Lawrence Berkeley National Laboratory
Recent Work

Title
MOLECULAR BEAM SOURCES FABRICATED FROM MULTICHANNEL ARRAYS. PART IV. SPEED
DISTRIBUTION IN THE CENTER-LINE BEAM

Permalink

https://escholarship.org/uc/item/7{d9s5t4]

Authors

Olander, D.R.
Jones, R.H.
Siekhaus, W.

Publication Date
1969-11-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7jd9s5t4
https://escholarship.org
http://www.cdlib.org/

Submitted to J. of Applied Physics ‘ UCRL-~-19084
N
RECEIVED 220
LAWRENCE 9L
RADIATION LABORATORY - o o A
DEC 15 1403

LIBRARY AND
% DOCUMENTS SECTION

S, MOLECULAR BEAM SOURCES FABRICATED FROM MULTICHANNEL ARRAYS
Part III. Speed Distribution in the Centerline Beam

D. R. Olander, R. H. Jones and W. Siekhaus

November 1969

AEC Contract No. W-7405-eng-48

- )
TWO-WEEK LOAN CcOoPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

\_ _/
LAWRENCE RADIATION LABORATORKQ

Y N
~

UNIVERSITY of CALIFORNIA BERKELEY M

$8061-TYDN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by-the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-
>

June 1, 1970

UNTVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-T405-eng-Li8

ERRATA
TO: - All recipients of UCRL-19084
FROM: = Technical Information Division
RE:  MOLECULAR BEAM SOURCES FABRICATED FROM MULTICHANNEL

ARRAYS - Part IV: Speed Distribution in the Center-
line Beam, by D. R. Olander, R. H. Jones and

W. Siekhaus, Inorganic Materials Research Division,
IRL, Department of Nuclear Engineering, College of
Engineering, University of California, Berkeley, Calif.
dated November 1969.

Please correct title of subject report to read as
above, ‘Note that this is Part IV and not Part ITT
as was previously indicated. '

Part IIT is UCRL-19603.




[Aad

UCRL-1908k

MOLECULAR BEAM SOURCES FABRICATED FROM MULTICHANNEL'ARRAYS
Part III Speed Distribution in the Centerline Beam
D. R. Olander, R. H. Jones aAd W. Bilekhaus
Inorgahic Materials Research Division; Lawrence Radiation Laboratory,

Department of Nuclear Engineering, College of Engineering,
University of California, Berkeley, California

ABSTRACT
The collision model utilized by Giordmaine and Wang to describe the
centerline beaﬁ intensity from long tubeé has been extended to account
for molecular speed effects.v The modification was accomplished by utilizing
the velocity dependent mean free path instead of the Maxwellian averaged
value. The analysis shows that the centerline beam intensity (or peaking
factor) is practically unaffected by explicitly accounting for the dis-

tribution of molecular speeds. The speed distribution on the axis of the

"beam, however, 1s depleted of slow speed molecules. -The perturbation of

the Maxwellian spectrum begins at a Knudsen number based on tube length

of ~10. For Knudsen numbers less than ~0.1, the spectrum is no longer depen-
dent of the Knudsen number. The average translational energy of the
centerline beam in the low Knudsen number limit is 5-1/2% greater than that of

a Maxwellian beam.
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an—Maxwellian distributiones of molecular speeds in a molecular beam
from thin-walled orifices have frequently been observed. The perturbed
spectrum, which is deficient in low speed molecules, has been explained
in terms of beam-background scattering by Manistal and ascribed to beam- »~
beam scattering by Estermann et al.
The angular distribution of the efflux from a long tube has been

5

shown by Giofdmaine and Wang” to be governed by intermolecular collisions
within the channel proper. In the following analysis, the model proposed
by Giordmaine and Wang is extended and shown to produce a non-Maxwellian
speed distribution of the molecular beam as‘well.
The total flow rate through a channel can be represented by the
Knudsen formula provided that the Knudsen number based on tube diameter
is of order unity or greater. The angular and velocity distributions,
on the other hand, are much more sensitive to intermolecular collisions
within the channel than is the total flow. In order to achieve the
angular distribution calculated by'Clausingu and a Maxwellian speed spectrum,
the Knudsen number based upon tube length must be greater than unity.
In the speed-independent model of Giordmaine and W'ang5 the center-
line intensity of the molecular beam consists of two parts: 1) a component
due to intermolecular collisions within the channel which result in
scattered molecules directed along the tube axis, 2) a component due
to molecules from the source reservoir which succeed in fravelling down )
the tube axis without colliding with other molecules. ¢
In order to formulate the quantitative contributions of these two
components, the number density within the tube 1s a priori assumed to

vary linearly from a specified value ng in the source reservoir to zero

at the tube exit. At anv point in the channel, the gas in which
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intermolecular collisions occur is assumed to possess an isotropic
angular distribution-and a Maxwellian speed distribution. Intermolecular

scattering is of the classical hird sphere type, with a cross. section of

Mo,

This model is depicted in Fig. 1 for a single circular tube of length
L and radius a. Collision-free flow is considered to prevail downstream
of the exit. (In a multichannel source, each channel is assumed to behave
independently of its.neighbors.) The two contributions to the centerline
beam intensity, jl(v) and jg(v), are drawn off-axis in Fig. 1 for clarity
of illustration only.

Ih the one speed model considered by‘Giordmaine and Wang, fhe probabil-
ity that a molecule produced at location y in the tube escaped without
further collisions was taken as exp[-ngdy/x(y')], where A(y) is the local
mean free path corresponding to the gas density at position y. Since the

gas density is assumed to vary as:

5 y/L | (1)

1l

n(y)

and

il

Ay) = Wemd® n(y)1™t (2)

2 .
the escape probability can be written as exp[-(y/L) /2Kn], where Kn is
the Knudsen number based on channel length:

Kn = xS/L (3)

xs is the mean free path in the source reservoir,
This model may be modified to allow for velocity dependence by
utilizing the classical expression for the mean free path of a molecule

of specified speed in a Maxwellian gas:5

AMz,y) = my)/u(z) (W)
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AMy) is given by Eq. (2) and z is the reduced speed v/, where O = (2kT/m)l/2

is the most probable speed of a Maxwellian gas at the source temperature.

The function ¥(z) i5:” 2
ze % + —g:(l+222) erf(z)

W(z) = | (5)

21 22

If the velocity dependent mean free path of Eg. (4) is utilized in
place of the average mean free path of Eq. (2) the escape probability for
molecules of reduced speed z is exp[—w(z)(y/L)g/QKn]. The function y(z)
approaches infinity as z - 0 and has a limiting value of l//é as z — o,
Because of this dependence on speed, slow molecules have a lower escape
probability than high speed ones. Manistal has applied the concept of
the velocity dépendent mean free path to successfully predict the‘spectrum
hqrdening of a beam from an orifice after passage through a constant density
'background gas. In the present analysis, however, collisions occur within
the beam-forming channel itself, and do not invol&e background species.

Consider the contribution of intermolecular collisions within the
tube to the centerline beam intensity (jl). The probability per second
of a collision between a molecule of reduced speed z with a Maxwellian
gas at a total density of n(y) is the distance travelled in one second
divided by the mean free path of the molecule, Or”JE%TUQ n(y)oz zp(z).5
The number of molecules per second per unit volume in the reduced speed
range betwéen z and z + dz entering collisions is this collision probabiliﬁy
multiplied by the number of molecules with speeds in this range, which

is n(y)fM(z) dz. Here fM(z) denotes the Maxwellian speed distribution:

fM(z) _ A zg.e-z (6)

>y

o)



Accordingvto the principle of detailed balance; the number of mole-

cules in a pafticular speed rang: entoring collisions is equal to the
number of molecules in the same speed range produced by collisions. OFf
the Jéﬂbg[n(y)]g oz (z)'fM(z) dz(ﬂa2 dy) molecules with speeds between

~z and z + dz which are produced per second in a 31ice.dy of the channel,
a fraction 1/km isvemitted into a unit solid angle along the tube axis.
Finally, of fhe moleculeé prbduéed by collisions in dy which have the preper
direction and speed, only a fraction exp[—w(z)(y/L)E/EKn] succeeds in
passing through the remaining gas in the tube aﬁd contributing to the
molecular beam. The jl contribution to the beam (in gnits of molecules/

sec-sr-unit reduced speed) can be written as:

5y (2) = j;L (ma)® Vere® n° o ¥(z) fM(z)(y/L)2~g

i) exl-p()(/a /o] (1)

Performing the integration over y yields:

){_e—z//(z)/QK_n , N erf«/zp(z)/EKn} (8)
* Jy(z)/ern

i (2) = 3, (2

where j. (z) is the Maxwellian speed spectrum of the centerline flux from
M

an ideal orifice of radius a:

jM(z) = (l/u)'ns a2 Qz fM(z) | . : (9)

The component of the flux duevﬁo molecules which originate in the

souree jeaservolr and pass through the channel without collision is:

n(z) = gy(2) ~W(z)/2kn (10)
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Adding Egs. (8) and (10), the centerline beam intensity can be written
. as the product of the ideal orifice Maxwellian distribution and a pertur-
bation function:

3(z) = 3,(2) PlKn, ¥(z)] (11)

where

N erf Ny(z)/2Kn
¢ Jue)/eka

Plkn, ¥(2)] = (12)
If ¥(z) is set equal to unity in Eq. (12), integration of Eq. (11) over
all reduced speeds yields the total centerline intensity deduced by
Giordmaine and Wang5 for the one-speed model (given as Eq. (8) in Ref. 6).
The normalized number density speed distribution of the centerline
beam can be written from Eqs. (9) and (11) as:
£ (2) PlKn,p(2)]

£(z) = —— (13)
ﬁ) fM(z) P[Kn,¢(z)]dz

As Kn — o, the perturbation function approaches unity and the speed

distribution in the beam becomes Maxwellian:

lim £(z) = f (z) C(14)
Kl’l—)o(o) M

As the Knudsen number becomes small, however, the perturbation

1/2

function behaves as [T Kn/2y(z)] and the speed spectrum approaches a

limiting shape which is independent of the Knudsen number :

(15)

s, (2)/T9(2) 1/
lim f(z) =

Kn —» 0 f;ofM(z)/{'_w(z)]l/e dz

The Maxwellian and the fully saturated spectrum are shown in Fig. 2,

By comparison to a Maxwellian distribution, the saturated spectrum is
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deficient in low speed moleculeé. This shape is quite similar to that
calculated and-observed by Manista1 for an originaily Ma#wellian beam tra-
versing an isotropic background gas. However, the phenomenon of a limiting
distribution is unique. Saturation occurs when the Knudsehvnumber is small
enough so that all direct flight molecules from the source reservoir are
removed from the.beam (i.e., j2 ~ 0). The.entire centérline beam is then
due to moieéules which have undergone collisions with other nolecules in

a region upstream of the exit (i.e. only the jl contribution remains). Fur-

" ther increase in either the length of the tube or in the source reservoir

‘pressure (provided that hydrodynamic flow does not become significant) no

longer affects the velocity distribution of the molecular beam. The change

from Maxwellian.tp saturation distributions occurs over the range 0.1 < Kn < 10.

The Peaking Factor
The degradation of the peaking factor according to the one-speed model
of Giordmaine and Wang was discussed in Part I (Ref. 6). The effect of
employing a velocity dependent mean free path in placé of the Maxwellian
averaged value can be calculated by integrating Eq. (11) over all reduced

speeds and using the resulting expression for the total centerline intensity

instead of Eq. (8) of Part I. This procedure yields: .

N
X'/X'max -

J;wz fM(z) P[Kn,y¥(z)] dz (16)

The original formula due to Glordmaine and Wang is recovered by inserting
the perturbation function of Eq. (12) with ¥(z) set equal to unity into

Eq. (16):

Ji ert 1/2Kn
2

o ()

(X/Xmax)G-W = PlKn,1] =



(W3]

The peaking factors of Egs. (16) und (17) are plotted as functions of the

reciprocal Knudsen number in Fig. 5. The difference between the two curves

is never greater than a few percent, which is insignificant from a practical

point of view. The single sbeed model of Eq. (17) is therefore perfectly N

adequate for predicting beam intensities from near-effusive channel sources.

Average Translational Beam Energy
The average translational energy of a molecule in the beam is an
important factor in determining the probability of interacfion between a
beam particle and a target. This same parameter also provides a convenient
means for quantifying the "hardness" of the centerline speed distribution,

The average translational energy of a molecule in the beam is:

[e0]

j(; 2 f(z) dz
foo zf(z) dz
0

¢ =1/2(mdf) (18)

If the speed distribution is Maxwellian, the average beam energy is

mF. If the average energy of Eq. (18) is referenced to the Maxwellian

value, €., one obtains:

M

o]

25 £ P{Kn,y(z)]dz
é/e, = i;m ) He (19)
2 , .
j;) 2 £,(2) PlKn,9(2)] dz

)

Equation (19) is plotted on Fig. 4. The average beam energy increases
by only 5.5% between the very low pressure Maxwellian limit and the high
pressure saturation region. The one-speed model of course gives an average
energy characteristic of a Maxwellian beam.

The average beam energy and the peaking factor both begin to be affected



by intermblecular collisions in the channel at Kn < 10. v(If the length-to-
diameter ratio of the tube is 10, non-Mixwellian behavior can be expected for
diametef based Knudsen numbers of 100 or less.)

For Knudsen numbers (based on length) of less than 0.1, the spectrum
has achieved its limiting shape, the average translational energy is constant
at a value 5.5% greatér than a Maxwellian beam at the same source tempera-
ture, and the peaking factor varies as the square root of the source reser-
voilr pressure. At very small Knudsen numbers the system approacﬁes the be-
haviof of a hydrodynamic Jjet. For a completely expanded nozzle beam (i.e.,
complete conversion of thermal energy to directed kinetic energy) the beam
energy ratio is v/Q(y-l) where Y is the specific'heat ratio of the gas.

The beam ene?gy ratio in this limit is 1.25 for a monatomic gas and 1.75

for a diatomic gas.

Limitations of the Model

The analysis présented here contains all of the basic limitatibns
of the Giordmaine and Wang model. These are:

1) The‘total number density variés linearly wifh distance in the
tube. |

2) The gas within the tube is isotropic.

3) The number density at the inlet and exit are specified as the
source reservoir density and zero, respectively.

4) Collisions are of the hard sphere fype.

Specifications 1-3 amount to judiciéus a priori estimates of several
features of the exacﬁ solution to the kinetic theory problem, which, of
course, has not been solved. Assumptions 2 and 3 aré increésingly valid
as the length—to-éiameter ratio becomes large. Because of the net flow

through the tubé, the gas within the tube cannot be isotropic, nor can the
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density at the exit (which is the flow rate divided by the average velocity
component along the axis) be zero. Relaxation of assumption %, within the
context of the one-speed model, has been.accomplished.7’8

The model (with or without/the velocity dependence of the mean free
path) is tenable mainly because of the simplicity of the calculations com- ”
pared to an exact solution and because of the reasonable agreement with

peaking factor measurements reported in Ref. 6 and with the spectrum

hardening measurements reported in the following paper.

Acknowledgemehts: This work was supported by the United States Atomic

Energy Commission.
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