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ABSTRACT

A thin-lens beta-ray spectrometer is described and a brief
analysis of its operation is given. A coincidence Geiger-
Mueller counter to be used with this instrument is also
described, | |

The spectrometer has been calibrated with a line of the
thorium B speqtrum, and used tevobtain beta-ray spectra of
radium E andAantimony 124, The experimental spectra have
been found to agree well with those previously published,
Several methods of plotting beta-ray spectra are described
and applied to radium E and antimony 124.

From the Fermi plot the endpoint of the radium E spectrum
appears to be at 1.18 Mev, from the van der Held plot at
1.16 Mev, For antimony 124 fdur endpoints have been )
determined from the Fermi plot at .50, .65, .90 and 2.43 Mev,
It is shown that the van der Held plot reduces to the Fermi

plot for this spectrum.
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THE BETA RAYS OF RADIUM E AND ANTIMONY 124

BETA-RAY SPECTRA

‘ One of the most important methods of investigating
the structure of atomic nuclei is the study of nuclear |
radiation, Betapray spectroscopy is a particular branch of
thls studv and is concerned Wlth the. beta and gamma rays
emitted dprlng'the dlslntegration of radioactive isotopes.

When a negetive beta parficle is emitted from a
nucl eus ofiatomic number Z, thevnucieus is changed to one of
atomic number Z + 1. Similarly the emission of a positive
beta partiele lowers the aﬁnmic number by one unit. Very
ofteh a gamma Tay accompaniesisuch a transition.

The present explanationvof'this process assumes' ~
first of all, in accordance with quantum theory, that nuclei
can exist only in discrete eﬁergy sfates or energy levels,
and that in a transition between the levels of a nucleus of
atomlc number Z the energy dlfference is accounted for by the
"emission or absorption of a gamma ray. An enérgy level
diagram fof this‘ease is shown in figure 1. Such a picture is
fully in‘accordlwith the'ebserved line structure of gamma rays.
If this picture is now eﬁfended to beta transitions, serious
difficulties arise. An energy level diagram here is of the
tyée shown in‘figure 2, where a nucleus of etomic number 2

changee to an exited nucleus of atomic number Z + 1 by the



24

1

emission of a negatifé bgta particle and then drops to-tﬁe
ground state by the emission of a gamma'fay. We would expect
‘then that all the beta particles emitted in such a trans1t10n
have the same energy E, equal to the energy'dlfferencevbetween
the ground state of the parent nucleus and the exited state of
the daughter nuéleus.

This does not agree With experiment; the observed
beta fa&s show é'continuous energy distribution of the fofm
shown in figure 3, where the maximum energ gy Eo is equal to the
energy of the disintegration; To overcome this difficulty
without‘giving'up the law of coﬂserVation of energy requireé
the postulation of another particle, the neutrino, which
carries awagy the dlfference between the energy of the beta
particle and the disintegration energy E,. Such a:particle
would have to have an extremely small méss and no charge,
making its detection most difficuit. So far no experiment on
the existehce of the neutrino has béen decisive.

At the present time the mosf comprehensivé theory
of beta disintegfation is that proposed by Fermi(l) on the
basis of a quantum mechanical calculation of the prdbabiiity
of emission of an electron and a neutrino Which\éhare the
energy Eo Accordlng to this theory the probability of

emission of an electron whose energy lies between E and

E + dE is ‘
24e”
7(z, B)aE = 6% WP BfiP- 1 (B~ E) Fzgg;z—)(zpyaa“) IFGgeiyldE
where G is a constant»

Il is a matrix element of the transition
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X =1 -z -1
Z is the atomic number

X - 1/137
'chTZZ
(E‘Z )/g '
@ is the radius of the nucleus

Yy =

(The factors heve been made dlmen31onless‘by choosing energy
units in mge? and momentum units in mge.) )
' For any one betapray spectrum this can be reduced to
[ -E-E
where N iS<proportlonal te’the_intensity of beta radiation
of energy E
£ = N7 e IrGea iy
M - momentum = JE *—|
This relation,can be readily checked for any spectrum

if N is taken as the observed count of beta partlcles and

[5 f_} 18 plotted agalnst E. This should result in a stralght

line for "allowed" tran51t10ns with the intercept on the E-
axis Being eéuel to Eq. ‘Sueh a curve is called a.Fermi plot
and is of greet importance of beta-ray spectroscopy:' if it
turns out to be a straight line it adds considerable'weight to
the Fermi theory; regardless of iheoretical considerations,
however, it will be an important method of fiﬁding E, by .
-extrapoletion, if at leest'thé portion of the spectrum near BEq
can be plotted as a straight llne.

It should be pointed out here that the determlnatlon

of E, by inspection from the spectrum as in flgq;e 3 is very
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unrelisble, partly because of the small angle at which the
curve approaches the E - -axis, and partly because of the low
counting rates in the neighbourhood of Eo.

The fi;st Fermi plots showed considerable deviation
Vfrom'the gstraight line relation; and in 1935 Konopinéki end
Uhlenbeckoz) proposed a modlflcatlon of the theory, whlch led
to the new straight line relatlon

N
o] - E-E

At first this seemed to fit the experimental curves
better, bﬁt‘as more accurate>det¢rminations were made the
original Fermi theory was found to be more geherally
successful.. The agreement is far from perfect, but in mény
case§ the’Fermi plot approximates é straiéht line, especially
.near the endp01nt.‘ -

In an attempt to get better correlatlon w1th
experimental spectra, van der Held(4) proposed us1ng a llnear,
combination of the terms arising out of the Fermi and_the””

K - U'theofies‘, The Fermi plots are often straight near the

endpoint, while the K - U plots are straight for lower::

* e ratio of K-capture to positfon emission for
Cadmium 107-109, as calculated from the Fermi theq;y,_agrees
well with experiment, while the K - U theory leads to a value
sixty fiﬁes too large.(s) On the other hand the half-life

values calculated Dby integrating the Fermi formula do not,

in general, agree with experimental values.
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energies. A graph combining the two methods should therefore

be straight over a greater range. In this case the function

which  should be plotted against E to give a straight line

relationship is|— ™
» ' N [+ c(Ea-E)]

approximately equal to 1.8 x 10-° times the mass number for the

]_ The constant ¢ turns out to be

sample curves made by vén der Held. Whether this proportio-
nality is of theoretical significance can~not be decided at
this time. For some elements it has been shown that the
straight line character of the plot is retained over a larger
'region of energies than in the two other types of plot. This

is of particular imporfance in the resolution of complex beta-

ray spectra. .

Consider an enefgy level diagram"as.in figure 4,
where the emiésion of the beta particles may leave the daughter
nucleus ih one of two different states. To .each of the two |
possible trensitions will correspbnd a simple distribution as
in figure 3,'but it'will be very difficult t6 gseparate two
beta groups from a compésite spectrum, whigh would have the
form of figure 5. The reéolution becomes very simple if there
is a method of plofting separate beta groups as straigpt lines.
If this can be done a straight line of a certaip slope
corresponds to each of the two beta groups, SO that the plot

of a doubie spectrum has the form shown in figure 6., Section

b can be subtractéd, leaving a straight 1ine\whose intercept

on the E - axis gives the endpoint of the first beta group.

There is one other method of resolving complex

specfra: that of coincidence measurements. Th;s method is
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based on the fact that in a double specfrum (see figuré’4) a
‘beta ray of group a will in general be accompanied by a gamma
ray, or followed by it after a time interval short compéred to
the resolving time of the coincidence'circuit. The emission
of a beta ray of group b leaves the daughter nucleus in the
ground state without the emission of a gamms ray. If the
recording apparafus is érranged in such a way that a beta
paiticle registers only-When it is accompanigd by a gamma rays
no beta particies of energy greater than E,, can be reco:ded.
The chief - difficulty of this method lies in the relatively low
intensity available in coincidence studies.

It is obvious from this discussion thatApresentA
theories of beta disintegration are not too satisfactory. ;t

is the hope of beta-ray spectroscopists that as more

- investigations of'energy level schemes are made, and as the
-methods of measurement become more precise, the shortdoﬁings
of the present theoriés will appear moreldefinitely,"thus
leading to refinements in the theoriéﬁ,»or possiﬁly to:é
completely new theory to explain thi§ very important

fundamental proceés.

- TECENIQUES OF MEASUREMENT

The most direct method of measuring beta-ray

energies is to observe the curvature of cloud-chamber tracks
in a homogenebus»magnetic'field at right angles to the plane

of the electron path. If the magnetic field is H gauss and
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and the radius of curvature of the electron path is P then

the energy E in Mev can be found from the relation

HP?—‘sﬁx }04 VE (E+1.o02) gouvss ~crm

Since‘th curvaturé.of each track:has té be measured separately
a great many deteiminationswhave to be made in order to arrive
at a reasonably accurate shape for the. distfibution curve.

| Another method is to introduce various thicknesses
of absorbers in the path of the‘rays and measuring the loss in
intensity of the beta~ray beam. If R is the absorber thick-
‘ness 1n grams per square centlmeter Whlch completely. absorbs -
beta rays up to an energy E Mev then accordlng to Feather(5)

( R\= .543 E - .161
This is a pufely empifical rule snd is used normally for
energies above .4 Mev.
ﬁbr complex spectra the abéorption and coincidence
methods can be bombined to correlate gamma fays with the
proper beta—rav groups. This is a straightforward way of
- estimating the decay scheme of an 1sot0pe, but it is dlfflcult
to use it when the relatiVe’;ntensity of one of the beta
”'gioupsiis very small., For the most accurate determinations,
however, beta-ray spectrometers are now universally uéed.
These can be of Varibus types, but all are based on the
dispersion of cﬁarged'particles'in magnetic and electric
fields. |
" The earliest and most common type of beta-ra&

spectrometer is the 180 degree or mT-type. Here the rays
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describe circular paths in a magnetic field just as in the
cloud-chamber determinations mentioned on page 6, so that if
the radius of curvature is held-fiked byAsuitable.limitation
of the beam (see figure 7) different energy bands can be made
to arrive at the counter by farying the .strength of the
magnetic field. ' |

. If the magnetié field is in. the same direction*és
the initial velocity of the electrons, as in a long solenoid,
éhey will execute a spiral motion in that direction, returning
to the axis after a certain distance. Here again different
enérgies can be focussed at a counter, depending on the strength
of the field. |

A type of spgctrometer using an inhomogeneous field

is the thin lens type(6). Since this is the type used in the
present investigation, it will be desribed in detail under

'Description of Spectrometéf'.

Te e AR

DESRIPTION OF THE SPECTROMETER

A photograph of the spectrometer is shown on plate

| three. Figure 8 on plate four is & schematic representatien,

A is a brass tube 72 inches in diameﬁer and 40 inches long,
~which is evacuated to a pressure of about .00l mm Hg with a .
Cenco Megavac pump. An oil diffusion pump is also connedted
but is used only where lower pressures are desirable. C is a
lead bylinder placed betweeﬁ T and J to absorb gamma rays .
from the source F which would otherwise register on the

Geiger-Mueller counter J. The lead collimating baffle D
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e
allows only a conical shell of beta particles to pass through
in the direction of the counter. In the region of the magnet
B they are deflected in spiral paths, retﬁrning to the axis
at the counter window. Such beté particles are said to be
'focussed!. The second lead baffle E ié nof necessary té
limit the beam further but is introduced to reduce scattered
beta and gamma, radiation that without it would ihcreése‘the
background counfing rate. For this purpose the baffles G and
H have also been found to be quite effective.

The magnet is wound in four sections with number 10
wire ﬁith alternate layers of water cooling coils. The
iesistance of each section is about one ohm. The current is
supplied by a 5 kva motor-generator and is stabilized by an
" electronic regulator, using 38 6AS7 triodes in parallel. The
;'curfént is measured as the potential drop across a manganin
resiatanée of about .8 ohms with a Rubicon potentiometer..

In order to eliminate the effect of the earth's

'magnetic field the spectrometer is aligned glong the

horizontal component of the earth's field, and two Helmhol tz
coils are used to compensate for the vertical cpmponent.
The'Geiger-Mﬁéliei counters are of the bell type,
shown in figure 9. A is a .020 inch tungsten wire to Which
the .005 inch tungsten wire B is attached with a drop of
silver solder. At the end of wire B is a small glass bead.
The window C is of thin mica which is sealed between the two
brass plates D and E with a mixtﬁre of egual parts of beeswax

- and rosin: The mica used had.a. thickness of about two mg/cmg,
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although it was found possible to split the mica to less than

~one mg/cmR, The glass envelope F was waxed to the base D with
Apiezon wax "W". The counter was filled with a mixture of 9.5
em argon and .7 cm ethyl alcohol.

The pulse from the Geiger-Mueller counteﬁ goes.to a
cathode-cbupled preamplifier stége usiné a 6J6 miniature twin.
triode, and then to a écale of 64 scaler built by the Atomic
Instrument Compény. The scaler ié‘connectédito a mechanical
register made‘by'the Cyclotron Sbe&ialtieé Compahy.

‘ In analogy to dptics the spectrometer may be said_to-
consist of a thin lens, an object and an image, with the image
distance equal tq #he object distance and equal to tWice the
focal length of the lens. The focal length of the lens is
determined by the field current. Just as in the optical case
there is a ‘chromatic dispersion, i. e, rays of differgﬁt
energies will be focussed at different points on thevéxis.

The Origiﬁal beam is thus sebarated«into rays of different
energies and only a small bundle of such rays reaches theA
counter for any one value of current through the coil. The
momentum interval of the focussed.rays as a percentage of their
averagé~momeﬁtUm is called the resolving power, and'in this
instrument it is about three per cent.

The radius of cﬁrVature P of the focussed rays is
held constant by %he position of the baffles so that from the
'equation Hp = 1/3 x 10% VE(E + 1.02) gauss-cm there is thus a
~direct correspondence between the strength H 6f the field and

the energy E of the rays registered by the counter. No



attempt is made to arrive at an absolute value of either H or

P and the 1nstrument is callbrated with a gaﬁga ray conver31on
line of known Hp. Since no iron is present the magnetic field
strength is directly §r0portional to the current through the
coil. Hence for each value of current, beta rays of a definite
energy or momentum are focussed on the counter.

COINCIDENCE COUNTER

'In all work Witﬁ the spectrometer there»ie a‘steady
background counting rate which is caused to some extent by
cosmic rays,. but mainiy by scattered beta and gamma rayss
Since this background is an important 1limit fo the accuracy
of the deterﬁination, it is important to keep it_aevlow as
possible. Uﬁ to.the'present this has been done by lead baffles
as described earlier., It is pr0posed to reduce it further by
using two connected beta-ray counters next to one another and
operated in coincidence. See flgurello. . N _

A beta ra& coming at the proper angle will pass through
the window W and register in both counters. A gamma ray,
however, will liberate a secondary-elecfron which will register
in the first ceunter but has only a small probability of going
in the right direction to pass into the second counter and
regietering as a coincidence.ﬂ

Such a counter has been made and tested outside the
spectrometer with a beta-ray source. The following sample

readings will serve to indicate its performance,
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Source 44 inches from window

total count- - TDackground

counter A 9468 : 77
counter B 3829 108
coincidences 3439 16

It will be seen that the coincidence couﬁting'ratg
and the cbuntihg rate of counter B are not greatly different 
so that it is expected that the introduction of this double
counter will not appreciably affect the normal counting fate.
The background for coincidences is séen to be considerably
reduced over that of a single counter. |

Due to mechanical difficulties it has not been
possibie to.test this counter in the spectrometér before this

time.

CALIBRATION

The spectrometer was calibrated with the F~line of
thorluij, for which Hp is 1385 6 gauss-cm. ‘This line has
(7, 8)

'been determlned very accurately and is now widely used

as a secondary standard. The source was prepared by precipi-

tation as a sulfide from a thorium nitrate solution, and put

on a backing of mica. It was covered Wlth a drop of collodlon

solution to hold it in place. This isotope has a half-life of

10,6 hours so that all readings had té be corrected for decay.
Two sources were used, but only the second

calibration was suéceszul. The first source had a
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considerable amount of inert materisl added to it as carrier,
with the result that the source was so thick that scattering

broadened the line to the extent of being almost indistinguish-

able from the background.

EXPERIMENTAL _RESULTS

A. The Beta-Ray Spectrum of Radium E

" Radium E is a good example of a beta-ray emitter
with a simple spectrum. It has been étudied by many’

(9’10’11), yet there is considerable'variatioﬁ

investigators
in the reported endpoints. Most of the difficulty seems to be
due ‘to the fact tnat the Fermi plot, 1nstead of being a stralght |
“line, is concave upwards. When the Konopinski - Uhlenbeck
- modification of the Fermi theorj was first announced it was
thought that it was more successful for radium E, but as more
acqurate measurements were made it Was shown that the X - U
plot drops sharply'near the endpoint. Thus extranolated K -1TU
plots give endpoints which are much too hlgh.
| Van der Held wasg able to get plots which approximate
stralght 11nes very closely, but his method of plotting is
somewhat more complicated than for the other two cases. (See
page 5) It is neceséary to get a preliminary value of the

endpoint from the Fermi plot, and also to use a constant c,

2
) determlned from the slope of the line obtained when- = E:)
is is plotted agalnst (E - E)2 (F here 1SE$%% as calculated

for the Fermi plot.) It should be noted that the Fermi theory
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is'a special case of the vande-Heldtheory, With c eéual té.zero.m
Van der Held showed that for'ﬁhe feﬁ elements which he'stﬁdied
¢ was proportional to the atomic mass number A, with c/A
approximately éQual to 1.8 x 10™° '

The source used was one of metallic radium D in )
equilibrium with its daughter products. The beta and gamma,
rays from radium D have very low energies (Less than .05 Mev)
so that they did not interfere. Since the energies in the
region td be étudied were near 1 Mev no particular precéutions
to reduce scattéring had to be taken. o

The high energy end of the spectfum is shown onlplate
5. The difficulty in determining the endpdint from this is
apparent. The Fermi plot is shown on plate 6. Its cufvature'
is quite pronounced, so. that extrapolatlon becomes unrellable.
The endp01nt is at 1;18 Mev. The van der Held plot (plate 7)
shows a straight line; disrégarding the last three pbints.vi*
With a three per eent resblving ppwér.of the instrument these
points will be shifted to the right so that the endpoint
appears 1} per cent too high. Since the staﬁistidal accurac&_
of fhese'points is fairly low, itfseems best to disregard them
in drawing the straight line. The endpoint is then at 1.16 Mev.
The constant ¢ has been taken as 210 x 1.8 X 10=° which is the

average valuewobtalned by van der. Held for radium E.

B. The BetaQRay Spectrum of Antimony 124

The beta—ray spectrum of antimony 124 has been

' 12-21
renorted on by about ten-research groups( ) .Untll
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recently-it seemed to consist of two‘befa-ray groups, the first
with an endpoint between .50 and .74‘Mev; and the second
between }.53 and 2,54 Mev; It seemed desirable to determine
these endpoints more closely, and a sample of antimony 124
was therefore ordered for the present 1nvest1gat10n. In
"}Januarv 1948, however, two reports were publlshed(20 21)
giving the endpoints of flve beta—ray ‘groups emitted by this
. 1sotope. With this compllcatlon the investigation of this
spectrum became even more interesting..

| The source was prepered by irradiating antimony .
trioxide with slow neutrons in the heavy water pile at Chelk
River. The antimony trioxide was specially purified in the
department of chemis%ry, and sPectroSCOPically tested. The
speetroscopic-aﬁalYSis showed that the only impurity present
was copper (.002 %) with sodium, calcium, tin and iron probably
absent and arsenic, lead, bismuth, lithium, potassium, silicon,
maﬁganese, strohtium.and barium definitely absent. The
irradiated oxide had a specific aotivity of one millicurie per
gram. The source strength‘used was a few microcuries, on a
backlng of mica of thickness less than 1 mg/omz. The source
"Was covered by a thin film of collodion, prepared by the method'

of Backus(22),

All readlngs were corrected for decay, assuming a
half-life of 60 days, as given by Livingood and Semborg( l
Some dlfflculty was eXperlenced in reproducing parts of the
spectrum, and it was necessary to normalize two sections of

the spectrum, since the intensity had dropped by about 2 per
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cent in the one case and by about 15 per cent in ﬁhe second.
The possibility of some antimony 122 (half-life 63 hours) being
presgnt can not be ruled out, although_at 1east.three Weeks‘
had elapsed after the end of irradiation of the sample.

The spectrum is shown -on plate 9. It shows a
éonversion line at .578 iev, corresponding to a gamma ray ‘
..energy of .610 Hev, This line has also been reported by
Kern, Zaffarno and Mitchell(zo) who obtained a gamﬁa—ray
epergy 0£ .603 Mev; A ﬁermi plot fs~shown on plate 8., It
consists of‘four‘straight line sections, with endpoints
agreeing well with those reported earlier this year. A

tabulation of results is shown below: (energies in Mev)

Kern, Za,ffar)(;gd Cook, Langer Mann, Lindenfeld
| i tehe11(<0) (21) -
47 « 50 .50 £ ,02
«63 «68 .65 £ ,03
.98 ' .98 .90 = ,06
1.58 _ 1.50 ‘ - '
2031 , 2437 2.43 = ,03

There~ié an indication of a group with an endpoint
near 1.5 Mev, but it seems to be very weak. It must be
stressed that‘these endpoints are derived wholly from the
Fermi plot, and therefore depend entirely on the accuracy of
the Fermi theory. They can not be regarded as well )
established until they are confirméd by coincidence

measurements,

- T 2 .
=K plotlof(@zp— )vs. (B,- )2 gave approximately a

(-4

straight line with a slope either zero or at least very small,
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Thus the van der Held §1ot for this case reduces to the Fermi
plot. The van der Held plot was also plotted using C = 124_x~
1.8 x 10'? s but it showed no indication of being composed of
straight line sections. This shows the importance of |
determining ¢ separately for each spectrum, since the
proportionality to the mass number, as suggested by van der

Held, does not soem to hold in all cases.

CONCLUSIONS

The work on radium E has confirmed the work of
many other investigators who have found that the Fermi plot
for this case is not straight. The van der Held plot is |
épparently better in this respect. The endpoint from the»
Femi?‘%plot is 1.18 Mev, from the van der Held plot 1.16 Wev.

: - The Fermi plot for antimony 124 shows four'eod-
points at .50, .65, .90, and 2.43 Mev. A fifth group,
‘reported by Kern, Zaffarﬁo, Mitchell(zo) and by Cook,
Langer(zl) is too Wéok for significant evaluation in this '
experimeﬁt. The van der Held constant ¢ is near zero for

antimony 124, so that van der Held's suggestion that c is

proportional to the mass number appears-to be incorrect.
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