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Abstract—A new method based on the kinetic description of a supersonic pulsed jet is proposed for the deter-
mination of the parameters of the atomic interaction potential. Analytical relationships are established between
the peak position of the observed time-of-flight spectrum, on the one hand, and the source conditions and inter-

action potential parameters, on the other.
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Supersonic pulsed jets and molecular beams have
been used in various fields of physics and chemistry; in
particular, the jet property of experiencing deep cooling
in reciprocating and internal degrees of freedom is
widely used. This property makes it possible to deter-
mine the kinetic coefficients of a gas at low tempera-
tures down to 1 K.

A method was developed for the determination of
the atomic interaction potential from the parameters of
a steady supersonic jet (the kinetic temperature and
velocity slip) measured as functions of the jet-source
conditions (pressure, temperature, nozzle size, and gas
composition) [1-5]. The details of this method as
applied to pure inert gases and their mixtures are
described in [6]. The molecular beam parameters are
determined using a time-of-flight method, which makes
it possible to measure the time-of-flight spectrum,
restore the distribution function from this spectrum,
and obtain all moments of the distribution function
(density, mean velocity, and temperature). Supersonic
pulsed jets can also be treated in this manner (experi-
mental setups with supersonic pulsed jets are one to two
orders of magnitude cheaper and more compact than
setups with steady jets). However, the restoration of the
distribution function from the time-of-flight spectrum
requires the solution of an integral equation of the con-
volution type, which is an ill-posed problem [7]; this
means that even a small noise in the spectrum can give
rise to a great error in the restored function. The numer-
ous existing regularizing algorithms require the exact
knowledge of the instrumental function, which is in
most cases impossible, and a satisfactory accuracy is
only achieved with a great distortion of the real distri-
bution function [8].

Here, we propose a base for the determination of
the parameters of the atomic interaction parameters
from the kinetic description of supersonic pulsed jets
[9, 10]. The atomic interaction potential parameters
can be derived from the time-of-flight spectrum,
namely, from the instantaneous particle density as a
function of time.

Fundamental Relations

In the derivation of the fundamental relations, we
will use the following mathematical model of a time-
of-flight experiment: at the moment of closure of the
pulsed valve (¢ = 0), the gas packet starts to travel in the
direction of the detector and passes the time-of-flight
base with length L, which is the distance from point 7
[9] to the detector. The detector cuts a cylinder with
base y, (v is the inlet diameter of the detector) from the
gas packet and detects the inlet-surface-average instan-
taneous density N(f) of a-type particles. At moment ¢,
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where r = [(Ly — uy,,)?1"2, and ny(7, 1) and uy, are
defined in [9, 10].
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4o » the maximum position of the time-of-flight
spectrum for the oo component of the mixture, can be
determined experimentally with a good accuracy. The
expression for 7y, was derived from the equation
dN(H/dt = 0. For a one-component beam, using
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expressions for na(;’, 1) {see Egs. (19) and (10) in [9]},
we have

_2n A
max 3n-4 " 8n—4
e —A = (p)) " Ciloa'B. 2

0 . .
Here, p, is the source pressure, C, ., is the constant of

the interaction potential, V(1) = —C, 4,/r", and A and
B are functions of L, and the source conditions. Being
cumbersome, they are not given here (see [11]). Here,
all quantities are dimensional.

Next, from the starting data (the source temperature,

gas molecular weight, and setup geometry), we calcu-
late A and B. Then, n and the force constant C, ,,, can

be determined from 7~ as a function of py in the log—
log space.

The method can also provide data on the interaction
potential of dissimilar particles. To obtain such data, we

should roughly determine nu(;, t) from the Knudsen
number Kn [10]:

2n

> 0 3n-4 0 1
ny(r,t) = noyoKng (e +10yq)-

To calculate y(ll, we should know the velocity slip

Aw,, g. Simple but cumbersome transformations result
in an expression for the shift of the component density
peaks, which is suitable for data processing:

3n 4 2
ts;x =D 3n—4C 3n—4Cn?;[;4(t;13x_A). (3)

n, oo

Expression (3) determines C, ., from experimental
data, as for a one-component gas. D, as A or B, depends
on the nozzle conditions and the setup geometry.

Lastly, let us determine the applicability limits of
the method. Expressions (2) and (3) for the peak posi-
tion of the time-of-flight spectrum account for the con-
tribution from the particles received by the detector
directly from the source. Therefore, the experiment
should exclude the detection of background particles
received by the detector after scattering by the walls of
the vacuum chamber (a secondary signal). Let the char-
acteristic size of the working volume of the vacuum
chamber be /,. The size of the gas packet R, after it
flights base distance L can be estimated at

1/2

Ry = R+ (SRT)"*(5RT) "Ly= R, +0.3L,.

From the nondisturbance of the main signal by the sec-
ondary one (R, < /) and with account for the expression
for R, [9], we can determine the upper boundary for the
nozzle operation time as

To <™ = 7.8x107°(1y— 0.3Ly) d .
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In real experimental settings (d = 0.01 cm, [, = 10 cm,

and Ly=30cm), T, is on the order of a second. More-

over, from the expression for T, , base distance L,
should not exceed ~3/, to exclude the appearance of a
background signal.

On the other hand, there should be a lower bound of
T, that ensures the existence of a near-continuum
regime at point 7, near the nozzle, where the gas packet
is generated [9]. To find it, we should set the maximal
Knudsen number value at point r, that still ensures the
near-continuum regime. From the numerical solution of
the Boltzmann’s equation for this problem [11], we can
set with an acceptable accuracy that Kn,< 5 x 10~. This
gives us the lower bound for T:

21" = 3% 107d(phd) .

In so doing, we set that Tg =300 K. For typical con-
ditions (d = 0.01 cm and py = 1 atm), 15" = 30 ps.
Interestingly, estimates for the same conditions per-
formed in [12, 13] gave a close value (~20 ps).

We should emphasize that the method exploits the
model of a spherical gas packet generated at a certain
distance r, that ensures continuality. These assump-
tions, however, do not seem very strained for the fol-
lowing reasons. First, for rather long times of expansion
(t> 1), the gas packet forgets the initial conditions and
its initial shape approaches a sphere [14]. Second, usu-
ally, r, < L, and the linkage site does not affect the final
result.

To summarize, we have developed the fundamentals
of a new method for the determination of the atomic
interaction potential parameters in terms of the kinetic
model of the expansion of pulsed beams of one-compo-
nent gases and their mixtures. We derived analytical
relations between the peak position of the time-of-flight
spectrum, on the one hand, and the jet-source condi-
tions and the interaction potential parameters, on the
other. The applicability of the method regarding vari-
able experimental parameters and setup geometry has
been determined.
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