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ine simpdtanseously both high resolution and hlgh luminosity
is presented. Ths &eéry of its opeoration and design by
Professor J. W. M. Dullond is vraced.

Successful adaptation of a resonance absorption scheme
using the magnetic moment of the proton for preclsely meas-
uring and controlling the magnetlc field is reported.

The instrumental line profile is discussed. A4 new
type of source due to Dr. D, E. Muller is shown to simplify
the interpretation of experimental data by giving the spece
tral lines obtained from the conversion of nuclear gamma=-
rays a characterisfic filducial feature of high reproducibil-
ity A

The reproducibility of measurements claimed Tor the
instrument is verified by the results of a study of the
Thorium & and I lines. Repeated cobservations having a
standard deviation for a single observation of less than one

part in 10,000, are obtained.
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I. THE TEEORY OF TipE DESIGH OF TiUE SPECTROMETER

A. Iatroduction

The conditions affcording coptimum luminosity and reso-
lution for an axlal beta=-ray spectrometer with uniform mage
netic field wére first developed by Professor DuMomﬂ(l>.
His analysis was greatly simplified by the adoption of a
uniform magnetic field as the baslis for design, for the
principles revealed by Professor DuMond could scavcely have
been obtained with many types of field configuraticns coir=
monly in use.

Siunce these design principles underlie the whole dee-
velopment which follows, and since cognizance of them is
the natural introductlon 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 unifofm magnetlc field.
This motion and the coordinates necessary for describlap it
are shown in Figure 1. A straightforward calculation
yields the followlng important relations among these coor-
‘dinatess

v » R sin¥ R =« 2(p/Be)sine
x = (L/v)V L = 2¥(p/Be)cose
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If a quantity Q is chosen proporiional to the total

momentum, where Q = 2(p/Ce), y can be expressed as

N
e
~r

v = {Qsin®) sin @3%33 o

This is precisely the equation most useful for determining
the optimum conditions of operation of an axial speciro-
meter. It characterizes the entire class of mono-energetic
electrons-leaving the point S at an angle © wiih respect Lo
the direction of the magnetic field.

Since in an axial spectroﬁeter the trajectories have
arbitrary azimaths initially, those described by Q and &
determine a cigar~shapedAsurface havingz cylindrical syme
metry about the axis from S to C. The cquation for 7 is
éherefore that of the curve seen in the plane crosse-section
of this surface through its axls. This curve, shioving the
radial displacement of particles from the axis as a funce
tlon of displacement along it, is called the trace. IU
characterizes a particular group of pariticles described by
Q and ©.

For the special case of a uniform'magnetic £ield the
equation of the trace is known. It is simply a sine funce-
tion, Figure 1 also gives the trace of the helical trajec-

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

Coalescing Traces.,

Traces for two electrons that have the same § bui
differ slightly in departure angle © arc shown in Figure 2.
As they coalesce to the same 8, the two traces determine
an ultimate intersection at a point P = P(Q,®).

_Following pafagraphs will show that all other traces
passing through P must have a greater @ than that of the
trace at angle ©. This minimum Q at @ means that a resclve
ing slit placed at the circle represented by P can scelect
the largest fraction of the total sphere about the source
at § for transmission with a specified inhomogeneiily of
momentum. |

It is instructive to imagine the effect of a nono=-
energetic point source of particles at S. With such a
source in place, all other traces {(at angles eliher larzer
or smaller than 6) will pass nearest P inside that point.
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 and the
magnetic inductiocn is increased, the number of traces
enclosing P (consider a large but finite nﬁmb@r of traces

at various angles) will gradually decrease until the very



e

last trace to pass over P and miss the inner edge of the
raesolving s1it will be the trace at angle 6. It is there=-
fore called the ulitimate trace.

The coordinates of the ulitimate intersection of two
traces that coalesce to & single trace described by ¢y and

©1 can be found from equation (2). They are

(Queose)V: (3)

Xy

73 = (Q1sinéy)sinVY.. . (i)

1]

Figure 1 shows that Y; is the azimuth of the interseciion.

It is found from the relation
tan¥/ = - tance . : (3)
. 71/1,1 1

C. The Determination of the Co-latitude Ancle Optiml

the Luminosity for a Specified Hesolutlon..

Professor DuMond now showed thai a @ can be found
which maximizes the lumlnosity that can be obtained with
a specified inhomogeneity of momentum. That is, a valuc
of &, exlsts which maximizes the fraction of the total
sghere about S that can be used for a specified inhomogene-
ity of momentum from the use of a finite solid angle. This
optimum value for @ is found by substituting the coordin-
ates of the ultimate intersection, equations (3) and (&),
into the equation of the trace, (2), obtaining
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(3*3333”)Sinqﬁ - sinQ%§§§§f=uﬂ (8)

Parameters r and J are defined as follows:

P o= 5 <1l {7
COse = COSe n
J = cosgl'gésgl (&)

It is then a routine calculation to obtaln ihe expressions,

QSiﬁg‘a (‘+ ; 1 JL +
‘Qi' sThe "\ tan’0, = & tau'§,

§t ’
re —1) )

IR (O

nd

Q10867 _ <‘ -+ Ji- A) -

50035 =

) 3 3 e} . ) Cing I e
Terms in r< and <f3 and hicher avre neglecited. Subsii

frto
¢t

£

tion of these quantities into equation (4) resulits in the

following equations
r g (1/2) [écctggl—kih?siﬁzgi]cfga N {iL

The definitions of Q and r show that ¥ symbolizes

£3

relative inhomogenelty of momentum.

*This equation differs slightly from the one originally
glven in reference 1. This is the resull of a correction
replacing 5/4% by 3/2 as the coefficient of 42/tan’e, in
equation (9). The corvection is not of grealt importance
however, for 1t brings the optimum © even nearer the
design value, 45°; than before.
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Il a guantity € is chosen as the ratlc of kinetic to
:

rest energy for the partlcle, the three quantities, 2,€

and p are related by the equation:

.,4,5..._(6-+2)Ab o (E£2
€ ~ \e+d b ke(f)r t12)

The expression {or 8 is related to the solid angle by

showlng that

b = (1/2) \d(cose)lgl =

c§3@|J¢ {13)

wher Q(P is the fraction of the total sphere from the

source between cones of hall angle 8; and 8,+d&. Due to

t
)
[5)
0
)
gm.ﬂ
Pafa
[wh

tho dependence of r on J2, this is only
angle corresponding to a specified r. The use of
addltional solid angle between & and ©q-de latroduces no

further inhomogenelly of momentum., Therefore, the fraction
of the total sphere $ = 2¢ can bo used for a given r and

equation (11) can be re-writiten as
2
r = (1/2) [3c50261+‘QQ2tan2gl] Y (1)

It is evident that the desired value of ”l mininizes
r for a given £ . This 6 minimizes the bracketed expros-
sion of equation (14). It is found to be 45923'., Ilowever,

the bracketed expression has little slope near the minimunm



and chaag@s but 1ittle in magnitude between
L.

v - Fa) . 0 e e G W e N
Hence the convenlent value of @)= 450 yas chiogen for the

design of the spectrometler.

D. Zhe Dimensions of the Ultimate Trace of the Spectrometer

The focus at P is now easily found to cccur at
V: = 116%14.3" or 2,02375 radians for 9y = 450, The dia-
meter ﬂelected for the inner edge of the resolving slit
then fixes the remalning dimensions of the spectrometer as

shown for the altimate trace in figure 3.
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1i, T48 COLSTRUCTION OF TLHE SPECITROMEIER

A. The (General Features of the Specitrometer.:

T

The design of a beta=-ray spectfometer realizing the
optimum operating conditions outlined in the‘previous sect=-
ion was also concelved by Professor Dwiond. Iis unique
design is fully outlined in a report to the Research Cor-
poration and the O0ffice of Naval Researcn(?), Only a few
of the features bearing on the operatiocnal adjustments and
the reproducibility of the measurements obtained with the
instrument will be mentioned at this time.

A complete cross~sectlon view of the spectrometer igs
given as Figure 4. The spectrometer field colls distribute
thelr magnetomotive force uwniformly along the major axis
of a prolate ellipsoid. The mean radii of thelr turas
conform to this surface of revolution. 4 very nearly
homogeneous magnetic field is produced throughout the
volume enclosed by the coils in this way.

Three operational adjustments can be made by control
shaits projecting into the interior of the instrument
through vacuum=tight "OW-pring seals.

An entrance aporture, the first defining slit encoun=-
tered by the trajectory along its path from the source to
the counter, can be adjusted with a calibrated drum dial
to utilize radiation emanating from as much as 3.8% of the

total sphere about the source.
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A resolving slit having a maximum aperture of one-halfl
inch (parallel to the axls) can be set with a micrometer
dial calibrated in thousandths of an inchk. The outer edze
of the slit 1s fixed. The edge nearest the source {(inside
the ultimate trace) is moved by the dial. The position of
thls inner edge must be precisely kmown, for the position
of the source 1s adjusted to correspond 4o 1t as shown in
Figure 3.

It 1s also possible to move a retractable shutler into
the path of the transmitied beam at a plane between the
resolving slit and the counter. wWith the shutter extended
to intercept the beam, particles from a selected azimathal
sector can be chosen for transmission. The shutter can
select sectors of adjustable width as large as 180° in any
azimith. |

A set of measurements at different azimuths usging the
same spectral line is used to detect misaliznment of the
source. Followlng paragraphs devoted to the source assexmbly

will explain the method of making adjustments to place the

center of the source on the axis of the instrument.

It is, of course, eséential to have the direction of
the total magnetic field/coincide witﬁ the mechanical axis
of the spectrometer. This is accompllished by using pairs

" of square "Helmholzelike" coils to cancel the components of



fields normal to the axis of the instrument., These colls
are shown in the photograph of the assembled spectirometer,
Figure 7. They are discussed at grealter length in

Appendix I.

Be. The Source Assembly

Although one cannot view the source after it has been
placed in the spectrometer, its position is precisely knowm.
The radicactive source 1s mounted on the end of an

insertion-rod that is provided with a precisely-machined,
coaxial, conical male plgg.* The conical male plug seats
in a matching conical female socket located in the portion
of the gource assembly that extends ocutside the main field
coils, The position of this half of the source assembly
can be adjusted with respect to the main frame of the spece
trometer.*™

' Prior to operation of the spectrometer, the @egition
of the socket is adjusted to bring the center of the source
into coincidence with the axls of the instrument. The
retractable shutter described earlier detects inltial
misalignment. Micrometer screws then move the socket

relative to the rigid frame of the spectrometer to affect

*The rod and plug are shown as parts numbered 147 and
166 in the assembly drawing, Figure %. ' )
*¥*The adjustable socket is part number 12 in Figure 4.



the desired allgnment.”
The axial position of the conical socket (relative to

:]

the defining edge of the resolving slit) is also known by

direct measurement.

The tack of inserting a "calibrating®™ source {ejecting
electrons converted by gamma radiation of precisely meas-
ured energy) and effecting its removal and the reinsertion
of the "unknown" source at the same exact ﬁo¢1tiow is thus
solved. It 1s sufficilent simply to be assured that botha
of these sources are placed on the insertion rod at exactly

the same position relative to its conical plug.

(v
U

A jig for making this alignment is shown in Figure 5.
It consists of_an elbow microscope positioned with a micro-
mater screw by a drum dial callbrated in thousandths of an
inch. A conically tapered female socket exactly matching
that in the spectrometer is fixed in the bearing block
shiown opposite the microscope.

To align the source, the plug on the inserticn-rod is
first snugly seated in this socket. Three degrees of free=
éom then are available for adjusting the source position

relative to the cone. A micrometer screw moves tho brass

*The vacuum-—ti hi sglp hon bellows permitiing this
adJustment and the screws actuating it are parts num-
bered 6 and 7 in Figure &.
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barrel at the end of the insertion rod to adjust the posi-
tion of the source axially. Twe additicnal adjustments
are provided In the end mechanlsm to nove the source radle
ally.” The alignment is tested by rotating Lhe inserition
rod while keeping it snugly seated in tiic sccuel of the
centering Jig.

A discussion of source coufigurations i postoonad

treatment in the section devoted to the line PPOL

C. The Radilation Detectior

The problem of obt ainlng a satisfactory radiation
detector was solved by the constructica of a i
cylindrical Geiger-counter taillored to £it the spectromet=
er. A photograph of the counter is shown as [Migure 4.

Some 760 holes were drilled ia the copper-plated brass
tube forming the cathode. The holes enter the counter wall
at an angle of 4%5° with respect to the counter axis, and
the holes touch each other on the inner surface. This cone
struction was adopted to obtailn maximum transmission of the
beta-radiation which is inecident on the counter at this
angle., It allows approximately 68% of the incildent radia-

‘tion penetrating the window to produce couunis.

*One should note that Flgure 5 shows the source holde
actually used. This unit i1s aniike the one tenativel
shown in the assembly drawing.

s

e £
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The counter window was made of mica 0.0005 inches
thick. This amounts to roughly 3.5 mg./cm.2 of mica. An
excellent process for sealing the mica window to the tube
was devised by Mr. Louls Bogzart and is described in the
report on the instrument(2), |

A spring-loaded, one mil tungsten wire was used for
the anode. 4 mixture of 7.5% ethyl alcohol in argon gave
a 100 volt plateau with a slope of 5%.

' fhe dead-time of the counter was measured by the "two=-
source! method. Five-minute runs with a peak counting rate
in excess of 50,000, counts-per-minuite gave a dead=-time of
199.%1, microseconds. This dead-time would reduce the
observed counting rate one percent at 3,060. counts=per-
minute. Counting rates this large have never been used
with the spectrometer.

The present counter is now the element thal prevents
the extenslon of the useful range of the specirometer to
lower energles. The author believes that counters of
similar construction can be built with even thinner mica
windows, and that flatter plateaus will be achieved by a
leaner mixture of the alcohol quench. The possible adop-
tion of a satisfactory scintillation counter may, of
course, preclude this effort.

The assembled spectrometer is shown in Figure 7.
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II1I. TLE MEASUREMENT AND CONTROL OF TiE MAGNETIC FIELD

A. Thie Operation of the Proton-Moment Circuit.

The ultimate precision of the measurements made with
any magnetic beta=-ray specirometer certainly cannot exceed
the accuracy with which the strehgth of the magnetic [ield
is known. The most precise method of measurement and cone
trol known at the present time employs an effect of the
unvarying magnetic moment of an elementary particle to-
obtain resonance signals for measurement and error signals
for use 1ﬁ a servo system regulaiing the magnet current.

As early as the mid 1930's, experiments employing
magnetic resonance techniques were used 1o determine the
magnetic moments of the neutron and variocus nuclel. low=
ever, about ten years elapsed before the nuclear induction
work initiated by Bloch(3) and the group at Stanforal™)
led to an attempt to measure and control a magnetic fleld
using signals obtained from protons immersed in the
£ie1a(9),

The original induction method unfortunately réquired
rather involved circuitry with critical adjustments at the
r-f head where the proton sample was located. Hence it
was unsuiltable for the present application, since the type
of system that could be employed wlth the spectrometer was
in a large measure governed by the lnaccessibility of cir-

culit components required to be placed within its vacuum
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envelope,

The simplicity achieved by using an a&sorpticn (rather
than an induction) scheme was clearly necessary. The
theoretical considerations involved in obtaining and inter-
preting nuclear absorption signals ére extensively treated
in an article published by Bloembergen, Purcell, and
Pound(6), The actual circuits designed to detect the
absorption effect assume a varlety of forms(6~10),

It is timely at this point to digress momentarily and
review the considerations determining the compromise of
design selected for a spectrometer.

A magnetic beta-ray specirometer measures radiation
in selected intervals in the beta«pray spectrum of a radlo-
active source by associating a value of Bo with them.

Hence these two guantities are reciprocally related in a
design compromise.

If/p is made 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 importance.
Furthermore, the size of the source is correspondingly
larger, and its construction and precise installation are

greatly simplified.
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On the other hand, definite advantages accompany the
‘choice of strong fields. Of course P is then made small,
achieving economy as regards the cost of copper for field
coils and other expensive material used for the consitruc-
tion of the spectrometer. The annoying effect of siray
magnetic fields is also greatly reduced. Host important,
strong magnetic fields are likely to result in the use of
fields generally considered accessible for measurement
- with the proton nmoment.

The spectrometer size chosen by Professor Dulond was
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 down tc only
35 gauss. Ordinarily, the nuclear magnetlc resonance
absorption of the proton is detected at these weak {ields
only with considerable difficulty and by using very large
proton samples. | '

One should realize at the outset that signal-to=-noise
ratios obtalned with proton samples are inherently poor at
such weak magnetlc flelds. Several alternatives are usual-
ly suggested.

The adeption 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-
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cles accgmpanying this method to the present application
prohibited its use. Very limited access tc the interior
of the spectrometer (a necessary result of the design of
the main field coils) demanded the use of wiring for con-
nections and precluded any wave=-guide installations.
forvunately, the weakness of the proton signal is

partially compensated for by the gain of a factor of from
ten to one hundred in the sharpness of the resonance.

A study of circuits that could bé adapted to the use
of the proton method then foliowed. Since very poor signal-
to~noise ratios were anticipated, circuliis generating a
complex spectrum of radio-frequency signals were not consid-
ered favorable choices. Such circuits, for example, might
use {requency moduiatioa to eliminate the usual "wo%bling"
oy sweep coils. Others of the’type include circults using
super-rogenerative detection. This method obtains high
sensitivity, buv is one poorly adapted to control systems.

A circult designed by Pound and Knight(1lC) best sat-
isfies the requirements of ocur application in that it
produces a driving r-f{ magnetic field of optimum intensity
and of a single frequency. It is further ideally suited
to a convenlient control system in that its r-f oscillatlon
is stabllized at the optimum ievel similtanecusly for both
sensitivity of the circuit and saturation of the proton

sample. This is a great convenlence in tuning.



It is Iindecd a pleasure to acknowledge our indebied-

hls originel source, for the system we are now
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using is an adaption directly evolved from the original
circuit of Pound and Knight(l0),

In our adaptation of the circuit every effort was made
{0 enhance the resonance signals and to reduce the noise

modifi-

(43}

entering low level stages of the oscillator. Som
catlons of the original circuit were necessary to extend
its operation to weak fields, and they will be noted in
following sections.

A block diagram of the arrangement we are using is
given as figure 8. Its operation is briefly described as
follows.

A constant-frequency r-f voltage is supplied to a coil
.surroundinb a proton sample that is mounted within the main
field of the specirometer.

 The strength of the magnetic field (of the spectromete
er) is then brought to the value that causes the nuclear
Larmor frequency of the protoms in the field %o equal the
frequency of the r-f oscillator.® In the resonance condie
tion protons in the sample absorb energy from the r-f{
source. In radio parlance, thls changes the Q of the r=f
coll and hence it changes the amplitude of the r«f osclle

lation.

*This occurs at 4%.2578 kiloecycles per gauss(1l),
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An additional sweep magnetic field is then superim-
posed on the main field of the specirometer. The sweep
field is varied sinusoidally at an audio frequency with
small amplitude. It therefore causes the amplitude of r=F
oscillation toc fluctuate each time the total magnetic Tleld
reaches the resonance value.

This fluctuating r-f level is.amplified, demcdulated,
and the resulting audio signal i1s again amplified in the
so=called r-f oscillator unit.

At this point the signal can be viewed as the verti-
cal deflection of an oscilloscope trace. If a norizontal
deflection 1s provided by the audio-{reguency voltage
supplying the sweep colls, the absorption curve is readily
seen.

This signal is amplified further and sent to a phase
sensitlve detector where it is compared with the 0rig;nal
audio sweep signal. The sweep~frequency component of tue
absorption signal changes 180° in phase as the pealt of the
resonance 1is crossed. 7The phase detector is thus able to
produce an output voltage with amplitude and polarity
corregponding to the magnitude and directlon of the devia-
tion from the resonance field.

If the sweep~field magnitude were made vanishingly
small but not zeéo, and the spectrometer field were made

t0 cross the resonance slowly, the phase detecior would



produce the exact derivative of ithe 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 1s also sent through a differ-
ential amplifier to a zero-center milliameter which shows the
approximate derivative of the ahsorption curve. This signal
is the most convenient one to use for aligning the equipw

ment prior to use of the spectrometer.

1. Ihe Resonance Heads
| Both the limited space available in the interior of
the spectrometer and the difficulty of obftaining access to
the interior regions limited the number of resonance heads
to three. It was therefore necessary to cover the entire
range of magnetic fields from 35 to 1300 gauss with only
three coil assemblies. This was managed by using each r=r
coll for two overlapping ranges of frequency, an adjustment
made in the r-f oscillator unit.
The construction of the largest of the three coil
assemblies 1s shown as a scale drawing in Figure 9.
The outer forms (for»the sweep coils) were turned
from aluminum 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 currents.
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They also provide space for bringing the coil connections
to terminals.

Four spacing-rods support two Lucite plates for each
coil set. The protoﬁ samples are held in hermetically-
sealed cylindrical glass containers supported between the
plates by short hollow Lucite cylinders. The radio={reguen=
cy coll is wound directly on the glass sample container.

A compensating coil is provided to nullify the small
but unavoidable coupiing between the sweep colls and the
r-f coll. If this coupling were not removed it would be
detected as a false error signalland would result Ina
slight difference between the desired and resulting spec-
trometer fields. This coil is visible at the botiom of
the Luclte cylinder supporting the sample bottle.

Connections for gach of the three colls assemblies
are brought through the central casting of ths spectrometer
by three leads supported in one-half inch 0.D. brass tubes.
These tubes serve as the .common ground connection for the
three coils of each set. The three leads for each brass
tube are spring-loaded and fixed in positlon by Lucite

spacers.

a.,?he'Sweeg Coils
Particular care was required in the design of the

sweep colls for this application. Their alternating



nagnetic flelds could not be allowed to aiffect eitheor the
homogenelty or the constancy of the spectrometer field near
the trajectories of the beta-partlcles.

A convenlent solution for the problem was produced
by Professor Levereit Davis of this Institute. The result
is accomplished by followlng a desizgn for the sweep colls
consisting of two opposing, coaxial pairs of Ilelmholz coils
of different diameters. Iy adjusting their ampere-~turns Lo
cancel thelr dipole moments, very little cxiernal fiél&
" appears. In fact, the dominant term in the expansion lfor
the external magnetic field of the combination varies with

the inverse seventin power of the distance from the centboer

of the coils.

Figure 10 shows the variation of the magnetic field
invensity along the axis of the colls. The calculagtions
giving the results shown in Figure 10 are given in Appendix

1I.

b. The Radioc Frequency Coil

In thelr article on nuclear maghetlc resonance absorp=-
tlon, Bloembergen, Purcell, and Pouna(6) clearly show the
considerations involved in the design of the r-f coll and

sample. With an r-{ magnetic field of peak amplitude 231,*

+*

The factor of two appears because the field is decom=
posed into two circularly polarized components only one
of which is effective.
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they obtain an expression for P,, the net rate at which
enaryy is abscorbed by the sample,* The expression for Pg
is then interpreted in terms applicable %o conventional
circult theory.

The symbol Q is used as a figure of nmerit for the
inductances of circuit theory. It is most familiar when
written aswL/R. In a more fundamental form, it can be

written as

Q u 24 Haxinum enercgy stored in the field (1s)
nergy absoroved per cycle °

<k
=
O

The voltage across a parallel-resonant circult using
coil is then directly proporiicnal to its Q.
1 ” A : 2 i | s il ]
The auﬁnorsiﬁ) then use this definition of @ tc obtain

the relations

e Y& /O e\md D
] v vy Bl
. (15)
= S ( ¥2n20I (1+1)woT5/3kT

*The sample contalns H, nuclei with spin I per unit
volume. Its absclute %emperatuyefis I, and the Larmor
frequency 1is pge



U

In formula (146) § is defined as a "filling" factor
that relates the energy density in the field to the total
energy that is stored in thé field within the sample. |
5 is a measure of line broadening; ¥, h, and k are the
gyromagnetic ratio and the constants of Planck and
Boltzmann, |

Since the energy absorbed by the proton sample and
the coll are addltive as far as the r-f oscillator is con-

cerned, 1t follows that

-'@%3%+§J (17)
Qo is the Q obtaining at fields diétant {rom the resonance.
Qp is the effective @ of the coil at the resonance value
of magnetic field.
Since the energy absorbed by the sample is much less
than that absorbed by the coll, equation (17) can be

written approximately as

Qr = Qoll ~$5Qy) (18)

It 1s now evident that.any feature of design increas-
ing the magnltude of the term ($5Qy) will enhance the sig-
nals observed, for it wlll render the relative r-f oscilla=-
tion level changes greater.

S is improved by increasing the “coupling® between the
sample and the coil. Experimentally, it was observed that
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a solenoidal type of coill seemed to be more effective than
a flat one; which would have had a higher Q. The factor
was alsc increased by winding the coll directly on the
sanple bottle as close to the absorbing substance as pos-
sible.

Considerable effort was spent in producing a high-Q
coil. The critical, low=frequency coll (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 convenlent shape of sample botile. DB&S §0.33
Formvar-ingulated copper wire was wound as a single layer
coil having turns spaced about a wire diameter aparto*

without doubt, a larger coil would have had a better -
Qe Unfortunatelyg however, the size of the sample would
have been enlarged in proportioﬁ {(to keep § larze) and this
increase of sample size was not possible., The maximum size
of the largest proton sample was limited by the space
available for its sweep colls. The magnetic field of the
largest set of sweep colls our available space would accom=-

modate was not sufficliently homogeneous over a sample vole-

ume greater than 70 cc. Fortunately, with a homogeneous

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

The factors of § were chosen the following way.
75 was largely fixed by the use of a 0.0l molar MnSOy
sample.* This concentration was selected by experimentally
observing the strength and sharpness of tho signals obtaln-
ed. A slight improvement might be had by finding a sube
stance with a higher population of partlcipating nuclei,

NO. Convenience led to the use of a water sample.

2. Ihe fadio-Frequency Oscillator Unit

The construction of this unit 1is shown in phobtograpis,
Figures 11 and 12. The schematlc diagram of the cirzcult
is given'as FPigure 13.

A comparison with the original cireuit{10) 111 show
relatively few changes

Six tuning ranges were adapted to three oscilliator
coils as shown in {the schematic.

The use of a lower audlo frequency sweep naturally
resulted in decoupling and by=pass circuits appropriate for
its use.

The known 0.0l molar MaS0), sample no longer reguired

the original two second {eedvack time-constant for the

SL?lely speaking, the addition of paramavne ic ions
reduces the spin—lattice relaxation time T However .,

T2 was defined to include all sources of’1 ne broadening.
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PIGURE 12. BOTTOM VIEW OF THE PROTON RESONANCE OSCILLATOR.
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oscillation level control. Therefore, this tims-constant
was reduced {(at R10) by a factor of four. This reduction
hastened the response of the oscillator to the slower ref
amplitude variations. This allows more rapid tuning and
decreases the sensltivity of the oscillator tube to alcro-
phonicse.

A more satisfactory detector, V3, was inserted and a
standard pentode cathode follower, V4, was added at the
output.

Since cohsiderable effort was‘expended in achieving
adequate signal-to-noise ratios with this equipment, a few
remarks concerning design features found to be necessary and
vsome typical difficulties encountered seem in order.

Every known precaution was used in the consiruction
- 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 otherwise.

A very irritating sort of nolse enters as a 6C cycle
signal from the 110 volt power distribﬁtion system. 7This
noise enters each and every element where it is possible
for it to creep in. For this'reason, both a storage bate
tery for the filément supply and a well-regulated power
supply for the other circuit voltages are mandatory.

Furthermore, a considerable 1mproVement is obtained if the



povwer supnlies are kept distant from all the circuits they

supply. This separation was imperative 1in the cases of

(D

both the oscillator unlt and the audio sweep genserator.

The following unexpected eifect was observed during
the construction of the equipment. A noise of definite
character was scen on the oscilloscope,and i1t was identi-
fied with a fundamental frequency of 180 cycles per second.
By disconnecting cables, removing tubes, and the lilke, 1T
was not difficult to trace lts origin to a power transe-
former on the audlo oscillator chassis (sweep Ireguency
generator). The transformer was coupled magnetically to
an ocutput transformer supplying the sweep coils. This
allowed the third harmonic of the power freguency 1o leal:
the full width of a chassis into a transformer core mounted
ostensibly at right angles. The 180 cycle signal was picked
up from the sweep colls inside the spectrometer and it was
sent back through the r-f circult and detected. The annoy-
ing coupling was eliminated by the isolation of power sup=
plies in the present system.

Another type of inter fére nce was détected as extremely
strong, sharp signals found at lsclated points in the
oscillator tunlng range. Since very weak proton siznals
were evident, and "grass" or noise was being obberved on
the oscilloscope for removable nolse components, the strong,

isolated signals remained unidentified for a few days.
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As soon as earphnones were connected to the output of the
osclllator unit, the volce of a popular singer, Bing Crosby,
blared forth. The meticulously well=shielded circuit locate
ed within a steel building proved at least as sensitive to
all nearby radio transmitters as most commercial radio
recei#eré. Greater care in shielding in the present system
removed the more harmful effects from this 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 distributéd
around the spectrometer room and in a generabtor roon two
floors below, great care was used to provide each unit with
a single effective ground connectlon, and to insure that
no other ground connectlons were inadverteatly made. ALl
the unlts located in the control rack were bullt without
chassis grounds. This was done to prevent ground "loops"
which would otherwise result from connections between units
through the contrql rack.
| The performance of the present r-f oscillator unit has
been very‘satisfactory.

The amplitude of the driving 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 found 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 39 gauss. With the narrow bandwidth inhérent in the
integrating circult of the regulator they can be used for
control when they cannot even be seen on the oscilloscope.

The frequencies corresponding to oscillator dial
divisibns vary about & percent from day to day. However,
thé use of selected, high-quality components and a high=Q
coil make the oscillator frequency exceptionally stable

during operation. This 1is the important requirement, since
| the frequency is always measured at each dial setting while

the spectrometer is being operated.

3. The Audlo Oscillator and Phase Sensitive Detector

Both of these units were bullt along very standard
lines and need little description.

The audio oscillator that 1s used to supply sweep=-
frequency voltages to four different circults is of the
resistance-capacitance~tuned type with amplitude stabiliza-
tion provided by inverse feedback{2), It 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-

cults for supplying the sweep voliages to the various units



with variable phase and ampiitude. A simple and convenient
circuit providing independently both amplitude and phase
control with a posslble variation of phase over léegi 3
shown as Figure 1k.

- The schematic dlagram for the phase-sensitive detector
is shown in Filgure 15. It was bullti by Mr. James L. Xohl.
Numerous published articles(13) deseribe circuits of this
type.

$¥0 clrcuitis having the narrow band-widih ordinarvily
used for optimizing signal-to-noise ratios have yet been
shown. In this systen they are located in two places.

A variable R-C circult is placed at the input to the
differential amplifiler. It provides a time-constant as
large as several seconds for nolse discrinmination at the
error signal meter.

If the error signal meter is observed with a very
long time-constant before the main spectrometer field is
turned on, a precise null in the plckup of the sweep siznal
by the r-f coll can be obtained. This is accomplished by
adjusting the excitation of ﬁhe compenéaﬁing coll located
in the resonance head. If the adjusiment were not made, a
small constant error would occur between the actual magnetic
field and the spectrometer field demanded by the r-{ oscil-

lator unit.
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The narrow band width for the field regulator is pro-
vided in its first unl?t by an integrator having a huge
time constant.

Photographs of the control rack that houses both these
units and those -of the regulator are shown as Flgures 1lé

and 17.

Be. Ihe Magnetic Fleld Regulator

‘The units comprising this essential part of the system
are the péoduct ofAthe considerable effort and ingenuity of
Mr. James L. Kohl, who constructed them while the author
was assembling the prcton~moment field-measuring equipment.

A functional block diagram of the unit 1s given in
Figure 18. Most of the units of the diagram are shown in
photographs as Figures 16 and 17. The method of design
employed follows that of Sommers, Welss, and Halpern(lg)e
It converts a 35 kilowatt, 250 volt D.C. generator into a
precisely controllable power source with low nolse output.
The detalls of construction will not be given here since
they are fully described in a recent report to the LResearch
Corporation and the 0ffice of Naval Research(?),

The block dlagram will show that the regulator and
proton—resonance circuits are lncorporated iﬁto a two=lo0p

servo system.
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FIGURE 16. FRONT VIEW OF THE CONTROL RACK.
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4o~

HHZITIGVLIS ATHIA J0 WYYOVIA 00T

Ha LI
XONTNDd YL

Yo L0IIIa
HATLIGNES
ISYHd

8T HYNDIA

TYNDIS

- —

waa

¥OI0E IHa
TONYNOSTY
NOIoud

YILINOULOEIS XV E=9

HO LVHANED
dTdIMS

|

HWOIVEOIINT

HOIVEVINOD
IDYILIOA




One feedback loou serves to provide the separately

=

xcited generator field with D.C. excitation for smoothing

(O]

Ea

out low=I{requency surges. provides A.C. voltages
nuliilying the commutator hash from the generator.

Zhe second feedback loop includes the proton resonance
circults. It p?ovides.the error signal that corrects the
current supplied the specitrometer, maintalning the reson-
ance between the proton Larmor frequency and the f{requency
of the r-f ogcillator.

A very precise control of the spectrometer fisld is
obtained in this way. With poor conditions that are pre-
sent when high local noise levels cbscure weak proton sige
nals; the spectrometer current is stabilized to within
0.01% of the curreat deéired, wWwith nmore favorable condi-
tions, a current stabilization of 0.0027 is normally
achieved.

Arguments have been advanced to the effect That the
aluninum shell of the spectrometer conducts eddy currents
making the actual field fluctuations much smaller than the
coll current changes. In any event, however, the relative
variaticns in the current are an upper limit to the relative
variations of the magnetic field.

For reference, Mr., Kohl's circult is given as Figure

19, It will be noted that it has been reduced in complexity



5],

“HOLYVINDHY MOLVHENHD NV ¥OIVHDEINI HHI J0 OIIVWIEHDS ‘6T ZUnOHId

70T" €0Td AS°T

p.(4
sord




«52e

by repraesenting groups of tubes having the same function

as a single tube.



IV. Zu8 LiNE PROPILE

A, Instrumental Contribations to the (bserved Line Width

Another great advantage of the homogencous magnetic

)

{ allows the calculation of the individual

WS

ield is that

N

nstrumenial contributlons to the broadening of the spece

cr

ral lines observed wlth the spectromster. Professor
Dwicnd's analysis of these contributions{d) w11l now be
outlined Lo show the procedure followed in adjusting the

spectromater for ope *atima

1. The allect of a Finlte Entrance Aperiurc

Zy considering a monoenergetic point source and an
infinitesimally vide resolving slit, the effect of a finite

entrance aperture can be revealed as follows. Oguations
Ae = "-8 A (E + 2 2~

& T e
“(e+i)r‘§z €+l (12)

v e (L/2) 3633391-#’4/1“1,&*1"@3]@“ {1%)

£

were derived in Section I. It was also shown there thaf

the solld aungle ,§ s 18 given bys

= 2z |cos® ~ coséy | - (3

*Gu and Wy were chosen earlier as 450 and 2.02079
radiansg, Fespectively



If the solid angle is kept reasonably'small9 eguation

(1%) can be written in a simpler form as
{Gael) = I §‘25 (3-9)

where k is a constant. € is the apparent ratio of kinetic
$o rest enerpy for particles emanating from the (monoenere
getle) scurce at the angle © that defines $. Particles
confined to the‘ultim&t@ trace have an energy corresponde
ing to el- |

Since the counting rate ls directly proportional to

the solid angle used, equation (19) yields the relations
ny ) A§ \ ) ..»_2;- £
Qi/pe = C1° /ae = Cofle -vél) E {20)

in other words, the profile due to the entrance aper-
sure is infinite at €, and it slopes toward lower energies
with the inverse square root of (¢=€;). IHowever, this
profile encloses a finlte area in agreement with the trans-
nisslion of a finite number of particles. |

The width of the profile is obtained directly from
equation (1%):

(46)1 = ¢ (%-f)(% ) [;cE291+ viztam«?-@ﬂggl (21)

2. The Bffect of a Finite Resolving Slgg

By consldering a monoenergetic point source and an

extremely narrow entrance aperture, the effect of the



finite width of the resolving slit is made to appear.

A13 the particles transmitted follow ultimate traces
and the resolving slit passes them equally well. Since a
{inite number of particles are involved, the shape of this
profile 1s therelfore a rectangle.

Its width is also calculated from the equatiéns of

Section I. Those needed are:

xg = (Qycose1)¥1, (3)

and

vy = (Q1sin®y)sinyy. ().

These are the equations that give the ultimate intersection
of two traces coalescing to a single trace described by
Qp and ©5.

1t 1s important to observe that the ratio ol yiy to xj

is independent of 0. This means that after 6, has been

selected all the ultimate intersections (for varicus Q's)
lie on a cone with apex at the source. The semi-apex angle

of the cone,x , is given by
tane = yi/x1 = tan ©1sin¥i/yi. (22)

Consider now a resolving slit that is also of ianfin-
itesimal width. Recalling that Q = 2(p/Be) and that the
amplitude of the ultimate trace is given by R = Qisiné;,

one can calculate the apparent change in energy (from a



s

monoenergetic source) corresponding to a displacement of

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

Axy =30058;4Q; = 7{’100891Q1ﬁ§, | (23)
or |
A R e+ 1)@, ]

% =Vicosigle- (Eh5)E b kg

dence the energy increment is given by
A €+ 2 AX3 =
( 6)2 IG(—E:—I)tang -'-.E:{:a ) (2))

This 1s also the energy width of the profile from a
resolving slit of width Axy and helght Ay; disposed along

the conical surface. Since such an aperture would be dif-

ficult to construct, the resolving slit used in the spec-
trometer opens in the axial direction. It is shown in
Pigure 20 along with the calculatlion relating its aperture

to AXic

3. The Effect of_a Finit@.Source 3ize

Although the exact size of the source will be found
intimately related with theAmagnitude of the entrance aper=-
ture and the width of the resolving slit, no rigid require-
ments are set on its shape by the permanent features of the
spectrometer. Since the spectrometer has no preferred
~azimuth, it seems réasonabie to assume axial symmetry for

- the soﬁrce. It is also assumed small in relation to the.
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dimensions of the instrument.

A shape of source conslsting of a small, civcular disk
normal to the axils of the spectrometer was first proposed
by Professor DuMond(l)., Its effect is shown as follows.

Consider for the moment a monocenerzetic point source
and an infinltesimal solid engle and a similarly narrow
resolving slit. Select the highest polnt of the resolving
slit for consideration. The hellcal path of particles
striking that polnt can be traced back to the source. A
change in azimuth of Yy = 115%1k.3' will be traversed.
Particles striking the top of the resolving slit leave the
source at an angle of %5° with respect to the axis of the
iastrumea%, They also depart from the source at an azinuth
26914 .3 below the horlzontal.

Two views of thls helical tralectory are shown in
Figure 21 with & greatly enlarged disk source.

In this figure it 1s evident that a horizontal displace=
ment of the entire trajectory displaces the point where it
plerces the resolving siit along a line tangent to the slit.

On the other hand, a wertical displacement of the
traéec#ory moves the point along & line normal to the slit.

A displacement of the trajectory in this direction would
| no longer allow radlation of the saﬁe energy to pass

through this slement of the exlt aperture.
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Therefore, horizontal strips on the source are zones
of the same energy for the topmost point of the resolving
slit. Vertical displéeements of the trajectory accordingly
account for the 1line profile obtained for the scurce. Since
there is no preferred azimuth for the spectromeber, all
elements of the resolving slit are affected alike.

A% first it might seem difficult to explore the source
by translating the helical trajectory in 2 rizgid manner.

In fact, this is impossible with apertures of elemental
width, for the translation of the helix would have to move
the trajectory along the tangent to the edge of the on=
trance aperture for all displacements of.the hellx.

The dilemma is resolved by the following reasoning.
Imagine the two extreme cases. In one, the exploration of
the source moves the hellx ftangent to the edge of the
entrance aperture and the exploration proceeds as 1 that
aperture were not even present. At the other extreme, the
trajectory is moved normel to the edge of the entrénce
aperture and ls intercepted by 1i, However, ancther {tra-

Jectory of only slichtly different ©, (since the source 1sg

small) will be able to make its way through both of th
apettures to the counter.
Since the resolving slit was placed at a focus making

energy varlations with €y of second order, and since the



wfle

width of the source profile is a first order effect, this
change in €3 is of no cbnsequence. All other cases lie
between these two extremes.

The semi-elliptical profile obtained by considering
zones on the circular disk needs little comment. Its half
 width in terms of the source radius,/7, is found from an

equation developed in Section I,
vy s (Qysin®y) sinVy. (%)

. The first order effect of the finite area of the source is
to change the effectlve radius of the resolving slit for

particles leaving its edge. Hence,

4yy = (L+cot3e) ™o *= 5in6;sinljaq,

a R €+ 1)4¢
z sinﬂlsin?1qlig = SinelsiﬂW&singl(er 5) =

Then the source profile half-width (since the source radlus
is used) 1s given by:

(46)3 8&(%‘%)‘(1_’_ COtJéi)RSinWi , (26)

’Rsidvi is equal to the radius of the resolving slit.

(4¢)3/e is usually about one percent. This Justifies

*ay4 infers displacement of the resolving slit along

the cone  of semi-apex angle X. This is shown in Figure
20,



the earlier treatment that assumed ihe source size to be
small.

fhese three individual profiles are shown as figure 22.

B. The Instrumental Profile Using a Disk Source

Bach of the three profiles 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 profille 1s given by the fold of the
three individual profiles. Prolfessor Dullond has calculated
this instrumental prorile(l), and it is given as Fisure 23.

Filgure 23 also shows the profile obtained by folding
Just the entrance aperture and the resolving siit into each
other. 1t was shown that the fold of these two has maxi-
mum helght with narrowest hall-naximum widih when
(Aé)l s (8&)o.

Then when the fold of these two is in turn folded with -
the elliptlcal source profile, Professor Duliond showed that
the resuliant instrumental profile would yield the greatest
counting rate with least half-maximum width when
(ae)y = (A€), = (4€)3. The pair first folded, the source
profile, and the resultant fold of the three are all shown
in Pigure 23.

For these widths, the halfnmaximum width of the instru-

mental profile is (8€) = 1.52(4¢€)4.
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Ce. The Conical Source and 1ts Profils

An entirely new shape of source was suyggested by
Dr. D. E. Muller not long before the inltisl ogeration oL
the spectrometer was begun.

Dr. Muller's proposal was that the radioactive matere-
ial of the source should be distributed on the surface of
a cone having a seni-apex angle with: tangent egual to the
slope of the ultimate trace at the resolving slit. This
is illustrated in Figure 24 % With a monoenergetic source
of this type, the last elements of the source contribuiting
ultimate traces passing over thoe inner deflining edge of the
resolving slit (as the magnetic field is increased) lie
along a strip of finite length on the cone. Furthermore,
since these last elements leave the cone tangent to its
surface, the 2Zones on the cone appear to have an inlinite
specific activity.

Y
@ e

(0]

The profile of the cone source is shown as Figup
Its simllarity to the entrance apertuﬁe profile is even
greater than the [igure shows, for both of these prolfliles
have the game inverse square root dependence on energy near

thelr singularities.

*Figure 24 is scomewhat misleading in that it faills to
show the helical trajectories and the fact that the
particles of interest leave the cone surface nearly
tangent to it. '
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ENERGY_

FIGURE 25. THE PROFILE FOR A MULLER-TYPE CONE SOURCE.



This source profile has a curious and a very fortunate
effect. When folded with the entrance aperture, the resul-
tant profile is rectangular on the high ensrgy side for
nearly half of its width.”

when folded with that of the resolving slit, which is
also rectangular, the instrumental profile is found to have

a vary straicht leading edze of finite slope. This profile

is shown in Figure 26,
The proflle of Figure 26 would be observed only if a

Ly
ectly monoenergetic source were used. Of course, such

4
pers

sources are impossible to construct. Fortunately, however,
a source very nearly realizing this charaéteristic has been
obtained. With it, profiles having the long straight lead-

g edge of Flgure 26 have been observed experinentally.
The construction of thils source is described in the next
section.

The straight leading edge can be interpreted in a very
useful way. Its intersection with the horizontal axis on
the high energy side corresponds tb the situation vhere the
discontinuities of the two inverse square root profiles just

begin to overlap an edge of the resolving slit profile.

"These two are Tolded so that the high energy side of
the resultant occurs when only the two singularities
overlap. This is interpreted to mean that the very
last elements of the cone (assuming increasing fileld)
are transmitted along ultimate itraces.



dO¥N0S HNO0D V ¥OA HTIJOMd TVINEWNYUISNI HHI °9¢ HUNHIJ

-69~-

- 324N0S TVOIINOD -
3711404d
TIVLNIWNELSNI




This 1s precisely the condltion one desires to measure

since then only particles from the tip of the source (and

a line clement extending along the source from the tip)

pass exactly along ultimate traces that just clear the in-

Pl

ner defining edpe of the resolvines slit.

Hence the characteristic flducial point is obtalned
by constructing the intersection of the stralght leading
edge of the observed profile with the horizontal axis.”

This intersection point has been named the g~point.

*In practice, the background level or beta-ray continu-
um superimposed on the line is assumed to have coustant
slope over distances equal to the line width.



Ve PRELIMINANY MEASUREMENTS OF TS P AND I LINES OF TIORIUM

The £irst observatlons with the new specirometer were
made with a Muller-itype cone source that was turned from

gluminum alloy stocik, It was activated by electro-deposit-

ng ionized Tho

"5

rium~A on it from Thoron gas.

feio

Since a very thin surface layer of the radioactive
substance was deposited, the calculabted ilnsirumental pro=-
file was broadened litile by energy loss in the source. In
fact, the observed proliile shown in Flgure 27 is very iike
the calculated instrumental profile. Its stralght leading
edge clearly is sulficlenily long for the consiruction that

is used to determine the fiducial @-point.

The added feature of {the observed profile is a Tillet
shown at the intersection of the straight line portions.
Several explanations have been given for its appearance.
The fillet might be ascribed to irregularities in the re-
solving sllt or to de~centerihg of the source. . iowever,
profiles obtained by measuring radlation in selected axie
muthal sectors of the beam show that this effect is not
large., The maximum variation in the relative radial posi-
tion of the source and resolving slit has been found to be
less than hall a thousandih of an inca after cantering.

e fillet might also be attribute& in»part tc slight
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fluctuations in the magnetic field, a resull of noise
superimposed on the proton resonance sigaals. It has also

been suggested that a possible explanation for a portion

m

£

it may lie in the finite width of the elecironic levels

of the atom, glnce the excited atomic states have a finite
lifetine after the coaversion electrons are ejecied. Probe

ably a combination of these effects explains the fillet.

A. Tyo Search Runs With the Thorium Source
1. A Search With Coarse Resolution

The lower energy portions of a coarse search run with

$e1n

the Thoron~deposited source are shown as Figure 20. Obsere
vations extend to about 500 Kev at the right edge of the
figure. The very strong ¥ and I lines™ are evident above
the other lines in the figure. They are used for the
measurements reported in the followlng paragraphs of this
section,.

I extended to lower energies, Figure 28 would show
that the softest bebta-rays of the continuous specirun begin
to make their way through the wall of the counter at about
50 Kev. A K~to~L conversion ratio of roughly seven has
been reported for‘the F and I lines.(13) Illence it is

evident from the figure that a significant portion of the

¥*(Ellis notation). The F and I lines are X and L con-
version lines of a nominal 233 Kev gamma-ray of Thopium-C.
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F line is intercepted by the window of the counter.

lﬁhe chservations of Pigure 20 were made with an alu-
mihum cone source of one~eight inch base diameter. Its
activity was estimated as roughly 0.25 millicuries. The
spactrometer aperture was set Lo accept radiation from 2.5
percent of the total sphere about the source. Other
instrumental settings were adjusted in proportion, Counts
were recorded for a 32~second interval for each point
shown. Between adjacent poinis the proton}resonaﬁce fre=-
guency was ;pifted by an increment varying from one-fourth
to one-half a perceant of the resonance frequency. The
absclissae, glven as oscillator dial divisions, are roughly

proportional to the r-f frequency.

2. A Search wWith Fine Resoclution

4 233 Kev gamma~-ray reported as the 5; line of Thorium
is believed to occur in stable Pb200 following beta-decay
from Thorium=-C"(10), If resolved, its K-conversion 1linc
should be cobserved on the low encrgy side of the strong
Feline. '

Plgure 29 shows the result of a search over this pore
tion of the spectrum. The freqﬁency width of the F~line
was cobserved as 0.35%. A conical source of 1.0 ma base
diameter was used with other instrumentel parameters set

accordingly. Counts were recorded during two-mlnute intere
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vals at each selliing along the F-line. Over the Eq line,
four-minute counting intervals were used for each observaw~
tion. The data for the observations near the &g line are
eorrectl? shoun in the insert of Pigure 29. The resulis
Dor the four-minute intervals were halved and plotted as a
continuation of the F-line to show the relative intensities

of the two lines.

n w g :

oducibilliy

Thoriun  and I Lines

The profiles of the I and 1 lines werce observed on
four successive days. 8ix érafiles were cobtained for each
of the two lines.

The source was removed from the spectrometer and &
newly activated one was re-inserted for each day's obser-
vation, Detween runs nade on the same day, the source
insertion-rod was retracted and agaln re-seated againsi
the tapered conical socket in the source assembly. This
subjected the whole procedure of source installation to the
test of reproducibilivy. |

The quality ol the data obtained is shown in Figurc 30,
vhich shows the leading edge of the I-line as observed
during a typlcal run.

The twelve Q-points were deﬁermined graphically.

Theilr construction gave the Q-point freguencies to five
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iy ls
significant figures with considerable certainiy. This data

2y

is civen in Table I. The table also gives the mean Q-polnt,

the calculated standard deviation of a single observation,
and the standard deviation of the meaﬁ for both the F and
I lines. A normal distribution and the absence of system=
atic @érors were assumed in computing the errors.

The (ﬁfﬂ ratio for the F and I lines is calculated from
the data of Table I and compared with two other recent
determinations in Table II.

1@ agreement is reasonably satisfactory. However,
the error of the value computed from Table I assumes that
no systematlic errors were present. This may well be an
invalid assumption. Frequenciles were measured with a war-
surplus, U. 8. Army Signal Corps, Model BC-221-T [requency
meter. To measure frequencles with this meter, one is
required to adjust the Irequency of its variable-Irequency
oscillator to coincidence with that of its standapdizing
crystal oscillator at.a eheck point® near the frequency
that is to be measured. Adjacent calibration poinis on
gach side of the unknown frequency weré found to disagree
as much as several hundred cycles for the frequencies of
interest. The BC-221=-T provides no adjustment for cor=
recting this defect. Hence, an "average" alignment was
attempted. This procedure could easily be responsible for
a systematic error of several parts in 107.



TAGLE I

ABPRODUCIBILITY OF MEASUREMENTS OF THE F AND I LINES

R{un lic. Date F=Line Q=Point I=Line Q-Point
1 27 March 418.42 ke. 528.65 ke
2 2o March 418.42 kc. 528,959 ke.
3 31 March AM 416.48 ke, 528.67 ke,
L 31 March PM 415,38 ke. 528.60 ke.
5 1 Ap?il A}I )‘*'l{:éoz"i'B kC. 52:\)‘.56 }.{CQ
6 1 April PM 413,40 ke. 528,58 ke.
Line Mean @-Point S.D.(Single 0Obs.) 8.D.(Mean)
};' )+l8o)+22 kC. ‘ 05032"}' KCQ * 0001)"‘ kC.
1 528.612 kc. 2 0,039 ke, % 0.016 kc.
TABLE II
THE RATIO OF ﬁyo)'s FOR THE F AND I LINES
(He)I/(He)F Probable Error leasured Bys
au—#i 7 :
1.26319 : 2 ,00005 - Ge Lindstrom (14)
1.26317 2 00012 lle Craig {17)
1.26335 2 00004 Table 1.



A Hewleti~Packard, Model 52%A, Frequency Counter now

on opder will scon eliminate the possibility of an error

fron thls source.

Co The Calculated Difference in the K and Ly Dinding

fnergies for Thorium-C (Bismutheld),

e possibillty of a small systematic error in the
Q=point Ireguencies of Table I casts some doubt on the
reliability of fTurther calculations made with them. Ilow-
over, this error must be very small, and the validity of

the binding energy calculation suffers from far nore

1]

ericus objections. These objections will be discussed as
they appear in the calculation. It is believed thal worthe
while inferences may be made with answers obtained in this
Way .
Assuming a perfectly homogenecus magnetic flield,

winetic ene%zzbs of the partlcles of the 7 and I lines can

be calculated from thelr Q-point frequenciles by using the
relation

cn(fren ) ) @

This equation applies to a "45°% gpectrometer with proton~

zmoment measured magnetic {field.
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¢ in the K and Ly binding energies l1s

then given b3

Ty = @,C8 \F‘{'E(ﬁﬁ? ?.%;;)3 -

,~ o 2ufE\2 &
Jl‘l‘cﬁég.;:—,é-—ﬁ,j) ] (28)

The error of equation (28) is dominated by the errors

of T1y {p, and P The probable errors for the two freguenw

cles are obtalned from the data of Table I. A probable

3

grror 1ls assigned %s‘f’as follovs. he measured diameter
of the dnner edge of the resolving slit is 14.089 inches.
This is nearly twilce the amplitude of the trace and four
times/o. It is assumed that the dimension given by the
measurenent ls within 0.001 inches of the true value. This
is not unreasonable. A probable error one~fourth as large
is then assigned tO/z. ﬂeﬂce/o equals (9.9743 * .00054)
cantimeters. ’ .

Assuming that the errors are independent, the error of
Ekl is @}.il s where

0?33;12 =Z<é§'.g%)‘ﬁn 2, (29)

.

3

The g4 are the error-contributing quantities, fp, 1, and

*The Standard deviation of the mean is multiplied by
0.674%5 to get the probable error for each freguency.
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The value of the energy obtalned from equations (28)

and (29) ig given in Table III with three other recent

detverninations of the X and Lg binding energy difference.

[

The error calculated for Hiq 1s small indecd.

TABLE III

TiE K AND Ly DILDING ENERGY DIFFEREICE FOR DBISMUTH

Eneroy Difference Heasured Dys
7. %90 Kev ¥. Cauchols et i. Hulubei "(10
7Hol%h Kev R, D. [ill et all ##(19)
4. 120%,010 Kev ¥. Cauchois TR )
73.990%.013 Xev The data of Table I and/a.

Little agreement is evidentl in Table III. Although

esults obtained {rom X-ray work seem to be converging

.

the
“on a value, its magnitude does not seem Yo be confidently
nmown as yet. This is not unreascnable, for the precise
moasurement of absorption edges is difficult, and the
results depend upon interpretation somewhati.
Several observations can be made concerning the energy
difference computed from the Q~polnt Irequencles. The

disagreement of Table III can scarcely be due to an uncer-

*The Dulond and Cchen(20) latest (May 1951) values for
Ao/Ns and Ag were used in converting this data.
*%111l and co-workers(l9) used the Dulond and Cohen(20)

values for converting Seigbahn's data(2l).
*¥*ppivate commnication to . Craig(li?).



tainty in bl acies, 1.6.5 %0 a possible systematic
error, for this assumpliion makes matliers worse. If Table
Il were used to infer a correction in the @Q-point frequen-
cles, the I and I lines would have energles mbre nearly
agual, and- the inferred binding energy difference would be
aven less.

*urgn@raoreg the resolving slit diameter is certainly
not in error by an am@unu 3ufficieut t0 explain the dize
crepancy. One migh gue that a/d deternined from the
glit diameter is in error for other reasons.

If the axial position of the source were in error, a
diffez en%/o would then occur. However, it 1s belioved
that the axlal position of the source is known within a few
thousandths of an Inch by direct mlcrometer caliper meas-
urements of the machined parts of the spectrometer. The
accumulated error in these measurements should be no
greater than o few thousandths of an inch. An error much
larger than this 1is reguireé t0 explain the discyepancy.

An epyor inyx’due to an inaemﬂgeneity of the field
does not seem to resolve the problem eitner. This reasone-
ing is as follows. The proton samples are located very
near the center of the specirometer. It would seem reason-
able to assume that an inhomogeneous field would be stfonger'
in these central reglons than at the beta-particle trajec-

tories. (The coll disposition shown in Figure 4 might be



wu’)n

used for such a qualitative argument.) This would nean
weaker flelds at the trajec g (than the {ields measured

by the proton samples). This would mean helices of larpgez
/o, dence higher Qe-point frequencies would be observed
with thie inhomogeneous field.,

This would mean that the actual F and I line kinetic
energies would be less than those inferred from the fre-

oy

guencies of Table I assuming a honmogeneous field. This

whaole line of reasoning presents & nevw dilemma. The sum

)
Q

of the F-line kinetlc emergy (compuited Ifrom the freguencies
of Table I and equatlion (28)) and the largest X absorption-
edge energy given by any of the authors of Table III is at
present over 350 volis less than the precisely known energy
of the gamma~ray.’ Hence this explanation does not seenm

to resolve the dilemaa.,

54111 another factor may be Involved. It would seen
necessary to advance some argunment for assuming that the
exact energies given by absorption~edge measurements are
valid for this calculation, The Thorium-C atom that elects

the internal conversion eleciron is created by beta-decay.
it would seem that the K and Lg energy levels at the time

of conversion might not be those implied by the use of

*This is given as 238.595%v,060 Kev by Klein(22) after
revision due to recent calibrat“cﬁ of the c""vedo
crystal spectrometer(23). Dr. Klein has not yet assign-
ed the error.
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absorption edges 1f sufficlent time does not elapse belween
the beta~ray and internal conversion processes.

The problems of the preceding paragraphs will not be
followed further at this time. There are still too many
unceritainties involved (éue to the newness of the insiru-
mant),and further discusslon would be even more specula-
tive. |

It 1s important to realize that the precision of
future measurements does not depend on the homogenelty of
the spectrometer field. Iumerous sources emitiing gamma-
radiation of precisely lmown wavelength have been measured
with the curved-crystal'spectromsﬁer. With the beta-ray
spectrometer, the ratio between the.momentum of the cali-
brating particles and that of other particles being studled
will be given simply as the ratic of two precisely measured
frequencies. This does not gssume elther a homogeneous
‘field or a magniéude for/O.

On the other hand, if further tests show that the
field can be considered perfectly homogeneocus by assigning
an "effectivefz" 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 exterhal converter
for both éources, it would seem that the calculation of
the energy would not involve an exact knowiedgé of the



absorption edge involved, {for the same energy would be
required to extract the conversion electrons from the
material of both sources. This would appear to remove
some of the difficulties found earlier.

In any event, however, it is believed that the hono-
geneous magnetic fleld beta-ray spectrometer will prove a
nmost useful and precise companion for the curved~crysial

instrunent.
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APPEIDIX X

COILS FPOR REMIOVING THE RADIAL COMPONENTS OF THE EARTH'S
HAGIETIC #IELD FROM THE SPECTROMETIER.

If the length of the side of the flat, square coil of
Figure 31l{a) is given by a, and x is the distance from its
center along its axis, the magnetic induction along the

axis is given by:

(%f ' (30)

B(x) = = ;
w{ge e

fiils is found by superimposing the effects of the four
straight sides of length 3.
Equation (30) has two points of inflection at x = #x3,

wvhere

Tarsy- = 0:0#45 = (31)

{lence by placing two square coils on the same axis
in planes parallel to each other at a distance 2xj = 0.5%4%a
apart, one obitains a uniform field at thelr center. The

magnitude of the field at the center is given by:

B &T 21 &
i = T p - (2(03)9) (32)
SRpbek Wayo+xd (1+x2) A

where rationalized mks uniis are used. This arrangement
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Fig. 31(a)

L
CL5414¥f;51”,r :::}::;:::?

X = DISTANCE FROM CENTER
ALONG AXIS

Y = DISTANCE FROM CENTER
PARALLEL TO COIL SIDE

"IN CENTRAL PLANE
Fig. 31(b)

FIGURE 31. THE GEOMETRY AND NOMENCLATURE OF THE SQUARE
COIL PAIRS.
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is shiown in Figure 31.

Thie currents in these colils are adjusted by means of
a null-indicating wind-driven generator that ls mounted
12.5 inches away from the center of the coils, below the
spectrometer. Ilence it is necessary to know the magnitude-
of the field of the colls at poinis other than their centber
in order to determine the corrections to the indicated null
~value of current.
For the displacements X and y shown in fligure 31

the same superposition process yields the relations:

5. o 21 e
‘ (2 2 2
Der@-af a2 4P
b 2
/2+(%§+o()2 (1+[ <2 #x]%)
- (1+20) 1 1
Jn w8 = o= | (3h)

& ‘ - Ayl 03 ) ' o
Mn%b% 1+ 2\(1+2) s

2
(1~ a-g)

]
L

e

-

+ ' :
b/(l - %)2* 1+ (l»gg}g-l-x‘? 14x @

These formilae are chocked by the fact that they reduce %o

the form given for Begnier 80 X =2 7 = O.
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fhie current corrections computed from (33) and (34

3

become a paxrt in 10,000 of ihe maln spectrometer field ai
spectrometer fields of about & gauss. 8ince magnetic fields
of less than 35 gauss are never used, the corrections have
never been necessary. HDowever, the resuli of vhe calcula-
tion of the correctlons does sefve to assure one of tae
honmogenelly of the field.of>the square coils within the

spectrometer.



TLE DOUDLE-IELITIOLZ SWEEP COILS

Professor Davis?! original calculatlon for the field
of these colls can be outlined as follovs.
Professor W. L. Duythe’s text{2h) gives an expansion

for the vector polentlial of a circuler loop of curreant I

in spherical harmonlcs it is
1 °° 10 pL 1
<A .. S»n }')T 5 &) ( a8y . S

in mks units. The guantlies g and x are the radius vector

{R

and co=-latitude angle of the loop. z and € arc the sphori-
cal polar cgsram‘ézes,

The geometry and nomenclature of the double-ilelmholz
sweep coils are glven in Flpgure 32,

The terms for even n vanish for the symmetricel ore
rangenent of Figure 32, for (msx) is an odd funcihior
sbout /2 vhen n is an oven integer.

llence, one can obvain the f@llowi:qg cxpressions for
the radial component of the magnetic Induction of the set

of four colls shown in Figure 323

T -1 .  nel
78 Sp “/“(s-in“i%[‘?%? "'%"52(%) }P%(eossx)%(m?g«é)

- 12 nt2
rob Be 8/“(8111“)%[%? = %2(% ] ’l(COQK)P (CO»(J’S})
: = & 37
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The n g 3 tern vanishes gverywhere 1T one choosos
x = arc cos 1/N5, since P%(cosuq is zero for this value.
This 4s the usual Helmholz condition.

The effect of the n = 1 term is maée to vanish outside
the ceils by choosing Ilaz = Iébgg Hence, the dominant
term in the expansion for the magnetic induction outside
the colls then varies as the inverse seventh power of r.

‘The actual calculations ave easiest with equations
giving the fields in closed form(Ref.24, p. 270, eq. 7.10
(6 and 7)). In general, complete elliptic integrals are
dnvolved, but the field along the axls is given by a simple
élgebraic expression.
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