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ir.v: :Jil:.1v.lte;;10ously both hit;h rosolu.tion and h!.Gh 1-;.;.Llinosity 

is pr~rnented. 'l'he th0ory of its operation and d0sicn by 

Professor J. W. N. Du.Hond is traced. 

Successful adaptation of a reson~i.ce absorption scheme 

usi.n.g the magnetic moment of the proton f'o:r precisely meas­

u:cir~e and controlling the magnetic field 1s reported. 

The instrumental line profile is discussed. A new 

type of source due to Dr. D. E. Muller is shown to simplify 

the interpretation of experimental data by giving the spec­

tral lines obtained from the conversion of nuclear gamma.­

rays a characteristic .fiducial feature of high rep:r. .. od.ucibil­

i ty. 

'The reproducibility of measurements claimed for the 

instrument is verified by the results of a study of the 

Thorium J? and I lines. Repeated observations hav-l.ng a 

standard deviation for a single observa·tion of less than one 

part in 10,000. a.re obtained. 
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I. THE ,T.EEORY OF THE DESIGN OF THE SPECTROMETER 

A. Introduction 

The conditions affording optimum luminosity and reso­

lution for an axial beta-ray spectrometer \rl th u.nifo1 .. rn mag­

netic field were first developed by Professor Du11ond (l). 

His analysis was g1 .. eatly simplified by the adoption of a 

uni.form magnetic field as the basis for design, for t he 

principles revealed by Professor DuMond could scarcely have 

been obtained with many types of field configurations cora­

monly in use .. 

Since these design principles u.11derlie th€l whole de­

velopment ''Which follows, and since cognizance of them is 

the natural introduction to the work reported herein~ they 

will be outlined at this time. 

It is commonly known that an electron follows a hel­

ical path as it moves through a uniform magnetic fieldD 

This motion and the coordinates necessary for describing it 

are shown ·1n Figure l. A straightforward calculation 

yields the following important :relations among those coor­

dinates: 

y • R sin'\11' 

X • (L/ft') "l' 
R ■ 2(p/Be)sinQ 

Ls 2'b"(p/Be)cosQ 
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FIGURE 1. THE TRAJECTORY IN THREE VIEWS AND ITS TRACE. 



If a qt'l.a.1.ti ty Q is chosen prop01.~tional to t he total 

moi:l.lentum, where Q • 2(p/De)~ y can be expressed as 

This is precisely the equation most useful for dete:t."mining 

the optimum conditions of operation of a:n axial spect.ro= 

meter. It characterizes the enti~e class of mono=energetic 

electrons leaving the point S at an. angle Q "wi:th ros1Ject to 

the direction of the magnetic field. 

Since in an axial spectrometer the trajec tories have 

arbitrary azimuths initially, those described by Q and 9 

determine a cigar-shaped surface haviag cylindrical sym­

metry about the axis from S to c. The equation fo:r J is 

therefore that of the curve seen in the plane cross-section 

of this surface through its axis. This curve, showing tho 

radial displacement of particles from the axis as a fuac­

tion of di5placement along it, is called the traceo It 

characterizes a particuJ..ar group of pai~ticles described by 

Q and 9. 

For the special case of a v.ri..iform magnetic field the 

equation of the trace is known. It is simply a sine func­

tion. 1',igure l also gives the trace of' t he helical trajec­

tory shown there. 
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B. The Determination of the Ultimate Intersection of Two 

Coalescing Tracas .. 

Traces for two electrons that; have the same Q but 

differ slightly in departure angle Q a.re shown in Fi gure 2o 

As ·they coalesce to the same Q, the two traces determine 

an ultimate intersection at a point P: P(Q,9)o 

Following paragraphs ·will show that all other traces 

passing through P must have a greater Q than. that of the 

trace at a.Ylgle 9. This minimum Q at Q means 'that a :rGJsolv­

ing slit placed at the circle represented b~v P ca.'1 select 

the largest fraction of the total sphere about the sou.rce 

at S for transmission with a specified inhomogeneity of 

momentum. 

It is instructive to imagine the effect of a mono­

ene:getic point source of particles at s. With such a 

source in place, all other traces (at angles either lru.~ger 

or smaller than 9) will pass nearest P inside that pointG 

That is, their points of nearest approach to P will lie 

within the area enclosed by the trace for which P was 

determined. 

Thus if a monoenergetic source is placed at s an.d. t he 

magnetic induction is increased, ·me number of traces 

enclosing P (consider a large but finite number of traces 

at various 61."lgles) will gradually decrease until the very 



last trace to pass over P and mis::: the ir1ner edge of the 

resolving slit vtlll be 'the traco at a."1gle 9o It is there­

fore called the ultimate trace., 

The coordL"lat;es of the ultimate intersection of two 

traces that coalesce to a single trace described by· Q1 and 

91 can be found fr·om equation (2).. They are 

(3) 

Figure 1 shows that 'Vt is the azimuth of the intersection ., 

It is found from the 1 .. elation 

( 5) 

c. The Determination of the co-latitude Angle Optimizinz 

the Luminosity for a Specified Resolution .. 

Professor Du..1'1ond now showed that a Ql ca.11 be f otL'l'ld 

which maximizes the luminosity that can be obtained wi th 

a specified inhomogeneity of momentum. That is, a valuo 

of '½_ exists which maximizes the f:i.,.action of t he total 

sphere about S that can be used for a specified 11~1omogene­

ity of momentum from the use of a finite solid angleo This 

optimum value for 9 is found by substituting the coo~din­

ates of the ultimate intersection, equations (3) and (Li·), 

into the equation of the trace, (2), obtaining 



(6) 

Para.meters r an.d cf are clef'ined as i'ollo·ws; 

( S) 

I·c is thon a routine calculation to obtain the 

arid 

(:LO ) 

:.) 3 Terms in l"..., and a a..1'ld higher al"O negloctod e 

tion of' these quantities into equation {6) 1"esults in the 

follot-Jing equation: 

Tho de.finitions of Q and i~ show "that :i: s:v'T.uboliz0s a 

relative iPl1omogeneity of momentumo 

>1<This equation differs slightly .f'rom the one 01:-iginally 
given in reference l. This is the :result of a cor;r-eet;:1.on 
replacing 5/4 by 3/2 as the coefficient of O :?/ta.1111

·~1 in 
equation (9). The correction is not of great; importance 
however, for it brings the optimum Q even neru:er ·the­
design value, t+-5°; than be.fore. 



If a quantity€ is chosen as the re.tic, of k:tnetic to 

rest energ;r ?or the particle, t he th:ree QUe.ntities, p, E , 

a.'1.d :r.~ are related by the equation: 

The expression for d is related to the solid a.'1.cle by 

showing that 

vli':i.e:i..,.e q> is the fraction of the t otal sphera from tl-10 

the dependence of ran ;2, this is only half the solid 

angle correspond.i."lg to a specified r o The use of: tho 

addi•ciona.J. solid angle between G1 and Q1-dQ inti•oduces no 

further inhomogcnoity of"' momentumo Therefore, t he fr•actim1 

of the total sphere ~: .2.<p can bo used for a given r an.d 

equation (ll) can be re-·wri tton as 

It is evident that the desired value of Gl minimizes 

r f:or a given §. This Ql minimizes the bracl:etod GXJ)!'DS-

sion of equation (ll+). • It is fot1..r1d to be 1+5°23' o However, 

the bracketed eJtPression has little slope near the mini1atlill 



Eor::.ce tb.o convmucm.t valu.0 of 

design oi' the .spect r ometer o 

The Dimensions of the Ultimate Trace of tb.e ~9.£:tromete:r . ~,,_~ 

The focus at Pis now easily found to occur at 

'\V'~ : 116°14.3' or 2.02875 1 .. a.dians for 91 : 45° .- The dia­

meter selected for the inner edge of the :resolving slit 

then .t""ixes the remaining dimensions of the spectrometer as 

shown for the ultimate trace 1n Figure 3. 
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II 6 '1.'lill COHSl'HUCTION OiP ThE SPECTROMETEH 

The desizn of a beta-:ra:/ spec'~roroeta:r :realizing the 

opti mLun operating conditions .outlined in the previous sect­

ion was also conceived by Professor DuHond. His uxlique 
. ' 

design is fully outlined in a report to the Research Cor ... 

poration and the Office of Naval Researc11(2). Only a few 

of the features bearing ·on the operational adjustments and 

the reproducibility of the measurements obtained with tho 

instrument•will be mentioned at this time. 

A complete cross-section view of the spectrometei"' is 

given as Figure 4. The spectrometer field coils distribute 

their magnetomotive force uniformly along the major axis 

of a prolate ellipsoid. The mean radii of their turns 

conform to ·i;lJ.is surface of revolution. A ver:y nearly 

homogeneous magnetic field is produced throughout -the 

volume enclosed by the coils in this way. 

Three operational adjustments can be made by control 

shafts projecting into the interior oi~ the instrument 

through vacuum-tight 110 11-ring seals. 

An en-trance aperture, the first defi..r1ing slit encoun­

tered by the trajectory a.long its path from the source to 

the counter, can be adjusted \dth a calibrated drum dial 

to utilize radiation emana·ting from as much as 808% of the 

total sphere about the source. 
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FIGURE 4. COMPLETE CROSS-SECTION VIEv✓ OF THE HOMOGENEOUS 
MAGNETIC FIELD BETA-RAY SPECTROMETER. 
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A resolving slit having a na'tlmum aperture of o.ne-half 

inch (parallel to tho axis) can be set with a mic:rometc~r 

dial calibrated in thousandths of a.r1 i nch . The 0:1.tcn ... edge 

of the slit is fixed.. Tho edge nearest the soui .. c 0 ( inside 

the u.ltimate trace) is moved b;t the dialo Tl1e position of 

this inner edge must be precisely kno1:.r.a, for the position 

of the source is adjusted to correspond to it as shm·m in 

Figure .3. 

It is a1so possible to move a .retractable shutte1-- into 

the path of the transmitted beam at a plane betw,~en the 

resolving s3=,it and the cou.r1ter.. With the shutter ex't0nd0d 

to intercept the beam, particles from a selected azlmuthal 

sector can be chosen for transmission~ The shu.ttor can 

select sectors· of adjustable width as laree as 180° in az1y 

azimuth. 

A set of measurements at different azimuths . using tl10 

same spectral line is used to detect misalignr.1ent of' t11e 

source. Following paragraphs devoted to the. source assombl;l 

will explain the method of making adjustments to place the 

center of the source on the axis or the instrumento 

It is, of course, essential to have the direction of 

the total magnetic field coincide 1r.rith the mechanical axis 

of the spectrometer. This is accomplished by using pairs 

of' square "Helmholz•like" coils to cancel the components of 



fields normal ·co the axis of the instrument o These coils 

are shovm in t he photograph of the assembled spectrometer, 

Ii'igure 7., They are discussed at grea:tm." length i n 

Appendix l. 

B. The Source Assembly 

Although one cannot view the source after i t has been 

placed in the spectrometer, its position is precisely knoi-Jrl o 

The radioactive source is mounted on the end of an 

ix1sartion-rod tha·t is provided with a precisely-machined~ 

coaxial, conical male plug,* The conical male pluG seats 

in a matching conical female socket locirced in t he portion 

of the source assembly that extends outside the main. field 

coils. The position of this half of the sou.1"'ce asseI1Jbly 

can be adjusted with respect to the main frame of the spec­

trometer.•~ 

Prior to operation of the spectromet;or, t he position 

of the socket is adjusted to bring the center of the souz·ce 

into coincidence with the axis of t he ins ·tru.m<:.mt o Th.e 

retractable shutter described earlier detects initial 

misalignment. Micrometer screws then move the socket 

relative to the rigid frame or the spectrometer to affect 

*The rod arid plug are shot,m as parts numbered 167 and 
168 in the assembly drawing, Figure 4. 
•*The adjustable socket is part .mmber 12 l n J?igu.re 4Q 
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the desired alignment."' 

The axial position of the conical socket (relative to . -

tho dei'ining 0dze of the resolving slit) is also kr.i.own by 

direct measurement. 

1'he task of inserting a. '.'calibra·ting 11 source (ejectL"lg 

electrai.-i.s converted by· gamma radiation of' precisely meas­

ured ene:rg;r) a.11d effecting its removal and the reinsertion 

of the "unknown" source at the san1e exac't position is thus 

solved. It is sufficient simply to be assm~ed that both 

of these sources a.re placed on the insertion i .. od at exactly 

the same position relative to its conical plugQ 

A jig for making this alignment is shm·m in F:lc;u.J•e 5 o 

It consists of a..ri elbow mic:roscope positioned vrlth a . micro­

meter screw by a drum dial calibrated in thousandths of a.~ 

inch. A conically tapered female socket exactly matching 

that in .the spect1 .. ometer is fixed in the bearing block 

shmm opposite the microscope. 

To align the source, the plug o:i:1 the insertion-rod is 

first snugly seated in this soclmt o T'.nree degrees of free-

dom then are available for adjusting the source posJ.tion 

relative to the cone. A micrometer screw moves the brass 

*The vacu.u.m-tight sylphon bellows permitting this 
adjustment a.11.d the screws actuating it are parts num­
bered 6 and 7 in Figure 4. 
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bar:r.:·ol at the end. of the inse:ttion rod to adJ:.1st tl1-o posi~ 

tion of' the sour'ce axially o T1....-o ad.di t:tonal adjustme:nts 

ally o 
1

' The alignment is tested by i:otatin;:.; the insez-tion 

rod ~.11ldle lceeping it snugly scat.eel 1!1 tl10 soclt:crt 0£ .. t l'l(:J 

centering jig . 

A discussion of sou.r-ce co:n..figu.ra.tions is }Jostponed for 

treatment in the section devoted to the line p1"'oi.'ilo. 

c. The Radiation Detector 

The problem of obtaining a satisfactory radiation 

detector was solved by the construction of a thin-wall, 

cylindrical Geiger-cou...~ter tailored to fit the spectromet­

er. A photograph of ~,he counter is shown as Figure 6& 

So~ 760 holes wore drilled in the copper- plated brass 

tube forming the cathode. The holes enter the countm .. ~ wall 

at an angle of l..r,.5o with respect to the cov.nter axis? a.21.d 

the holes touch each other on the in..."ler sm."face o Thi s co:n­

struction was adopted to obtain ma.id.mum tra..nsm.is sion of tl10 

beta-radiation which is incident on the counter a't tr1is 

angle. It aJ.lows approximately 68% of t he incident radia­

tion penetrating the window to produce counts. 

•one shou1d note that Figure 5 shm·1s the source holden.~ 
actual.ly used. This unit is unlike the ono tenativoly 
shovm in the assembly drawing. 
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The counter in.ndow was made of mica 0.0005 inches 

thicko This amounts to roughly 3.5 mg./cm.2 of' mica. An 

excellent process for seaJ.ing the mica window to the tube 

was devised by l1r. Louis Boga.rt and is described in the 

report on the 1nstr-ument<2). 

A sprin.g-loaded, one mil tungsten ~~re was used for 

the anode .. A mixture of 7.5% ethyl alcohol in argon gave 

a 100 volt plateau with a slope of 5%. 
'.l'he dead-time of the counter was measured by the "two­

sou.rco" method. Five-minute I'W'lS with a peak counting rate 

in excess of 50,000. counts-per-mi..riute gave a dead-time of 

199.-t1 .. microseconds. This dead-time would reduce the 

ob¢erved counting rate one percent at 3,000 .. coun.ts-per­

minute. Counting rates this large b.ave never bee.n used 

·with the spectrometer. 

The presont counter is now the element that prevents 

the extension of th.a useful range of the spectrometer to 

lower energies. The author believes that counters of 

similar construction can be built with even thinner mica 

windows, and that flatter pla·teaus will be achieved by a 

leaner mixture of the alcohol quench. The possible adop­

tion of a satisfactory scintillation coWlter may, of 

course, preclude this effort. 

The assembled spectrometer is sho".-m in Figure 7. 
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III. TEE MEASUREMENT AND CONTROL OF THE MAGNETIC FIELD 

A. The Operation or." the Proto11:,±·11oment Ciz:,c,ui t..:. 

The ul•cimate precision of the measurements made with 

any magnetic beta-ray spectrometer certainly cannot exceed 

the accuracy with which the strength of the magnetic field 

is known. The most precise method o.f measurement and con­

trol known at the present time employs an effect of t he 

unvarying magnetic moment of an elementary particle to 

obtain resonance signals for measurement and error signals 

for use in a servo system regulating the magnet cur:rente 

As early as the mid l930's, experiments employing 

magnetic resonance techniques were used to determine the 

magnetic moments of the neutron and various nuclei .. How­

ever, about ten years elapsed before the nuclear induction 

work initiated by Bloch(3) and the group at Stanford< 4) 

led to an attempt to measure and control a magnetic field 

usi..'lg signals obtained from protons immersed in t he 

field(5). 

The original induction method Wlfortunately required 

rather involved circuitry with critical adjustments at the 

r-f head where the proton sample was located. Hence it 

was unsuitable for the present application, since the type 

of. system that could be employed with the spectrometer was 

in a large measure governed by the inaccessibility of cir­

cuit components required to be placed within its vacuum 



onvelope. 

The simplicity achieved by using an absorption (rather 

t h2J."l an induction) scheme was clearly necessary. The 

theoretical considerations involved in obtaining and inter­

preting nuclear absorption signals are extensively treated 

in an article published by Bloembe:rgen, Purcell, a..'11.d 

Pound(6). The actual circuits designed to detect the 

absorption effect assume a variety of forms<6-10). 

It is timely at this point to digress momentarily arid 

review the considerations determining the compromise of 

design selected for a spectrometer. 

A magnetic beta-ray spectrometer measures radiation 

1n selected intervals in the beta-ray spectrum of a radio­

active source by associating a value of Bf with them. 

Hence these two quantities are reciprocally related in· a 

design compromise. 

If f is mad~ large, considerable ease of construction 

follows. Tolerances for machined parts can be relaxed, 

and the cost and delay of precision machine work is reduced .. 

Slight deformities in critical parts .diminish in importanceo 

Furthermore, the size of the source is correspondingly 

larger, and its construction and precise installation are 

greatly simplified. 



-23-

On the other hand, definite advantages accompany the 

choice of strong fields. O.f course /l is then made small, 

achieving economy as regards the cost of copper for field 

coils and other expensive material used for the construc­

tion of the spectrometer. The annoying effect of stray 

magnetic fields is also greatly reduced.. lvlost impox·tant, 

stro.."lg magnetic fields are likely to result in the use o.f 

fields generally considered accessible for measurement 

with the proton moment. 

The spectrometer size chosen by Proi°essor DuMond i,-;as 

made large enough to insure that reasonable machine toler­

ances could achieve the desired mechanical precision. This 

resulted in the use of' magnetic fields varying doi.r111 to only 

35 gauss. Ordinarily, the nuclear magnetic resonance 

absorption of the proton is detected at these weak fields 

only with considerable difficulty and by using very large 

proton samples. 

One _should realize at the outset that sigaal-to-noise 

ratios obtained with proton samples are inherently poor at 

such weak magnetic fields. Several alternatives ru. .. e usual­

ly suggested. 

The adoption of a paramagnetic resonance control scheme, 

known to produce strong signals with weak fields, would 

seem a natural alternative. However, the very considerable 

difficulties anticipated in adapting the high r-f frequen-



cies accompan;ving this method to the present application 

prohibited its use . . Very linu:ted access to the interior 

of the spec t rometer (a necessary result of the design of 

the mail1. field coil~) demanded the use of wiring for con­

nections and precluded any wave-guide instal.lations .. 

Fortunately, the weakness of the proton signal is 

partially compensated for by the gain of a factoi~ of from 

ten to one hundred in the sharpness of the resonance. 

A study of circuits that could be adapted to the use 

of the proton method then followed. Since very poor signal­

to-noise ratios were anticipated, circuits generating a 

complex spectrum of radio-frequency signals were not consid­

ered favorable choices. Such circuits, for example, might 

use frequency modulation to eliminate the usual "wobbling 11 

or sweep coils. Others of the type include circuits using 

super-regenerative detection. This method obtains high 

sensitivity, but is one poorly adapted to control systems. 

A circuit designed by Pound and Kn1ght(10) best sat­

isfies the requirements of' our application in that it 

produces a driving r-f magnetic field of optinrum intensity 

and of a single frequency. It is further ideally suited 

to a convenient control system in that its r-f oscillation 

is stabilized at the optimum level simultaneously fox• both 

sensitivity of the circuit and saturation of the proton 

sample. This is a great convenience in tuning. 



I't is indeed a pleasure to acknowledge our indebted-
. 

ness to this original source, for the system we are now 

usil1i is an. adaption directly evolved from the 01.,iginal 

circuit of Pou.nd and l'~1.ight(lO) .. 

In our adaptation of the circu.i·t every effort was um.de 

to enhance the resonance signals and to 1"educe the noise 

entering low level stages of the oscillato:r-. Some modifi­

cations of the original circuit were necessary to extend 

1 ts operat;ion to weak f iolds, and they will be noted in 

i'ollowi.."lg sect;ions. 

A block diagram of the arrangement we are using i$ 

given as Figure 8. Its operation is briefly described as 

follows. 

A constant-frequency r-f voltage is supplied to a coil 

surrounding a proton sample tha·c is molmted within the main 

field of the spectrometer. 

The strength of the magnetic field (of the spectromet­

er) is then brought to the value that causes the nuclear 

Larmor frequency of ·che prota,."1.s in the field to equal the 

frequency of the r-t oscillator.* In the resonance condi­

tion -protons in the sample absorb energy from the r-f 

source. In radio parlance, this cha..'lges ·the Q of the r-f 

coil and hence it chan.ges the amplitude of the r-f osc11 ... 

lation. 

*This occurs at 4.2578 kilocycles per gauss<11)o 
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An additional sweep magnetic field is then superim­

posed on the main field of the spectrometer. The sweep 

field is varied sinusoidally at ari audio frequency \d th 

small amplitude. It therefore causes the amplitude of r-f 

oscillation to fluctuate each time the total mar;netic f ield 

reaches the resonance value. 

This fluctuating r-f level is amplified, demodulated, 

and the resulting audio signal is again amplified :ln the 

so-called r-f oscillator wiit. 

At this point the signal ca.."1. be viewed as t he verti­

cal deflection of an oscilloscope trace .. If a horizontal 

deflection is provided by the audio-frequency voltage 

supplying the sweep coils, the absorption curve is readily 

seen. 

This signal is amplified further and sent to a phase 

sensitive detector where it is compared with the original . 
audio sweep signalo The sweep-frequency component of the 

absorption signal changes 180° in phase as the peal\: of tho 

resonance is crossed. The phase detector is thQs able to 

produce an output voltage with amplitude and polarity 

corresponding to the magnitude a..-rid direction of the devia­

tion from the resonance field. 

If the sweep-field magnitude were made vanishingly 

small but not zero, and the spectrometer f'ield were made 

to cross the resonance slowly, the phase detector would 
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produce the ,sxact derivative of the absorption curve. 

The error signal produced by the phase detector is 

suitable for control purposes, and it is used at; the input 

of the field stabilizer and regulator. 

The same error signal is also sent through a diffe1 .. -

ential amplifier to a zero-center milliamete:.r which shows the 

approximate derivative of the absorption curve. This signal 

is the most convenient one to use for aligning the equip-

ment prior to use of the spectrometer. 

1. The Resonance Heads 

Both the limited space available in tho i11·terio:r of 

the spectrometer and the difficulty of obtaining access to 

the interior regions limited the number of resonance heads 

to three. It was tharef ore necessary to cove1" the entire 

range of magnetic .fields from 35 to 1300 gauss with only 

t,hree coil assemblies. This was managed by using each ·:.:--f 

coil for two overlapping ranges of frequency, a.'1 adjustment 

made in the r-f oscillator w1it. 

The construction of the largest of the three coil 

assemblies is shown as a scale drawing in Figure 9o 

The outer forms (for the sweep coils) were tu.r½ed 

from a1um1num alloy stock and are precisely spaced by rods 

machined from brass. Plastic insulating inserts cast into 

slots cut into each of the forms reduce eddy cu.rrentse 
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They also provide space for bringing the coil connections 

to te:rminals. 

Four spacing-ro-.ls support two Lucite plates for each 

coil set. The proton samples are held in hermetically­

seaJ..ed cylindrical glass containers supported bet·ween the 

plates by short hollow Lucite cylinders. The radio-fi"'equon• 

cy coil is wound directly on the glass sample container. 

A compensat.ing coil is provided to nullify the small 

but unavoidable coupling between the sweep coils and the 

r•.f coil. If this coupling were not removed it would be 

detected as a false error signal and would result in a 

slight difference between the desil.•ed and resulting spec­

trometer fields. This coil 1s visible at the bottom of 

the Lucite cylinder supporting the sample bottle. 

Connections for each of the three coils assemblies - • 

are ·brought through the central. castL.'1.g of the spec'l.;rometer 

by three leads supported in one-half inch o.D. brass tubes. 

These tubes serve as the .common ground connection for the 

three coils of each set. The three leads for each bra~s 

tube are spring-loaded and fixed in position by Lucite 

spacers. 

a . . The Sweeia Coils 

Particular care was required in the design of the 

sweep coils for this application. Their alternating 
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oac;aetic fields cou.lc:. not be allov,red to affect either tho 

homogo.nei ty or the constar1cy of the spectrometer fiolci. noar 

the trajectories of' the beta-particleso 

A convenient solution for tho problem was p:."'oducod 

by Professor Leverett Davis of this Institute.. Th.e :L"'osult 

is accomplished by following a design for the swo0p coils 

consisti.i.""lg of two opposing , coa'tial pairs of Hcl :mholz coils 

of different diane'ters.. By adjustins their ampere-tu.rns to 

cancel their dipole moments, very little oxtornal field 

appears. In fact, the dominant term in tho expa:1sion for 

the external magnetic field of the combination varies vlith 

the inverse seventh 1:owor of the distance from the centm." 

of the coils o 

Figure 10 shows the variation of the magnetic field 

il1tensity along the a.xis of the coilso The calculations 

givi..."'lg the results shmm in. 1-<'igu.re 10 are given in Appendix 

II. 

bo The Radio Frequency Coil 

In their article on nuclear rn.agnetic resonance absorp­

tion~ Bloembergen, Purc011, a.'1.cl Pound(6) clearly shm,; the 

considerations involved in the design of the r-f coil a.nd 

sample. With an r-f magnetic field of peak amplitude i E1 ~* 

*The f'acto:r of two appears because the I'ield is decom­
posed into two circularly polarized components only one 
of which is effective. 
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they obtain a.r-i expression fOl"' Pa, tho net rate at which 

. * ener;;y is absorbed by ·the sample. The expression for Pa 

is then i.nte:rpreted in terms applicable to conventional 

circuit, t heoryo 

'I'he s~rmbol Q is used as a f'igure of merit for the 

inductances of circuit theory. It is most familiar 1~1en 

written as1.1>L/R. In a more fundamental form, it can be 

w-:ritton as 

Q • 2 ,r Maximum enerPy stored in the i'ield 
Energy atsorbea per cycle - .. (15) 

The voltage across a parallel-resonant ci1..,cuit using the 

coil is then directly propo:t'tiona.1 to its Q .. 

The authors<6) then use this definition of Q to obtain 

the relation: 

(16) 

.>!< 

'The sample contains N nuclei with spin I per unit 
volume. Its absolute ~amperature is T, and the Larmor 
frequency is -vo• 
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In formula (16) ~ is defined as a "filling" factor 

that relates the energy density in the field to the total 

energy that is stored in the field within the sample. 

T~ is a measure of line broadenine; 1, h, and k are t he 

gyromagnetic ratio and the constants of Planck and 

Boltzmann. 

Since the energy absorbed by the proton sample a."'ld 

the coil are additive as far as the r-f oscillator is con­

cerned, it follows that 

• (17) 

Q0 is the Q obtaining at fields distant from the resonancoo 

Q;r is the effective Q of the coil at t he resonance value 

of magnetic field. 

Since the energy absorbed by the samp;l.0 is much less 

thai--1 tlia·t absorbed by the coil, equation (17) can be 

written approXimately as 

(18 ) 

It is now evident that any feature of design increas­

ing the magnitude of the term (~rQ0 ) will enhance the sig­

nals observed, f'or it will render the relative r-f ·oscilla­

tion level changes g~eater. 

~ is improved by increasing the ucoupliilgu between the 

sample and the coil. Experimentally, it was observed that 
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a sole.noi<la.1 ty·pe of coil seemed to be more effective than 

a flat one j wllich wou.ld have had a higher Q. The facto1~ 

was also increased by winding the coil directly on the 

sample bottle as close to the absorbing substance as pos­

sibleQ 

Considerable effort was spent in producing a high-Q 

coilo The critical, low-frequency coil (Figure 9) was 

wound along a cylinder slightly longer than its diameter, 

since this was found to be the most effective as well as 

the most convenient shape of sample bottle., Bd:S iioc33 

Formvar-insulated copper wire was wound as a single layer 

coil having turns spaced about a wire diameter apa1~to* 

without doubt, a larger coil would have had a better -

Qo Unfortunately, however~ tho size of the sample would. 

have been enlarged in proportion (to keep ~ .large) and this 

increase of sample size was not possibleo The maximum size 

of the largest proton sample was limited by tho space 

available for its sweep coils. The magnetic i.'ield of the 

largest set of sweep coils our available space would accom­

modate was not sufficiently homogeneous over a sample vol­

ume greater th&~ 70 cc. Fortunately, with a homogeneous 

*Litz wire, often preferred for coils operating in this 
range of .radio frequencies, was found to afford no sig­
nificant improvement in ,Q. 
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field spectrometer, it is not the main field that is the -
limiting factor in this regard. 

The factOl"S of S' were chosen the following way·. 

>i' T2 was largely fixed by the use of a 0.01 molar rt.r1S01+. 

sample.* This concentration was selected by experimentally 

observing the strength and sharpness of the signals obtain­

ed. A slight improvement might be had by finding a nub­

stance with a higher population of participatin0 nuclei, 

N
0

• Convenience led t ,o the use of a water sample 9 

2. The H.adio-Freq·uency Oscilla,to:r Unit 

The construction of this uriit is shm.·m in photographs, 

Figures 11 and 12. The schematic diagram of the ci2c"t.J.i t 

is given as 2igure 13. 

A comparison with the original circuit (lO) will sho~; 

relatively few changes. 

Six ·tu.r1ing ranges were adapted to three oscillatm· 

coils as sho1;m in the schematic o 

The use of a lower audio frequency sweep naturally 

resulted in decoupling and by-pass circuits appropriate for 

its use. 

The kn.own 0~01 molar MnSOi.. sample no longer required r 

the original two second. feedback time-constant for the 

*strictly speaking, the addition of paramagnetic ions 
1•edu.ces the spi:'1-lattice relaxation time .,Ti. However· Q 

T2 was defined to include~ sources of line broadening o 
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FIGURE 12. BOTTOM VI E',v OF THE PROTON RES ONAJIJ"C B OSCILL ATOR. 
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oscillation level control. Therafore, this time-constant 

was reduced {at RlO) b~l a factor of four. This reduction 

hastened the response of the oscillator to the slower r-f 

• amplitude variations. This allows more rapid tuning and 

decreases the sensitivity of the oscillator _, tube to micro­

phonics. 

A mere satisfactory detector, V3, was inserted aricl a 

standard pentode cathode follower, V6, was added at the 

output. 

Sin.ce considerable effort was expended in achieving 

adequate signal-to-noise ratios with this equipmont 9 a few 

remarks concerning design features found to be necessary and · 

some typical difficulties encountered seem in order. 

Every knmm precaution was used in the constr1iction 

of the oscillator unit to prevent the entry of spurious 

signals, i.e., noise, in its low level stages. A prelimin­

ary test unit revealed the need for many precautions that 

would not have been considered otherwiseo 

A very irritating sort of noise enters as a 60 cycle 

signal from the 110 volt power distribution system. This 

noise enters each and every element where it is possible 

for it to creep in. For this reason, both a storage bat­

tery for the filament supply and a well-regulated power 

supply .for the other circuit voltages are mandatory. 

Furthermore, a considerable improvement 1s obtained if the 



power supplies are kept distan.t from all the circuits t hey 

supply9 This separation was imperative i n tho cases of 

both the oscillator tt.'11.i t arid the audio sweep generator. 

The following unexpected effect \'!as obse;i,,,.ved during 

the construction of the equipment. A noise of definite 

character was seen on the oscilloscope,a.nd it wa.s identi­

fied with a fundamental frequency of 180 cycles per secon.d. 

By discoru10cting cables, removing tubes, and the lilrn, it 

was not difficult to trace 1 ts origL.1. to a power t:?.·ans-

f ormer on the audio oscillator chassis (sw0ep fr.equency 

generator). The transformer was coupled magnetically to 

an output transformer supplying the sweep coils. This 

allowed the third harmonic of the power frequency to leak 

the full width of a chassis in.to a transformer eore mounted 

ostensibly at right angles. The 180 cycle signal was picked 

up from the sweep coils inside the spectrometer and it was 

sent bacl-c through the r-f circuit and detected. The annoy­

ing coupling was eliminated by the isolation of powm." sup-

plies in the present systemG 

Another type of' interference was detected as extremely 

strone;, sharp signals f 01xnd at isolated. poin~s in the 

oscillator tuning range~ Since very weal-c p:roton. signals 

were evident, ~'1d "grass" or noise ·was being obterved on 

the oscilloscope for removable noise components, the strong; 

isolated signals remained un.identified for a few clays. 



As soo.:J. as eru .. phones were coruiected to t he output of the 

oscillator unit, t he voice of a popular singer, Bi ng Crosby , 

blaJ. .. ed forth.. The meticulously well-shield.ed circuit locat­

ed within a steel building proved at least as sensitive to 

all nearby radio transmitters as most commercial radio 

receivers. Greater care in shielding in the present system 

removed the more harmful effects from t his source. They 

are still observed with weak amplitude, and it is the 

author's belief that they will be found with any circuits 

of this type of useful sensitivity. 

Since the various units of the system are distributed 

a.:roW1d the spectrometer room and in a generator r oom t wo 

floors below, great care was used to provide each unit ~~th 

a single effective ground connection, and to insure t ha t 

no other grou..qd connections ·were inadvertently made. ill 

the units located in the control rack were built 1.vithout 

chassis grounds. This was done to prevent grou..11d "l oops" 

which .would otherwise result from corL"lections between units 

through the control rack. 

The performance of the present r-f oscillator l.m.it has 

been very ·satisfactory. 

The amplitude of the drivL"l.g r:;.f magnetic field was 

checked by using a vacuum tube voltmeter at the variable 

tuning-condenser to determine the average energy stored in 

the coil. It was fowid to correspond closely to the 
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optimum value. 

The signals obtained with the present unit are obser­

vable as deflections of an oscilloscope trace at fields of 

only 35 gauss. vJith the narrow bandwidth inherent in the 

integrating circuit of the regulator they can be ·used for 

c0.t"ltrol when they cannot even be seen on the oscilloscope. 

Tha frequencies corresponding to oscillator dial 

di visions vary about a percent from day to day. However, 

the use of selected, high-quality components and a high-Q 

coil make the oscillator frequency exceptionally stable 

during operation. This is tho important requirement, since 

the frequency is always measured at each dial setting while 

the spectrometer is being operated. 

3. The Audio Oscillator and Phase Sensitive Detector 

Both of these units were built along very standard 

lines and need little descriptione 

The audio oscillator that is used to supply sweep­

frequency vol tag es to four diffei•ent circuits is of the 

resistance-capacitance-tuned type with ~plitude stabiliza­

tion provided by inverse feedback( 12). I t was designed to 

generate audio-frequency voltages over a single range from 

30 to 300 cycles per second. 

Provisions were made at each of its four output cir­

cuits for supplying the sweep voltages to the various units 



,,rlth variable phase and amplitudo. A simple and convenient 

circuit providing independently both amplitude ai1.d phase 

control with a possible vai•iation of phase over 130° is 

shown as Figure 14. 

The schematic diag1 .. am for the phase-sensitive detector 

is sho\-m in Figu.re 15.. It was built by 1,11:>. James 1. Kohlo 

Numerous published ai--ticles<13) describe circuits of this 

type. 

Ho c1rcui ts having the narrow ba..'1.d-wid. th ordinarily 

used for optimizing signal-to-noise ratios have yet been 

shovm. In this system they are located in two places o 

A variable R-C circuit is :placed at the input to t he 

differential amplifier. It provides a time-constant as 

large as several seconds for noise disc1•imi.P..ation at the 

error signal meter. 

If the error signal meter is observed ·with a very 

long time-constant before the main spectrom.etc:r field is 

turned on, a precise null in the pickup of the sweep signal 

by the r-f coil can be obtained. This is accomplished by 

adjusting the excitation of the compensatine coil located 

in the resonance head. If the adjustment were not made, a 

small constant error would occur between the actual magnetic 

field a..--id the spectrometer field demanded by the r-f oscil­

lator unit. 
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FIGURE 15 SCHEMATIC OF THE PHASE SENSITIVE DETECTOR 
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The narrow ba.i."1.d width for t he field regulator is pro­

vided in its first unit by an ir1tegrator having a huge 

ti.me consta...-:1.t. 

Photographs of the control rack that houses both these 

u...11.i ts and those ·Of the regulator are shown as Figures 16 

and 17. 

B. The Viagnetic fi:~eld Regulator 

The units comp1•ising this essential pa.rt of the sys 'Gem 

are the product of _the considerable effort and ingenl4ty of 

Mr . James L. Kohl, who constructed them ,~1ile t he author 

was assembling the proton-moment field-measuring equipment. 

A functional block diagram of the unit is given in 

Figure 18. Most of the units of the diagram are shm,m in 

photographs as Figures 16 and 17. The method of design 

employed follows that of Sommers, Weiss, an.d Halpern<11+) o 

It converts a 35 kilowatt, 250 volt D.C. generator into a 

precisely controllable power source with low noise outputo 

The details of construction will not be given here since 

they are fully described in a recent report to the Research 

Corporation and the Office of Naval Research(2)6 

The block diagram ~11 show that the regula t o1, and. 
. 

proton-resonance circuits are incorporated into a two-loop 

servo system. 
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FIGURE 16. FRONT VI EW OF THE CONTROL RACK. 
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Indicating ~eter 
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Power Supplies 

Integrator and 
D.C. Amplifier 

Field Output 
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Filament 
Transformers 

.,,_,c. Amplifier 

For Proton 
Resonance 

i<'or Generator 
Hegulator 

For Field of 
IJ ,C. Generator 

FIGURE 17 . REAR VI EW OF THE CONTROL RACK. 
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One feedback 1001; serves -to provide t he separat0ly 

e;ccited genera.tor field with D.G. excitation :f'or smoothing 

out low-i'requencJr su:rges. It also provides A.C. voltages 

nulli.f;ring the commutator ha.sh from ·tho gonerator. 

The second feedback loop i.nclud0s the proto..'11 resonance 

circuits. It provides the error signal that corrects the 

current supplied the spectromete1 ... , maintaining the reson­

ance between the protonLarmor frequency and the .frequency 

of t.he r-f oscillatal". 

A ",1ery precise control of the spectrometer tield is 

obtained in this way., With poor conditions that are pre­

sent when high local noise levels obscure weal: proton sig­

nals, the spectrometer current is stabilized to within 

0.01% of the current desired. With more favorable condi­

tions, a current stabilization of 0 .. 002% is normally 

achieved . 

.Arguments have bean advanced to the effect that tho 

aluminu.m shell of the spectrometer conducts eddy cu.rronts 

maY~ng the actual field fluctuations much smaller than. the 

coil current changeso In any eventJ however, the relative 

variations in the cm•rent are an upper limit to t.he relative 

vai"iations of the magnetic field. 

Fo1~ reference, :Vlr. Kohl's circuit is given as Figure 

19. It will be noted that it r...as bean reduced iJl complexity 
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by representing groups of tubes having the same function 

as a single tube. 



A .. Iu,s'trmnontal Co:atrib-.-1.tions to the Observed Line Width 

A.'t'l.othel"' great advan.tage of the homogeneous magnetic 

field is that it allows the ca1culation of the individual 

i:n.st1"ument;al contributions to the broadeni..\lg of ·the spec­

tral lines observed with the spectrometer. Professor 

Dul-1ond 1 s analysis of these co..-rit:ribu.tions<l) will now be 

ou-tliz1ed ·to shov the pi .. ocEKlui--e followed i..ri adjusting the 

1 .. The Effect of' a Finite mn. tran.ce Ap.e.vt~ 
1 4$111 I . - -

Dy considering a monoenergetic point source a.'l'ld an 

in.f1nitesima.J1y wide resolving slit, tho effect of a finite 

and 

Ac (Sr,f\!'e (Ei-2) T ff r:+ JD= m r (12) 

were derived in Sect:lor1. I. It v,;as also sho-vm there th.:u:t 

{13) _______________________ ,.. ____ ,,,,,... ___ _ 
*~, and'\V'1 were chosen earlier as 45° an.d 2.,02875 
rauia.."ls ~ respec-tively , • 



If the solid angle is kept reasonably small, equation 

(14 ) ca."1. be vr.!'itten in a simpler form as 

(19) 

where k is a constant.. G is the appgront l"atio of kinetic 

to rest energy .for particles ema..11ating f:ram the (monoener-

gctic) s ou.2ce at the angle Q that defines .i . Particles 

confined to the ultimate trace have an energy correspond­

in,g to E1 . 

Since the courlting rate is directly pr oportional to 

the solid angle used, equation (19) yields the relation.i 

(20) 

In other words~ the profile due to t he entrance aper­

ture is L."lfinite at E1 a.~d it slopes toward lower energies 

·with the inverse square root of (c -e;1).. However, thin 

profile encloses a fi..ni te area in agreement id th the trans­

mission of a finite number of particles. 

The ,,.-1.dth of the profile is obtai11ed directly from 

equation (ll+): 

2. The E.ffeot of a. Finite Resol~ing Slit 

By considering a monoenergetic point source and an 

extremel.y narrow .entral'lc~ aperture, the 0.ff ect of the 
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finite wi dt h of the resolving slit is ma.de to appear,. 

All t he particles transmitted follow ultimate traces 

and the :resolving slit passes them equally well. Since a. 

f inite nv.mbet., of particles are involved, the shape of this 

proi'ile is t herefore a 1 .. ecte.ngle,. 

Its i,1.dth is also calculated from the equations of 

Section I. Those needed are: 

(3) 

and 

(4-) . 

Those are the equatio..l"ls that give the ultimate in.ters0ction 

oi' two ·traces coalescing to a. single trace described by 

Q1 and Ql• 

It is important to observe that the :ratio ot Yi to Xi 

is inde;2endent of Q1. This means that af·t;er G1 ha.s been 

selected all the ultimate intersections (for various Q's) 

lie on a cone with apex at the source. The semi-apex angle 

of the co..rie, c<., is given by 

Consider now a resolving slit that is also of 1..'li"in­

itesimal width. Recalling that Q = 2(p/Be) and that t.~e 

amplitude of the ultimate trace is given by R = Q1sinQ2, 

one can calculate the apparent cha.rige in energy { from a 



monoone:rgetic source) correspo...-ridi.ng to a displacement of 

the narrow resolving slit along -the cone. One obtains: 

or 

(21+) 

Ile.nee the energy increment is given by 

(25) 

This is also the energy width of the profile from a 

:resolving slit of width '1Xi a.,.'1.d height Ayi 3..is2osed alon& 

the conical surface. Since such an aperture \·muld be dif• 

ficult to construct, the resolv:L~g slit used in the spec­

trometer opens 1n the axial direction. It is shown ir1 

l"igure 20 along with the calculation relating its aperture 

J .. The Effect of a Finite Source Size 

Although the exact size or the source will be found 

i..r1timately related with the magnitude of the entrance aper­

ture and the width of theresolving slit, no rigid require­

ments are set on its shape by the permanent features of the 

spect1·ometer. Since the spectrometer has no preferred 

.azimuth, it seems reasonable t ·o assume axial symmetry .for 

the sow:•ce. It. is also assumed small 1n· relation to the . 
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dimensions of' the instrument. 

A shape of source consisting of a small, circuJ.ar disk 

normal to the axis of the spectron1eter was first proposed 

by Profossor Du.Mond(ll. Its effect is sh.own as follows. 

Consider for the moment a monoenergetic point sGu.rce 

and an 1nfin.i:tesirnal solid e..rigle and a similai .. ly n.a.r:row 

Select the hie;hesrt point of the resolving 

slit for consideration. The 11.elical path of particles 

striking that point can be traced bacl..: to the source. A 

ch&7.ge in azimuth of 'ljf 1 : ll6°ll+ • .3 • will be traversed. 

Particles striking the top of the resolving slit leave the 

source at an angl.e of !+5° with respect to the axis of the 

instrument. They also depart frat..11 the source at aD. azimuth. 

26°14.3• below the horizontal. 

Two views ot: ·this helical trajectory are shown in 

Figure 21 with a greatly enlarged disk source. 

In this f:1.gur·e it is evident that a horizontal displace­

ment of the entire t1 .. aJectory displaces the point ·where it 

pierces the resolving slit along a lino tangent to the slit. 

On t.."le other hand, a vertical displacement of the 

trajectory moves the point along a line normal to the slit. 

A d1spl.acement 01' the ti~ajectory in tl:11s direction would 

no longer allow radiation of ti.'1.e same energy to pass 

through this element of the exit apertu:re. 
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Therefore 1 horizontal strips on the som.,ce a.re zones 

of t he same energy for the topmost point of the resolving 

slit.. Vertical displacements of ·the trajectory accordingly 

account for the line profile obtained for the sov.rce. Since 

t he:1. ... e is no preferred azimuth for t ho spectrometer, all 

elemen.ts of the resolvir,..g slit are affected. alike .. 

At first it might seem difficult to explore ·tho source 

by tra...~slatL~g the helical trajectory in a rigid manner. 

In fact, this is impossible wi·ti-i apertures of elemental 

wldth, for the translation of the helix would have to move 

the trajectory alo..rig the tangent to the edge of the en­

trance aperture for all displacements of the helix .. 

The dilemma. is resolved by the follc\>Ji.ng reasoning. 

Imagine the two extreme cases. In one, the exploration of 

the source moves the helix tangent to the edee of the 

entrance aperture and the exploration proceeds as if t hat 

aperture wore not even present. At the other extreme, the 

trajectory is moved normal to the edge of the entrance 

aperture a.."'ld :ts i:<1.tercepted by it. However, a..'1.othe:r tra­

jectory of oply sli¼ht~ diff'~r.~nt QJ (since the source is 

small) v.dll be able to make its way through both of t he 

apertures to the counter. 

Since the resolving slit was placed at a ,focus making 

energy variations with Ql of second order, and since the 
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'Width of the source profile is a first order effect, thi's 

change 1n 9J_ is of no consequence. All other cases lie 

between these two extremes. 

The semi-elliptical prof'1le obtained by considering 

zones on the circular .disk needs little comment. Its half 

width in terms of the source radius,? , is found from an 

equation developed 1n Section I, 

(4) 

. The first order effect of the finite area of the source is 

to change the effective radius of the resolving slit for 

particles leaving its edge. Hence, 

A y1 a (1+cot39i)-1f •= sinQ1 sin'lJt1AQ1 

:: sinQ1 sint1 Q1~ • sin91 sin1f'l l~O 1 ~., ½ \ ~ . p s 1~1;t-2IE-

Then the source profile half-width ( since ·t;he source radius 

is used) is given bys 

(26) 

RsirlV1 is equal to the radius of the resolving slit. 

(AE- )3/E- is usually about. one percent. This justifies 

*AYi infers displacement o.f the resolving slit along 
the · cone . of semi-apex angle ~ • This is shovm. in Figure 
20. -
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the eru:lier treatment that assumed the source size to be 

smallo 

'£hese three individual p.rof'iles are shovm as Pigure 22. 

B. The Instrumental Profile Usin¥ a Disk Source 

Each of the three pro.files of Figure 22 was obtained 

by a construction independent of the coordinates on which 

the other two depend. Hence ·when all are present simultane­

ously the resultant profile is given by the fold of tho 

three individual profiles. Professor Du.Bond has calculated 

this instrumental profile(l) ~ and it is given as :F'igm."'e 23 .. 

Figure 23 also shows the profile obtained by folding 

just the entrance aperture and the resolving slit L"'2.to each 

other .. It was shown that the fold of these two has maxi­

mum height with nai"'rowest half-maximum ·width when 

Then when the fold of these two is in turn folded with 

the elliptical source profile, Professor Du1':iond. sho·v1od tha.t 

·the resultant instrumental profile would yield the greatest 

counting rate with lea.st half-maximum width when 

(A'=)l • (AE) 2 • (A(:-)3. The pair first folded, the source 

profi.le, and the resultant fold of the three are all sho;,,m. 

in Figure 23 .. 

l'i'or these widths, "Ghe half-maximum ·width of the instru­

mental profile is (tiE)r • 1.62(4~)1 .. 
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c. The Conical Source and Its Profile 

An entirely new shape of source was su.gcested by 

Dr. D.. E. Hv.ller not long before the in.i tial opera:tion of 

the spectrometer was begun. 

Di ... Huller's proposal was that tho radioactive mater­

ial of the source should be distri'buted on the surf ace of 

a cone having a. semi-apex angle with tangen.t equal to t ho 

slope of the ultimate trace at the resolving slit. This 

is illustrated in Figure 24-,.* With a. monoeno:rg0tic source 

of this type, tho last elements of the source contributing 

ultimate traces passine; over the in.l'ler defining odge of the 

resolving slit (as the magnetic field is increased) lie 

along a strip of finite length on the cone. .&'urt.h0rmore, 

since these last elements leave the cone tangent to its 

surface, the zones on the cone appear to have a.11 infinite 

specific activity. 

The profile of the cone source is shovm as .F'igu .. :re 25 o 

Its sim:1lar1ty tot.he entrance aperture profile is even 

greater tha.11 the figu.re shows, f.'or both of these pro.files -
have the same inverse square root depel'1dence on enex0 gy near -
their singularities. 

*~'igure 24 is somev--.rhat misleading in that it f'ails to 
show the helical trajectories a.rid the fact that the 
particles of interest leave the cone surface nearly 
tar~ent to it. • 
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ENERGY 

FIGURE 25. THE PROFILE FOR A MULLER-TYPE CONE SOURCE. 
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This source proi'ile has a curious a..11d a very f or•tuz1at0 

effecte tfl1en folded with the entrance apertu.re, the resul­

tant profile is rectru1eular on ·l;iw high energy side for 

nearly half of its v.ri.dth. * 

v~hon folded 'With that o.f the resolving slit, which is 

also :rectangular, the instrumental profile is fow.1.d to have 

a x.,ery straight leading ed&e . of finite slope.. This profile 

is shevm in l?igure 26. 

The p;rof'ile of Figure 26 wou.ld be observed only if a 

perfectly- monoanergetic source were used. or cou.rso~ such 

sources are impossible to co.i'1.struct~ fi'ortunately, however, 

a source very nearly realizing this characteristic has been 

obtained. With it, profiles having the long straight lead­

ing edge or Figure 26 have been observed experimentally. 

The construction of this source is described in the next 

section. 

The straight leadin.g edge ca.,v1 be interpreted in a very 

useful way. Its intersection with the horizontal axis on 

t,he high energy side corresponds to the situation where the 

disconti..11.ui ties of the two inverse square root profiles just 

begin to overlap a.11. edge of the resolving slit prof'ileo 

*These two are folded so that the high energy side of 
the resultant occurs when only the two singularities 
overlap. This is interpreted to mea."1. that the very 
last elements of the cone (assuming increasing field) 
are transmitted along ultimate traces. • 
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This is precisely the condition one desires to measure 

since. then only narticles from the tiD of the source .J and 
11::. - t z -•-0-.:sinMr 

a line element extend1nr; along the source from ·~he tip), 

pass exactl~ along ultimate t~aces .that just clear .the in­

ner defining~ edge of the resolving slits 

Hence the characteristic fiducial point is obtained 

by constructing the intersection of the straight leadinc 

edge of the observed profile with. the horizontal axis. ❖ 

This intersection point has been named the Q-poin.t o 

•In practice, the background level oi· beta-ray continu­
um superimposed on the line is assumed to have consta.:.'1.t 
slope over dista.YJ.ces equal to the line width. 
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V. PHE.LIHINP.HY HEl\.SUB.ErJJElJTS 01<' TIIE F AHD . I LIIJES 01? TIIOHIUM 

The i'irst observations ir.lth the ne·v1 spectrometer were 

made id th a Huller-type cone source that was t11rned frcw.1 

al1.uni...11.tl.1-n alloy stoclto It was activated by electro-deposit-

ing ionized Thorium-A on it from Thoron gac. 

Since a very thin. surface layer of the radioactive 

su.bstance was deposited, tho calculated inst;rument;al pro­

file was broadened little by energy loss in ·the source.. In 

fact? the obse1~ed. pr•ofile sho\-m. in Figure 27 is very J.ik:e 

tb.e calcuJ.a·ted. inst:r·umental profile. Its stx·aight loading 

edge clearly is sufi'icicntly 1011.g for the con.s'l;ruction that 

is used to <1ot,e1 .. mine the fiducial Q..-point. 

'.1:he added feature of the observed profile is a. fillet 

shown at the intersection of the straight line portions,. 

Several explarlations have been given for its appearance .. 

The fillet migh·t be ascribecl to irregularities in ·the re­

solving slit or to de-centering of the source. Eovlevei•, 

profiles obtained by meast.tring radiation in selected axi­

muthal sectors of the beam show th.at this effect is no·t 

la:rge. Tho . maximum variatio...11. in the :relative radial posi­

t1Gl.'1 of the so~ce and resolving slit has been f ou...rid ·to be 

loss t~han b.alf a thousandth of ~'1 in.ch after cen teriri..g u 

Tho fillet might al.so be attribu~ed in .part to slight 
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fluctuations i.n the magnetic field, a result of noise 

superimposed on the proton res OP .. an.ce signals. It h.as also 

been suggested that a possible explanation .for a. po1,,tion 

of it may lie in· the finite '-"-rid th of the electronic levels 

of ·tho a.tom, s:L.11.ce the excited atomic st.ates have a finite 

lifetime ei'te:r the conversion e1ectro..'ls are ejected. Prob­

ably a combin.a:tion of these e.ff ects explains the :fillet .. 

A. Two 
1
Sear.ch Rq.gs With the T

1
hori9m . S~·llrcq 

l. A Sea.rep With Coarse Hesolu;!i1on 

The lower energy portions of a coarse seru."ch run irl th 

the Thoron-deposi ted smwce are shmm. as Figure 28. Obs er~ 

va.tio..'l'ls extend to about 500 Kev at the right edge of the 

.figu:re. 
i~ The very strong r.~ a..7ld I lines · aJ?e evident above 

the other lines in the figure. They are used .for the 

measuremen.ts reported in the :f ollm•.rinG pai~agi""aphs of this 

soc ti on .• 

Ii' extended to lowe1-. energies~ Figure 23 would shov1 

·tha·t the sof·test beta-rays of the CO.l'ltinuous spectrum begin 

to make their way through the wall of the counter a:t about 

50 Kev. A K-.to,,.L conversion ratio of roughly seven has 

been reported for t.ho F and I lines .. (15) Hence it is 

evident from the figure that a significant portion of tb.e 

*(Ellis notation). The F and I lines are Kand L con­
version lines of a nominal 238 Kev gamma-ray of Thorium-c .. 
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F lix:i.e is intercepted by the i:.d.ndow of the counter. 

Tr:i.e obse1 .. vatio.,.-vis of Ii'igure 28 were m.acle t1j;th an alu­

mihu.m cone source of one-eight Ls.ch base diameter{' Its 

activity was estimated as roughly 0.25 m.illicurieso The 

spectrometei" aper·tw:•e was sot to accept rsd:iation f:r. .. om 2,. 5 

percent of the total sphere about the som·ce. Other 

instrumental settings were adjusted in. propm.--tion.. Counts 

i.rere recorded for a 32-secon.d interval for each poLrit 

sho·wn. Between adjacent points the proton :resonance f:}e­

quency was shifted by an increment varying from one-f ou.rth 

to one-ha.1£ a percent of the resona.rico frequenc~r. '£ho 

abscissae, given as oscillator dial divisions, are rouchly 

proportional to the r-f frequency. 

A 233 Kev gamma-ray l"eported as the Ed line of Tho::..,ium 

is believed to occur in stable Po203 follovr.lng beta-decay 

from T'.nor1um-c"(15).. If' resolved, its K-conversion li.ne 

should be observed on the low enei .. gy side of the s-t;:.eong 

ll-line. 

J?igure 29 shows the result of a search. over this p01 ...... 

tion of the spectrum. The frequency widt;h of the F'-lino 

was observed as 0.35%. A conical source of l.O mm base 

diameter was used wttl1 other in~rtrumental parameters set 

accordingly. Counts 1r.rere recorded du.ring two-mi.nu.ta inter-
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"'J'als at each set·ting along tho ~1 -11.ne. Over the Ed line, 

four-minute cou...."1ti11.g inte:r•vals were used for each observa­

tion .. The data for the observations near the E(1 line are 

coi"rectly sho"wn in the insert of F'igure 29. The results 

for the four-minute intervals w-ex•e halved and plotted as a 

continuation of the P-line to show the relative intensities 

of the two linesQ 

B. 1:he HeproduqS;bJ,litz of 
1
Re2eated Obss11rvations of the 

Thorium Ii' AA<\ r ,L,ine$ 

The ~ofiles of the F a'i").d. I lines wei~c observed on 

four successive dayso Six profiles were obtained for each 

of the two lines. 

The source '\>-JaS removed from the spectrometer and a. 

newly activated one was re-inser·ted for ea.ch day I s obser­

vation. Between runs oacle on t,he same day, the source 

insertion-1 .. od was retracted an.d again re-seated against 

the ta.pored conical. socket in the source assemblyo This 

subjected the whole procedure of source installation to t;h0 

test of :reproducib1l1ty .. 

'l'he qua.llty of the data obtained is shown in I·.-'igm~o 30, 

which shows the leading edge of the I-line as observed 

durixig a ·~ypical run. 

The twelve Q-points were determined grapl1ical.ly. 

Their construction gave the Q-point frequencies to five 
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signii'icant figures w-1 th cox1siderable corta.irity. TJ:ds data 

is given i n Table I~ The table also gi,,es ·the mean. Q-point, 

the calculat ed sta.D.dar<i deviation ot a single observation, 

an.d t he standard deviation of the mean for both the I:1 and 

I lines. A normal distribution and the absence of system­

atic errors we-re assumed in computing the errors. 

The (IIf) ratio for the b ... and I lines is cal.cu.lated from 

the data of Table I and compar~d with two other recent 

determinations in Table II. 

The agreement is reasonably satisfactory. Ho-wever, 

the error of the value computed from Table I assumes t h.at · 

no systematic errors ·were present. This may well be an 

invalid assumption. Frequencies were measured t-.rith a war­

sw."plus, U. S. Army Signal Corps, 1-Iodel BC-221-T frequency 

meter. To measure frequencies 'With this meter, one is 

required to adjust the .frequency of its va.riablo•frequency 

oscillator to coincidence ·with that of its standru."dizing 

crystal oscillator at a "check point" near t he frequency 

·that is to be measured. Adjacent calibration poi:nts on 

each side of the unlm.own frequency vrere found ·to disagree 

as much as several hundred cycles for the ,frequencies of 

interest. Tr1e BC-221-T provides no adjustment for cor­

recting this defect. Hence, an ••averag-ett alignment ·was 

attempted. This procedure could easily 'be responsible for 

a systematic error of several parts in 105. 
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TABLE I 

£tEPHODUCIBILITY Oli' :MEASUUEMENTS OF THE .F' AND I Lli'JES. 

liun No. Da·~e 

1 27 March 
2 28 March 
3 31 March AM 
l· 31 March PM 1" 

5 l April AH 
6 l April PN 

Line Mean Q-Point 

F 4-18.422 kc. 
I 528.612 kc. 

F"'!"Line Q-Point 

418.42 ., 
KC. 

418.l+2 kc. 
418 .1❖8 kc. 
418.38 kc. 
418043 kc . 
4-18. l.i{) kc . 

S.D.(Single Obs.) 

• 0.034- kc. = 0.,039 1:c. 

TABLE II 

I~Line Q-Point 

528.65 lrn. 
528.59 kc. 
528.67 kc . 
528.60 1,..,,. ,.,.. 0 

h2
~, r:~, 

;; o.:;o 1-tc. 
528 .. 58 KC. 

* 0.014 kc. 
* 0.016 kc. 

THE HA.TIO OF Oya) 'S FOH THE F AND I LI NES 

1.26319 
1.26317 
1.26335 

Probable Error 

* .00005 
• .00012 
* .ooooti-

:ueasured B· : 

G. Lindstrom 
H. Craig 
Table I. 

(16) 
(17) 
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on order ·will soon el:i.min....ate the possibility of aYJ. error 

.fr om. this source~ 

Go The Calculated Differ,.;;:'1.Ce i.n t h e K and LI Eindir.tG 

Energies for Thorit..m-C (Bismuth212) .. 

The possibility of a small systematic error L"1 the 

Q-lJOi...'1t freqI1oncies of Table I casts some doubt on t he 

reliability ol' fu.1 .. thex calculations made with t hem~ How­

ever, this error must be very small, and the validit;y of 

t he bin.ding en.orgy calculation suffers from far more 

serious objections~ These objections will bo discussed as 

they appear in the calcula't:i,.on. It is believed t hat wort21-

·w1u.le in.feronces n19,y be made v.rith an.swors obtain.eel in. this 

Assu.rm z1g a perfec'tl:;r homogeneous magnetic field, the 

be calculated from theil .. Q-point frequencies by usinc t,he 

relation. 

E1un " rnoc2(J1 + (~ )
2 

_ 1 ) 

= moc2
( ~i+ 2f:o~:1 ~;)2 -1) , {27) 

This equa-tion applies to a "+5°11 spectrometer with proton-

"'- , ~1 ""i 1 • momen_, mea.sureu ma.gne;;. c .t e t\., 



The dif'f ere.nee i.n. the K axid Lr bindi:n,c energies is 

t hen given by 

(28) 

The error of equation (28) is domir1a'ted by the errors 

of i':c, f F, an.d f . Tho probable errors for the two frequen• 

cies are obtained .r1~om the data of Table Io * A probable 

e:r:ror is assiened to fas follows. The measured diameter 

of the inn.er edge of the resolving slit is 11+.089 inches. 

This is nearly t\rrlce the amplitude of the t1·ace and four 

.,_ ,.m 
1.,J. OS f., It is assumed ·that the dimension r;iven by the 

measurement is ud:chin 0.001 inches of the tru.e value. This 

is not unreasonable. A probable error one-fourth as lai"ge 

is. then assigned to/' • Hence/ equals ( 9. 9743 * .00064) 

cent1meters. 

Assuming that the errors are independent, the error of 

E1,a is <lEkl, where 

cf"Eja 2 = z: e :* r °'11 2 • 
• 

(29) 

The qi are the error-0911-tl'ibuti."lg quantities, f F, f I, and 

*The Standard deviation or t11e mean is multiplied by 
0.6745 to get the probable error tor each frequency,. 



Tho value of t he energy obtain .. cd from equat;ions (28 ) 

and (29) is given L"l Table III \dth three othc:i. .. recent 

dete:rmi:o.ations of the K a..11.d LI binding energy difference., 

Tho erro:r calculated for E1a is small indeed. 

TApLB III 

7+.i+90 Kev 
749154 Kev 

DIHDIIJG 

'/l+ .. 128•.010 Kev· 
'73.9S0*.013 Kev 

DIE'FEREHCE 1ron BISWJTH 

. Measureq, By: . 

Y .. Cauchois et II . 
R. D. Hill et all 
Y. Cauchois 
The data of Table 

11t·tle agreement is evident in Table III~ Although 

the results obtai..11.ed from X-ray work seem to be converging 

• on a value 1 its magnitude does not seem to be confidently 

l'..nmvn as yet. This is not unreasonable, for the precise 

measurement of absorption edges is difficult, and t.he 

results depend upon interpretation somewhat. 

Several observations can be made concerning the energy 

difference co!llputed from the Q•point .frequencies. The 

dis%reement of ~able III can scarcely be due to an uncer-

~The Du.Mend and Cohen(20) latest (May 195.l) value3 for 
)t.~l_~r,_e.nd ~o were used in converting this data. 
*~!il.J.J. and co-workers(l9) used the Ou.Mond and Cohen(20) 
values for converting Seigbalmts data(2I). 
***Private coomu.nication to H. Craig(l7). 



~Gain:cy in the f:z:•equencies, i.e. i to a possible systematic 

errm/, for this a.ssu..mption malms matters ·wo1 .. se. If Table 

II 1c~•ero used to infer a correct.ion in the Q-point f'requen• 

cies, -the li' ru.1d I lines would have energies more nearly 

equal, and· the 111.ferred binding energy difference would be 

eve..71 less. 

H'urthermore, the 1.~esolving s1i t diameter is ce:rtaiKlly 

not in error by a.rt amount sufficient to ex.plain the dis• 

crep&'1CYC) Ono might argue that a f determined from the 

slit diameter is in er1•or for other reas011.s. 

If the axial position of the source were 1n error, a 

different f would then occur. However, it is believed 

that the a.Xial position of the sourco is known withiil a f·ew 

thousa...YJ.d ths of an inch by direct micrometer caliper meas­

u.r·ements of ·the ma.chined parts of ·the s:pectrometer,. The 

accumulated error 1n these measurements should be no 

greater than a few thousandths of an inch. An er1 .. o:r much 

larger than this is required to explain the disc1 .. epancy. 

An error in/° due to an inhomogeneity of the field 

does not seem to resolve the problem either. This reason­

ing is as follows. T'ne proto...11. samples are located very 

near the center of the spectl .. ometer. It would seem reason­

able to assume t.118.t an inhomogeneous £1eld would be stronger 

1n these central regions than at the beta-particle trajec­

tories. (The coil disposition sho-w:n 1n Figure 4 might be 



used for such a qualitative ru. .. gumen"to) This would moan 

'ltrea.Jm:...., fields at the trajectories Q.:;r..e . .n. tho fields m.easu.red 

by the prot021. samples). This woul.d mean. helices of laree2-­

f.. lle.,....-.ice lnebeI· Q-point frequa.11.cies would be observed 

with tho inhomogeneous field., 

This would moa.'1 that the actual .P e.nd I line kinetic 

011e1"gies would be less than thoso inf e1 .. recl .from tho fre-

quencies of Table I assuming a homog0noous i~io1d. This 

whole lin.e of reasonil.1.& presents a nm-1 dilemma., ~t:h0 su.m 

of the P-li.ne J.r,..inetic energy ( computed from the fI•equcncies 

of Table I and eqiiation (28)) an.cl the larc:ost K absorption-

edge Ol'lergy given by any of tr.ie authors o~c: Table II! 

present ave-;... 350 vol ts less thai.'1 the precisely l-=.10;,1t1 

is at 

of the gamma-ray.* Hence t.;:ds explm1.a:tiox1 does not seem 

to resolve ·the diloll'ltla. 

Still another .factor may be ilTiJ'olvecl.. It 1-1ouJ.d seem 

necessai .. y to a.dva.nco so:n:-e argument for assu.1ling tliat the 

exact energies given by absorption-edge measuremer.::ts axe 

valid £or this calculation. The Thorium-c at.om that ejects 

·the internal. conversion electron is crea;ted by beta-decay. 

r·t would seem that the K and LI energy levels at ·the -time 

of conversion might not bo those illl1)1ied by the use of 

*This is given as 238.595•'\l.060 ~~ev by KJ.ein(22) actor 
revision due to 1~ecent calibratio:i of' the cm."ved-
crysta.l spectrometer(23). Dr. Klein has not yet assign­
ed the er1 .. or. 



absorption edges if suf:ficient time does not elapse between 

tho be-ta-ray and internal conversion processes. 

The problems of the preceding paragraphs vlill not be 

f ollowod ftil .. thor at this time. Thel .. e ai~e still too many 

un.certainties irlvolved (due to the newness of the instru­

ment), and further discussion would be even more spooula­

tive 0 

It is important to realize that the p~ecision or_ 

future measurements does not depen.d on the homogeneity of 

the spectrometer field. Numerous sources emitting carmna­
radia tion of precisely kno"t-m wa.velength have been measured 

i:Ji th the curved-crystal spectrometer. With tb.e beta-ray 

spec·trometer, the ratio between the momentum of the cali­

brating particles and that of other particles boi.l'lg studied 

will be given simply as the ratio of tv10 precisely measured 

f'requencies. This does not assume either a homogeneous 

:t"'ield or a magnitude for/' • 

On ·the other hand, if further tests sho'l-I that the 

field can be considered perf ect·ly homogeneous by assignir1g 

an "effective f 11 to the instrument ( to take account of a 

slight inhomogeneity in the field), an alternative method 

using an equation similar to (28) might·prove advantageous. 

If' one would use the ·same element as an external converter 

for both sources, it would seem that the calculation of" 

the energy would not involve an exact knowlGdge of the 



absorption edge involved, -f:or the same energy would be 

1 .. equired to extract ·the conversion elect:rons from tho 

mate:rial of both som,,,ces. This would appear to remove 

some of the dif.ficulties found earlier .. 

In aviy event, however, it is believed that the homo­

geneous magnetic field beta-ray spec·trometer will prove a 

most usefi,1.l and precise comp~"1.ion for the curved-crystal 

instrument. 
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APPENDIX I 

COILS li,OH HEI10VING THE B.ADIAL COMPONENTS 01;, THE EARTH I S 

MAGNETIC FIELD FROM TEE SPECTROMETEH. 

If the length. of the side of' the flat, square coil of 

F'igure 3l(a) is given b:l .!, and .e is the distance from its 

center along its axis, the magnetic induction along the 

axis is given by: 

(30) 

Tt.is is f'ou.nd by superimposing -the effects of the four 

straight sides of length a. -
Equation (30) has two points of inflection at x: •x1, 

'!;ihore 

(31) 

Ilence by placing two square coils on the same axis 

in planes parallel to each other at a distance 2x1 = 0o;'+1+5a 

apart,· one obtains a uniform field at their center .. The 

magnitude of the field at the center is given by: 

Bcenter • B:C • _gi_ (2.0359) (32) 
'l't'a~2+~2 (l+oc.2) tra 

where rationalized mks units are used. This arrangement 
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----- X ____....,. 

a 

Fig. 31(a) 

X 

....,._ __ y___JBe 

X = DISTANCE FROM CENTER 
ALONG AXIS 

Y : DISTANCE FROM CENTER 
PARALLEL TO COIL SIDE - - -IN CENTRAL PLANE 

Fig. 3l(b) 

FIGURE 31. THE GEOMETRY AND NOMENCLATURE OF THE SQUARE 
COIL PAIRS. 
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is shm•m. i.."1 Figure 31. 

'l'he currents in these coils are adjusted b~"/' meaus o.f 

a null-indicating vrlnc:1.-clri ven cen.erato.r· that is mounted 

12 e 5 inches away from the center of the coils, belo1.,.r tho 

spect1 .. ometer. Hence it is necessary to know -th0 m.agni tu.de • 

of the field of the coils at points other than their center 

in 01 .. der to determine the corrections to the indicated null 

value of current. 

For the displacements: and y_ shown in Figux·e 31 

the same superposition process yieldl3 the relations: 

BA 2I ~ .. 2 

•,ra /2+<¥,-><>2 (l+[¥---J2i 
(33) 

These formulae are checked by the fact that they reduce to 

the form given for Bcenter at x • y = o .. 
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The current corrections computed from (33) an.cl (31+) 

become a part 1n 10,000 of the main spectr·ometer field at 

spectrometer .fields of abotd; D gauss. Since nw.gnetic f'ields 

of less than 35 gauss are nevel" used, the cori-ections have 

never been n.ecessa.,-ry. 1Ioweve1·, the result of' the calcula­

tion o:f the corrections doeo s01 .. ve to assl..U'e 0110 o.f ti1e 

homogeneity of the field of .the square coils within the 

spectrometer. 
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APPmmrx II 
abidP ........... , ... ,,..,.......,. 

TI-IE DOUBLE-LIELHHOLZ SWEEP COILS 

Prof esso:r Davis t orieinal calcu.latio:11 f O!' tho field 

of these coils can be outl-h:1ed as follous~ 

Prof es soi-- gives an expa.nsio:1 

f oJ? the vector potential of a circu.lar loop of CUl ... rent I 

in Sl)herical hm·mm:dcs,, It is 

(35) 

in mks u.r.J.ts. The ciua.ntites a and ix are the j_ .. adius vec-co1' 
~ - -

a:nd co-lo.tit.ude a.nc;lo of t,lJ.e loopa 

cal pola.J.'" coo:rdina'tes. 

The geometry and nomenclature of tho double-Helri:10lz 

:Jt:.reep coils are given in Figure 32. 

The terms for oven n vanish for tho S;/1DL1otrical e:.."'= 

for 

about 'l)J/2 t1hen n is an even intege1-- ~ 

Hence, Oi'l.e can obtain the f ollo-wing expressions for-

tl'ie radial component of the mag,.11.etic induction of the se-i; 

of four coils shown in Figure 32: 
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The n = 3 term va.D.ishos evm:.""ywherc 1.f one chooses 

I>(• arc cos 1/.[;', si...11ce P!C coso<} .is zero for this ".tal.u.e $ 

This is the usual Helmholz condition. 

The off act of the n a l ·term is. made to vanish outside 

the coils by choosir~ I 1a2 :: 1;.b2 • Hence, the dominant 

term in the eX!)ansion for the magnetic induction outside 

the coils then varies as the inverse seve..t'lth power of r. 

The act;ual calculatio.'1.s are easiest ·with equations 

giving the fields in closedform(Ret.24, p. 270, eq. 7.10 

( 6 and 'l)) • In general, complete elliptic i...'1.teg:rals are 

involved, but the field along the axis 1s given by a simple 

algebraic expression. 
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