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Energy Spectrum of the Beta Rays of Radium E
F. A. Scott, The Rice Institute

Absgtract

The energy distribution curve for the beta ray spectrum
of radium E has been measured. The spectrum was found to
heve 2 maximum at 3.87x10® elect¥on volts and an endpoint
at (15.3440.28)K10% electron volts corresponding to an Hp
of 6604*98. The spectrum was obtained by the magnetic
focussing method and the particles were counted by a Gelger
counter, The absorption of the beta rays in the counter
window was determined and allowed for. The large number of
very low eneryy beta rays found by H. O. Richardson weg not
confirmed. The energy distribution found does not agree
with that of Fermi's theory. The results obtained are com-

pered with those of previous investigators.,

A large amount of work has been done on the distribution
of the energy in the g-ray spectrum of radium E with some
rather conflicting results. Several investigators find that
the spectrum has an upper limit at about 10® electron volts
corresponding to an Hp of about 5200. Among those finding
this are Schmidt} Gray and 0'Leary,® Douglas,® Sargent,*
Feather,® Madgwick,® Gray,”? and Champlon.® Others have found
that the spectrum extends beyond 2 million electron volts
and does not have any definilte upper limit but that the in-

tensity falls to zero asymptotically. Danysz? Curie and



D Espine,*° Yovanovitch and D ‘'Espine,®® and Terroux*®have
found results of this kind., Very recently H. O. W.
Richardson®® has found that a low energy group of P-rays

1s emlitted which was not observed in the previous work.

The present investigation was undertaken to see if these
low energy rays could be detected by the magnetic focussing
method and to determine the energy dlstributlion more ac-
curately.

The A~ray spectrumof radium E was obtained by mag-
netic focussing method and the particles were counted by a
Gelger counter connected thru a three stage amplifier and
thyraetron to & mechanical impulse counter. The mzgnetic
fleld was produced by 2 Welss water cooled electromagnet.
The pole pleces of thls magnet were cylindriczl in shape and
10cm 1n dlameter. The current to the magnet was supplied
from a 110 volt battery and was measured by means of a
Weston standard ammeter which could be read to 0.5%. For
an alr gap of three centimeters it was found that the field
increased nearly linearly with the current. Jurrents
ranging from 0,100 to 5.50 amperes were used, the latter
value producing a field of about 6000 gauss in the gap,.

The strength of the magnetic field was determined by
means of a fluxmeter and search coil. The fluxmeter was
calibrated by means of a2 standard line-turn meter. This
line~turn meter was first checked for accurazcy by connect-
ing it in serlies with ths secondary of 2 standard mutual
inductance. The value of the current thru the primary of
thhie mutual inductance was adjusted each time to such z value

as to produce about the same flux when it was reversed as



did the l#ne-turn meter for a given deflection., The—o-
=s3sn,. The deflectlons produced by each on the flux-
meter agreed to within 0.5%. The fluxmeter was then cal-
ibrated using the line-turn mete r. This was done by
connecting the fluxmeter, line-turn meter, and snatch-coil

of the fluxmeter in ssries and noting the deflections of

the fluxmeter for definite values of the flux produced by the
line-turn meter. The strength of the magnetic fleld was now
determined for vurious values of the current. The direction
of the current thru the mzgnet w=s made such =s to zive the
vroper fleld direction for the m2znetic focussing aplarstus.
The current was then increised to 6,50 umperes znd reduced

to zero so 23 to glve the proper direction to tne residuzl
field of the magnet. The fleld strenzth wzs now dstermined
by tne snuten colil. This w=s done by placing the cciil in the
fielcd wilth 1ts faces parzllel to the pcle nleces, rencving it
from the fleld and then revsrsing 1t =nd sHutting it buck.
From the area und number of turns on the snatch coil and the
calibration orf the fluxmster the value of the field in the gap
for each current was determined. The fluxmeter could be
read to an accuracy of 0.5% with a2 hand magnifier. 21ll the
mezsuridng instruments were kept sufficiently f2r from the mag-
net so that thelr magnetic fields were unaffecisd by it.

A diagram of the apparatus used for obtalining the
spectrum of the(.rays is shown in Fig. 1. The lead block B
fits tightly into the brzss box F and is held in place by a
peg at A. The source of the pg-rays was placed at O and

conslsted of a nickel wire 0,452 mm. in diameter which had






been lmmersed for one hour in a solution of rzdium D from
which the radium F héd been completely removed. The wire ex-
tended along the axis of the zluminum cylinder L which
fitted tightly into the lead block B. & vertical siit 3 mm
wlde was cut in the aluminum cylinder. & brass plate E E,
eXtended from the center of the box to tne side and nzd its
upper edge in line with the radium E source. The slit 82
in the brass pl:ate E,E5> was 8X0.832 mm. and was directly
above the window in = Gelger counter C. a slit of the szme
dimensions as that in the plzte w:s cut in *the glzss tube of
the counter and was covered with cellorhzne of thickness
0.0254 mm. The cellophane w:s cemented to the glass with
Dupont cement diluted with zcetone. Phere was 2 similar slit
in the copper cylinder of the counter directly under the
cellophane window. D i3 zn aluminum partition with =2 slit at
81+ This partition was removeble., The box was lined with
a2lumlnum. The outside daameter of the brass box was 10 cm
and the dlstance from O to S; was nearly four centimeters.
The brass box containing the source was placed between the
poles of the magnet and evacuzted by means of a Highvac

pump which was kept running during the experiments. The
Gelger counter was connected taru a three stage amplifier and
thyratron to a2 mechanical impulse counter capable of counting
125 impulses per second. Counts were made for five minute in-
tervals for various values of the magnetic fleld,

The absorption of the cellophane window —as measured by

observing the counting rates in various fields with additional
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thicknesses of two and four layers of cellophane placed
above the slit 35. Table I shows the counting rate per

minute for various thicknesses of cellophane,

Table I Varlation of Counting Rate with Cellophane Thickness

H ' One layer ;Three layers gFive layers iZGro thickness
(€=1.975) ; ' (caloulated) |
? cm | j
439 51 2.4 - 7ol

573 13.3 Te2 — 19.0
37 2545 17.0 9.8 35.0
914 44,2 30.0 21,6 58.0
1097 65 .0 41,4 33.6 83.C
1274 82.5 60 .9 53.0 101.0
1423 123,0 90.2 TLl.4 148.0
i , !
1619 197.3 146.0 113.3 227.0 l
l__,ﬁ | | | { o |

Curves were then plotted of the counting rate with a given
fleld against the thickness of the cellophane., These

curves were extrapolated to give the counting rates for

zero thickness which are qiven in the last column of tzble I.
Plotting the percentzze absorotion for one layer against Hf
gave 2 straight line over the region investigated and showed
that the eellophane window had no appreciable effect when.Hf
was greater than about 2400, The results obtained with H(D
less than 2400 were corrected for the absorbtion of the cello-~
rhane window,




The amplifler, thyratron a2nd mechanical impulse counter
system was tested for accurzey in counting. This was done by
first noting the residual count; then a small amount of radio-
thorium sezled in 2 glass tube was placed succesgslively at three
dlstances d;, do and dz in front of the counter. The redio-
thorium increased the counting rate by 36, 61, and 77 counts per
minute in the three positions., The radio-thorium was then re-
moved and the counting rate obtained for the B~-rays from the
radium E spectrum for a given value of the magnetic fleld., The
counting rates were also obtzined when the radio-thorium wes
placed in each of the positions dy, dp znd d3. The differences
between the counting rztes witn and without the radlio-thorium
were found to be equal to the rztes due to the raedio-thorium
alone within the limits of statistical error.

The ecuation for the motion of the f-rays along theilr paths
in the magnetic field is

He v- '11_3’1;-_5'

whence Ho = ~masr n SN
—_— = ® T,
6 e = } - ky’z:\/&
¢/
The energy of such rays 1is obgalned from these relations:
\ 7
E - m, ¢° I L erte S
NS . =
299.9 { L e + 00212 Come i Clecivon voiTs
= . ) LSS LR -— [
' U‘ P .< ,\x e /)3

- Z294.% {{Lﬁpﬁ«- \l’lo:).ql‘)z_j z_ \103.&.3
If we put H(D: 1703.41 Tam @ , then 1t can be shown that
V= 510682 i@e.c@- ) j erecivon J¢oiis
In table II are shown three sets of data obtalned for
radium E showing the counting rates for various values of the

magnetic field,
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Table II Counting Rates for Various Values of H

' , : .
(gauss) egg;:;}min~§co§g€;;i1n !ooig:;;iin (ﬁgé. (cofizgied)]
‘ ' corraected) ' i
222, 1.2 1.0 0.9 1,02 1.4 !
375, 740 4.3 33 4,9 6.7
555. 23.0 16.8 15,7 18.5 23,6
720. 47.0 40.0 3843 41.8 5042
901. 100.0 TT.7 80.7 86.1 96,5
1080. 210.3 180.7 173.0 188.0 197.8
1255. 267.0 260.3 249.,0 258.8 258.8
1429, 292,.6 280.0 2T3.7 282,1 282.1
1610. 280.0 2707 25T.T 269.5 269.5
1800. 229,0 219,0 210.3 219.4 219.4
1966. 187.0 170.7 159.0 172.2 172.2
2150. 134.7 123.0 120.7 126.1 126.1
2330. 85.3 T1.7 703 75.8 75.8
2535. 543 " 3940 41.7 45.0 45.0
2685, 335 20.0 1840 23.8 23.8
2865. 20.0 13.8 ' 14,0 15.9 i5.9
3042, 1.0 6.3 5.0 (% T ok
3220. 5.0 3.0 2.0 33 33
3304. - | - % - - o

3600. | - - - - o




The counting rates for each set of data have had the residusl
count subtracted. In columm five is shown the average of

the results for the three sets of data, 1In column six are
the averzge values of the readiq; after they have been cor-
rected for the zbsorption due to the cellophane window., For
values of H grezter than about 3300 the counting rete was

not apnreclably greater than the residual count, The curve
of Fig. 2 represents the data of column six of table II
plotted against the values of the megnetlc fileld H. The
presence of the partlition D in the bress box did not appre-
clably change the end point or tail of the surve, Thig seems
to clearly indlicate that the tail is not due to scattering.
The curve of Flg. 3 shows a set of data obtained without the
partition D in the box. The dotted curve was obtalned with
the partition, It 2ppears that the partition has no effect
near the the end point but reduces the beta rays more at

the low energies than at the high as was to be expected. The
curve of Fig. 2 appears to indiczte an upper limit at a

value of H of about 3400 gauss. A more detzilecd study of
this endpoint is shovn in Fig. 4. This indlcates an upper &%;I’
at H=3380450 gauss. Readings were taken for values of the
megnetic fleld as great as 4500 gauss and no increase in the
counting rate above the residual value was found for any
fleld strength above 3400 gauss, This upper limit represents
an He=6604§98 corresponding to an energy of (15.3440.28)x10°
electron volts., The value of F ased in computing the upper
1imit was one half the distance fron—tXe—gistsnee from the
slde of the wire nesrest 85 to the edge of S5 nearest the .



wire, which was 1.954 cm. In computing the energy dilstribution
curve, however, the value used was one hzlf the distance from
the side of the wire neareat S, to the center of S5, a distance
of 1.975 cm. .

This value of the upper limit 1is higher than that obtalned
by such investigators as Madgwilck, Sargent, Feather and Champion
who obtalned values for the end point from H€=5000 to Hf=5500.
On the other hand Terroux found there was nd definite upper
1imit, while Curie and D‘Esplne and Yovanovitch found a band
extending fronm q,:éooo to Qp=l2000.

The ordinates of the curve of Fig, 2 were divided by H to
give the distribution with respect to Qp and then divided by
sin © to glve the distribution with respect to the energy
which 1s shown in Flg. 5. This curve has 2 meximum at 3.87x108%
@lectron volts. The average value of the energy obtained from
this curve by graphical means is 4,71x10°% electron volts. Fig. 6
shows the experimental curve and the curve obtazined from the
Fermi theory. Both curves have been reduced to unit arez and
the absclssae are proportionzl to the energy instead of being
actual energlea, Since 211 the energy distribution curves of the
simple type of the different radioactive substances are of the
same general form, Fermi's theory should apply to all. He, how=-
ever, points out that the present theory which he has thus far
developed does not apply to radium E. The curve of Fig. 6
shows this to be the casse,

The end point of the s -ray spectrum of redium E has been
estlmated from the effective range of the particles in verious

substances such as paper and a2luminum and has been found to
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be between an Hf of 5000 and 5500 corresponding to an energy
of 10.3 to 10.7x10% electron volts. This method was used

by Schmidt, Gray, Douglas, Feather, and Sargent., A kink
always appears in the absorptlon curve which is taken to be
the effectlive range of the fastest particles in thg sub-
stance. From this it 1s possible to estimate the end point
of the spectrum. It is quite often rather difficult to
detect thls kink accurately in the presence of gamma rays,
Terroux points out that since the energy distribution
spectrum has a sudden inflection at Hp=5000, one would also -
expect a kink in the absorption curve at this point. The
kink does not then indicate complete absorption but only a
sudden change in the absorption. If the right hand side of
the steep portion of the curve in Flg. 5 1s extended to the
axls 1t is found to cut the axis at about a million electron
volts. This, however, neglects the tail which is definitely
present,

Madgwick investigated the spectrum using the magnetic
deflection method and an lonlzation chamber to detect the
particles., He found an upper 1limit a2t about Hf=5°°° which
is conslderadkly lower than the value found above, Champlion
measured the length of the P-ray tracks of radium E in a
cloud chamber. From the tracks examined he concludedgy that
the spectrum has an upper limit at Hﬁ=5500 or about one
million electron volts., Also Gray and O'Leary have estimated

that less than one atom in 25000 emits a ﬁ-ray with an,Hf



greater than 8000§. Denysz, Curle and D'Espine, and
Yovanoviteh and D'Espine usingphotographie plates and mag-
netlc focussing methods find a band extending from about
6000-12000. Likewise Terroux, using the same method as
Champlon, obtailns results which show that the spectrum does
not end at Hp=4900-5500 but has a tail which extends beyond
Hewl2000. He also estimates that only about 44 of the total
number of particles emitted have an Hfgreater than 5000, which
1s in good agreement with the results of the present investi-
gation. The—curves—ocbtzin .

The curves obtained by Henderson** in determining the
end points of thorium C and thorium C' spectra have a tail
and deflnite end point simildr to those observed for radium E
in the present investigation. The curves obtalned by Gurney*®
for radlum ¢ and radium ¢ also have simllar tails and end
points,

In the previous work on radilum E the various lnvestigttivaa
gators who have placedthe end point at values of He from
5000-5500 seem to have assumed that the tail if present was
due to scattering and have neglected it., Since curves
obtained both with and without the partition D in the brass
box of the focussing apparatus in the present investigation
indicate the same end point for the spectrum, the tail can-
not be mesdest®d due to scattering. The few high speed par-
ticles obaerved by Terroux and others at values of He greater
than 6700 may possibly have been due to contamination of the

sourca,



Using a cloud chamber H. O. Rlchardson has found a
group of low energy A-rays for radium E extending from
0.10-0.65x10% electron volts. The numbers of B-rays for
values of the energy in this reglon were greater than the
number obtained at the maximum value of the energy distri-
butlon curve, The present experiments do not indicate the
presence of such a large number of low energy g-rays. The
curve in Fig. 4 only shows a number of g-rays of energy 0.40x108
electron volts equal to about 18% of the meximum number.
This cannot be explained by the absorption of the cello-
phane as this has been allowed for., It is possible there-
fore that most of H. O. Richardsons low energy rays were
secondary rays due to collislions of higher energy rays with
atoms. This posslibility was considered by Richardson but
he thought that the number of low energy rays which he ob-
served was probably too great to be explained in this waye

The writer wlshes to express his indebtedness to
Professor H., A. Willson for suggesting the problem and for

his interest and guldance during the progress of the work,
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Fromthe PHiLosorHICAL MAGAZINE, vol, viii. November 1999,

Double-Valued Chuaracteristic of a Direct Currvent Feed-
Back  Amplirier By Prestox B. CarwiLe, Ph.D
and FREDERIC A.Scorr, M.S., Lehigh University, U.S.A..

A MODIFIED Hartley t direct current feed-back ampli-
{ fying circuit with connexions as shown in fig. 1,
exhibits an anomalous static characteristic under certain
feed-back conditions. [t is the purpose of the present paper
to describe and explain this effect.

Let m be the voltage amplification of the twoi tube
circuit due to thermionic action alone, M the total voltage
amplification due to thermionic and feed-back action combined,
R the external resistance in the plate circuit ot tube 2, » thur
portion of R between the tiliment and the teed-buck tup T,
[, the current through R, B, the grid potential of tube 1.
and B, the portion of E, furnished esternally (as by
potentiometer P), exclusive of the potential due to feed-baclk
action.

.

r R. V. L. [Iartley, ¢ U.S. Letters Patent.” No. 1, 218, 650. See
also van der Bijl, * The Thermionic Vacuum Tube and its Applications,”
p- 257, . R

t It is necessary to use at least two tubesina direct current feed-back
amplitier in order that the feed-back and input potentials may be in

phase.
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Assuming that there is no grid current through tube 1 it
can easily be shown * that

M= m[1+ (ﬁm) + (ﬁm )2 + (l’im)s...]
m

= *7" L T S Y (l)
1— rR™
provided &m <1. Thus the total amylification M approaches

e e . r .
inhinity as R™ approaches unity.

Fig. 1.

S Y Sy

v 3

~
0

First let us consider a * hase” characteristic, i. e.”%one
obtained by pure thermionic action with no feed-back
(r=0). If we plot I, as ordinates and B, as abscisse
(plotting negutive values, however, towards the right) we
shall have u curve of the form shown in fig. 2. It is readily
seen that the slope of this curve is proportional to the voltage
amplification. Hence, in terms of arbitrary units we may
say that the slope is the amplification m.

This base characteristic still applies, even with feed-back
action taking place, since E, is the actual grid potential
whether obtained from an ‘external source or from the
feed-back tap or partly from both.

* Loc. cit.
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Direct Current Feed-Buack Amplifier. 682

Suppose we set » at some fixed value such that on the
»

R

there will be some point A on the lower bend of the curve

steepest part of the base characteristic mm>1. Evidently

Fig. 2,

g ———=

. r .

and another point B on the upper bend where = m will be
S o R

unity, or

ﬁn1A=%{1nn=l, N )|

and I—_I_-L

R = - C (3)
At points A and B the total amplification M is infiniteiy
large. as shown by equations (1) and (2). Thus at point A
an infinitesimal increment of E, toward the right (fg. 2)
causes an increase in I,. Feed-back action supplies an
additional increment to E,’ and this causes a further increase
in I, and so on. This rise in I, does not stop at point B as
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one might suspect ut first, but continues io the point B’
where the tangent from A intersects the upper part of the
curve, since over this whole range

AE/ 1 r

A, m- R’
or - I%AI,, = AE,,

so that the feed-hack action alone supplies the requisite grid
increment corresponding to the current increment.

Fig. 3.

The plate current T, becomes stable, however, after reaching
B’, and remains stable over the whole upper part of the curve
as far down as B, since over this region the slope is smaller

r .
than at B, so that Rm(l, and hence according to

equation (1) the total amplification is finite. It the current
is brought an infinitesimal amount below its value at B it
suddenly drops to its value at A’ where the tangent from
B intersects the lower bend.

If, under the same circuit conditions, we plot the plate
current 1, as ordinates and externally applied grid (negative)
potential E, as abscisse, the characteristic takes the form
hown in fig. 3, which was drawn from experimental dats.
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The slope of this curve, in arbitrary units, is the total
amplification M. The points A, B', "B, and A’ represent
approximately the same respective plate currents in both
fig. 2 and fig. 3. Thus at point A in fig, 2 the slope is
m, such that ﬁm‘ = 1. By substituting this value of m in
equation (1) we sce that the total amplification M, should be
infinite. In fig. 3 it is seen that the slope does approach
infinity at A,

The loop A B’ BA' A in fig. 3 may be traversed counter-
clockwise, but not clockwise since the transitions from A to
B’ and from B to A’ are sudden und irreversible. The other
portions of the curve A’ A and B B’ are stable and reversible,
[t will be seen that for every externally applied grid potential
hetween A’ and A the plate current may have either its
value on the lower bend between A’and A or its value on
the upper bend between B and B’. Thus previous history
determines which value of plate current obtains at any
particular value of externally applied grid potential.
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AUTOMATIC NEUTRALIZATION OF THE VARIABLE
GRID BIAS IN A DIRECT CURRENT
FEED-BACK AMPLIFIER

By PreEstoN B. CARWILE AND F. A. Scorr

ABSTRACT

In a simple direct current feed-back amplifying circuit it is necessary to readjust the input
grid bias each time the amplification is changed. A modified circuit is described whereby
this difficulty of operation is eliminated.

A Hartley* resistance coupled feed-back amplifier, adapted to direct
current operation, is shown in Fig. 1. In practical use as an amplifier,
however, this circuit has an objectionable feature. It is the purpose
of this paper to describe this feature and show how it may be elimi-
nated.

_ —“——- - 1—-—"__-1
— .
Ny
I
i ; !
i i .
S ] [
i i . R
' 1
T+
| ‘ -
i ———— s - g

l
F1G. 1. Direct current feed-back amplifier without automatic neutralization of the
variable grid bias.

In Fig. 1, potentials impressed upon the grid of the left hand tube by
means of a potential divider P (or other source, such as a photo-

* R. V. L. Hartley, U. S. Letters Patent No. 1218650. See also Van der Bijl, “The Ther-
mionic Vacuum Tube and its Applications,” p. 257.

203



204 CARWILE AND ScoTT [R.S.I, 1

electric curcuit) are amplified thermionically by the two tubes and by
feed-back action through the tap T so that larger output potential
differences are obtained across the high resistance R. The amplification
may be changed at will by moving the position of the tap 7. A move-
ment of the tap T, not only changes the amplification but it a/so changes
the bias potential of the input grid and hence the operating region on the
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Fic. 2. Characteristic curces obl.sined without automatic neutralizstion of the warible grid bias.

characteristic. This change of bias can, of course, be compensated by
means of the potential divider but it is obviously undesirable to have to
readjust the input grid bias every time the amplification is changed.
In Fig. 2, curve . showsa characteristic without feed-back action.
Curves Band Care obtained with different amounts of feed-back. Suppose
the amplifier has been operating near the center of the straight portion
of curve ., with an applied grid bias of some 1.5 volts. Now if it is
desired to change the amplification, say to that given by curve B, a
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proper adjustment of T will give the desired characteristic but the orig-
inal grid bias of 1.5 volts throws the operating point away above the
knee of curve B so that it becomes necessary to lower the grid bias to
about .5 volt in order to get near the center of the straight portion of
curve B.

Fig. 3 shows how the amplifier may be modified so as to eliminate this
difficulty. Suppose a battery B, whose voltage is low as compared with
that of By, isinserted in the plate circuit as shown. Let a resistance r in
series with a galvanometer G be shunted across B;and a part of the plate
resistance R. Let the sliding contact on resistance R be moved to a point
such that the galvanometer shows no deflection. Such a point can always

-_——_I ey , j . —
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F1c. 3. Direct current feed-back amplifier with automatic neutralization of the
carsable grid bius.

be found provided the voltage of B. is less than the voltage drop across
R. Now, since no current flows through r it obviously has the same po-
tential throughout. A feed-back tap T may, therefore, be moved at
will along r without in any way affecting the grid bias. It will also be
seen that this tap is still effective for feed-back action since a change in
the plate current will cause a current to start through r and thus change
the potential of 7.

Fig. 4 shows three characteristics obtained by an amplifier essentially
the same as the modified circuit shown in Fig. 3. Curve A’ is the
characteristic without feed-back. Curves B’ and C’ were obtained with
different amounts of feed-back. These curves were obtained for quali-
tative purposes only and as such they show that within the experimental
error they all intersect at a common point approximately at the center
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of the straight portion of each one. Thus the slope of the characteristic
fi.e. the amplification) may be changed at will by moving tap T (Fig.
3) withowt changing the grid bias or the operating region on the character-

istic.
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F16. 4. Characteristic curves obtained with automatic newtralization of the variable grid bias.

If for any reason it is desired to operate in some region of a character-
istic other than near its center, the input grid bias is first set to give a
point on curve A’ (Fig. 4) in the operating region desired, and then the
sliding contact on resistance R (Fig. 3) is adjusted to give no galva-
nometer deflection. The tap T (Fig. 3) may now be moved at will to
obtain any desired amplification, without further adjustment of grid
bias and without leaving the initial operating region.
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The energy of the most intense beta-ray line from radium
B has been measured and found to be 2.6145 X 10° electron-
volts, taking ¢/m to be 1.760 X107 e.m.u. per gram. The
value of /o for this line was found to be 1931.8 gauss cm.
The spectrum was obtained by the magnetic focussing
method and the magnetic field was measured by the

Cotron balance method. All measurements were made to
within one part in ten thousand and it is hoped that the
error in Hp is not greater than this. The value for the
energy of course depends on the value of ¢/m and hence
may be in error by about one part in one thousand.

INTRODUCTION

N 1924, Ellis and Skinner! determined the
energies of the 3-ravs from radium B and
they believed the results accurate to one part in
five hundred. Recentiy further experiments have
been done on these rays by Ellis.2 The results of
these experiments show that the 1924 values are
too high by about one part in 150. For the most
intense B-ray from radium B in 1924 Ellis and
Skinner obtained a value of Hp of 1938 gauss cm.
(H is the magnetic field strength, and p the
radius of curvature of the path of the ray.) The
recent results give the value of Hp for the same
line as 1923.5 gauss cm. The present experiments
were undertaken with the object of determining
the value of Hp for this line with greater accu-
racy. All quantities have been measured to
within one part in ten thousand and it is hoped

that the value of Hp is not in error by more
than this.

! Ellis and Skinner, Proc. Roy. Soc. A10S, 165 (1924).
2 Ellis, Proc. Roy. Soc. A143, 350 (1934). .

APPARATUS

The 3-ray spectrum of radium B was obtained
by using the magnetic focussing method. The
magnetic field was produced by a large perma-
nent cobalt steel magnet. The poles of this
magnet were square and 10 cm on each edge.
The faces of these poles were ground until they
were nearly flat. Pole pieces of mild steel were
then placed in contact with the poles of the
magnet. These pole pieces were cylindrical in
shape, had a diameter of 15 cm and were 7.5 cm
long. The surfaces of these pole pieces were flat
to about one-thousandth of an inch. The faces
of the pole pieces were adjusted parallel and then
made vertical by means of a plumb line. The
gap between them was 2.4 cm long. With the
field used, 1282 gauss, the permeability of the
pole pieces was about 1000 so that the field was
assumed to be horizontal in the gap.

The strength of the magnetic field was meas-
ured by the Cotton balance method.? The
Cotton balance consists essentially of two parallel

3 Cotton and Dupouy, Congrés International d'Elec-
tricité, Vol. [II, Sec. 2 E, 208 (1932).
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vertical conductors connected at their lower ends
by a horizontal conductor. These conductors are
hung from a balance so that the horizontal
conductor is perpendicular to the horizontal
magnetic field to be measured. A measured
current is passed through the conductors and the
force on the horizontal conductor is measured
with the balance. If the parallel conductors are
exactly vertical, there is no vertical force on
them so that the force measured by the balance
is equal to the force on the horizontal conductor.
The effective length of the horizontal conductor
is equal to the distance between the two parallel
vertical conductors. In this experiment these
vertical conductors are supported by an optically
worked glass plate so that they are very exactly
straight and parallel. According to Cotton this
method is capable of measuring the magnetic
field with an accuracy much greater than one
part in twenty thousand. It is therefore superior
to the induction methods used by Ellis and
others with which it is difficult to get an accuracy
of one part in one thousand. The errors in the
induction method are probably due to the diffi-
culty of making coils of exactly known areas.
In the Cotton balance the distance between the
vertical conductors is comparatively easy to
measure.

—

F1c. 1. Conductor support for Cotton balance.

SCOTT

An optically worked Pyrex glass plate 303
X0.45 cm was obtained from the Gaertner
Scientific Company. The two long edges were
plane and paraliel to within one-five hundredth
of a millimeter for a distance of 15 cm and then
parallel to within one-one hundredth of a miili-
meter for the remainder of the distance. Thin
silver strips of uniform thickness were fastened
very closely to the sides of the plate with shellac
and joined at the bottom. The strips were held
very tightly against the glass in a specially
constructed press while the shellac dried so that
no appreciable thickness of shellac remained
between the silver and the glass. Both sides of
each silver strip formed a good plane mirror. At
the top of the plate aluminum strips K and K’
(Fig. 1) were held tightly against the silver by
an ebonite block 1°. The upper ends of these
aluminum strips were fastened to another ebonite
block Q. From this second block extended two
other aluminum strips T and T’ which were
attached to one arm of a sensitive balance.
These aluminum strips fitted into supports on
the balance which, when lowered on the knife
edge of the balance, permitted the plate to swing
freely both in the plane of the plate and in the
plane at right angles to the surface of the plate.
Light tin foil strips were attached to the alumi-
num strips K and X’ at the block Q to supply
current to the silver strips on the plate. These
strips of foil were hung in vertical planes parallel
to the horizontal component of the magnetic
field (2.5 gauss) and brought out to an ebonite
block placed in front of Q and at the same height
as Q. The tin foil strips were about 10 cm long.
The ends of the strips were at the same level but
the middle points were about one centimeter
below the ends. It can easily be shown that the
very small resultant of the forces on the balance
due to the action of the magnetic field on the
current in these strips remains unchanged when
the current is reversed so that no error is intro-
duced by this force. Permanent connections were
made to this third ebonite block by twisted leads
coming from a reversing switch. The balance
was mounted on a track above the magnet at
such a height that the bottom of the glass plate
came to the center of the pole pieces. By sliding
the balance on the track it was possible to move
the glass plate into or out of the field as desired.
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The plate was surrounded by a brass box at-
tached to the bottom of the balance case to
prevent air currents from disturbing it. A mirror
was mounted on the main knife edge of the
balance and its deflections were observed by a
lamp and scale about two meters from the mirror.
The balance had a sensitivity of 19.5 mm per
milligram and the scale could be read accurately
to 0.2 mm by a hand magnifier. Since the value
of the force measured was 200 milligrams, it
could easily be measured to less than one part
in ten thousand. The balance was so arranged
that it could be rotated about a vertical axis
through the center of the plate in order to
determine the position of the plate for maximum
force when the plane of the glass plate is per-
pendicular to the magnetic field. The plate was
made vertical by a plumb line.

The current to the balance was supplied
through a reversing switch which moved a lever
and placed 2 200 milligram weight on top of the
glass plate when the current was reversed. The
switch was attached to the base of the balance
and was made so that the current in it gave no
appreciable field. By the use of this arrangement
the weight could be put on top of the glass plate
and the current reversed without lifting the
planes off the knife edges on the balance beam
and without seriously disturbing the balance
when the current was properly adjusted. The
weight was of platinum and was standardized
at the Bureau of Standards and had a value of
199.9940.01 milligrams. It had not been re-
moved from its box since it was received.

The current to the glass plate was supplied by
a lead storage battery. This battery consisted of
two six volt 160 ampere hour capacity lead
storage batteries connected in parallel. The
batteries were first fully charged and then
allowed to discharge until the voltage was nearly
steady. Such a combination gave a very steady
current.

The current to the plate was measured by
means of a standard resistance and a Leeds and
Northrup potentiometer with standard cell. The
coils and slidewire of the potentiometer were
tested for resistance variations and were found
to be of the value designated. As a final check
the three standard cells were checked against
each other by means of the potentiometer and

the potentials of the cells as measured by the
instrument agreed with the certified values to
less than one part in ten thousand. Two standard
resistances furnished by Leeds and Northrup
were used. One resistance was checked against
the other in order to determine if any damage
was done to either resistance during transit. The
resistances each had a value of 4.0001 inter-
national ohms at 25°C correct to within 0.005
percent. The resistances had very small temper-
ature coefficients which changed sign at about
25°C showing that the resistances had flat mini-
mum values at this temperature. Since all
measurements were made between 23°C-and
25°C, it was not necessary to correct the re-
sistances for temperature variations. It is scarcely
necessary to mention that manganin standard
resistances usually have the above characteristics
which are in no way exceptional. These re-
sistances were calibrated by the Bureau of
Standards in February, 1934. The standard cells
were calibrated by the Bureau of Standards in
February, 1934, and were accurate to 0.01 per-
cent at 24°C. Three such cells were used whose
e.m.f.’s were, respectively, 1.01883, 1.01884,
1.01885 international volts. Since the relative
values of these cells agreed with the Bureau's
values to within one part in ten thousand it was
assumed that the cells had not been damaged
appreciably in transit. All measurements of
length, current, etc., were done in two rooms
whose temperature was maintained between 23°C
and 25°C. With the small temperature variation
it was unnecessary to correct the values of the
resistance, standard cell potentials, or measure-
ments of length for temperature variations to
obtain the desired accuracy of one part in ten
thousand. The current to the plate was adjusted
to 0.25 international ampere in order to give the
proper force in the magnetic field for the given
weight.

The value of the acceleration of gravity used
in determining the force from the standard
weight was furnished by Dr. Blau of the Research
Department of the Humble Qil and Refining
Company, of Houston. This value of g is 979.28
cm/sec.? and is much more accurate than is
necessary for the present experiments. It was
determined by taking the value of g at a govern-
ment station near Houston and correcting it for
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F1G. 2. Apparatus for measuring magnetic fieid variations.

the difference of position using the experimentally
determined gravity gradients over the region in
question.

The wvariations in the magnetic field were
determined by means of a small coil of 1000
turns and diameter of 0.90 cm. This coil was
attached to a high sensitivity low resistance
galvanometer used as a fluxmeter which gave a
aeflection of 1 mm for a change of 0.094 gauss
through the coil. The apparatus shown in Fig. 2
was designed to measure the variations in the
field along the actual path of the 3-rays. The
large brass disk D was 15 ¢m in diameter and
was fitted tightly over one of the pole pieces by
screws through the blocks W;, W., Wi The coil
E was fastened onto a smaller disk F which was
so placed on the larger disk that if F were
rotated 180° clockwise by the handle R the
small coil followed the actual path of the 3-ravs
in the magnetic field from M wo O (Fig. 7). A
small plug .V was fastened to the side of F and
by the use of a series of properly spaced stops
screwed into the larger disk D it was possible to
flip the coil through a small angle. Two of these
stops, L; and L., are shown. The stops were so
spaced that the coil could be flipped through an
angle of 30° at a time and thus determine the
difference in the strength of the field at two
points on the electron path. The coil was placed

SCOTT

initially at M and rotated along the path 1o O.
By rotating the large disk D through 180° the
field variations along the path from O to [’
could also be mapped. The curve shown in Fig. 3
gives the angular variations of the field along
the electron paths. 6/ represents the variations
in the field from point to point in gauss, and 6
is the angular distance along the path of the
B-rays. The portion of the curve to the left of
the axis gives the variations along the curved
path O.M and that to the right of the 6H axis
gives the variations in the field along the path
oM’ (Fig. 7).

The bottom of the glass plate attached to the
balance for measuring the field came to O and
extended for a distance of 1.5 cm on either side
of O. Since the plate measured the average field
over this distance and the field at O is desired,
it was necessary to measure the variations in the
field along the horizontal line through O. This
was done by mounting the small coil on a bar
which could be slid across the disk D. A plug in
the side of the bar moved between stops 1 cm
apart screwed into the surface of the disk. The
curve of Fig. 4 gives these variations. The coil
was placed at 4, a distance of 1.5 cm from O
and slid over a distance of one centimeter and
the variation determined. The stops were then
adjusted and the variation for the second centi-
meter obtained. A similar observation was made
for the third centimeter. The average value of
0f obtained from this curve is +0.06 gauss.
The average field 2 measured by the glass plate
is equal to the field at A plus the average 6H,
or H=H,+0.06 gauss. Since the field at O is
+0.17 gauss greater than H,, we get finally
Ho=H+0.11 gauss.

Hartree® has shown that if the magnetic field
is not constant over the g-ray path, then the
same point of impact would be obtained on the
photographic plate by the electrons in a field of
strength H given by H=FHo+1/ sin 66H dé
where the integral extends over the path, Hp is
the field at the 3-rav source, § is the angle
turned through from the initial direction of
propagation, and 6/ is the variation in the field
from the point to point along the path. By
plotting sin 66H against 4 a curve is obtained for

¢ Hartree, Proc. Camb. Phil. Soc. 21, 746 (1923).
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of 3-rays.
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Fia. 4. Variations in magnetic field across center of field.

each path, half the area under which gives the
Hartree correction. Such a curve is shown in
Fig. 5 and is obtained from the angular variation
curve in the following manner. The point where
the angular variation curve crossed the §H axis
represents the field at 0. The variations of §H
with respect to O are then computed by taking
the difference between the 8 at O and that
corresponding to some particular point on the
path of the g8-ray. Knowing the variations with
respect to the field at O, the Hartree correction
is easily plotted. The correction for the path O/
computed from the curve is —0.383 gauss; that
for the path O)M’ is —0.112 gauss. The average
correction for the two paths is —0.248 or —0.25
gauss. The equivalent field is obtained from

H=Ho+%f sin 886f1 d6

=H+0.11-0.25
=H—0.14.
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F1G. 5. Hartree correction curve for magnetic
field variations.

Thus —0.14 gauss represents the total correction
which must be applied to the average field
computed from the balance reading to obtain
the equivalent field for the 3-ray paths.

The equation for the motion of the 3-rays
along their paths in the magnetic field is

Hee=mv*/p
whence
myv  mg v

The energy of such rays is obtained from these
relations:

E=moc*{1,(1—2*'c¢)t—1) ergs
V'=299.8{[(IIp;*+ (cmo e)*J — (cmo e) le. V.
=299.8 {[(Fp)*+ (17034121 — 1703.41].

The value of H is computed from the force and
current used by the relation H= F/(i,+i)l
where 7, is the value of the current before
reversal, i the value of the current after reversal,
! the mean distance between the centers of the
silver strips on the two sides of the glass plate
and F the force measured with the balance. The
current through the balance was expressed in
absolute electromagnetic units and the value of
the force was determined from the standard
weight and the acceleration due to gravity. In
computing the energy of the 3-ravs the values
C=2.9980X 10" cm/sec. and e/m=1.760X10?
e.m.u. per g were used.

The radius of curvature p was obtained by
measuring the spectrum obtained on the photo-
graphic plates used in the apparatus (Fig. 7)
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Fi1G. 6. Apparatus for measuring width of glass plate.

Fic. 7. Magnetic focussing apparatus for obtaining
spectrum.

that is subsequently described. All measurements
of length were made with a Gaertner comparator
on which one scale division on the wheel corre-
sponded to 0.0001 cm. Since only the ratio of
lengths is required, it was not necessary to check
the comparator against a standard of length.
All measurements of length were made near the
center of the screw of the comparator. For the
desired accuracy of one part in ten thousand it
was not necessary to consider possible errors in
the screw.

The width of the glass plate without and with
the silver was measured on the Gaertner com-
parator with the device shown in Fig. 6. Y, and
Y, are brass blocks that are fastened to the bed
plate of the comparator by blocks, 75 and /.
I, and I, are soft steel rods with rounded points
that slide in holes in the blocks. Back of each of
these rods in the holes is a light coiled spring
I; or I,. The glass plate W was fastened to the
bed plate of the comparator and the blocks Y,
and Y. adjusted until the points of the rods were

SCOTT

just in contact with the edges of the plate but
not pressed against the plate with any appreci-
able force. When the points were in contact
with the edges of the plate, the image of these
points could be seen in the plate. The cross hair
of the travelling microscope of the comparator
was then set on the junction of each of these
points with its image and thus the width of the
plate was measured. After the silver strip was
applied to the plate similar measurements were
again made. The silver strip had sufficient polish
to give a good image of the points. This method
gives the distance between the parallel reflecting
planes and no error would be introduced if the
points penetrated into the silver but the points
were rounded and did not penetrate appreciably.
In making these measurements, the plate W and
the steel points were illuminated from above.
Measurements were made on the width of the
plate throughout its entire length. but the
average of the measurements over only the first
half of the length was used in computing the
length of the current. This distance represents
a portion of the plate, 7.5 cm of which are within
the gap and 7.5 cm of which are outside the gap.
Table I gives the measurements for the plate

TaBLE L. Measurements of plate with and without silver strips.

Distance from

bottom of Width of plate Width of plate
plate alone with strips
End 3.07105 cm
1.5cm 3.07109 3.09310 cm
3 3.07104 3.09434
5 3.07104 3.09424
7 3.07121 3.09416
9 3.07103 3.09433
11 3.07108 3.09312
13 3.07106 3.09443
Av. 3.07107 cm Av. 3.09399 cm

alone and for the plate with the strips for the
same 15 cm of length. Each measurement repre-
sents an average of four readings. The average
length of the current was obtained by taking the
average distance between the centers of the
silver strips and was 3.08233 cm which is
probably accurate to within one part in ten
thousand.

The average values of the widths with and
without the silver strips are practically equal to
the widths at 7 cm from the end of the plate
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where the magnetic field changes rapidly. The
widths near the lower end of the plate and
above 7 cm where the field is weak are not
important. It was considered, nevertheless,
proper to use the average width because small
variations in the width may be due to errors in
the measurements rather than to real variations
in the width. The average deviation from the
mean of the width without the strips is very
small and that with the strips is 0.00050 cm so
that the average deviation from the mean in the
distance between the centers of the strips is
0.00025 cm or about one part in ten thousand.

In Table II is given a sample set of data
observed for computing the value of H by
means of the balance. E, and E, are the potenti-
ometer readings across the standard resistance
before and after reversing the current through
the balance. The quantity é represents the force
that must be added to that cf the standard
weight to give the proper force. If the current
had been of such a value as to give a force on
reversal exactly equal to that of the standard
weight, then 6 would have been zero.

TABLE [I. Sumple set of data.

Reading of balance before reversing current =24.05 ¢m
Reading of balance after reversing current=23.43 cm
5 =0.318 milligram
E, =0.99270 international volt
E:=0.99290 international volt
1 =0.24816 international ampere=0.024813 abs. e.m.u.
12 =0.24821 international ampere =0.02481$ abs. e.m.u.
Fe.F__ _(0.19999+0.000318)979.28
" (i+i)i - (0.049631) X 3.08253
Subtracting the correction from this value of H gives
1282.17 -0.14+=1282.03 gauss.

=1282.17 gauss

A diagram of the apparatus used in obtaining
the spectrum of the B-rayvs from radium B is
shown in Fig. 7. The brass block C, C, has a
small hole drilled through it at O in which the
source was placed. The source consisted of a
platinum wire 0.25 mm in diameter which had
been activated by exposing it to the emanation
from 20 milligrams of radium. P P are ordinary
process plates whose sensitive surfaces are in
line with the source at O. These plates are held
firmly in place by clamps C;, C. C;, Ci. Si, Sa,
S, S, are adjustable slit jaws. Slots were cut in
the block as indicated by the dotted lines. By
using a frame of this type two lines are obtained,
one on each photographic plate. The lines at 3/
and M’ are produced by the 3-rays which

describe semi-circular paths as shown in the
diagram. Since the outer edges of the lines are
very sharp, the radius of curvature of these lines
can be readily determined by subtracting the
diameter of the wire at O from the distance 3’
and dividing by four. This distance M1’ was
about six centimeters in the field used. The
lines were near the middle of the photographic
plates and the possible shift due to drving the
film was considered negligible. It was measured
with the comparator; one line was seen directly
and the other through the photographic plate
and the slot in the block. The frame was placed
in a brass box on two pegs which came through
the frame at A and B. .

The box was tested for magnetic impurities.
This test was made with a coil of diameter 2.5
cm and 2730 turns connected to a fluxmeter
which gave a deflection of 1 mm for a change of
field of 0.05 gauss through the coil. This coil
was mounted in the center of the air gap of the
permanent magnet while the brass box and cover
were placed in the gap, one part on either side of
the coil, and then withdrawn. The net change
in the flux through the coil was zero as shown
by the fluxmeter, indicating that the material
did not change the field appreciably. The brass
box surrounding the glass plate on the balance
was also tested in a similar manner by placing
the box about the coil and then removing it.
It also had no effect on the field.

The box containing the frame was placed
between the poles of the large permanent cobalt
steel magnet and exhausted by a Hypervac
pump. The plates were exposed for three hours,
the life of the active deposit, and then developed.
This was accomplished by immersing the entire
frame in the developer. It was found that the
plates gave the best results when developed in
process developer for 4+ or 5 minutes and fixed
and washed in the usual way. After they had
dried they were measured with the Gaertner
comparator and the value of p, the radius of
curvature, determined. The average value of p
obtained in this manner may be used since the
field over each path is nearly the same. The
following values of p were obtained with different
plates over a period of two months: 1.50704,
1.50669, 1.50684, 1.50705, 1.50667, 1.50675. It
will be seen that they agree very closely. This
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indicates that the magnetic field remained very
constant, which is no doubt due to the fact that
the magnet was kept at nearly constant temper-
ature,

The results listed in Table III give a series of
values for p and H obtained at neaily the same

TasLE L. Values of H and p.

b7 4
1282.03 gauss 1.50668 cm
1282.04 1.50705
1282.08 1.50668
1281.92 1.50701
1282.04 1.50675
1282.00 1.50086

Av. 1282.02 gauss Av. 1.50684 cm

times. The last figures in these values have little
real significance but were 1etained to avoid errors
in the computations. The values of H have had
the correction —0.14 gauss applied to them.
Using the average values of H and p obtained
one gets a value for F{p =1931.80 and an energy
E=2.6145X10% electron volts for the particular
B-ray under consideration taking e/m equal to
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1.760X 107 e.m.u. per gram. The value for the
energy found depends on the value of e/m
assumed and so may be in error by about one
part in one thousand.

The probable error in the value of H computed
in the usual way is £0.00016 and that in the
value of p is +£0.000044 so that Fp=1931.80
=+0.12. This method of measuring H has the
advantage of using only that portion of the
magnetic field within 3 ¢cm of the center of the
pole pieces where the variations in the field were
very small. Likewise by using two semicircular
paths it was possible to employ twice as strong
a magnetic field as if only one semicircular path
had been used. Cotton mentions that his balance
method seems to give values lower than induction
methods {or measuring magnetic field strengths
by 18 parts in ten thousand. If this is true then
the result obtained for Fp may be lower than
that to be expected from induction methods.

The writer wishes to express his indebtedness
to Professor H. A. Wilson for suggesting the
problem and for his interest and guidance during
the progress of the work.



