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INTRODUCTION 

It is a well-known fast that both beta rays and gamma 

rays are associated with, the radioactive transitions between 

energy levels within the atomic nuclei. The beta rays usually 

have a continuous energy distribution» and the gamma rays have 

distinct energy values, equal to the difference between energy 

levels of the nucleus. It is important then that the energies 

of radiation emitted in nuclear reactions be known so that 

conclusions may be drawn as to the structure and levels of the 

nucleus. The purpose of this paper is to describe a method of 

determining the energies of gamma rays. 

Now it has long been known that when gamma rays fall 

upon matter, a secondary effect is produced. This effect consists 

in the emission from the matter of electrons which have been 

knocked out by the gamma rays. This action is explained by assum¬ 

ing that the gamma rays are composed of small packets of energy 

called photons which make collisions with the electrons contained 

in the matter and thus eject the electrons. 

The energy of a photon Is given by E * hv where V is 

the frequency of the wave accompanying the photon, and h is 

Planek* s constant. There are two types of electrons which are 

ejected. The photo-electron has a kinetic energy given by 

E.E S hv - 

where , Eu > E^ etc.* depending upon the extra-nuclear 

energy level from which the electron has been removed. E^.f for 

example, is the energy required to remove the electron from the 
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K level to an infinite distance from the attracting nucleus. 

The photon disappears upon giving up its energy to the photo- 

electron. 

electron or the recoil electron. The behavior of such electrons 

vias first explained by A. H. Compton. He supposed that the photon 

made an elastic collision with free electrons in matter. In this 

case, however, it is not supposed that the photon gives up all 

of its energy to the electron as in the case of the photo¬ 

electric effect. ïhe photon of reduced energy and the recoil 

electron are given off at angles to the initial path of the photon 

as indicated in the following drawing: 

Such an expression immediately suggests that a good way of obtain¬ 

ing the energy of the incident ray would be to determine the 

energy of the recoil electrons ejected by the gamma ray photons. 

field perpendicular to the path of the electron. The force per¬ 

pendicular to the path of the electron which acts upon the elec¬ 

tron is given by H*iv, where H is the field strength, € is the 

electronic charge, and v is the velocity of the electron. The 

The second type of electron is Irnown as the Compton 

Compton nas snown xnat xne Kineuo energy ox the recoil 

electron is given by 

Kinetic energy =• E *(*») £ « 

J + oO*4 —• f Ce*,a © 

How suppose that an electron is moving in a magnetic 
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electron describes a circular path so that 

E€T » mv2/^ 

2 mY is the centrifigul force, pis the radius of the circle. 

K ' 
We have then Ho * mv 

' e 
When the velocity v is comparable to the velocity of light, o, 

we have from relativity theory that 

m0 

]TTBS 

where m0 ia the rest mass of the electron and B » v/o. Then 

Hp = P0v 

e|l - B2 

The relativistio expression for the kinetic energy of a fast 

moving particle is given by 

E =. m0e
2 \ ^ . — j I 

t fl - B£- J 

Eliminating v between these two equations, we have 

Thus we see that if the product Hp is known, E may be determined. 

The apparatus employed in magnetic analysis is usually 

a system of detecting devices, and slits defining the circular 

path. These are enclosed in a brass box which is then placed 

in the magnetic field. 

Among the first to employ a magnetic spectrograph 

were Robinson and Rawlinson* who focused a beam of electrons upon 

a photographic plate in a magnetic field while making a study of 

*Robinson and Rawlinson, Phil. Mag. 28,277, 1914 



X-rays. Ellis and his students used magnetic analysis extensively 

in the period from 1920 to 1930. In 1934, Henderson* undertook 

an experiment very similar to one which will shortly he described. 

The work of Henderson was chiefly concerned with the accurate de¬ 

termination of the end-point of the beta ray spectrum given by 

Th C -^UTKC*. His value was 2.25 MEV. The method of Henderson re¬ 

vealed, as was expected, the presenoe of a gamma ray of energy 

2.65 MEV, the existence of which had previously been shown by 

Black**. Henderson observed the beta rays due to internal conver¬ 

sion of this gamma ray, in the thorium souroe. Ellis *** has also 

discussed the internal conversion of this gamma ray. 

in 1940, Curran, Dee, and Strothers**** described a 

"gamma ray spectrograph", calibrated with the gamma ray of energy 

2.65 MEV, mentioned above. The following is a description of the 

construction of a gamma ray spectrograph along lines very similar 

to those adopted by Curran, Dee and Strothers. 

THE APPARATUS 

The box, (see Pig. I) is of inside diameter 18 cm. 

The depth of the box is 3 cm., and the thickness of the lead 

block, (Pb), employed to shield the counters from the gamma rays 

is 5.8 cm. The counters were mounted in a block of luoite. The 

copper oases of the counters were of length 2 cm., of thickness 

.01 mm., and the diameters were 1 cm., 1.5 cm., and 2 cm., respec¬ 

tively, thus allowing for the divergence of the beam after the 

focusing upon the slit, S, just beneath the counters. The width 

of this slit was 3.5 mm. On each side of the slit was placed a 

sheet of brass 2 cm. in length, 1 cm. in width, and 5 MEV in thick¬ 
ness 

♦Henderson, W. J., Proo Roy. Soc. A, Vol. 147,572, 1934 
**Black, proo. Roy. Soc. A, Vol. 109, 166, 1925 
*** Ellis, proc.Roy Soc. A, Vol. 138,318, 1932 
****Curran, Dee and Strothers, Proo. Roy. Soc A, Vol. 174,546, 1940 
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so as to prevent the counting of particles not focused on the 

slit proper. Three other slits, S2f s3 and S4, were also placed 

about the box for collimating purposes. The center slit, S3, the 

defining one, was 1.8 cm. wide, and the lower edge was 5.3 cm 

above the bottom of the box, thus allowing for recesses into which e 

electrons not entering the oounters might drop. The spread 

allowed by the slit system is estimated to be about 6$. The maxi¬ 

mum measurable kinetic energy which an electron may have with the 

field strength now available is about 12 MEV. 

A Weiss magnet was used. The plot of field strength 

against current is shown in Fig. 8. It is to be noted that since the 

inked crosses refer to the rise of field strength with increasing 

current, and the red crosses to the decreasing field with decreas¬ 

ing current, that there is a slight amount of residual magnetism 

as the current is decreased. The penciled crosses indicate in¬ 

creasing field as the current is again increased. The deviation 

of these penciled crosses from the inked crosses is to be expected 

çince about the same amount of deviation was noticed to be due to 

radial variations of as little as one millimeter. It was decided 

then that a line through the average of the three sets of points 

would give the field accurately enough, to about one percent. It 

should be remarked, however, that in the future it will be advis¬ 

able to move always in the direction of increasing current and 

increasing field to insure a maximum of accuracy. 

The gamma rays were introduced at the bottom of an 

aluminum cup, G, of thickness .1 mm. The bottom of the cup makes 
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an angle of 20° with the perpendicular so as to sharpen the 

beam. l’or the purposes of calibration, a thin foil of aluminum 

upon which had been previously collected thorium At was placed 

in the bottom of the cup. Thorium A has as one of its products 

Thorium C, the emitter of the 2,65 MEV gamma ray, which was 

needed for the calibration. 

The cases of the small counters were contiguous, being 

always at the same potential. The case3 were usually between 

mima 850 and jiinas 950 volts below ground, varying slightly 

each time that the mixture in the counters was changed. The best 

operating potentials were found to be those at which the wires 

of the counters were at 0, plus 90, and plus 215 volts above ground, 

the wire potentials increasing with the diameters of the counters. 

The mixture was usually at a total pressure of 10 cm. Eg, 9 cm. 

of irgon and 1 cm. of alcohol. The counters were not sealed off 

from the remainder of the magnet box. The entire interior of the 

box always comprised one system. The pulses from "the three 

Geiger-Muller tubes passed through two stages of amplification 

to the grids of the three 6C6 tubes of the fiossi circuit, and 

from there to the grid of the thyratron to give the pulse 

through the mechanical recorder. (See Eig. 2) A pulse is re¬ 

corded each time that an electron passes along the arc of the 

circle through the three counter tubes. Ho pulse occurs unless 

the same particle does traverse the three counters. 
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THEORY 

Before considering the experimental results which have 

heen obtained with the apparatus just described, certain theoreti¬ 

cal aspects of the problem should be treated» It has already been 

mentioned that the target from which electrons are knocked by the . 

photons of energy 2,65 MEV is aluminum. This element may be 

considered to have a light nucleus, and since the forces which 

bind the electron to the nucleus are very small, the target may be 

regarded as one of free electrons. The particles counted will thus 

be composed to the greatest extent of recoil electrons. Internal 

conversion in the thorium atoms will also produce a few electrons 

which will increase the ordinate at one or two points of the 

curve. 

Bow to consider the kinetic energy, E, of the Compton 

electron, we have 

B - hY 3 oj dOox B 
(l+ <*)*■— cC2' tor*.*O 

where <K « , hv is the energy of the incident photon; m0 

is the rest mass of the electron, and C is the velocity of light. 

Q is the angle whioh the path of the recoil electron makes with 

the path of the incident photon. Prom this expression, we see 

that the maximum energy is imparted to the electron when 0*0° 

and that no Compton electrons are found for Ô = 90° 

Bow from relativity theory, vse have Kinetio energy B 



These expressions give, as we have previously shown 
S' 

E « —| j* 

Expressing the energy in electron volts, 

E = 299.e{( (Hf)*+ (1706.^)^— Hùh 1^-. N. * 

By the theory of Klein and Kishina*, we have that the 

probability of a recoil electron obtaining upon collision an 

energy between E and E - dE is given by % , A 
^    «fTVi * r * / w 4 \ i Jsjr ne* f 

"^c»l 
i + P-Je^j. | l -f 

tAj-liu».4. C* JÎr s ^ ^ U. i? - £" ^ . iliXtuuj, K ~ 

t&cJv / 

}i£ 

_ *C , wo C * 
J x+****+~*. -A — >-*— — __ . i, / — 
i tz ** /* (— I 
g- = ^ I M (I-t ÏTÏSI (1+7^5 y f 

Mru k 

e 
This theoretical result assumes an infinitely thin tar¬ 

get. Erom the expression in COSO, we see that the maximum energy 

of the Compton electron is given by 2.41 MEV when the incident 

gamma ray has an energy of 2.65 MEV. The relative probability 

of the electron having an energy E may be determined from Fig 3A 

where the probability has been plotted. 

From the expression for E we see that as (H^ ) becomes 

large, E becomes roughly proportional to H|» . When E - 1 MEV, 

H|» = 5000 gauss* cm and when E « 2.5 MEV, s 10,000 Gauss-cm. 

Then an expression giving the momentum distribution, that is, 

the probability of the electron having an H ^ value between Hp 

and Ho+^dH will give a curve almost exactly the same as the 

energy relation. 

♦Klein and Kishina. Zeits. F.phys., 52,853. 1928 
Also Richardson and Kurie, Phys. Rev., 50,999, 1936 
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ESTOIMEITTAL EESUITS 

In the course of the experiments which were done with 

the apparatus of which a detailed description ha3 just been given, 

about fifteen attempts were made to determine the end-point of the 

intensity —momentum curve for the recoil electrons ejected from 

the aluminum target. Two of the resulting curves which were done 

under the most favorable conditions are shown in figures 3B ard 3C. 

These curves seem to indicate that the end point of the recoil 

electrons ejected by the 2.65 MEV gamma ray is at 2.60 amperes. 

.Again using the relation which has been previously mentioned, we 

have 

Kinetic energy = m0o2 |fl ~f (^f*)X(f* j)*" —* IJ 

Thus; on assuming that the energy of the gamma ray is 

accurately "known, H ^ may be determined and the effected ç- 

value for the apparatus may be determined. The effective value of 

ç was found to be 5.(»& — .11 

It is to be noted that beyond the end-point of the 

recoil electrons due to the radiation of 2.65 MEV, there appears 

a rise in the curve which reaches a maximum at 2.80 amperes. It 

is believed that this effect indicates the presence of a gamma ray 

of high energy and low intensity. The end point of the recoils of 

this radiation was calculated from figures 4, 5, 6, and 7. The 

following results were obtained; 

Current at end-point 
Corresponding field 
strength at end point 

Fig. 4 2.99 amperes 2.00 x 103 gauss 

Fig. 5 2,98 «1 2.00 x 103 n 

Fig 6 3.00 n 2.02 x 103 « 

Fig. 7 3.00 « 2.02 x 103 « 

Avr* Field = 2.01 x 10® »i 



From these data, the energy of the gamma ray ,was calculated to . 
* * * « * •' J* » t • 

he 3. ISi.OlMEY. Taking the maximum ordinate of this gamma, ray.and 
• • •< 

comparing it with the maximum ordinate of the known gamma ray ànd 

dividing hy the corresponding values of the current, it is estimated 

that the higher energy gamma ray has an intensity which is about 8$ 

of that of the 2.65 MEV gamma ray. This estimate must he considered 

approximate, howerer, since internal conversion electrons passing 

through the thin target may have sharpened the peak. Itch and Watase* 

have estimated that the intensity of this gamma ray is 3% that of the 

2.65 MEV gamma ray. 

The high point in the neighborhood of 2.00 amperes in figures 

3B and 3C is suggestive of the fact that there may he a gamma ray of 

2.25 MEV energy in the thorium spectrum. There is as yet, however, 

nothing definite to report. A thick target study of this point will 

probably indicate a more definite configuration. There is also the 

possibility that this high point may be due to internal conversion 

electrons which pass through the thin target. This possibility will 

be ruled out when a thicker target of aluminum is used. 

How in conclusion, it should be pointed out that the peaks 

observed in figures 4, 6, and 6 are consistent with the curve of the 

Klein-Uishina relation. The peak may be regarded as the 

superposition of infinitely many such curves resulting from the 

thickness of the aluminum target. The peak is shifted back from the 

end-point, because the electrons have emerged from different depths 

in the target. Strictly speaking, the ordinates of the experimental 

curves should be divided by the corresponding values of the current in 

order to make the comparison but over the short range of the peak, 

the assumption that the current is practically constant will give an 

*Proc. Phys-Math. Soo. Japan, 23, 142, 1941 



approximate comparison. Moreover, the complexity of the radiation 

about the region of the 2.65 MEV gamma ray mates such a comparison 

approximate anyway* 
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