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Department of Nuclear Engineering, College of Engineering,
Uhlverelty of Callfornla, Berkeley, Callfornla

ABSTRACT .

-A.eysfem forfmaes epectremetrie aeelysis of‘trace constituents in
gases utilizing a mbleéﬁlar-Beam inlet sySteﬁ was built and tested.
MOdﬁlation‘othhe’samplingfmoieeuler beam permitted the use of phase
sensitive eetectioe metheds; Which‘improved the signal-to—neisé ratio
and reduqed theLinterference due.to baekground gases iﬁ fhe vacuum'chamber.
The:eystem was tested_by analyiing natural oxygen gas -for the vafious
isotopie combinations. The 1;5 ppm 017018 isetobe Was_measﬁfed with an

accuracy of 5. The ultimate sensitivity of the technique is believed

to be ~0.1 ppm.

Present Address: Battelle Pacific Northwest Laboratories, Richland, Wash.
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INTRODUCTION

The sensitivity of mass spectrometric analyses of trace constituents
in gases is often limifed by thg pTeSsure of the backgrouhdvgas in the
~ vacuum envelope, or by Syéfem noise due to stray electromagnetic fields
or inherent in thé»associated electronics. In the coﬁventiqnal method,
tﬁe g#s to be analyzed is added by ah inlet line to thé ion source fegion
of the mass spectfdmeter.-’Tﬁis.meﬁhod requires cafeful'attention to re-
duce the backgrbund gases in the vapuﬁm system at fhe.m/e values of
ih£erest weil below the concentration of the components in the gas being
analyzed. The maXimﬁm lon source pressure at which most mass spectro-

>

meters can be operated is about 10 ~ torr. Higher pféssufes may demage

the filament or alter the'ionizétion proceés by ion-molecule reactions.
If it is desired to detect avl ppm. constituent in a gas at iO_5'£orr ihi
the ion source, the background at the m/e of the trace cbnstifuént mustv
Beblofll tbrr or less.l To attain such a low background fequires ultra
high_vacuum‘techniqﬁes, a‘very cieanvsystem,.ahd’repeated.bakeout of the
entire éystemo " Blum and'Tornéy2 have investigéted the'usé of:a cold
‘cathode.ionizer to redﬁcé the,sﬁbstantiél qontribution_df the hpt'filament
and iénizer housing to the bacﬁgroﬁnd.

Background éonfamination in isotopic énalysis‘is.further aggravated
by the "meﬁory effectﬁ.‘ Invroutine analyses 6f uranium hexafloride using
“a conventional inlet system, UFg adsorbéd on the inlef linéiwails and on
'fhe ionizer structure from previous runs continues to outgaé dﬁfing sub-
sequent analyseé of éases of different isoﬁppic compositién and caﬁ
falsify the measured gbundaﬁcé.ratios; BrunnéEB‘has sﬁccéeded in feducing

the mémory effect by introducing the UFg as a narrow molecular beam which

passes thrbugh the.ibn source without striking the walls.
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In“the workvreported here, in addition,tovadmitting‘the gas to the
ion source as a collimated molecular beam, the beam is mechanically
:modulated.brior to entry,into the mass spectrometer;' By amplif&ing only
the.ac_component of the signal from'the‘spectrometer'(which is'of the
' same frequency as the chopper)'the'dc background slgnallis‘tirtually :
eliminated. In addition;.the'predoﬁinantly white noise of theielectronic
devices»and the;oo cyclelpickup'from stray electromagnetic fields is
substantially reduced by narrow band_emélificatlon.

'The beam is detected on the first pass_through'the ionizer and is
effectively demodulated‘after striking the walls of the vacuum chamber.
‘Since theﬂcollimated be;¢ does hot strike thevspectrometer or the vacuum.
‘ ChamberIWalls‘before it is detected chemicelly‘active gases, or even
- free radicals can be analyzed as easily as stable gases. - |

The only part of the system which must “be kept extremely clean if
very hlgh precision is desired, 1s the inlet system which constitutes
the source.of'the molecular_beam. The need for extreme cleanliness in.
the:ihletISystem can be'reduced'b& using'high source presSures (up tov
15 torr lh'thls study) or byvcontinual fast flushihg of the-gas through
the 1nlet system if sufflclent gas is avallable.

The applicatlon of- phase sens1t1ve analysis to detect Weak modulated
s1gnals from a mass spectrometer in the presence of background;gqscwas,_
'pioneered by Fite and coWorkersu and Datz et al.5 These authars,nhowever,

used the technlque to detect the main constltuent of the beam after _
| scatterlng off of a solid surface. Recently, Pyper, Newbury and Ba.rton6
have utlllzed the modulated beam technlque to measure the molecular iso-

| tope ratios in water. Since deuterium enriched Water was employed,

"detectioh of trace constituents was not a proble_m.
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In the'present_work, we tested thé‘modulated_molecular-beam>tech—
nique on the molecular isotopes of natural 02 in order to determine the

accuracy and precision of components present in the ppm range.

DESCRIPTION OF APPARATUS
The experimental apparatus. consists of three chambers: the source

chamber, the roughing chamber, and @he'expefimental chamber. The major
. '3 R e BN

" components -of the appafaﬁus_afe shown in Fig} 1 and in the photograph of
‘Fig. 2."The source chaﬁbér ébntains;the gas’ﬁo be aﬁalyéed and is équipped
with a variable leak and forepump for settihg the desiredisburce pressure.,
The SOurce.chamBer is coﬁnécted to thé'roughing chamber by a glass source
with a single'ori;icé formiﬁg the molgcularibéam._ The roughing chamber“
contains the chopping motor and chopper. More than.99% of the gas load
from the source chamber is evacuated.by the six-inch 0il diffusion pﬁmp
attéched to the roughihg chamber. The roughing chambertis éeparatéd from
the experimenualAéhamber'by é 1 mm_diam,‘coliimafiﬁgraﬁerture whigh serves
to fofm_the molecular beam. The éiﬁérimental Chambef'housesithe mass
spectrometer and is cunped by a 5OO lit/séc ion pump.
The vacuum tank is méde of aluminum and the bellows,‘flanges, and
ion pump are stainless steel. _The aluminuﬁ O-ring flange ih which the

glass source is mounted also supports the chopping motor and contains

.

, the elgctr;cal féedthroughsvfor driving thé motorf Two émall viewiﬁg','
ports in the foughi“g chamber.are siﬁuaﬁéd on'lihe ﬁith the'choppér to

allow the use of a ‘ight-pnoté‘diodé éfrangement to producé a reference
signal of the same fregusnce as the mcdulated beam. This was found to be

PN B Fo, B
ned directly
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unnatassary, nhowever, as the reference signal could be obta
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from theiamblifier'uhichféuéblles'theaﬁowetho theﬁchofper'motor. The
aperture'separating'the;enperimentalvand roughing.chambersais screwed
1nto the chamber wall allow1ng easy change of the aperture s1ze.

The mass spectrometer 1s mounted on a zotatable flange on top of a
bellows. This arrangement allows the 1on’source tonbe_allgned w1th the
eollimating aperture; “The alignment:is donejwith a teleSCope sightedson
the collimating orifice through the viéﬁiﬁg tort on thevend of the ion',
puﬁp.' This view of the ion source and the colllmatlng orifice ls shown
“in Fig. 5. The small black spot 1nslde the large c1rcle is the I mm -
diam. colllmatlng orifice and the ion source is the rectangular structure
surroundlng the spot. |

A dlaphragm pressure gauge (Wallace Tlernan Model FA 129 160) is used
to read source pressures-from_atmospheric to 1 torr and a calibrated
therm0coup1e‘gauge'is used'tor'pressures,from ljtorr to 10-5 torr.. Thev
inlet system is’constructed'of'l/h;int coppervtubing'with a'copper bellows
the last 10 in., to allow the source a smallvdegree of movement. The copper
bellows is attached to a”stainless steel male tapered Qh/hd fitting.whlch
is in turn mated to the female 2h/h0 of the glass source. The glass source
flt into a double '—rlng flttlng welded to an aluminum flange whlch fit
into the outer wall of the roughlng chamber.: To 1nsure that the center—
line of the O-rlng flt ting 1n the alumlnum flanne on the outer wall was
coincident with the colllmatlng orlflcevon the inner wall, the holes in’

_ the inner and outer walls'werevdrilled_after.the'two:chambers had been
Weldedxtogether and without removing'the piece from the milling machine

table,
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The source shown.in Fig. 4 was produced by drawing the end of the
glass tube and cutting it off-at.the desired inside dlameter. A glass
'collar was then fused onto the source to mate with the O-ring fittings
holdlng it into the system. (

The ‘beam was modulated by a two—bladed chopper constructed by cutting
a slot in the end of 1/4 in. diam. aluminum rod. The chopper was driven
by .a two phase; two pole ac synchronous motor‘(dlobe Industries Model
158 A100-2). The motor ues powered by an audio oscillator'end amplifier
and couldibe run.atlfrequencies between Lo cps'end 300 cps. Below 40 cps
the motor did notlconsistently track the driving frequency and above 300
cps it overheated. Sinceuthe‘motor was two pole and the‘chopper had two
blades, the driving frequency and the beam chopping frequency Were the
same., Thls permltted the reference slgnal to be taken directly from the
amplifier and ellmlnated the need for an auxillary photo-diode. The mass
spectrometer was well shlelded from stray electromagnetic flelds from the
motor by the intervenlng vacuum chamber wall which was pierced only by
the l mm dlama orlflce. A modulation frequency of lh5 Cps was used in
all experlments. | | |

The molecular beam Wwas mass analyzed by a quadrupole mass spectro-
‘meter (FAT Model QUAD 200). The quadrupole rod structure was 7—1/2 in.
long- with a spe01al ion source to permlt unobstructed passage of the
molecular beam,perpendlcular to the axis of the rod bundle.@ An electron

multiplier with a‘measured gain of 5><lO5

was used to collect the 1ons and
amplify the signel. Three methods were used to detect the Signel coming
from the multiplier' an oscllloscope attached to the mass spectrometer

 control was used for‘strong signals. A lock in amplifler or digital noise

areraging‘computer waslemployed,for weak signals.
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The‘lcck-in amplifief is a Pfinceﬁon Applied:Research Model HR¥8;
with type A_preamplifier; The signel fifst‘goes thrcugh‘an intermediete
amplifier where the enfire‘epectrﬁm'ofvfrequencies‘is amplified; then .
through the signaletuned-amplifier ﬁhich_limits the signel‘tc.a'nérrow ,
bacdwidthvcentered on the desired freéueﬁéyo-_The signal is then mixede
with the first hermonic of the reference siénal to prcduce a rectified ‘
‘ac signeifwhich passes throééh ac integrating circuit tO'produce a dc

output for the recorder._»The‘input'impedaﬁce of;the iock-in emplifier'ie
»lO megohme and centalns a blocklng capa01tor. A lO megohm resistor was
placed in parallel with the 1nput to prov1de a ground path for the charge
collected on the-last <tage of the electron multiplier, The resultlng '
5 ‘megohm input 1mpedepce is reduced by (E/W)(l/fé ) to account for the -
-fact thab the lock-ln responds only to the fundamenual mode of the square
wave input andbtakes the RMS eVerage of the rectified ac_signel from the |
‘mixer, A péak—to—peak volﬁagevshculd appear 2;25 times as large on the
lock-in as on the 1 megohm‘input impedance cscillcscbpe°

" The nciee averaging compufer which can be uSedﬂin plécevof'the ldck;

in is a Techhical Measurement Cor@oration‘Digital Computer‘ﬁnit Model
CN-102L4 with a CAT Togic Uni;c,.-lMlo.d'el '202_ plug in. A signal is fed intc.
the CAT end is converted.frO@ ehalog—to—digiﬁal'represenfation. There.
are 102k addresses with a ﬁihimum_ecan time of 31.25 psec per address.
A reference signal with fhe.eeﬁe frequency as the modulated beam is
suﬂplled to the CAT dlrectly from the OSClllutOT. With each sweep of

the addresses the 7

esired gnal 1s summed mh;le the random nolse cancels

jon

out. The resg ts can be monluozea on a built-in ‘scope or read out on

punched itape. It was necessary to amplify the signal from the mass
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spectrometer before:putting iﬁ into the CAT. The first three amplifiers
of- the 1ock—1n were used for this purpose. Use of the output from the

s1gnal monltor on the -Llock-in ampllfler as the input of the CAT not only
ampllfled the signal but also narrowad the bandwidth of the random noise

'before dlgltal noise averaging.

PERFORMANCE OF THE MOLECULAR BEAM SCURCE

Id order torpermit‘absqlute calibration 5& the system sensltivity,

the eqﬁivalent preSsure'of the molecular beam in the ion source must be
knowﬁ.”.This requireS‘kdowledge'ofAthe centerline beam‘intensity as a
function of'driving pressure in the source'chamber. The beam intensity
can'be determihed from measurémenfs of the totalvleak rate and angular
distributioncof'the emitted mclecules. Methods for experimentally deter-
mining these two:characterissics of a molecdiar beam source have been
'described:by,Giordﬁaﬁe ahdiweng,7 ﬁanes,8 and Jchnson etlai.g‘ The apparatus
‘used to, measure the emission chdracteristics of the glasSdsourceAused in
tﬁe present_study.is descriced in’ref. 10. |

| '$he fotal leak rate as a funetion of sbﬁrce pressure (or source con-
ducﬁance)'wes determined by followiﬁg the pressuresdecey of a'large ballast
tank connected to the source tube, The conducfance of the source shown in
Pig. h for oxygen was l 0 cc/sec at source pressures below 8 torr and in-
: creased to 1.5 ce/sec at ~15 torr.

' ihe same.apparatus used to determine tﬁe«source.coﬁductance Wasjalsc
used'to'measure the angqler disfributions'at varioﬁs_scurce,pressﬁres,
The sharpdess cf the anguler distributioh is most ccnveniently described

by & "peaking factor"; which is the ratio of the centerline beam,intensity
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fer the sdnrce to that from an_ideel thin-walled orifice with the same
total ieak rate._ Tneoretieei estimates of peeking factors for long
channels are'nresented injrefs. 7 and 8. Peaking factons for iongvchannels
as large as 10 have been measured.7’8
“The 1ntens1ty of the molecular beam at a dlstance d cm along the
axis of the source can be wrltten in terms of the total leak rate and
the peaklng-factor X as:
I = X (2/ma®) ' (1)
where I is the centérline beam intensity.in-moleCUles/cm2~sec and £ is
the total leak rate. ‘A'plot ef-the angular distribution from the source
at a source preSSnre'of 18.terr is shown in Fig. 5 aleng;with a cosine dis-
tribntiOn from anuiaeai orifice of the same strengtho "The peaklng factor
is the ratlo of the magnltudes of the 1ntercepts of* these curves Wlth the
6 =0° axis.' The maximum emission rate occurs 15. off the axis, undoubtedly
* because the source was drawn from Wide‘tere_tnbinglby hand. ‘The'molecular
- beam is skimmed from a narrow solid angle about 0 = O°, nhere the neaking.
factor is approximateiy 1.2, For our purposes, Eq. (1) will be simpllfied
by settlng X. equal to unity for all source pressures. Wlth the leak rates i;
' -calculated from the source conductance and d equal to the distance between
vthe tlp of the source and the center of the ion source in the mass speetro—
meter apparatus (L. 5 cm), the intens1ty of the neutral beam.in the ion source
can be calculated. The rate of 1onizatlon depends upon the number density
or equivalent pressure.of the beam in the ion.seuree5 The latter isll
PMS(torr) = % ~——J£Ei;;—;- I - (2)

3 51102
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where M is the molecular weight of the gas and T is the absolute temperature.
If the mass spectrometer has a_sensitivity of ‘eiam@/torr, the measured
amplitude of the modulated-signal can be converted to an equivalent pressure

by the formula:
S(volts) = ‘JRPMS . - (3)

where's is‘the.peaketo;peak output.voltage on the oscilloscope or the de
-output voltage from'the filtering network of the.lock-in amplifier. ‘The
input 1mpedance of . the detection equipment is denoted by R, for the lock-
~in system, the correctlons for regectlon of hlgher modes of the square wave
_and RMS averaglng discussed previously must be included in R.‘

Tests were made to compare'the equivalent pressures calculated from
the leak'rates by Egs. (l).and:(E) with those obtained from the measured
output'signalsvand Eq. (3);' The‘arerage.mass'spectrometer‘sensltivity'
was determined‘iu tuebusual Wayvfor the non;modulated,background and found

‘ tonbe‘l7ramps/torr;s The‘sensitivity uasvmeasured séyeral-times over s -
period of two.months,pand'Was unaffectedvbpbehanging a burned'out filament -
in the ion source. The modulated mass 32 signalrwas'measured:onﬁthe o8 =

: c1lloscope, for Whlch R=1 megohm. The comparigson is shown in Flg. 6.
“In the interval between the two sets of experiments ShOWn in the plot :
the source tube was removed to replace the collar, Whlch had cracked. At

' source pressures less than ~5 torr, the equivalent pressures measured fromv
the output signals were approximately a factor of four lowar than the curve
»determlned by the leak rates in Egs. (1) and (2) Thls discrepancy is
"attributed to the smaller electron-neutral interaction tolume ln the ion.

'source‘whenla molecular beam is analyZed-rathEr than a non-directed gas.
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The electfons ffoﬁ the"fiiaﬁentjtfaverse the ionization chamber as a
narrow;sheet whose small dimeﬁsioh is pefpendicular~to the plane of the
photograph of Fig.r5. If'the exiS'of the souree tﬁbe and the-collimeting
orifioe,is properly'eentered’in the ilonization cage, the volume of inter-
‘ ection of:the beam with fhe'eleetfons is proportional to thevdiameter of
ﬁhetﬁolecularibeamvaf the center of the ion source. The tip of the source
tobe is 2 cm from the 1 mm dismeter oollimatiﬁg orifice and,thevcenter of
the ionizer is an addiﬁional 2;5 om from the collimating,orifice. Approx-
iﬁaﬂiﬁg the,soﬁice-es'axpoiﬁt, the.diameﬁer of the beam at the.center of
the ionizer is ge;jiﬁm:-[Féf*a non-directed gds £111ing the fon source,
the Volume of the eleCtroﬁéneutral interaeﬁion'is proﬁorfional to the
width of the ionizer cage, ﬁhich in ouf speotrometer_is ~10 mm. Approx-
imately four times as many:ioﬁs are created'iﬁ a non-directed gas filling
fﬁe ;oﬁ”souroe than- in the'oollimated moleculardbeem when both are at
eqoel pressures; Thisvdiffefenee is the.mosf probable source’ofvthe‘:
dlscrepancy of Fig. 6 but the close agreement betWeen the observed factor‘
and that predlcted by simple geometrical considerations is in part for-
‘tultous. The extractlon efflclency for ions created in the center of the

ion source where the ‘molecular 'eam,;s_concentrated is-greater than that

Rt

for ions oreated in a random'gas near thevfilament'or eleetroh oollecﬁor
“ends of the ion‘souroe. This effect reduces the expected factor below
four, but is pertially compenssted by the-impossibility of insuring that
the electron sheet crosses‘the molecular beam exactly at itsv center.. .
Even slight misalignmentiwoold reduce the interactioo lengfh from a d4i-

ameter to an off-center chord;
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For source pressuree less than 5 torr, the equivalent pressures (or
beam intensity) varied linearly with the total leak rate, whereas the

theory7’8

predicte a squarevrbot dependence. .This behaﬁiof was also ob-
served ih the iﬁéensifivity of the measured peaking factors to seurce
.preeeure; ‘The'equare foot déﬁendence of beam strength on leak rate was
pfeﬁably»ﬁoﬁ observed because of the variable cross section.of the source
: channeivandbfhe,high source pressures used. Aﬁove 0.2 torr the oxygen
mean free path is smeller then the diameter of the source orifice.

At oxygen pressufes in the source tube greater than 5 torr, the'equivf
aient”preeeurebin the beam obtained from the moduiated output signal Wasvas
mueh as an ofder of ﬁaéﬁitude lower than expected. At ebsource pressure of
15 terf, the'pressure at'the diffusion pﬁmp:end of the roughing chamber was
_~7x10-5‘torr, which correeponds to a net pumping speed of ~300 lit/sec.
Since the pumb‘ie fafed‘at‘500 1it/sec, the preseure around the source tube
was probably ~lO"u torr, Cloud format;en in the rather congested region |
between the chopper and the eoliimating erifice may have sufficiently in-. -
ereased the’pressure here to heve eansmdatéenuation of the beam by gas
phase cbllisioﬁs. This.is d'feasonable sogrce‘ef the low signals observed
with sﬁrong beems. |

| If the.factor of four introduced by the difference>in ionization
‘volumes is eonsidered, the eomparison of Fig. 6 indicates thet tﬁe ampii—
»tude‘of the”ﬁodulated output signal isva reiiable ﬁeasure of tﬁe equivalent
pressure of the molecular beam in the ion eource. | |
The maximum:oxygeﬁ source pressure emplo&ed wae 15 torr, ﬁhich produced
an equi&alent beam pressure at the ion source of ~6XlO_7 ferr. Because}of

the differential pumping arrangement, the background pressure in the ex-
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perlmental chamber under thése condltlons was 6XlO 8torr. The base pres;
sure (no beam) in the experlmental chamber was about 9XlO 9torr. The system
was never baked. | | :
| SIGNAL“MEASUREMENT

To detect weak s1gna1s, the Qpectrometer was malntalned on the m/e of
1nterest untll the lock-in amplnfler pzoduced a qteady dc output signal or‘
until the digital”noise avefager had executed a sufficient‘number of sweeps
to permit satisféctory_ﬁeasurement of the amplitude of‘thé output voltagé
waveform. | |

‘vMeasurementS‘weré taken.With both the ‘oscilloscope and the lock-in‘de-'

teCtor whenever possibleQ' Tﬁe'digital noise_averager was used infrequently.
It was found that the signaliffom the lock-in detector was 2.0%0.1 times
the signal reéd on'the.séope.  This facﬁor'is quite Ciose'to'the expected
value of 2.25, The factor 2,0 was uSed.to'60nvert readings ffom the scope
to the lock-in. Any signal greater than'500:mv on the scope Was.tdo large
for the lock—in and any éignal level below abouﬁ 1 mv on the loék-in could
nbt be read on the scppevbecaﬁée'of noiée.

Figure 7 shows a‘tyéiéai_signal'ffdm 5 sfrdng.ﬁodulated beam as seen
on the scdpe; along with the ieferénée'signdi‘takeﬁ from fhé output df~the
audio amplifier driving the éhopping_mofor. Figure 8 shows a typiéél re-
cérder output taken from the lock-in‘ampiifiér ﬁith an oxyéen Beam and
m/é = 35 (corrés?onding to the isotope 017018) and fhe signal obtained by -
resetting the spectrometér to_the bageline béﬁwéen ﬁ/é = 35 and m/e = Bho

of this baseline signal is discussed later.

the system was a2llcwed to run until {he wave form heights of ~1 in, grew on

the scope. 3y measuring the peak he ;ht (w’uq a ruler) and the analysis
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tiﬁe reqﬁifed tekreacﬁ‘that height, the retie ofvthe éoncentratione of any
two sﬁecies couid be deﬁefmined. A baéeline eignal'was also teken for each
‘run by settlng the spectrometer between two adjacent mass peaks.
MOLECULAR ISOTOPES IN NATURAL OXYGEN
iThe‘seﬁsit1v1ty of the system-was tested by measuring ﬁhe concentrations

of'the isoﬁopic’combinatiens'in natural oxygen and compqrihg the data with
 the values predicted from the known atomic abundances of 016, 017.and 018.
.Measurements were made af seurce‘pressures from 0,05 to 15 torr with the
'ldck;in detector and at 0.2 and 3.0 torr with the digital noise averager.
Messes Sé fﬁfougﬁ.36 were monitored. The ieotepie fraction was taken as the
rafio of the:eignal at a particular mass to the mass 32 signal. The results
are shown‘in'Table‘i. All of the isotdpes were detected eﬁisource bressures
from 0.2 to 15;tofr. At a source pressufe of 0205 torr, masses 35 aﬁd 36
,ceuld ﬁet'be.deteeted. Tﬁe_baseline leVels 1isﬁed in the lest column of
Table I'were'ebtaihedvby setfing the sﬁectrometer betWeeﬁ peake. These read-

ings were directly'proportional to the beam.strengthvas measured b&lthe ma.ss
32 signai exceptvfor seu?ce presgufes beioﬁ l torra “Hefefthe baseline signal
- was just slightly'gfeater then thevO.BIuv'backgfound le#el“of the detection
system with ne beam. The-sigﬁalxlevels reported in Table I afe above the
baseline velues. .

:Extensive baekgroﬁedtéorfections were Unnecessery, since.the spectrum

of the modﬁiated beambis.much cleaner than the ordinéfy baekgreund speétruh
in the-vacuﬁm chamber. Mass 37, however, was detected in ﬁhe modﬁleted
beam. This was.attributed to the heavieriisotope'of'chlorine.> The con-
35 ’

tribution of C1°7 to the mass 35 pedk was obtained from the measured

mass 37 signal and the naﬁufal abundances ofithe two chlorine isotbpes.

This'cbrrectioneamounted to at moSt‘QO%'of the total mass 35 slgnal.




Table I. Summary of results of experiments with isotopes of molecuiar oxygen.

Signals are reported

mass nhumber,

In this run the main
The signal for m/e

** .
- Mass 35 signals have

‘Detection P m/e = 32 .mfe = 33 ‘ ﬁ e = 3k - Rﬁ;é‘; 35 . ] m e = 56>. .

Equipnent (torr) 5. 3 /S, S /s S, /s 8., S../S.. . 8 S../S.. S,
Used 32 32/ ©30 33 35 32 34 5& 32 . 35 35/ P30 736, 36/732  “baseline

Scope and 1k.5 19v 1 - 1lhmv 7 kxlo = Tomv 3 8x10 S 26pv}: 1.4xib'6 7éﬁv VAB.BX10"6 18uv .

lock-~in : . : _)+ ) 3 ! .
" 0.058.  160mv - 1 119uv  T.bx10™ 600uv. 3.7x1o . -— - - - T e-
" 14,5 v 1 Vv T.x107 66my  3.8x107 28y 1606 67w - 3.8a0° 11av
" 0,050 I1fomv 1 - - 0.45my  3.7%107 g _— - - 0. byv L
" ' 14.8 23.6v 1 18.8mv 7.9x10'u hmy b.ox10™0 31y .3xlo 5. - 86uv - 3. 8x10™ -4 23uv fr
" 0,19 hoomv - 1 280pv 6,7x10'y 1.52mv 5.6x10'5 0.5uv  1.2x10 6 150 3.6x10° - 0.huv
" 1.5 3,.8v 1 2.55mv 6,7x10'h - 13.6mv 3.6><1o"3 Lo2pvy . 1.1x10 -6 12w 3. 3%X10 -6 3.5uv

ngge» 3 -1 - 7,o'><10’h | - — ‘. - 1.2x10 -6 ---  2.9x10 -6 _ --

CAT 0.2 —- 1 - 5. 10~ Lo 3107 eem 2.5x10 6 51070 -
.'.

as lock-in amplifiéd de ouﬁput yoltages; baseline readings have;been subtracted from the signals at each

oxygen beam was too large to put into the CAT, hence for m/e 32 the signal was taken from the scope.
3h was taken with both the scope and CAT., The isotope ratios were.then calculated by:
_ratio = S, (CAT)/S5h(CAT) X SEM(Scope)/SBQ(Sccpe)

been corrected for CI contrlbutlons using the.mass 37 51gnal and the 1sotopic composition of chlorine.

Ay~ 998Lt-i&on



B
|
|
i
»

 the 1.5 ppm O

UCRL-17866-Rev.

. Table II~shqwsvthé éécuracy and precision of the three measurements
made at a.sburqe pressure of 15 torr utilizing the lock-in detector.
Both the precision and accuracy of the data are apbroximately +5h. The

17,18

1.5.ppm 070 isotope was méasureable at source pressures as low as
0.2 torr.

The‘méasurements made with the digital noise averager were considerably

vlesé accurate than those obtained with the lock-in amplifier., This is un-

doﬁbtedly in iarge‘pgrt‘dug to the measurement of the peak‘heights directly

from the small built-in oscilloscope on the unit with a ruler. The per-

formance of this devicehcouid be improved if the counts in the channels

containing.the_peaks and valleys of the output'waveform'weie puniched out
and suitably averaged by a computer program. waever, the fact that this

additional data processing_isAnecessary limits the utility of the digital

noise averager when compared to the relative ease of operation of the lock-

in system. .

~ ULTIMATE SENSITIVITY

The . smallest concentraﬁion measured in the oxygen teéts was thdt of

17618 isotope. Experimental demonstration of higher sensitiv-

ity could not be obtained With”oxygen; because of the absence of molecular

isotopes ‘in the 0.1-1 ppm range. However, we believe that the detection

limit of the system is considerably below l;Sfppm;' In the recorder trace

Shown-in'Fig. 8, the mass 35 isotope produced a 26 uv signal on'ﬁbp of the
18 uv baselineglgv The recorder trace Varied by approxim&tely'il>pv about

these vaiues. We estimate that a 2 pv signal could have been detected

- above the 18 uv backgfoﬁnd,,although with a loss of precision. A 2 pv
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Table II

Isotope ratios of molecular oxygen for high source pressure runs.

Isotope - mfe - 5,/ | | Prediéted* | Acc;racy_
016016 1 o 1  ., -
.016017 | 55‘ -:‘ '(7.6}:0,‘_22)><:L0"LL | '7.u><_1Q“LL | N
‘016018' 34 - (5,§io.io)X1o"3 ' u;0x1o43 o _2.5

ot 718 35 (L4320.13)x10°°  1.5x107° T
028018 56" .(3.8to;o )x10'6 6

h,oxi0™" -5.0

P L A

The predicted molecular isotope abundarnces are calculated by assuming a

16 17 18

statistical combination of the-atomlc abundance of 077, 07, and O

[Handbook of Chemistry and Physics, 45th Edition, Chemical Rubber

' Company, Cleveland, Ohio, 19656) ].




!
!
!
|
|
!
|
1
t
i
i

~17-
UCRL-17866-Rev.

trace constituentisignal in a 20.v main‘component signal corresponds to a
detection.limit of ~0.1 pnm° The capability of the system of measuring
signals of.this order was demonstrated'by:tne experiment at 0.2 torr.
source pressure. Here a 0.5 uv.mass 55 signal was detected above a base-

line of 0.k pv, and'tnet017018_isotppe abundance was within 20% of the

true value,

According toiEq. (5)_(WithiR = 2 megohms for the loCK;in aﬁplifier),
a 2 uv signal corresponds to a partial pressure of 6*10—l4 torr.in the
fon source. -For an_electron multiplier gainvofb5XlO5, the;Same signal
results from the,coliection of ~12 ions/sec at the first'dynode. |

The 18 pv baseline signal, however, constitutes a modulated "back
-13

_ground"'equlvalent to 5x10 v»torr“ Thls signal'was 1ndependent of mass

number and resolution and Was proportional to the beam strength_for high

 source pressures. These symptoms suggest that the baseline signal was

due to ions from‘the;primary modulated beam which reached the eléctron
multlpller without mass analys1s; Ions injected intoxtne "nlind sﬁot" at
the center of the rod structure of the quadrupole analyzing section. ex~
perience no electric field and hencef are not mass’ analyZed. If this .
blind‘spot were eliminated;'the minimum detectanle signai-should be on -
the order of 0.5 uv, and the maxlmum sensitiv1ty could be 1ncreased by
a factor of four. » :
Stronger beams than those used here‘could be. generated by multi-
channel sources w1th hlgher peaking factors than the single tube used.
in these experlments. However, ‘the stronger beam would produce larger
baseline 31gnals,‘and the detection_limit would not decrease as rapidly_

as the beam strength increased.
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CONCLUSIONS

The ?rimary advantagé off;hﬁodulated molecular beam inlét system is
"~ the ability to accurateiy &eﬁeét ppm concehtfations of,ﬁrace constituents
withdut the ultra high vaéﬁﬁm eonditions’which conventional masé specﬁro—
,métric gas,anékysis requires,f The,feéults of this study suggest that the
vAetection limif, which is set by ﬁhe(performance of the mass sbeétrémeter
rather ﬁhan the vaguum”sysﬁem,-may.be asiidw'asvo;l‘ppm.f

Thé majoridiéadvantagg ié £hé time requiréd to perfofm a complete
mass analysis. A "scan" 6f the spectrui of a'moduiaﬁed molecular beam |
R requires appraximately one hour. . Because £he.gaé is'céntinually flowing’
into the vacuum.sysfem.during ﬁhe}analysis, larger quantitiés of gas are
cénsumed_witﬁ the modulated beam method than with convéntioﬁél‘inlet
'systemé.
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Fi'g. 1 Modulated molecular beam gas analysis apparatus.
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XBB 679-5261

Fig., 2 Photograph of apparatus. .
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XBB 679-5259

Fig. 3 View of mass spectrometer in experimental chamber showing
molecular beam entry into the open ion source.
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24/40 fitting Collar -18 mm o.d.

Diameter = 240,

Glass source
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Fig. 4 Glass molecular beam source tube.
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Fig. 5 Angular distribution from molecular beam source at

an oxygen source pressure of 18 torr.
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Fig. 6 Comparison of equivalent pressures of the modulated

molecular beam in the ion source. Line: calculated
from oxygen leak rate and Egqs. (1) and (2); Points:
measured from amplitude of modulated mass 32 signal
on oscilloscope and Eq. (3).
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Rpference
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Fig. T Oscilloscope trace of 145 cps modulated oxygen

beam and reference signal from audio amplifier.
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/Moss peak
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Fig. 8 iRegqrder trace of dc.output bf lock-in amplifier.
Mass 535 and baseline signals for a beam of oxygen
generated by a source pressure of 14,5 torr.
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