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. MOLECULAR BEAM SOURCES FABRICATED FROM .
MULTICHANNEL ARRAYS V MEASUREMENT OF THE SPEED DISTRIBUTION

| by'W.»J} Siekhaus, R. H. Jones and D._R, Olander
;Inorganio;Materlale.Research Dlviéion of the oL
' ‘Lawrence Radiation- Laboratory and
“the Department of Nuclear Engineering
University of Califo;nie,.Berkeley, California 94720 .
ABSTRACT
A techniqge for measuring_the speed distfibutiohof molecularv:
beame which‘ﬁses symmetric modulation and phase sensitive detection
is described. Correctlons for system errors onlexperlments of thlS R
type are developed and Verlfled | In addition to the expected 1/v
dependence of the ionizer,‘the extraction.efficiency'of_the quadrupoleli\
' mass spectrometer ioniZerriSTShoWn to depend On‘the velocity of the
molecules oefore ionization;f The predlctlon of 5.5% energy enhancementitg

of beams from channel sources operated at pressures well above the

:free—molecule flow limit has been ver;fled.




I.  INTRODUCTION

Molecﬁiarvbéams generated by'channel.soutces are used
in mahy'labqfatories ﬁo investigaté thévﬁhjéiéal—themical
intefactionsf(reactioﬁ or scattering) betweén»thé beaﬁ'and
g'sblid'surféce.or another gas. To utilize.théqe sources.
effigiéﬁtly:and'ta interpret cdrteétiy.the reésults of beam-
surface_or_bedm¥beamnin£eraction meanremeﬁt;; the distribution
df'the molecular beanm bo;h in yeioéity'andzih Space'must be
understéoa; ’Thé totai‘flow.ratés and anguiar distributions
'frpm a'vériety of beam soﬁrCes have been ihvestigated in this
laboratory (1). A theoretical prediction of the speed
distribution in the centerline beam was also deveioped (2).
Theisubject:of7£he'present'report‘is'the'méééurement of the
speed di@;fibution.

The téchﬁiqde used here tb:measure'the.épeed distribﬁfioh
in thé moiécﬂlar”béém differs in several significantiWaYs |
from the methods conventionally employgd fpr such stﬁdies.
The new tethniquevaﬁpears to have some advantages over the
older mefhods; and in addition, requires only the equipment
and operat;hg teéhhiques normally usedvfor_éutface réaction
drvscatterihg studies. -

Thé oldest and mosf sﬁraightfétwatd‘method'of mea§uring
thé veidcity distributioq of a molecular Beam is by meaﬁs,

of a veibcity selector, which is a series of rotating slotted

disks. The technique is of limited utility in systems where
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sﬁbfteflight_paths are desired or for beams of non-condensible

gases.

A technique which has become popular for measuring the
velocity'disfribution of aefodynamic beams is the time-of-
" L 1]

ffight'mefhod. Here the beam is_periodibally gated on

and the number of beam molecules arriving at a detector

doWns;ream’is’;ifgifff;) ' B . : o
o  (The time between pulses is'genefally long

enough to prevent the signals from'hdjaCént'pulses from

1" ”

’6Verlappihg;_.1f the pulse "on" time At is small compared

to the average transit time, the pulse can be regarded as a

"delta function and interpretation of the timefof-arfival

signal is greatly simplified. Typically, At 1s ~1% of the
time between'pulses (3), and as a result,'oniyba small |
fraction of the available beam is_utilized;v

If the chopper is open for a time comparéble to the

flight time of the molecules, the signal is a convolution

of the velocity distribution and the gating function (4,5);

and inversion of the data to yield the veloéity distribution

is ‘difficult. Analytic inversion is possible only for simple

gating functions, suéh'as an isbsceles ;riangle'(S).  Very
aécuraté.déta are required,since the secdnd,dérivative of ﬁhe
time—df-ar¥ival curve is needed. Génerally, only the lower
moments of the vélocity.distribution can be determinedw

accurately.. Alternatively, a velocity distribution



functidn'eontaining adjtStable parameters cah be'utilized with the
known gating function to achleve a best flt to the time-of- arr1va1
curve (6). While this procedure 1s well adapted to aerodynamlc beams,
~whe’re a drlftlng Maxwelllan distribution is theoretlcally expected,
it is 1less usefﬁl in situations where the form ef'the distribution
1 function is not known a priori. : L o ¢
In the method used here, the molecular beam is symmetrically
modulated, whieh means that 50% of the availabie beam is utilized.
The amplitude and phase of the'signai from a detector located down-
stream'of the chopper are measured with a phase sensitive lock-in
amplifief‘bver a wide range of ehoppinq frequehCies; These data
represent‘a fourier'transformsof the velbcity'distfibution. Because
the results defnot depend onvthe.gating fUnctioh of the ehobper;
inversion of‘thevmeasurements"dbtainedIin frequency space tb yield
Vthe'velocityddistributionsis straightforward.‘ ‘

LN

II. THEORY OF THE TECHNIQUE

Cohsider a steady molecular beam emanating from a source into a
vacuum chamber contalnlng a detector through which the beam can pass

unobstructed,: Let the total number density of beam molecules at the

£ 4

detector'locatlon.be.nss, which is assumed to be constant over the ’
sensitiVe.volume of the ionizer. Now lnterpose a beam modulator or
chOpper between the‘soﬁrceyand the detector. If the periodic function
g(t) denotessthe fraction of the total beam‘cfoss,sectional area
exposed'by the chopper at‘time t, the instantaneous density of beam

‘molecules with reduced speeds between  z and z + dz in the detector is:

n(z,t)dz = nssg(t - t/az)f(z)dz (1)
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where f(z) is the number density speed distribution along the axis

of the molecular beam and & is the distance befween the chopper and
the detector. Molecular speeds have been expressed in terms of the
reduced speed, z = v/a where a = (2kT/m)1/2 is the most probable

speed of a Maxwellian gas at the temperature of the source. /az is

" the transit time of molecules of reduced speed z.

The detector considered here is a quadrupole mass spectrometer

with a fiowétﬂrdugh ionizer in which an electrdn:beam'intersects the

molecular beam. If the electron current density at a location r in
the ionizer is denoted by"Ie(g), the rate of production of ions from
neutrals originally in the speed range z to z + dz in the velume

element d°r at r is:

RY(z,z,8)8% dz = o_I_(£)n(z,t)dr dz | (@)
where de is,the ionization cross section.
'The“pfdbability of extraction and transmission of an ion once it
has been created may depend upon the speed of the neutral molecule

from which the ion was formed and on the location of the ionization

‘event. A quantity p(r,z) is defined as the-probability that a
molecule of reduced speed z which has undergone ionization at location

-r in the ionizer succeeds in passing through the mass spectrometer and

_registering as an outputvsignal. ‘This probability may also depend
upon the direction in which the molecule is traVeling'at the time of

ionization. This possibility is not considered here, since the

‘molecular beam in our experiments traversed the ionizer in a fixed

direction. ' The average probability of iongextiaction and transmission



for molecules of reduced speed z in the ionization volume is:

Jle (£)p(£,2)d3r

Bv(g)v= v h : (3)

'Jxe (r)d’r
J .

*~

where V denotes the'vélume in which the molecular and electron beams ,
overlap. The subscript V on the average probability indicates that
unless p(g;é)fis séparable'in.g and'i,'the z-dependence of the
extradtibn;tfdnSmiésidnnéffidiency'aé'Wéll'as_its magnitude depends
upon the region in which ibnization occurs.

" The probability that any ion is detected is:

‘B, = JmBV(Z)f(z) dz
0 o
which is ‘the usual ion extfaction'and traﬁsmissionfefficiencyvof the
detector. The subscript V again emphasizeéuthat”fhis effiéiéncy 
depends upbn the position of the ionization rééioh.

Our‘egperiménté were not capable of measuring the magnitude of
B, or BV(z);f Wé couldzonly determine quahtitatively fhe‘depéhdénée of
the probabi;ity in Eq(3) uéon molecular épeed; and'qualitatively, the
' dependence of this functionél relationship upon the pbéition of the @
_ionization vélume within the ionizer.: The function describing the |
dependence of BV(Z) upon z is termed the "deteétor bias function".
Foi clarity of presentatidn, the subsgript V will be omitted, although
it should be understood that both the magnitﬁde and z-dependence of
thé eXtraCtion—transmission efficiency depénd strongly upon the
- location of;thé ionization regioh.

The detector bias function (both magnitude and z-dependence)




deperids upon the voltagés applied to the various 'p'l,ates of the
ion extraction lens. The effect of velectro.nilc Settings on the
z-devendence was noted i-n_thé experiments, . o e

All subsequent signal develdpment stepéb(production

of secondary electrons, electron multiplication and current-

tﬁ—vbltage conversion) are assumed to be independent of the
initial speed of the mdlecule'prior to ionization.

An electron multiplier following the mass filter

'  amp1ifiésfthe current. - The output current'ffom:the electron

multiplier'is dropped a?ross a load resistor RL and preseﬁtéx.
a voltage at the input of the 1dck-in”ampiifier. Stray
¢apabitan¢e'a¢ross the load resistor makes the load appear
as a cbmpléx'impedancé.

The signal voltagé'éﬁteriﬁg the 10ck—iﬁ.amplifier due
to»ibnizéfiqh of beam moledﬁles:with'thermal:speeds in Z to

Zz + dv at time t can be written as:

' S(Z,t) dz = G JR-’. (£Izrt)p(£12)d3r.‘ dz ’ A . (4)

where G is_the gain of the electron multiplier; and £ 1is a

.linear operator whith»represents'the complex impedance of

the transmission line. It accounts for the load resistor

" which transforms the electron multiplier output'current into

a voltagé at.the input of the lock-ih amplifier and for the stray

vcapacity:which integfates this input signal. 1If there were

no stray capacitance, Z would be a real constant. Combining



EQs. (1)-(4) and integrating over all speeds, the ‘input signal to

‘

the lock-in amplifier can be written as:

S(t) =-[Gcenssfle (_L_'_)dBr]z‘J gt - Ev/az)B'(z)'f(z) dz -~ (5)
0 . -

‘ QThe DC component of the gating function does not contribute to the

signal because the lock-in input is AC coupled. Therefore, the

gating function g(t) may be taken to be an odd periodic function

which can be expanded in a Fourier sine series:

gt - WW*Z B,sin ‘[*"“m-‘t - 2/9‘2‘)} S

n=1

( Go on to page 9)

()
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S(tysin(hwmt)dt v S o )

and wm-isithe fundamental frequency of thé ¢Qdu1ation.

Wheﬁ
the:series é£pressioﬁ'for'g(t’—.zlaz) is sgﬁstituted into
Eq. (5) énd.the afopefétioﬁ ié brought inside the summation
we obtain, - |

S . . | o _ |
: S(t) ='Cj ‘B(z)f(z)’Ez: Bnaf sin[nwa(t —'2/az)]‘dz (8)
A -v_n=l . B -
whére the pafameters in the square bracket of Eq. (5) haﬁe
beeh collected in the constant_C.v .' |
Tbe;f%a?érétion 6n-£ﬁesbra§kéfed.térﬁ,in;Eq. (8) 1is
equivaleht'fg the VOltaéé résp;nse of the éi¥cuit (composed
of the‘lo&d re§istance Qh& éfr;yvcapacity) £6 a current

excitation sin [nwm(t - %/0z)] and may be written as:

2z sin[n&m(t - llqzﬂ =v|Z(nqm)|sin[néﬁ(t T %/qz) +¢Z(nwm)]

(9)

where |Z(ﬂém)| is the mggnitude of the trangfef‘impedance
of,the‘circﬁit'at thé ffequ;ncy nw and ¢Z(nmm) is the phasé
angle ofi;he:transfgf impe&énce. |

The éigna1 at the input of tﬁe,ldck-in amplifier is

then,



[}
-

s(t) = ¢ B(2)f(2) ZBnIZ(nwm)lsbiﬁ[nm;(t - w/az) + o, (n
v - (10)

The phase sensitive émplifier'pésées #he:inpﬁt signal
S(t)'thfoﬁgh'a narrow band amplifier @f center fréQuénQy w,
then éynchronously rectifies this signal in an electronic

switch which is controlled by a réfereﬁce signal. No output is

10

wm)] ciz

o

obtained

unless thé"frequenCy © is "locked-in" with the modulation frequency

0 or one of its harmoniés, 2wm,_3wm, etc. - These signalv

..pfocéssing sféps‘essentially aﬁbunt to multiﬁlying ﬁhe input

signal byAa.réferenée sinusoid sin(wt‘- $) where ¢ is -

the anglelby.ﬁhich:thé fefeféﬁte*sinusoi& 1ags thé reference

signal triggéring i;; The prdduc£ signal from the.synchronpué

rectifie: is averaged over a time sufficient to smooth out

fluctuations. | |
Thg'ouﬁpuf signal after passing through.the lock—in'

- v

anplifier may be written as

T  w

T

A(w,2,¢) ¥-_lim c sin(wﬁ —.¢) B(z)f(z)
- Tre Ty 0

[- ]

j{: Qﬁ|?(nwﬁ)lsi§[nmm0t - 2/az) + ¢Z(nwm)]dzdt.
n=1 : : : ST
) (11)

&



" mode w = W

If the‘lock—in-amplifier is tuned-tobthe_fundamental

0’ only the n=1 term in the sum contributes

and we obtain -

[}

wl

Aw,2,9) *'-}iﬁv-% s(z)f(z)ellz(m_)I% {cos [a—z - ¢ - ¢Z(m)]
| 00 ' | |
- cos[Zwt '-_ - S 4 ¢Z'(m)] azdt | o Q2)

Integrating over time the second cosine term drops out and
we are left with,

az

-‘A(w;£?¢) =.% CBllZ(m)| | B(z)f(z)cos [2& - ¢ - ¢Z(&)]dz | (13)

0
Notice that the result involves the gating function only
‘through its first Fourier coefficient whidh-may be combined

with the constant C.

11

In‘perfqrming an experiment the phaSe ¢vis adjusted to give

zero_outpuf. The phase angle is shifted 90° from the null point

V_the-output signal A and'cprreSponding value of ¢ afe recorded.
The characteristics of the external ciréuit,lz(w)land ¢Z(w),
may be detefmined'indepéndently.  TBeif gffeéts are remdved N
befpfe further daté reddction'byfdivi&ing'the méasuréd
éignal amplitude by |Z(w) | ahd adding ¢Z(Q) to the measured

_'ﬁhase angle.

 After ébrrecting for complex impedanée, the amplitude in

Eq. (13) 1s normalized by dividing by the aﬁplitude'at zero
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fr‘equency avnd»'the ‘phas'e is expressed as the shift from the phase
angle at zéro frequency. (Phase and amplitude at zero frequency
are determined by extrapolation - see Sec. IV)'. The amplitude and
phase so de{:ermined are denoted by (d and ¢; they represent measure-
ments at a phase angle which maximiz_e'slﬁhe :sign‘al' amplitude.

The new amplitude and phase depend on w and 2 only

P

w

vthrough their productiwl. The dimenéionless.éérameter

X = wt/a 1s.ﬁv£imes tﬁe ratid of the transifgtime of a
molecule of tﬁé ﬁosf prdbéﬁle speed, i/a,lfo;the modulation
time n/w.i In terms of X, Eq. (13) beComes{

o

a2 %' B‘(.z)f'(z‘)icos[xlz - Q(X)j‘dz - (14)
whefe ct repfésent§ ﬁhe integral 0£ E§, (14) when X=0;
The zéfo~butput At ea?h Qaiue"ofvx at a phasé angle of
(¢ + 90°)Tis'expressed as:
0 =] B(z)f(z) cos {X/z - [@(X) + n/Z] dz =~ . | (15) '
With the substitution y = 1l/z, Eq. (l4) is seen to be
the compléte;Fburier integra; transform of fhe function
B(Y)f(Y)/?z with respect to'theitransform variéble'x. Fourier
invefsion'and ' o _ resubstitution of z = l/y yields:

zZB(z)f(z) = %

c'’ {d(X)cos [X/z - q>(x)] dXx (16)

- The normélized distribution function is given by:




z B(z),

Q(X)cos A/z - ¢(X)}dx
N B(z) :

Thus the speedAdistribution can be determined by integration

Q(X)cos[X/z - ¢(X)}dx
(17)

f(z)

of the phasetand amblitude data erf ali freqeencies (or X).

| The average translatlonal energy of the ‘beam molecules is
of particular interest in molecular beam experiments. The -
ratio of the.energy of the beam‘molecules:relative to that
‘>0f a Maxﬁeilian beam is giyen.by Eq. (19) of‘reference 2.
The beam energy-ratio'eaﬁ:be determined frem phase and

amplitude data by:

-]

="

QX)cos [lz(' - @(X)]- dx

13

[ >3 a(xv).cos[é—'(P(X)J'dX .
f — | (18)
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III. EQUIPMENT
The'exoeriment is designed to perform three'functions:
to generateia.molecularhbeam of constant intehsity;'to.modulate.
.it; ahd,at a point downstream, to detect'the amplitude and phase
of the density variations introduced by‘the‘modulation.
’The experiment is housed in the vacuum system showh
im-Fig.‘l}l A1l mm diameter hole in the d1v1ding partltion
between the,source chamber and the main chamber serves as
the heam}collimator. vThe source chamber is pumped by a
liquld nitrogehftrapped 500 1it/sec oil difoSiom pump; which maintains
a vacuum of 2 x 107> torr when the strongest beam is generated The
main chamber is the 1nter10r of a 1200 llt/sec ion pump operatlng at
3 x 10 -8 torr for strong beams’ (prov1ded that the chopper in this
chamber 1s not operated).‘ These pressures.are suff1c1ently low so
that collisions hetween beam molecules and the background gas are
negligible. |
| Theﬂbéémbsourééxis a sihgle'capillaryf0.48 cm in length

and 0.038 cm.diameter drilled in a brass plug mounted in the

end of a 1/2 inch diameter brass tube. This source

has been previously tested for angular emission and total S Y

.leak faré.(l), Although the single capillary is mnot as
.efficient a source as a multichannel array, the capillary

- was chosen for these experiments because the geometry is
accurately’known and the possibility of interference between
‘many channels is avoided.

For .the present study an ultra clean gas inlet system

°

S YRR



15

is not nééessafj. Coppét'or nylon tubing ié.ﬁéed for'
;ihtéfébﬁﬁécfidhs and jdihts are made with viton gaskéts.
"Soufcebpfessure is'measuféd.oh:a'o.i ;'20 tofr Wallace-
; fieiﬁan gAUge, aﬂd on a 0.01 micrdn - 10 torr (threé'range)
A McLeod gauéeifraﬁped with dry ice and'abétdne._ Gas flow
is regulated by a Granville Phillips variable leak.
vad Be;m choppers labelled as nos. 1 and 2 in Fig. 1

are provided in order to vary the flight path. No. 1 is

close to the source in the source chamber (molecular flight path,

chopperetg-detector = 38.2 cm) and no. 2 is close to the detector

ih thevmain.qhamber‘(molecﬁlar'flight.path, éhopper-to—détector
= 2.4 cm). The beam choppers are driven by Globe synchronous
._mbtors;H The motors are used as received with no change'of

lubricants, but are mounted in water cooled blOfii;>

Cf;;:ﬁ motors have a design driving speed of

8000 rpm but have operated smoothly from 100 - 14,000 rpm.,

—

(Ezge'care must be used at

low speeds to provide just sufficieﬁt driving power to

! '~ sustain rotation or uneven motion occurs.
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'The'syﬁchrohous motors used here require'tWO power‘sources
90° out of phase. ‘TYpically; these small motors are driven by an
audlo test osc1llator through an audlo power ampllfler. Satis-
factory operatlon at a fixed speed can be achieved by applying pomer
to one w1nd;ng dlrectly and to the other w1nd1ng through a phasing
capacitor.' Azgoivenlent technlque ‘is to use two amplifiers each
sdpplying'One winding,'phase shifting being done before power amplifi-

cation.' (The audio oscillator, a Hewlett Packard model 203A Function

Generator, provides two sine wave outputs with variable phase relation.)

This technique has the advantage of permitting rapid speed changes and
delivers‘sUbstantially smoother pOwer to the motor;‘it also”allows a
reduction in driving power which minimizes motor heating. By applying
equal power to both motor windings chopper flutter is reduced. Dynaco
Mark III audio'amplifierSZKGO watts each) were used. An oscilloscope
conneCted.across’each motor winding to show the 90° Lisajous circle
pattern is a convenience to show proper phasing and to indicate
overloads; |

In otﬁer modulated beam systems, a reference_signal to
use with a.lock-in amplifier is usually provided by a photocell-
light beam system in the vacuum chamber near the chopper wheel (7)
The compact de51gn of our vacuum system makes such an arrangement
1mpract1cal. ‘In order to provide a reference signal, the

"position" of the rotating wheel is observed with a strobe light

(General Radio 1531AB)
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synchronized with the motor power aﬁd provided with variable
delay by.twq_ﬁata Pﬁlse 101 pulse generatops»coﬁnected in
-’series. Under some driving condiﬁions) theﬂéhobper viewed by
the'Synchrénized”strobe appéarS'to "walk" aWAy from the reference
position,or.to oscillate aboﬁtait, TheSe.indicatiOns of marginal
opératidﬁ of the syhcﬁronous drive sYStem'are easily observed with
:the strobe technique and may be immediately corrécted by individually -
adjuSting'pbWér to each motor windiné (provided the bearings.are

still sound).

The time delay bétwéeﬁ‘the
synthonizing pulse and the,}ight outﬁut was ﬁeasured andvfound

to bg.abqgti4 x’lo_;6 sec. The strobe refereﬁce "position".is

viewed thfdugh.h 12 power cathetometer combaripg‘alblade edge tva line

scratched on the vacuum chamber wall. _Refefehce resettabi;ity

is better than 1° phase.

- Chopper wheels are 3" in diameter with slots milled

intoithe-edges to.provide equal beam "on" and "off" times.
v'The whee1s are chécked_for‘static bélance by'supporting‘

them at the hubjon a cohical éivot. Heavy sides are thinned
on thé faéeé by hand grinding. :The bélancing test can
detéct an imbalance of about 1 milligram on the edgé;

.In order to eliminate pickup df,motor hum in the outpﬁt éighél;'
the numberjdf sldts on the choppefhblade was chosen to gi?e a beam
mddulntiéh fréquhncy'twiCe that of the motor drive. The motor drive

fregquency a2 then doubled in a full wave bridge. to provide a

o on o bade 17a
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reféféﬁce‘éighal at the modulation'frequenCy. 

Thé detector is an Electronics Associates Inc. quadrﬁbole
mass spectrometer. A skeﬁch of the‘speétrometer with.typica1. 
iohizer operating voltages is shown in Fig#'Z. The detector is
of thé througthiow variety. The neutral beam entering the
ionizer ié defined by a collimator opening slighﬁly smaller than
' ﬁhe open’afeé of the ionizer. The electron beam intersects ﬁhe
neutral beam ét right angles. Those mdleCules which are not
ionized-ﬁhiie'traversing the electrons pass into the main

chamber

Go on to page 18

Cw
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uithout'soafteringffrom comuonehts ofothe‘ionizer. ‘A fraction
of the ions‘created are extracted‘and drawn into the quadrupole
mass fllter whose ax;s is orthogonal to. both the neutral beam and
the electron beam. Ions successfully pas51ng the mass fllter strlke
the first dynode of an electron multlpller. The signal from-the
electron multlpller can be approxxmated by the output of an ideal
current source proport10nal to the number of 1ons strlklng the flrst_
dynode. .

The'outpuh of the eleotroh’multipliercishfed-uola'model HR-8

Lock-in Amplifier (Princeton Applied Research:Corpofation). A

negative'puISe from the delay generator is used for a’reference signai'{
and theilook-in-amplifief was operated’infthe automatickmode;k Main
.tuning isvadjusted to match the negative spike to the zero_croesove:

of the sinusoidal reference signal produced in the lock¥ih.aﬁplifier,2
Thevlock-in aﬁplifiervis calib:ated point-bg—point at each frequency

as data are taken. This calibration allowshcorreCtioh,for amplitude
nonlinearities and the small phase differences'between signal and
.reference channels. Because the frequency trim control is not adjusied
at each frequency, corrections of 5% in amplitude and 18°>in phase

are encountered in the range 10 - 1400 Hz. A United-Syatems
Cofporation‘Z—ZOO-B digital voltmeter is used'for_signal readout.
The’type_"A“'pteamélifiervis operated remotely;ih differential’mode
with anvinputeto one channel oniy. Locatihg the preamplifier'olose to
the electron multiplier - reduces cable capacifance-and differential

operation reduces

Go on to page'l9
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ground loop problems. A small relay operated from batteries is used
to switch the preamplifier from the electron multiplier to the
calibrator. The oalibfatorhhas“a’low output impedance (50 ohms);.
therefore cable capacitances are of novconeequence_for'calibration..

While the calibration signal islapplied to the preamplifier, the

‘electron multiplier output is connected to an oscilloscipe for visual

inspection and to assist in SpectrOmeter“adjustments; The inter-

connections of the detector electronics are summarized in Fig. 3.

IV. EXPERIMENTAL PROCEDURE "

» koor each7set"of experiments on a particular gas, theimass
spectrometer ionizer controls were fiXed‘by:maximizing the outputv
signal from a modulated moleCular“beam; These settinge Were found to
be independent of:modulation ffequencY and were malntained for the
entire series of experiments with that.gas.' | |
vDepending on the.desired path length, one of the two choppers
shown in Fig. 1 is utilized. The unused ehopper is arrested in an
open p051t10n, so that it does not obstruct the beam.“%uxexperlment
begins by settlng up the desired pressure in the ‘source tube using the
variable leak. 'After waiting about an hour for equilibrium to be.
establiehed data taking is begun. The amplitude and phase data are
taken beg1nn1ng with a value at 200 Hz.; then a series of p01nts from
10 Hz. through 200 Hz. up to 1400 Hz. and a flnal check point at 200 Hz.
are taken. -The time at which each data point is taken is recorded.

over the'range of source pressures +e b® investigated




20

only slight changes in amplitude and phase data werevobserved.
‘Consequently operating technlques wvere developed to minimize
scatter of the ‘data and systematic errors were catefully
appraised e#pefimentally.” The error eoorces aSSOCiated
with each component ate listed in pafeﬁthesis'in Fig. 1
and are described in more detail'in'Appendix'A.

Aftet'cor}eotion for the various effects discussedv
in Appendix A, the phase and amplitude are olotted versus
frequenby'in_the frequency range from 10 £b,250 Hz. ,Best;
fitting_linés'are drawn through the data‘points'aod extrapolated
to zero fredoency;"Ali.amplitude values afevnormaiized'BY'
dividihé By the‘valueuof‘amplitude at zero_frequency.

Absolute zero in phase occurs when thevtrailing edge'
.of a ehopoer blade is passing the center of the beam. The
reference line viewed under strobe flash does not correspond
to this_poeition but'represents a fixed value of zero ehift.
The best value of meaahred“"phase at zero frequency" is |
obtained by extrapolating several sets ofbphase data to'zero
frequency;'.This zero shift is then appliedvto correct .all
phase data, since at. low frequencies the phase of all signais

approaéhes the absolute zero of phase.'

V. RESULTS

The Detector Bias Function .

If.the speed distribution function f£(z) and the detector

bias function B(z) are kﬁown, the amplitude and phase of the
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. signal aé;é‘function of fréqﬁéﬁcyvi§'giVén‘BybEqé; (14 and (15).
For é'parfiéulaf'x, ¢ is determined (to withi;'a constant 27n)
.by"Eq.;(l5f}éﬁd @ is then fixed by Eq. (14)i' The pafameter
X“may‘be:éiimiﬁaféd bétween>thé‘two'equatioﬁs'to yield a
relation between'CL and ¢. Harrison;‘Hﬁﬁméf, and Fifg(s)
Have'determined.the'amplitude-frequency and.phaseFfrequency
relatithhips for a constant deteétdr biaé:fuﬁCtion (B(z) =
constant)vand a Méxweliién speéd'diétribution <%(z).& zze-?Z).
Theif’fésuits are expressed as Amplitude and phase as functions
of the parameter X. Eiiminafihg‘this parameter between the
two equatidné yields a universal a@plitudé—phase relatidnship
‘whiéh.iéﬁindepéndent:of the}chOpper-to-detéctor distéﬁce,
source temperature, and the molécular weight of the gas;

in Réf{ 2, i£ waé showﬂ that complefelyvfreé molecﬁle
fibw ahd"hence:axnaxwéllian speed diStributioﬁ'isAattaiqed when
the Knudsen number (ratio of mean free péth in fhé source
reSefvoif'ﬁo channel length) is 310. The éﬁélitude-phaSe
data for two. low pressure experiments, o#ygen‘at 1.4 microns
source ptessure (Kn = 9.1) and xenon at 0.75 micrbns-(Kn‘= 9«4),
are plotted in Fig. 4 along with the theoretical curve for a B
Maxwellian'gés taken from the céléulatiﬁn; of Ref. 8. The
resulté fﬂr the two gases are identicél.witﬁin e#péfimental
érror, but‘botﬁ lie as much as 20% above the tﬁéoreticalicurQe.
This diécrepancy is an order of magnitude'gre&ter than'the
precision'df the amplitude measurements. Since the vefy low

source pressures used in these experiments assured a Maxwellian
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speed distribution, the discrépancy in Fig. 4 is ascribed
to the dgﬁeétdr bias.function. a

If.thé disagreemeht between theory éna'expgriment'evident'
in Fig{;4 i§'due to a speed sensitive extraction and trans-
mission efficiency of:theIQuadrupole mass spectroﬁeter,'
the detector bias function should be a function of the position
-of the nedt:al beam within the ioﬁizer cage'aé well as of f
'the'spee& of the heutralimdlecules. 'Aﬁ QXperiment'was performed
to déﬁonstréte that the experimental points of Fig. 4 can be
shifted simply Sy directing the molecular beam to a different
pottion,bf the ionizef.

lThé'ﬁbperﬂportion of the ionizer was Blogked off by
arfesting chqpper No. Z‘in tﬁe dlosed posiﬁibn and faising
it slfghtly:§o al1ow the qéut:al beam—to.pgss through the
bottom 1/8’of the ionizer{ "Whereas the amfiitude-phase
dataIWifh a completely open ionizer_feli:above the theoretical
curve; the.data from the éxperimeﬂt at the same édurce pressure
and with the same gas fell distinctly belbw the,theoretical
"curve at 1qw phase angles., Fig. 5 compares:the data.from
these twpuexperiments. These results clearly demonstrate.
the sigﬁifiéant effect of location of théfionizatiqn events
upon tﬁg efficiency of ion extraction and traﬁsmission in -
the maséispectrometer'detector.

In.aﬁothef experiment,

the voltéges on the various

plates of the ionizer were not optimized. The amplitude-
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_phase data were quite diffefent'froﬁ those obtained under other-
wise'identical conditions.but with ionizer voltages adjusted
for'obtihhm signal strength. : L : | ‘ . :
The detector bias function was deterhlhed experimentally
from the'xenon data of Fig. 4. The amplltdde—frequency and
phase-frequency data were integrated according to Eq. . (l6).
A eompdter pregram fitted a parabela to each trio of ' v
data'points ahd performed'the~integration Vith respect to
X numerically until all data'points wereiexhausted. This
distributien was divided by the:normalizeq Maxwelliah
speed distribution to yield a quantity proportional to the deteCter
bias function. The results for the 0.75lmicron.xenon experiment‘ :\:,}
is shown in Fig. 6;inhyhich'the_deteCter blas function is
plotted‘as'a functibn effreduce&‘speed,bz,= v/a. The scatter

of the data at 1ow velocities is due to rapid oscillatlon of the

integrand in Eq. (16) at large values of the X/z term which.
leads to difficultiesvin numerlcal integration.. The detector J;i;
. bias function from the low pressure oxygen.experiment ;
was the same as that shown-in Fig.v6 for xenon.l The indepehdence ‘
of the detector bias function onvthe‘mass'of the gas molecules o

when exﬁressed as a funttion of z suggests that the» ' ,~i
transmission and extraction efficiencies of the detector are
energy rather than speedksensitive.(the redueed‘speed v/ia is ' ‘ 3
equal to the square root of the relative energy (E/E )1/2 o o

where Eo is the most probable energy of the distribution);“

Fig.v6 also shows that when the ionizer voltages have been
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adjusted to give the maximum signal, the maximum in the bias
,fﬁnction coincides with thé maximum in the distribution

function'(z =1).

'To undeérstand why ‘the extraction and transmission efficiencies

of the'détector might be maximized at a:péfﬁicular translational
energy, conéidef'tﬁe §4throf a mdiecule in the Eeam passing
fhrough‘the dEtector.(Fig. 2)}"Tﬁe'moleéule?enters the

ionizer cage with a paftituiar energy in thé‘#herﬁal range

.and is ionized with a probability inVefsélyfpropOrtionél to

its speédv(or proportional to its‘residenéé time in the
ionizingirégibn).' This behévior réﬁdefs thé‘detecfbr density
‘séhsitive;. Once thé molecule is i&nized, it‘is>SUbjec£ed

to the forces of the electric fields in the ionizer cage.

Although the geometry and variety of voltages applied to the many

components Qf_thé iéﬁizér'assembly precludes quaptifativev
cbmputation'of the fields inside the cage,‘two important
contriﬁhtions can be considered qualitatively;

Alforéé due to the electrostafic fieldjbetween the -
filament and the electron collector acté‘on the ion in #he
directipnvparallel to the eleétron beam.-»The extent to
which thé fon-is deflected towards the filament and awéyir
from the jon extractor hole is inversely propoftional to
its energyﬂ Consequently, low speed molecules are more
likely to be diverted from a trajectory which would ultimaﬁély
result iﬁ detection than fast ones. |

The force due to the electric fieldvset up by the fo¢u54



electrode reaches up through the iBn:éxtractidn hole and pulls

ions towafdsfthe'quédrﬂpole'structure. ‘The-probability that
an ion is b;hﬁlﬁy 90° in this extraction ptﬁcéss apdlﬁréhs4
ported in;6 :hé quadrupole structure within the acteptanée
"angle of the latter is inversely proportioqai to‘the ion
energy. >Thié effecf fénders extra;tion aﬁdftran;mission of
ions with'iargé‘initial thermal enérgies in‘the direction of
the neutral Seam ﬁoré difficult than collection of slow
_ ﬁolécﬁleég' |
'Theée.ﬁwd'effectéisuggeét that‘extraction

1is inefficient for both slow and fast molecules which

have beéh ionized. Optimizing the ionizer controls to obtain

the maximum signal apparently varies the two fields described

‘above in a fashion such that the molecule with the most probable

energy*ié,aisb'the one most 1ikély to be detectéd. In a
gross ‘sense, the optimization prqcesé“éan be viewed as
translatiﬁn-of the detector bias function along the z axis
in Fig. 6. »The optimum position is at z =_i because this ié
the'speed ;égion containipg the 13rgeét number of molecules.
Becaﬁse the ioq trajectories under the.influence of the
électroét#ﬁic-fields depgnd upon ion_energy,_;he detector
'bias'fuﬁétién should be a function of thé.energy Of:the ion-
at the inétaﬁt of ionization (or the redqced speed z) réther»
than its absolute'speed. Comparison of the aﬁplitude-phase
databer;oxygen And1xenon in Fig. 4 indicates that this

expectation is fulfilled:
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. 'Because of the existence of a detector bias function,
the éiﬁple method of correcting mass spectfbmeter'outpuf
signals for beam temperature by weighting thg_signalé with
| (7)

the square root of the tehperature is not valid. The

appropriate correction is discussed'in'Appéhdix B}

Effect of Source Pressure on the Speed DisEfibution:

inpefiﬁentsnwéré pérformgd with #enoﬁ.ana oxygen beams |
.ovérla r#nge of source fréséurés correspoddihg to Knud§én ”
nﬁmbefs (b#éed on channel Ieﬁgfh)*ffom'lo ﬁoi0.0?. ' This
réﬁgé correspohds to 0;75'tb,370 microns é?ﬁ}bé preésufe for
xenon, an& 1;4mtd 660 microns sourée préssﬁre_for oxygen.
Knudsen ﬁﬁmbers‘greater than 10 could not be inveétigated
because the beams weretoo'weék»to aSsure_aﬁplitudé and phase
datgfof>the quality needed for Spéed distfibution studies.
Béams ChéraCferized>bY Kﬁﬁdseﬁ humbers'smalief ﬁhan*O}OZ
were solsffohg that the electron multiplief d¢gradation was
tpb"répid to»bbtainvréliable_daté. Néngfhéless;’the SOO—fold
éoqrce préssure range was sufficient to encompass the ﬁransition
from Maxwel;ian to saturated spéctra discﬁssed in thé previous
paper. | |

The beam waé.moduiated'by the chopper_iﬁ thé §ource

cha@bér'ﬁhicﬁ.provided a 38.2 cm flighf path for the beam‘b
molecules.‘iThis path length and the maximuﬁ ﬁodulation'
frequencj'of 1400 Hz. was sufficient to redﬁce the amplitud;
of the xepbn beam to 2.5% of i;s zero frequencf-value; the

oxygen beam was feduced to 15% of its zero frequency value.
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Amplitude degradations due to molecular transit'of this magnitude
are réquired-to permit the inversion process to be accomplished
with’reaébnable accuracy. The main chamber chopper was

arrested in the open position in theée'eXperiments.

The lbwéstﬂpressure xenon experiment wéé assumed to
represent a”MaXWellian'beam and was used to'deﬁermiﬁe the
- detector biésvfunction; The data from the remaining eleven
experiﬁenté.wgré:inVerted by Eq. (17), using the detector
“bias function shbwn on Fig. 6. Figs. 7'$nd 8 show the |
amplitude and phase data (after correction for the.effects

discussed.in-Appendix A and normalization to unit amplitude
‘and zero phase at zé:o chopping frequency) for the two xenon
be#m expgfiments*aﬁ'thé source pressure gxﬁremes of the

range cbvered;’ Figs, 9 And 10 show simila:vaOts'for oxygen.
These plots illustrate the small differences from which
information concerning'the effect of source bressure on thé.
spectrum muét be extracted.

Experimental and theoretical speed distributions are
compared in Fig. 11. ' The du;ves are reproduétions_of Fig. 2
of the preceeding paper, énd represent Maxﬁéllia# and fully
' saturated'Spéctra. The measqred speéd dis;ribu;ibﬁ\fbf the
" xenon expériment at,a-Knﬁdéen numbéf of_O;QZ is\ih godd
agreement with the fﬁeoiéfig#iiptédiétion.fdt fhevfuliy
saturated spectrum. vThgg;ﬁébﬁé;ical'and e#perimeﬁtal distributions

match quite well around‘ghéjmaximum; the increaselin the position
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of thé maximum coméaréd to a Maxwellian distributidn-ié in
exCelléﬂ; acédrd with the collision model 4iscussed in the
pfevioﬁs'papé}.; The experimental points #t lov speeds o .
(z < 0.§) éihibit'Cdnéidérable scatter. Thé theoreticél' 
curve‘fbrfthé'fully ééturétediépectrhﬁ:is ;102 lower thaﬁ'
. ‘ N _

the measured dlstribution‘at.high speeds. LThesé data are
nbt'sufficigntiy precise to ascfibe'this'discfgpénéy to an |
inadequacy in the model used to géher#fé the theoretical
curve. | |

The ratio of the_average'translational'energy of the beam
mo;ecules'fofthat for a Maxwellian beam i$ a»use£u1 quantity
for charactérizing the entire speed diétribution. This,ﬁuantity
is determiﬁéd from the data by use of Eq..(l7) and compared in
Fig. 12'td.the predictions of the collision ﬁodel developéd'
in the preéeeding_paper. Because of the fluétuatioﬁs,
introduced By the inversion'teChnique, ﬁhe pdiﬁts show

considerable scatter about the theoretical-tu:ve.)

CEZ;;ver;vthe_.




29

agrgemeﬁtii§ ;onsidefed adequate in>yiéw df~th;'smali range
over Whigh the beam energy ratiéhchanges and the many
dorrectiqﬁéurequired'beforé the data_can bé inverted. The

' deviations of the data from the théoféticél‘cﬁrve are never
mofe‘thénw4i;_ﬁhiéh(is aﬁallvcoﬁéared ta the 25 or 75% éhangés
in'thé”BéamlenErgy ratio which would be expected for a fully
expanded ndéile beam. Within the scatter 6f-tﬁe data, diatomic
oxygeﬁ and‘m6hat0mic xénon yield similar Spectfum hardening
?araméteré;fwhiéh 18 expected for thé’colliéion ﬁodél_on'
wﬁich the thedry is'BaBed,vbut which wduld'nqt beQSO if
aerodynamic effects were significant. Alfﬁough the data

do not vérif& the ekistehce of thé plateau at low Knudsén‘
numbers,;fhe NS 1/2% increase in beam energy_ratio at high'
source ptégsdfes predicfed bf theitheory:is'qoﬁsistent with

the measurements.

VI. CONCLUSIONS

bl) The results suggest that 1bckfin_ampiification
of symmetri?glly'modulated molecular beams méy be a useful :\
tool for méésuring the';peed distribution'invﬁolecular beams.

VZ) Both the average énergy of the beam and the speed
’distribqtipn measured by this ﬁechnique afe consistent with
predictionélof the collision model developed in the pfevious
paper. The’hardening'of molééular beams from chanﬁel.sources
operated just above the.frge-moleculeblimit is small éompéred

to the substantial increase of beam energy obtainable from
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nozilé‘beamé. ;Thé’differenCé between the béamsAfrbm channel
sources such as those considered in this éerieé of pépéfs
and thé ideal*Maxwéliiah beam may be SignifiCaﬁf enougﬁ to .
warrant cénsidératiop ih‘some‘beam—béam'or Be§m—surface
interaction éﬁﬁdfes. |

S 3) The QﬁadrﬁﬁoievﬁASS spectfométéf,gwhfch,is.a popular
détector'fo¥Astudies.of‘this'nature; is noﬁva purely‘dénSity-
senSitiVeidévice}"Beéaﬁse of funihg\thé.ionizgr for maximum
éignal,'thé‘extraction and transmission of iéns fbrmed from
molecules a?ound thévmost probable enérgy of.éhe distfibﬁti§nv
ris favored; The detector bias fuqction whichldescribeé.
this pheﬁomenon is sensitive to tﬁe 1ocation of the mqlecﬁlar
beam in the_ioniier_and to the voltagevsepﬁipgs oﬁ the ibnizef'
lens.  The Biasffunétibn'undoubtedly variesvffoﬁ‘oné.détéptof
to anothér;E-The effect of the bias function @hstvbé considéfed'
when compafing mass.épectrométer output signalé'from beams

of differentftémperatures.
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APPENDIX A

'SOURCES OF ERROR AND CORRECTIONS

Sources of Error

A.'vSoufce Pressure Fluctuations

Thé preSSure‘in the ébhfée'generating £hé beam is
heldHCOnéfaht'tovbetter'than'IZ ovei the dufdﬁiOn of an
experiment. This sﬁall long term drift in the beam intensity
is included in the correction for electron multiplier gain
decay diséuséedblater;,' | |
B. ?luttér‘of the Chopper

'Altﬁbugﬁ the synchroﬁous motorAis cdmmonly regardea
as a‘émbothly rotaéing‘déVIce;'i;é motion is derived frbm
a series'of'édoperéting impulses smoéthed by the inertia
of thebr6tot'aﬁd:lqad. ‘Siﬁcé’rotational'enetgy deére;sés
as:the square of the frequency of rotatibn,vfhé:angulaf momen£ 
- applied (infiﬁpulses)'to the‘Wheel.shbﬁld be reduced corres-
pondingly’ to éssure thatvunifbrh rotation is ébtéined.‘ Because
of the IQw power applied at low'frequenciéé,ilatge 6sci11ations
around,thé synchronous position can occur. D;ta were taken
only if tﬁéSe oécillations'ﬁere_ieés than 1°vphaSe; |
C. Backgroﬁnd.Pressure Modulation in the Main Chamber

The puised beam enféring the main chamBer may introduce
modulatiqh of the backgrouﬂd éressﬁre. An experiment was:
performea to ascertain ghat.ﬁhe measqréd dénéity variations
weré due'td.modulation‘of'the directed moiecular.beam rather
than préSshre OSEillatioﬁs or beam reflectidnﬁ. Chopper :

.
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No. 2 was arrested in a'position such that'the.direct beam

was prevented from entering the ionizer cage. An attempt

to measure.a modulated signal from a strong.xenon beam at ‘

10, 700 and -1400 Hz was made. Less than one mlcrovolt of modulated
"background" signal was detected at a primary modulated beam
signal of one volt. This experiment eliminates background |

_modulation as a'significant;éource of experimental error.

Corrections

.The errors'introduced in thevdetection:and measuring
system which could not be eliminated by careful experimentation
alone had7to;belaccdunted'for by‘application.of correction
factors. ' For this.discussioﬁ the detection‘and meaSuriné‘H
system‘is‘diVided into four elements. Thedérror introduced
in each of these is listed in parentheses in Fig._l under-
the component involved,

A. Lock-in Amplifier ReapOnse

The lock-in amplifier amplifies the signal received
fromdthe-transmission line and.determines‘its”amplitudev‘
and the‘phase with respect to the modulation reference signal,
Variations in amplifier gain and phase are corrected by
measuring the amplitude and phase response to a full scale-
zero phase»calibration eignal at‘eachvfrequency. |
B. Electron Multiplier Gain Decay

QIdeally, the electron multiplier converts the ion current
into an electron current and increases the number of charge

carriers by a fixed factor. 1In practice, the gain of the
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electron multipiier is-nbtgéonataht. Signalfamplitude.measurementS"f

with a stea@ﬁ modulated beam alwajs exhibit a gradual decreasé
with time. This decrease is most severe‘with étiong béaﬁs,'
being as Iéfge as 15%/hour.with output.signal_pfll microamperé.l;;
This degredation in gain is believed to be due to a decfease
in the seébhdary electron emission coefficientlof-the first
dynode because of the implantatiOn of i6n§'(Xé* or-bZ).' No
long ;erm iLi effects dfldYnodé degredation‘have‘béen observed;
the electroﬂ mu1tip1iér seeﬁé'tb recuperate while idle
overnightf ‘Appafent1y the'ihplanted ionsvdiffuse out of'the
dynode in &iZ'hours.A | | | |

'Durihg.ﬁhe course of an experiment, tﬁé signal at 200 Hz.
modulation was measured éeverai times~énd:plotted'és'a function
of time. From this plot the effective éysfem gain at any
time dufinghthe experiment could be'determined'and appiiedv
as a corréction to the ofhe;‘measurementsg"Besides the
decrease;in‘the gain of'the elecﬁroﬁ mﬁitipiief, dtﬁer'
phenomené,éffecting sigﬁal amplitude over a similar time.
peripd (é.g., change in source preséufe, change in éfficiehcy
of the iQniger are.also included in this correction.)
c. Compléx'Impedance Corfection

'Becéﬁsé the transmission liné‘and‘other stray capacitance
present a complex imﬁedance to the currentIOutput from the
electron multiplier, the amplitude and phase‘must be corrected
for this effect, Cbrréction for capacitance effects by a

.complex transfer impedance was based on the circuit model
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showh in Fig.‘l3. The.éléctroh'multipliér 1s-assﬁmedvto be
an ideal'éﬁ£fent'sdufce, I. | | |

" The shuht capacitance C représents'the'disﬁributed
capacity of connectors, preamplifier, and'éleétron mhitipiier.
The value of C was measured on an L{C metéfY(Tekt;onixA:' |
Type 130)’f9_5e on the order of 60 bicofaréds}‘ The load

resistor, R., provides a DC return path for the signal. Its

L
value is‘chdéen'so thét’the‘signal_voitagéfarbp across it

is small cémﬁéfed to the voltage drop bétwéén'thé7dyn66;sv

of the:elecﬁidn multiplier. If the last dyﬁodé,is.élibwed

to float_ﬁhé'gaih'éf the electron multiplier 1s decreased

at a rate_  ~depehdeht ;pon the beam strehgth; It was
convenient to use a load resistor equél to that of the‘monito:
oscilloséoéé'(l‘Megohm); ﬁhen\the same D.C. level was méintéined
on the”laét_dynode when connected to either the oséilldécqﬁe

or the‘ldck—in amplifier. |

| thponéhtsﬁé'and r'afe'thé‘inpht’cou%lingICApacitor

and grid resistor of tﬁé‘preaﬁﬁlifiér.éfééé.éf:thé 1§¢kFin
detecﬁor;m.The lock—in'amplifier.tésponds.to}a voltage S
At'its'input; where S is given by Eq. (5};  According to

Fig. 13, the complex transfer impédance is:

1
Z(w) RL_

_ ) B . _ :
* 14C + T 7770 L . (A-1)
IZ(m)l and'¢z(w);méy'be evaluated from this equation.

The reliability of the complex impedanée correction

was checked by parfotming three sets of measurements of
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amplitude atteﬁuation and phase shift uﬁder.cbnstant beam
conditioné:b@tAuéing different values for‘ﬁt'(los, 106 and
5 x 106”ohmé). A plbt>dfltheéé.uncorreCCed ﬁéasutements in .
térmé”of.aﬁplitude vs. frequency is shown_in Fig. l4. The
cdrres?onaihg plot with ﬁhase‘otdinaté is §howﬂ in'FiS. 15.
The amplitu&eidnd phaée‘values”corrected fo#lgomplex impedance
are shown for the 0.1 and 5 megohm load fésisfors in Figs.
16 and 17. ‘The‘cirCui:“modé1 hsed»fbr>COrrection‘aligns
the data of the different runs within the éx§erihénta1
scatter, - |

"~ To Qerify that the“ovéréil'syStém haé'ﬁ flat frequency
resPOnsexﬁhé following'eXpéfiment’waélper50rmed;"The |
thpper NqL 1 was arrested in an”ppeh positidd and the beam
was moduld:ed'usihg’Chbppér'ﬁd;hz. Since the diséanée Betﬁeen

chopper and ionizer was reduced by a factor of 15.8 the parameter

X covered only ~6% of the rangevavailabie when the source

chamber'chopﬁér was used to modulate the beam. For X values
in the o&eriapping range of the two chopper§, the corrected
amplitude énd phase vs. frequency plotSYShouid.coincide>
if the ;yétem has.a flat frgquéncyvresponse. Becaqse_of the
finite_iength-of the ionization fegion-(NOyS cm), the main
chamber ﬁhOpper-;o-detector diStance cannot be defined
exactly;'and theréfore it 1is convenienf to piot'ampiitude.
versus phase, thereby elimiﬁatihg X (see text).

Fig. 18 shows that'the corrected data for short and

long beam path length experiménts coincide in the range of

©

LY
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phase cové;edvby the short lengthyekperiﬁents.' In these
experimgnts, frequencies from 0 to 1100 Hz;fwéré used with
chopper N§,72‘and 0—200 Hz. chopper No.’1.> Ihgrefore it can
be concluded that the.detection system has ; f1at frequencj
response éfgef all of the ﬁreQiouslyldiscusséd qbrrecfions

~ have been applied.
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APPENDIX B

EFFECT ‘OF BEAM TEMPERATURE ON THE OUTPUT SIGNAL FROM

1 A QUADRUPOLE MASS SPECTROMETER

Consider for example a detector which has been optimized
with a Maxwellian gas at temperature To{ ‘Suppose a steady
Maxwellian beam of intensity'Io mqlecules/cmz—see at a temperature N

ToApaSSes'through'the deétector. The D.C. signal:is:

‘52'[ B(z)f (az - o (B-1)
% - " e - o

where the uumber density in the beam has beeu written as
'Io/(Zaolk?)tb a is tue most probable speed at T , and o o !
fM(z) &7e2e;zz-(Maxwellian distribution). |
For a Maxwellian beam at a temperature T > T and
intensity I, the signal is given by Eq. (B 1) with the subscript v
o removed,"However, since the‘detector bias function has ‘
been deterﬁined by optimiiation at To end_is'unaffected by
beam.tempetature, the argument of B in Eq. (B-1) must be:
: writteu.aeVZa/ao. The fatip between signals and beam

intensities at the two temperatures is:

1/1° : (

12 | By aras

(B-2)

I
T
o

",B(z¥T7To)f (z)dz
. o
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The deteéctor bias function of Fig. 6 does not have a
simple anathical representation. 'However,'a‘simple functional
form wﬁich ﬁualitatively possesses the essential features - .
of the curve of Fig. Gviéz ;

. 1 2 A
S 2 2 : o L
B(z) ~ ze - ' : : (B-3)

Inserting'thé'Maxwéliian speed distribution and Eq. (B-3)

into Eq. (B-2) yields: o S .

I/IO.';‘: ..2.+_];!"__ 2 C B ‘/‘..1 U .;(B-l&)
s/s_ 1|3 3T : : . .

o 7 o , . : .
By'cdmpafisbn,'thé usual correction for an ideal density
sehsitiVe'détéctot (B(z) =_¢onstant) is:

/I

S/SO o ( TO) . ‘. . | ‘ .(B 5)

for a beah £oﬁr timeé greater in absoluté'témperatufe than
the_temperature at whicﬁ the detector was‘opfimized, the

ratio of'inﬁensities to-sigﬁais for an ideél_denéify gensitive
detectof'ié'z while'for tﬁe detectér'wi;h.thé bias_funétién
of Eq. (553); the_ratié 1s 4. A 100%‘err9:‘in relating
signal to beam intensity is introduced by neglecting to
account for the nbn-idéality of the detectorf The'more rapid
drop.iﬁ siénal for hot beams in the non-ideél deteétor than in

- the purely dénsity sensitive instrument is due to the fact
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that although'the‘bias function is fixed in energy space

(or z—space); the molecular speed distribution is translated‘
to higher energies as .the temperature is increased."The
maximum of the bias function and the molecular distribution
function coincide at To (since this is where-the detector
uas'optimiaed)'but'the two maxima no longer coincide at

T # T6§ The factor of two degredation'ofhthe signairdue

to the'mismatch‘of:the detector bias function and the speed
distribution could be reduced by re- Optimizing the detector
on the hot beam. However,”there is no guarantee that the

' optimization_process results only in simple'translation of
the function‘B(z) along the z-axis. Reliable inference'of
beam intensity changes from mass spectrometer output signals
in the presence of beam temperature. variations requires
knowledge of the detector bias function at one temperature.
The correction'procedure represented by Eq.i(B-Z) is of
course necessary for any density sensitiveidetector of the
electron-bombardment type for which extraction_efficiencp ‘
dependsiuppn_the thermal energy of the neutral species berore'

ionization;
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'LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or v

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. . v : .

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the

Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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