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A beta-ray spectrometer utilizing the focusing action of the homogeneous magnetic field
produced by a long solenoid is described. The theory of the action of an instrument of this type
is considered in some detail for the case of a point source of beta-rays, and the extension of the
theory to cover the case of an actual source of finite area is discussed. Details of design are
given, together with a number of experimental tests which have been made on the instrument.
These tests include measurements of the absorption of beta-rays in the Cellophane window of
the G-M counter used for detection, measurement of the resolution and efficiency of the
spectrometer, calibration of the instrument, and an examination of the beta-ray spectrum of
radium E. The beta-spectra of phosphorus 15P" and iridium 77Ir"4 have been investigated. The
forms of the distribution curves all agree better with the Fermi than the K-U theory. It is
concluded that the spectrometer operates satisfactorily and possesses some definite advantages
over the conventional designs.

INTRoDUcTIQN

~ 'HE most common methods for investigating
beta-ray energies which have been in use

for the past three decades are: (1) absorption
measurements, (2) measurements with a cloud
chamber in a magnetic field, and (3) measure-
ments with a magnetic spectrometer essentially
like the type developed by Rutherford and
Robinson' in 1913.

The suggestion that a large solenoid might be
used as an electron lens to focus beta-rays of
determinate energy upon some sort of detecting
device - appears to have been first made by
Kapitza' in 1923. In 1924 an instrument of this
type was built by Tricker. ' More recently
Klemperer4 has constructed an electron lens type
of spectrometer, using the focusing properties of
a flat coil. '.

If one considers the operation of a spectrometer
utilizing the electron lens properties of a solenoid,
it soon becomes evident that, if a satisfactory
instrument of this type could be designed, it
would possess several marked advantages com-
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pared to the conventional spectrometer, ' among
which might be mentioned the following: (1) The
efficiency of the spectrometer can be relatively
high, since a larger solid angle at the source can
be utilized without sacrifice of resolving power.
(2) Source material can be distributed over the
surfaces of thin films of collodion or some similar
substance, covering an area much larger than
that generally possible in the conventional type
of spectrometer. It is thus possible for an instru-
ment of this type to furnish data on materials
whose activity cannot be concentrated suffi-

ciently for use in the usual type. (3) Only one
layer of absorbing material (the window of the
G-M counter) is present in the electron path.
(4) The source can be located relatively far from

any scattering material except that of the source
holder itself. (5) The relatively large distance
between source and detector, together with the
large amount of absorbing material interposed by
a central baNe system, should practically elimi-
nate detection of gamma-rays.

THEORY OF SPECTROMETER

A. General considerations

The theory of the action of magnetic electron
lenses has been treated at length by various
workers. ' ' ' The present discussion is confined to

6 Witcher, O'Conor, Haggstrom and Dunning, Phys.
Rev. 55, 1135A (1939).

7 W. Glaser, Zeits. f. Physik 109, 700 (1938).' J. H. McMillen and G. H. Scott, Rev. Sci. Inst. 8,
288 (1937).
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the simple treatment of a few of the relations
which have the most direct bearing on the use
of the uniform solenoid lens for the examination
of beta-ray spectra.

We consider an electron which is initially
projected with momentum p,

in a direction making an angle n with the
direction of a uniform magnetic field II. The
electron's path will have the form of a circular
helix of radius

and pitch
p= (p/He) sinu

L = (2+p/He) cosu. (2)

R

Z

If z denotes the displacement of the electron from
the initial position in the direction of II, and r its
displacement perpendicular to II, it is readily
shown that:

r = (L/s. ) tanu sin(m. e/L). (3)

To examine this equation it is convenient to
introduce the variable

D =L/(7r cosa) = 2p/He,

whereupon (3) takes the form:

r=D sinu sin[s/(D cosu)]. (4)

With the condition that the field II is initially
fixed, this equation indicates (1) how r varies
with s along the path of any particular electron
(D and u constant), or (2) how, at a specified
distance s from the initial position of the electron,
the displacement r varies with departure angle n
for electrons of the same momentum (s and D
constant), or (3) how, for fixed s and u, r varies
with electron momentum.

The first case is obvious, and case (3) need not
be considered in this discussion.

As u increases from 0 to ~/2, s and D constant,
r starts from 0 and oscillates between a succession
of positive and negative maxima, these being
located at the values of u for which Br/Du=0.
The zeros of

~
r

~
lying between successive maxima

are at the n values for which

e/(D cosu) =n~, m=1, 2,

Physically, this behavior of ~r
~

corresponds to
the fact that electrons with the same momentum,

Z
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FIG. 1. Geometrical design functions.

but leaving the source with larger and larger
departure angles, may cross the plane determined
by s during the first, second, third, etc. , turns of
their helical paths. Further investigation indi-
cates that the successive maxima of

~

r
~

in the
direction of increasing a are consecutively
greater, approaching the limiting value D as n
approaches vr/2. Physically this expresses the
fact that, as n increases, the pitch of the helix
contracts, its diameter becoming correspondingly
greater. For u = s /2, the helix becomes a circle of
diameter D = 2p/He.

B. Intensity and resolution for a point source

It is difficult to obtain a general treatment of
the problems of intensity and resolution when the
source of electrons has a finite area in the plane
perpendicular to the magnetic field. However, the
treatment for a point source may be used to
suggest the features of the more general problem.

Consider a source at the point (r, s) =0 emitting
electrons with all possible momenta from 0 to
some upper limit, the emission being assumed
isotropic. We first wish to examine the distri-
bution of the current arising from electrons whose
momenta lie in the neighborhood of a given value

p in the plane determined by assigning to s the
value z. From the analysis given above for the
case z and D constant, it appears that at each
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denote the maximum value of r thus obtained,
we have:

.25

r/z = [(siny)/y] tana,

z/~D = (1/m) y&/Q(y —tany).

(&)

(8)
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FIG. 2. Intensity function J.

Br/Ba=D cosn sin[z/(D cosa)]
+z tan'n cos[z/(D cosn)]=0. (5)

value of r there will be contributions to the
current arising from an infinite set of n values,
extending from some definite lower limit to ~/2.
Let l(r, n) denote the contribution to the density
of current at r due to any specified value of n
from this set. Then I(r, n) must be proportional
to sina, and also to Bn/Br It the. refore follows
that I will become infinite at the points where
Br/Ra =0, viz. , the maxima of

~

r
~

as function of n

considered previously. The current distribution
due to electrons of the same momentum will

therefore be characterized by the existence of a
set of concentric "focal rings,

" upon which its
density becomes infinite. The smallest ring will

occur at the smallest value of r for which Br/Ba
vanishes. If this derivative vanishes concurrently
with r, we may speak of a "point focus. " We
have, from (4):

a+0 a2

sinn8n = (sinn) (An&+ 6~2),

.24

.22

.20

.18

.16

.12

.10

.08

By use of the last three relations, with y as a
parameter, the curves of Fig. 1 are obtained.
These curves exhibit a. (corresponding to the first
maximum of r) and r/z as functions of z/xD from
z/mD =0.5 to 1.0. (u is plotted in radians, on the
same scale as that of r/z. ) If z is regarded as
fixed, these curves indicate the variation of n and
of the radius of the first focal ring as functions of
electron momentum. The first point focus occurs
at z/mD=1, n=0 As z/. ~D decreases, this opens
up into the first ring focus, as indicated in
Fig 1. F. or z/mD= 09, a=15' approximately,
and r/z=0. 020. For z/~D=0. 8, a=22.5 and
r/z =0.063. '

Intensity relations. —The current Rowing
through the annular area of radii r —Dr and r will
be proportional to

On setting y = z/(D cosu), this gives:

n = tan-'Q[ —(1/y) tany]. (6)

The symbol n is used to identify the n value as
that corresponding to a maximum of ~r ~. (It is
convenient to consider y as a parameter in this
and the succeeding two relations. ) Combining
the last relation with (4) and (5) and using r to

0
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FIG. 3. Resolution function.
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~~I+~~1=2V'C ~r/(s)(~'r/~~') =j (9)

The intensity function

J= sinn/Q( —.8'r/Bn')-

is plotted against z/TTD in Fig. 2. This function
gives an indication of the variation with z/TTD of
the current to be expected through a ring of
constant width hr and outer radius r, r being the
radius of the hrst focal ring. Note that J is a
maximum at z/TTD=0. 6, and that it begins to
drop rather sharply above z/TTD =0.85.

Rcsolv'b'fIg pMMr. —A convcnlcn t cl ltcI ion of
resolving power is the rate of variation of D (i.e.,
of electron momentum) with r, expressed as a
fraction of D itself. Wc accordingly consider

(1/D)(dDI«) =(dldr)(logD) (»)
In Fig. 3, logls(TTD/z) is plotted against r/z. The
resolving power, as indicated by the slope of this
curve, is grea. test for r/z=0, decreasing rapidly
until r/z =0.10, and then becoming approxi-
mately constant.

A. Design criteria

The utility of any beta-ray spectrometer will

depend in general upon the following three
CI'ltel'la: (1) 'the IRllge 111 ellefgy ovel wllich 'tile

instrument can be used; (2) the sharpness of
resolution; (3) the efficiency, as measured by the
fraction actually detected of the beta-rays which
leave the source with energies lying in the band
passed by the instrument.

B. Maximum energy

Equation (2) in the form

III./cosa = 2Trfp/z

indicates that the maximum momentum (and
hence the maximum energy) which it is possible
to Ineasure with an instrument of this type will
depend on (1) the maximum obtainable field
strength and (2) the length and diameter of the
region in which the held can be considered
uniform; i.e., the region between source and
countcl ~ In fRct, the maximum cnclgy lncrcRscs
with each of these factors.

C. EfRuency and resolution

From the theory outlined above, the electrons
are brought to a focus at the plane 8 in a ring of
radius r. The geometry of the instrument may
therefore be determined by a, diaphragm provided
with an annular slit of suitable radius and width
equal to a small fraction of its radius, together
with a baffle system which will allow only
electrons with the correct angle of emergence n
to pass through the spectrometer.

Thc consldcl ation of Rn cxtcndcd bctR "IRy
source in the form of a disk perpendicular to the
magnetic field shows that the momentum values
passed by the instrument are a function of (1) the
distance from the axis to the initial position of the
electron Rnd (2) 'tile azimuthal Rngle of lts 1111'tlRI

direction of motion. Since the resolving power,
decreases somewhat from the center of the source
to its edge, the final design is a compromise
between the resolution, the efficiency, and the
area of the active material. Equation (4) and the
cuI vcs ln Figs. 2 Rnd 3 pcl 1Tllt. Rppl oxl matc
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selection of the actual geometrical design factors
for a given resolution and efficiency.

DESCRIPTION OF APPARATUS

A. General features of spectrometer

The general features of the spectrometer as
finally designed' are shown in Fig. 4. Essentially,
it consists of a long solenoid having the source of
beta-radiation placed on the axis near one end
and a G-M counter for detection placed 90 cm
distant in the analogous position near the other
end. Between source and counter are interposed a
series of Duralumin disks and rings, which serve
to specify, within definite limits, the dimensions
of the helical paths which the electrons may
follow in passing from source to counter.

The dimensions of the instrument were pri-
marily determined by the power supply, a 600-
ampere 30-volt d.c. generator, which was avail-
able before design of the spectrometer was begun.
The theoretical considerations outlined indicate
that for a specified power supply, the solenoid
should be designed for (1) maximum field
strength, (2) maximum length of homogeneous
field region, and (3) maximum ratio of diameter
to length.

B. Solenoid

The solenoid was made by winding six layers of
—,'-inch diameter copper tubing (0.035-inch wall
thickness) on a brass tube 10.5 inches o.d. , 10
inches i.d. , and 66 inches long. The actual length
of winding is 60 inches, and there are 220 turns
per layer. The tubing for each layer was fabri-
cated in one piece (lengths ranging up to 700
feet) by the manufacturers and has double
cotton insulation 4.0 mils thick. All six layers of
the winding are connected in parallel electrically
by bus bars and also in parallel hydraulically by
manifolds. The waterflow through the coil at 50
lb. /in. ' pressure is adequate for cooling under full

load conditions (18 kw). To improve the homo-

geneity of the field inside the solenoid, correcting
coils consisting of 90 turns of No. 12 wire were
wound 12 inches from each end of the main

winding. These correcting coils, together with a
rheostat, are connected across the main winding.

Careful comparison measurements with a
standard solenoid showed that this solenoid gives

a field of 1.859 oersteds/ampere, corresponding to
a field of 1115oersteds with 600 amperes through
the coil ~ Investigation of field distribution showed
that the homogeneity of the field at all points
between the positions of source and counter is
better than 1 percent.

C. BafBe system

The construction of the baNe system is shown
in Fig. 4. The positions and diameters of the disks
forming the central baNe were calculated so that
the edges of the disks lie on a surface of revolution
formed by rotating about the axis of the instru-
ment a sine curve of amplitude 7.16 cm and half-
period 90 cm, starting from the source position.
The middle diaphragms have openings whose
edges lie on a similar surface of amplitude 12.5 cm
and half-period 90 cm and intersecting the
instrument axis at .the same points as the
previous surface. The over-all length of the
baNe system is 82 cm, there being a space of 4 cm
between the source position and the annular
opening in the first ring. The edges of the annular
slit at the counter end also lie on the two surfaces
of revolution previously described, and the slit is
3 cm o.d. and 2 cm i.d. The resolution and
efficiency of the spectrometer for a source of 2-cm
diameter are determined almost entirely by this
final annular slit.

The central series of disks, together with their
spacers, are held together by a Duralumin rod
which passes through them. This central disk
system is supported by the outer system of ring
baNes through the two sets of radial rods. The
baNe system was made of Duralumin to minimize
electron scattering, and the further precaution
was taken of painting all surfaces with thick
colloidal graphite (Aquadag).

D. Source holder

The source holder is designed to minimize all
possible scattering from the support and to
permit quick introduction through an air lock. In
this spectrometer, the radioactive material may
be deposited on an area 2 cm in diameter without
materially reducing the resolution, which permits
the use of very thin sources. The thin collodion
layer on which the source is deposited is mounted
on a thin aluminum ring 3.5 cm in diameter,
which is in turn supported by three thin alumi-



num rods attached by a plate to the end of a rod
which enters the instrument through a Neoprene
seal of the type described by Wilson and Kamen. '
The gate valve air lock is essential to facilitate
quick operation without destroying the vacuum,
since the vacuum must be maintained at about
10 4 mm Hg by an oil diffusion pump in order to
prevent discharges from occurring between the
G-M counter leads.

E. The G-M counter

A single G-M counter is adequate for this type
of spectrometer. Coincidence methods are un-

necessary, since gamma-radiation from the source
can contribute virtually nothing because of the
large distance from source to counter and the
interposed baNes.

The design of the counter used in this
spectrometer has necessarily been somewhat
unconventional: (1) because the window through
which the beta-rays were to enter had to be
placed at one end of the counter rather than in
the side wall, and (2) because it was desired to
construct a window which should be at least 3.0
cm in diameter and as thin as possible. The final

design adopted is shown in Fig. 5. The cylindrical
copper cathode is 3 cm i.d. and 4 cm long, and the
central wire is 4-mil tungsten with a glass bead on
the free end. "A glass sleeve covers the counter
wire to within 1.5 cm of the end in order to
minimize the active volume and reduce the
background. The counter windows used thus far
have been of Cellophane 0.5 mil thick (1.75
mg/cm'), but considerably thinner films of
collodion may be used to facilitate more accurate
measurements at low energies. The window is
clamped between a brass ring and a 1.6 mm thick
brass grille, a very thin rubber gasket being
interposed between the ring and the Cellophane.
This assembly is cemented to the front end of the
counter with picein. (Note that the grille is on
the outside of the Cellophane. ) The grille was
made by drilling holes 0.32 cm in diameter in a
brass plate, and its open area is 73 percent.

A mixture of 9 cm argon, and 1 cm ethyl
alcohol" has proved satisfactory for operation

' R. R. Wilson and M. D. Kamen, Phys. Rev. 54,
1031 (1938).

I. R. Dunning and S. M. Skinner, Rev. Sci. Inst. 0,
243 (1935).

"A. Trost, 7eits. f. Physik 105, 399 (1937).

5 GM

FIG. 5. G-M counter.

over periods as long as several weeks. The counter
filling system with appropriate argon and alcohol
reservoirs is permanently connected to the
counter, but a stopcock operable through a
Neoprene seal permits the counter to be isolated
from the filling system.

While the geometrical proportions of the
counter were necessarily bad, very satisfactory
operation at high speeds was achieved by a
capacitance coupled multi-vibrator quenching
circuit which is a modification of that described
by Getting. " An amplifier tube preceding a
biased low impedance multi-vibrator circuit re-
sulted in positive operation under all conditions.
A scale-of-eight demultiplying circuit utilizing
three pairs of 6SJ7 tubes permitted counting at
high rates. It was observed that much more
satisfactory quenching of. the counter pulses was
obtained when the metal grille was held at about

3 the potential of the anode.
When shielded by lead 2.5 cm thick to mini-

mize stray radiation effects, the natural back-
ground of the counter system was approximately
10 counts/min. The counter threshold was ap-
proximately 1300 volts, and the "plateau" about
300 volts broad with a slight positive slope.
Counter operation was regularly checked with a
small radium source placed in a standard position,
but over periods of many weeks no deviations
were observed beyond those expected statistically.

As shown in the drawing, a shutter operable
from outside was placed in front of the counter.
Four holes in the shutter permitted absorption
measurements to be made on selected materials
for electrons having any desired energy.

F. Spectrometer power supply

The current for the solenoid windings from the
600-ampere 30-volt d.c. generator is stabilized by
a voltage regulator similar to the type described

"I.A. Getting, Phys. Rev. 53, 103 (1938).
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emitted per second from a Th 8 source of the

type described was first directly measured by
counting, with a linear amplifier-ion chamber
system, the number of particles emerging through
a small fail-covered hole (of known diameter) at
the end of a long evacuated tube which contained
the source at a measured distance from the hole.
The number of beta-particles emitted per second
in the line IIp1387.5 could then be calculated by
using the present accepted value for the co-
eAicient of internal conversion for that line
(Pn=0.25). The number of electrons actually
detected in the line when the source was placed in
the spectrometer (after allowing for the opaque
section of the brass counter grille) was then
determined. These results gave a value for the
effective solid angle in reasonably good agreement
with the peak value of 0.12 shown in Fig. 6. The
large solid angles for which the lens spectrograph
should be effective were therefore achieved.
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Fro. 8. Radium E spectrum.

2.5

2.0
0

o l.5

I.O
500 IOOO 1500

H p

2000 2500

Frt . 7. Correction factor for counter window absorption.

C. Correction for absorytion in counter window

The absorption of electrons in the counter
window was determined by making measure-
ments of the transmission through 0, 1, 2, and 3
additional layers of 0.5-mil Cellophane, when
these were interposed in front of the counter by
means of the shutter system described. Figure 7

shows the correction factors by which the ob-
served counting rates are to be multiplied, as
obtained by extrapolation of the data for eight
values of electron momentum to zero total ab-
sorber thickness. These correction factors should
be fairly reliable down to ITp 854, but are proba-
bly not trustworthy below this value, although
some electrons are still passing through the foils
at Hp 640.

There is little evidence for scattering in the
baNe system. With zero field, no counts above
background are observed.

D. Magnetic field measurements and calibration

Measurements of the field within the solenoid
at various points, both on and off the axis, were
made by a fIip coil which had been calibrated
previously with a standard solenoid. These
measurements gave for the field at the center
of the solenoid a value of 1.830&2 percent
oersteds/ampere. As stated previously, the homo-

geneity of the field was better than 1 percent
throughout the region between source and
counter.

If we take 7rD=94. 7 cm at the peak of the
resolution curve and use 1387.5 for the IXp value
of the Th B line, a comparison determination of
the field may be obtained. If mD is assumed to be
reliable to within +0.2 percent, the value of
1.859&0.4 percent oersteds/ampere is obtained.
This is considered to be reasonable agreement
with the previous value.

The value 1.859 oersteds/ampere obtained
from the Th B line has been used as a standard
for the subsequent spectrometer measurements.
The maximum field obtainable with the present
power supply is thus 1115 oersteds at 600
amperes, corresponding to a beta-ray energy of
4.44 Mev.
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It should be noted that in such an instrument
the effect of the earth's field (or other stray helds)
cannot be completely neglected in thc very low

energy region. The axis of thc instrument has
been placed in the direction of the horizontal
component of the earth's fiel to minimize any
effect due to this component. There is no evidence
that the operation of thc instrument is ap-
preciably affected by the vertical component of
the earth's field at the lowest energies so far used
(100 kev. ) However, a compensating coil for the
vertical component is being installed for work
down to 10 to 25 kev.

INVESTIGATION OF BETA-SPECTRA

A. Measurements on radium E
The beta-spectrum of Ra E was selected for a

general test of the spectrometer, since so many
data are now available on it.

The Ra E source was prepared from a purifie
Ra D+E+F solution by successive deposition
on Ni foil followed by successive solutions in hot
HCl to insure freedom from Ra L~. The final

highly purified Ra E solution was distributed as
uniformly as possible over a 2-cm diameter area
in the center of a thin collodion film mounted on

the source holder.

Figure 8 shows the data obtained with such a
source after correcting for counter window
absorption. The individual points have a sta-
tistical error of 2 percent or less. Knowing the
form of the resolution curve of the instrument,
one can accurately determine the upper end point
of any beta-spectrum by a process of successive
approximations, provided that the source is
reasonably strong. The value of the end point for
the Ra L spectrum, after account is taken of the
effect of the resolution curve, was computed to be
IIp 5100 (1.11 Mev), corresponding to a total
energy of 3.18 in woe' units. Plots of these data
on the basis of the Fermi" and Konopinski-
Uhlenbeck" theories are shown in Fig. 9. Neither
theory is seen to give a straight line over the
complete range of the data, but the Fermi plot is
much better. The extrapolated K-U end point is
at a total energy of 3.83moc' units, in excellent
agreement with the results of Flammersfeld, "
Neary, " and other recent measurements. ""
These tests with Ra E indicate that the instru-
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Fzo. 9. Fermi and K-U plots for radium E.

ment can be regarded as reliable at least above
IIp 1300 (135 kev).

B. Beta spectrum of »P32

The source of »P" was prepared by dis-
tributing a few drops of dilute Na2HPO4 solution

E. Fermi, Zeits. f. Physik 88, 161 (1934)."E.J. Konopinski and G. E. Uhlenbeck, Phys, Rev.
48, 7 (1935).

"A. Flarnmersfeld, Zeits. f. Physik 112, 727 (1939).
~ G. J. Neary, Proc. Roy. Soc. 1'lS, 71 (1940).
20 L. H. Martin and A. A. Townsend, Proc. Roy. Soc.

A1'70, 190 (1939)."J.S. O'Conor, Phys. Rev. 52, 303 (1937).
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containing the active phosphorus over the source
film, as in the case of Ra E. Some of the ~5V" was
kindly supplied by Professor E. O. Lawrence and
his associates during a period when the Columbia
cyclotron was not in operation. In all sources, the
activity of the phosphorus was such that the
total weight of the deposit over an area 2 cm in

diameter was less than 0.5 mg.
The results of the measurements are shown in

Fig. 10, where the statistical error of the points is
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less than 1 percent. The observed end point is at
Hp 7357 (1.75&0.02 Mev). This is in good agree-
ment with values since published, of Lawson"
(1.72 Mev) and Lyman" (1.70&0.04 Mev).

The Fermi and K-U plots for ~5P32 are shown in

Fig. 11.Again neither are straight lines over the
entire range, although the Fermi plot is nearly so
and shows less departure at the upper end.

C. Beta-spectrum of 77Ir"4

The source of 77Ir'" was prepared through a
concentration process of the Szilard-Chalmers'4

type developed by Dr. J. Steigman. "Approxi-
mately 5 g of Ir in the form of a Werner complex
compound of iridium and ethylene diamine were
irradiated with neutrons from the cyclotron.
After separation of the active Ir as Ir metal with
approximately 1 mg Ir as a carrier, the active
material was deposited as a colloidal suspension
on the source film.

'2 J. L. Lawson, Phys. Rev. 56, 131 (1939)."E.M. Lyman, Phys. Rev. 51, 1 (1937).
'4 L. Szilard and T.. A. Chalmers, Nature 134, 462 (1934)."J.Steigman, Phys. Rev. 59, 498 (1941).
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"M S. Livingston and H. A. Bethe, Rev. Mod. Phys.
9, 359 (1937).

The spectrum obtained is shown in Fig. 12,
where the points have a precision of at least ~2
percent. The end point is concluded to be at
Hp 8870 (2.18+0.04 Mev), in fair agreement
with previous estimates by other methods. "The
curve strongly suggests that the spectrun& is
complex. If only one weak lower energy group is
assumed, its end point would correspond to 3000
to 3500 B'p. Measurements of the half-life in
various parts of the spectrum gave the same
value, 19.5 hours, to within the limits of error.

The Fermi and K-U plots for Ir in Fig. 13
indicate the Fermi plot to be very straight in the
upper region. A complex spectrum is likewise
suggested by these plots.
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A series of measurements of the absorption of
the Ir beta-rays in Al were made using an ion
chamber with 1-mil aluminum window filled with
Freon (CC1~F2) at 1 atmosphere, and which was
connected to an FP-54 amplifier. The range ob-
tained was 0.970&0.030 g/cm'. From Feather's
empirical range-energy relation, as recently cor-
rected by Widdowson and Champion, "we have
energy (Mev) = L0.165&range (g/cm') ]/0.536.
This gives a value of 2.11~0.07 Mev for the end
point, in good agreement with the spectrometer
value. The absorption curve gives evidence for
the presence of a soft gamma-radiation almost
completely stopped by 3-mm of Pb.

The author would like to express his sincere

"E.E, Widdowson and F. C. Champion, Phys. Soc.
Proc. SO, 185 (1938).

thanks to Professor J. R. Dunning for the sug-
gestion of designing the lens spectrometer de-
scribed here, and for his constant advice and
encouragement. He is likewise indebted to Dr.
C.J.Davisson of the Bell Telephone Laboratories
for his invaluable contributions to the theory
outlined. The cooperation of Mr. M. Hartley
Dodge and Mr. W. W. Kelley in supplying the
copper tubing and the brass cylinder for the
spectrometer is gratefully acknowledged.

The author wishes to express his sincere ap-
preciation of the assistance given him throughout
the work by his co-workers Miss E. Haggstrom
and Father J. S. O'Conor; of the aid given by
Dr. J. Steigman and Dr. A. V. Grosse in the
chemical processes, and to the many others in the
Department of Physics who have helped in

designing. and building the instrument.
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The Scattering of One- to Three-Mev Protons by Helium

N. P. HEYDENBURG AND N. F. RAMsEY

Department of Terrestrial Magnetism, Carnegie Institution of WasIiington, Washington, D. C.
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The scattering of protons of from one- to three-Mev energy by helium has been experimentally
examined for the existence of resonance scattering analogous to the neutron-helium resonance
observed for one-Mev neutrons by Staub and Stephens. If n-n and p-p nuclear forces are equal,
such a resonance should occur in p-He scattering for protons of approximately two Mev. The
number of protons scattered through 140' were observed as a function of their energy. This
number passed through a maximum at two Mev as expected, but the sharpness and height of the
maximum were several times less than for the n-He resonance. However, this greater width and
lesser intensity can be qualitatively justified. The number of protons scattered through 76' did
not show the presence of a resonance scattering as the energy was varied. Observations of the
angular distribution of the scattered protons for angles of scattering between 30 and 140' for
proton energies of 1.0, 1. .5, 2.0, 2,5 and 3,0 Mev, respectively, have been obtained.

INTRQDUcTIoN
' PROTON-helium scattering experiments for

protons of energy one- to three-million
electron volts are of especial interest because of
the similarity of the proton-helium scattering
problem to that of neutron-helium scattering.
The dependence of the neutron-helium scattering
cross section upon the neutron energy has
been investigated experimentally by Staub and

* Formerly Research Fellow of Carnegie Institution of
Washington, now at the University of Illinois.

Stephens. ' They have found that the ratio of the
n-He cross section for the production of recoils
to the similar n-p cross section is a maximum for
neutrons of about one-Mev energy. This maxi-
mum they attribute to a resonance in the com-
pound He' nucleus. The existence of this large
amount of scattering of one-Mev neutrons by He
has since been confirmed by a number of workers, '

' H. Staub and W. E. Stephens, Phys. Rev. SS, 131—139
(1939).'E. Hudspeth and H. I)unlap, Phys. Rev. 57, 971—975
(1940).


