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We report an experimental technique provided to study the full three-dimensional velocity
distribution of state-selected products of a chemical process. Time-of-flight mass spectroscopy and
resonance enhanced multiphoton ionization combined with a position sensitive dédetagrline

anode are employed. The technique has a space resolution of 0.4 mm, a time resolution better than
1 ns, and it provides the possibility to detect several products with a minimal difference between
arrival times of 17 ns. One major achievement of the new technique is the possibility to determine
the full three-dimensional momentum vectors of a chemical reaction product. This is especially
valuable for cases where no symmetry is considered in the process. Second, the high sensitivity of
the method allowing to observe single ions enables us to study physical and chemical processes at
extremely low densities. Three methods for measuring the temperature of a molecular beam with the
technigue are demonstrated. A novel result of the present work is the study of angular distribution
of NO ions due to electron recoil in the ionization of N2 *). Finally the advantages of the
method are examined by studying the speed distributions of Cl atoms in the photolysjsab365

nm. © 2002 American Institute of Physic§DOI: 10.1063/1.1453505

I. INTRODUCTION mass spectrometer combined with a position-sensitive detec-

In the last decade there has been considerable interest {fi" (PSD), for ions. ] ) )
the development and application of the photoion imaging ' this context the term “3D imaging” refers to the si-
technique. Photofragment translational spectroscopy, th@ultaneous measurement of all three coordinates of a par-
resonance enhanced multiphoton ionizatREMPI) time of ~ ticle which are defined by the spatial position in the two-
flight (TOF) technique, the high Rydberg time-of-flight dimensional plane defined by the surface of the PSD and by
method, and coincidence measurements are the experimenthg time of arrival at the detectéthe third dimensiohof the
setups that are commonly employkd. ionized product of a photodissociation process. The trans-

With the introduction of the photofragment imaging verse velocity components ,v,) of the initial velocity of
technique a new method was established that allowed one the product are determined from the measured two-
obtain two-dimensional projections of three-dimensionaldimensional impact position on the PSD surface, while the
product distributions with a single measuremelitcylindri-  measured time of arrival gives the longitudinal component
cal symmetry is conserved the full three-dimensional infor-(; ) of the velocity. Hereafter the laboratory axsY, andz
mation may be obtained by a single measurement. At thgre directed along the laser beam, the molecular beam, and
same time the method allows one to beautifully illustrate thene accelerating electric field, respectively. Direct determin-
dynamics of a chemical process. Another major step aheafly the 3D velocity distribution of the product provides com-
was the q§velopment of the velocity map imaging teChn',qu?)Iete information about the photodissociation process.
that significantly improved the energy resolution of the im- What are the principal advantages of the 3D imaging

aging techniqué. : e . h _ e
Our work was undertaken to develop a novel three-technlque over the two-dimension@D) “velocity map im

. ” ,) . M ”
dimensional(3D) photofragment imaging technique for the aging method. To _analyze 2D “velocity map Images thg
. : Abel inversion algorithm or the forward convolution analysis
simultaneous measurement of the velo¢#peed and angle

distributions of the products of photodissociation processes_e.lre usually usga: The Ab?' a'_go”thm IS rath_er s_|mple, but
The basic experimental scheme for the imaging techniqug has several limitations: first, it assumes cylindrical symme-
includes a cold supersonic molecular beam, the statd!y Of the initial 3D distribution, second, the electric field

selective REMPI detection of the photofragments, and a Toector E of the dissociative radiation must be perpendicular
to theZ axis (ELL Z), and third, a rather large number of data

points is necessary to reconstruct the 3D distribution of the
dElectronic mail: c.maul@tu-bs.de ions. The forward convolution analysis is more powerful, but
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it is computationally expensive and, in general, does not lead NG YAG
to unique solutions. )
In contrast to the 2D method, the 3D imaging approach Y 100 Hz
is quite straightforward. Integration techniques, such as the X 355 nm
Abel inversion algorithm or the forward convolution analy- )
. . . ) . z 90 %11 10 %
sis, are not required. Moreover, the 3D imaging approach is il

more universal: it can be used with any polarization geom-

etry, including the common caseklZ) and EL Z), and it

does not assume any symmetry of the initial 3D distribution. tC, /He
There are several reasons that may break the cylindrical sym-
metry of the initial fragment distributions. First, it is the
alignment of the parent molecules in the cold molecular
beam: collisions occurring during the supersonic expansion Pump] |
can produce the molecules in their lowest rovibrational states

with alignment of the rotational angular momentum perpen-

dicular to the axis of the molecular bedfThe alignment w
degree can be rather large, strongly varies with the molecular
speed, and it is expected to depend on the used experimenta
conditions® The phenomenon was observed foy ®efs. 9
and 10 and N, (Ref. 1)) seeded in lighter carriers, for CO
(Ref. 12 seeded in He, and for N drifted in He® Recent Pump
evidences have also been provided for benZ&fidis effect
changes the relative intensities of ions traveling alongXhe FIG. 1. The 3D imaging experimental setup. PP: Pellin—Broca prism, W:
and theY axis. Second, it is the alignment of the productsquanz window, L: lens, PD: photodiode, Eump: turbomolecular pump, T:

; telescope system, N: nozzle, and S: skimmers for light and molecular
that ma3y15h?7ppen due. toa Corre!atlon between Xtzand v beams. Molecular and light beams are shown by dotted and dashed lines,
vectors; """ where J is the rotational angular momentum respectively. The DLD is located perpendicular to the laser beam and the
andv is the recoil velocity of the pl’OdUCtS. The 3D imaging molecular beam above the paper plane. Also shown is the axis system used
approach does not remove this effect, but it provides mucffroughout this work.
more possibilities to study it. Third, the length of the spot of
the REMPI laser(usually about 0.5 mpnis small, but not
negligible in comparison with the size of the ion distribution
over the PSD surfacén the range of a few centimeterst
makes the speed distribution along thexis wider than that A Laser and optics systems

along theX ax_is. . . . _ The optic system generally comprises two pulsed lasers.
The 3D imaging technique is the most appropriateThe first one is a photolysis laser for the photodissociation of
method for studying the photofragment angular momentumpe parent molecule, the second one is a prébgizing)
alignment as a function of recoil angle—J correlation in - |aser for the state-selective detection of the neutral photo-
photodissociation processes, since the angular distributior}ﬁagment by the REMPI technique. If the wavelength of the
of the photofragments are measured directly. Otherwise thgecond laser is suitable for photolysis, then a single-laser
3D distributions must be reconstructed from the 2D imageseonfiguration is possible.
as it was done, for example, in the studies of photodissocia-  giate-selective detection of Cl atoms in fify, ground
tion of Cl,.**% state was achieved by ¢21) REMPI via the 42D%,,
Another principal advantage of the 3D imaging tech—<_3pz|:3/2 transition at 235.336 niff. NO(v =0) molecules
nique is the possibility to perform coincidence measuren gjfferent rotational states are detected by+(1l) REMPI
ments: that is, to simultaneously detect two fragments gengig theA 23, — X 2IT around 226.2 ni’ For this purpose, a
erated in the same elementary process from the same parq(:yaAG laser-pumped dye laséEoherent Infinity/Lambda
molecule’®?! Coincidence measurements are especially iMphysik Scanmajeoperated with Coumarin-47 dye and fre-
portant for the study of the dynamics of photoinduced threQIuency doubling in a BBO crystal was used. The radiation
body dissociations ABC+hv—A+B+C) since they si- yjith doubled frequency was separated by a Pellin—Broca
multaneously provide 3D velocities of two fragments while prism. For detection of NO only the probe laser was used. In
the 3D velocity of the third fragment can be calculated fromexperiments with photolysis of gthe third harmonic of the
the conservation law for linear momentdrft. Nd:YAG laser (355 nnm) was used to dissociate Chol-
ecules. In this case, the Pellin—Broca prism was used to com-
bine the two laser beams to a single one with two wave-
lengths (355 and 235.336 nm The laser radiation was
The experimental apparatus used here is similar to thabcused by a lensfE 18 cm) into the ionization chamber of
described elsewhet®& 2° except that a continuous molecular the TOFMS. A photodiode was used after the ionization
beam and a new PSD are used. The experimental apparatcisamber to monitor the power of each laser shot.
is depicted schematically in Fig. 1. It consists of a TOF mass  Note that the adjustment of the optic system and the ion

spectrometefMS), a molecular beam, a PSD, and an optic
system based on a Nd:YAG laser-pumped dye laser.

Il. EXPERIMENT
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C. Delay line detector

In this section we describe the special case of a PSD,
which is called a delay-line detectédLD). The DLD con-
sists of a delay-line anode introduced into the ionization
chamber right behind the MCP assembly. An additional po-
tential (=300 V) applied between the MCP and the DLD
accelerates the electrons to the delay-line anodes. 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 time-of-flight averaged over all observed single ion
events, whereas all quantitative information on the three-
dimensional velocity components of each individual ion is
obtained from the DLD signal.

The idea of a DLD consists of what follows: a signal
FIG. 2. Left: Schematic diagram of the TOFMS. A homogenous electro-induced somewhere on a delay liffeasically nothing more
static field in _the_ a_cceleration region is created by the ripg electrode systeMpan a long wirg propagates in both directions towards the
The system is limited by metallic meshes from both sides. After the drift . ; . . . -
region the ions impinge on the MCP. Electrons from the MCP are acceler-endS of the line Wh?re impedance a_dJUSted C_II’CUItS p_ICk itup
ated towards the DLD. Right: lllustration of the DLD principle. The ion for further processing. By measuring the time period be-
impinging on the MCP induces two pulses on each delay line traveling totween the signal arrival times on both ends of the delay line
the respective endX, , _Xb, Ya, andYb_ _of the lines. The time differences  gne can determine a position of the signal source on the
X,—X; andY,—Y, defineX andY positions on the DLD. delav line.

y

The technical realization of the DLD itself is described
detection system may be rather laborious; hence we reconin detail in the literaturé®—*°Briefly, it consists of two indi-
mend using a molecular beam with a NO gas mixture forvidual delay lines oriented orthogonal to each other, thus
these preliminary works because the NO molecules in differforming the XY plane. A metal body supports ceramic rods
ent rotational states may easily be detected by a single-lasptaced on the edges, and the delay lines are wound helically
setup with a high sensitivity using a {11) REMPI scheme. on this 8X8 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

The vacuum system of our home-built single-field difference(30 V) applied between the two wires of each pair.
TOFMS consists of jet and ionization chambers separated byhys the incoming charge cloud from the MCP induces a
a skimmer(diameter of 0.4 mrmevacuated to a base pressureifferential signal on each delay line pair that propagates to

of 10”7 mbar by two turbomolecular pumps. A cold continu- the delay line ends where it is picked up by a differential
ous molecular beam is obtained by a supersonic expansion gfnplifier.

a gas mixture at a pressure of 1.5—6 bar through th@r20
nozzle. The distances nozzle—skimmer and skimmer—laser
beam are 1.5 and 30 cm, respectively. Hence the diameter of
the molecular beam in the center of the ionization chamberis A block diagram of the electronic read-out circuit for the
8 mm. DLD is shown in Fig. 3. The output charge from the MCP
CI* or NO' ions are generated by REMPI in the accel-resulting from every single incoming ion or photon
eration region of the ionization chamber of the TOFMS. The(“event”) produces altogether four differential signals, two
TOFMS includes an acceleration region of 5 cm length and @n each delay line pair; the pairs are deno¥ed X, Y,,
drift region of 10 cm length. lons are detected by a doubleandY,,. These signals are decoupled from the dc voltages on
stage multichannel platdiICP) assembly(Roentdek, diam- the wires, amplified, and transmitted to constant fraction dis-
eter of 8 cm. The MCP signals were monitored by a digital criminators, then to demultiplexers, and then to time-to-
oscilloscope(LeCroy 9450. digital converters. The time-to-digital converters are gated to
In the ionization chamber the skimmed molecular beantapture only the mass of interest.
is intersected by the probe and the photolysis laser beams Finally, one event produces two pairs of timeX; (X,)
whose propagation directidiX axis) is perpendicular to the and (Y4,Y5), on the delay lines that are wound along e
molecular beam propagation axi¥ axis). The ionization axis and theY axis, respectively. ThX andY coordinates of
chamber is shown in Fig. 2. Products generated in the pha single event in time units may be calculated a§ (
todissociation are state-selectively ionized by the probe laser X,,Y;—Y5); and the time of the everitorresponding to
and are accelerated along tReaxis towards the field-free the Z coordinat¢ usually is calculated asXg+X,+Y,
drift region of the TOFMS. Typically, electric field strengths +Y,)/4. Thus the DLD yields the 3D coordinates of each
of 3000 V/m are realized by applying an acceleration voltagesingle event. The latter condition allows one to distinguish
of U,~300 V to the acceleration stage. between true and false events: the event time provided by the

B. Time-of-flight mass spectrometer  (TOFMS)

DLD data analysis
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g : (0.2 mm in diametgrplaced just in front of the MCP assem-
TIME-OF-FLIGHT MASS-SPECTROMETER | | 3-ion event on | bly which was irradiated byx particles. The wires of the
i X lines : mesh appeared as a geometric projection on the DLD, and
i l/L : i the dimensions of the projection allowed us to determine the
i DELAYLINE DETECTOR : a) ! _spat|al resolution of.the detector. From .the analysis of the
: [ image we have obtained a space resolution of the DLD to be
g l\ ,\ i : 0.37 mm, this is the width of the DLD image of an infinitely
v X[ % Y| 4| | i thin wire.
A\ A vy ' v A A AN t . . . . .
; ! Assuming that the time resolution is determined by the
' , ' | FRESMELIFIER : ! constant fraction discriminators, which may be treated as in-
g b) : dependent sources of noise, and using the space resolution,
Oscilloscope E I Vo ¥ : we can estimate the time resolution of the DLD to be 0.25
3 cro |l cro | [crp || crp i | | | : ns. This number is typical for delay-line detectors. But the
N : b time resolution of the whole REMPI/TOF/DLD spectrometer
: ; j is usually limited by the duration of the probe laser pulse
_'1, PHOTQ . —¥ . Y ¢) : which is of the order of 3-5 ns if a Nd:YAG pump laser is
RESISTOR DM DM DM DM : : used.
k . : Jt]__; : The DLD provides the possibility to detect several prod-
v 'YVYY YV vy i i ucts per laser shot, provided a minimal difference between
hE T i I 5 | . ) ) e
Jé“ﬂi R(Zl:'-gfi > Té"(')i;gggg : t, i arrival times of 17 ns is maintained.
L CAWAC ... i ............... i t" | F WhyDLD?
: 9 : Note that the common PSD for an ion imaging experi-
first ion: L LX) ; ment is a phosphor screen as optically collecting anode com-
X=t(X,)  X=t,(X,) : o B(X) : bined with read-out by video camera and/or charge-coupled
Y=t (Y)Y (Yy) B Gevice (CCD) camera>3' However, this “classical”

COMPUTER T ~ method is optimized for the 2D imaging of single particles,

FIG. 3. Block diagram of the electronic read-out circuit for the DLD. CFD: Obtaining the time-of-flight information is rather difficult be-

constant fraction discriminator, DM: demultiplexer. TKg, X,, Y., and cause of rather low time resolution of the phosphor screen
Y, outputs of the DLD giveX,, X5, Y, andY, time moments for each ion. {40_100 n&
In dashed frame: Example of the temporal signal profile of a three ion even

on the X, line (3 initially, (b) after the CFD,(c) after the DM, and(d) The space resolution of the phosphor screen is slightly
finally, asty(X,), t2(X,), andts(X,) which are theX, time moments of the ~ Detter than that of the DLD: the image of one ion on the
first, second, and third ion, respectively. phosphor screen has the size~00.25 mm®? which is 1.5

di delay i incide. h _ times smaller than space resolution of our DLD. However,
ifferent | eﬁy INes musr: cog\m er;, eno(f_l_J“XZ_Yl K our DLD is larger than a typical phosphor screen, hence the
+Y>. Only those events that obey this condition are tal €esolution of our picture is not less than that obtained with

into account, and all others are ignored. If more than one iony o phosphor screen. Also, the construction of our PSD is
per laser pulse strikes the MCP assembly, then each delasmeler and less expensive’ than a CCD camera
line produces a series of pulses and the critegigr- X,

=Y,;+Y, allows one to correctly assign individual pulses to IIl. CHARACTERIZATION OF MOLECULAR BEAMS
individual ions.

The present DLD electronics are able to detect no moré\- How to measure the temperature of the
than two ions, since two-event demultiplexers are used. Bufolecular beam

on one of the linesX,) there is a three-event demultiplexer. The knowledge of the temperature of the molecular
It is used to check if the number of pulséens) is larger  peam is often useful: for example, the temperature may have
than two. This information is important for coincidence mea-an effect on the speed distribution of the photodissociation
surements in which the simultaneous detection of two phOproducts(see the next sectigpnOur technique provides an
tofragments from the same parent molecule is necessary. excellent possibility to study molecular beam properties be-
Since our DLD is not able to detect more than two ionscause it provides the quantum state specific 3D momentum
in one shot, we usually decrease the energy of the probe las@éctor. In this article we discuss three methods to measure
in order to detect only one ion in several shots; this helps tahe temperature of the molecular beam.
avoid space-charge problems and guarantees obtaining the Figure 4 shows examples of the space distribution of
correct distribution over time-of-flight. The repetition rate for NO* jons at different acceleration voltages that are equiva-
the probe laser shots is limited by the Nd:YAG la¢er100  |ent to different times-of-flight. In these experiments, a di-
Hz). luted (10*) mixture of NO in B(B=Ar, He, or N,) was
expanded through the nozzle and NO was detected by (1
+1) REMPI at 226.2 nm. The analysis of the space distri-
The space resolution of the REMPI/TOF/DLD spectrom-butions of NO along the& axis has shown that the distribu-
eter was determined in experiments with a fine metallic meskion has a Gaussian profile:

E. Time and space resolution of spectrometer
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FIG. 6. The plot of the positioh. (Fig. 4) vs time-of-flight for NO/B (B
U,=4500V =He, Ar, or N,) yields straight lines the slopes of which are the speeds of
the NO/B molecular beams.

w U.=200V calculate the translational temperatlikgand the speeds.,,
— = U.=100 V of the molecular beam.
N Figure 5 is an experimental plot of the widWg as a
04 : - , , function of the time-of-flight,. The Gaussian profile of the
0 5 10 15 20

space distributionW(vy) comes from the one-dimensional
Gaussian speed distribution over thi@xis which is charac-

FIG. 4. Upper panel: Space distribution of NQons from the 226.2 nm  t€rized by the temperaturgy
ionization of NO for different acceleration fields. Lower panel: Distribution

Time of flight / ps

_ 2
of the time-of-flight for the same three groups of ions. For illustrative pur- W(v,)=W, exp — M NO(Uy Uexp) 1)
poses the width8V, of the TOF profileg,(X,) are increased by a factor of Uy y 2kTy !
100.

whereM o is the mass of the NO molecule.
Substituting herevy—ve,=(y—L)/t; one can find the

2
W(y)wexr{ —In 2(2(y——l_) , relation betweeW; and Ty :
W 5
M no(dWs/dt)
wherey is the space coordinate along the molecular beam TY:Wu 2

axis, L is the position of the molecular beam, av; is the

full width at half maximum(FWHM) of the space distribu- WheredWs/dt is the slope of the linear fit to the data in Fig.
tion. The variations oW, and L with time-of-flight t, are 5. The experimental results iy are summarized in Table I.
shown in Figs. 5 and 6, respectively, and can be used to In the second method the internal temperature of the
beamT_,. may be obtained from the difference between ex-
perimental speed of the beam,, and the maximum theo-
retical speed of the beam,,,,. The method to obtain the
speeds ¢, of NO/B (B=He, Ar, or N,) molecular beams is
quite straightforward: the speeds are the slopes of the linear
fits to the data in Fig. 6y ex,=dL/dt. The maximum theoret-

ical speed of the molecular beam,,, may be calculated
as’33,34

Umax= '\ y—1 \V Mg ' (©)

where Mg is the mass of the buffer gas moleculeis the
Boltzmann constantT =295 K is the room temperature,
andy=Cp/Cy,. The y parameter is equal to 5/3 and 7/5 for
40 an atomic and a diatomic buffer gas, respectively. Equation
time of flight / s (3) assumes that all rotational and translational energies of
FIG. 5. Plot of the width of the space distributiot. (Fig. 4 vs time-of the molecule are transformed to kinetic energy of the beam:
ﬂigh-t fbr NO/B (B=He, Ar, or NZ)F.) The data L:axd:ij;it tk?é expected linear the colder the beam, the closer g, andveXp values. The

dependences the slopes of which give the temperatures of the NO/B mcimemal temperature of the beahg,. may be obtained from
lecular beams, see E). the difference between these speeds:

width of molecular beam image W,/ mm
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TABLE I. Summary of temperatures of the molecular beams for different buffer gases.

v maxa Uepr TYC Trotd Tcalce
Gas (m/9 (m/9 (K) (K) (K)
Ar 554 558+4 3.5-0.5 3.0:0.5 —4=*5
He 1751 171812 12.3:2 8+2 11+5
N, 783 74712 12. 72 12+2 26+9
H, 2931 204140 152+6

% max IS the maximum beam velocity which has been calculated assuming complete cooling to a temperature of
0 K, calculated with Eq(3).

bvexp is the experimentally observed value.

“Ty is the translational temperature of the molecular beam derived from the spread {nélecity component

(in beam directiojy extracted from the broadening of the impact position on the DLD, se€2Eqg.

9Tt is the rotational temperature of the NO molecule extracted from spectroscopic measurements of the
intensities of rotational transitions.

®Tcacis the internal temperature of the beam calculated from the difference betwg@mdv . see Eq(4).

Tealc= To[l—(vexp/vmax)z]. (4)  rotational temperaturé,,, of NO in Ar, He, and N molecu-

lar beams. In this analysis the strengths for rotational transi-
tions were taken from Ref. 35.

Note that all three temperature$,,;, Tcqe and Ty,

The values fow gy, Umax, andTeqc are listed in Table I.
The rotational temperaturg,,; of NO may be obtained

from experimental rotational spectra, this is the third me'[hocha e different nature and in orinciole thev mav be different
for determination of the internal temperature of the molecu- ve di u N princip y may inerent.
he largest must b&,, particularly for the molecules with

lar beam. Our technique provides some advantage over corl- . i
ventional REMPI spectroscopy. One problem of the spectros,f”lrge rotgtlonal constants; th_e smalles_t mustThe Neyer- .
copy in the cold molecular beam is the contribution of room_theless, in our case there exists a satlgfactory consistency in
temperature background molecules and impurities whicH”‘” three temperatures as summarized in Table I.
make the spectra more difficult to analyze. In time-of-flight o
experiments with a perpendicular geometry of molecula®: lonization of NO
beam and spectrometer axis it is easy to distinguish between The speed distribution along th& (time) axis is not
contributions from the molecular beam and background conGaussian, it depends strongly on polarization of the laser
tributions since the particles which belong to the molecularradiation. Time-of-flight profiles of NO detected by {11)
beam are situated on a very small area of the DLD which IREMPI via [X'3]—[A2%3" N=1]—[X?Il;,,J=0.5]
shifted from the axis of the laser by the distancgt,. EX-  transitions at 226.229 nm at different polarizations of the
amples of REMPI spectra of NO in the Ar molecular beamslaser radiation are shown in Fig. 8. Also shown are time
are shown in Fig. 7. Least-squares fit of such experimentakindows [t,— At,to+ At], whereAt is determined by the
spectra to the theoretical spectra was used to determine tlgectron recoil in the ionization of NO, it may be calculated
from the geometry of the TOFMS and the speed of the'NO
nA, ion due to the electron recoil. The speed may be calculated as

= 1 r T I
AR, S, (2J+1) UNO:(me/M NO) \/Z(ZhV_INo)/me: 14.1 m/s. (5)

A7 Bl T 1-05 Here m, is the mass of electromv is the photon energy
0-0.5 (A=226 nm), and yo=9.2639 eV is the first ionization po-
T 1 tential of NO.
0.5 One can see in Fig. 8 that the TOF profiles have no sharp
2 2 s corners and they spread outside this time range. Hence there
E_,ocm’ are other broadening mechanisms, apart from the ionization
process. One of them, surely, is the duration of laser pulse
215 115 (~5 ns. Another may be the interaction between N@nd
315 other ions. From the analysis of the time-of-flight spectra we
can determine, for example, thigparameter for the ioniza-

J L . tion of NO(A22 ") in different rotational states. Further

2605 | 22610 2615 | 20620 | 22825 | 22830 work is in progress to measure and analyze the TOF profiles

wavelength / nm accurately.

REMPI signal amplitude

FIG. 7. Rotational REMPI spectrum of NO in a cold Ar molecular beam. [V. 3D VELOCITY DISTRIBUTION OF
Only ions from the molecular beam are taken into account. NheJ as- PHOTOFRAGMENTS

signment of the strongest rotational transitions is indicated. In the left cor-

ner: Simplified determination of the rotational temperafTiggof NO. Syyis  A. Model system: Photolysis of Cl

the peak area for a singhé—J transition, and\; is the cumulated peak area . . .
for all transitions originating from a singl@ level after correcting for de- The quality of the developed technique was examined

generacy. by studying the well-known decay of molecular chlorine,
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FIG. 8. Time-of-flight profiles of
NO™ ions obtained from ionization of
- NO(A 23 *, N=1) for different polar-
ization geometries at 226 nm. The
time ranget,*At is shown by two
dashed lines. The solid lines result
from a least-squares fit of the theoret-
ical expressions accounting for profile
broadening from a spatially aniso-
tropic ion distribution to the experi-
mental points. The fit yields an anisot-
ropy paramete3=2.0+0.2.

NO distribution

22.76 22.78 22.80 22.76 22.78 22.80

time of flight/ us time of flight / us

Cly,+hv (355 nm)—2 CI(3p 2P3). In the experiments the as is schematically shown in Fig. 9, and study the speed
third harmonic of a Nd:YAG laset355 nm was used to distribution from the dissociation of cold molecules and
photolyze C}, and a Nd:YAG laser-pumped dye laser waswarm molecules separately. Note that mathematically the
used for the (2-1) REMPI detection of ground state separation of two 3D spheres with thin “walls” is a much
Cl(°P4;,) atoms at 235.336 nm. The yield of spin-orbitally more correct procedure than separations of the 2D projec-
excited CIPP,,) for the photolysis is known to be tions of these spheres since the two spheres overlap only
negligible*3” In our measurements the wavelength of thealong a narrow ring in the 3D space, while the 2D projec-
probe laser radiation was scanned over the Doppler broadions of these spheres overlap strongly.

ened absorption line in order to realize an unbiased detection

;)f ill Cl atoms regardless of the, component of their ve- g Speed distribution of CI atoms

ocity.

Xn example of 3D speed distributions of Cl atoms ob-  For illustrative purposes let us discuss the experiments
tained in this way is shown in Fig. @eft). The 3D image on presented in Figs. 9 and 10. The speed distributions of Cl
this figure consists of two overlapping spherical distribu-atoms was fitted to the Gaussian distribution:
tions: the first one corresponds to fragments from back- P(U)oce[(U_UO)Z/ZUZ],
ground C} at room temperature, and the second one corre-
sponds to fragments from cold Cin the molecular beam. Wwith Av =20 the full width of the speed distribution. The
Least-squares fit of the experimental data gives the centers ekperimental values ar&v’=190 m/s andAv” =450 m/s;
these distributions. Thus from Fig. 9 one may easily deterhereafter one prime and two primes correspond tg/igé
mine the speed of the molecular beanmvag=AL/ty, where ~ molecular beam conditionsT(=8+2K) and room tem-
AL is the distance between the two spheres. The speed of tifggrature conditionsT"=295 K), respectively. The average
Cl,/H, molecular beam was determined by this method onlyspeed of Cl atoms is equal tg=1680 m/s, it may be cal-
(see Table)l

Now one can, for example, separate these distributions, T T T % ' '

3
1Photolysis at 355 nm: Molecular

Molecular ( 2 . beam
beam, =°+ . Clz 2Cl
Cl,/He

. 504 i

Laser: -
355, o
235 nm,_- 2 ¢
No molecular 7" %
g,
beam 3 E:
o
T=300K . ¥
Initial Contribution Contribution oM, oile
experimental from T=300 K from molecular 04 =
i background beam, T=8 K T T y T T T T T v T
3D Image g 0.0 05 10 15 2.0 25
FIG. 9. The experimental 3D distribution of CI atoms consists of two over- Speed of Cl atoms, km/s

lapping parts: one due to background @ T=300 K, and another one due

to cold C}, in the molecular beam. They can easily be separated in threeFIG. 10. Speed distribution of Cl atoms obtained from the 3D images in
dimensional space which is not possible with conventional 2D imaging. InFig. 9. Wide and narrow distributions correspond to the room temperature
the upper right corner this separation procedure is shown schematically: thend C} /He molecular beam conditions, respectively. The radius of the 3D
experimental 3D spherical distributions are represented by half-transluceristribution is 11.3 mm, the electric field is 30 V/cm, and the average time-
spheres. of-flight is 7.4 us.
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TABLE II. Contributions to the width of the speed distribution of Cl atoms.

Axis? Av/mmnP Av/m/s
Experimental dafa X,Y,Z 1.5[3.0] 240[450]
z 1.1 160
Contributions from:
T - R energy of CJ° X,)Y,Z 0.35[2.8° 53[420]

- R energy of CJ¢ XY,z 0.30[1.8]° 43[270]

- T energy CJ° Y 0.20[2.2° 30[325]
Space resolution of DLD XY 0.37 54
Duration of laser puls€5 n9 X,Y,Z 0.30 45
Length of laser spot X =0.2 =30
lonization of Cl atorh XY,z 0.2 31

&The axis along which the broadening occurs.

PAv/mm refers to size of image on the DLD.

‘The data obtained at room temperature conditiohs 295 K) are shown in squared brackets.
dCalculated fromAv/mm.

Calculated fromAv/m/s.

The speed distribution is not Gaussian; we assime:2v,. Herevg=15.6 m/s is the recoil speed of Cl
ions due to the ionization process.

culated fromM CIV%/Z: [hV_ DO:|/27 wherehv is the energy minimum beam diameter, artelis a factor which is different

of the dissociating photorM ¢ is the mass of Cl atom, and in different models, but typically £C<2. For example, the
D, is the dissociation energy for the atomization of the chlo-diffraction-determined length of the laser spot may be taken

rine molecule. as doubled Rayleigh range which medds 1.3
Now we shall discuss the most important factors contrib- ~ There are two contributions of different nature to the
uting to Av, which are listed in Table II. diameter of the laser spot. We estimate the diameter as
d:ddiﬁ+d31 (8)

C. Contribution from rotation and translational
energy of Cl , where the diameterdyz andd, are determined by diffrac-

Among the most important factors which contribute to 10N @nd by aberration, respectivelgl, may be obtained
from third order aberration theory as

Av are the rotational energy and the dispersion of transla*

tional energy of the GImolecules. This contribution tdv n2—(2n+1)K+(n+2)K?/n dg
may be calculated as d,= 32n—1)2 2 9
2[M¢(Av)?/2]=Eg+E7, (6)

wheren is the refraction indexK is a shape factor of the lens
WhEYEERZ kT andET are the rotational and the translational K= RZ/(RZ_ Rl), ande and R, are radii of curvature. For
energ.ies of the QI molecule in the molecular beam fixed a proper|y oriented p|ano-convex focusing |er|€:(1) of
coordinate system where the average speed of the moleculgfijex n=1.5, the bracketed factor is 0.073. The diffraction-
is zero. In the molecular beam the translational temperaturgetermined diametgﬂdiﬁ may be estimated by the diameter

characterizes only the movement along ¥axis, while the  of the first minimum of the Airy diffraction pattern in the
speeds along th& and theZ axes are negligible; hence focal plane as

E1 =kT'/2 and E{»=(3/2)kT". From Eq.(6) we obtain
Av’ =53 m/s and\v” =420 m/s. For “warm” molecules the dgitr=2.44Nf/dp), (10

agreement with experiment is good, for “cold” molecules where\ is the wavelength of radiation. The distance between

the experimental width is more than three times larger tha'?he lenses is assumed to be large so the laser beam which
the calculated one. Thus apart from temperature there MUSH hes to the focusing lens is treated as parallel

be some other influence. Note that our experiments were done with the single-lens

configuration shown in Fig. 1. In this configuration a narrow
laser beam is focused to the center of the ionization chamber

Let us estimate the length of the laser spot. The beswith one focusing lens. Using the values from our experi-
condition for REMPI detection is usually achieved with a ments off =20 cm, dy=2.6 mm, and\ =235 nm, we find
two-lens configuration. In this configuration the laser beam igrom Egs.(7)—(10) thatL, s=3.2 mm. This estimate explains
slightly expanded by the first expanding lens and then it iur rather large value ohv’ (see Table ). Here we have
focused by the second focusing lens. The length of the lasetsssumed tha€=1; even this value leads to a slightly over-
spot(“depth of focus”) may be estimated as estimated value fok | 5. Also, the widths of speed distribu-

L —Cdf/d @ tions alongY gnd; axes were~2 t.imes smaller j[han that

LS 0 along theX axis. This fact agrees with the conclusion that the

wheref is the focal length of the focusing lendg is the  main contribution to the widtiAv’ in Fig. 10 comes from
diameter of the laser beam on the focusing lethss the  the length of the laser spot.

D. Contribution from the length of the laser spot
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Let us estimate the minimal possible length of the lasetions to systems without inherent cylindrical symmetry or to
spot. Our estimate is based on the assumption that the sma#lystems where the cylindrical symmetry is broken due to
est length of the laser spot corresponds to the smallest laserchnical imperfections of the experiment. First, it is the
beam diameter, which may be found from the conditionstudy of photodissociation dynamics of simple molecules.
dgir=d,. From this condition using Eqs$7)—(10) and as- For example, the velocity dependence of Benisotropy
sumingC=1, one can finddl=15um, dy=16 mm, and fi- parameter contains valuable information about important
nally L, s=200um. Note that it is rather difficult to obtain features of dissociation dynamics like the competition of de-
this minimal value since it is very sensitive dg. cay channels, simultaneous excitation of excited states, and
regions of the potential energy surfaces where transitions to
neighboring potential energy surfaces might or might not oc-

Other less important contributions come from the spaceur. Our technique allows one to directly obtain the complete
resolution of the PSD, from the duration of the laser pulseinformation about the dependence of {g@arameter on the
and from the electron recoil in the ionization of Cl atom, for particle velocityv in a single measurement. Work is cur-
which data are listed in Table Il. We may summarize therently in progress to measure thg&{v) dependence of Cl
results of these considerations as follows: a precise measuratoms produced in the photoinduced three-body decay of
ment of the speed distribution of photofragments requires £OCL,, SOCL, CSCh, and SCl,.*° A second application
cold molecular beam, a two-lens configuration, and a largef the 3D imaging technique may be the study of the photo-
diameter of the distribution imagéhat is, large time-of- fragment angular momentum alignment as a function of re-
flight). coil angle(v—J correlation in photodissociation processes.

The cooling of the molecular beam is important to avoidHere, observing nonequilibriu ; substate distributions of
the contribution of the rotation energy and dispersion ofphotoproducts generated by linearly or circularly polarized
translational energy of the parent molecules. For exampldight allows one to study subtle details of the dynamics of the
under our experimental conditions the lowest temperaturedlissociation process. A third application of our technique
may be achieved by using Ar as a buffer gas and by increasnay be the investigation of the dynamics of chemical reac-
ing the distance between the nozzle and the skimmer. tions. Detailed information on the reaction dynamics can be

The two-lens configuration is important to decrease thebtained by aligning the reactants in crossed molecular
length of the laser spot. The theoretic estimate shows that thgeams or by photodissociation of suitable precursors by po-
length may be made very smdh-200 um), less than the larized light.
space resolution of the DLD or phosphorous screen, but this
minimization requires additional efforts. From Table Il one ACKNOWLEDGMENTS
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