . : A
where V = F2./ 5575071 and x = cos” 6. 0 and ¢ are the spherical angles with

respect to the dissociation laser polarization, the direction of the dissociation laser
beamis§ = 90°, ¢ = 0°. The B and the g; are parameters that may be extracted from
experiment by fitting the distributions from (6.12) and (6.13) to the experimentally
observed data. The a; parameters are connected to dynamical parameters charac-
terizing the dissociation process by (6.14). J is the electronic angular momentum
of the initial state of atoms, which is assumed to be small (J < 2). Otherwise the
expressions for the distributions are more complex. The alignment sensitivity pa-
rameter R,/ Ro depends on the transition involved to detect the atoms. For example,
for (2 + 1) REMPI detection of the ground state C1(*P /2) atoms via the interme-
diate *S, and D5,y states (236.284 and 234.640 nm, respectively) the parameter
is equal to —1 and 5/7, respectively [28].
Using the expressions

4] -1 -1 0 -3 Ifgﬂj‘g

I/ 1 2 -1 2 Iy

3dy | 20 |

hay | =1 0 -3 1 —1]]| » (619
a4 1 1 0 -1 a2

one can obtain the 53, o2, 1, and ny alignment anisotropy parameters, which are
responsible for different excitation mechamsms of the parent molecule.

Consider briefly, for example, the photolysis of Cl at 355 nm [28]. The excited
states C'T1y, and A3I1;, can be optically excited from the ground state X' X
of the molecule, the contribution to the light absorption is >90% and < 10%,
respectively. The photodissociation via A’T1;, state does not produce alignment
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of Cl atoms, consequently the alignment occurs only via the C!IT,, state. For the
photodissociation of Cl; by linearly polarized radiation near 355 nm theory predicts
the relations

ar = Yosy = —Zhs(1 —w), ==/ cwen, =0, (6.15)

where w is the probability of a nonadiabatic transition from C'IT;, to A*I1,, and
Weoh 18 the ‘coherent’ off-diagonal nonadiabatic transition matrix element. In other
words, w = |< C|V|A >|? and w.q, = Re[< C|V]A > < C|V|C >*]°. Here V is
the operator responstble for the non-adiabatic transition, < C| and < A| denote
excited electronic states, and 2 =1 is assumed in all cases. The experimental
values for the alignment anisotropy parameters may be rather well reproduced by
(6.15) with w = (.60 = 0.04 and w.;, = —0.19 & 0.05.

The 3-D imaging technique is the most appropriate method for this kind of
investigation, since the angular distributions (€, ¢) and /{8, ¢) are measured
directly. Otherwise the 3-D distributions must be reconstructed from the 2-D images,
as was done 1n the above-mentioned study of photodissociation of Cl,.

6.5.2 Application of 3-D detection to photodissociation processes

In the study of photodissoctation dynamics the experimental goal is simple in con-
cepl: to detect and characterize the products resulting from photon absorption, and to
determine the effect of photon energy and polarization on the nature and distribution
of these products. Until recently the angular distribution of the products was gen-
erally characterized by a single, velocity-independent 8 parameter (6.6). Now the
combination of molecular beam techniques with REMPI/TOF mass spectrometry
allows us to obtain more detailed information, for example, the dependence of the
g parameter on the particle velocity v.

6.5.3 Angular distribution of photofragments: ‘core-sampling’ technique

In principle, the determination of the 8(v) dependence does not require 3-D or 2-D
imaging techniques. Let us briefly consider an experiment performed by K. Liu and
co-workers {3{)] in which the photodissociation of NO» at 355 nm was studied:

NO, + hv — NO(*Tlg) + O(’P,).

Oxygen atoms in all three spin-orbit states OC*P;) (J = 2, 1, 0) were state-selectively
1ionized by a (2 + 1) REMPIl detection scheme around 226 nm [31]. The TOF spectra
of the O(°Py) atoms were monitored by the ‘core-sampling’ technique which detects
only the ‘core distribution’, 1.¢., those 10ns with very small v, and v, components.
The selection of the 1ons with v, &~ v, ~ () was achieved by placing a small aperture
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in front of the ion detector. Generally, the photofragment centre of mass velocity
distribution over speed v and angle 6 can be expressed as

P(v,9) = g)[1 + B(w)Pa(cos 6)], (6.16)

where the speed distribution g(v) and S(v) are unknown functions. Normaliza-
tion factors are included in the g(v) dependence. Then the TOF spectra for both
polarization directions of the photolysis radiation may be expressed as

6=0" E||Z Pyv)=_gIll+ gv)
0=90° ELZ P, (v)=g®)l—"ra)

where E is the electric field vector of the photolysis radiation. Afier normalization,
the functions Py and P, may be used to obtain S(v):

P(v)— Pi(v)
P(v) + 2P (v)

Bvy=2 (6.17)
This expression was applied to the experimental data and f(v) was determined
for all three states of OCP)) (Fig. 6.14). The g distributions for all three sublevels
of the OCPy) state display a downward trend with the increase 1n rotational, Vi-
brational, and spin-orbit energy of NO. The explanation of this trend seems to be
quite straightforward: if the photon energy is redistributed over vibrations of NO»,
then the OCP;) atoms are distributed over a wider range of angles. Consequently,
B becomes smaller, the rotational and vibrational excitation of NO become higher
and the kinetic energies of NO and O(P);) become smaller.

It should be noted, however, that whereas 3-D imaging by a DLD 1s un iversally
applicable regardless of the specific form of the spatial fragment distribution, core
sampling is in exactly the same way limited to the investigation of cylindrically
symmetric fragment distributions as photofragment imaging and velocity mapping.
Basically, the simultaneous measurement of two dimensions by a PSD is substituted
by a sequence of two one-dimensional measurements with identical information
content.

6.5.4 Application of 3-D detection to the photolysis of CocCl,

The 3-D photofragment imaging technique is a much more powerful and general
method than the core-sampling technique discussed above. First, the 3-D imaging
technique deals with much more detailed information because the complete 3-D
velocity distribution is obtained directly. Second, background contributions {rom
room-temperature molecules or from other ions with the same mass-to-charge ratio
may easily be removed. Finally, 3-D imaging does not deal with the profile of
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NO; + hv (355nm) —s NO + O(3P)
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Fig. 6.14. (a) Photofragment centre of mass translational energy distributions from the
photodissociation of NO; at 355 nm [30]. The results, normalized by the relative populations
1:0.21:0.05, for the J = 2, 1, and O fine-structure states of O(*P;) are represented by solid,
dotted, and dashed lines, respectively. (b) The dependence of the 8 parameters on the Cl
fragment translational energy for the three states of OCP;).

an analogue signal which may be sensitive to the apparatus broadening function,
saturation of the MCP assembly etc.

A very promising subject for the application of 3-D photofragment imaging
techniques is the photoinduced three-body decay

ABC - A+B+C,

where A, B and C may be atoms, diatomics or polyatomics. The three-body pro-
cesses are important since they govern complex chemical reactions including com-
bustion processes and atmospheric chemistry, and they are much more complicated

o
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in comparison with common two-body decays. The first question aims at the mech-
anism of a three-body decay, which may be sequential, synchronously concerted,
or asynchronously concerted. We call the three-body decay sequential if the time
between the first step, ABC — AB + C, and the second step, AB — A + B, 1S
greater than the mean rotational period of the AB fragment. Otherwise, the decay
is cansidered to be concerted. A synchronously concerted mechanism assurnes the
linear momenta of A and C fragments to be equal, whereas an asynchronously
concerted mechanism does not. A very illustrative, yet oversimplifying picture ot
synchronously and asynchronously concerted mechanisms is decays via symmetric
and antisymmetric stretching modes of a linear ABA parent molecule, respectively.
The mechanism of the decay can be understood entirely by examining the spatially
and temporally resolved photodissociation products.

A very good example suited to illustrate the subject is the photodissociation of
phosgene:

COCL + hv — CO+2Cl  Dy(CI-CO-Cl) = 3.56eV

where E,, = hv — Dy = 1.716 €V is the energy available to the products resuit-
ing from 235 nm photolysis. It is well known that in this process two-body decay
channels (Cl + COCI, CO + Cl,) are negligible [32,33]. In our experiments the
C1 atoms in both spin-orbit states CI(2Py) (J = 3/2, 1/2) were state-selectively 10n-
ized by a (2 + 1) REMPI detection scheme around 235 nm [34]. The 3-D velocity
distributions were obtained according to the procedure described in the previous
section. The speed distribution and the B(v) dependence for ground state CI(*P3/2)
are shown in Fig. 6.15. This is a rather simple picture, which can easily be in-
terpreted. From Fig. 6.15 it can be seen that the velocity distribution of Cl atoms
consists of two peaks. For one of them the 8 parameter is close to 0 and for the
other one the 8 parameter is about 0.5.

Evidently, the fast ] atoms are produced in the first step, COCl; — COCI* 4 Cl,
because their angular distribution is anisotropic. The slow Cl atoms are produced in
the second step, COCI* — CO + Cl, which produces an almost isotropic angular
distribution of Cl atoms. This means that the decay of COCl, is asynchronously
concerted, or sequential, with a rather large time between the first and the second
steps. This description of the decay of COCl; is too simple, however, since the
distributions for the ground state Cl(°P, ,2) and spin-orbit excited state CI(*P, /2) are
different from each other. According to a more detailed analysis, about 80% of the
decay correspond to the asynchronously concerted mechanism and about 20% to
the synchronously concerted mechanism [32,33].
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Fig. 6.15. Velocity distributions for the ground state CI(*P; s2) and excited CI(P, /2) atoms
in the photolysis of COCl;. The dependence of the g parameters on the Cl fragment velocity
(right scale) is shown by curves with error bars.

6.5.5 Photolysis of SOCL,: 3-D detection of Cl atoms

Another example of a three-body decay studied by the 3-D 1maging techmque
is the photodissociation of SOCl; at 235 nm. At this wavelength there are two
energetically possible channels that give Cl atoms:

SOCL + Av — SO + 2 (1, SOCI + CL

The speed distribution and S(v) dependence for ground state C1(°P;4 /2) atoms are
similar to those for the dissociation of COCl, (Fig. 6.16). From Fig. 6.16 it can be
seen that the Cl atoms may be separated into two groups, fast and slow. The angular
distribution of the fast atoms is rather anisotropic and hence they are produced
in the first step, SOCl, — SOCI* + Cl, while the slow C] atoms are produced
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Fig. 6.16. Velocity distributions tor the ground state CI(*P; /2) and excited CI (2P, /1) Atoms
in the photolysis of SOCl,. The dependence of the 8 parameters on the Cl fragment velocity
(right scale) are shown by curves with error bars.

in the second step, SOCI* — SO + Cl, described by an almost 1sotropic angular
distribution of Cl atoms. Thus the three-body decay of SOCI; 1s asynchronously
concerted or sequential, but not synchronously concerted.

6.6 The road ahead and concluding remarks

Three-dimensional photofragment imaging techniques have proved to be a powerful
tool to study the velocity (speed and angle) distributions ot the products of pho-
todissociation processes. The progress is directly comparable with real 3-D (stereo)
pictures relative to 2-D photos. It is hoped that the abundance of new experimental
information available for this new method will stimulate future theoretical stud-
ies. Generally, the merits of this method lie 1n the investigation of photochemical
processes where no cylindrical symmetry with respect to any axis 1s maintained,
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covering all aspects of reactant and product alignment and orientation. Here, 3-D
imaging allows the most direct measurements of the underlying eftfects, regardless
of whether they are induced in the preparation of the sample or by the dynamics of
the elementary reaction.

Further extensions of this method will probably go in two directions: first, there
are coincidence measurements, that is, the simultaneous observation of two frag-
ments resulting from photodissociation of a parent molecule. This technique must
directly provide all three speed components of both the fragments. Of particular
interest may be applications of this technique to study the photoinduced three-body
dissociation (ABC — A + B 4 C) since for these processes only a combination
of 3-D imaging with coincidence measurements provides enough information for
a complete kinematic analysis.

Other directions of futare research may be the detailed study of speed distribu-
tions of the products of chemical reactions or from the photodissociation processes
with vibrational preexcitation of the reactants.
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