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ABSTRACT: Recent merged neutral beam experiments have introduced
the possibility of measuring reactive collisions in the cold regime down to
10 mK. The lowest temperature attained in these experiments cannot be
explained using the standard formalism developed for crossed molecular
beam scattering. These low temperatures become accessible because pulsed
supersonic beams develop a correlation in velocity-position space during
free propagation such that the local velocity standard deviation decreases.
This effect is responsible for a reduction in the attainable collision energy
by more than 2 orders of magnitude along with an order of magnitude
improvement in the resolution. We show that supersonic nozzles with
short pulsed opening durations compared to the time-of-flight, such as the
Even-Lavie valve, have a clear advantage in achieving low collision energies
with improved resolution. We discuss possible improvements in the energy
resolution by varying the detection time duration.

1. INTRODUCTION
The Chemical Physics community has been striving to realize
reactions in the cold regime below 1 K for many years.
Quantum effects become dominant at these temperatures
where the typical interaction length scale approaches the de
Broglie wavelength of the reactants. Resonances in reaction
rates are formed when particles tunnel through centrifugal or
reaction barriers,1 and Wigner threshold laws set the behavior
of reaction cross sections at these low energies.2

The pioneering work of Herschbach and Y. T. Lee set the
stage for gas phase reactive scattering studies using crossed
molecular beam configurations with collision temperatures
exceeding 100 K.3−5 Orbiting resonances were observed in this
temperature range by cleverly choosing collision partners for
which these resonances appear at relatively high energies.6,7

Later, by varying the angle between the beams Toennies and
collaborators were able to reach collision temperatures above 5
K.8 Since then, many different avenues have been explored,
attempting to reach even colder temperatures. These include
CRESU (Cinet́ique de Reáction en Ecoulement Supersonique
Uniforme) experiments where the reactants are seeded in a
supersonic expansion ensuring thermal equilibrium.9−11 An-
other school of thought uses buffer gas cooling to realize these
cold collisions.12,13 Additional methods have been used to study
inelastic collisions, by incorporating Stark deceleration14 into
crossed-beam configurations.15−18 Alternative promising meth-
ods, which can be used to control colliding beam velocities,
include Zeeman,19,20 optical,21 mechanical,22 and moving trap
deceleration.23,24 Further cooling techniques could subse-
quently be applied, such as single-photon cooling,25,26 to
reach well into the cold regime.
Only a small number of experiments have reported reactive

collision temperatures at or below 1 K,13,27−30 either with laser

cooled or buffer gas cooled reactants. Recently we have realized
this goal by measuring cold Penning ionization reactions down
to 10 mK utilizing a merged supersonic beam setup.31

Employing merged supersonic beams for cold reactions was
also theoretically proposed and analyzed by Wei et al.32 In the
model presented in Wei et al.,32 the collision energy and
resolution are defined by the velocity standard deviations
(STD) and mean velocities of the beams at the merging point.
Another model proposed by Scharfenberg et al.33 for crossed
beam experiments at variable angles and velocities similarly
defines the collision energy and resolution according to these
parameters at the crossing point. Such models adequately
describe collision experiments where the supersonic source
pulse duration is comparable to the propagation time. However,
if we assume that the phase-space distribution does not change
during free flight and the beam temperatures remain equal to
the initial values, which in our case were 440 and 160 mK for
the two beams, the lowest overall collision temperature
measured should not have reached below 350 mK (30 μeV).
Moreover, the energy resolution calculated by these models
would not have enabled us to resolve the shape resonances
observed in Henson et al.31

We suggest here that the short pulsed beam dynamics, which
have been overlooked in the past, enable the observation of
much lower collisional energies and better resolutions than
anticipated. We present a model in which the velocity STD and
mean velocity of the beams at the merging (crossing) point are
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affected by the free flight of the beams. The free propagation of
a pulsed supersonic beam forms a correlation between the
mean velocity and position within the cloud. In other words,
faster particles are mostly situated in the front of the beam,
while the slower particles tend to reside in the back of the
beam. In order for the phase-space density to be conserved, the
STD of the velocity distribution must decrease at any given
spatial slice of the beam. The calculated resolutions of the
collision energy are in line with those needed to resolve the
observed features.31 The model also indicates that shortening
the detection time duration will improve the observed
resolution.
Dispersion in the beam velocity distribution has been

employed in the past to perform velocity dependent studies.
Usually this was done by using a chopper wheel to select a
short portion of transient molecules formed by a pulsed
nozzle34 or a laser ablated source.35 In our case the pulsed
opening durations of our supersonic source, the Even-Lavie
valve,36 are short enough for the dispersion to form without the
need for velocity selection, as we will show.
Briefly reviewing the experimental setup from Henson et

al.,31 beams of H2 and He were produced by Even-Lavie
valves36 at a relative angle of 10°. Immediately after the He
beam valve is a dielectric barrier discharge (DBD),37 which was
used to excite the ground-state He to the metastable 23S level,
which will be denoted by He*. The He* beam then entered a
curved magnetic quadrupole guide that merged the He* with
the straight H2 beam. The H2

+ Penning ionization reaction
products were detected with a quadrupole mass spectrometer
(QMS) positioned at the quadrupole guide exit. The collision
energy was tuned by changing the temperature of the H2 valve
and by seeding the H2 in noble gases from 60 meV (700 K)
down to 0.9 μeV (10 mK).

2. THREE DIMENSIONAL MODEL OF BEAM
DISTRIBUTION

We approach this problem from a one-dimensional perspective
analyzing the distribution in the longitudinal direction first and
the transverse directions later. We assume the particle
distributions are normal in velocity and temporal space. The
initial distribution of the beam can be described by eq 2.1, in
which t and v are the time and velocity variables of the
distribution, μ is the mean velocity of the beam, while σv0 and σt
are the velocity and temporal STDs, respectively, where σt
corresponds to the valve opening duration. To propagate the
beam over a time-of-flight τ, we apply the transformation z = μt
+ vτ → t = (z − vt)/μ, where z is the variable describing the
position within the beam. The resulting phase-space distribu-
tion (PSD) is described by eq 2.2.
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In our merged beam experimental setup,31 we generate
supersonic beams using Even-Lavie valves,36 which have
opening duration STDs as short as 4 μs and the distance to
the detection volume is 0.44 m. Figure 1a shows the initial PSD
of the beam at the valve and the PSD at the detector for our
setup’s parameters plotted according to eq 2.2 for τ = 0 and
(0.44 m)/μ, respectively. After the propagation, the PSD has
become skewed and the local velocity STD has decreased. The
values for the STD and mean of the velocity distribution at a
given position z are denoted by σv and μz, respectively, and are
calculated explicitly in eqs 2.3 and 2.4. These values are also

Figure 1. Shows the phase-space distributions in the longitudinal direction (eq 2.2) of a supersonic beam with a mean velocity of 770 m/s at the
origin (red) and after propagating 0.44 m to the detector location (blue). The plotted circles indicate the half-maximum of the distributions in phase-
space. The opening duration STDs of the beams are 4 μs (a) and 50 μs (b), where the former satisfies the condition in eq 2.5, while the latter does
not. The decrease in the local velocity STD of the beam is more pronounced in (a), where the opening duration is short, in comparison to (b),
where the opening duration is long.
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provided according to zm, which denotes the position of the
center of the beam, where zm = μτ.
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The local velocity STD, σv, becomes much smaller during
free propagation if the time-of-flight satisfies eq 2.5. This
condition sets the required opening duration necessary to
achieve the local reduction in collision temperature. For
example, if we desire a reduction of an order of magnitude in
the local velocity STD at a collision distance located 0.5 m away
for a beam traveling at 800 m/s with an initial velocity STD of
35 m/s, the opening duration STD must be shorter than 3 μs.
When the condition in eq 2.5 is not satisfied, the correlation
does not have enough time to form and there is no significant
decrease in the local velocity STD, as seen in Figure 1b, in
which σt has been taken as 50 μs, corresponding to an opening
duration that can be achieved with a standard pulsed supersonic
nozzle. In this case, the time evolution of the beam PSD
resembles that of a continuous supersonic beam.

μσ
σ τ

≪ 1t

v0 (2.5)

We now turn to calculating the distribution of the beam in
the transverse directions. This is similar to the longitudinal
direction, except for the calculation of the initial beam size,
which cannot be estimated by the valve opening duration,
because the mean velocity in this direction must be zero.
Instead the valve orifice size is used to approximate the STD of
the initial spatial distribution denoted by σx. The resulting PSD
in the x(y) direction is given by eq 2.6, where vx and x0 are the
variables for the velocity and initial position respectively, while
σv0 is the initial velocity STD. Applying the transformation x =
x0 + vxτ, where x is the variable for the position after
propagation in time, τ, we find that the PSD is given by eq 2.7.
The local STD and mean of the velocity distribution in the x(y)
direction are given by eqs 2.8 and 2.9, respectively.

ρ
πσ σ σ σ

= − −
⎪ ⎪

⎪ ⎪⎧
⎨
⎩

⎫
⎬
⎭

x v
v x

( , )
1

2
exp

2 2x
v x

x

v x
0

2

2
0
2

2
0 0 (2.6)

ρ ρ

πσ σ σ
τ

σ

=

= − −
−

τ

⎪ ⎪

⎪ ⎪⎧
⎨
⎩

⎫
⎬
⎭

x v x v

v x v

( , ) ( , )

1
2

exp
2

( )
2

x x

v x

x

v

x

x

0

2

2

2

2
0 0 (2.7)

σ
σ σ

σ τ σ

μσ σ

σ μ σ
=

+
=

+z

( ) ( )
v

x v

v x

x v

v m x

2
2

2 2 2

2

2 2 2 2x

0

0

0

0 (2.8)

μ
τσ

σ τ σ

μ σ

σ μ σ
=

+
=

+

x x z

zx
v

v x

m v

v m x

2

2 2 2

2

2 2 2 2
0

0

0

0 (2.9)

The He* beam that enters the quadrupole guide does not
freely propagate during the entire time-of-flight. Because the
guide potential is constant in the longitudinal direction and
there is a constant magnetic field gradient trap in the transverse

direction, we estimate that the longitudinal direction is
unaffected, while in the transverse direction the expansion is
halted and the distribution remains static. Thus, in order to
compensate for the quadrupole guide, we shorten the time-of-
flight for the transverse direction by the time traveled in the
guide for the corresponding beam. The DBD creates a short
He* burst at the valve reducing the opening duration STD to
about 1 μs.

3. LOCAL RESOLUTION IN MERGED BEAM
COLLISIONS

To calculate the collision energy distribution, we must first find
the distribution of (Δv)2 = |⎯→v1 − ⎯→v2|

2 = (Δvx)2 + (Δvy)2 +
(Δvz)2, where Δvi = v1,i − v2,i. The velocity indices 1 and 2
denote the beam to which the velocity corresponds, and the
index i ∈ {x,y,z} is used to denote the Cartesian directions. The
variables describing the velocity differences, Δvi, are independ-
ent and therefore we can analyze the distribution on each axis
separately. We take the distribution of vn,i n ∈ {1,2} according
to the normal distributions developed in section 2. Because Δvi
is composed of two independent normally distributed variables,
its distribution must also be normal and is given by eq 3.1 for a
specified position ri. The definition used for a normal
distribution is Nx(μ,σ) = (2πσ2)−1/2 exp{−(x − μ)2/(2σ2)},
where μ is the mean and σ is the STD.
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2 2
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The local STD of the relative velocities, Δvi, is determined
according to eqs 2.3 and 2.8, and the mean is determined
according to eqs 2.4 and 2.9 for the longitudinal and transverse
directions, respectively. The expectation value and STD of the
collision energy distribution are calculated according to eqs 3.2,
3.3, and 3.4, for normally distributed random variables. The
resulting energy STD is given by eq 3.5 and the expectation
value of the energy distribution is given by eq 3.6. The reduced
mass of the colliding pair is denoted by m.
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The energy resolution, which is defined as ΔE/⟨E⟩, where
⟨E⟩ is the expectation value of the energy, can be calculated
analytically for any location in the merged beams. The solid
black curve in Figure 4 shows the energy resolution as a
function of the expectation value at the center of the
overlapped beams.
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4. DETECTED RESOLUTION OF MERGED BEAMS

In the previous section we derived an expression for the mean
and STD of the collision energy as a function of the time-of-
flight and position. However, the experimentally achievable
resolution and mean collision energy depend on the particular
implementation of the detection system. Broadly we can divide
them into two categories. The first category, which includes
time-sliced detection while integrating over a finite detection
volume, is discussed in section 4.1, and the second, which
includes detection in a finite volume while integrating the signal

over the time when the beams merge, is discussed in section
4.2. In our experiment31 products were detected using a
quadrupole mass spectrometer (QMS), with a well-defined ion
collection volume and with the ion current integrated over
time. As such, this detection scheme corresponds to the
category of time-integrated detection in a finite region.

4.1. Time-Sliced Detection in a Finite Region. In a time-
sliced detection scheme, the colliding particles that contribute
to the measured signal originate at a specific time interval, but
from any point within the detection volume. The time-slice

Figure 2. (a, c, and e) Low relative mean velocity case, where vH2
= 800 m/s and σv0 = 38 m/s; (b, d, and f) high relative mean velocity case, where

vH2
= 1470 m/s and σv0 = 62 m/s. (a, b) Phase-space distribution on the longitudinal axis at half-maximum of the He* beam (red), which has a mean

velocity of 770 m/s and initial velocity STD σv0 = 15 m/s, merged with the H2 beam after the beams have freely propagated to 0.44 m. The local
collision energy distributions or LCEDs (c, d) within a 2 cm long detection volume are weighted according to the beam densities at their respective
locations, and their respective positions in the detection volume are indicated by the color-coded vertical dashed lines in (a) and (b). The overall
detected collision energy distribution or DCED (e, f, blue) is formed from the combination of the LCEDs. The DCED is very similar to the central
location LCED (red) in the low relative mean velocity case, while it is noticeably wider in the high relative mean velocity case. The valve opening
duration STDs used in the calculations was 1 μs for the He* beam and 4 μs for the H2 beam.
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chosen in order to maximize the signal is when both beams
merge in the middle of the detection volume.
The collision energy distribution is simulated numerically for

each relative mean velocity between the beams. This is done by
generating sets of the values {Δvx,Δvy,Δvz} according to the
respective distributions of Δvi given by eq 3.1. The STDs σvn,i
and means μn,i(ri) of these distributions at each location within
the detection volume are given by eqs 2.3 and 2.4 for the
longitudinal direction and eqs 2.8 and 2.9 for the transverse
directions. The corresponding collision energy for each set is E
= m/2((Δvx)2 + (Δvy)2 + (Δvz)2). The generated energies are
distributed according to the collision energy distribution at the
given location, which we call the “local collision energy
distribution” (LCED).
The next step is to find the LCEDs at different locations

within the detection volume and then combine them to form a
set of energies distributed according to the overall “detected
collision energy distribution” (DCED). The impact of each
LCED on the overall energy distribution is weighted according
to the relative density of the beams at the location of the
LCED. The local density of each beam is determined by the
product of the densities on each axis. The density on each axis
is given by the PSDs in eqs 2.2 and 2.7 for the longitudinal and
transverse directions, respectively, after integrating out the

velocity. The product of the local densities of the beams
determines the weight of each LCED.
To explain the significance of the finite collection region, we

will discuss two separate examples; the two beams merge at a
low relative mean velocity of 30 m/s and at a high relative mean
velocity of 700 m/s. In our measurements in Henson et al.,31

the velocity STD of the H2 beam was 38 m/s for the low
relative velocity case and 62 m/s for the high relative velocity
case. In Figure 2a the PSDs on the longitudinal axis of the two
merged beams are plotted for the low relative velocity case. The
two PSDs are skewed at approximately the same angle. In
Figure 2c several weighted LCEDs are plotted, whose
corresponding locations on the z axis are indicated by the
color coded dashed lines in Figure 2a. As one can see, the
DCED (Figure 2e) is very similar to the central location LCED
and is not widened by the off-center LCEDs. This is a direct
result of PSDs being relatively parallel (Figure 2a), such that
the mean collision energies of the off-center LCEDs do not
vary enough compared to the local STD, to widen the DCED.
This is no longer true for the high relative mean velocity case
where the angle between the PSDs (Figure 2b) is clearly visible.
In Figure 2d, the LCEDs are plotted in the same scheme as in
Figure 2c, but in this case, the DCED is noticeably wider than
the central LCED at the half-maximum (Figure 2f). The STD

Figure 3. (a, c) Low relative mean velocity case, where vH2
= 800 m/s and σv0 = 38 m/s; (b, d) high relative mean velocity case, where vH2

= 1470 m/s

and σv0 = 32 m/s. The local collision energy distributions or LCEDs (a, b) at different times and locations along the propagation axis within the 2 cm
long detection volume, are normalized according to their respective beam densities. The overall detected collision energy distribution or DCED (c, d,
blue) is formed from the combination of the LCEDs. The DCED is very similar to the central location and time LCED (red) in the low relative
mean velocity case, while it is almost twice as wide in the high relative mean velocity case. The seven LCED time-slices in (a) and (b) were chosen
linearly in ascending order in the 52 μs window when the center of the He* beam, which travels at 770 m/s with an initial velocity STD σv0 = 15 m/s,
is located inside the detection volume and their respective locations are indicated by the color-coded dashed vertical lines in Figure 2a and b,
respectively. The valve opening duration STDs used in the calculations was 1 μs for the He* beam and 4 μs for the H2 beam.
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of the DCED is likewise larger than the STDs of the LCEDs, as
will be discussed in section 5.
The QMS ion detection volume was cylindrical in shape with

a length of 2 cm and a radius of 5 mm, which are the values
used in the calculations. The locations taken in the calculation
of the DCED were on the z axis disregarding the changes in
mean energy in the transverse direction. This approximation is
valid since at the maximal transverse radius of 5 mm the
condition (μ1,i(ri = 5 mm) − μ2,i(ri = 5 mm))2/(σv1,i

2 + σv2,i
2 ) ≪

1;i ∈ {x,y} is satisfied, which means that the mean collision
energy given by eq 3.6 varies negligibly compared to the STD
given by eq 3.5. In fact, for the worst case parameters where the
beam velocities are equal we find that (⟨E⟩(rx = 5 mm) −
⟨E⟩(rx = 0))/ΔE(rx = 0) < 10−4.
By decreasing the size of the detection volume, the detected

energy resolution would improve at the price of the number of
products collected, though for this case the improvement is not
substantial. In other words, the 2 cm length of our detection
volume is very close to optimal for a merged beam setup at the
beam velocities used. We will show, however, that this is no
longer true for a time-integrated detection implementation in
section 4.2.
4.2. Time-Integrated Detection in Finite Region. In a

time-integrated detection scheme, the signal can originate at
any time as well as from any point in the detection volume. The
DCED is therefore determined in the same way as in section
4.1, except that the weighted LCEDs are taken from different
time-slices as well as different locations. Figure 3a and b show
several such LCEDs on the longitudinal axis of the merged
beams in the low and high relative mean velocity cases,
respectively. The DCED for the low relative velocity case is also
similar to the central location and time LCED (Figure 3c),
which originates from the time-slice when the centers of the
two beams meet in the middle of the detector.
In the high relative velocity case we see the same broadening

effect of the DCED as in the time-sliced implementation,
except that it is more pronounced (Figure 3d). The mean
energy of the off-center LCEDs varies much more in this case
than in the equivalent time-sliced case. This effect can be seen
intuitively by “moving” the H2 phase-space distribution in
Figure 2b on the position axis over the He* beam distribution
and looking at the mean velocity at the densest overlap
locations. The DCED is more than twice as wide as the central
LCED at the half-maximum. This means that by decreasing the
detection duration, the detected energy resolution would
improve at the price of the number of products observed.

5. DETECTION METHOD COMPARISON
We have shown in section 4 that the two different detection
implementations discussed have an impact on the resolution
observed. The optimal resolution in this kind of merged beam
setup will always be achieved with a small temporal and spatial
detection system, since it corresponds directly to the local
collision energy STD. At low relative mean velocities the
resolution is not greatly affected while at high relative mean
velocities the difference is substantial. Figure 4 shows a
comparison of the resolutions expected for each implementa-
tion. The velocity STD of the H2 beam was taken as σv0 =

0.034·vH2
+ 12.35 m/s, from a fit of the velocity STDs measured

in Henson et al.31

The dashed purple curve in Figure 4 shows the resolution
without the phase-space correlation effect, which lowers the

local velocity STD, as described in section 2 and as would be
achieved with quasi-continuous or continuous nozzles. The
resolution in this case is up to an order of magnitude worse.
The Penning ionization reaction rate results in Henson et al.,31

which are shown in Figure 5, and specifically the energy
differences between the resonances detected indicate that these
resonances would not have been resolvable without the phase-
space correlation effect. The resonance at 0.2 meV has a
resolution of 0.88 for a quasi-continuous nozzle. Clearly, the

Figure 4. Comparison of resolutions calculated according to the
different detection implementations discussed in section 4, and the
quasi-continuous nozzle resolution as a function of the collision
energy. The local resolution (black-solid) is determined analytically
according to eqs 3.5 and 3.6, and corresponds to a detector with an
infinitesimal temporal and spatial detection volume. The time-sliced
resolution (red) is determined numerically according to section 4.1,
and corresponds to a detector with a short detection time-slice and 2
cm long detection volume. The time-integrated resolution (blue) is
determined numerically according to section 4.2 and corresponds to a
detector that perpetually collects products in a 2 cm long detection
volume. The quasi-continuous or continuous nozzle resolution
(dashed-purple) is determined by the initial velocity STDs,
disregarding the correlation formed in the phase-space distribution
during free propagation. The markers on the time-sliced and time-
integrated resolution lines indicate the numerically calculated values.

Figure 5. Penning ionization reaction rate results for He* + H2 → He
+ H2

+ + e− in the energy range which includes the shape resonances as
published in Henson et al.31 The two resonances are located at the
energies 0.02 and 0.2 meV. For a mean collision energy of 0.2 meV,
the predicted collision energy STD attained with a quasi-continuous
nozzle is 0.17 meV, as shown in Figure 4. Resolving the resonance
located at 0.02 meV would have been difficult with such a nozzle.
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width of the observed peak is narrower than the predicted STD
of 0.17 meV by an order of magnitude. Moreover, the
resonance at 0.02 meV is located about one standard deviation
away, which would have made it very difficult to resolve.
As expected, the resolution improves by up to a factor of 2 at

high collision energies between time-integrated and time-sliced
detection implementations. The difference between the time-
sliced and local resolution is not substantial at any collision
energy, indicating that the 2 cm length of the detection volume
is close to optimal with respect to the size of the system and
velocities of the beams.
At collision energies above 7 meV, the gap between the time-

integrated and time-sliced detection cases gets smaller. The
velocity of the H2 beam becomes so fast, above 2700 m/s, that
the correlation in phase-space does not have enough time to
form. This can be described formally by the condition (eq 2.5)
for the decrease of velocity STD, which begins to break down.
The high energy region is also where reaction rates are
relatively high in Henson et al.,31 such that it may be possible to
concede some of the signal intensity for improved resolution.
The lowest attainable collision energy in the merged beam

system is constrained by how well the two beams are merged.
For example, if the angle between the beams is 1° after the
merging process and the relative velocity between the beams is
zero, then the collision energy will be about 1.5 μeV, which is
more than six times the “perfectly” merged minimal collision
energy. However, because both beams propagate along the
same axis, a merging angle of less than 0.7° can easily be
achieved using an aperture. The corresponding lowest collision
energy is less than 0.86 μeV (10 mK), and the resolution is
uncompromised.

6. CONCLUSIONS

We have shown that during free flight propagation of a pulsed
supersonic beam, the local velocity STD decreases, due to
correlations formed in the PSD. This decrease becomes
significant when the opening time of the valve is short
compared to the overall propagation time (eq 2.5). The
proposed model predicts that in the example merged beam
system the observed collision energies will be 2 orders of
magnitude lower and the resolution will be an order of
magnitude better than in the case where the beam distribution
is constant, which corresponds to a quasi-continuous beam.
These predictions fit well with the observed Penning ionization
reaction rates in Henson et al.,31 with respect to the shape of
the resonant peaks and their energy positions. Another
prediction shows that by adapting the detection system, such
that it detects products during short time-slices, the resolution
will improve by up to a factor of two.
The short opening duration valves provide an added

advantage to a merged beam system enabling the measurement
of collisions well into the cold regime, down to 10 mK.
Understanding this model may allow even colder temperatures
to be reached in a merged beam setup, by increasing the time-
of-flight of the beams, for example, or lead to completely
different systems that leverage the PSD correlation formed to
their advantage.
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