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FOREWORD 

This paper reviews the historical development. and current status of the Molecular-Beam 
Laboratory, Department of Engineering, University of California at Los Angeles. In the writing 
of this paper, possible interests of the sponsoring agencies, the future investigators in this 
laboratory and the contemporary investigators in other laboratories have been kept in mind. A 
summary of this publication was presented at the Conference on Molecular and Atomic Gas Beams 
and Related Problems held at the University of Virginia, 13-14 May 1963. 

Financial support for the development of this laboratory has been provided chiefly by 
National Science Foundation Grant G-9783; the salary of the principal investigator during summer 
1962 was supplied by NASA Grant NsG 237-62; the turbo-pump development was sponsored by 
UCLA Grant 1804; whereas a part of the cost of supplies, equipment and facilities has been borne 
by the Department of Engineering, University of Ca·lifornia at Los Angeles. Beginning early in 
1963, financial support is provided chiefly by NSF Grant GP-534, a two-year grant. 

Of the many contributions to the development of this laboratory, .the author would like to 
single out! for explicit acknowledgement, the generous contributions of the eight graduate students 
(R. J. Henry, J.P. Callinan, R. L. Plue, G. L. Johnston,'N. M: Kuluva, J. W. Barnes, Jr., 
S. F. Iacobell~s and D. Q.uan) who have completed M.S. theses and two graduate students (S. S. Fisher 
and A. E. Goldstein) who expect to complete, in the near future,· M.S. theses in this laboratory. 
The eight completed theses are referenced at appropriate points throughout this paper. 
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ABSTRACT 

Status of the high-~pee.d high-intensity molecular beam being developed 

in the Department of Engineering, UCLA, is described. Bases for designs 

of the several components are presented. 

Using an arc-heated source and a hypersonic jet, molecular energies 

exceeding 1 ev and beam i~tensities of the order of 10
16 

molecules/cm
2
sec 

are anticipated. A two-disk beam chopper and speed selector provides a 

means for analyzing the speed di~tribution in the generated beam, for chopping 

the beam into bursts of nearly monoenergetic molecules sui~able for scattering 

studies using the time-of-flight technique, and for modulating the beam in 

ord~r to facilitate detection. A through-flow ionization detector possesses 

the versatility required for scattering studies using the time-of-flight 

technique. A sorption pump and a turbo pump serve as central components of 

alternative pumping systems for the collimating chamber. 

All system components have been fabricated. Studies of energy and 

momentum exchange during c.ollisions of molecules with solid surfaces will 

be initiated as soon as measurements of beam performance are completed. 

Note Added in Proofreading: Using the arc-heated source, the con

verging nozzle, the conduction-radiation-cooled skimmer, the turbo pump 

(turning at 3400 rpm), the chopper-selector (acting only as a chopper), and 

the detector (all described in this report), an arc -heated beam was generated 

and detected on July .24, i963. ·. 
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NOMENCLATURE 

area 

larger dimension of rectangular orifice 

mean of random molecular speeds 

characteristic dimension of skimmer orifice (either diameter of 
circular orifice or smaller dimension of rectangular orifice). 

fraction of molecules per unit volume of velocity space 

intensity of molecular fncidence on a surface 

enthalpy per unit mass 
I 

molecular flux 

molecular flux in speed range ds 

molecular flux in transit-time ran'ge dT A 

Boltzmann's constant 

detector calibration constant [Equation (38)) 

Knudsen number ( = X/d) 

length 

mass of molecule 
. 1/2 ' 

Mach number [ = U /('Y kT /m) for a: perfect gas] 

number density of molecules 

number of molecules 

flow rate of molecules 

pressure 

equilibrium pressure in sorption pump for given sorbent temperature 
and for given quantity of sorbate sorbed 

resolution of chopper-selector = (s - s . ) Is 
max m1n -r 

. 1/2 
. speed ratio = u/(2kT /m) 

most probable speed ratio 

maximum speed ratin of molecules transmitted by chopper-selector 

minimum speed ratio of molecules transmitted by chopper-selector 

speed ratio of those molecules with transit time equal to delay time 
of the. chopper-selector rotor relative to the entrance section 

=· A /T(2kT /m) 1 / 2 
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Subscripts 

0 

1 

2 

b 

·C 

speed ratio = U /(2kT /m)
1

/
2 

time 

temperature (absolute) 

time of flight from target to detector 

transit time for molecule passing through chopper-selector with 
length A 

fraction of admitted molecules transmitted by chopper-selector 

molecular speed 

speed GOrresponding to average velocity 

electrical potential 

through-flow ratio for turbo pump 

sticking' coefficient 

open time of chopper-selector slit = B I w 

specific -heat ratio 

transmission function [Equation (24)] 

internal half-apex angle of skimme.r 

chopper-selector slit-openfng angle 

mean-free- path length 

distance between entrance and exit sections of chopper-selector rotor 

·molecular collisipn cross -section 

delay time of the chopper-selector rotor relative to the entrance 
section = 4>/w 

relative angttlar displacement of entrance and exit sections of 
chopper-selector rotor 

angular speed 

solid angle 

stagnation conditions 

first. collimating orifice 

second. collimating orifice 

beam 

collimating chamber 

detector 

chopper-selector 

target 
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INTRODUCTION. 

The value of the molecular beam as a laboratory tool has been 

established firmly. For example .• it has played key·roles in experimental 

studies of velocity distributions .in gases., structures of molecules, and 

collisions (both elastic and inelastic) of molecules with other molecules or 

with surfaces. (Cf. References r-6.) However, all of the early beam. so:urces 

consisted of enclosu~es (ovens) containing molecules ata. temperature equal 

to the temperature of the enclosure walls and at a pressure such that the 

. mean-free-path length of the mole6ules within the enclosure ~as greater than 

the·characteristic dimension of the opening through which the molecules 

escaped. The most probable speed (proportional to the square root of the 

source temperature) of the escaping molecules wa~ limited consequently by 
. . . 0 

the maximum allowable temperature (approximately 3000 K) of the enclosure 

walls. For example, the most probable speed of nitrogen molecules escaping 

from an enclosure at 3000°K is approximately 1600 m/sec - an order of 

magnitude less than either the speed of meteors, satellites and space vehicles 

or the minimum speed of approach of molecules required for many interesting 

chemical reactions. If the opening is a slit having width proportional to the 

mean-free-path length of the molecules within the enclosure, then the beam 

intensity is independent of the mol'ecular density within the enclosure (i.e. , 

independent of the slit width). Intensities of well-designed oven beams are 

of the order of 10
1-1 molecules/cm

2
-sec at a distance of 1 meter from the 

source. Higher intensities would facilitate detection of the beam after filtering 

out molecules with undesirable velocities and after scattering from targets. 

As a consequence of the aforementioned speed and intensity limitations 

of conventional oven beams, several development programs have been initiated 

in recent years for the purpose of increasing the speed and/or the intensity of 

the molecular beam~ A brief summary of the principal design features of those 

high-intensity beams (all using nozzle sources) known to the author is presented 

as Table I. The dif!iculty of generating and measuring a high-i~tensity high-speed· 

beam is illustrated by the fact that, of the .seven organizations with high intensity 



. ' 
' 

I 

(. 

r' 

. -

. ,. 

TABLE I 

PRINCIPAL DESIGN FEATURES OF SEVERAL HIGH-INTENSITY NOZZLE BEAMS 

Organization Speed Speed Filter Detector Initial Comments References 
Application 

Cornell Univ. Average None Steady State Pioneering Effort; 7,8 
-t Harvard Pi rani Discontinued 

-
Germany High None Through-Flow Thermal Single-Disk Chopper; 9-14 

(Binary Ionization Relaxation Operational 
Beam) _, 

Virginia High.
1 

Six-Disk Steady-State Surface Rotating Target; 
1 

15-18 
(Binary Ionization Scattering Development 

" Beam)· Continuing 
.. 

' 

Cornell High None Mass 1 Molecular Double -Expansion - 19 
Aero. Lab. (Shock Spectrometer Scattering Source; Development 

Tube) Continuing 

Princeton High
1 

Time-of-Flight
1 

Steady-State Surface Two-Stage Pumping; 20-22 
(Binary Ionization Scattering Development 
Beam) Continuin~ 

France High
1 

None Steady-State Surface Also Hot-Tungsten 23 
(Ion Accel- Ionization Scattering Detector; Develop-
eration) ment Continuing 

Grumman High
1 

None Through-Flow Surface Array of Detectors; 
1 

24,25 
Aircraft (Shock Ionization Scattering Development 

Tube) Continuing 

UCLA High
1 

Two-Disk Through-Flow Surface Combined Filter-
(Arc- Ionization Scattering Chopper; Develop-
Heated) ment Continuing 

1. This component or feature does not appear to have been ·operational at the time the latest available report 
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and high speed as ~ajor objectives, only two (Germany and Cornell Aero. Lab.) 

are known to have generated and measured relatively high inten~ities and speeds 

.even though the median elapsed development time for these seven programs is 

of the o:r:der of five years. 

Four additional organizations are known to have plans for developing 

high-intensity nozzle beams~ The University of Toronto Institute of Aero

physics26 pfans to use a binary (hydrogen-nitrogen) beam, a thermal-ex

pansion strip target and a torsional microbalance in studies of surface inter

actions; the molecular:-beam group at the University of California at Berkeley 

Institute of Engineering Research
27 

plans to set up a nozzle beam (with two-

disk speed filter) in the low-density wind tunnel; the Applied Physics Laboratory 

at Johns Hopkins University plans to study chemical reactions using a beam 

generated by a porous-walled nozzle and modulated at 100 cycles per second 

with a 1% duty cycle 1 
28 and. the General Electric Company plans to use a beam 

heated by an electric arc and pumped by a cryogenic surface in studies of 

mom~ntum and energy transfers in collisions of atoms with solid surfaces. 
29 

Design, features of these beams are omitted from Table I pending construction 

of system components. 

An alternative suggestion for increasing beam intensity is to use multi

ple sources. Zacharias and Haun 
30 

suggest using multiple channels formed by 

a stack of either hypodermic needles or channel-crimped foil; Datz, Minturn 
31 

and Taylor suggest using multiple orifices formed by electro-formed nickel 

mesh. A procedure for combining this method for producing high intensity 

with known methods for producing high speeds is not apparent however. 

Several investigators (e. g., Fite et al, References 32 and 33) reduc~ 

the need for higher intensity by using a modulated beam in order to facilitate 

separating beam effects from background effects. Although they use this 

technique in connection with oven beams, no limitations ·prohibiting its use in 

high-speed beams are obvious. . 
'"_.· .. 
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In the following sections of this report, the current status of the 

molccu.l::tr beam being developed at UCLA is reviewed briefly. Although the 

cu'._;- ll..;J.t<...d ..:.i~\lr~l-i IFl:o.i !\1-H ~~~~H ~H~H .no;t'-iH Hn-: Hr:itH; ;i Hri=H:iHtitlbh df those 

system components which are operational and a record of those development 

experiences which might be of interest to contemporary investigators is 

believed to be appropriate at this time.* 

PRINCIPAL DESIGN FEATURES, UCLA NOZZLE BEAM 

A brief composite description of the principal design features of the 

high-speed high-intensity molecular beam being developed at UCLA is pro-
" ;o,~ 1! tJI,j l., ;1 1'J .I!J j,Ji j 'J'·'" : ,. , j • • ~ 
vided here as an introduction to the individual descriptions of the several 
HyHtcm COmpo':lents an<;} deve).opme,l},t expe,rfe.l}C,eS .W,l},i,ch fon9.W. r.c~·l!.ap::;; t;l,lf~ 

composite description will coordinate and give added meaning to the individual 

descriptions. 

First, however, comments concerning the environment in which this 

facility is being developed, and a development philosophy which has evolved 

as a consequence of this e'nvironment~ appear to be in order. All of the 

development work is being done either by a full-time member of the academic! 

staff or by graduate students with the assistance of undergraduate students; n( 

professional research employees are involved. In this respect, the situation 

i§ Elimilllr perh!lpti to the situation at other engineering or science schools . 

. However, most of the graduate students in the Department of Engineering at 

Ut:t-1\ ~r~ \3~Jt:.HmEE: %tm!EE:n.t% ~n.t\ ~l%~ ~:art-:Hmt \:w,r,l~~~~% ~I\ th~ \Q.~.£\J 
engineering industries (iargely aerospa'ce and electronics inchistri·es). Hence 

~~lhR'dgh th.t tng~n~~fi'flg g:r~~~~te ~t~dent O:t UCLA is frequently relatively 
• • t:) U '~ I 0 

matUre-ana ~ighly mBhvatea: h.e is~ at Ute saln~ Hn1~~ rr·~ttu~nHy \)f·Ogl"er:;sin. 

less rapidly towards his degree than is the average graduate student in the 

United St&hH'l, · Afl 11 confleq\Hmct~~ in the subject development program, 

simultaneous studies of alternative methods are undertaken frequently - part' 

· cularly if one (or both) of the methods is novel, if the added expense of the . . . 

second study is not prohibitive, and if the addition of the second study does n 

slow up significantly the progress on the first study. Evidence of this 

*See Note Added in Proofreading! p. iii. 
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development philosophy appears in the descriptions ·which follow. 

The vacuum system resembles the majority of molecular-b~am vacuum 

systems in that it is divided into three chambers - a source chamber. a 

collimating chamber and a detecting chamber - each with its own pumping 

, 5yst.cm .. {Cf. Figure 1.) If the maximum allowable pressures for the three 

chambers differ significantly from each other. then use of three different 

pumping systems minimizes the required.combined pumping capacity. Some 

molecular-beam vacuum systems (e. g .• References 20-22) are divided into 

only two chambers - a source cha~ber and a combined collimating and 

detecting chamber - using o'nly two pumping systems. Such an arrangement 

requires that the entire gas load from the cqmbined collimating and detecting 

chamber be pumped at t~e maximum pressure allowable in the vicinity of the 

detector. i.e .• it requires a larger combined pumping capacity. 

The beam source is an· arc-heated hypersonic jet. High molecular 

speeds (in excess of 1 ev) are expected as a consequence of heating the beam 

gas in the electric arc and converting .then the energy of thermal motion into 

energy of directed motion in the hypersonic jet. High beam intensities (of the 

orde~ of 10
16 mole~ules/cm2 -sec) are expected as a consequence of converting 

the thermal motion into directed motion in the hypersonic jet. Two alternative 

methods are being studied.. In the first method, the hypersonic jet is formed 

by expansion through a converging-diverg~ng nozzle and the pumping capacity 

required for the source chamber is reduced by partial recovery of stagnation 

pressure in a hypersonic diffuser. In the second method, the hypersonic jet 

is formed by expansion through a converging nozzle and a free jet; if recovery of 

~tagnation pressure as a result of flows through shocks is negligible, then the 

gas load from the source chamber must be pumped at the static 'pressure in the 

free jet, i.e., a larger pumping capacity is required than in the first method. 

Available information on low-density flows in channels and in free jets indicates 
. . 

that the second method has the greater probability of success. Furthermore, 

means for adjusting the source location are incorporated more easily into the 

second method. 

' / 

5 



': 

16-INCH 
DIFFUSION PUMP 

MOVABLE HOLDER 
FOR SOURCE 

RADIAL -FLOW 

TURBO. PUMP 

10- INCH 

DIFFUSION PUMP 

ORIFICES 

10-INCH 
DIFFUSION PUMP 

,.,,....,.,......-:,,.lf"A~T,.... ,.......,..A,..,~A,.Ir ",.-, TT,....T A 'a..T"'r""7~T~ ,-..~1\'1\1( 

u\...ll.C.J.VJ..l-1. .l.l\... l..l J...tc\.U J:U"UVJ. V£ U\....l...a.M. J.~V LIL.I~ .DJ.:J.O..LV.L 

FIGURE 1 

THROUGH -FLOW 
IONIZATION DETECTOR 

TARGET 

CHOPPER AND 

SELECTOR 

·, 



... 

~ 
~ 
ril 
Ill 

~ 
N 
N 
0 z 
~ 
~ 
u ...-1 
:::::> 

ril 
~ ~ 
0 :::::> 

~ 0 ....... 

~ ~ 

0 
::5 
Q 
u ....... 
E-c 
~ 
~ 

~ 
u 
C/) 

. i 
'I 
r , 
I 

Beam collimation is provided by two circular orifices, the first orifice 

located in a conical skimmer placed in the hypersonic jet and the second orifice 

located in the wall separating the collimating and detecting chambers. Two 

alternative designs of the conical skimmer are considered. The· first .design 

incorporates passages for cooling water· with the result that the external cone 

angle is relatively large. The second design de·pends upon conduction and 

radiation for removal of heat with the result that the external cone angle can 

be made smaller.· Since attenuation of beam intensity is reduced when the 

external cone angle is· reduced, the smallest external cone angle consistent 
i 

with requirements for fabricating and cooling' the skimmer is .to be used. 

A two-disk beam chopper and speed selector provides a means for 

analyzing the speed distribution in the generated beam, for chopping the 

beam into bursts of nearly monoenergetic molecules suitable for scattering 

studies using the time-of-flight technique and for modulating the beam in order 

to facilitate detection. A wide continuous ·range of angular rotor speeds is 

available through use of an air-turbine drive. The need for a rotating seal is 

obviated by transmitting torque from the turbine to tl)e chopper-selector rotor 

by permanent magnets rotating on both sides of a non-ferrous insert in the 

vacuum-chamber wall. Location of the chopper-selector in the collimating 

chamber is prohibited by the presence of either the sorption pump or the turbo 

pump in that chamber. 

As indicated in the preceding paragraph, scattering studies ·using the 

time-of-flight technique are planned. This technique requires measurements 

from which the time-of-flight of molecules between two points (e. g .• between a 

target and a detector or between two detectors) may·be computed. The through

flow ionization detector of Becker et .a1
12 

appears to be suited best for this 

purpose. Hence, a slightly modified version of this detector has been developed 

for Use l·n th .. t d' · U f' · t t 19• 32 • 33· · k t · · d ese s u 1es. se o a mass .spec .rome er ·. . . . · 1s ep 1n m1n 

as a supplementary detection method. 

Conventional oil-diffusion and mechanical pumps are used for the source 

and detecting chambers. However, if baffled oil-diffusion pumps ·were used for 

the collimating chamber, then at least one (perhaps two) 32':"inch diffusion pump 
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would be required. It was eliminated froJ;n consideration by its high initial 

cost relative to total grant funds and by its bulk. Cryogenic pumps were 

eliminated either due to high operating costs (in the case of liquid helium or 

liquid neon) or due to high explosion hazards (in the case of liquid hydrogen). 

Preliminary calculations revea·led, however, that either a sorption pump 

cooled with relatively inexpensive liquid nitrogen or a two-stage radial-flow 

turbo pump might have the required pumping speed as well as modest initial 

and operating costs. Relative to each other, the sorption pump has the dis

advantage of requ~ring periodic desorption whereas the turbo pump has the 

disadvantage of a higher initial cost (nearly half tP,e cost of a 32 -inch diffusion 

pump installed). Since both pumping systems are novel, since University funds 

were available for the turbo-pump development, and since the two development 

programs could be conducted independently by two different graduate students, 

both development programs were undertaken. These programs have shown: 

that both pumping systems are feasible. Hence, as a consequence of the di.s

advantage of the periodic desorption required by the sorption pump, it is e:{

pected that the turbo pump will be used more frequently than the sorption pump 

in the subject molecular beam . 

The vacuum system, arc-heated source, converging-diverging noz2.le, 

. converging nozzle,. hypersonic diffuser, water-cooled skimmer, conduction

radia~ion-cooled .skimmer, flat-plate collimating orifice, two-disk beam choppe 

and speed selec~o~. detector. sorption pump and turbo pump have been fab:ri

cated. The arc-heated source and converging-diverging nozzle have been teste< 

exhausting at room pressure whereas the source and converging nozzle have 
. -2 

been tested exhausting at source-chamber pressures of the order of 10 torr; 

the chopper-selector has been operated routinely at speeds up tQ 4600 rpm in 

. detector calibrations; the detector has been calibrated using ·chopped room

temperature effusive flows; the sorption pump is operational; 34 and the tuJ:-bo 
I 

pump has performed satisfactorily at rotational speeds up t'o 
1
67% of designed 

rotational speed (higher speeds have not been tested).* More1 detailed descriptior 

of system components and development experiences are included in the folbwin~ 
. 35-42 . I 

sections of this report and in the several the~es which have been complete! 

in the Molecular-Beam Laborat'ory. 

* See Note Added in Proofreading, p. iii. 
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BEAM -SOURCE 

The design of the arc-heated beam source. is the result of an effort to 

provide high beam energies and high beam· intensities subject to constraints 

imposed by material properties·,· fabrication techniques, and equipment 

characteristics.- If the jet expands to Mach numbers large in comparison 

with unity, then the kinetic energy of a beam molecule is g~ven to good 

approximation by 

(1) 

where m is mass of molecule, U ts speed corresponding to average velocity, 

h is enthalpy per unit mass, and subscript o refers to stagnation conditions. 

For a perfect monatomic gas, Equation (1) becomes 

1 2 . 5 . 
2 m U ~ 2 k T

0 
(la) 

dis- where k is Boltzmann's constant and T is temperature. The discussion of the 

ex- beam intensity at the second collimating orifice is facilitated by examining 

pump 

zzle, 

on

chopper l 
I 

bri-

p tested 

1ave 
• ' torr; 

min 

>m-

turbo 

gned 

:;criptions: 

ollowing ; 

>mpleted · 

(2) 

where I is molecular flux (molecules per unit area and per unit time). A is 

area, and subscripts 1 and 2 refer respectively to the first and !3econd colli

mating orifices. In practice, the flow rate I
1
A

1 
through the first orifice is 

limited by the pumping capacity for the collimating chamber. For a perfect 

gas, this flow is relat~d to s.tagnation conditions a"nci to Ma.ch number at 

skimmer entrance (see any text book describing quasi~one-dimensional 

compressible flows) by 

·M 
1 

( 
'Y ~ 1 2 ) < -y+ 1 > I 2 < 'Y- 1 > 

1+ -2-. M1 . 

( 3) 

where p is pressure, 'Y is specl.fic-heat ratio and M is Mach number 

l = U /(-ykT /m)U
2 

for perfect gas]. Since free-molecul·e flow conditions are 

. . 9 

-..., ) 

M 94;; I 
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required at the skimmer entrance, the characteristic dimension of the skim

mer orifice may be written conveniently as a function of stagnation conditions, 

Mach number, Knudsen number and molecular properties using 

(4) 

where Kn = 'A/d is Knudsen number, 'A is mean-free-path length, d is 

characteristic dimension of skimmer orifice, n is number density of molecule 

and a is molecula~ collision cross-section. Combining Equations (3) and (4), 

one obtains for a circular orifice with diameter d 

. 1/2 'V-1 2 ( 3:.."1)/ 2 ("1- 1) 
kT 7TkT (1+ -'

2
- M

1
) M

1 
I 1 A 1 = ("' mo ) 8 ~ ------=2-------

p0a Kn 1 

(5) 

and for a rectangular orifice with smaller dimension d and large dimension b 

kT 1/2 

IA = ('Y-0 ) 1 1 m 
b 

..fi'a (1+ .Y-1 
2 

For a monatomic gas ("' = 5 /3) and M 
1
> > 1, these two equations may be 

written respectively 

and 

(6) 

(5a) 

(6a) 

The remaining factor in Equation (2) may be written (Reference 15, Equations 

7 arid 8) · 

2 3 s2 
2 ..fiT S(l+erfS)(S + 2) + e- (l+S ) 

-s2 
fi S(l+erf S) + e 

1 
(7) 

10 
I 

./ ,. 
~~-"'--------------------······ ~ 
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(7) 

where S = U/(2kT/m) 112 is spe~d ratio and L 12 i~ distance between the two 

orifices. For S > > 1, 

(7a) · 

Equation (la) indicates that high beam energies are realized for high stagnation 

temperatures: Equations (2) and (7a) indicat~ that high beam intensities are 

realized for high flow rates through· the skimmer orifice for high speed ratios· 

(i.e., high Mach numbers) and for small distances between orifices. 

Equations (5) and (6) relate the flow rate through the skimmer or'ifice to stag

nation conditions,. Knudsen number, Mach number (circular orifice only) and 

dimension b (rectangular orifice only). 

Argon has beE:m selected as the working fluid for the initial experiments. 

1t is relatively simple (a monatomic gas), has been inveS!tigated extensively, is 

cnsy to handle, and is available readily. Initial design of .the facility is based 

upon a stagnation enthalpy of 700 cal/~~ (5700°K), a flow rate of 10
19 

atoms 

per second through the skimmer orifice, a Mach number at skimmer entrance 

of 10, and a distance of 1 meter between orifice's. These. conditions place 

relatively modest requirements upon material properties, pumping capacities 

and collimating-chamber pump geometry. 

Examine now the design implications of Equations (5) and (6). For the 

t~slgn conditions of the prec~ding paragraph, these equations may be written 

Kn '= 9.2 p-112 
' 1 ' 0 

' (5b) ' 

(6b) 

o,vhorc P
0 

is in torr and b
1 

is in em. In order to avoid t~e formation of a 

·~~kl<:k nt the skimmer entrance, the Knudsen number must be at least as large 
. ' 1 22 

. ·~·9 un ty ., and perhaps as large as 10. From Equations (4), (5b) and (6b), 
01

'Wl obtains, for Knudsen 'numbers of 1 and 10, the requirements on st~gnation 
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pressure arid skimmer orifice indic.ated in Table II. Since the stagnation 

pressure (85 torr) and orifice diameter ·(o. 27 em) computed for the circular 

orifice for Knudsen num}?er of unity are obtained easily, and since a circular 

orifice is fabricated more easily than a rectangular orifice, a circular orifice 

is to be used in tests with Knudsen numbers of the order of unity. However, 

since the stability of the electric arc at pressures less than 10 torr is unknown 

the rectangular orifice might be preferred if operation at Knudsen numbers 

of the order of 10 is required. Initial tests will be made at a stagnation 

pressure of 100 torr and using a circular skimmer orifice with a diameter of 

0. 25 em, i.e.~ at a Knudsen number of the order of .unity. 
I 

The diameter of the throat through which t\le arc-heated jet expands 

is a compromise between the capacity of the pumping system for the source 

chamber and the operating chara~teristics of the arc-heated source. If the 

diameter is too large, then the design of a source-chamber pumping system 

with sufficient capacity becomes impractical; if the diameter is too small, 

then one is likely to encounter either arc instabilities or excessive energy 

losses from the jet to the nozzle surfaces. A throat diameter of 0. 2 em is 

to be used in the initial tests. This diameter, combined with a stagnation 
0 . 

temperature of 5700 Kanda stagnation pressure of 100 torr, leads to a 

mass-flow rate of 101 grams per hour. Heating this gas stream requires a 

·power input of 0. 079 KW to the gas stream, a modest power requirement. 

Fundamental in the design of the beam are the conditions at the skim

mer entrance. For the design conditions specified in the preceding para-
o ' 

graphs (T = 5700 K, p · = 100 torr, and M
1
= 10), one obtains, at the skimmer ·o . o 

. 0 
entrance, a temperature of 166 K, a pressure of 0. 0145 torr and a speed of 

2400 m/sec (i. 2 ev/atom). Since the equilibrium degree of ionization for argor 
0 

at 5700 K and 100 torr is of the order of 0. 0001, it is anticipated that the de-

gree of ionization at the skimmer entrance will be less than 0. 0001. (A 

quantitative prediction of the degree of ionization at the skimmer entrance is 

difficult to obtain due to non-equilibrium effects. Cf. Reference 38.) Any ions i; 

and electrons remaining in the stream at the skimmer entrance can be de

flected out of the beam using either an electric or a magnetic field. Acco.rdingf 

12 
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TABLE II 

REQUIREMENTS ON STAGNATION PRESSURE AND SKIMMER ORIFICE 
FOR TWO VA LUES OF KNUDSEN NUMBER 

Kn 1 

1 

10 

Kn = 

A. = 

Circular Orifice 

Po 
d . 

1 
(torr) (em) 

85 0.27 

0.85 2.7 

Knudsen number = "A/d 

mean-free-path length 

R~ctangula r Orifice 

bl podl 

. (em) (torr-em) 

0.21 23 

2. 1 2.3 

d = characteristic dimension (either diameter of circular orifice 
or smaller dimension of rectangular orifice) 

b = larger dimension of rectangular orifice 

p = pressure 

Subscripts o and 1 refer respectively to stagnation and skimmer-entrance 

conditions. 

. . 0 
Calculations are for argon, a stagnation temperature of 5700 K, a flow rate 

19 . . . 
of 10 atoms per second through the sk1mmer off1ce and a Mach number at 

skimmer entrance of 10. 

,_,·. 

;; K ; 



to information received from Giannini Plasmadyne Corporation of Santa Ana; 

California, if a noble gas and a water cooled tungsten back electrode is used, 

then the electrode decomposition rate is less than one gram in 1000 kilowatt

hours. For gas-flow rates typical of the present facility, this electrode

decomposition rate would result in .a contamination of' less than on~ part tung

sten in 100, 000 parts working fluid. Hence, the beam is expected to be 

essentially a neutral beam of argon atoms . 

.Two alternative methods of forming the hypersonic jet are being 

studied. In the first method (Figure 2) it is formed by expansion through a 

converging-diverging nozzle. In an effort to reduce· the pumping capacity 

required for the source chamber, that portion (98o/o) of the hypersonic jet 

which does not enter the skimmer i~ channeled through a constant-area hyper

sonic diffuser 
40 

which turns the flo~ into the radial direction and dumps it 

into a toroidal collector evacuated by a single-stage mechanical vacuum pump. 

Since a constant-area supersonic diffuser yields approximately the same 

pressure recovery as a normal shock, 
43

• p. 
130 

the pressure at the diffuser 
. 

. exit would be of the order of 2 torr. Hence, the volume flow at this pressure 

wouid be two orde:t:'s of magnitude smaller than the volume flow at .the static 

pressure realized in the vicinity of the skimmer entrance. 

In the. second method of forming the hypersonic jet (Figure 3), the 

· arc~he~ted gas is expanded through a converging nozzle to a Mach number of 

unity and then through a free jet to hypersonic speeds. Applicable studies of 

free jets include the analytical studies of Owen and Thornhill, 
44 

Love, 

Grigsby, Lee and Woodling, 
45 

Eastman and Radtke, 
46 

Sherman, 
47 

and the exp 

mental studies of Wilcox, Weir, Nicholls and Dunlap, 
48 

Love et al, 
45 

Bie.r and 

Sehmidt, 
14 

and .Reis. 
49 

The analytical computations of Love et al and Shermar 

and the experimental results of Bier and Schmidt have particular value in 

· the present studies since they include quantitative values for monatomic gcLSes 

(')' = 1. 67). If recovery o~ stagna.tion pressure as a result of flows through shoe 

. is negligible, then the gas load from the source chamber must be pumped at the 

static pressure in the free jet, a pressure of the order of 10-2 torr. The 

volume flo·w at this pressure is two orders .of magnitude greater than for the 

14 
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SCHEMATIC DIAGRAM OF HYPERSONIC NOZZLE 1 

CONSTANT-AREA DIFFUSER AND WATER-COOLED SKIMMER 
. ·(Ref. 35. Figure C-7) 

· ·· FIGURE 2 
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SCHEMATIC DIAGRAM OF SONIC NOZZLE, 
FREE JET AND CONDUCTION
RADIATION -COOLED SKIMMER 

FIGURE 3 
~- . 
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first method. However, recent successes w1 r.e·e Je s at rmce on · 

and in Germany, 
14 

and the difficulties of handl~ng rarefied hypersonic flows 

in channels, 
40 

indicate tl!at the second method has the greater probability 

of success. Furthermore, the incorporation of means for adjusting the source 

location appears to be practical for.the second method and impractical for the 

first method. 

All of the source components (source chamber,· arc-heated source, 

converging-diverging nozzle,· hypersonic diffuser and converging nozzle) 

have been fabricated. The arc-heated source, a modification of the P-110B 
. 

Plasmatron System (including a PS-20 power. unit and an M4 head) manu-

factured by·the Giannini Plasmadyne ·Corporation of Santa Ana, California, 

would be used regardless of which of the two alternative methods of forming 

the jet is selected. (See Figure 4 for a schematic diagram of the source 

electrodes.) This Plasmatron System,. with the converging-diverging nozzle 

installed, has been tested exhausting at roo~ pressure with argon -flow rates 

from approximately 300 to 1600 gm/h:r at a power input of 2KW to the head. 

·With the converging nozzle· installed, it has been tested exhausting at source-
. -2 

chamber pressures of the order of·10 torr with argon-flow rates from 200 

to 300 gm/hr at a .power .input of 2KW to the head and with argon-flow rates 

from 100 to 200 gm/hr at a power input of 4KW to the head; stagnation pres

sures varied from 80 to 180 torr. (Since a large fraction of the pow~r input . . . 

I 

to the head was carried away by cooling water, only a small fraction of this 

power was added to.the argon stream.) Stable operation was realiz~d over 

* the range of operating conditions tested. 

BEAM COLLIMATOR 

As indicated in preceding sections of this paper, beam collimation is 

provided by two circular orifices, the first orifice located in a conical skim

mer placed in the hypersonic jet and the second orifice located in the wall 

separating the collimating and detecting chambers. In this section, collimator 

design. details and beam· attenuations due to scattering are discussed. 

* See Note Added in Proofreading, p. iii. 
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The distance between the two orifices (i.e.~ the length of the colli

mating chamber) is approximately 1 meter. This value represents a com

promise between the requirement for high beam intensity (cf. Equation 7a) 

and the requirement imposed by collimating-chamber pump geometry (cf. 

section on vacuum pumps)~ 

As indicated in the discussion of the design of the. beam source, initial 

tests will be made using a circular skimmer orifice with a diameter of 0. 25 em. 

Using argon at a stagnation enthalpy of ·7 00 cal I gm (5700°K), a stagnation 

pressure of 100 torr and a Mach number at skimmer entrance of 10, this 

value of diameter provides a flow .rate of 10
19 

atoms per second through the 

: __ 1 ; skimmer orifice and a Knudsen number of the order pf unity. If (as suggested 

l 

' .· ... 

in Reference 22) a Knudsen number of the order of 10. is required, then (in 

order to maintain the flow rate of 10
19 

atoms per second and a relatively 

high stagnation pressure) one might use a rectangular orifice. with dimensions 

of the order of 2 em x 0. 2 em and reduce the stagnation pressure to 10 torr 

(cf. Table II). 

Req-qirements for reducing the attenuation of beam intensity due to 

scattering by atoms reflected from skimmer surfaces place conflicting de

mands upon the angles of the inner arid outer surfaces of a conical skimmer; 

increasing the internal angle reduces attenuation due to scattering by atoms 

reflected from the internal surface whereas decreasing the external angle 

reduces attenuation due to scattering by atoms reflected from the external 

surface. Kantrowitz and Grey
7 

suggest, for the internal angle, 

6. > sin - 1 {c
1 

/U) 
1-

where 6. is internal half-apex angle and C is mean of random molecular 
1 

(8) 

speeds. As gui(ies in the selection of the external angle, one might use values 

of the maximum cone and wedge angles for shock attachment and the calculations 

of Oman
24 

which predict that, for attenuations less than 30%, the attenuation 

due to atoms reflected from the external surface varies exponentially with the 

external angle. Figure 5 indicates that, for argon and a Mach number of 10, 

/ 
I 

19 / 
1
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sin (C

1
/U) =sin (yo/rr-y /M

1
) = 7 whereas _maximum half-apex angles for 

0 0 . 
shock attachment are 50 for a cone and 36 . for a wedge. Since the steady-

state temperatur.e of the lip of a skimmer placed in an arc-heated jet is difficult 

to predict, two alternative designs of the skimmer are considered. The first 

design incorporates passages for cooling water; internal and external half-apex 

angles are respectively 15° and 4·5°, L ~-, the external angle. is relatively 

large. (Cf. Figure 2.). The second design depends upon conduction (to the 

water-cooled skimmer base) and upon radiation for removal of heat; internal 
. . . 0 0 

and external half-apex angles· are. respectively 15 _.and 25 , i.e., the external 

angle can be made re~atively smad. (CL Figure 3.) Since att_enuation of beam 

intensity is reduced when the external angle is reduced, the smallest external 

angle consistent with require~ents for fabricating and cooling the skimmer is 

* to be used. 

An upper bound to th~ cooling required for the skimmer is provided by 

the power added to the gas stream by the ·arc, L e., 0. 079 KW. Only a modest 

water-flow rate is required to carry away energy at this rate. The problem 

is to conduct heat away from the sharp skimmer lip without excessively high 

temperatures at the lip. ·Although preliminary calculat~ons indicate that these 

temperatuJ;"eS will not be excessive, the final design will be based upon results 

of experimental tests. 

The second (collimating) orifice is a circular hole, with diameter of 

0. 64 em, located in a thin plate mounted in the wall separating the collimating 

and detecting chambers. Increasing the diameter of this orifice would .in

crease the flow rate of molecules striking the target and, hence, would in

crease the flux of scattered molecules at distances from the target large in 

comparison with the diameter of the target impact area. ·(See Table III for a 

summa;ry of predicted values of beam intensities, flow rates and densities at 

key points in the beam.) The resulting· gain .ill: strength of the detector signal 

would be realized, ·however, at the expense of loss in resolution; the larger the 

diameter of the target impact a~ea, the. greater is the uncertainty of the path 

length traversed by a molecule between the time it strikes the target and the 

time it passes through the detector·. 

* See Note Added in Proofreading, p. iii. 
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TABLE iii 

PREDICTED VALUES OF BEAM INTENSITIES, FLOW RATES AND 
DENSITIES AT KEY POINTS IN UCLA NOZZLE BEAM 

Intensity· Flow Rate Density 

(molecules molecules molecules 

cm
2
-sec) ( sec ) ( cm 3 ) 

Skimmer 2. 0 X 10
20 

1. 0 X 10
19 

8. 4 X 10
14 

Collimator 2.7 X 10
16 

8. 6 X 10
15 

1. 1 X 10
11 

Target 6.8 X 10
15 

8.6x10
15 

2.7 X 1010 

Detector 6. 9 X 10
12 

8.7 X 10
12 

1. 5 X 10 
8 

Calculations are for argon, stagnation temperature of 5700°K, stagnation 

pressure of 100 torr, Mach number at skimmer entrance of 10, skimmer-orific 

diameter of 0. 25 em, collimating-orifice diameter of 0. 64 em, detector opening 

diameter of 1. 27 em, distance between orifices of 100 em, distance from secon( 

orifice to target o~ 100 em, distance from target to detector of 20 em, target 

temperature of 300°K, complete accommodation at target, d~tector on (or near) 

line normal to target, no speed filter, and negligible background or self 

scattering. 
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Since a relatively high beam intensity at·the target is essential in many 

beam ·experiments, an estimate of beam attenuc;~.tion due to background and 

self scattering is of interest. Consider first background scattering, i.e., 

scattering due to collisions of beam molecules with those molecules moving 

randomly about within the collimating chamber. To good approximation, 

each collision of a beam molecule with a background mol~cule leads to re

moval of one molecule from the beam; additions of molecules to the beam 

as a consequence of collisions involving background molecules are negligible. 

The probability thata beam molecule will undergo a collision as it traverses 
i 

a path length dL is given by dL/A , where A is mean-free:-path length for c c . 
beam molecules considering only collisions with the background molecules. 

For a high-speed molecule moving through a swarm of _low-speed molecules, 
. . 

A. = 1/n a where n is number density of particles in the collimating chamber. 
c c c 

Consider now self scattering, i.e., scattering due to collisions of beam 

molecules with beam molecules. To good approximation, each collisi_S>n of 

a beam molecule with a beam molecule leads to removal of two molecules 

from the beam. The probability that a beam molecule will undergo a collision 

as it traverses a path length dL is given by dL/Ab' where Ab is. mean-free-

path length for beam molecules considering only collisions with beam molecules. 

Muckenfuss 
50 

has shown that if M 
1
>> 1 and if the three -dimensional nature 

of the random thermal motions within the beam must be considered, then 

A.b = (1//2 nb a) (U /Cb) where nb is the number density of the beam molecules 

and Cb is the niean random thermal speed of the beam molecules. Troitskii 
51 

has shown that if the beam is so narrow, in comparison with the mean-free

path length· Ab' that only the random thermal motions in the axial direction 
51 need be considered, then the mean-free-path length Ab is three times greater. 

Preliminary calculations indicate that, for the present design, the beam width 

is small in comparison with the mean-free-path length A ,· even in the colli-
. b . 

mating chamber. Hence, adding the two probabilities,· 

dN 
N = - dL 

.A 
·C 

2 
dL 

Ab 

J' 

= - nc a dL (2-.ff /3) nb a (Cb (U)dL 

1 23 

(9) 

yi;::..-¥Mh.,A > d(EIF~'- U._bi>_??"?$.f.;:y;:_ :.A-:t:-/CSS¥:_1Si1.~"'pt- , .. PA, ,> _Y'!'L-; rCJf.,;:::w_;,'::"*:f?..t,•~"='~""~-.':;ifi··:.5~·:7-¥''3t'"""'-.f1-·t4·~•-Y, _i,i.'~'"-~*J::;£.~¥'f fi\$'?JO!} .1 llfl_ .. .,[41 .. 491?ff*.b·7P?7"· .>_!_;. ....... '-:t-·--"'""""""""'""""',..,.,.,...,.,'""""""""""'"" 



Neglecting losses due to scattering~ the_ number density of beam molecules 

varies inversely as the squar~ of the distance L from an equivalent point 

source with strength and location (upstream of first orifice) such that the 

. number densities of beam molecules at the first and second orifices are 
2 2 

respectively n
1 

and n
1 

A
1
s /rr L

12 
when S>>l. To the extent that 

(A
1

/rr) 112 S is negligible in comparison with L
12

• one may write 

A s2 
1 

nb = n1 1T L 2 

and locate the first orifi~e at. L = (A 
1

/rr) 112 
S and the second orifice at 

L = L
12 

.. If losses due to scattering are taken into account, then 

A s2 
1 N 

nb = n1 1T L2 N 1 

(10) 

(11) 

where N /N 
1 

is. the fraction of those beam molecules passing through the 

skimmer and surviving at path length L. Substituting from Equation (11) into 

Equation (9), one obtains 

dN 
-= 
.N 

212 
- nc a dL - 3 

(12) 

The variables N and L do not appear to be separable in general. Useful 

information is obtained, however, by examining two special cases. If self 

scattering is negligible, then 

(13) 

whereas, if background scattering is negligible, then 

2-12 
= --n 

3 1 

Neglecting (A 1 /7T >112 
S in comparison with L

2
, the latter equation may be 

-written 

24 
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N~2 N2 = ~ ( ~) 1/2 n
1
o(,/ ) 1/2 (14) 

14 3 
For n

1 
= 8. 4 x 10 molecules /em , argon, and skimmer-orifice diameter 

of 0. 25 em, Equation (14) predicts an attenuation of 29o/o due to self scattering 

whereas •. for Tc = 300°K, argo~. and L
12 

= 100 em, Equation (13) indicates 

that an attenuation of 11 Ofo due to background scattering is realized if p = 1. 0 . c 
(10) x 10-5 torr. The 29o/o attenuation due to ~elf scattering is accepted as a 

{11) 

t· 
I 

I 
I 

. -5 
consequence of high intensity; the collimating-chamber pressure of 10 torr 

appears to be an acceptable compromise between reduced background scattering 

and a smaller collimating-chamber pumping system. 

BEAM CHOPPER AND SPEED SELECTOR 

The beam chopper and speed selector, referred to sometimes as 11 the 

I chopper-selector", serves simultaneously to chop the beam into bursts (ther.eby 

!into facilitating use of the time-of-fligh~ technique), to modulate the beam (thereby 
I 
1 facilitating the detection of a beam with density orders of magnitude lower than 

(12) 

lf 

! 
f 
); 
f 
I· 

~ 
~I 

the density of the residual gas) and to filter out those beam molecules with 

speeds differing great~y from a selected speed (thereby facilitating inter

pretation of data). · Principal design features of this component, described by 

Pl . 37 . d . th• t• ue, are rev1ewe 1n 1s sec 10n. 

Fundamental in the design pf the chopper-selector is a measure of the 

speeds of the molecules which are to be transmitted. A satisfactory measure 

is provided by the most probable speed in the beam. The speed distribution 

(13) in a nozzle beam, after passing through both collimating orifices, is g~ven by 

'be 

2 
· 2 s 3 e -(s-S) ds I(s)ds = _______ __;__..:. ___ ~-----

r= 2 3 -s2 
2 

v 1f S (l + erf S)(S + 2 ) + e (1 + S.) 

(15) 

where I(s) ds is the molecular flux in speed range ds and s is speed ratio 

'= u/(2 kT /m)
1 12 . Hence,. the mo.st probable speed ratio ; in the beam is 

lhe speed ratio at which the right-hand side of Equation (15) is a maximum, 

I.e., 

25 
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i . 

s = 
2 

(16) 

If molecules .with this speed ratio are to be transmitted, 
1/2 

then the constraint 

Aw S + (S
2 + 6) = ----~~~----

u q,. 2S 
(17) 

where A, is distance between entrance and exit sections of rotor, w is 

angular speed of rotor and q, is relative angular displacement of entrance and 

exit sections, must be applied to the chopper-selector design. Note that, for 

S >> 1, this constraint simplifies to Aw /Ucp ~ 1. 

A second constraint on the design of the chopper-selector is impof;ed 

by the desire for good resolution of the transmitted molecules. Resolution 

R is defined by 

s - s . 
R-

max m1n 
s 

(18) 

7 

where s ·and s . are respectively the maximum and minimum speed 
max mm 1 12 

ratios of the transmitted molecules and s = A/(cp/w)(2 kT/m) is the 
7 

speed ratio of those molecules with transit time equal to the delay time of the 

exit section of'the rotor relative to the entrance section. Expressing the right 

hand side of this ·expression as a function of geometrical parameters of the 

rotor is facilitated by an examination of the selector transmission diagram 

(cf. Figure 6). As a function of transit times, 

1 1 
R . = _7_-_{3 _____ 7_+...:.-{3 __ 

1 
(19) 

7 

where 7 = cp/w is the delay time of the exit section of the rotor relative to 

the entrance section, · {3 = 8 I w is the· open time of a typical slit and 8 is the 

slit-opening angle. Hence~ as a function of geometrical parameters of the 

rotor, . 

R = 2(8/cp) 

Equation (20) indicates that good resolution is obtained at small values of the 
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ratio of the opening angle 8 and the del~y. angle <P. 

A third constraint is im-posed by the desire for a high-intensity beam, 

i.e. , for transmission of a large fraction of the molecules admitted to the 

chopper-selector. The fraction :f' of admitted molecules which are tran.s

mitted may be written-

:/= 

{3 7+{3-t . 

~ dt fr -t I(T L\)d T L\ 

~{3 dt ~
00 

( 21.-) 

where I(T L\) dT L\ is the molecular flux in the transit-time range dT A and t . 

is time measured from the time of opening of the slit in the entrance section. 

Reversing the order of integration (cf. Figu_re 6), orie may write 

r{3 s'T+f3-t 
j_ dt I(T L\ )dT L\ 

0 'T -t 

S.., -s{3 · s..,+f3 s'T+ {3-T 
= dT A I(T L\) dt + dT L\ [\. I(T L\ )dt 

'T-{3 7-T T o A . 

S.., s..,+f3 
= . ( {3-T+T L\) l(T L\) dT A+ .. ( {3+7-T A)l(T L\) dT L\ 

'T-{3 . . 'T 

so that 'T 'T+ {3 
:;f' = .£,~{3({3-T+TA)I(TA) dTA+ ~ ({3+7_-TA) I(TA) dTA 

00 . 

. {3 L I(T A) dT A 

Equation (22) may be written alternatively with speed ratio as variable of 

integration. Recall that 

s = A /T A ( 2 kT / m) 1 I~-

. s . 
m1n 

- A/(-r+{3)(2kT/r;n.) 1
/ 2 

s = A h ( 2 kT I m) 112 ., 

28 
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{22) 
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t 
'· 

Hence, Equation {22) may be writt~n 

roo r(s .•. s, s ) I(s) ds 7 = -b mm max~ 

~~- ~) ~~(s)ds 
m1n max 

where the transmission functipn r(s . , S, S ) is m1n max 

r(s ... ~S .. s ) == o 
m1n max 

= 

= 

= 

1 1 
s . s 

m1n 

1 1 
s s 

max 

0 

s < s . 
zn.1n 

s . < s < s 
m1n T 

s < s < s 
T max 

s <s 
max 

(23) 

(24) 

A large value of :;f is realized if s . << s << s . , in direct opposition to 
m1n T max 

the conditions necessary for a small value of the resolution R (cf. Eq~ation 18). 

The speed distribution of the molecules transmitted by the chopper-selector is 

given by the product of the distribution function for the molecules. arriving at 

the entrance section and the transmission function of Equation (24). (Cf. 

Figure 7.) 

Additional constraints on the design. of the chopper-selector are imposed 

by material properties and fabrication techniques. For example, material 

properties place an upper limit on.the rotor speed whereas fabricatio~ techniqu-es 

place lower limits on certain dimensions. 

Consider now the application of these design constraints to the design 

of the. chopper~selector for the UCLA nozzle beam. Recall that design con-

ditions for this beam in~lude a ·speed ratio S of 9. 13. 

(17), 

Aw 
Ucp ~ 1 

Choosing .R = 1/3,. one obtains, from Equation (20), 

29 

Hence, from Equation 

(25) 

I 
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Setting s = s , 
'T 

8 1 
"' ¢ "' 6 

s Is ·max 'T 

3 2 
I(s) = (siS) exp[ ~ (s-S) ] 

1T 1 12(1+312 S2) 

[ = ¢1< ¢-8)] = 6/.5, s . Is [=¢1(¢+8)] 
m1n 'T 

= 617, and 

(cf. Equatiot?- 15, S>> 1), with s = 9. 29 (cf. 

(26) 

Equation 16, S = 9. 13L one obtains, using Equation (24L the speed distribution 

of the transmitted molecules shown by the dotted curve in Figure 7 an~. from 

Equation (23L a transmission:;/' of 0. 64. Conside~ations of rotor stresses 

due to centrifugal force·s motivateq the selection of aluminum alloy 7075-T6, 

a radius of 10 em,· and a maximum speed of 25, 000 rpm for the rotor. The· 

slit-opening angle 8 must be large enough so that it can be machined ~on

veniently but not so large that the rotor length is excessive' (cf. Equations 2 5 
' 

and 26). An angle of two degrees appears to meet these requirements. Then, 

from Equation (26), the phase angle ¢ is twelve degrees; from Equation (25), 

for w = 10, 000 rpm at U = 2400 mlsec, the rotor length A is 0. 5 m. Note 

that, at the maximum speed of 25, 000 rpm, this rotor would pass molecules 

with speeds in the neighborhood of 6, 000 mlsec. 

Speed-selector types examined in the search for a type suitable for 

.:'r the present system (requiring a chopped, modulated speed-filtered beam) 

included the phase-shift selector, 
52

-
53 

the multi~disk selector (e. g., 

References 54-57)· and the helical selector. 58 - 6° Considering such factors 

as fabrication, alignment, transmission, resolution, transmission of side

bands, driving torque and stability, a two-disk chopper-selector with two 

slits in each disk was selected. Principal characteristics of the final design 

afe tabulated in Table IV; a photograph of the fabricated chopper-selector is 

iim:.lliuded as Figure 8. 

A wide continuous range of rotor speeds is available through use of an 

air-turbine· drive; speed of the turbine rotor is regulated by a cartesian 

manostat; speed of the chqpper-selector rotor is monitored by an optical 

tachometer and a decade counter. The need for a rotating seal is obviated 

by transmitting to.rque fi·om the turbine to the chopper-selector by permanent 

magnets rotating on both sides of a non-ferrous insert in the vacuum-chamber 
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wall (cf.· Figure 1). Those bearings located within the vacuum chamber 

are Barden 1 OOT precision ball bearings lubricated with General Electric 

F50 silicone oil. The chopper-selector is located in the detection chamber 

since location in the collimating chamber is precluded by the presence of 

either the sorption pump or the turbo pump in that chamber. 

TABLE IV 

PRINCIPAL CHARACT~RISTICS OF CHOPPER-SELECTOR 

Number of Disks 

Number of Slits Per Disk 

Disk Radius 

Distance Between Disks 

Slit Angle 

Phase Angle 

Maximum Rotational Speed 

Maximum Transmitted Speed 

Resolution, R 

Transmission,:J' 

2 

2 

10 em 

50 em 

20 

12° 

25,000 rpm 

6, 000 m/sec 

0.33 

0.64 

The chopper-selector has been operated routinely at speeds up to 

4600 rpm in detector calibrations. Attempts to attain higher speeds have 
. . . * 

been held in abeyance pending completion of these calibrations. 

BEAM DETECTOR 

The beam source, collimator and chopper-selector have been 

. described in preceding sections of this paper. ·, In the present section, the 

time-of-flight technique (used for measuring molecular speeds) and the }?earn 

detector are described. 

Examine first the possib.le speed range .of particles arriving at the 

detector '(subsequent to scatterm,g by the· target) at time td. where t is time 

measured fromthe time of opening of the slit in the ·exit section of th~ I 
*' 

. I 

See Note Added in Proofreading, p. iii. 
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chopper-selector. (Cf. Reference 36.) ·The first molecules leaving this exit 

section have a speed range 

. ~ < u < 
7' 

whereas th~ last molecules leaving have a speed range 

~ < u <A 
7'+{3 - 7' 

I ' 
' I 

/ 

where u is molecular speed. The first molecules to arrive at the target 

arrive at time 

t = 
A/(7'-/3) 

whereas the last molecules arrive at time 

t = f3+ A I (7'+{3) 

(27) 

(28) ' 

(29) 

(30) 

where L t is distance from the exit section of the chopper-selector to the 
·S 

target. If the stay times of the molecules on the target are negligible in com-

parison to the flight times, then molecules arriving at the detector at tim•= 

·td have target-detector flight times in the range 

'· ( 31) 

and speeds in the range 

L 
t _. . st 
d A/ (7-/3) 

< u .< 
L 

t {3 st 
d- - A/(7'+/3) 

(32) 

or, in terms of geoll,letrical parameters, 

't-L (~-a)/Aw ~u< 
d st · 

·Ltd 
(32 

34 



ex H. 

(27) 

(28) 

t 

0) 

1) 

,,:'\ere tt is arrival time at the target and Ltd is .distance from the target to 

:;.e detector. To facilitate data interpretation, t)lis speed range must be 

:.mall. It is plottec_i in Figure 9 as a function of arrival time at the detector 

1 , design conditions of the beam, i.e •• for Ltd = 0. 2 m, L t = 0. 3 'm, .. .~r . s , 
.\ ~ o. 5 m, 4> = 12°. ·a = 2°. and w = 10, 000 rpm. It is seen that the possible 

Jlptcd range is small for thermal speeds (complete accommodation) but large 

!or speeds of the order of 2400 m/sec (no accommodation). For a given 

;Mpper-selector length A, the possible speed range is decr~ased if ()I <P is 

.t.~:::-cased (i.e., if the resolution R is improved), if the length Lst is de-

• 7·,.~ 5=~·:d, ~:--if the length, Ltd is increased. 

Consider now the problem of determining the speed distribution of a 

~-..=.Ceded beam given the outputs of a photocell located at the second disk of 

~ne chopper-selector and of a through-flow ion'ization detector located in the 

path of the reflected beam (cf. Figures 1 and 1 0). I~ the possible speed 

range is small, then one may treat the molecules from one burst as though 

they all leave the target simultaneously and the computations 'are· simplified 

greatly; the intensity (time,-dependent) is given by 

' 2 
N F(u) u du 

2 
Ltd dtd 

= - (33) 

where N is the total number of molecules in the burst. F(u) is the velocity

distribution function (the fraction of molecules in unit volume of velocity 

space). u
2 

dn d~ is a differential ~olume in velocity space. L~d dn is a 

differential area in phy~ical space, n is solid angle. u is speed, and dtd 

is the time required for molecules in speed range -du to pass through the 

32 ) · detector. Sinc.e speed u is related to time-of-flight Ttd = td- \ by 

(34) 

one rnay write 

32a) 

du ---
dtd 

du 
= - -- = 

dTtd 
(35) 
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DETECTOR POSITIONING MECHANISM 
(Ref. 36, Figure 16) 
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so t hat 
.2 

N F(u) u 

T 2 
Ltd td 

(36} 

Since the output of an ionization detector is proportional to the number density 

nd(T td) of molecules in the de.tector, substitute nd(T td) for Id(T td) /u and . 

rearrange t o obtain 

F(u) = (37) 

Finally, defining the calibration const~nt K by 

(38) 

where V d(T td) is the detector output potential, one may write 

T:d V d (Ttd) 

N 
(39) F(u) = K 

so that the speed distribution F(u) is given, for the case in which the possible 

speed range is small, by T;d V d(Ttd)/NK as a function of Ltd/Ttd" The 

more complicated case in which the possible speed range is not small is 

examined briefly in Reference 36. An alternative method of determining 

the speed distribution using two detectors in series is mentioned in a later 

paragraph. 

The detector (Figure 11 and Reference 42) is a modification of the 

through-flow, hot - cathode, ionization detector used by Becker et al. 
12 

It 

consists essentially of a cathode, anode and ion collector . Ions, produced 

by bombardment of molecules by electrons accelerating from the cathode 

to the anode, are attracted to the ion collector and neutralized. The 

potential drop caused by flow of the neutralizing electrons through a re

sistor in series with the ion collector is amplified and displayed on an 

oscilloscope (Figure 12). This potential drop is the detector output potential 

V d(Ttd) referred 1o in the preceding paragraph. See T able V for a compar·is 

of the principal design features of several beam detectors employing ion Lzati 

of beam molecules by accelerated electrons. 
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TABLE V 

PRINCIPAL DESIGN FEATURES OF SEVERAL IONIZATION DETECTORS 

Electron 
Source 

Magnetic 
Field 

(gauss) 

Fraction· 
Ionize9 

Detector Beam Beam Reference 

2 transverse A few 
opposing hundred 
cathodes 

2 parallel 
opposing 
cathodes 

Electron 
gun 

1 parallel 
cathode 

1 transverse 
cathode 

Electron 
gun 

1 cathode 
crossing 
beam 

1 transverse 

200 

None 

Unknown 
strength 

None 

150 .. 

1 
3000 

1 
20. 

1 
100 . 

1 
30 

Small 

·1 
40 

1 -
400 

1 --· 

Intensity Density 
I 

(mol~cules) ( molec~les) 
em sec em 

Electron 61 
multiplier 

Electron 62 
multiplier 

Electron 63 
multiplier 

Ion 1.4x10
10 

64 
Collector 

Ion 12 
Collector 

Electron 6x10
9 

65 
multiplier 

Electron 
- 8 

1. 8x10 .66 
multiplier 

· Ion 1.5x10
14 

3.2x10
9 

this 
cathode 7000 

Collector paper 

NOTES: 

·1. · All sources employ heated tungsten cathodes.· 

2 •. Unless indicated otherwise, all cathodes are located outside beam •. 

3. All beams are modulated to facilitate separation of beam effects 

from background effects. 
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As a compromise between high resolution and high detector output, a 

detector opening diameter of 1. 27 em was selected. (Recall that the target

detector distance is 0. 2 m.) Calculations 
42 

of trajectories of ions in electro

static fields indicate that, neglecting effects of cathode and anode potentials, 

all argon ions with energies l~ss than 1. 2 ev and with straight-line extensio.ns 

of initial flight paths passing within 0. 64 em of the center o{ the collector 

are collected by a spherical ion collector with radius of 0. 04 em and potential 

of -300 volts. Taking into account the detrimental effects of a cathode at 

negative potential and the beneficial effects of using a cylindrical collector 

(with axis parallel to the initial ion flight paths), a cylindrical geometry and 

a potential of -250 volts were selected. In order to avoid the problems of 

poisoning upon exposure to atmospheric oxygen (encountered with oxide

coated cathodes), a tungsten cathode (with surface area of 0. 8 em 
2 

and opera tin 
0 

temperature of 2500 K) was chosen. In order to produce an ion current which 

can be detected with available instr:-uments, a cathode-anode electron current 
-2 

of the order of 10 ampere is required. Taking into account the fact that 

this electron current is space-charge limited, the Langmuir-Child Law pre

dicts that, for plates with areas of 0. 8 em 
2 

each and separated by a distance 

of 1. 27 em, a potential of app'roximately 400 volts is required to produce the 

required value of this current. · Considering that the ion collector (at -250 

volts) is located between the cathode and anode, a cathode-anode potential of 

450 volts, with the cathode at -200 volts and the anode at +250 volts, was se

lected. A temperature-li;mited el.ectron current of 0. 007 ampere was 

measured in the completed detector. 

A cathode shield, at the same potential as the cathode, reduces electr 

losses to the side of the cathode facing away from the anode. Permanent 

magnets focus the ele.ctrons accelerating from the cathode to the anode - re

ducing spreading due to mutual repulsions and random motions. A field 

strength of 150 gauss results in a Larmor radius of 0. 02 em for electrons 

with speed perpendic~lar to the magnetic field corresponding to an energy of 

1 ev. (The same field strength results in a Larmor radius of 6 em for argon 

ions with an energy of 1 ev, i.e., it has a negligible effect on the ion-collecti 

42 



~-- .-.-,--

I 
i 
I 
I· 

on 

. on 

,, 
i .. r; 
l 

·1 
~ 
t 
I 
f1 

• 4 

process.) In order to reduce the collection of ions by the cathode, the up

stream end of the ion collector is located approximately in the plane of the 

electron paths. 

The molecular intensity, flow rate and density anticipated at the de

tector in a typical application are included in Table III. For these conditions 

and an ionization probability of 0. 4 (Reference 67, Figure 18), approximately 

one molecule in 7~103 
molecules is ionized, i.e., a negligible fraction of the 

beam is removed by the detector. Hence, several detectors of this type may 

be used to monitor simultaneously the beam at several points along the beam 

path, thereby providing a method for making time-of-flight measurements 

alternative to (and perhaps more versatile and accurate than) the method using 

a photocell and one detector described earlier. 

For the calibration tests described in the next pa·ragraph, the detector 

output was amplified and displayed using a cathode follower of the type de

veloped by Hagena and _Henkes, 
12 

a Tektronix Type L amplifier and a Tektronix 

RM 45 oscilloscope. (Cf. Figure 12.) Addition of a preamplifier might facilitate 

the detection of weaker beams. Stability was improved (and power-supply noise 

reduced) by using d.irect-current power supplies for the cathode~ cathode 

heater, anode and ion collector; since stability of the ion.-collector potential 

is specially important, a battery was used for the ion collector. External 

noise was reduced by shielding the appropriate leads and components (cf. 

Figure 12). . 

The detector has been calibrated in effusive flows from the collimating 

chamber into the detecting chamber chopped by the first disk of the chopper

s~lector. A typiCal oscilloscope trace photographed during these calibration 

tests is reproduced a$ Figure 13; a plot of detector output as a function of 

density of effused molecules at the detector is given in Figure 14. Densities 
9 . 3 

lower than 3 x 10 molecules I em were not detectable due to lack of a pre-

amplifier. From Figure 14, a calibration constant K of 6. 7 x 10- 10 mv per 
3 . . 

molecule I em is computed. This value :i,s approximately 114 the value one 

would predict for.an ioni"zation probability of 0. 4 and collection of all ions . 

Considering the complex nature of the potential field in th,e detector and the 
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OUTPUT FROM DETECTOR AS DISPLAYED 
ON OSCILLOSCOPE SCREEN 

(Ref. 42, Figure 20. Vertical axis - 0 . 02 volt/ em; 
horizontal axis - 0. 0005 sec/em, source pressure -

0.01 torr, equivalent to 1. 72 x 10
1

1 
atoms argon/ em 3 at detector) 

FIGURE 13 
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simple models used in.the calculations, this deviation from the predicted value 

* is not surprising. 

The lowest detected flow density was two orders of magnitude lower 

than the background density. As mentioned previously, it 'is anticipated that 

addition of a preamplifier would facilitate detecting flow densities lower than 

the lowest oensity listed in Table III. Support for this anticipation is provided 

by .the beam densities listed for the several ionization detectors reviewed in 

Table V. Beam detection under such conditions is made possible· by use of a 

modulated beam and an alternating-current amplifier. 

VACUUM PUMPS 

As indicated in the section titled Principal Design Features, UCLA 

Nozzle Beam and in Figure 1, the vacuum system is divided into three 

chambers - a source chamber, a collimating chamber and a detecting chamber 

each with its own pumping system. If the maximum allowable pressures for 

·the three chambers differ significantly from each other, then the use of three 

different pumping systems minimizes the required pumping capacity. The: 

several pumping systems (including two novel vacuum pumps developed in the 

UCLA Molecular-Beam Laboratory) used in this facility are described in the 

present section. 

Consider first the pumping system for the source chamber. As indi

cated in the section titled Beam Source and in Figures 2 and 3, the source

chamber pumping system must remove 99 gms of argon per hour either at 

2 torr (if the converging-diverging nozzle and hypersonic diffuser are use:d) 

or at 10-
2 

torr (if the converging nozzle and free jet are us~d). Hence, in 

terms of volume-flow rates at 300°K, this pumping system must remove eithe 

I 
. 3 -2 ' 

6 .£ sec at 2 torr.or 1. 3x10 .£/sec at 10 torr. These pumping capacities 

are provided respectively by a Stokes Model 212-H Microvac Pump (66 .£/sec 

displacement) and by a 16-inch Stokes Series 150 Ring-Jet Booster Pump 

· (4. 5x10
3 

.£/sec maximum pumping speed). 

* See Note Added i'n Proofreading, p. iii. 
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Consider now the collimating chamber. Since the removal of molecules 

by flow through the collimating orifice is negligible in comparison with the 

addition of molecules by flow through the skimmer orifice, steady-state 

operation requires that approximately 10
19 

molecules per ·second (cf. ·Table 

III) be removed by the pumping system. In order to realize beam attenuations 

of the order of (or less than) 10%, a molecular density of the order of or less 

than 3x1011 molecules /em 
3 

must be maintained (cf. section titled Beam 
' 

Collimator). Hence, a pumping system with a speed of the order of (or 

greater than) 3x10
4 

£/sec is required. Pumping systems which were con

sidered include diffusion pumps, cryogenic pumps, sorption pu::r;nps and turbo 

pumps. If baffled oil-diffusion pumps were used, then at least one (perhaps 

two) 32-inch diffusion pump would be required; it was eliminated from con

sideration by its high initial cost relative to totc;tl grant funds and by its bulk. 

Cryogenic pumps were eliminated either due to high operating costs (in the 

case of liql,lid helium or liquid neon) or due to high explosion hazards (in the 

case of liquid hydrogen). Preliminary calculations revealed, however, that 

either a sorption pump cooled with relatively inexpensive liquid nitrogen or 

a two-stage radial-flow turbo pump might have the required pumping speed 

as well as modest initial and operating costs. Hence, development programs 

for the two latter pumping systems were initiated simultaneously, the sorption-
. 34 39 . 41 

pump program • funded by NSF Grant G-9783 and the turbo-pump program 

by UCLA Grant 1804. 

An examination of available data on sorption of gases at low pressures 

(e. g •• References 68-72) led to the decision to use either a charcoal or a 

zeolite in the sorption pump and to base the final selection on a preliminary 

study of sorption characteristics of representative samples (Barnebey-Cheney 

AC-4 coconut-shell charcoal and Linde 13x molecular sieve) of these two 

sorbents ~ From nitrogen sorption isotherms at 77°K and relatively high pres

sures (Figure 15), surface areas of 1300 m 
2 I gm and 7 40 m 2 I gm were computed 

respectively for the activated charcoal and for the molecular sieve; argon 

sorption isotherms at 77°K and relatively low pressures (Figure 16) indicate 

that, at 77°K and in the neighborhood of 10-
5 

torr. Barnebey-Cheney A'c;,.-4 
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activated charcoal sorbs at least an order ·of magnitude more argon than does 

Linde 13x molecular sieve. Charcoals have the additional advantage, 

relative to zeolites, of a high .thermal conductivity, facilitating heating during 

the desorption process and cooling during the sorption process. Hence, 

Barnebey-Cheney AC-4 activated charcoal was selected for use in the sorption 

pump. Once the sorbent and sorbate are selected, the key parameters in the 

design of a sorption pump are (a) the area of the sorbent bed exposed to the 

gas being pumped (related to the pump speed) and (b) the quantity of sorbent 

in the pump (related to the pump endurance). For the case in which the 

temperature of the gas being pumped is equal to the ~emperature of ·the sorbent 

surface and the molecular speed distribution is Maxwellian, the required sur

face area A of the sorbent bed is given, according to the kinetic theory of gases 

by 

A = 
N (2 1T mkT ) 

112 
c 

a (p - p ) 
c eq 

( 40) 

where A is are_a of sorbent bed exposed to gas being pumped, N is flow r.s.te 

of molecules, a is a sticking coefficient (equal to or less than unity}, p i::; 
c 

pressure in chamber and P· is equilibrium pressure in chamber for given 
- eq 

sorbent temperature and for given quantity of sorbate sorbed. The required 

quantity of sorbent may be calculated using the data of Figure 16. If the s tickir 

_ coefficient is unity and if the equilibrium pressure is zero, then, for a flow 

rate of 10
19

-molecules/second, a density of 3~10 11 
molecules/cm 3 and a .~as 

temperature of 100°K, Equation_ (40) indicates that an area of 0. 6 m 2 is requir( 

Since, in practice, the sticking coefficient is less than unity and the equiHbriur 

pressure is greater than zero, the required area will be perhaps apprecia.bly 

greater than this calculated lower limit. For a chamber pressure of 3xlCI- 6 

torr, Figure 16 indicates that Barnebey-Cheney AC-4 activated charcoal <::an 

sorb approximately 0. 8 sec argon per gram sorbent so that, for a flow of 1019, 
/ 

' I 

argon atoms per second for 8 hours, .13 kilograms of charc_oal are required. 
I 

Since, in practice, the charcoal temperature may be higher than 77°K and the 

desorption may not be as complete as for the data of Figure 16, the required 

quantity will be perhaps appreciably greater than this calculated lower limit. 
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Beginning with these calculated minimum value.s or"sorbent-bed surface area 

and sorbent quantity, the sorption pump shown photographically in Figure 17 

and schematically in Figure 18. was designed, built and tested. This pump 

contained approximately 15 kilograms of Bar~ebey-Cheney AC-4 activated 
2 

charcoal in a bed with surface area of approximately 1. 9 m After activating 

the charcoal, by desorbing at 325°C and.cooling to 100°K (requiring several 

days), argon was leaked into the pump and the performance r.ecorded in 

Figure 19 was measured. ·(See References 34 and 39 for ·more detailed 

descriptions of pump design, ·activ~tion and performance.) The pump speed 

decrea~ed from an initial value of ~pproximately 11, 000 P, /~ec at 100°K to a 

final value of approximately 9, 000 t /sec at 100°K. By increasing the area of 

the charcoal bed from 1. 9 to 2. 85 m 
2 

and by reducing the equilibrium pressure 

o.f the system (through a more complete desorption and a reduction of the 

temperature of the surface of the sorbent bed), it is anticipated that the 

pumping speed could be doubled (i.e .• increased .to approximately 20, 000 P, /sec 

at 100°K). This performance is of the order of magnitude required for the 

collimating-chamber pumping system. 

Turbo pumps haye been used in vacuum systems only recently - the 

application to vacuum -~ystems being delayed perhaps by the fact that, in 

continuum flows, the pressure ratio per stage is relatively -small. Recent 

experimental studies by Becker 
7 3 

and Hablanian, 
7 4 ~s well as analytical and 

. 75-77 
experimental studies by Kruger, Maulbetsch and Shap1ro have shown 

that, in free-molecule flows, the pressure ratio per stage is relatively large. 

These several investigators considered, however, only axial-flow turbo pumps; 

the volumetric pumping rate, proportional to the frontai area of the annulas 

containing the blades., is necessarily relatively small. (The axial-flow turbo 

pump marketed by Arthur Pfeiffer Gmbh of W~tzlar, Germany and by Welch 

Scientific Company of Chicago, Illinois pumps only 140 P, /sec.) In the study 

described here, the radial-flow design is cons.idered; the pumping rate, pro

portional to the area of the cylindrical surface· containing the' blades, can be 

relatively large. (The radial-flow turbo pump described here has a calculated 

51 I 
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FRONT VIEW OF SO RPTION P UMP 
(Ref. 34, Figure 4 ) 

FIGURE 17 
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peak pumping rate of the order of 10 ,£/sec.) The molecular pumping rate 

may be written as a product of through-flow ratio W, molecular incidence 

intensity G and surface area A, i.e. , · 

N == WGA (41) 

If the molecular speed distributions are Maxwellian, then G 

so that the required surface area is given by 

= n (8kT /rr m) 
1 12 I 4 

c c 

A = 
N (2rr mkT >

1 12 
. c 

Wp 
c 

(41a) 

[Compare Equation (41a), written for the turbo pump, with Equation (40), 

written for· the sorption pump.] If the through-flow ratio is unity, then, for 
19 . . 1'1 3 

a flow rate of 10 molecules /second, a ·dens1ty of 3x10 molecules /c.m and 

a gas temperature of 300°K, Equation (41a) indicates that an area of 0. 33m
2 

is required. Since, in practice, the through-flow ratio is less than unity, the 

required area will be perhaps appreciably greater than this calculated lower 

limit. Influenced by the geometry of the existing collimating chamber, an 
2 

area of 1. 37 m was selected, requiring a through-flow ratio equal to or 

greater than 0._ 24. Keeping in mind this constraint (as well as constraints 

imposed by material properties and fabrication techniques) and using trans

mission probabilities calculated by 'Kruger and Shapiro [ cf. Figure 2 and 

Equation (9) and (10) of_ Reference 76], the two-stage radial-flow turbo pump 

·characterized in Table VI and shown in Figure 20 was designed, fabricated 

and tested. The rotor is driven by two 5-horsepower, 440-volt, 3-phase, 

3450-rpm electric motors exposed· to the pre1ssure existing at the high-pres

sure side o~ the turbo pump; electrical current· is limited, while accelerating 

the rotor, by use of a 3-phase variac. Bearings for both the rotor and the 

motors are loose-radial-fit ball bearings lubricated with G-300 versilube 

silicone grease; the pump-ro.tor bearings and the motor-field windings are 

water-cooled. At 5000 rpm, stress safety factors for all rot~r components 

are equal to or greater than 2. 4. Tests have been made using air at no-flow 

conditions and for rotor speeds up to 3300 rpm; both the experimental results 

and the theoretical pr~clictio~s are given in Figure 21; the agreement is con

sidered to be excellent. Values of pumping speed predicted for the case in 
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TURBO PUMP INSTALLED PARTLY IN VACUUM CHAMBER 
(From Figure 16 of Ref. 41. Motor shown here has been 

replaced by two 5 horsepower motors) 

FIGURE 20 
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TABLE VI 

PRINCIPAL CHARACTERISTICS OF TURBO PUMP 

Rotor-Blade Angle 

Stator-Blade Angle 

Rotor-Blade Chord Length 

Stator-Blade Chord Length 

Number of Rotor Blades 

Number of Stator Blades 

Rotor Pumping A rea 

Rotor-Blade Speed at 5000 rpm 

First Stage 

20°. 

4. 4 em 

5.1 em 

48 

48 

2 
1. 37m 

Second Stage 

20° 

5. 4 em 

6. 0 em 

48 

48 

. 2 
1. 60 m 

190m/sec 222 m/se< 

which the _present turbo pump is used as a boost pump on the low-pressure 

side of an unbaffled 10-inch CVC Type PMC-4100 diffusion pump are given 

·in Figure 22. Note that. if 10
19 

molecules /sec at 300°K are to be pumped, ' 
. . . -5 • 

then the unbaffled 10-inch diffusion pump would pump at 8x10 torr whereas 

the combined pumps. with the rotor turning at 5000 rpm. would pump at 

8~10- 6 
torr. This performance would be adequate for the collimating-
. . ; * 

chamber pumping system. 

* See Note Added in Proofreading. p. iii. 
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Consider finally the pumping syste.m for the detecting chamber. As 

indicated in Table III. the detecting-chamber pumping system must remove 

(neglecting outgassing) 8. 6x10 15 molecules /sec. At a chamber pressure of 

10- 6 torr, beam attenuation due to background scattering is approximately 
15 

1 o/o. an acceptable value. A mol~cular flow rate of 8. 6x1 0 molecules I sec 
-6 o 1 at 10 torr and 300 K corresponds to ·a volume flow rate of 267 .£ sec. A 

pumping capacity adequate for the sum .of this flow rate and a typical out

gassing rate is provided by a baffled 10-inch CVC Type PMC-4100 diffusion 
-6 

pump (1600 .£/sec pumping speed at 10 torr). 

ANTICIPATED STUDIES 

Preliminary studies using the heated beam will be on the performance 

of the beam. Measurements of the speed distribution (facilitated by use of the 

chopper-selector). intensity (facilitated by use of the quantitative detector 

calibration given in Figure 14) and degree of ionization (facilitated by use oJ.' 

a deflecting electrostatic field crossing the beam) would be useful when com

paring realized performance with predicted performance, when comparing . 

the performance of this beam with the performances of contemporary beam.:; 

·(e. g .• References 9-2 9) and when interpreting collision data obtained with this 

beam. 

These measurements of beam performance are to be followed by mE·asur 

ments of scattering and. accommodation of argon by engineer~~g surfaces. The 

scattering measurements would extend previous scattering measurements in tha 

they would be made at higher energies - at energies up to several electron volts 

(See, e. g .• References 1-3 and 78 for references to earlier scattering exp2ri

ments. References 79-89 for descriptions of more recent scattering exper]ment 

and Reference 90 for an informal discussion of prospects and future developmen 

in applications of molecular beams. ) The accommodation measurements would 

among the first accommodation measurements made using a molecular beam. 

(See. e. g .• Reference. 91 for a survey of the status of accommodation mea 3ure

ments· in 1961 and References 83,. 84, 85 and 87 for descriptions of molecular

beam measurements of accommodation.) Measurements at large incidence 

angles (with incidence angles measured relative to the normal to the surface) 

60 
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l: are to be included; available data indicate that the probability of specular 

. reflection is greatest at large incidence ang~es; studies of collisions at these 

1 incidence angles must be included in studies of drag and heating of space 

! vehicles and satellites·. 

In a concurrent study, attempts will be made to measure the sitting 

times of molecules on cooled targets. The time of arrival of a burst of 

molecules at the target can be comput~d if the time of departure from the 

chopper-selector, the distance from the chopper-selector to the target, and 

~ the speed of the burst are known; values _of the first two parameters can be 

l. measured directly whereas the value of .the third parameter cari be computed 

from measured values of chopper-selector parameters. The time of de

parture of the burst of molecules from the target can be computed if the time 

of arrival at a detector, the distance from the target to the detector, and the 

speed of the burst are known; vaiues of the first two parameters can be 

J measured directly whereas the value of the third parameter can be computed 

from measurements of the distance and time of flight between two detectors 

mounted in series in the path 9f departing molecules. 

; 

Future studies might include studies of molecule-molecule collisions 

at energies above 1 ev, using either crossed beams or a single beam and a 

· gaseous target. ·Many chemical reactions involve energies of several electron 

volts. (See. e. g., References 3. 92 and 93 for reviews of molecular-beam stud

ies of molecule-molecule collisions and References 85 aJ?-d 94-99 for descriptions 

of recent molecular-beam studies of gas -phase chemical reactions.} 

One might consider also studies of .chemical reactions involving solid 

SlJrfaces (e. g., References 3, 85 and 100). Preparing and maintaining a 

LtS surface of known state would be even more important for such studies than 

·be for studies of scattering and accommodation. The rate of sorption, by the 

surface, of molecules from the residual gas in the detecting chamber would 

have to be reduced, perhaps by reducing the residual-gas density. Reducing 

the residual-gas density might require both a reduction in rate of outgassing 

from the chambe:r: walls and augmentation of the speed of :the detecting

chamber pumping system. 

til 
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