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A new calibration method for slotted disk velocity selectors is presented and is compared with

other calibration procedures.

It is based on the measurement of the velocity distribution of a supersonic molecular beam

produced by a room temperature source.

The error due to the assumed theoretical distribution and to experimental procedure is
discussed. It is shown that the velocity scale is known to within 0.8%.

Introduction

Slotted disks velocity selectors (SDVS) are widely
used to produce molecular beams with a well
defined velocity and to study the velocity distribu-
tion of beams produced by effusive or hypersonic
sources.

The relevant characteristics of SDVS (velocity
resolution, transparence, sidebands elimination)
have been widely discussed1—4. They are evaluated
from the geometry of the rotor assembly but may
be influenced by the experimental conditions
(angular divergence of the beam; misalignment
with the rotor axis). In particular the velocity of
the selected particles may not correspond to the
nominal one. On the other hand, improvements in
the experimental techniques of beam production
and detection, for alkali and, more recently, for
non-alkali systems, allow the resolution of many
different “‘lines” in the “collisional spectra’ of these
substances. However, the information content is
strictly correlated5.6¢ to the uncertainty in the
velocity scale.

In this note a new method of velocity selector
calibration, using supersonic molecular beams, is
reported. The assumed velocity distribution is
discussed taking into account some recent experi-
mental 7 and theoretical results 8 9. The advantages
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and disadvantages of this method are discussed and
compared with other calibration procedures10-12,

Calibration Methods

A velocity selector rotating at a frequency »
transmits molecules in a well defined velocity range.
The maximum of the transmission is given at the
nominal velocity vy which, in the ideal conditions
(beam with no angular divergence and parallel to
the selector axis) is given by

vo= 2aL|/®D)-» (1)

where @ is the angular shift and L is the distance
between the first and the last disk. The quantity
27 L|® is the nominal calibration factor (f) of the
selector.

The transmitted velocity distribution is

T (vo) = Tl(v) B (v, vg) dv
0

(2)

where B (v, vo)! is the transmission function and
I (v) is the velocity distribution of the beam. If the
beam is not parallel to the selector axis the angle @
may be replaced by an effective angle @ + 4,
and the nominal calibration factor fo by the effective
calibration factor

f=2aL/(® + 4) (3)

5 U.Buck and H. PauLy, J. Chem. Phys., 54, 1929 [1971].

6 P. Cantini, M. G. Doxp1, G. ScoLEs, and F. TorELLO,
J. Chem. Phys., to be published.

7 F. ToreLLo, AIAA J. to be published and references
cited there.

8 R. H. Epwarps and H. K. CHExG, Proc. V Rar. Gas
Dyn (ed. Brundin), Acad. Press New York 1967, p. 819.

9 N. C. FrReemaN and D. R. THomas, Proc. VI Rar. Gas
Dyn. (ed. Trilling and Wachmann) Acad. Press, New
York 1969, p. 163.

@NOIS)

in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

) Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:

Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



A SLOTTED DISK VELOCITY SELECTOR

while the transmission function is weakly dependent
on the angle Al. It is generally experimentally
difficult to make A negligible in respect to @ by
optical alignment due to the constraints of the
experimental set up. For this reason different in situ
calibration techniques have been used which can
be schematically grouped as follows:

a) methods which use mainly the geometric
properties of the selector,

b) methods which use the knowledge of the velo-
city distribution of a reference beam.

In the case a) selectors which allow the choice of
two different ranges of velocity for the transmitted
particles, corresponding to clockwise or counter-
clockwise rotation, are used!3. By comparing the
different measured frequencies corresponding to the
same velocity (often the maximum of the transmitted
distribution) it is possible to determine the angle A.
In this case attention must be paid to the fact that
the maxima of the transmitted distribution may
not correspond to the same velocity, especially for
narrow distribution and non symmetric trans-
mission function. This method was recently
improved using symmetric selectors10.11 ie. with
the same characteristic (including the transmission
function) when they rotate clockwise and counter-
clockwise. In this case the calibration is completely
independent of the beam properties. Symmetric
selectors are not always available and convenient.
Some authors use inclined tooth selectors3.14 in
order to increase the transparency; therefore, no
arrangement of the disks can give a symmetric
selector in this case.

In case b) a theoretical velocity distribution is
compared with the experimental intensity as a
function of the rotor frequency. This method has
been generally used with maxwellian beams effused
from a source at a known temperature. Due to the
relatively small intensity of such a beam, sensitive
detectors are required. The background pressure
must be low enough to avoid changes in the shape
of the velocity distribution due to velocity depen-
dent 15,16 gcattering of the beam molecules by
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residual gases. It is very hard to fulfil these two
conditions for non alkali beams. We describe here
a calibration method which avoids these difficulties
by using a supersonic molecular beam.

Velocity Distribution
of a Supersonic Molecular Beam

A supersonic molecular beam is produced by
sampling a free expanding jet with a collimator of
proper shape called a skimmer. Because of the
different flow conditions along a single flow line,
the problem of free expanding jets is not jet
completely understood even in the relatively simple
case of an ideal monatomic gas. HAMEL and
WiLLis1?7 proposed a maxwellian distribution
function with respect to the bulk velocity separated
into two factors for the degrees of freedom parallel
and perpendicular to a flow line (ellipsoidal model).
The mean random velocities parallel and perpendi-
cular to the flow are generally different (Cy, C))
and define the “temperatures” 7' and 7', via the
usual equation:

Oy = VEKTII/L/’”

where K is the Boltzmann constant and m is the
molecular mass. Experimental results 7 and theore-
tical calculation® have shown that the ellipsoidal
model is a good approximation for the real distribu-
tion. The agreement is particularly good for the
parallel distribution, so that the usual velocity
distribution for a supersonic beam1!8 is assumed
to be

f(v)dv o< v3exp[— (m[2KTy) (v —u)?]dv  (4)

where w is the bulk velocity and 7' the parallel
temperature at the skimmer. Introducing the
dimensionless velocity x

x =v(2KTo/m)"1/2

where 7T, is the source temperature, and the
parallel speed ratio S| defined by:

S” = u(2KT“/m)—1/2
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Eq. (4) becomes:

g (x) dz o< a3 exp dz. (5)

(5o

The energy conservation law for a monatomic gas
combined with the hypothesis of adiabatic expan-
sion and an ellipsoidal velocity distribution gives19

$§KTo=4mu?+ 3 KT+ KT, . (6)
For isotropic temperature at the skimmer (7', = 7))
To/Ty =1+ %852 (7)

while in the limiting situation of 7', /7T < 1

To/Ty =%+ %8)%. (8)

Taking into account Egs. (7) and (8), the dimension-
less velocity distribution is

g (x) dz o< a3 exp[— (x ]/a + 282 — §))2]dz (9)

where a lies between 3/5
and 1. Eq. (9) like Eq. (4),
contains two parameters,
but at high S; values
(S > 10) the dimensionless
most probable velocity xym
is almost independent of
S| and is very weakly de-
pendent on a.

In Fig. 1 the xy values
as a function of S| for the
two limiting values of a
are reported. In the same
figure the xy values for
a equal to zero, which
correspond to the usual
approximation  obtained
by replacing the bulk ve-
locity with “its limiting
(Sll — o0) value oo
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Table 1. Specifications of the velocity selector (manufac-
tured by Gersing & Hess, Bonn, Germany).

Number of disks 6

Disk diameter 158.6 mm
Disk thickness 1.5 mm
Number of slits per disk 280
Length of slits (in radial direction) 8 mm
Slit width 0.8 mm
Wall thickness between slits:

at base of slits 0.8 mm
at top of slits 0.89 mm
L 100.35 mm
(%} 0.1683 rad.
Resolution (F. W. H. M.) 5.03%

The nozzles used were 0,027 and 0,063 mm in
diameter and the skimmer diameter was 0.41 mm.
The nozzle-skimmer distance was 3.5 mm. Typical
background pressures were 51075 torr in the

= V32K To/m, e

are also shown.

Experimental

Velocity distribution of supersonic molecular
beams were measured in an apparatus built for the
study of the energy dependence of He4-He* integral
collision cross sections20. Relevent dimensions of
the selector are given in Table 1.

10

Fig. 1. »y as a function of §: —a=1; —— —a =1}

$; ———a=0.
expansion chamber and 1 -10-6 torr in the detec-
tion chamber.

We carefully measured the nozzle temperature to
avoid systematic errors. The nozzle, made of
copper, is in good thermal contact with a thermos-
tat, filled with water several hours before the

19 E. L. KxutH and S.S. FisHER, J. Chem. Phys. 48, 1674 [1968].
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measurements at a temperature 7'y (see Fig. 1,
Ref. 6); T is measured with a mercury thermo-
meter to within 0.1°C. A platinum resistance
thermometer is used to check that the source
temperature remains constant when gas flows
through the nozzle.

All the distributions were measured at room
temperature. Several monatomic gases (Ne, Ar, Kr)
of commercial purity were used at various stagna-
tion pressures.

The theoretical intensity at the detector I (xp) is
computed by numerical integration of the equation.

I(ee) o ;Fg (2) B (z) B'(z, x0) do

(10)

where B’'(x, x¢) is the transmission function of the
selector, E (x) is the efficiency of the detector (in
our case it is assumed to be proportional to z2).
By comparison of the experimental intensities as a
function of the selector rotational speed with I (zo)
(with @ = 1 in g(x)) on a log-log plot, we deter-
mined, for the best 8| value, the factor ¢ between
the dimensionless velocity and the frequency
scale. The calibration factor of the selector f is thus
obtained multiplying ¢ by (2K7y/m)1/2 where T
is the measured nozzle temperature. In Table 2 the
f values obtained in different experimental con-
ditions are reported. No systematic variation of f
for the different gases used and for the various

Table 2. S and f values (in m sec~! Hz~1) obtained under

different experimental conditions [ Py is the stagnation pres-

sure in the nozzle (in Torr.), 7 is the nozzle temperature
(°K), Ngq is the nozzle diameter (in mm.)].

Gas Po To Nd S” /
Argon 209.4 208.2 .063 11.0 3.626
219.5 298.8 .063 11.2 3.636
221.6 208.1 .063 114 3.618
507.4 298.4 027 11.8 3.637
708.7 208.6 .027 13.0 3.641
Krypton 153.7 297.9 .063 10.2 3.682
152.6 208.2 .063 10.2 3.604
516.5 297.2 .027 124 3.598
516.0 297.3 027 124 3.594
715.2 297.0 .027 134 3.614
717.0 297.0 .027 13.6 3.615
Neon 713.0 295.5 .027 10.0 3.656
712.0 295.5 .027 10.0 3.641

20 M. G. Do~pi1, G. Scores, F. ToreELLo, and H. PauLry,
J. Chem. Phys. 51, 392 [1969].

21 J. E. Scorr and J. A. PHIPPS, Proc. V Rar. Gas Dyn.
(ed. Brundin) Academic Press, New York 1967, p. 1337.
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speed ratios seems present. The standard deviation
of f from its mean value is 0.6%; an additional
error of 0.29%, is due to the uncertainty in the para-
meter a. The measured value of the calibration
factor is 3.1% less than the nominal one; the
misalignment angle between beam direction and
selector axis is thus 3,72 x 10-3 rad.

a 1(x) [arb. units]
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Fig. 2. A typical measured distribution as a function of the

reduced velocity (Gas: Argon; nozzle diameter 0.027 mm;

stagnation pressure 708.7 Torr; nozzle temperature 298.6

°K). The solid curve is the calculated energy flux distribu-
tion [Eq. (10)] with S, equal to 13.0.

In Fig. 2 a measured distribution is reported ; the
full line is the normalized theoretical curve [Eq. (10)]
with the 8| value which gives the best fit. The error
on S is in any case less than 2%, . It is apparent
that the assumed velocity distribution agrees very
well with the measured intensities; there is only a
small deviation at high velocities where the experi-
mental curve has a higher tail, in agreement with
measurements of several authors21, 22, Probably the
assumed velocity distribution is inadequate at

22 N. ABUAF, J. B. ANDERSON, R. P. ANDRES, J. B. FENN,
and D. R. MILLER, ibidem, p. 1317.
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high velocities. At lower source pressures the
theoretical curve gives a poorer fit to the experi-
mental results. There is an excess of fast molecules
and deficiency of slow ones, in agreement with pre-
vious measurements of velocity distributions in
supersonic beams with low S| 21-23, and in effusive
beams 14, 24-27,

Conclusions

The velocity selector calibration was made in
situ with the same experimental apparatus used
in the He4-He? integral cross section experiments.
The error in the velocity scale is comparable with
those obtained in accurate calibrations using
symmetric selector techniques0.11 or measuring
maxwellian distribution of alkali beams12. The
two main advantages of the calibration reported

23 S. S. F1sHER, Tech. Rept. UCLA n.° 67—5, Los Angeles
1967.

24 R. C. MmLLER and P. Kuscr, Phys. Rev. 99, 1314 (1955).

25 P. M. Marcus and J. H. McFEE, Recent Research in
Molecular Beam (Esterman ed.) Academic Press, New
York 1959, p. 43.
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here are the use of a source whose temperature can
easily be determined with high accuracy and its
applicability to any kind of selector. Supersonic
beams produce large signals at the detector and,
due to their narrow distribution, the velocity
dependent background scattering changes the shape
of the velocity distribution by a smaller amount.
Classical beams have the advantage that the
distribution function is predicted by exact kinetic
theory, but in order to have a Maxwell-Boltzmann
equilibrium distribution, measurements must be
taken at quite high source Knudsen number
(Kn > 10), thus obtaining beams of relatively
small intensity.
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