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SOME ASPECTS OF MOLECULAR BEAM SCATTERING

G.N. Peggs
Division of Mechanical and Optical Metrology,
National Physical Laboratory,
Teddington, Middlesex.

The design and construction of a high intensity, thermal enefgy
molecular beam apparatus is described. The system has been
used to investigaté the spatial distribution of molecules
scattered from stainless steel targets with a range of surface
finishes. The results indicate marked deviations from cosine
scattering, which can be related to the surface finish of the
target. The consequences of these results are discussed.
Methods of theorética]]y prédicting the spatial distribution of
molecules scatteréd from rough surfaces are reviewed.

The performance of the accumulation type of detector used for
the majority of the scattering experiments is assessed, with
particular reference to the gain and directional properties.
The effects of detector misalignment of the experimental
detector have been computed and the results are presented.

A new type of high sensitivity flow-through molecular beam ’
detector is described. Two versions of the detector have been
developed; one for time-of-flight studies where good time
resolution is essential, the other for applications where the
highest ionisation éfficiéncy is required. It is considered
‘that these detectors will have a wide application in the field
of molecular beam detection.



List of Figures
List of Symbols
List of Appendices
Section 1 Part 1

CONTENTS

THE MOLECULAR BEAM SYSTEM

N

. . . . . . . 0 .
— ——t w—t —— — ——t o ——d —d

il ot — -
. . . »
— et ol -

.1

W W W W W N NN N

w w W w
e e e e

W N -

e e e
w N -

w

Section

. Thin-walled Orifice

W
o, »

Introduction

Systém Design - General Comments

Beam Intensity
Source Size

Source - Target Distance
Beam Generation

Introduction

Single Capillaries

The Calculation of Gas Flow through Capillary —

Type Beam Sources
Angular Distribution

Multi-channel Sources
Introduction

Angular Distribution from Multi-channel Sources

1 Part 2 MOLECULAR BEAM APPARATUS

2.1

~nN

L L L e
. . - . . . . . . . .

N N N N NN DD NN NN

L] . . . . L] . - - .

B AE P W wWww N NN

nN

D ow N

—

‘Beam Formation -

Introduction’

Vacuum System.

Source Chamber

Buffer Chamber

Experimental Chamber

Gas Inlet System
Mechanical Alignment

Introduction

Method

Experimental Beam Source

Molecular Beam Profile

7
11
12

15
15
15
15
15
15
15
16
17
i8

20
21
21

21

27
27
27
29
31
31
33
33
33
35
35
39



LIST OF CONTENTS (CONTINUED)

1.2.4.2.1 Introduction : 39

1.2.4.2.2 Experimental Procedure 39
1.2.4.3 Variation of the Beam Intensity with Beam Source —_ 39
~ Pressure ' '

1.2.4.4 Optimum Source Pressure Conditions L2
Section T Part 3 BEAM MODULATION _
1.3.1 Introduction ' L
1.3.2 Beam Modulators - General Remarks L
1.3.2.1 Vibrating Element Modulators Lb
1.3.2.2. Rotating Element Modulators L6
1.3.3 Beam Modulation - Experimental 46
1.3.3.1 Motor Driven Disc ' L6
1.3.3.2 Vibrating Reed 1 : , 51
1.3.3.3 Vibrating Reed 2 53
Section 1 Part 4 BEAM DETECTION
1.4.1 Introduction 55
1.4.2 - Survey of the Electron Bombardment Ionizers used

in Flow-Through Molecular Beam Detectors S5
1.4.2.1 Introduction : 55
1.4.2.2 Nier Type 56
1.4.2.3 Axial Type 56
1.4.2.4 Cross-beam Type 56
1.4.2.5 Heil Type 57
1.4.2.6 Orbiting Electron Type 57
1.4.2.7 Oscillating Electren Type 57
1.4.2.8 Summary ; 58
1.4.3 A Sensitive Flcw-Through Molecular Beam Detector

for Time-of-Flight Studies 60
1.4.3.1 Introduction 60
1.4.3.2 Design Requirements for a TOF Detector ‘ 60
1.4.3.3 Description and Principles of Operation 64
1.4.3.3.1 Electrode Arrangement 64
1.4.3.3.2 Electron Trajectories 68
1.4.3.4 Operating Characteristics 68
1.4.3.5 Detector Performance 75
1.4.4 A Flow-Through Molecular Beam Detéctor of

High Sensitivity 78

.
-~
~J
[}

Introduction

—
N
op.




LIST OF CONTENTS (CONTINUED)

1.4.4.2 Description of Detector : 78

1.4.4.3 Operating Characteristics of the High Sénsitivity
Molecular Béam Detector 83

1.4.4.4 Stabiliser Electrode ' 85
1.4.4.5 Detector Performance __ 85
1.4.5 Steady State or Accumulation Type Molecular Beam 7

o Detector 89
1.4.5.1 Historical Background 89
1.4.5.2 Factors Influencing the Design of the Detector 89
1.4.5.2.1 Gain ‘ 89
1.4.5.2.1.1 For a Parallel Beam 89
1.4.5.2.1.2 For a Divergent Beam 91
1.4.5.2.2 Detector Directionality 92
1.4.5.2.2.1 Introduction ____ .. - ; 92
1.4.5.2.2.2 For a Parallel Beam 92
1.4.5.2.2.3 For a Divergent Beam g3
1.4.5.2.2.4 Experimental Verification of Theory 100
1.4.5.2.3 Signal to Noise Ratio 102
1.4.6 Experimental Detectors: AGenéra] Discussion 103
Section 1 Part 5 DETECTION ELECTRONICS |
1.5.1 Introduction 107
1.5.2 oC Techniques 107
1.5.3 Modulated Molecular Beam Detection Techniques —______ 108
1.5.3.1 Introduction : : 108
1.5.3.2 Experimental Configuration | 108
1.5.3.2.1.1 Preamplifier __ ' 108
1.5.3.2.1.2 Preamplifier Performance 108
1.5.3.2.2  Low-Noise Amplifier 111
1.5.3.2.3  Coherent Filter ' 111
1.5.3.2.4 Phase Sensitive Detector 112
Section 1 Part 6 TARGET
1.6.1 Description and Characterisation of the Targét 121
1.6.2 Cleaning Procedure , 121

Section 2 Part 1 GAS SURFACE SCATTERING FROM WELL CHARACTERIZED
SURFACES

2.1.1 " Introduction . 124




LIST OF CONTENTS (CONTINUED)

2.1.2 Surfaces Characterized by Weakly Periodic Potentials . 124

2.1.2.1 Quasi-elastic 124
2.1.2.2 Inelastic ' 124
2.1.2.3 Trapping : 124
2.1.2.4 Summary — : 124
2.1.3 The Significance of Knudsen's Law of Diffuse
‘ Scattering 125
Section 2 Part 2 GAS-SURFACE SCATTERING FROM ROUGH SURFACES
2.2.1 Survey of Experiménta] Work 130
2.2.2  Theoretical Techniques 132
2.2.2.1 Molecular Trajectory Method | 132
2.2.2.2 Electromagnetic Theory Approach ' 134
2.2.2.3 Incorporation of Surface Roughness into Existing
Theory ' 137

Section 2 Part 3 GAS SURFACE SCATTERING : Experimental Results

2.3.1.1 Results for Argon and Helium for Three Samples of

Stainless Steel 8.
2.3.1.2  Discussion of Results 148
2.3.2° The Scattering of Hydrogen from a Surface Using an '

: Accumulation Type of Molecular Beam Detector 148

2.3.3 The Scattering of Various Gases from a Sample of

Stainless Steel using a Flow-Through type of Molecular

Beam Detector - 153
2.3.4 Discussion of Results 153

Section 2 Part 4 CONSEQUENCES OF NON-COSINE SCATTERING

2.4.1 Introduction 155
2.4.2 Thermal Transpiration 155

2.4.3 The Effects of Specular Reflection on the Conductance
of Tubes 157

2.4.4  The Effects of Rough Surfaces on Molecular Flow
Conductance Through Tubes 158
Section 3 THE EFFECTS OF DETECTOR MISALIGNMENT

3.1 Introduction | 163

3.2 Calculation of the Variations in Detector Output for

Various Target-Detector Configurations 163




LIST OF CONTENTS (CONTINUED)

3.3 Dependence of Detector Output on Alignment
3.4 Effects of the Variation of the ITluminated

Target Area on Detector Output

Conclusions

Acknow1édgements

Appendices

Bibliography
References

165

167

168

171
172,
189
191



LIST OF FIGURES

SECTION 1 Part 1

1.1.1 Typical Molecular Beam System.
1.1.2 Velocity Distribution in a Supersonic Beam
1.1.3 Variation of Peaking Factor with Kn']

SECTION 1 Part 2

The Molecular Beam Apparatus
General view of apparatus
General view of apparatus
Source chamber detail
Source chamber railway
The Gas inlet System
Apparatus Showing Beam and Target Axes.
Experimental beam source .
" The Variation of Beam Detector Output with Detector

S S S Y | N —r
W 00 ~N Oy O B W N —

Disp]acemént

1.2.10 The Variation of Beam Detector Output with Source Pressure
for an Argon Beam

1.2.11 The Variation of Beam Detector Output witn Source Presstie
for a Helium Beam

1.2.12 Plot of (Source Pressure) -1 Against Time for Argon and
Helium

1.2.13 Plot of Detector Output Against Pressure in the Source

Chamber for Argon

SECTION 1 Part 3

1.3.1 Photo Infegrated Circuit '
1.3.2 Output from Integrated Circuit for Beam Modulation
Frequency of 600 Hz

SECTION 1 Part 4

1.4.1 General views of the time-of-flight molecular beam detector

1.4.2 Cross Sectional view of the time-of-flight molecular beam
detector

1.4.3. Plot of Ion Output Current Against Tube Diameter/Wire

Separation for Yarious Pressures (Drawn from data of Fitch

and Rushton)



LIST OF FIGURES (Continued)

1.4.4 Variation of cross section for ionising collision with
position in the TOF detector

1.4.5 Variation of ion current output against. applied anode
‘voltage in the TOF detector. |

1.4.6 Variatioh of ion current output against emission current

in the TOF detector
1.4.7a/b Graphs to demonstrate the increased ionisation efficiency
at high filament bias potentials for the TOF detector.

1.4.8 Variation of the ion current output against corrector plate
potential for the TOF detector

1.4.9 Variation of detector sensitivity with pressuré in the
range 8 x 1078 - 1 x 107 torr for the TOF Detector

1.4.10 Photograph of the High Sensitivity Detector

1.4.11 - Variation of the Ion Current Qutput with the Filament Bias

Potential for a Constant Filament Current and Anode Voltage
1.4.12 Variation of the Ion Current Output with Emission Current
from the High Sensitivity Detector

1.4.713 . Variation of Ionh Current with Anode Voltage for a Constant
Emission Current for the High Sensitivity Detector

1.4.14 Plot of Sensitivity against Pressure in the Range 5 x 10-8 -
2 x 1078 torr for the High Sensitivity Detector

1.4.15 Variation of Optimum Filament bias with emission for the

High Sensitivity Detector
1.4.16 A Parallel Molecular Beam Incident -on an Accumulation type
Molecular Beam Detector '

1.4.17 Divergent Molecular Beams Incident on an Accumulation Type
Molecular Beam Detector .

1.4.18 Photograph of the Experimental Accumulation Detectors.

1.4.19 Theoretical (parallel beam) Response Curve for the
Experimental Detector and Experimental Response

1.4.20 Comparison between the theoretical (divergent beam) response
curve

1.4.21 Polar plot of the response of the experimental accumulator
beam detector '

SECTION 1 Part 5

1.5.1 Schematic of the Detector-Target Arrangement
1.5.2 Typical Results Using DBC Techniques



LIST OF FIGURES (Continued)

1.5.3 The Dependence of Electrometer Anode Voltage on System
Pressure
1.5.4 The Variation in the Qutput of the Coherent Filter with

Frequency for Various Inputs

SECTION 1 Part 6

1.6.1 Surface Finish of the Bead-Blasted Target

1.6.2a,b Surface Finish of the Ground Target

1.6.3 Surface Finish of the Polished Target

1.6.4 StereoScan Photographs of Beam Targets ( x 250 )

1.6.5 StereoScan Photographs of Beam Targets ( x 630 )

1.6.6 StereoScan Photographs of Beam Targéts ( x 2500 )
1.6.7 Stereo Pair of Photographs of the Bead-Blasted Surface
1.6.8. StereoScan Photographs of the Lapped Beam Target

SECTION 2 Part 2

2.2.1 Spatial Distributions of Molecuies Scattered from Solid
Surfaces (from the results of Hurlbut)
2.2.2 Properties of Beams Scattered from Nickel Targets at
Room Temperaturé Prior to Annealing 01 = 60°
2.2.3 Scattered Beam Properties Before and After Annealing
2.2.4 Nitrogen Beams Scattered from Stainless Steel
2.2.5 Scattering of Argon from Gold with a Roughness Factor
of Unity (Computer Generated Results of Smith)
2.2.6 The Dependence of the Factor B on the Scattering Patterns

for Gas at Normal Incidence

SECTION 2 Part 3

2.3.1 Bead-Blasted Stainless Steel / Argon e. = 00,‘300, 60°
2.3.2 Bead-Blasted Stainless Steel / Argon o = 70°, 75°,80°
2.3.3 Ground Stainless Steel / ArgCﬂ 9 0O 300, 60°

2.3.4 Ground Stainless Steel / Argon e = 70 ,750, 80°

2.3.5 Ground Stainless Steel / Helium C} = OO,NGOO, 80°

2.3.6 Polished Stainless Steel / Argon ¢ = °, 300, 600’

2.3.7 Polished Stainless Steel / Argon @, = 70°, 75°, 80°

2.3.8 Polished Stainless Steel / Helium G§= OO, 30° s 60O

2.3.9 Polished Stainiess Steel / Hydrogen / Helium Qi = 700, 80°



LIST OF FIGURES (Continued)

2.3.10 Plot of Current Output from the Beam Detector for an
' Incident Hydrogen Beam
2.3.1 Output from thé TOF Detector_for e = 30%for Argon on
Highly Polished Stainless Steel ~
2.3.12 Output from the TOF Detector for e, =45%0r Argon on’
’ Highly Polished Stainless Steel
2.3.13 Typical Output from the TOF Detector for Argon

Scattering on Highly Polished Stainless Steel

SECTION 2 Part 4

2.4.1 Various "Rough" Tube Configurations aswusediby Chubb

SECTION 3

3.2.1 . Target - Detector Configuration for the Misalignment
Computations

3.3.1 Dependence of the Detector Output on ITluminated Target

Area and Detector Angle

Additional figures

Section 1 Part 3.

1.3.3 Power Supply for Motor Driven Disc Modulator
1.3.4 Reed Chopper 1
1.3.5 Photograph of Reed Chopper II



SYMBOL

]max

LIST OF IMPORTANT SYMBOLS

DEFINITION

tor

PAGE OF FIRST

APPEARANCE
radius of input tube of accumulation '
type detector, or radius of orifice /cm. 100
distance from the face of the accumu-
lation type detector from the source of
a divergent beam /cm. | 91
maximum gas influx into the source
chamber molecules/sec. 16
L/2a. tan o 176
gain of the accumulation type of detec-

91

'geometric factor used by Wu 156
inverse Knudsen number 17
length of the input tube on an accumu-
lation type detector /cm. 91
source pressure /Pa 15
source chamber pressure /Pa 16
roughness factor 132
transmission probability for molecules
incident on a tube at an angle g 92
angle of beam incidence on input tube
of an accumylation type detector 92
fraction of molecules sbecu]ar]y scat-
tered by a surface 125
beam incidence angle, measured from
the target normal ’ 105
detector angle, measured from the
target normal 105

factor used to compensate for the predomi-

nance of moiecuies incident on the inpul

tube of an accumulation detector at low angles _. 92

peaking factor

20




o O W P

LIST OF APPENDICES

Ideal Detectors

Determination of To

The Rough Cube Model

Survey of the Corrections Réquired for the Calculation
of Orifice Conductance

Principle of Reciprocity Applied to Gas-Surface
Interactions



Section 1 Part 1

THE MOLECULAR _BEAM SYSTEM
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Introduction

In recent years many studies have been made of the
interation between thermal energy molecular beams and
solid surfaces. The primary difficulty with such experi-
ments is the low intensity of the molecular beams which
dictate the use of sophisticated téchniques in order to
achieve a useable signal to noise ratio.

System Désign - General Comments

In désigning a molecular beam apparatus three parameters
must be optimized:
Beam Intensity: only a small fraction of the molecules

introduced into the beam forming section of the apparatus
become part of the final beam, therefore a source should
be used having the 1argést possiblé centreline intensity
for a given gas input. ' '

Y

cules colliding with the walls of the intermediate chambers,

the diameter of the molecular beam source should be léss
than the diameter of the collimating orifices. How this
can be achieved and yet maintain high beam intensity is
discussed in section 1.1.3.

Source-Target distance: it is important that this distance

should be kept as short as possible, since the beam inten-
sity decreases by an inverse square law. In généra1 there
are practical restrictions, for example the expériment may
require auxiliary équipment, such as a beam modulator,
between the source and the target. In addition, the
spacing between the various beam defining aperturés must
not be reduced to a point where the effective pumping speed
is impairéd.

Beam Generation

Introduction

A typical molecular beam systém is shown in fig 1.1.1.

The beam, source consists of an orifice or a multichanne?
array mounted on the gas inlet tube, which contains gas

at pressuré, Po- Gas molecules from this beam source can
escape .into the source chamber which is maintained at a

much lower pressure by a vacuum pump. The fraction of the
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molecules entering the chamber that will form part of

the final beam is g, which is usually Tless than 0.01. It
follows that the source pump handles nearly all the gas
mo]étu]es from the beam source. Conséquently the speed
of the vacuum pump evacuating the source chamber is an

“important aspect in the design of the systém. ~ The maxi-

mum permissible gas influx is given by the following express-
jon:
15

1., = 3x10°.5s

1 molecules / sec

where S] is the spéed of the source
pump in Titre / sec

]max is the maximum gas influx in

molecules / sec

- This calculation is based on argon as the beam gas, and

a source chamber pressure of 1 x 107° Pa (&lx10-4torr)
The purpose of this section is to examine how this gas
influx can be used to produce the highest centreline beam

intensity.
Thin-Walled Orifice

Perhaps the most commonly used molecular beam source.

It consists of a chamber, referred to as the 'oven' which
contains gas at such a pressure that the mean free path,

. X, of the gas molecules in the oven is of the same order

as the diameter of the thin-walled orifice through which
molecules effuse to form a beam. For molecular flow
conditions the rate at which molecules effuse from the source
is given by:

Ry = 2.64 x 10° (P, - P.) A molecules / sec

1
(MT,)

where P0 is the pressure in the 'oven' in Pa
P] is the pressure in the source chamber in Pa
A is the area of the orifice cm v
M is the molecular weight of the beam gas

Ok

T0 is the oven or source temperature in

The dual requirements of small source size and maximum leak
rate are not readily achieved with the effusive type molecular
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beam source. For example, if the beam source used an
orifice of 1 mm. diameter, then a pump whose speed was
only 40 1/ sec would be required to maintain the source

"2 py (vix 10 4torr)

The use of a 1arger orifice and 1arger pump only increases

chamber at a pressure of 1 x 10

the flow of beam gas into the source chamber, it does not
increase the beam intensity for Tmm diameter collimated
beam. _ )

It is possib]e to increase the pressuré in the source so
that the mean free path for molecules is shorter than the
diameter of the orifice.

This procedure will increase the beam intensity for a
given orifice until the mean free path in the source is
about a tenth of the diameter of the source orifice.
Single Capillaries

The s1mp1est way of improving the directional properties of

a beam source operating in the molecular flow regime, is

to use a tube instead of a simple orifice.

The angular distributions have been calculated by Dayton
(1956), who found that the directionality increased with

L/a. Giordmaine and Wang(1960) showed that the half

width of the distribution was given by 1.68 L/a. If the
préssure in the tube is raised, however, then the direction-
ality will be gradually lost. Estermann (1947) demonstrated
that this effect was caused by beam molecules colliding

with a cloud of meolecules that tended to form in front of

the tube. The flow in capillaries is usually characterised
by the "Inverse Knudsen Number", which is usually referred
to as Kn™l.
tube and the'pressure for which the mean free path of mole-
cules is equal to the diameter of the tube.

It is the ratio between the pressure in the

where P0 is the pressure in the
beam source in Pa

k is Boltzmann's Constant

To is the temperature of the gas
in the beam source in °K

o is the molecular diameter in cm



The flow regions are given approximately by the following
values of Kn™! '

Molecular Transition Viscous

0o - 1 1 - 10 .10+

1.1.3.3.1 The Calculation of the Gas Flow through Capillary Type Beam
o Sources ’
A rigorous analyéis of gas flow in capillary tubes in the
transition range, has been made by Jones, Kruger and
Olander (1968, 1969) who have shown that the rate at which_
gas can flow into a vacuum system from a single tube is given
by the following expression:

1 = K 1*F (6)

where K is the Clausing factor
for the tube

1* is the Teak rate through an
orifice having the same diameter .
as the tube.

F (8) is a function derived by
Jones et al to account for the
contributions of Knudsen, Slip
and Poiseuille flows.

§ represents kn” ! previously
defined in Section 1.3.3

F(s) ¥wl [gg + {1 -7 |In (d + 1)+ (352+53-(52+1fé +9]
4 4 T28\ 2

$

This formula has been shown to predict the flow rates of

gases up to k7t = 10, to within 10%.

In the viscous flow regime i.e. when Kn-] is much greater

than 10, the total gas flow rate into the system is given

by: . ,

1 = T(y) 1* where 1* is the equivalent leak rate

into the system given by a thin walled
orifice.
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AT . )
F(y) = {2 ny( 2 ) e where vy is the ratio of

Y+ the specific heats of
the gas

For example I'(y) = 1.82 for Argon y =1.67. This formula
is due to Shapiro (1953). :
When a capillary is operated in this flow regime, it is
usually referred to as a nozzle source. It can be seen
how the nozzle source can produce a nearly mono-energetic
molecular beam. Other properties of such sources are
discussed by Anderson and Fenn (1961). (Fig 1.1.2)
Angular Distribution

The angular distribution of molecules from all beam sources
is best discussed in terms of a peaking factor x

which was first introduced by Jones et al (1968). This
factor is defined as the ratio between the centreline
intensity from the beam source and the centreline intensity'
from an ideal orifice source for conditions of equal flow
rate. Take for example an orifice of a given diameter,
and a tube of the same diameter as the orifice and of
length, L. Now the beam intensity is the same for both
sources providing that the same pressure is maintained

in the source. However, the gas flow through the tube
is K times that for the orifice. Therefore the peaking
factor for a tube under molecular flow conditions is K_].
As the source pressure is increased this factor will be
reduced until for a monatomic gas a factor of 2.0 is
reached. The variation of peaking factor for a wide
range of pressure is.shown in fig 1.1.3

in order to realise these high peaking factors the source
must be operated at Kn_] less than unity, and this raises
problems of beam intensity.

In practice a single capillary beam source can only be
used to produce a high intensity molecular beam when
operating in the viscous flow region. This has the ad-
vantage of high beam intensity and utilising the full
pumping capability of the source pump. However, the
peaking factor of such a source is low and a very small
capillary diameter is usually reguired calling for

special precautions, Moran (1968., 1969)



1.1.3.4
1.1.3.4.1

1.1.3.4.2

Multi~-channel Sources

Introduction

In order to utilise the directional characteristics of the
single capillary source, but at the same time take advant-
age of the %mproved intensity that is possible to achieve
with a multi-channel array, many experimenters have deve-
Toped techniques for the production of these sources.

King and Zacharius (1956) were the first to produce
sucessfully a multichannel source using "Krinkly" foil.
Others to produce similar sources included, Helmer,
Jacobus, and Sturrock (1960) who used an array of tubes
normally employed in the manufacture of Klystron valves;
Giordmaine and Wang (1960) who used glass capillaries;

and Hanes (1960) who developed a technique for embedding

a large number of fine wires in a plastic block which

was subsequently treated to remove the wires to form the
multichannel source. These devices were followed by a
second generation of sources that used smaller diameter
tubes and so could be used to provide a higher beam inten-
sity than the earlier types, for eXamp]e those described
by Johnson, Stair and Pritchard (1966). This type of
beam source material can now be obtained from Bendix
Mosaic Fabrications, Sturbridge, Mass., U.S.A.

Angular Distribution from a Multichannel Source

The peaking factor (Section 1.1.3.3.2), has been discussed
at length by Giordmaine and tang (1960) and measured for a
number of types of beam sources by Jones et al (1968).

The multichannel source offers advantages in beam intensity
over conventional sources when it is operated in the pres-
sure range for which it has been designed. However, when
this is combined with the requirements of small source

size and high beam intensity, it is often difficult to
manutacture a multichannel source of the appropriate size.
The practical advantages of such sources are the absence
of alignment problems as demonstrated by Olander (1969)

and the reduction in the problems of source contamination.
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MOLECULAR BEAM APPARATUS
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