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High-resolution ion time-of-flight analysis for measuring molecular
velocity distributions
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A new electrode setup for high-resolution ion time-of-flight~TOF! analysis is described. The setup
is used in combination with a counterpropagating pulsed molecular-beam scattering apparatus and
laser ionization to measure one-dimensional velocity distributions of low-energy molecular products
resulting from scattering or dissociation processes. In the case of ensembles characterized by
cylindrical symmetry with respect to the molecular-beam axis, measured TOF spectra represent the
angular distribution of the products. In the imaging of the ions onto the detector, this symmetry is
preserved by using a pair of electrostatic mirrors for the deflection. Combined with separate velocity
dispersion and acceleration fields, the present arrangement achieves superior resolution and
detection efficiency. Although the resolution of the setup is limited by the velocity distribution of the
molecular-beam pulses, changes in the average local velocity as small as 10 m/s have been
observed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1621061#
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I. INTRODUCTION

Molecular-beam techniques are extremely powerful to
for the experimental study of the molecular reacti
dynamics.1 One of the ultimate goals in these experiments
the quantum state specific detection of products from p
cesses like photodissociation, bimolecular reactions, or
face scattering.2 Over the past decade, great progress
been made in achieving this goal including the measurem
of state resolved differential cross sections and alignm
moments.3

While quantum state specific information is usually o
tained by means of laser spectroscopic detection, sev
techniques directly derive information on quantum states
measuring the kinetic energy of the products. Because o
sensitivity, the method of Rydberg tagging of H atoms p
vides very detailed angle and state information.4,5 Alterna-
tively, information on the angular distribution of the produc
is obtained through methods based on the Doppler effec6–8

Quantum state resolved velocity distributions are obtai
from a measured Doppler profile of a suitable resonance l
A similar approach is based on resonance enhanced m
photon ionization~REMPI! schemes to generate product io
which are subjected to different electrostatic fields in orde
disperse different velocity groups. In the method of tw
dimensional ion imaging, the velocity projection perpendic
lar to the dispersing field is measured.9–12 Alternatively, the
method of ion time-of-flight~TOF! analysis provides infor-
mation on the velocity component parallel to the dispers
field.13–15

In the past, we have developed the method of coun
propagating pulsed molecular-beam scattering.16,17 The
method combines sensitive REMPI detection with ion TO
analysis to measure state resolved differential cross sec

a!Electronic mail: hmeyer@hal.physast.uga.edu
4800034-6748/2003/74(11)/4805/7/$20.00
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as well as differential moments of the collision-induc
alignment. In principle, the method can be applied to a
molecular process resulting in a product ensemble with
lindrical symmetry around the molecular-beam axis. In t
original design, we used a single electrostatic mirror to
flect the ions off the molecular-beam axis toward the det
tor. Because the mirror breaks the cylindrical symmetry
the ion imaging arrangement, ions with a large off-axis v
locity component have a TOF which depends on the a
muthal angle around the field direction.

In this article, we report two significant improvements
the previous setup:~1! The introduction of a second electro
static mirror preserves the cylindrical symmetry for the i
TOF analysis, and~2! The use of separate fields for the v
locity dispersion and ion acceleration results in a greatly
proved velocity resolution while maintaining a high dete
tion sensitivity. The new electrode setup is tested for
scattering of NO from Ne.

II. EXPERIMENTAL DETAILS

Details of the molecular-beam apparatus have been
scribed previously.16,17 Briefly, two pulsed molecular-beam
sources are mounted in a 500 mm diameter source cham
pumped by an 11 000 1/s diffusion pump. This chamber a
contains the differentially pumped scattering chamber eva
ated by a 3000 1/s diffusion pump. Both diffusion pumps a
backed by a single roots-rotary pump combination. T
molecular-beam pulses enter the scattering chamber thro
skimmers on opposite walls of the scattering chamber. T
laser system employed is a Nd:YAG pumped dye la
whose output frequency is doubled in a KDP crystal. T
resulting UV radiation is focused onto the molecular-be
axis with a 500 mm lens. Pulse energies of about 1 mJ
used for the detection of scattered NO molecules via~211!
REMPI.
5 © 2003 American Institute of Physics
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Figure 1 shows a schematics of the two different el
trode arrangements used for the ion TOF analysis. In
original design@see ~a! in Fig. 1#, ions generated by the
focused laser beam were subjected to a single constan
mogeneous electric field.17 In order to achieve sufficient ve
locity dispersion, the field strength was limited to values
only a few V/cm resulting in long ion flight times. Becaus
the ions were deflected off the molecular-beam axis tow
the microchannel plate~MCP! detector~Del Mar Ventures,
San Diego, CA! using a single electrostatic mirror, the mirro
introduced a serious distortion of the TOF for ions with d
ferent directions of the off-axis velocity component. A qua
titative measure of this distortion is determined by calcu
ing arrival times for ion trajectories with the same initi
position but different initial velocities assuming consta

FIG. 1. ~a! Original electrode arrangement described in detail~in Ref. 17!.
Ions are accelerated for 40 mm and drift over an effective distance of a
75 mm. The latter distance includes travel through the mirror.~b! Vertical
cut through the electrode arrangement for the ion TOF analysis using
electrostatic mirrors, M1 and M2 . The setup allows for the use of tw
separate electric fields for velocity dispersion (E1) and acceleration (E2).
Molecular-beam sources are labeled T~target beam! and P~primary beam!.
Molecular-beam pulses pass through skimmers~S! into the scattering cham-
ber. Ions generated at the laser crossing move through the different ele
fields ~60 mm! until they reach the microchannel plate detector~MCP! after
passing through an effective field free region of about 130 mm.
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electric fields for each region of the respective setup. As
dashed curve in Fig. 2 demonstrates for NO1, the arrival
time depends strongly on the azimuthal anglef for a nonva-
nishing off-axis velocity component. Assuming a variation
the off-axis velocity component by6600 m/s, the calculated
arrival time varies by about 100 ns for a dispersion field
5.8 V/cm and a mirror field of 25 V/cm. For comparison, th
same variation in the on-axis component results in a des
dispersion of about 0.7ms ~see Fig. 4!. The reason for the
aberration is illustrated in Fig. 3. In Fig. 3, we display tw
ion trajectories with opposite initial off-axis velocity compo
nents in the plane defined by the velocity dispersion field a
the mirror normal. Figure 3 also schematically indicates
relevant velocity components and field directions at the en
of the trajectory into the mirror field. Trajectories havin
opposite initial off-axis velocity components enter the mirr
with different angles with respect to the mirror field directio
resulting in different residence times and thus af-dependent
variation of the TOF. This situation is greatly improved b
introducing an additional mirror which directly compensat
for the aberration introduced by the first mirror. For examp
if the off-axis velocity component makes a small angle w
the mirror field upon entering the mirror, the same trajecto
makes a large angle with the field direction of the seco
mirror. For the trajectory with the opposite initial off-axi
velocity component, the situation upon entering the two m
ror fields is reversed. As shown in Fig. 2 as the solid cur
the dependence of the TOF on the azimuthal angle is ef
tively removed. The enlargement in the top part of Fig.
shows that the remaining variation is limited to less than61

ut

o

tric

FIG. 2. Dependence of the NO1 TOF on the azimuthal anglef for the one-
and two-mirror setups displayed in Fig. 1 in combination with a sin
dispersion field of 5.8 V/cm and mirror fields of 25 V/cm and 38 V/cm
respectively. Arrival times are calculated assuming constant fields in e
region of the respective setup.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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ns. From Fig. 2, it is also evident that the remaining abe
tion is of second order, i.e., it is proportional to cos 2f. As a
result, the combination of two mirrors preserves the cylind
cal symmetry of the setup.

Because of the counterpropagating beam setup, we h
at our disposal two independent molecular-beam source
lowing the generation of ensembles with very different av
age velocity projections. We test the overall velocity disp
sion capability of an electrode arrangement by expand
identical gas mixtures from both beam sources. The resul
molecular-beam pulses represent ensembles characteriz
opposite average velocity projections in the direction of
dispersion field. As shown in the upper part of Fig. 4, fi

FIG. 3. Ion trajectories for the two-mirror setup.

FIG. 4. TOF spectra of NO1 with both molecular-beam sources operati
with a mixture of 5% NO in Ar. In both cases, a single electric field is us
for velocity dispersion and ion acceleration. The bottom spectrum is ta
with the original one-mirror arrangement using~211! REMPI via the NO E
state: Dispersion field 5.8 V/cm, mirror field 25 V/cm. The top spectrum
recorded in the two-mirror setup using~111! REMPI via the NO A state:
Dispersion field 5.8 V/cm, mirror fields 38 V/cm.
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tests of a setup involving two identical electrostatic mirro
resulted in significantly broadened ion peaks most lik
caused by ion–ion repulsion due to larger ion densities in
case of~111! REMPI detection of NO via the A state. In
comparison with the one-mirror arrangement, the ove
TOF for the two-mirror version increased by 50% allowin
the Coulomb distortion to cause additional broadening. B
cause of limitations in detection efficiency, it was not po
sible to fully recover the theoretical resolution by reduci
the laser pulse energy.

This unsatisfactory situation is greatly improved by u
ing a two-field arrangement consisting of a weak veloc
dispersion field followed by a strong acceleration field. T
schematic of this electrode arrangement is shown in Fig
part ~b!. The velocity dispersion and the acceleration fie
are defined by 5 and 4 stainless-steel electrodes~85 mm385
mm31 mm! with spacings of 11.6 mm and 13.0 mm, respe
tively. All electrodes have a 25 mm diameter hole except
the entrance electrode which has a 10 mm hole in orde
further collimate the molecular beam. The two fields a
separated by a Ni wire mesh~95% transmission, 20 lines/in.
Buckbee Mears, Cortland, NY!. In order to prevent interfer-
ence due to backscattering of molecules of the prim
molecular-beam pulse from the wire mesh, the scattering
laser detection regions are located 20 mm upstream of
wire mesh. The different electrodes are connected with p
cision resistors: 1.2 MV ~dispersion field! and 1.0 MV ~ac-
celeration field!. The reflectors are formed by spacing tw
stainless-steel electrodes 13 mm apart~entrance electrodes
87 mm385 mm31 mm, back electrodes: 85 mm385 mm31
mm!. The entrance electrodes have elliptically shaped ho
~semiaxes: 12.7 mm and 25.5 mm! covered with Ni wire
mesh~95% transmission, 20 lines/in., Buckbee Mears!. The
lower back electrode is equipped with a small hole of ell
tical shape~semiaxes: 3.5 mm and 6.0 mm! to allow passage
for the target molecular-beam pulse. In the velocity disp
sion mode, separate voltages are applied to the first elect
of each field. Typically, we use fields of 4.5 V/cm for th
velocity dispersion field, 72 V/cm for the acceleration fie
and 460 V/cm for the mirror fields.

The velocity dispersion properties of the setup can
analyzed by considering a linear two-field arrangement
lowed by a field free drift region of effective lengthD3

which takes into account the distance travelled through
mirror fields. If the two-field regions are of lengthD1 andD2

with field strengthE1 andE2 , respectively, the ion TOF for
this setup will be given by

T52
nz

b1
1n1S 1

b1
2

1

b2
D1

n2

b2
1

D3

n2
,

with b i5eEi /m and

n15Anz
212~D12z!b1,

~1!
n25An1

212D2b2.

Here, we use a coordinate system whose z axis points tow
the detector along the field directions. The ion of massm is
ionized at locationz with the initial velocity componentnz .
At the end of each field, the ion has acquired the velocit

n
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n1 and n2 , respectively. Ions with the same but oppos
initial velocity projections arrive with a time lagDT
52nz /b1 demonstrating the inverse dependence on the
locity dispersion field strength. In a typical Wiley McLare
TOF mass spectrometer, the ratio of the dispersion and
celeration fields is used to eliminate thez dependence~space
focusing! of the TOF.18 On the other hand, if higher-orde
REMPI processes are employed for the detection, the l
beam must be focused resulting in an ionization region w
an extension of less than 100mm in the field direction and
excellent velocity resolution can be achieved without me
ing the space focusing condition.

III. MOLECULAR-BEAM CHARACTERISTICS

The velocity dispersion capability of the two-field/two
mirror setup is tested by expanding different NO/rare g
mixtures from both molecular-beam sources. Typical T
spectra using~211! REMPI of NO are displayed in Fig. 5. In
these experiments, the primary beam source~home built pi-
ezoelectric valve!19 is operated with a mixture of 5% NO in
Ar. For the bottom spectrum, the target beam source~Jordan
Co.! is operated with the same gas mixture. The other spe
are taken after exposing the target beam source briefly to
NO/Ar mixture, evacuating the gas inlet system and fina
operating the source with the indicated rare gas. In this w
the rare gas contains only a trace amount of NO whose
locity represents, to a good approximation, the correspond
rare gas velocity. Because of the low NO concentratio
these spectra are measured with increased laser powe
under imaging conditions identical to the ones used for
tecting NO from the primary beam. In all cases, the TO
peaks associated with beam pulses from both sources
narrow but significantly displaced. For the bottom spectru
the peaks represent a velocity difference of roughly 1220
which results in a TOF peak displacement of 821 ns. T
measured spectra are consistent with velocities of 840

FIG. 5. TOF spectra of NO1 for different seed conditions of NO in the
indicated rare gas. In each spectrum, the early peak corresponds to NO
from the primary beam source. The peak arriving at later times corresp
to NO from the target beam source.
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for the Ne and 1860 m/s for the He expansions. Becaus
the large mass difference between NO and He, the actua
velocity might be slightly larger.

It is important to realize that these TOF spectra repres
the local velocity distribution within a molecular-beam puls
Through the variation of the time delay between the pu
and the laser firing, we can measure changes of the velo
distribution throughout the pulse. Obviously, as the pu
travels away from the molecular-beam source, the differ
velocity subgroups separate resulting in fast molecules ar
ing first at the laser detection volume. Experimentally,
observe the variation of the TOF peak position and width
a function of the relative delay. Expanding a mixture of 5
NO in Ar from both molecular-beam sources, we find simi
peak intensities and pulse durations. On the other hand,
TOF peak positions corresponding to the full width at h
maximum ~FWHM! delays vary 27 ns for the piezoelectr
valve and 71 ns for the Jordan beam source. For the ex
sion of trace amounts of NO in Ne or He from the Jord
valve, Fig. 5 shows additional TOF spectra measured at
lays corresponding to the FWHM delays. In the case of N
He, the peak position varies by more than 170 ns which m
be compared with the peak width of about 65 ns.

The TOF spectra measured at different molecular-be
delays provide information about the local width of the v
locity distribution while the peak positions reflect the mo
probable velocity at the delay probed. Obviously, the var
tion of the most probable local velocity must reflect the in
tial velocity distribution in the pulse while the measure
pulse duration can be significantly influenced by the init
velocity spread. The evolution of the velocity distributio
within the molecular-beam pulse can be rationalized if
assume that, as a result of the jet expansion, a molecu
beam pulse with a homogenous velocity distribution is g
erated. For simplicity, we assume the intensity and veloc
distributions to be of a Gaussian form with widthsDz0 and
Dn0 :

F~z,n,t50!5F0e2~z/Dz0!2
e2~~n2n0! /Dn0!2

. ~2!

If we probe the pulse at locationz̄ at time t.0, only a sub-
ensemble of the original pulse is probed. In particular, o
those molecules contribute which att50 were located at
positionz with a speedn5( z̄2z)/t. Therefore, the distribu-
tion of molecules at the positionz̄ is determined from the
expression

F~ z̄,n,t !5F0e2~~ z̄2nt !/Dz0!2
e2~~n2n0! /Dn0!2

. ~3!

Equation~3! can be cast into a form which directly reflec
the experimentally determined local average velocityn̄( z̄,t)
and widthDn̄( z̄,t):

F~ z̄,n,t !5F0e2~~ z̄2n0t !/D z̄!2
e2~~n2 n̄ !/Dn̄!2

. ~4!

Here, we have introduced the parameters:
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Dn̄5Dn0

1

A11at2
and n̄5n0

11a t̄ t

11at2

~5!

with t̄5
z̄

n0
and a5S Dn0

Dz0
D 2

.

If the pulse is probed before its maximum has reached
laser detection region (t, t̄), a velocity distribution with an
average velocityn̄ larger thann0 is found. It is also evident
from Eq.~5! that the local velocity distribution narrows wit
travel time while the pulse spreads in space. The spatial
tribution of the pulse at timet is characterized by the width
D z̄:

D z̄5Dz0A11at2. ~6!

As expected, the width of the intensity distribution is com
posed of contributions due to the original spatial widthDz0

and velocity spreadDn0 . Experimentally, we measure th
intensity profile as a function of the time delay between
laser and the molecular-beam pulse. For (Dn0)2!n0

2, the
duration of the pulse@defined as the temporal widt
~FWHM!# at the positionz̄ can be approximated as

Dt5
Dz0

n0
A11a t̄2. ~7!

For t@Dt, Eqs. ~5! and ~7! are easily inverted to provide
estimates for the characteristics of the initial pulse:Dn0 ,
Dz0 , andn0 . As can be seen in Table I, the measured d
are consistent with the assumption of a homogeneous ve
ity distribution throughout the initial pulse for expansion
Ne and Ar. The data for the expansion in He indicate stro
deviations from this simple model. At the end of the expa
sion, i.e., within several nozzle diameters from t
molecular-beam source, the He pulse already exhibit
strong spatial separation of the different velocity subgrou
Within the model of a homogenous velocity distribution, t
observed velocity separation would require an increase in
overall travel distance from 20 cm to 54 cm.

Comparing the different contributions to the width in th
TOF spectra, we note that the resulting width is control
mainly by the velocity distribution in the beam. For examp
the 5% NO/Ar mixture expanded from the piezoelect

TABLE I. Duration Dt in ms, velocity spreadDn̄, and average velocityn0

measured for different molecular-beam pulses using electric fields of
V/cm and 72 V/cm for dispersion and acceleration, respectively.n̄1 and n̄2

are the average velocities measured at the FWHM delays of the pulses
sources are labeled with P for the piezoelectric source and J for the Jo
source. Parametersn0(calc), Dn0 , and Dz0 are calculated for the initial
beam pulses using a source-to-laser distance of 200 mm as described
text. The second entry for the He beam expansion marked with an aster
calculated for a distance of 540 mm. Velocities are given in m/s and
tances in mm.

Source Sd Dt Dn̄ n̄1 , n̄2 n0 n0(calc) Dn0 Dz0

P Ar 60 65 600,635 610 608 64 33
J Ar 75 80 575,655 614 614 106 30
J Ne 65 80 800,880 840 834 115 25
J He 45 90 1735,1930 1860 1211 237 16
J He* 1862 237 28
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valve results in a TOF peak with a width of about 42 ns.
local velocity spread of around 60 m/s translates into an
certainty of about 38 ns while the contribution due to
ionization volume of about 100mm diameter results in an
uncertainty of less than 14 ns. These data clearly demons
that the resolution in our setup is limited to a large extent
the velocity distribution of the molecular beams.

IV. MOLECULAR-BEAM SCATTERING

The TOF setup is tested further by studying the scat
ing of NO from Ne in a counterpropagating pulse
molecular-beam experiment. The NO beam is generated
expanding a 5% NO/Ar mixture from the piezoelectric val
at a backing pressure of 1.4 bar. The target beam is gene
by expanding Ne from the Jordan valve at a backing press
of 1.6 bar. The beam pulses have a duration of about 60ms
and 65ms, respectively. The expansion of NO in Ar results
a rotational temperature of about 1 K consistent with the
almost exclusive population of theJi50.5 level. The next
higher-energy level corresponding toJ51.5 is reduced in
intensity by a factor of at least 35. The most probable velo
ties in the beams are 610 m/s for NO in Ar and 840 m/s
the Ne beam, resulting in a collision energy of~1055675!
cm21. TOF spectra for the different final states of NO a
measured in the velocity dispersion mode described ab
Most of the states probed show a small but significant r
population due to the incomplete rotational cooling of t
gas mixture in the expansion. In order to distinguish the r
population from the scattering signal, we determine the d
ference of two TOF spectra: One measured with the ta
beam overlapping and one with the target beam missing
NO beam pulse. For the analysis, we also take into acco
the small depletion of the rest population. Depending on
spectroscopic detection scheme employed, the TOF spe
for scattering can be sensitive to the collision-induced ali
ment. In this case, we measure four TOF spectra: Scatte
and background spectra for two different laser polarizatio
either parallel or perpendicular to the molecular-beam a
Ideally, these spectra should be determined on a shot-to-
basis. In practice, we average 400–500 shots with a dig
storage oscilloscope for a particular setting of the tar
beam delay and the laser polarization. The acquired spec
is transferred to a personal computer~PC! where it is stored
for further processing. Spectra for the other settings are m
sured in an analogous way. As a result, we build up differ
TOF spectra in the PC almost simultaneously avoiding
influence of long-term drift effects, e.g., in the laser power
the molecular-beam densities. After each cycle of the d
acquisition, we generate TOF spectra representing the m
pole and quadrupole moments in order to judge the quality
the polarization effect on the data.

Because the TOF spectra represent one-dimensional
jections of the final velocity distribution onto the molecula
beam axis, the width of the distribution directly reflects t
radius of the Newton sphere in velocity space. As we no
in Sec. III, the average velocity changes throughout the m
lecular pulse. The scattered flux detected in the TOF sp
trum is typically generated in the vicinity of the laser vo
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ume. Monte Carlo simulations of the scattering kinemat
indicate that the scattered flux contributing to a TOF sp
trum is generated in a region corresponding to travel time
less than 10ms. This must be compared to the pulse durat
of about 60ms. By varying the target beam delay over t
half width, we effectively change the average velocity of t
target beam. In the case of scattering from Ne, these cha
in the local velocity distribution become noticeable if TO
spectra for a particular final quantum state are measured
different molecular-beam delays. As an example, we disp
in Fig. 6 TOF spectra for the scattering of NO into the fin
state (X 2P1/2Jf57.5). We employ~211! REMPI via the H
state of NO.20,21The center spectrum is measured for dela
at which the maximum of each pulse reaches the laser p
volume simultaneously with the firing of the laser. For t
bottom spectrum, the target beam delay is chosen in su
way that scattering involves preferentially atoms from t
beginning of the target pulse. For these delays, the loca
velocity varies from 880 m/s~large delay, bottom spectrum!
to 840 m/s~maximum, center spectrum!, and 800 m/s~small
delay, top spectrum!. Due to these changes in the avera
velocity, the size of the Newton sphere varies accordingly
can be seen in Fig. 6.

Obviously, for different delays of the target beam, t
two molecular-beam pulses overlap in different locatio
relative to the fixed laser position. If the laser is fired af
the maximum of the target beam has reached the detec
volume, scattered flux contributing to the TOF spectrum
generated from a region closer to the NO beam source
sulting in preferential forward scattering. This is observed
the top spectrum in Fig. 6. On the other hand, if the delay
the target beam is chosen so that scattering results from
region closer to the target beam source~see bottom spectrum
in Fig. 6!, we observe preferential backward scattering. Ap

FIG. 6. TOF spectra for the scattering of NO from Ne for different delays
the target beam recorded with the laser polarized parallel to the molec
beam axis. The direction and overlap of the primary beam~open rectangle!
and the target beam~solid rectangle! pulses are indicated schematically fo
each delay. The solid line represents the integrated apparatus functio
suming a constant differential cross section.
Downloaded 10 Nov 2003 to 128.192.19.33. Redistribution subject to A
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from the variation of the differential scattering cross sect
with collision energy, it must be independent of the chos
target beam delay. As shown previously, the TOF spectra
be analyzed with the help of an apparatus function describ
the probability for contributions with specific velocity pro
jections and scattering angles.15,17 It is calculated from the
intensity and velocity distribution of the beam pulses for t
appropriate delays. It also incorporates the correct scatte
kinematics as well as the flux-to-density transformation. F
a given differential cross section, a TOF spectrum can
predicted by convoluting the angle dependent cross sec
with the apparatus function. Alternatively, the differenti
cross section can be extracted from the measured TOF s
tra in a linear least-squares fitting procedure. Neglect
small changes in the collision energy, the extracted cr
section must be independent of the relative beam del
Therefore, any delay dependence observed in the TOF s
tra must be accounted for by the delay dependence of
apparatus function. That this is indeed the case can be se
Fig. 6 where the solid lines represent the apparatus funct
calculated for the appropriate delays and integrated over
scattering angle. The variation of the apparatus function w
target beam delay reflects the change in detection sensit
from forward scattering~top spectrum! to backward scatter-
ing ~bottom spectrum!. The differential cross sections ex
tracted from the spectra in Fig. 6 are displayed in Fig.
Within the error limits, all spectra result in similar differen
tial cross sections. Most importantly, the structures assig
as rotational rainbows are consistent for all three TOF sp
tra. Small variations in the positions of these structures m
likely reflect the corresponding variation in the collisio
energy.22
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