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ABSTRACT

A semi circular focussing spectrometerhhas been
built to examine beta spectra in the energy range below
100 Kev. The detection of the beta particles is accom-
plished by means of Geiger counters filled with the satur-
.ated vapor of liquid heptane (C7H16) kept in a bath of
melting ice. The windows of the counters are made from
thin films of zapon about 5 to 8 micrograms/cm2 in thick-
ness. The seurces are mounted on similaf films approx-
imately 10 micrograms/cm2 and have an average total thick-
ness of the order of 30 micrograms/cmz. The combination of
thin source and thin windows enables measurements of spectra
to be'made down to an energy . of2Kev.

An examination of the beta spectrum of RaD (82Pb210)
with the spectrometer has been carried out. It consists of
L, M’and N conversion lines of a 47 Kev gamma ray, a peak at
about 3 Kev assigned to conversion of a 7.7 Kev gamma in the
M shell of the atom, and a primary beta spectrum. A Kuriel
plot of the primary beta spectrum yilelds an end point of
21.77 Kev. In addition there are two weak conversion lines
at 18 and 21 Kev which are tentatively assigned to the L

conversion of gamma rays of 34 and 37 Kev.
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THESIS

THE OPERATION OF A LOW ENERGY BETA-RAY SPECTROMETER
AND THE MEASUREMENT OF THE SPECTRUM OF RADIUM D

A scmi-circular focussing spectrometer has been built to examine beta spectra
in the energy range below 100 Kev. The dectection of the beta particles is
accomplished by means of Geiger counters filled with the saturated vapor of
liquid heptane (C;H,) kept in a bath of melting ice. The windows of the
counters are made from thin films of zapon about 5 to 8 micrograms/cm? in
thickness. The sources are mounted on similar films approximately 10 micro-
grams/cm?, and have an average total thickness of the order of 30 micrograms/cm?®.
The combination of thin source and thin windows enables measurements of
spectra to be made down to an encrgy of 2 Kev.

An examination of the beta spectrum of RaD (Pb®®) with the spectrometer
has been carried out. It consists of L, M, and N conversion lines of a 47 Kev
gamma ray, a peak at about 8 Kev assigned to conversion of a 7.7 Kev gamma
in the M shell of the atom, and a primary beta spectrum. A Kurie plot of the
primary beta spectrum ylel(ls an end point of 21.7 Kev. In addition, there are
two weak conversion lines at 18 and 21 Kev which are tentatively assigned to the
L conversion of gamma rays of 34 and 37 Kev. A tcntative analysis of the decay
scheme of RaD is given. ’
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I
INTRODUCTION

As soon as it was realized that radio-active subst-
.anées emitted charged particles with a wide range‘of velocity,
. attempts were made to analyze the velocity distribution using
a magnetic field. The simblest method, that of collimating a
beam of particles by slits and observing the small deflection
caused by a transverse field with photographic methods, proved
quite successful with alpha particles. It was first used with
a source which emitted beta particies by Baeyer and Hahq.l

| Here the angles of deflection were large# than with aipha par-
ticles, but were not greater tﬁan,60°. The photographic plate
showed a number of lines indicating that the electrons did not
leave the source with a unique veloclity but rather were emitted
in gxoups,vgach with a different'velocity. Such an analysis of
the velocity distribution of thé é;ectrons waS'called.a,beta~
ray spectrum, | |

| This method of determinihg the beta-ray spectrum of
';é substance was obviougly limited in its resolving power since
only by improving the collimation could the 1ines‘be made
narrower. The collimation could only be improved at the ex-
pense of intensity, necessitating stronger souﬁces or longer
exposures to get usable results. The way out of the difficulty

was to devise some method»of focussing the electrons so that

1. G. Baeyer and O. Hahn: Phys. Zeit. 11, 488, 1910.



the image on the plate would be smaller than the exit slit of
the collimating system.

;This_waspdone;by,Danyaza who pointed out that 1f two
eéual‘circles were d;awn'about two points separated by a small
fraction of a radius‘the circles would infersegt at points
diamétrically oppqsite; Thén, since eleptrén;paths in a uni-
form magnetic_field'are pirc;es whose radii depend on the
momentum of the particle and the strength of the field, focus-

sing could be obtained by ailowing‘electrons to travel through

a semicircle before striking the photographic plate. In Fig.l,

electrons starting from the source S at an angle A with each
other are seiected by the baffle and“brought,tOgéther to strike
neér the same point of‘the ﬁlate. Elec;rons of greatef 6rlless
momentum are brought to a focus at further or nearer parts of
the plate. It is obvious that the focussing is not perfect for
a finite baffle slit. The central ray in Fig.l will not hit |
the photographic plate at exactiyﬁthe éame,5pot as the two
outer rays. | |

This samicircular focussing spectrograph was used
by many workers, notably Rutherford and Robinson3 to determine
the momenta of a number of lines in the beta-ray spéctra of
most of the naturally radio-active elements. Ordinarily the
lines are referred to by the quantity Hr (in géussfcms) from
which the energy can be obtained by use of the relativistic )

formula

2. J. Danysz: Comptes Rendus 22, 339, 1066 1911.

19133. E. Rutherford and H. Robinson' Phil.Mag. (6) 26 7117,

2



Hr = 10%/3 /T(T+1.02)
:where T is the energy of thehparticies in Mev and r is the radius

in em. of their orbit in a uniform field of H gauss. A non-

relativistic approximation good to a few percent below 50 Kev is

Hr = 3.37 [E

where E is the energy of the slectrons in volts.

The first modification of the method was the sub-
stitutionfof an electrical method of detection for the photo-
graphic plate. A Faraday cage,4 an ionization chamber,5 or
later a Geiger couﬁter was placed behind an exit slit and the
magnetic field waé varied to change the energy region being'
investigated. This spectrometer was an improvement since'with
photbgraphic detection the resolution, dispersion and focussing
changed frém one end of the plate to the other.

5

With such a spectrometer Chadwick” proved that in
addition to the groups.of-electrons of discrete energies there
~was a continuous distribution so that a.normal spectrum appeared
as in Fig.2. Rutherford e_i:.al.6 proved that the discrete groups
were of secdndary origin by wrapping foils of various metals

around the cylindrical source in a beta ray spectrograph. When

the foils wers thick,enough to stop all electrons from the source

4. E., Gurney? Proc. Roy. Soc., Al09, 540, 1925.
5. J. Chadwick: Verh.d.D.Phys.Ges., 16, 383, 1914,

6. E. Rutherford, H. Robinson and Rawlinson: Phil.Mag.,
28, 281, 1914, ‘
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FIGURE 1.
ILLUSTRATION OF SEMICIRCULAR FOCUSSING

INTENSITY

FIGURE 2.

A NORMAL BETA SPECTRUM



a line spectrum was still observed.

From-these and other experiments a comprehensive theory
of beta-ray spectra was built up. The electrons emitted during
the disintegration of radio-active nuclei: had a cohtinuous dis-
tribution of energy. The daughter nucleii were usﬂally left.in
an excited state and gave up more energy by emitting_gamma rays
or by ejecting electrons from the K, L, etc, shells of the newly
formed atom. In Fig.2 it is indidated.thét a strong line in a
beta-spectrunm is éften accompanied’by a weaker satellite line
or lines. If the binding energy of a K electron of the daughter
atom is added to the enérgy of the most intense line, an L to
the next, and S0 forth, a constant energy valué is obtained
which usually corresponds to the energy of a known gamma ray.
The gamma ray is said to be partially internally converted andj
the peaks in the beta-ray spesctra arelknown as conversion lines.

The continuous distribution of the disintegration
electrons presented great difficulties in regard to the conser-

vation of energy, particularly when it was shown that the energy

4,

available corresponded to the maximum energy of the beta partiéles.

A detailed theory of beta disintegration was given by Fermi7 in
which he éssumed that a disintegration was a three body process_'
with another particle, called a neutrino, being emitted with the
electron. The properties of the neutrino were éssumed to -be such
that its detection was difficult, if not impossible.‘ The charge

was zero. The mass was presumed to be very small. Indeed, on

7. E. Fermi: Zeits fur Phys. 88, 161,-1934.V



the basis of experim.ents8 on the beta momentum distribution of
H}, an upper limit to the mass of the neutrino has been placed
at 0.002 electron mass.

!

In the simplest form of the theory plane wave functions-
are assumed for the electron and neutrino which are created at
the moment of emission. The transition probability is calcul-
‘ated by combining‘the value of these functions at the nucleus
with a matrix élement relating.the initial and final states of
the nucleus. In additiqn there is a new universal constant
‘called a coupling factor. Thé shape of the momemtum distri-
bution of the emitted beta-particles depends to a considerable
extent on the type:of interaction used in the matrix element.
Also the total proﬁability of decay is a function of the spin
- change and parity change between the initial and final states
and this functibn is also inecluded in the maﬁrix element. The
. most probable type of transition involving a spin vector change
of 1 and parity change is called‘an allowed transiti&h. A
Simple re-grrangement of the Fermi probability function enables
'one‘tb Plot a complicated function (which includes N, the number
in a smali moméntum interval) against the beta energy E to give
a straight line with an intefcept on the energy axis corresponding
to the disintegratioen energy. This is called a "Kurie plot“.9

In a beta disintegration the mass of the nucleus

517, 1950,

9. F.N.D. Kurie, J.R. Richardson and H.C. Paxton: Phys.Rev.,
49, 368, 1936.



changes by a small fraction of the mass of a neutron or proton
but the atomic numﬂer is changed by one unit. If a negatron
is emitted the nucleus increases its atomic number by one as
illustrated in,Fig,B. Pogsitron emission as in Fig.4 reduces
the'atomic number. Fig.5 shows the case where ﬂhs atomic
number is reduced by the abéorption of an external electron
into the nucleus. As the electron absorbed‘is usually from
the K shell of the atom this process is known as K capture.
After any of these transitigns the nucleus may be left in an
excited state from which it reverts to the ground state by
emitting a gammea ray or a conversion electron. Whenever an
atomic electron is removed, qither by K capture or cohversion
of a gamma ray, thére are elso characteristic X rays of the

daughter atom emitted and in some cases Auger electrons. Some-

times a transition by beta emission is possible to two different

excited .states of the daughter nucleus, as in Fig.6. This is
most readily detected by the Kurise plot which is no longer a
single straight line but rather two intersecting lines. (Fig.7).
The methods of beta-ray spectroscopy have been ‘
successful in determining the engrgies of particles and photons
emitted by radio-active nucleii and thus have provided a know-
| lgdge of nuclear energy levels. While these energises have
been measured oﬁer a large range with a considerable degree of
accuracy there are limitations. In very few instruments has a
:esolutionlof'one pért in a thoﬁsand been attainéd and a more
usual value is one in tﬁirty to one in one hundred. A Standard

spectrometer may cover the range from 0.1 to 3 Mev, the lower
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limit being éﬁ instrumental limit, caused by excessive scattering
of low energy electrons from baffles and residual gas, by the
increasingly serious defocussing by uncompensated earth's field
components over the long path length as the energy decr;ases and
by absorption of the low energy beta particles in both the
source and the counter window. The upper limit is set by the
power demands of the focussing magnet. .A few spectrometers
have been built to measure energies greater than 10 Mev and some
to extend the lower limit to 10.Kev or less. | |
While this low energy region has been neglected
because of experimental difficultiés a number of reasons for its
investigation exist. In the simple derivation of the shape of
the continuous spectrum it is assumed that the elsectron has a
plane wave function at the nucleus. A correétion must be mde
to account for the perturbation of the.wave;by the coulomb
field. The amount of the correction incréaées at low energies
and is in different direction for positrdns and negatrons.
Thus there is considerable difference between the shapes of
positron and negatron spectra. (Fig.8) If?this factor is
incorporated into the theory a value of the ratio N*/N™ can be
obtained for nucleii which disintegrate by either negatron or
positron emission. Cu64 is an isotope for ﬁhich this can be

calculated and considerable work has been done on the question.

Backus® working in the region 5 to 50 Kev found N*/N™ to be ten

times greater than expected at the lowest energy. The entire

spectrum was investigated by Cook and Langerll from 10 to 700 Kev.

11. C.S. Cook and L.M. Langer: Phys.Rev., 73, 601, 1948.



FIGURE 7.
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Their measurements are in agreement with Backus and show thét
N*/N" deviates trom theory below 150 Kev. Lewis end Bohm1?
have attempted to.explain the discrepancy by ﬁsing liﬁear com~
binations of the five relativistically invariant interactions
which are possible in the matrix element of ﬁhe transition
probability. However Wu and A.lber_tl3 report deviations from
theory much less than the above and conclude that any remaining
are entirely instrumental 1n origin. As the techniques used
by these three groups seem to be similar the question warrants
further investigation.

. Cook and Langerll'and other experimentersl4’1;’l6
report that in a number of cases the Kurie plot deviates from

a straight line at low energies. More recent workl7 18,19

indicates that these resﬁltslwere entirely due to the thick-
‘ness of the source. 'H0wever there is always the possibility that
fhe curvature of theiKhria prlot at the low énergy end is caused
by the presence of a low energy beta group. (Fig.7). Only the

most refined techniques can distinguish betwéen thése possibilities.

i2f H. Lewis and D. Bohm Phys.Rev., _2, 129, 1946
15. C.S. Wu and R.D. Albert: Phys Rev., lz, 315, 1949.
14. AW. Tyler: Phys Rev., 2_, 125, 1939.

15. JfL. Lawson: Phys. Rev., Q_J 131, 1939,

16. A.A. Townsend: Proc. Roy. Soc., __ll 357, 1941.

17. R.D. Albert and G.S. Wu: Phys.Rev., 74, 847, 1948.
Phys.Rev., 13,1107, 1949.

18. L. Feldman and C.S. Wy: Phys.Rev., l_, 697, 1949.

19. L.M. Langer, J.W. Motz and H.C. Price Jr.: Fh
11, 1798, 1950. : Phys.Rev.,,



Besides the low energy_beta groups there may be low
energy conversion'lines. Even a 0.1 Mev gamma from a nucleus
of high Z,may-yield a conversion line of a few Kev when con-
verted in the'K shell. Lines at less than 50 Kev have been
found in the beta spectra of almost all naturally radio-active
substances.zO and ;n some artifically prepared isotopes.gl
The:e'is al so a‘possibility of detecting the Auger slectrons
ejected from the electronic shells of an atom after K capture
has taken place.gz If a nucleus is in the ground state?on'
cgpturing‘a K electron the soft X rays and the Auger electrons
offer the only meaﬁs of detecting the change.

Many sﬁggested decay schemes for various nuclei based
on the measurements of high-energy gamma-ra&s and conyei'sion
electrons have energy levéls within 50 Kév or less of each
other. Mbst current spectrometers could not detect transitions
between such sﬁates if they did exist. An instrument which
could do so would be a valuable tool in checking the proposed
spin and parity valueé aséignqd to these states on the evidence
of the high energy-transitiéns albhe;, |

Thus the extension of the energy range measured by
beta ray spectrometérs to as low a value as possible is ime

portant in checking the agreement of experiment with theory and

-20, Radiétioné ffoﬁ Rédio-ééfiVe_Substénces. Rutherford'
Chadwick end Ellis: pp.360-380. | ’

21. R.D. Hill: Phys.Rev., 74, 78, 1948.
22. F. Miller Jr.; Phys.Rev., 67, 309, 1945.



in increasing our knowledge of the energy levels of nucleii.
This increased knowledge is essential to the development of
a theéry of nuclear processes. This reséarch describes the
design, construction and use of a spectromete? for this

purpose.

' 16.



11.

1T
THE SPECTROMETER

A. Primary Con51deratlons in Design.

The design of a spectrometer to be used primarily
in the eﬁergy,region below 100 Kev requires careful consider-
ation of a number of fundamentally important po&nts.

(a) The scattering of electrons from all parts of
the instruﬁaﬁt‘increas?s greatly at lower energ;és. It has
been shown®’ that at low energies the scatteringjvaries inver-
sely as the first power, at least, of the electron energy and
direétly as the atomic number of the scattering material.

(b) The detection of low energy beta parﬁicles pre-
sents a greaf deal of difficulty. Photographié detection could
be possible, despite the objections to a'specérograph. How-
ever, the sensitivity of even the best plates falls off very
rapidly as the energy of the impinging electrons is decreased.24
The sensitivity of the crystal and electron multiplier combin-
ation also decreases tremendously at low energies, and the oper-
ation of the multiplier is seriously affected by a magnetic
field. A Geiger counter seems to be the best method of detection

since it 1s well known that electrons of almost zero energy can

be detected in this way providing they penetrate into the

23. Appendix i.
24. L. Cranberg and J. Halpern: R.S.I., 20, 641, 1949.
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sehsiti;e volume of the counter. The problem is reduced to
one of making the window of the counter sufficiently thin to
avoid absorption at low energies yet strong enough to with-
stand the pressure of the counter gas.

Windows of nylon, zapon, formvar and collodion as
2

thin as a few micrograms/cm® can be made quite readily with

the method described by Backus.;o Windowless ceunters have
19

been used with success by Langer, Motz and Price ” with an

equivalent window thicknees due toldiffusing‘ges ofwabout one
mlcrogram/cmz.

-The problem of the counter windows has’ been solved
satisfactorily for our problem. Zapon films of 3 to 5 micrograms
/emzeare cemented over a counter entrance slit 0.025 cm, wide.
The combihation of the narrow windQﬁJend the low gas pre;sure
used in the counter (1.1l cm.Hg. ) makes the use of such films
entirely practlcable.

(c) The method by which the radio-active source is
prepared and mounted is important at energies up to at least
0.5 Mev but particularly so at low energies. 17,25, 26,27 The #
thickness of the support and of the layer of radicactive
material deposited on it can have a great influenee'oﬁ the

shape of the low energy spectrum even when only a few micro-

19
grams/cm2 This necessitates extremevcare_to ensure that

25. Curran Angus & Cockroft Phil Mag., 40, 53, 1949
26, Langer, Moffat, & Price: Phys.Rev., 1_, 1725, 1949
27, G.E. Owen & C.S. Cook: Phys.Rev., 76, 1726, 1949.



the source is-spréad uniformly over the active region.

The extremely thin source mounts-required by thesse
considerations leads to a new difficulty. Because of the léw
conductirity of the backing and the small capacity'to ground
the source can auquire a potential of several thousand volts,
seriously distorting the low euergy spectrum.28 |

To overcome these difficulties, the source wes pre-~
pared by depositing an approximately unifqrm strip of radio-
active material on a zapon or LC600 film of about 10 micro=-
grams/cm?. The film was supported by a lucite holder which
was cut away directly behind the source; The accumulation of
icharge was prevented either by evaporating aluminum onto the4
holder until a finite electrlcal resistance appeared or by
palntlng thin lines of aquadag to connect the ends of the
source to the metal of the spectrometer. See APPENDIX III
for further details.

(d) The difficulties of handling large amounts of
activity require that maximum use be made of the source. A
reduction in the size of the spectrometer and ﬁherefdre'of
the source ensures that the amount of activity/cm2 is reason-
ably large while the absolute amount of activity is kept small.
This last is egsential in a low energy spectrometer since the
source cannot bevcovergd because of absorption of electrons in
the covering material. In addition the fragility of the

backiug provides a eonstant danger of oontamination. With
, ) . Ly -

15.

28. C. H Braden G. E Owen, J. Townsend €.S. Cook & F B.
Skull: Phys.Rev., Z_J 1539 1948



14,

materials of low specific activiﬁy the source strength will be
limited by considerdtions of source thickness.,

Evidently then, a low energy sSpectrometer should be
‘as efficient as possible,.that is, the fraction detected of all
electrons ieaving‘the source in a'given momentum range should
be as large as is consistent with the resolution requiréd. It
will be shown later that this fraction is a function of the
‘Same vériab;es_as is the resolution. However, since the line
width aﬁ low energies is greatly increased bx séaptering and
self absorption, the resolution need not be too good.

{e) An electron with 10 Xev of energy has an Hr
value of 340'gauss‘cmé. If its radius of cuivature in the
spectrometer 1s to be, say, 10 cms. the field required is 34 gauss.
The in:}uence éf the earth's field is considerably greater than
oné/percent of this and eléctric motors, reguiating transformers
and other electrical equipment,'can radiate fluctuating fields
of'this order for several feet. The msasurementvof a small
magnetic field.mith an accuracy of a few percent is difficult.
It is an advantage‘to keep the size of the spectrometer down
in order that fairly large fields can be used. If the field
can be obtained without the use of an iron core the instrument

{4

can be calibrated quite readily without the measurement of small

fields.

B. The Inner Spectrometer.
' The semi-circular focussing type of instrument best

fulfils the above conditions. The radius of curvature of
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detected electrons can be reduced to a small value, the path
length is short and the inner surface can be kept small, re-
~ducing scattering to a minimum. In order to have a large trans-
mission'ﬁhe sbectrometer was designed to accept electrons from
the source in four different directions. Detection 1s accom-
plished by means of Geiger counters with zapon windows, the
pressure being kept constant by a dynémic filling system.

Construction views of the inner spectromster ars
shown in Fig.9. ‘The dimensions are in inches because of the
sizes of maﬁerials available. |

The source is in the form of a line about 0.1 cm.
wide and 1.5 cm. high, It is mounted on a backing of 10
miqrogram/cmz_zapon which is supported by a lucite holder.
The holder is arranged in the spectrometer so that the middle
line of the source pgsses,through_ﬁhe center of the apparatus.
The counters are symmetrically spaced about the source on the
circumference of a ciécle of 2.4 inches radius (3.05 cm.).
The four sets of baffles are arranged so that electrons leaving
the source at angles of 45° z 5.7° to the jplane of the backing
travel a circular path of 3.05.: .03 gm. radius (in the corres-
ponding magnetic field) to strike the counter windows. The
baffles were cut on a iathe to the required radius and grooves
cut in the surface to reduce the reflection of electrons from
the baffle surfaces into the couhbers,

Each counter (ses Fig.9) was made by drilling a
0.62% inch diameter holé through é block of brass 1.5 inches

long. The brass was then trimmed down with a shaper, with
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particular care taken with the face containing_the window.
This face was cubt as smooth as possible, to.leave a thickness
of .030 inches in the center. Through the narrowest part a
longitudinal slot about 5/8 inches long and 0.010 inches wide
was cut. The inside of the counter was then polished thor-
oughly with semery paper and crocus cloth.

Another hole of about the same size was drilled
through the brass, paraliél to the first, for the purpose of
£11ling the counter, so that about 0.050 inches of metal separ-
ated the two. Small holes (No.48 drill) were drilled through
this separating wall to allow the filling gas to enter the
counfer proper. The auxiliary hole was then plugged at one
end with a bréss plate and at the other with a copper tube
to allow connection ﬁo the filling system.

The entire counter was then immersed in boiiing'
nitric acid (O.i Normal) for a few minutes until the surfaces
épﬁeéred clean, It was then washed, first in distilled water,
and then in absolute alcohol and dried. One end was closed
with a Kovar seal and the other with a pyrex cap sealed with
deKhotinsky wax. A .005 inch tungsten wire was used for the
anode, |

The appgratus is contained in a brass cylinder of
6.5 inches inside diameter. The end plates are of 5/16 inch
brass. Soft rubber rings are used as vacuum seals. In the
bottom plate a number of holes are drilled for the admission |
of the counter filling gas, the high voltage lead and for |

connection to the vacuum system,



17.

One inch above the loWer end plate is mounted a‘
1/8 inch brass plate (hereafter calied the base plate). The
base plate waé highly polished apd the position ofvthé source,
the position of the baffles and the locations~o£ tﬁgentrance '
; slits of the counters were marked on it. The counters were
aligned with the baffle system by observing that the counter
window, its reflected image, and the mark on the base plate,
. were in oﬁe,straight line. The error introduced was certainly
no more than the width of the slit (.025 ems.) and was prob-
ably less. The counters were connected to a four arm gla§s
tee'b& lengths of Tygon.tubing to allow movement during
alignment.

All exposed metal surfaces were coéted with a
‘material of low atomic number in order to réduce scattering
as much as possible. This was dohe by dissolving vacuum wax

(Apiezon W) in carbon tetrachloride and applying several coats

of this paint.

cC. Production of the Magnetic Fleld

In order to ellmlnate the neces31ty of measuring
small magnetic fields it was decided to produce it without
~the use of iron. The field would then be proportional to the
current used and calibration at one p01nt on a well known line
would give Hr values for the entlre spectrum,
| From tne_descrlptlon of the inner spectrometer it is
seen that a uniform magnetic field is required over a disc-

shaped region, 12 cms. in diameter and about 2 ems. thick with



the magnetic vector perpendi cular to the surface. The usual
method of providing a uniform field over a considerable volume
of space is to use Helmholz coils. However, considerations of
space, mechanical stability, the power available and the amount
of wire required led to an attempt to provide the field re-
quired with a combination ofvflat coils.

If a current I travels in a circular path of radius
a the field at any point P inside the loop and in the plans of

the circle 1s given by

/2 ,
Hx = 2a2 —_—
B, W(x2-a?) v/l-kz sin2g a¢
where x = the distance of P from the center
k = x/a
Ho= the field at the cemter = 277

This is an elliptic iﬁfegral and must be obtained from tables.
A curve plotting Hx/H, against x/a is shown in Fig.10.

Using empirical methods and this curvé it was deter-~
mined that three cdplanar coils, one of +14000 empere turns
of radius 17.5'cms., a second of -2700 ampers turné of radius
1l cms. and a third of +120 ampere turns of radius 8.5 cms.
would give a field of approximately 566 gauss at their common
center, w;th a maximum inhomogeneity of 0.28% over an area of
radius 6 cms. (The minus éign on the second coil indicates that
the current in this coil is in the oppoéité sense to the current

- in the other two coils).
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These calculations, however, were for ideal coils and
would not necessarlly hold for coils of a finite cross sectlon

such as is necessary to carry the current required. The design

| for the actual coil windings with finite cross-sectlons was

~carried out by approx1mate solutions, whereby each coil was.
replaced by a series of thin coil sectiomns. The fields due to
the individual coils were added graphically.

'The constfuction of the magnet is shown in Fig.ll.
The coils were wound from No.l4 wire and can carfy a current
of up to 10 amps for 10 minutes without external cooling. An
approximate calculation of the effect of the finite size of
the coils showed that there should be no change in the distri-
bution of the.field but that a small decrease in strength could
be expscted. The calculated value of H, for 10 amps through
the coil was 347 gauss.,

The current through the coil is set to a known value

- with an accuracy of one part in ten thousand and is controlled

by an electronic circuit to somewhat better than one part in a
thousand. A setting of 1.0 volts on the .control potentiometer
corresponded to a current of 9.7 : .05 amps and thus to a field

of 336 X 1.6 gauss.

D, Testlng the Unlformlty of the. Magnetlc FPield.

The unlformity of the fleld was checked experimentally
by the following method. Two identical coils of No.28 copper
wire were wound on bakelite forms so that the inside diameter

was 1 cm. and the coil winding cross-section was a square of

0.5 cm. side. The two coils were connected in series with a

19.
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ballistic galvanometer. With a measured current of 4 amperes
through the magnet one coil was piaced in the center of the
magnet aﬁd the other at "infinity". The magnet circuit was
proken and the deflection of the éalvanometer observed. When
the coils were interchanged qhd the process repeated the ob-
served deflection differed by less~than 0.5%.

Then one coil was fixed at the center of the magent
and phe other, in opposite sense to the first, was placed at a
point in the region to be occupied by the spectrometer. When.
the current was interrupted the observed deflection of the
galvanometer was proportional tq the difference Qf,the e.m.f.'s
induced in the coils and thus pfoportional to the difference J
in the field at the two points. By comparihg the deflection |
to that due to one coil alohe the pefoentage variation of the
Tield could be found. The results are shown in Fig. 12A.

It can be ssen that the maxlmum variation over the
region was’ aboum 2% and that the field 'increased steadily w1th
the distance from the center.

As the inner coil of 12 turns is very close to the
spectrometer and thus has a fairly iarge effect on the field
for the larger values of r a trial was made with this coil
disconnected. The results are shown by the curves of Fig. 12B.
The maximum variation over a cylindrigal region 6 cms., in radiu?
and 2 cms. thick is seen to be 1%. It was decided that this

amount of inhomogeneity would not be sérious and that future

measurements would be made with the inneér coil disconnected.
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E. Mathematical Treatment of a Spectrometer.29

Erect a riéht handed sttem 6fvéddrdinates oX, 0Y, 02
in a uniform magnetic field soathat'the negative direction of
the Z axis is in the direction of H. Consider a two dimen-
sional radio~active source occupying a rectangular area in the
Z0X plane, from X = ~Q/2 to +Q/2 and Z = -h/2 to +h/2. (Fig.13).
An electron leaving the source from a point P(X,, 0, Zp) will .
meet the ZOX plane again at a point Pl(x,y,z)»whose coofdinates

are given by the equations$

X = X5 + 2r cos A cos B
y=0
z =25 + r (Tr+2A) sin B

where?

r 1s the radius of curvature of the electric path in
the magnetic field. It is edual t§ the momentum of the electron
divided by the field H and by the electronic charge expressed
in electromagnetic units. Since in beta ray spectroscopy the -
momentum always appears divided by the electronic charge it is

usual to redefine the unité of the momentum so that
p = Hr

expressed in gauss-cms.

A is the angle between the initial direction of p and

the plane YOZ and B is the angle betwsen the initial direction

29. This development is essentially that glven by
C. Geoffrion: R.S.I., 20, 638 1949.
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of p end the YOX plane. Note that the angles A and B are
measured positively from the initial direction of p to the
respective planes.

Normally A is limited to -AO(A<}A0 by at least one
baffle opening of width 2b perpendicular to the electron path

at a point 90° from the source. Then

It is also usual for the exit slit and source to
have the same height h, B is then restricted so that -BoCB
<{Bp with

Under these conditions electrons of a given momentum will form
an image of the soﬁrce on the Z0X plene with certain aberrations
caused by the finite values of A and B. The size of the image

will be given by:

width = @l = Q+2r(l-cos Ay cos By)
'Height = hl = he2r(7r+24,)sin By)

The right hand edge of tﬁis image is located a distance 2r from
the right hand edge of the source. Since r depends on the
nomentum of the electrone a number of images will be formed with
different values of r for different values of the momenta.

If a detector is placed behind an exit slit in the
20X plane of height h and width F (normally less than or equal to

Q) it will receive electrons with only a certain range of values
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of momenta. The width of the exit slit adds to the effective

width of the image of the source so that it now becomes equal to

F + Q + 2r(l-cos A, cos By)

If H is constant there is an uncertainty in thev diameter of the

slectron trajectory of exactly this amount or one half of this
in the radius of the trajectory. |

The 1limit of resolution of a spectrometer is defined:

as the ratio AP/p where Ap is the range of the momenta of those |

elsectrons passing through the exit slit. Now Since

p = Hr
AP = HAr + TAH

and if H is constant

ap = Har : v
= H{F + Q + 2r(1-cos' Ag cos Bo)g’ /2

Now since p = Hr we have

AR =F + Q + 2r(l-cos Ap cos Bo)
P T 2T = :

and since Ao and Bo are small this can be simplified to

Now if T is the kinetic energy of the particle in Mev

emam——

p=Hr = 104.V/T(T + 1.02)
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and it can easily be derived that

Ap =T+ .51 AT
P T + .02 T
The luminosity of a spectromster is a measure of the
number of elsctrons of a given momentum range which form an
image of the source. It is a function of the source area and the

solid angle w of the baffle system where
w = 2Ap0Bo |

The luminosity L can be‘defined as follows
L = KQhw/47r

where Qh is the area of the source and K is the.number of
electrons in the given momentum range emitted by the source
in all directions per unit area per unit time. From previous

equations it can be shown that
2 APE
L = KQ,erBo/rz R

Thus the luminogity is a function of the same
variables as the resolution Ap/p 1i.s. Q,r,Ao,Bo._Gémffrion29

has applied the method of undetermined coefficients to es-

tablish the optimum relationships between these variables

making L a méximum. They are:
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Under optimum conditions then the luminosity becomes
L = 2Krlay?

It can also be shown that if F is the width of the exit slit
its optimum value is F = Q. The value chosen for F has an effect
on both the resolution and on the luminosity which nqw become

under optimum conditions
AD/p = AZ/2
and
L= 0;;25 Kr2(Ap/p)3/2 o o o m e oo = = = 6.

The 1imit of resolution giveﬁ above is defined for complete

separation of two lines,

= 2 - V
AP/P = 385/2 = = = == - - - - - o - 7.
gives the width of a line at half maximum intensity as is more
usual. |
The spectrometer described in this report has a

radius of 3.05 cms. and Ay was chosen as 0.1. The optimum

values of @, F, and By are then

Q=2x3.,05x .01
= ,06 cms.
F=Q= .06 cms.,

BO = 104A0 = 14



26,

The width of the source co uld not be made much. less
than 1 mm. because of the difficulties in handling;small drops
of radio-active solutions.. . However this is multiplied by the
-factpf .7707 since the source is ‘at an anglg of 45° to the planse
of the source end exit slit. (See Fig.9). The actual value
ot § is probably within 10% of the 6ptimﬁm value given above.

The height of the source and exit slit are about 1.5

)

cms., This gives
Bo = h/Trr = .156

about 10% higher than the optimum value.
The width of the exit slit (width of counter window)
is about .025 cms, because it was feared that a wider window
_wdﬁid not stand the pressure. This was not checked, however,
and it might be interesting to construct a countef with optimum
window width. This should improve the'pgrformance of the
spectrometer. | |
The resolution of the‘spectrometer should be about
»1.7% at hal f maximum intensity using equation (7). From equatibn
(3) using_thg actual values of Q, f,.A@ and Bo‘tﬁe resolution
~comes out to be about %.5%. The difference is due almost éntirély
Anpb the small value of F. 'This small value of F sﬁould reduce
the luminosity of thevspeétrémeter by F/Q. Assuming K to be

‘unity this gives
L = .146 x 10~2 cms?

and adding.the luminosity'for the four sections of the spectrometer
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gives

L'=v.58 x 10~3 cm?

Geoffrion (1ibid) shows a.curve of the intensity to be

_expected under optlmum condltions using an exit sl1it of infinit-
esimal width (this is the case in photographic detectlon) Tha

theoretical line profile for an exit slit of a given W1dth F
cen be obtained from this curve by integration. Fig.l4 shows
the profiles obtained from the dimensions of our spectrometer
for-F = ,025 cms. and F = ,06 cums. Note that the profile is
not symmetrical, the lower energy side extends further than the
high energy side. This tendency is exaggeraﬁed by the effect».
of a thick source as can be ssen fbom,the 30 Kev line in the
spectrdm of RaD (figﬁlé). Other experimenters have reported
entirely similar'resulté.BO

Persico and Geoffrion’l have made an analysis of the
varioﬁs bgta"ray spectrographs and spectrometers mentioned in
the literature and compiled their results in the forﬁ of a
table. This is reproduced in part in Table I for comparison
w&th the results for the spectrometer descrlbed by this report;
They also give a scatter diagram of the various instruments,

Plotting resolution against what they call the efficiency.

eff. = 107L/r2

30. G.E. Owen end H. Primakoff: Phys.Rev., 74, 1406, 1948.
31, E. Persico and C. Geoffrion: R.S.I., g;;'945, 1950.



. FIGURE 14.
. THEORETICAL LINE PROFILES
A Counter slit 0.025 cm wide
B Counter slit 0.06 wide
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This is proportional to the luminosity divided by th; cross-
sectional area of the magnetic field. The diagram is reﬁro@uced
in part in Fig.l5.

The quantities oompgred.in Table I are self-explan-

atory with the exception of W, C and D which are defined as

follows
W= w/aTT
¢ =(apy5/2 L
D =<4Lﬁ§l W

. The luminosity and solid sngle of these spectrometers
cannot be éompared directly since they are influenced by the
resolutions of the inétruments. .However, the quantities C and!
D provide a meahs_of comparison which eliminate.the different
resolutions., The value of C calculated for this instrument :
(0.34) is considerably higher than any of the others and,in faci,
is slmost one-half of the optimum value (0.725). It could be
increased by making the counter entranceislit ﬁhe same width
as thé source. D representing the ratio of the solid angle to
the resolution has differént values dependiné on whether one or
four counters are used., With one.counter D = 0.15 end with four
D = 0.60; No 9 in the table is the spectrometer described in |
: this report, (a) is the data for one counter only and (b) is the
data for four céunters. The values of the resolution énd lumin-
osity in 9(b) are calculated on the basis that the exit slits 3

i

are all lined up exactly with the electron trajectories. This
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is almost true as will be shown later. 4(a) and 4(b) are two

conditions of operation of the same instrument.

29.



TABLE I

1.x102

; C o .‘ B Emax e : E% o .
No Authors Year | Ref. | Type |Iron| Mev |r em.| p . W% cm?2 Cx102 | Dx102
1 11 1937 |32 |spe. | vy | =1 6 |0.63/0.0067] 0.020 |18 1,1
2 |arnould 1939 | 3% |Spg. | n | 0.26/13.5 0.2 |0.011 | 0.00022| 0.74 | 5.5
3 . |Lawson and Tyler-|1939 |34 |sSpm. | y |3.1 |12 |1.6 |0.10 | 0.50 11 6.3
4 |Neary s 1940 |35 |spm. | y | —— {7 l1.0 l0.041 |0.052 |11 | 4.1
b _ - 110 |1.26 |0.041 | 0.052 2.8 | 3.3
5 - | Townsend - 1941 |36 | spm. | g — |8 l1.6 lo.10 |o0.38 19 6.3
6 |Plesset, Harn- : | _
well and Seidl. 1942 | 31 Spz. y _10 11.4 |1 0.2 - - - -
7 | Seigbahn 1944 |38 |spm. | y | == 12 [0.17 |0.029 | 0.00073 | 4.2 |17
8 |Langer, Motz ‘ v :
and Price 1950 |19 |Spm. | n Jo0.231 5 2.6 |0.10 _|.0.20 7.3 | 3.9
9 |Brown  a 1951 | Spm. | n }o0.10] 3.05/1.7 | .25 |o0.146 |34 15
| b 0.10 3 05/1. j 1.0 0.58 | 24 60.
32, K.T. Ki: Proc.Camb.Phil,Soc., 33, 164, 1937. 36. A.A. Townsend: Proc. Roy Soc.l 11,358 1940.
33. R.Arnould: Ann.de Phys: Serie ll,to 12, 37. Plesset, Harmwell & Seidl: R. s. I.,
241, 1939. - - _2, 351, 1942,
34. J.L. Lawson &'A.W.Tyl,er: R.S.T.,11,6,1940. 38. K. Slegbahn Arkiv.Mat.Astrom.Fys.Bd.,
: . : ‘BOA (N020) 1944.
35. G.J. Neary: Proc.Roy.Soc., 175,71,1940.
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RESULTS

210
)

The primary beta spectrum has long been known to
consist of continuous distributions of electrons, conversion
~ elsctrons and Auger electrons all in the energy region below
50 Kev. The very real experiméntal troubles‘attendant upon a
~ detailed anélysis1pf these radiations have led to large
discrepancies among and uncertainties in the reported findings.
The bulk of the work has been done with.cloud chambers and
absorption techniques which have grave limitations in resol-
ution and statistical accuracy. Becausevof the low energy
of any gamma-rays, there are many conversion electrons Irom o
thel, M'and N'shells guperimpdsed upon the pfiﬁary beta dis-
tribution which makes it difficult to locate the end-point
accurately. The Auger electron lines further obséure-the
beta spectrum. | , | ‘

In spite of these obvious problems, it ﬁas felt
that this nucleus would provide a good test of the perfor-
mance of the spectrometer under very’unfav§rable conditions.
Also, it sueéessful, the experiment would provide useful‘
intormation that might help in eliminating some of the re-
ported inconsistenc}es in the decay of RaD.

The beta spectrum was.studied extensively by early

experimenters with photographic methods. It appeared to be



very simple, consisting of a group of conversion lines all
attributable to the action of one gamma.fay. Rutherford,

Chadwick and Ellié report the following values.

TABLE IT
Umber Fnergy 1n Kev
of line | Intensity Hr ——————
1 50 600 | 30.9 .
2 2 606 31.5
3 0.5 |628|  33.8
4 20 714 | 43.3
5 10 738 46.1

which are analyzed as follows

| TABLE III
[Number T —Trergy + absorption | Energy of
of line -| Origin energy .in Kev . .| Gamma in KXev

1 _Lp 30.9+16.3 47.2
2 L1 31.5415.7 | 47.2
3 L11T 33,8413.4 | 4.2
4 My 43.3+ 4.0 _ 47.3
5 N | 46.1+1.0 | 47.1

G. von Drost339 using a Wilson cloud chamber and

magnetic analysls obtained most of the above conversion lines

and agrees roughly on.the‘energy of the primary gamma. He al®

39. G. von Droste: Zeits. fur Phys., 84, 17, 1933.

32,
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observed a 1argé number of tracks corresponding to the x-ray
spectrum of the inner shell electrons of atoms of atpmic
number 83%. Richardson andeeighﬁsmith4Q qistributed Radium
D as a gas in the form of tetra-methyl lead throughout a
éloud chamber. The beta spectrum was calculated from el-
ectron patq lengths and range-energy measurements. In
addition to the usual_canersion lineS’they report a large
number of electrons of very low energy. Tﬁeir results were
based on a small number of observations and thus have poor
statistics.' A Kurie plot of the results gives an end point
of 16 Kev. Lee andbLibby4l used absorption techniques to
study:the gamma s from RaD and a'screen wall counter with mag-
netic deflection to observe the primafy beta distribution.
They report an end point of 25.5 ¥ .1 Kev. The continuous

distribution has also been observed_by;Saha42

who gives the
end point as 29 Kev. | |

A great deal of work has been done on the analysis

of the gamma rays of RaD bvasienvSan-Tsiang,-Frilley et ai.43v

By a number of msthpds such as a bent crystal'spectrometef;

40. H.0.W. Richerdson and A.Leigh-Smith: Proc.Roy.Sod.
160, 454, 1937. s : : '

41. D.D. Lee and W.F. Libby: Phys.Rev. 55, 252, 1939,

42, A.XK. Saha: Proc.Nat.Inst.Sci.India, 12, No.3, 1946.

43. Tsien San-Tsiang: Comples Rendus, 216, 765, 1943.
Ouang TeTcheo: J. Surugue, Tsien San-Tsiang: Comptes
Rendus, 217, 535, 1943. |
Tsien San-Tsiang: Comptes-Rendus, 218, 503, 1944,
M. Frilley: Comptes Rendus 218, 505, 1944, :
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Tsien San-Tsiang and C.Marty: Comptes Rendus,220,688,1945,
Tsien San-Tsiang and C.Marty: Comptes Rendus,221,177,1945.

Tsien San-Tsiang: Phys.Rev., 69, 38, 1946.



measurement of path lengths in a cloud chamber, magnetic def- -
Tection in a cloud chamber, absorption measurements they show

the existence of the following nuclear gamma rays.

TABLE IV
Nﬁmber | - Energy - Quanta/loo R
Lof line in Kev disintegratlons
N ..A65:5 . <’0.é ........
--2. 46 7 20.1 . 2;8u
.,3. . 43-1 - o
N }1:1 o;é} ......
5 3221 | 0.4
6 |23.220.6 1.0
0 lasteq | a0

More recently Curran et al.44 have investigated the
gamma rays of RaD by means of a proportional counter. The beta
particles from their source were deflected magnetically and the

gammas entered the counter through a thin mica window. They

report the following gamma rays

TABLE V
Inten81ty »Energy'
7.5 7.7 Kev.
0.4 25.8 Kev
3.0 | 46.6 Kev

'44 . S C. Curran J. An us and.A L C k
40 i s g oc croft Phil Mag., .

- 34,



55

and in addition strong L x-ray lines in the 10-15 Kev region
Their results appear to be the mbst réliable to date.

Another investigation of RaD has been done by Cranberg45
using thin sources (average thicknessrabout_43 micrograms/cmz)'
and a semicircular,focussing spectrograph. His plates show the
L1, Lyrr, M and N conversion lines from the 47.Kev gamma ray .
There is also some evidence of a line at 19 Kev (470 gauss cm.).
The sensitivity of the émulsion is evidently very poor below
15 Kev. » |

Fig.lébshows the results obtained here with a source
of about 30 micrograms/éme, ~ The readings have been repeated a
numbér of times with @ifferent source strengths without any
appreciable chahge in the spectrum. The LI,‘LIII;,M, and N
conversion lines of the 47 Kev gamma ifﬁ% are indicated. The
broad peak atvabout 3200 gauss-cms 1is prbbably dﬁe to the con-
tinuous spéctrum'of nuciear beta particles. The low energy peak
at about 150 gauss-oms is hard to identify because of its width.
The most probable loss of enefgy-df an electron of 3 Kev energy
is about 50 electron volts per microgram/cm?. Since the source
weighs 30 microg:ams/cn@ the width of the line can readily be
explained "in terms of absorption in source.

If this is the cause of the line width then the actual
energy of the electrons must be at the high energy end of the
line, about ZOO’gauss-cms, corrésponding,to 3.7 Kev. Thus the
line may be due to an M shell obnversion of the 7.7 Kev gamma

reported aboVe.

45. L. Cranberg: Phys.Rev;,_ll, 155, 1950;"-
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On the other hand the line may be due wholly or in
part to Auger transitions in the electronic shells of the
daughter Bi atoms. Since the 4( Kev gamma is most highly
converted in the Ly level it is to be expected that most Auger
transitions would start from here. The process cen be pictured
as follows. The atom is singly ionized, having lost an Ly
electron,\ This vacancy can be filled by an electron from any
higher energy state Lyr; LTTT, MI, =~~~ NI --- and simultaneously
another electron is ejected from the atom. For an energy
balance, the kinetic energy.of the gjected electron plus its
binding energy must be equal to ﬁhe energy given up by the
reversimnto the II state. Note that since there is a vacancy
in the L shell the binding energies of the M and N electrons
are increased, and must be calculated on the basis of an in-
creagse of unity in the nuciear charge.

As an example, consider transition from an atom
singly ionized by lack of an LI elsctron to doubly ionized by
lack of Lyyr and Myy electrous.

Ly — Lrz Mpy
The kinetic energy of the ejected elsctron is given by:

E(Kin) = E(1LI)z - E(LIII)z - E(M1y)g,

Table VI46 lists the binding energies of the L

46, These values were obtalned from Gompton and Alllson-

X rays in Theory and Experlment and from the International
Critical Tables.



eleétron in bismuth and some of the M and N electrons in
polonium and Teble VII gives some of the possible transitions
together with the kiﬁétic energy of the ejected electrons.

Richtmeyer and Kennard47 state that the transitions
Ly — Lz ¥y v

are often observed in X ray work for 4>75. waeVer, the eress

energy in this case is too small for detection.

TABLE VI
I | M | x
I 16,400 | 4,000 | 900

IV 2,700 ] 500
v 2,600 | 400

Thus there are a number of transitions that'could
yield electrons in thé energy range occﬁpied by this linse. Théy
have different energies and different degrees of probability of
océurring. It is likely that the line is actually compossd of
elesctrons resulting from several Auger transitions and the M
conversion of the 7 Kev gamma With its structure totally obscured
by absorption in the source, with further confusion due to the

variation of transmission of the counter windows in this region.

47: Richtmeyer & Kennard: Introduction to Modern Phys.,
3rd Edition, p.548. o | : _



TABLE VII
INo |  Transition | Eneray in e.v.
1 | Irostpmy | 300
12 Li— LMy 400
3 Lr—LypqNp 2100
4 L1— LrrgiT 2200
5 LI—Lyrrrr 2300
6 11— Lrrliry 2500
7 L1 LrpiNy 2700
8 M5 NNyp 2200
9 Mp— NiNt1T 2400
10 | My NoNpy 2600
11 M1— NNy 2800

With ohe source which was made thinner than usual
(of the order of 10 micrograms/cm2) some strﬁcture was noticed
but before reliable statistics couid be obtained an accident
occurred in which the source became dgmaged. If a source could
be made less than 5'micrograms/cm2 more informétion could be
obtained about this line.

There is‘some evidence of a very weak peak at 450
gauss;pm (18 Xev). If this corresponds to M-shell conversion
then the énergy of the transition is about 22 Kev and an I-
shell peak should occur near 5.5 Kev. There is no évidence_of
this. Therefore should this transition actually exist, the

transition energy is about 34 Kev and the conversion takes place

i
v
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in this L shell. There is a s1m11arly doubtful peak at 500
gauss-cm (21 Kev) which by the same arguments would be L-shell
conversion of a.37.5 Kev transition.

Table VIII lists the results of this experiment to
determine the conversion transitions of the RaE daughter
product. The energies were determined by use of the theoretical

value of the field. (See page 19).

TABLE VIII.
No, of Conv.line + | Transition
line Origin Sheli Binding | Energy
12 | w3, 7 *1.0+4.0 | 7.7 Kev
2 | L1 |31.0%1.0416.4 |47.4 /
3 LITr34.331.0413.4 | 47.7
4 | M |43 '4’“1 0+4.0 | 47.4
5 | w |48.0%1.54.0 [49.0
' 6mt | 1T 18. 3’+1+16 4 |3a.7R&
L B T P 5._1+16 4 | 37.95%

k' Correeted for source absorption.
A& Doubtful.

The Prima:y Beta Spectrum

The low-eneféj’tail on the LI conversion line of the
47 Kev gamma is unfortunatelin that it;tends to obscure the
distribution of the disintegration electrons and any weak con-
version lines in this region. The leading edge of the line
corresponde well with the expected half maximum intensity resol-

ution of 1.7%. The low energy teil appears to be caused by the

' 39.
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spectrometer rather than by source absorption since different
thicknesses of sources did not make much difference. Owen‘and"
Primakoff48 have reported almost identical line profiles from
their small semicircularly focussing spectrometer. They describe
the fitting of the trailing edge of the line by means of an

exponential curve

N(H) = Constant X exp {- DPo-D %
i a . -

~

where p, is the Hr value of the leading edgeﬂof the line and
a is the average width of the line in gauss—ems.

This has been done w1th the L1 conversion peak (the
solid line in Fig. 16) and the calculated values subtracted from
the observed distribution, resulting‘in the plot shown in Fig.l7].
Inspection of this curve giées a beﬁa ray end point of 22.4 Kev,
a value which is strongly influenced. by the fitting of an
exponential curve to ths 46;Kev LI'conversiQe line.

The Kurie plot of the beta spectrum is.shown in Fig.18.

In the calculation of the curve the following procedure was used.

The Fermi relation is given by

§ |12
T = Epgx-E

where 77= the momentum of the electrons in units of M,C.

N = the number of electrons in the momentum interval

4zto,7z-+,d%

48, See reference No. 30
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72_867ry F(i+s+iy)2

,ﬁ-(Z/lm?- -1

7 /1 +7 2
< 1377 :

and f(Z,7 )

a
ll

Since there are no complete tables of the complex
gamma function available it was approximated by means of a
Taylor expansion to the first power only of S. Neglecting

higher terms we get

F(l-rS-l-iy) 2 T . _ Ty 1+S {ﬂjlﬂx) - /7 (1-iy)

‘sinh 7r y /7 (1+iy) /7 {l-iy)

The expression iné {’ was further expanded in a
series using a well known expansion for Vs (Z)//_'(Z) The

series involved of the form

g 1
Z n(n2+y2)

was approximated by

n(nl+y2)

whence
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I/—'(lfs-tiy)[ 2

e _ Ty . d1+2S Y+S 1n (l+y2)§
™ sinhTmry ‘ )

with ) = Euler constant = 0.5772

The final result is that

£(2,7) = By _ e#y,,v,{hzs)as 1n (1*y2)}
: - sinh7ry )

A straight line was fitted to the points from 7 Kev -
to 15 Kev by means of the least squares procedure yielding\an
end point of 21.7 ¥ 1 Kev

Below 7‘Kev the curve deviates from a straight line due
to absorption-in the source. The point at 18.3 Kev was neglected
in the determination of the line since it is sb strongly in-
fluenced by the two small peaks in that region and by the tail
of the Ly conversion line.

Most of the readings on RaD were taken with only three
of the four counters operating as one counter was found to be
unreliable and could not be made to operate properly. A run was
taken on theréa@ gauss-cm line using bnly one countér, as a check
on the alignment of the spectrometer.l The comparison is shown

in Fig.19, the difference in resolution is very small and of the

order of megnitude to be expected from the alignment procedurse.
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Discussion of the Results on RaD

There seems to be no doubt but that the decay

RaD—)RaE takes place with a negatron decay to an excited
state of RaE. The predominant gamma-ray and the conversion
elsctrons cerrespond to a transition energy of 47 Kev and one
of 7.7 Kev. The maximum energy of the beta-spectrum as taken
from the Kuriré plot is 21.7 Kev.

. In addition to these two major transitions there is
conflicting evidence of other very weak transitions with very
little correlation between the different reported figures.
Examination of the experimental evidence in each case leads
one to conclude that the evidence is not wery strong in most
cases. All'quantitative experiments quote the 4/ Kev and the
7.7 Kev transitions, and 1t appears that these are the onl&
transitions upon which much reliance can be placed.

Now it is impossible to postulaﬁe a decay scheme for
a nucleus when the radiations consist of one beta-group and
two major gamma-rays, unless one assumes the gamma-raYS are in
cascade. We can make this postulate and try to fit the known
data to such a'scheme to see if such data are consistent or
not. If a cascade gamma scheme is correct then there should be
equal numbers of transitions corresponding to the 47 Kev and tﬂe
7.7 Kev 1ines. That is, the sum of the eonversion electrons
plus the gamma-rays should be the same in both cases,

The relative numbers of conversion electrons for the
two transitions_may be roughly estimated for the first time ffon

the results of the present investigation if we make the some-



what drastic assumption that the true height of the 7.7 Kev

peak is that of a peak whose area is equallto the measured peak
andehose balf-width is about 1l.5% in momentum. This corresponds
to a corrected peak height of 1200 counts/minute. This estimate
will probably err on the low side becauselaﬁ the enérgies in-
Yolved, we may expect scattered and absorbed convefsion elect-
rons that would not reach the counter. The totai number of
47‘Kev conversion electrons will of course be proportional to
the sum of all the comversion peak heights corresponding to this
transition--i.e. 1800 + 800 + 300 --- or.~3000 counts per

minute. Hencse

(Ng)7,7 > 1200 = 0.4 = = == === - - 1.
Welgs 3000

The work of Curran and collaborators on the gamma-
rays of RaD gives the ratio of 7.7 Kev gammas to 47 Kev gammas
as about 2.4. San~Tsiang and co-workers put the value of the

1

ratio at 3.6. Taking the mean value, we accept

Finélly on the basis of his measurements, Sen-Tsiang concludes
that there are approximately 10 quanta of 7.7 Kev energy
emitted for each 100 disintegrations.

To summarize then, for each 100 disintegrations,

there will be 10 - 7.7 Kev quanta and 90 conversion electrons

44



for this energy. On the cascade picture, using equation (2)
there are approximately 3 - 47 Kev gquanta and 97 corresponding

conversion electrons. This would- predict

£§§17t7 = 2é orv— 0.9
(Nglgg 91
whereas our rough estimates put the falue as greater than 0.4
from (1). Cbnsidering the data available, then there is nothing
inconsiétent in the assumption of a cascade gamma system. This
would then lead to a decay‘scheme as illustrated in Figure 20,
This scheme could be tested by the use of coincidence

techniques except for the presence ot Auger electrons and X-rays

45,

in the 7.7 Kev energy region which are coincident with the 47 Kev

transition. It is likely that the experimental difficulties would

preclude this check. :

From our previous figures, we can estimate the order
of magnitudé-of‘the chversiqn coefficients since by definition
N
1
Hence O(M for the 7.7 Kev transition has the value 9 while
C(=‘¥Iji¥mpc¥N for the 47 Kev_trénsition is approximately 30 or
Q(I‘élone has the value 18. Unfortunately there is no available
caloulation of values of M-conversion coefficienté, the liter-
ature at present being limited to K- and L-conversiqp:. Hebb and

Nelson*? 1list values of L-conversion coefficients from which we

]
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would expect a value of 0(1.= 0.5 for the 47 Kev transitibn

if the épin change is 1 (Electric Dipole) and XKy = 38 if the
spin change is 2 (Electric quadrupole). Our gascadé-gamma
‘hypothesis then wbuld identify the 47mKev~radiation as electric
quadrupole if & choice has to be made. Now an estimate of the
mean life;timé of this state may be had (to one or two orders

of magnitude) by using the relation of Segr® and Helmholz”°

where

by =g (@ e &

c : TTEY:ijzj- z;
R being the nuclear radius which we can take as 1.5 x lO"'5 Al/a.,
From this, Z—X =3 x 10'10 seconds for A =1 and Z;, =6 x 10~3
seconds for £ = 2. These of course are lifetimes by gamma
emission only and hence the total lifetimes are probably. much
less than this since conversion is the predominant decay method
on our basic assumption. It is improbable that,f:is‘greater than
2 since this would mean a long iifetime, i.e.\én isomeric state
and would have been observed. Therefore, quadrupole radiation
is not an unreasonable assignment for the 47 Kev transitian.
Unfortunately, for the reasons given above, no such_guesé may
be made for the 7.7 Kev transition other than to suggest that
because of its low energy even an assignment of .£= 2 would

probably produce a metastable state that is observable. This

50, E. Segrd and A.C. Helmholz; Rev.Mod.Phys., 21, 280,
1949 . ’ ’ ..

46,
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is of course possible and perhaps should it exist, its low
energy might make its observation difficult.

In all the above, which must be classed as speculation
based upon what evidence there is, we have been discussing the
major transitions. Of other weak or doubtful tfansitions. litt;e
can be said., If they exist, they may be due to alternate brénch
transitions from the high energy excited state through inter-
mediate levels to the ground state. Further discussion must

awalt more precise and reproducible experimental results.
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v .
CONCLUSIONS ANDARECOMMENDATIONS

The experiment has shown that it is feasible to build
a spectrometer to study beta and gamma spectra in the low energy
region down to 2 Kev or less. _The resolution*as taken from high
energy side of thé 30 Kev peak in RaD is very close to the value
calculated from the design of the spectrometer. It is unprofit-
able to try to}increase the resolution of the instrument. because
of the line width produced by absorption in tha source. In add-
ition the resqlution is limited under present conditions, mainly
by the width of the source, and it would be difficult if not
impossible to make sources much narrower than 1 mm.

A number of improvements to increase the reliability and
ease of operation of the instrument can be suggested, First the
baffles in the spectrométer should be redesigned so thaﬁ new
windows can be attached wit hout removing the baffles and source
from the instrument. Secondly the counters should be connected
together outside of the apparatus so that they could be checked
individually at any time and any faulty one or ones disconnected.
Finally the 6AS7 regulator tubes should be monitored with a
wattmeter in order to prevent overloading them.

With the method of attaching the counter windows now
used it might be possible to make the entrance slits wiéer, say to
0.05 ems, This would increase the luminbsity without changing
the resolution appreciably. The problem ot evapprating line

sources on the backing should be investigated. This might be done
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from a crucible of some sort as well as from a filament. Finally
the problem of external gquenching of the cour'ltersv should be
investigated more fully. Possibly with greater quench voltage
and longer pﬁlses an improvemént in performance might be ob-

tained.,
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APPENDIX I

THE SCATTERING AND ABSORPTI;&N OF BETA-RAYS

_The‘beta spectrum of radio-active substances as
measured with the spectrometer, can be distorted in many ways by
the scaftering and absorption of electrons. If the spectromester
is set to observe a certain energy range the number of electrons
counted may be reduced by some of them losing energy in passing
through the material of the source and source backing, by scatter-
ing from molecules of the residual gas, by reflection (scattering
through more than 90°) from the window of the counter and by
absorption in the window. If the counter is of the end window
type an electron may be absorbed in the counter gas between
the window and the sensitive volume of the counter without being
recorded. However, it has been shown5l that with'a side window
counter the sensitive volume extends as far as the window. An
increase in the number of electrons counted can be caused by
electrons eof higher energy losing energy in the source and
badking and by refleétion from the source supports, baffles and
-all bther surfaces in the spectrometer.

A knowledge of the theoretical estimates of the mag-
nitude of scattering and absorption effects and of the experimenﬁal
work on the subject is useful in designing a low energy spect- .
rometer since it is in the low energy region thﬁt the distortion
becomes most troublesome. |

An electron may be scattered by an atom in either of

two ways: it may be deflected through a large angle by the nucleus

oL. S.C. Brown: Phys.Rev., 59, 954, 1941.



51

without loss of energy (elastic scattering) or it may be deflected
through a small engle by an slectron. For energiés greater than.
1000 e.v, and for low Z the second is always accompanied by a |
loss of energy and is 6alled inelastic scattering. It can be

shown that for elastic scattering the probability varies as

5 A
{M-;Z-g-—} (1 - v2/c2)
v .
8

Thus the probability of an electron being scattered is 10~ timss
the probability of an alpha particle of the same velocity.
The thickness of counter windows used is such that a

'single scattering'! theory can be applied, at least for energies.
éreater than 50 Ke%. The reflection of electrons from the windows
is due almost entirely to elastic scattering and increases as the
energy decreases. While this theory cannot be extrapolated to
lower energies the 'plural scattering‘ theory yields similar |
resulté. A 4 |

' The reflection of high energy electrons from the walls
of the spectrometer can teke place through a large numbef of
small angle deflection. Thus a 'multiple scattering' theory can

o2 states that the root mean square angle of

be applied. Fermi
deflection of en electron after passing through a given thickness
ot matter of atomic number Z is approximately equal to Z divided
by the kinetic energy of the slectron.

Thus in any circumstance the scattering increases as

the energy of the electrons decreases and as the atomic number

52. E.(Férmi; Nudiear Physics, p.37.
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of the scattering material increases.

An electron loses energy by.inelastic scattering, that
| 53

is, by ionization of the atoms it encounters. Mott and Massey
give the following non-relativistic formula for the rate &f loss of

energy.

- 4T = 4me*™ 2z 1n (mvz)
dx mv2 . B

‘Where is the kinetic energy of the electron.

is the distancse.

is the electronic charge.

is the electronic mass. -

is the velocity of the electron.

is the number of atoms per cc. of absorber.
is the atomic number of the absorber.

is the mean ionization potential of the absorber.

HNEdB0 KA

This formula is good for electron energies from 1 Kev to 50 Kev.

Integratibn of this should yield a value for the range
of electrons of a given energy, but becaﬁse of the tortuous paths
followed by electrons it would be slightly greater than the
maximum experimental range.

The most extensive experimental work on the absorption
and scattering of electrons is that of Schonland54. With his
apparatus he could measure the number of electrons. reflected,
absorbed, or transmitted by foils of a number of metals and of
different thicknesses. He found the amount reflected to be 13%

for Al, 29% for Cu, 39% for Ag and 50% for Au.

53. N.F. Mott and H.S.W. Massey, The Theory ovatomic Coiiisions

54. B.F.J. Schonland; Proc.Roy.Soc. Al04, 235, 1923,
A108, 187, 1925.
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For a given energy of electrons, a value.qf the thick-
ness of foil neces;ary'to stop all but a few percent of:the
electrons, could be obtained from his curves. This value he
called the range and found that it varied only slightly with the
atomic number of the material of the foil. At twice the energy
corresponding %o a given range,épproximately,BO% of the eleétfons
were tfansmittéd. A curve of range versus energy plotted from
his results is shown in Fig. 21.

In the region below 10 Kev there are very few exper-
imental vaiues of the range of electrons. A’paper by Tsien San-
‘I‘siang55 et al, givés the range of photo electrons ejected by weak
X-rays in a low pressure cloud chamber from 1 Kev to 40 Kej. They
define "le parcours® és the path length--the total distance an
eléctroﬁ travels inhits meanderings and #lg portée“ as the rangé--
the distange in a straight line between éhevbeginning and end of
the track, There appeared to be a constant ratio of 0.67 between |
the r.m.s. values of the range‘and the pdth lengths.
| The average path lengths were found to be very close
to the values obtained by integration of the formula for enefgy
loss mentioped above. The curve obtained by inteération of this
formula is plotted in Fig.2l. It will be noticed that between
10 and 100 Kev the rahge as given by Schonland falls between thi$
curve and another obtained by multiplying the ordinates by 0.67.
Hence it seems regsonable to take the worst of the values as the

range Qf e;ectrons of a given energy. On this basis the range

55. Tsien San-T31ang, . Marty and B. Dreyfus: Jour de Phys.
et Rad., 8, (Ser 8), 269, 1941. ;


http://Jour.de

RANGE OF ELECTRONS IN ALUMINUM AND IN AIR

Dashed line ..... Schonland values

Solid lines ..... San-Tsiang values

7
L ///
. e
//
}— A //
40 e
-
~
| //////////
e
///
20 /
////ji//

o ///'

B0~
M |
e
8_ //
%_.

. /

4 7
| B /
2 //////
1 /14 1 | L]

A 200 400 800 1000 2000 4000 8000 10000 ' 20000
B 2 4 8 10 20 40 - 80 100 200
MICROGRAMS/CM®
FIGURE 21.



of a 1 Kev slsctron is about 5 micrograms/cm? and a window of
this thickness should transmit 50% of electrons of 2 Kev energy,
with some absorption to 5 Kev. |
| The'loss of energy by electrons in an absorber is a
statistical process. Some will lose more energy than the averags
amount, others less. Fig.22, taken from the work of White and
Millington56 shows th; spread in energy of an originally mono-
chromatic beam of electrons after passing through various thick-
nesses of absorbing material. This spread in energy is of no
great importancé in the determiﬁation of the thickness of'counter
window required bﬁt must be taken into account in the manu-
facture of the soﬁrce and source backing.

Both theoretical and experimen%al studies of absorption
and Scattering indicate that there is no easy way over the
difficulty. All possible scattering surfaces must be of as low
an atomic number as is possible and care must be taken in the
design of the baffles and supports to ensure that an electron
must be scattered at least twice before entering the counter.

The source backing and the counter window must be of low atomic

number and as thin as possible.

56. P. White and G. Millington: Proc.Roy.Soc., A120,701,1928.
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APPENDIX IT

COUNTER WINDOWS

AQ Production of Counter Windows
| The wiﬁdows ére prodﬁced by the method first published

by Backu357

. A few drops of a selution of zapon lacquer in amyl
acetate are dropped on the clean surface of distilled water. Thé
solution spreads out over the surface of the water and tyg amyl
acetate evaporates leaving a thin film of zapon on the surface.
/.This is picked uﬁ by means of a rectangular“wire frame so that
the film falls on both sides of it making a double layer. There
appears té be a certain amount of art to picking up very thin
films--a slight sidewise motion while lifting seems to help.
Attempts were made to remove the human element from this processi
by lifting the films very slowly with mechanical device or by
holding the wire frame undérneath the film and allowing the water
to run out very élowly; Thése attempts were not successful since
films about 1/4 as thick could be lifted by hand.

The solution used is one part of zapon to two parts of
amyl acetate. When 20 microliters of this solution is dropped on
the water'from a height of about 1 cm. it spreads over a circle
about 30 cms. in diameter. The film can be cut in sections by
moving a thin wire rapidly through it with an up and down motion.
The sections are then picked up on the framés énd hung on a racki

to dry.

It was noted that some of the films produced had small

57. Ses reference No.lO.
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étreaks in them; these were evidently due to breaks or creases in
one layer of the film and appear to be due to strains set up by

the film collapsing‘around the end of the frame. The number of
these streaks could be reduced by extending the top of the frams
‘in both directions in'arder to provide a support. The quality of
the films produced is also increased by not using solutions more
than a week o0ld and by using fresh distilled water. The zapon
takes at least half an hour to dissolve in the amyl acetate and the
process should be assisted by a certéin amount of agitation.

The weight of the windoﬁs was obtained by weighing a
bmicroscope sl ide then placing several thicknesses of film on it
and weighing again. From.the.area of the slide, the number of .
films, end the differénce in weight, the number of gms/cm® of a
single film could be calculated. This was checked by depositing
20 drops, each of the usual siie, on a previously weighed glass
plate. After the amyl acetate had evaporated another weighing
determined the amount of solid material in the drops. From the
area of the circle which one drop formed on the surface of the
water, the average thickness of the film could be determined.

The maximum‘difference in weights determined by these two

methods was 50%. The thinnest films that could be produced wers

2

about 3 micrograms/cm“ but it was found easier to work with those

of 5 to 8 micrograms/cm?.

B. Attaching of the Windows to the Counters

ness are made and are'hung on the rack to dry for an hour or so.

—



A solution of one part vinylite resin to one part of acetone has
been previously made and to one part of this solution is now
added two parts.of amyl acetate. The old windows are stripped
off the counters with scotch tape and the surfacgs cleaned’with
amyl acetéte if necessary. About 10 microliters of the vinylite
solutiqn is dropped on a surface of water and picked up with a
wire frame in a similar mannervto the zapon windows. The film
Aformed is very dLastié and the frame has to be manoeuvered so
that the loose ends wrap around the handle of the frame. Immed-
iately this vinylite film is picked up it is takén to the
spectrometer and placed on the face of the counter. The entrance
slit to the oqunter is cleaned out with a sharp corner of azpieée
of paper. As soon as possiblé a zapon film with né creases is
selected from the rack and placed over the Vinylite. When all
the windows are on, the pressure inside the counters is reduced
by about 1 cm. for a minﬁté or two to help cemsent the windows

in place. They are left to dry for half an hour and then checked
by blowing in to the counters while a small gas flame about 1/4
of an inch long is bassed in front of the windows. Most pinholes
.in the film can be readily detected by the deflectionof the gasl

flame.
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APPENDIX ITT
PREPARATION OF SOURCES

The source holder is made from a piece of 3/16 inch
lucite 2 iﬁches_Square.' A rectangular slot 2 cms. long by .05 cms.
~wide is milléd through the lucite with the back cut away at an
angle of 45°, leaving a narrow edge around_the slot. A hole is
drilled in the lucite for mounting on the base plate of the
spectrometer and a line scribed abross the middle of the slot to
indicate the position of the source. a

The source backings are made of LC6bO resin58 in a
similar manner to the zapon windows. At first the resin was
dissolved in LCéCO thinner but it was found out that thinner end
more uniform films could be made if it was dissolved in amyl
acetate. The film is picked up on a frame made of 1/16 inch
lucite and laid on the source holder while still wet.

A solution of one part ot zinec insulin58 to eight
parts of distilled water is made and about 1/4 of a micro liter
deposited with a pipette at esach end‘of the film in lihe with the
mark on the holder. The pipette is made from a .25 mm capillary
tubing with the end pulled down to about 1 mm outside diameter
and the hole to about 0.1 mms. The solution is brought up into
théﬂpipette and the end wiped clean with a paper towel. Careful
bloWing into thé'pipette makes_the liquid bulge out of the end
of the capillary without forming a drop. This is touched to the

film and leaves a spot somewhat less than 1 mm. in diameter.




The source holder is now placed on a flat surface with

" one edge along a ruler. A refili from a ball poiﬁt pen (ink
removed) is lowered very slowly by means of a jig until the

point jﬁst touched oneof the drops of insulin solution. The
holder is moved back and forth along the ruler until a line of
insulin is formed. If a line does not form the pen is lowered

a small amount and the process repeated until a line forms or the
film breaks. If the insulin solution is sufficiently concentrated
a line can be drawn every time without breaking the film.

When the source backing is completed phe_radioactive
material is dropped on it in the‘form of a water or weak acid
solution (concentrated hydrochloric acid does not appear to hagm
‘the LC600 films but concentratedvﬁitric acid will burn holes in
them in about 10 minutes time). The radio-active solution is
deposited with a similar pipette to the one used for insulin.

This pipette ié connected by rubber'tuping‘tb a balloon
in a bottle in order to isolate the active solution. Another pieée
of rubber tubing connects the bottle to a mouthpisce which is
.fastened to a wire frame and hung on a hook so that it is never .
laid on the bench or touched with the hands. Thé active solution
is'deposited on the source backing inﬂihe same fashion as the
v .insulin. When very small drops of about 1/4 microliter are placed
on the backing the solutlon covers the area coated with insulin
but does not spread onto the remainder of the film, ' The sources 
made were about 1.5 cms long by 0.1 cms wide. The source is
' 8lowly dried under'an infra.red lamp. The application of too

much heat causes the backing to wrlnkle and the holder to warp.
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Two methods of grounding the.source were used. The
first was to put drops of aquadag on the holder and lead 1% along
with a fine pointed‘brush until it touched the end of the insulin
line on the backing. The aquadag then ran along the line of
insulin until it touched the source. It is not certaln that this

~method is reliable, some sources éhecked gave a resistance of
about 1000 megohms‘betWeen ends while others gave no detectable
conductioﬁ.

| The second method of grounding the source is to
evaporate a thin layer of aluminum onto it. Aluminum layers were
nmade which were about 90% transparent and had a resistance of
10,000 ohms over a distance of one inch provided a large area of
contact was used. Attempts were made to weigh these aluminum
films but all that could be determined was that they were less
than 5 micrograms/om?, This thickness checks with the values
given in Strong.59

The aluminum is evaporated from a filamsnt made of three
.015 inch tungsten wires. Two of the wires are twisted together
with about 1 turn per centimeter and the third twisted around the
other two with about five turns per centimeter. About 10 milligrams

of aluminum is hung on the filament in the form of strips and pre-

heated in a vacuum to insure contact. An attempt was made to do

this preheating in illuminat ing gas but this proved unsuccessful.
o Two small areas about 1/2 inch apaft on a lucite plate

were painted with aquadgg_and these areas connected to an ohmmetsr
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outside the vacuum syséem. The lucite plate islplacgd near the
source holder and as evaporation proceeds the resistance of the
aluminum layer can be checked. By use of this method,evaporated
lafers havé been made to any desired thickness wi th quite re-
produceable results.

A great deal of trouble was encountered while evaporating:
al uminum ohto very-thin films. This was minimized by protecting
the film with a baffle until the filament heated up and evaporation
started. The baffle was then moVed, by means of a magnet held:

~outside the vacuum system. It was also very necessary to let the

air in very slowly and to handle the holder with the utmost care.



62.

* APPENDIX IV

THE COUNTER FILLING SYSTEM

The counters at first were filled with alcohol vapor
and argon in the usual mixture.: However, the‘characteristics of
the counters changed rapidly and this was found to be the result
of the pressure changing due to gas slowly diffusing through the
zapon windows. An attempt was made to keep the'pressure reasonably
constant by means of ballast flask but this was unsuccessful
besides being uneconomical.

An ob#ious method of keepiﬁg the pressure in the
countefs constant is to use the saturated vapor of a liquid held
at avoonstant temperature for a filling. Using this method t@e'
temperature of the liquid has to be lower than féom temperature
since otherwise the liquid would be'distilled to other parts of
the apparatus. The oonstant temperature that can be attained most
conveniently is that of melting ice. A search was made for liquids
whose vapor pressure at 0°C was 1 to 5 cms of mercury.

The first vapor tried as a counter fillinggas was that
of pdre ethyl alcohol at 1.2 cms pressure. This did not.give any
Plateau and the counting rates were very unreliable. A number of
other vapors such as methyl alcoh@l, benzene, and acetone were
tried without success. In #iew of Farmer and Brown!s6o experiments
with methane it was decided that hydro carbon compoﬁnds offered
the best chance of success. Heptane (C7H16) has a vapor preséure
of 1.15 cms at 0°C .and a counter filled with its vapor gave a short

but useful plateau shown in Fig.23. Its efficiency for gammas and
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FIGURE 253.

PLATEAU EXHIBITED BY ONE COUNTER
FILLED WITH 1.15 CMS OF HEPTANE VAPOR
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for high energy betas was the same as with an alcohol and argon
filling.

The counter exhibited a rather long proportional
region. It started counting with about 800V on the anode giving
very smali pulses, less than .0lV. As the voltage on the counters
was increased the maximum pulses increased in size but were
accompanied by large numbers of smaller pulses. At a counter
voltage of about 1250 volts the pulses were of a uniform size,
abéut three or four Volts peak amplitude with a rise time less
than one microsecond and a length of about 50 microseconds. The
Geiger reglon started here and extends to almost 1350 volts. The
best plateaus obtained were with .005 inch»tungsten wire as anode,

The count ers in the sPectrometer were then filled from
a flask of heptane ﬁurified as follows: flask A in Fig.24 was
almost filled with heptane and then connected to the vacuum system.
About 1/10 of the liquid in A was carefully pumped away. it was
then cooled to dry ice temperatures by means of an external bat%
and evacuation continued for about half an hour. At this point ithe
stopcock was closed, isolating flasks A and B from the vacuum {
system and the cold bath moved to flask B. The heptane vapor
evolving from the liquid in A passed through a drying agent and
condensed in flask B. When about 1/10 of:the heptahe remained in
A the process was sﬁopped.

Flask B was then surrounded by a bath of melting ice
and connected to the counters. The counters were checked in-
dividually and as one of them was unreliable, the other:‘three

were used in parallel; a plateau is shown in Figure 25.
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and vacuum ——
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FIGURE 24.
'HEPTANE PURIFICATION SYSTEM

‘(The heptane remains in Flask B and in

operation is surrounded by a bath of
melting ice.)

Flask A
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FIGURE 25.
PLATEAU EXHIBITED BY THREE COUNTERS IN PARALLEL
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The counters worked very well at first but the plateau
grew worse after a few months of use. Intermittent discharges
gave occasional bursts of 50 to 100 couﬁts in a second or two
before the counters recovered. This appeared tolappen most otf'ten
in the last 36 seconds of a ten minute count.

| An attempt was made to‘improve the performance of the
countérs by the use of external quenching circuits. A number of
these circuits were tried, some with quenching pulses of 200 V
amplitude and 400 microseconds duration, without the least succéés.
_ The use of external quenching'was abandoned and it was Ifound thatb

replacing the anode of the counters and thoroughly cleaning the

cathodes with benzene and absoiute a;cohol restored them to their

original condition.
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APPENDIX V

A. Current Regulating,System. -

“the spectrometer it 1is essential that the magnetié field should
not change of itself‘during the course of a single reéding, and
to realizelthe advantages of building the instrument withous
iron, means must be provided to set the current, and the;efore
the magnetic field, at any desired value. Since the’resolution‘
of the instrument is of the .order of 1%, the magnetic field
éhduld be regulgted to at least one part in a thousané'aﬁd the
calibration should be better than this,

The control system is quite straight forward, the

’current through the magnet also éasses through a 'standérd
resistor! of about 0.1 ohms, made of 10 feet of lnin.bmahganin _
strip. éhis resistor can carry the largest curreﬁts used
with a temperatuwe increase of léss than 1°C, conséquently its
resistance will stay constant to’ almost 1 in 10°. The voltage
developed_across the standard resistance'is compared to a volt-
age determiped by the setting of a Student's Potentiometer and the

.differénce amplified 100 db. by a two chanﬁel amplifier. One
cﬁgnnel amplifies\the frequency range of@;lo cycles per second,

the other 5-1000 cycles per Second. The two signals are re~

united at the grid of a 616 which in turn drives the grids of a
bank of éight 6AS7'S in series with the magnet end the standard

resistor. At low fields the 6AS7'§ carry the full magnet current



6t

but for higher settings they must be shunted by externeal
reéistors; These resistors were calculated on the basis that
the power dissipation in the regulator tubes should not exceed
their ratéd 6apacity of 168 watts. A series resistbr was also
included in the circuit so that low currents could be drawn
safely from the 250 watt D.C. mains. If a current of less than
4 amperes is‘conducted through the tubes from a supply of ﬁbre
than 150 volts, serious damage will certainly result.

The calibration of the potentiomete? is checked period-
ically by ngpérison with a standard cell. The magnet current
is broken by throwing the main sWitch, the galvanometer sen-
sitivity switch turned past 2 megohms to open the circuit and
the 'foltage check! switch depressed. The potentiometer is
adjusted to the voltage of the standard cell and the sensitivity
of the galvanometer indreased. The galvanometer is brought back
to zero by manipulating the 'voltage adjust! controls.

A block diagram of-the_regﬁlating»system is shown
in Fig.26 and a circuit diagram in Fig.27. |

| Thé potentiometer outpub voltage can be made to
agree with the setting to 5 parts in 104 and the volthge across
the standard resigstor is held equal to this within one part
in 104. Any deviations of low frequency can be observed by
the action of the amplifier ‘meters or by the galvanometer,
During the original adjustment of the system a measurement
was made of the amount of high frequency‘(greater than 30
cycles per second) A.C., passing through the coil. It was -

found to be about 1 m.a. over the range of D.C. éurrents and
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Standard Cell

BLOCK DIAGRAM OF CURRENT
REGULATING SYSTEM
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FIGURE 27.
CIRCUIT DIAGRAM OF CURRENT REGULATING SYSTEM



COMPONENTS OF FIGURE 21

Tubes
V1 8-6AST7's in V5 6H6 V10 VR105
parallel V6 1N%4 Vil VR150
V2 63317 : V1 63J17 via2 5Y3G
V3 6837 : V8 6531 - V13 6L6
V4  6V6 V9 SY3G
Meters
ML © 100 microamperes full scale.
M2 1 milllampere, center reading.
N3 150 mlcroamperes full scale.

Transformers and Chokes

Tl Hemmond 276 T3  Hammond 337
W 270 | A w51
Cﬁl and Cho ' Hammond 10-100x -

Resistors (All 1/2 watt unless otherw1se stated)

Rl  St.r. ‘about 0.lchm R18 l 5 M ohms R35
R2 1000 ohms R19 3 K R36
R3 12,8 % 1200 w. R20 2 M " R317
R4 30,1 B 230 w, ~ R21 500 K ¥ R38
R5 30,5 # 210 w.- R22 500 K # ~ R39
R6 40.4 % 200 w. R23 250 # 2 w. R40
R7 50.7 ® 200 w. R24 =~ 5K %0 w, R41
RS 8.0 # 200 w. Re5 5K "0 w. R42
R9 11,5 ¥ 190 w, R26 150K ¢ R43
R10 30K ¥ R2 50k * R44
R11 20K ¢ R28 . 50K % R45
Rl12 330Kk # R29 100 K # . R46
R13 20 K # R30 100K # R47
R14 1Me R31 25 K # R48
R15 3 K" " R32 50K " R49
R16 2 Mn ' R33 5K *® R50
R17 500 K % R34 2 M " R5L
. . R52
Condensers
-C1 0.1 mf 400 v. : Cl2 16 mf
c2 .005 mf 500 v. Cl3 16 mf
C3 0.1l mf 500 v. Cl4 1.0 mf
G4 0.1 mf 500 v. ci5 1.0 mf
C5 .005 mf 500 v, ' Cl6 0.1 mf
6 .006 mf 500 v, C17 30 mf
Cg 0.1 mf 500 v, - ‘ Cc18 30 mf
Cd 100 mf 50 v. C19 30 mf
16 mf 450 v. : C20 50 mf
Cl10 1.0 mf 500 v. _ : ' ¢l 30 mf
Cll 2,0 mf 500 v. c22 1.0 mf
Cc23 1.0 mf

500

150
2.5
1
- 30
40

30
40

100°

10
Te5

100
100

450
450
500
500
500
450
450
450
450
450
400
400
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thﬁs‘is only 0.1% in the worst case.

Slnce the plateau in the counting rate curve of Hep-

 tane filled counters had considerable slope it was necessary

to provide a very stable high voltage supply. Fig.28 is a
circuit diagram of the regulating system finally developed.

The plate voltage of the amplifier tube (V2) is taken
from the regulated side of V1 instead of the unregﬁlafed side.
This results in considerably improved performance., The error
sighal fed into the grid of the amplifier tube is taken partly
from the imput voltage and partly from the output. By adjust-
ment of R18 and R19 the circuit can be made to under-compensate,
over-compensate or regulate perfectly. R1l7 controls the screen
voltagejof V2 and thus the grid bias on V1.

| The adaustment was made initially by feeding 6.3 volts

A.C. in series with Rl end R2. The controls were set for a
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‘ripple in the output of less than 1 millivolt. With the circuit .

in operating condition there was no observable ripple in the
output. The output voltage drifted about 3 volts per hour for
4 hours after the supply was turned on, after this any changes

were of the order of 1 volt.

C. Pulse Ampllfler and Scalar

A 01rcuit of the pulse amplifier is shown in Fig. 29

The output of this circuit was fed into an Atomic Instrument

Company scale of 64 scalar.
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FIGURE 28.
H. T. REGULATING CIRCUIT

List of Components

V1 -- 6J5 V2 -= 6SJ7

Rl, R2 -~ 100 K ohm ng ~= 500 K ohm
R3=-R13 -- 500 X ohm R18 -- 100 K pot.
R14-R16 - 1 M ohn R19 -~ 500 K pot.

R20 -~ 500 KX pot.
All resistors 2 watts

Cl, C2 1 mf 3000 volts
C3 .01 mf 3000 volts

Bl 90 vwolt battery
B2 300 volt battery
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FIGURE 29.

CIRCUIT DIAGRAM OF PULSE AMPLIFIER

Rl 1 M ohm
R2 50 ohm
R3 330 K ohm
R4 10 X ohm
R5 50 K ohm

R6 - 50 X ohm
R7 200 ohm
R8 5 K ohm
R9 60 X ohm
R10 10 K ohm

All resistros 1/2 watt

V1  6J6

Cl .00l mf 2500V
c2 .002 mf 400V
C3 .0001 mf 400V

V2  6AK5

c4 .1 mf 400V
C5 .0l mf 400V
Cé .0001 mf 400V

R11
R12
R13
R14
R15

V3

C
C

C9

1l X ohm
1 X ohn
100 X ohm
200 ohm
60 X ohm

6ACT

.001 mf 400V
.1 mf 400V
.001 mf 400V
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