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The Measurement of Detector Currents of a. Mass Spectrometer 

I . Introduction 

The purpose of this paper is to describ0 two vacuum- tube electro-. 

meters used with the Nier- type mass spectrcrneter currently undergoing 

adjustment in the Physics De:p3.rtment at Oklahoma A. and M. College . 

This spectrometer was c onstructed by 1r .. Truman Franklin , and readings 

first taken by Mr. Richard Barron and the author in the Spring of 1950. 

The author worked d th the particular project of measuring the ion 

currents present after acceleration by the source potential and de­

flection in the magnetic f ield o.f the instrument . 

Already available f or this task in the department was a vacuum­

tub~ electrbmeter, or current an.plifi er , incorporating a FP - 54 type 

tube, built by Mr . Julian B ... Grafa . This instrument served very suc­

cessfully as a recording device . The author built a second circuit 

around a new miniature tube , the number 954 . The characteristics and 

relative virtues of these t wo units will be discussed_. 
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II. Genera.I Characteristies of :the Mass Spectrometer 

Figure I presents a simplified schematic diagram of the mass spec-

t rometer used in this research. Ions emitted by the coated filament , F, 

are accelerated by a. kno,fil voltage in the source ch&mber a.nd an ion beam 

is directed down the deflection tube by the defining slits, S1 and S2 . 

The ratio of charge to mass of these ions detennines their velocity, as 

given by the equation 

where v is ion velocity in Jl.l'_ V is the accelerating potential in volts, soc' 

and ( fil) is the ratio of charee , in e .m. u ., to mass in grams . l As this 

beam passes through the magnetic field of the deflecting magnet its path 

has a curvature of radius r , given by the equation 

r=v ~ (f-)H 

where H is the strength of the magnetic field in Oersteds . 2 Only ions of 

one particular ( m ) will be deflected in the proper direction 'Lo st.rike 

the collector plate in the detector chamber . Thus se ratioo of the many 

i ons of the source into individual groups is accomplished . 

The author was concern , ith the task of measuring t.he i 011 current 

which passed through the instrument . In well adjusted instruments this 

cur rent is of the order of 10-10 amperes . 3 It was expected that. in our 

particular case this value would not be reached , since there had been no 

pr evious adjustment for opt· um operating conditions; this was the initial 

1 
Hoag and orff, Electron ~ Nuclear Physics, p .. 236 . 

2 Ibid. -
3 Graham et al ., 11A. C. Operated Hass Spectrometer11 , Journal of 

Scientific Instruments , 24 (194'7), p . 119 ff . 
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trial of the equipment . Actually, the largest cur.r~nt read was 

.3 . 9 x 10-12 a.'11pcres , which illuntrates that better perl'orm.ance may be 

expected with careful alignnent of the device . Ion cur1·ents were first 

read through the use of an FP- 54 current an.1 plifier , s inc e it was avail­

able :in the department , and because its performance was kno:m to be 

hiBhly reliable . A current amplifier built around a 954 t ube was lat.er 

devised as a tri a l at more co,npact and versatile :instrumentation . 

To review briefl: Le oth er oper-nting characteristics o f the mass 

spectrometer, it may be noted that the total emission f r e..--;, the coated 

fil ent was m~in Galned at a value of approximat ely 3.5 x 10- 7 amperes , 

with accelera ting potentials a r ound 100 volts . Readings have 1Jeen 

t aken with hiF,her accelerating potentials, but the total ion emission 

from the filament could not be ree.d accur.'.l.tcly, apparently due to second­

ary e:mi sion o f un electron current f r om the mn.t.Bri ..,.::... .1.'orming t he s ource 

chamber . This effect was not noted at louer accel 'ru.t.i.11 -; notentia.ls . 

The measuring 0 .1. t! is emission current is no sl..plo feature in i t­

self . A large storage battery capable of furnish..:.,.. four ampcr,Js of 

filament current, as well as associ1ted ·wiring and two Stupekoff insu­

lators l e.1ding into th vacmu.1 e, amber ,nust be isolo.ted fron ground, so 

that leakage current s due to tl1e high a ccelcrc...ting poton .i 1 , ill not 

mask the minute emission currents to be r:ieasurcd. To accomplish this 

the resistance t o ground should be r,reater t n 1010 ohn s . Ha.intain.ing 

such a high va lue .ccquire:. Llmt a ll . etcrs, tt.e b~rt.terics , and le.::.d 

wires be suppor ·ed ty gl.J.ss or :dJ:i.ilar insulators . 

The magnetic deilectine field \las meas1red with a sc~rch coil -nd 

ballistic galva.noir..eter . An n.cccx:i.p, ning _,rap!-. , !;,i'-, re ~ , s .ows v::luus o 
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the magnetic fiel d of the lo.rgo nag.1et used with the instrument . With 

accelerating potentials oolow BOO volts there uill be little occasion to 

use excitation current values for t e magnet greater than two amperes ., 

s ince masses up to ato ic 1 eight of 400 ,Jill, if singly charr,ed, be f o­

cused by such a value . It uill be noted that under two amperes the ag­

netization of the field is approximately pr oportional to the field current . 

The ent.ire chambe of the mass spectrometer i s mainta .ne-i t a high 

vacuum by the action of a echunicu.l f orepump and an oil diffusion pump. 

s read "th an ionization i:;auge mounted at the so ' rce chc.1mber., the mini­

r:mn pressure attained was 10- 6 millimeters of mercury. Due to emission 

of gases from the heute filauent ,. opera.t ing pr essures were usually around 

10-5 millimeters of mercury. 
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III . The FP- 54 Current Amplifier 

The measuring of the ion current through the mass spectrometer is 

not a simple matter o f connect,ing a recording meter to the plates in the 

detector chamber . No mechanical meters are available which indicate such 

scrall currents . The only direct method of detecting such currents is 

through the di s charge of ru1 electroscope connected to the collector plate , l 

lmt such readings would be tedious and slow. Some method is desired where­

by ion current may be read instantaneously as, say , the magnetic field is 

varied, yielding a mass 11 spectrum" . As in so many other applications , it 

is possible to apply vacuum tube amplifier circuits to this problem. 

Figure 3 represents such a circuit , utilizing a tube especially designed 

for such service , the FP- 54. This is the circuit used by the author in 

his early investigations. 

Several factors must be considered in the design of these circuits 

. and tubes . Since the currents to be measured are so small, extreme care 

must be taken to eliminate current due to the control grid of the tube . 

The sensitivity is limited by the size of the control grid current. Grid 

current is caused by a number of factors . There may be an el ectron cur­

rent flow to the grid from the cathode , or due to secondary emission from 

other tube elements. There may be a positive ion current caused by elec­

tron bombardment of residual gas lliolecul es within the tube , or perhaps 

caused by ionizing radiations, ~uch as cosmic rays , or soft X-rays 

· nerated by electrons striking the plate . Ions scmetimes are emitted 

from the filament , along with the desired electron flow. Leakage cur­

rents over the physical dimensions of the tube will also contribute to 

1 Riehtmyer and Kennard, Introduction to Modern Physics ,. p . 547. 
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the total grid current. In order tho.t the control grid current may be 

kept as low as possible, several unique methods are employed. The con-

trol erid is reaintained at a negative potential, so that electrons will 

be repelled from i t . All electrodes are maintained at a very low poten-

tial, so that secondary emission and other bOMbardment effects will be 

lossene,l . Note that in the figured circuit the maximum voltage avail-

able i s twelve volts . The filament is operated at temperatures greatly 

reduced from those found in normal applications, so that erratic elec-

tronic emission, and ion currents , will be minimized. Since the grid 

resistor ma- have a value as high as 1012 ohms, the tube must be clean 

and dry so that leakaee piths across impurities on the surface of the 

glass uill not exist . Wi th the FP-54 tube grid current is often as 

small as 10-17 amperes . 

Funda.~cntally, the operation of the vacuum tube electrometer may be 

explained a~ follows: The curre 1t to be measured flows through the grid 

resistor, Rg in Figure 3, causing a voltage drop equal to the product IR. 

This potential is applied to the grid of the vacuum tube, causing a 

change in current flow to the plate, and varying the current through 

the jn icating meter, G. Figure 4 is the voltage calibration curve ob-

tained with the FP- 54 instrument when connected to an indicating gal­

vanometer with sensitivity of 2 . B6 x 10- ? amps per centimeter. Note 

the excellent linear response of the amplifier. The average voltage 

sensitivity for the amplifier as obtained from this graph is 8. 55 x 10-3 

volts per centimeter . Using this number we may obtain the current sen-

sitivity of the circuit by simply dividing by the value of the grid re-

sister installed in the current aTIJ.plifier, thus: 

current sensitivity= 8, 55 x 10-3 amps per centimeter. 
Rg 
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Since the grid resistor usually connected in the circuit had a value of 

1.1 x 10ll ohms , the current sensitivity was '7 .?8 x 10- 14 amps per cen­

timeter. To change this sensitivity, either the grid resistor may be 

changed, or the sensitivity of the indicating meter may be altered. 

The circuit built aroun the FP- 54 tube is very useful and stable . 

After a warm-up period of only one- half hour the zero reading of the 

galvananeter shows very little tendency to drift . Further shifts are 

not over five 1nill:irneters per hour, a quite tolerable limit in itself, 

and after several hours of operation the zero shift is negligible over a 

laboratory period oft ee hours . Such excellent stability was not 

attained with any other unit . Houever , certain disadvantages v. ere en­

countered in the use of this design. The physical dimensions of the 

FP- 54 tube are large. As illustrated in plates 1 and 2 , the size of 

the tube and associated controls necessitates a cabinet of quite large 

size . For the sake of convenience in positioning equipnent and taking 

readings, the cabinet was placed several feet away fra.rn. the connection 

points on the mass spectrometer . In order that readings could be taken, 

the wires carrying the current to be measured had to be completely 

shielded from external electrical fields . Without a shield, the static 

electricity generated as people in the roan walked, or moved caused the 

indicating meter to fluctuate violently . However, shielding the lead-

in wires posed the problem of hou to protect without shunting the neces­

sary 1011 ohm resistor with unwanted leakage resistances . To accomplish 

this tre input wire was enclosed in a quartz tube , a braided shielding 

wire around this tube was connected to ground , and the connections at the 

spectrometer were enclosed in a metal can. The entire cabinet holding 



Plate 1 - The FP- 54 Current Amplifier Cabinet and Connections 
to the Spectrometer . 



Plate 2 - General View of the Mass Spectrometer and Detector 
Instruments , Using the FP- 54 Current Amplifier . 

t; 



·(,l:1e tubo and controls was cnclos0d in a metal :1hi0ld wrK:n first con-

structed. With this arrangement no fl·t~ctat,ion duo to extornnl causes 

loss. One difficulty wa.s. encountered which could not be eliminated. 

This was the added capacity· to ground caused by the long shielded sec-

tions. 

Cr1pc:cc:lty is usually a matte:r of c011sequence only 'Nhcn dealine; Nii.:.h alter~-

nat,:ing currents. But 1Ji th such a ll5.gh rasifft,,,.n CG t, o g:r;),mcl 3,s enc:)urrt-:..-

ored here the time for a ch:.IJ'ge on the gr::i.d to lea,·, off may become un-

the applied signal for the :l :,1dicator to drop f:i:om a read.ins; ol' fifty 

of or;,,, c~ntimeter. 

maxinu1.111 current oJ fficult. 

mooot tho t.ube itself closer to th c output o, ·i:,i1c spectromete:::·. Rath.er 

thox1 attempt to rebuild the mo1..mting of th,;; FP-5h ·:·,u::12, H, 1,zuc; decided 

to use a.not.her typ3 tube :Ln :1 cii~cvit sli.grrl:.l:, different from that 
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IV . The 954 Current Amplifier 

A new circuit was modified f rom a plan sholm in Electronics by 

Elmore and Sands . 1 Hu data 011 the adaptab:.lity of this circuit for the 

proposed application was r-,iven in Elmore nnd Sands.,. but other s ources2 ,3 

mentioned the use of he same tube without giving any circuits . The 

circuit a.dopted used a miniature t ube, the number 95l~, a regular com-

mercia.l tube , not s J cifi cally designed for use as an electrometer tube, 

as was the FP- 54. This s;aall tube was mo mt d in a ;aetal can directly 

att; ched to the spcc tronotcr cham.ber . A ten f oot cable, containing only 

noncritical wiring for the filnncnt and plat.e, leads to the cabinet hous-

ing the various batteries, resistances and controls. Pl.ate 3 is an il-

lustration of this in -trument . The black can con-"ains the 954 tube and 

the grid resistance, Rg , while t e cab:inet contains all controls and 

batteries. The only other equipncnt needed is an indicatin3 meter, G, 

which s a basis for c or,p:irison, is the same galvanometer used with the 

FP- 54 unit . Figure 5 is the circuit di:i.gram for this am;Jlifior . Notice 

that it is quite different fron the FP-54 circuit in that several batteries 

are emr loycd, r at.her tl1an the "bal.ancod11 circuit. utilizing o 1 r one battery . 

There are neveral ad:vantaues to be gained frcm this ne\·I arrangement . 

The size of the tube :ould a.llo:1 installation even inside of the spcctro-

meter vacuum chmnbcr, if desired. By molmting the tube d.ire~tly outs i de 

the spectrometer, the long shielded ,-drin;:i; in the grid circuit necessary 

1 E]more and Sa.rids, b ectronics , p . 186 

2 Grah m ct al, Loe Cit . 

3 Gabus and Pool, "Chur,"'ctcri "tics cf Electrome:,er TJbes11 , Review of 
Scientific Instruments , 8 (193?) p . 196 
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Plate 3 - The 954 Current Amplifier Cabinet and Tube .Shield. 
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with the previous amplifier is eliminated, Leakage currents and extern.al 

disturbances are reduced to a minimum. Also., this new tube is much cheaper 

in cost, five 954' s may be bought for the price of one FP- 54 .. 

Reference to Figure 6 will show the volta ~ensitivity curve for 

the 954 eleetrometer, The average value obtained frcm this curve is 

2. 57 x io-.3 volts per cent:lmeter. For the 954 vacuum tube electrameter 

the sensitivity when connected to a meter with sensitivity of 2. 86 x 10- ~ 

amps per centimeter is: 

cUITent sensitivity= 2R57 x 10-3 amps per centimeter .. 
g 

By comparison with the value given for the FP-54 (page 9) we see that the 

954 has more than three times as much sensitivity, With a 1,1 x 1011 oP..m 

grid resistor the sensitivity is 2 . 34 x 10-14 amps per centimeter. It is 

interesting to note that another investigator was able to measure cur­

rents of 3 x 10-15 amperes with the 9544, a figure very closely approached 

here . The tube does not possess the excellent stability exhibited by the 

FP-54, however, This is understandable , since the latter is wdoubtably 

manufactured under more careful control,. and its design more specifically 

directed toward. stability. By testing several 954 tubes wder actual 

operating conditions, one will usually be fowd which is entirely satis-

factory. The author worked d th two tubes, one of which was not nearly 

so desirable as the other. During the first hours of operation of the 951., 

electrometcr, very violent and wstable fluctations were noted . The ori-

ginal diagram from which the circuit was taken suggested the use of a 0-50 

micro-annneter as the iridicatine movement , and :initally such a meter was 

·-----·--
4 Graham et al, 12£. £E:.. 





20 

connected, to aid in adjustment and avoid damar;e Hhich might result from 

the use of a more sens:i.tive meter . Durmg the first f w hours ~!!'.all 

movements were noted even on this meter . The value of these variations 

uru.:;t have been of the ordei- of 10-r/ amperes, far too large a value to 

a.llo 1 use of the instrument to measure the small currents desired. But 

careful mounting of all parts , use of good precision resistors · nd a 

ueek of a.£eing re ... ulted in L;reatl:r irnproved stability. 

There c..re still same fluctations which cannot be eli.."'1.inated . Figure 

?a shous the shift i.11 the zero reading of the circuit after being allowed 

to ,arm up for a period o f one hour . Note that there is a rapid and 

fa.irly constant shift in one direction . After the anplifier has been lG. f'::. 

turned on f or twenty- four hours th.is shift is eliminated and there is only 

a rend.om f'luctation of one millimeter about the zero point . When read­

ing'· wore to be taken over a. period of several days , the filament current 

of t. c tube \ia.S left o continuously, so that m.a.x.imum stability would be 

obto.i.'1.ed. 'rhis "Was possible since the current drain is very low, being 

only 50 milliamperes . One external effect was found 1hich cau::icd a 

chJ.Uge in tho readings of the 954 current amplifier. This Has a zero 

shift ,'lith changi ng values of magnetization of th deflection field . 

F·gurc ?b illustrates the magnitude of this change . There is a violent 

shift at t he zero field value, due to the disturbances ssociated with 

rev,.n•~ing the current in the field coil; the induct<:lllcc o f the windings 

resists changes in currem., flow very strongl: . No doubt this zero shift 

is due to the close proximity of the vacuum tube to the poles of the mag­

net and it could probably be lessened by the use of a ohield designed to 

reduce r-,«. :netic as well as electric fields . 
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The operation of the 954 circuit is extreme:cy- si ple , only two 

variable controls are included in its design. No loss of versatility 

has been discovered because of this minimum number of adjustments. The 

FP-54 amplifier has six adjustments , but not all of th em seem to be 

vitally necessary. All of the batteries used with the 954 are small dry 

cells . (These batteries are : two Burgess type W5B , 7 1/2 volt cells, 

a Burgess 2F2H, 3 volt cell, and a Burgess 4FH, 1 J/2 volt cell.) All 

are housed inside of the control cabinet . The unit makes a very compact 

installation due to this fact . Only the met8r requires critical atten-

tion . The galvanometer employed an optical lever indicating system, so 

tha.t considerable space ·ms necessary, and the mou.1tir1g of the meter 

could not be subject to vibrstion . In this particular installation the 

meter was mounted on a heavy cast iron pedestal which r ested on rubber 

feet . This elaborate arrangement was necess.:;.ry since the mechanical 

forepump in the vacuum y-stan caused conside1.·ab.Le vioration yfu.ich could 

not, be eliminated in any other way. 

The 954 type electraneter vas by no means found to b~ perfect . 

I ts instability was at tir:.es annoying, perhaps a 11 balancod11 circuit 

similar to that used with the F - 545 would improve stability by decrcas-

ing the number of separate batteries involved. Better shielding should 

be studied so that the magnetic field would not ca.use variations . Also, 

one of the pr imary objectives , the reduction of the t ir~c constant ob-

served in the 1-l- C circuits, ,~s not too successful. Apparently the 

grid-cathode capacity of the 954 is much higher th an that of the FP-54. 

5 Turner and Siegelin, 11An Improved Ba.lanced Circuit for Use uith 
Electrometer Tubes11 , Revicu of Scientific Instruments , l~ (1933), p . J..i29 . 
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,appeared to ba thr, u:)rte magnitude as T,hat of the 

The only explanation for this would 

be e;ffel:'l~:J vd:thJ.D the tube itself. 
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V. Other Problems 

As an illustration of the ,1se to which the current a:nrlifie may e 

put :F'igure 8 is included. ].i'i '.):UrO 8 gives a small portion of a 11nass 

spectrum" curv--, '.\1i th an attempt to show the present resolvin po :er of 

the instru,,"!lcmt . (Remember that the curve is ":.nken at lov accel-r.1.ting 

potentials, 1mich result in poorer resolutlon than higher voltages . ) 

h-' hi,·h )Oak i3 rroba.bl:- d e to cesium, '1,fuilc the broad plateau from 

90 to 94 • olt,s is possibl:r due to barium isotopes pr"'lscnt as an :hnpur­

i t~r . To obtain 'i:.hiu plot the cninsion current and magnetic deflect::.on 

ield were mnintaineu at a constant value and the accelerating voltage 

·ms varied over one volt intervals . 1·.ith the present controls it i s a 

very j ffirult task: to moas1.:ire c.·;:i.ctl y the peak current caused by any 

pr..rticul r i on , because they c..re very sharp. 

Table 1 i.., n..11 attcnpt ·~o shoh the actual performance of the cur­

ren a: )lifier co'iparcd to the ':i.ore f amj li r operation of a current gal­

vanoneter . The rcndin~s of the acuum tube current amplif::i.er 3re com­

p~re with the emission from the filament as read on a mecha..~ical meGer . 

The relation obtained is ot linear . Horever the current read by the 

vo.cuum tube device is that due to one particular ion , probably cesi1m, 

emitted f rom the filarn.ent , d1.ile the current read by the mechanical 

meter is t hat due to totQl emission . There is a distinct possibility 

that larger emission currents do not necess;:,ri.ly mean that one element 

has its emio .... io:i. proportionately larger . At higher emission other ele­

ments may be given off in higher proportion.. That is, as the emission 

is doubled it may be that the increased current is not due t o added 

emission of cesium, but r:'..ther by a much larger emission of some other 

element , say sodium or aluminum. 
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Tabl e 1 

Variation of detector reading with changing emission 

Ratio : 
Detector Bnission Eraission 

Detector 

O. l cm 0 cm 

2.9 4.2 1.45 

6.1 7.8 1 .28 

10. 9 14.4 1 .32 

:U.. 3 19.2 1.34 

18.1 24.1 1.33 

22 .4 29 .3 1.31 

22.8 34. 5 1. 51 

25 .2 41.2 1. 63 

2? .7 46 .8 1. 69 
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Several problems still remain to be 1.rorkcd out on the mass spec­

trometer. The resolution of the instrument could b e lJ11p:rovec.i . Better 

alignment of the unit Houl< be a gre<-1.t hclr~ . By pr oper alignment of the 

magnetic field and slits the number of ions reac 1ing the dt-tecLor ould 

lie increase , re ucing the problems met with vecy small currents . Ar­

rangements a.re under way Hhich will result in the ability to admit gases 

to the vacuum ch.:i.:iber where they 1,dll be ionized and analyzed. This rill 

make the instrument of prc.ctical value to ot er orr,anizations on the 

campus , while again posing problems in analysis and interpretation. Be­

fore e.ccurate readings may be taken better coritrol of the variable quan­

tities assocfa.te ~ lith the spectrometer must, be worked out . The magne­

tic field should be re:idily meas able as welJ. as more easily controlled. 

This magnet also affords an excellent op;iortunity to study hysteres · s 

effects . The effective ra. Ii s of the curve followed by the ion beam 

should be known for qualitative stu ies of the device, as well as what 

effect the fringe of the Tiaenetic field causes . lfa .... >1y other fields of in­

vestigation still remain connected with the mass spectrometer . Work with 

these problems will no doubt prove as stimulating and perplexing as h..as 

t he author •s work with the current amplifier. 
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