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Summary of Elastic Scattering Cross Section 
Measurements 

In 1952 Stearns^/ showed that it was possible to measure the elastic 

Stearns, Phys. Rev. 87, 706 (1952). 

scattering of 17,6 Mev photons by using a biased Nal(Tl) spectrometer. 

2/ This technique has been applied-' using betatron X-rays to measure the 

E. G. Fuller and E. Hayward, Fhys. Rev,, 101, 692 (1956). (Reprint attached), 

elastic scattering cross sections for a number of elements in the energy 

range U-UO Mev. (An evaluation of this technique for measuring elastic 

scattering cross sections is given at the end of this summary). In this 

survey experiment the elastic scattering cross sections were found, in 

general, to consist of two maxima. The cross section rises to a maximum 

and then falls sharply at the threshold for particle emissionj it then rises 

once more and goes through a broad resonance that resembles the neutron 

emission cross section except that it is a factor of about a hundred smaller 

in magnitude. 

The scattering in these two energy regions is produced by two different 

kinds of nuclear properties* The lower energy maximum results from the 

fluorescence of a number of discrete energy levels, unresolved by the Nal(Tl) 

spectrometer. The size of the scattering cross section here is a measure 

of the number and widths of the levels making ground-state transitions in 

the particular nucleus under consideration. On the other hand, the scattering 

observed in the giant resonance region results from oscillations of the 

whole nucleus and is associated with the electric dipole absorption that 

usually results in the emission of neutrons or protons. The size of the 

latter scattering cross sections is, therefore, a smooth function of 2. 



The measurements were performed at a backward angle in order to avoid 

backgrounds* This had the additional advantage that nonnuclear coherent 

scattering, such as Rayleigh and Delbruck scattering,which are both 

peaked very strongly forward, went undetected* The measured cross sections 

then are produced by nuclear Thomson scattering and the scattering associated 

with the elastic deformation of the nuclear charge distribution* 

The total scattering cross sections have been obtained from those 

measured at 120 on the assumption that the angular distribution was given 

by (1 + cos 0), i*e® that the scattering is electric dipole and results 

from a scalar polarizability of the nucleus* Since the forward scattering 

cross section is related to the total absorption cross section by a 

« 

dispersion relation, it has been possible to compare the measured elastic 

scattering cross sections in the giant resonance region with the nuclear 

absorption cross sections obtained in other experiments# Crude comparisons 

made in reference 2, using data available in 1955, showed consistency between 

the elastic scattering and total absorption cross sections for elements 

heavier than copper* More recently a code has been written for the IBM 70k 

computer which facilitates these computations enormously* The neutron yield 

cross sections, recently obtained in this laboratory, have been used to 

predict in detail the elastic scattering cross sections for Sn, I, Pb, and 

Au* These are also in good agreement with the cross sections reported in 

reference 2# (See Figs® 1 to U)® 

Very recently the elastic scattering cross section for the deformed 

nucleus Taxo'L has been measured for comparison with the neutron yield 

cross section obtained by Fuller and Weiss-l/, They have shown that the 

E. G* Fuller and M® Weiss, Phys* Rev# 112, 55U and 560 (1958). 
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photon absorption cross section has two maxima associated with two modes 

of oscillation of the nuclear change. In order to predict satisfactorily 

the observed scattering cross section from the neutron yield cross section 
4 / 

it was necessary to assume that the nuclear polarizability is a tensor.— 

4/ 
E. G Fuller and E. Hayward, Phys. Rev. Letters jL, 465(1958). 

The scattering cross section then does not have a simple dipole angular 
2 

distribution but is given by da(9)/dA>= A(i + K(E) cos 0). Fig. 5 

gives K(E) as a function of energy. An experimental measurement of these 

distributions would be difficult but very desirable. 

The agreement between the scattering and absorption cross sections 

for the light nuclei is not so satisfactory. The sums of the (y,n) and 

(y,p) cross sections are not great enough to account for the measured 

elastic scattering cross sections especially at energies above 20 Mev. 

As an example, detailed comparisons of the scattering and absorption cross 

sections for Al were made in reference 2. There have recently been two 

careful measurements on aluminum. One—^ obtained the total absorption 

5/ 
J. M. Wyckoff and H. W. Koch, private communication. 

6 / 
cross section directly, and the other— attempted to determine all the 

—^Fererro et al, private communication. 

partial cross sections of importance. Both are in disagreement with the 

elastic scattering cross section as it has been interpreted. This 

discrepancy may result from the assumptions made concerning the angular 

distribution of the elastically scattered photons used to obtain the 

forward scattering cross section. The distribution corresponding to 

electric dipole transitions was used. If the absorption at the higher 

energies is the result of another mode an angular distribution of the 

3 



scattering peaked in the backward direction could result* This would result 

in the high total cross section Except for the fact that 

the measured nuclear absorption cross section does not exhaust the dipole 

sum* this offers a satisfactory explanation of the discrepancy* Measurements 

of the angular distributions of the scattered photons are certainly indicated. 

In the energy region below the particle threshold, where the elastic 

scattering cross section frequently shows a maximum, the nuclear energy 

levels are narrow compared to their spacing* A measure of the peak 

absorption cross section in these levels can be obtained from a self¬ 

absorption experiment, if the peak absorption cross section is at least half 

the electronic absorption cross section* The procedure is to measure the 

attenuation when an absorber of the target material is placed in the incident 

bremsstrahlung beam* The absorber removes from the beam photons otherwise 

destined to excite levels in the target* 

The usual situation is one in which there are a large, unknown number 

of unresolved levels being excited* The results obtained therefore represent 

some kind of average properties for the levels involved* A single isolated 

level can have a peak absorption cross section as high as 6ir^ (more than 

100 tarhs at 7Maw), This level can be broadened and the peak cross section 

correspondingly depressed either by inelastic scattering or by thermal 

doppler broadening. If the broadening results from inelastic scattering, a 

real nuclear property, the self-absorption experiment yields the ground- 

state branching ratio, fgs/ps for the level* If on the other hand the 

level is completely doppler-broadened, the ground-state width in units of 

the doppler width, fgs/^, is obtained* In principle, the observed attenuation 
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can be changed by changing the doppler width, i.e. the temperature of 

the target and absorber. Real levels are almost always broadened both by 

inelastic scattering and thermal effects so that the analysis is consider- 

ably more complicated. The 15.1 Mev level in C is the only isolated 

level found so far that is amenable to this type of investigation. This 

level is broadened both by inelastic scattering and thermal doppler 

broadening. The level parameters were therefore determined^to be those 

E. Hayward and E. 0. Fuller. Phys. Rev. 106, 991 f!957). "Reprint attached) 

most consistent with the measured integral scattering cross section and 

the self-absorption data. 

Self-absorption has been observed for photon energies just below the 

particle thresholds of Kg, Al, Ni, Fb, radio Pb and 3i. This effect was 

sought but not found in the scattering by Mn, Cu and Sn. The observed 

effects produced by the many levels in the energy band under consideration, 

are not large and correspond to peak absorption cross sections of the same 

order as the electronic absorption. A recent series of measurement using 

targets of lead, radiolead, and bismuth included (1) a detailed determination 

of the elastic scattering cross section in the energy range U-10 Mev, 

(2) attenuation measurements with absorbers of the same materials at room 

and liquid nitrogen temperatures, and (3) attenuation measurements using 

208 209 
absorbers enriched in Pb and Pb . 

These data have been analyzed to give the average properties of the 

levels just below the (y ,n) thresholds for these nuclei. The results were 

presented at the 1958 Paris Conference on Nuclear Physics. (See attached 

In conclusion the following problems should be further investigated? 

A. Detailed elastic scattering cross section measurements in the 
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giant resonance energy region with medium and heavy nuclei* Particular 

attention should be paid to those nuclei having large nuclear deformations. 

Bo Angular distribution measurements as a function of photon energy 

for a deformed nucleus such as Ta« 

C. Careful scattering cross section measurements, both energy and 

angular dependance, for light nuclei* This should lead to information 

regarding the apparent lack of integrated absorption cross section for 

the nuclei. 

D* Detailed studies of the self absorption effect that has been seen 

in Mg, Al, and Ni. This would consist of a series of experiments such as 

those recently completed with the lead isotopes and bismuth# 

E* Systematic survey for additional self-absorption effects 

particularly in the lighter nuclei* This technique is one of the few 

available which leads to information regarding the levels just below the 

particle thresholds in nuclei. Particle cross section measurements 

usually only give information about the levels at excitations just above 

these thresholds* 

Evaluation of Elastic Scattering Measurements 

In the analysis of the elastic scattering experiment it has always 

been assumed that the pulse height scale was equivalent to a photon energy 

scale near the end of the spectrum* The crudeness of most of the measure¬ 

ments that have been made probably justifies this assumption# When, however, 

measurements were made in which the statistical uncertainties in the data 

were reduced to the order of 10 percent it was decided to attempt to make an 

estimate of what the effects of the spectral shape of the photons incident 

on the T$al crystal and the spectrometer response function would be on the 
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interpretation of the scattering cross section as normally measured 

The procedure which has evolved in measuring these cross sections 

has been the following: The Nal crystal is first placed in the bremsstrahlung 

beam and the pulse height distribution is obtained with a multi-channel 

analyzer for the hardened bremsstrahlung spectrum. The end point of this 

spectrum is obtained by making a linear extrapolation of the top 15 to 

20 percent of the spectrum to zero® The scattering measurements are then 

made using as the Mend point channel” a channel whose lower and upper 

bounds correspond to #85 and *95 respectively of this end point found by 

extrapolating the bremsstrahlung pulse height spectrum. The measured cross 

sections have then been plotted as an average cross section over a 10 percent 

energy bin centered at an energy of 0.9 times the maximum energy in the 

bremsstrahlung spectrum. 

In terms of the actual scattering cross section €T(E), the average 

cross section obtained in the scattering experiment is defined by: 

.95 K K 

,85 hQ o 

dh\ dE N(E,E ) R (h,E) 

85 h o 
o 
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where N(E,Eq) dE is the bremsstrahlung spectrum per unit monitor reading 

(number of photons at an energy E for a spectrum extending to E ) and 
o 

R(h,E) dh is the response function for the Nal spectrometer (number of 

pulses produced at a pulse height h by a photon of energy E incident on the 

front of the crystal)* This average cross section has been calculated 

making various assumptions about the shape of 0“(E) and the response 

function R* The average cross section obtained in this way has then been 

compared with 0“(E) to find at what energy <^C3~> should be plotted* 

The shape of the response function R(h,E) is rather well known for 

the geometry and crystal used for most of the scattering measurements as 

12 
a result of the work done on the scattering by the 15*11 Mev level in C • 

This pulse height distribution is given in Fig* &* The quantity which is 

not known is the pulse height on the distribution that should be assigned 

to the center of the Gaussian distribution that would be produced if the 

crystal absorbed all of the photon energy* It is known that this pulse 

height is somewhere on the high energy edge of the distribution* The 

calculations which, will be described below were made for two assignments 

which are thought to be extreme limits* These corresponded to saying that 

the Gaussian was centered at 18 and 19 mv on the pulse height scale given 

in Fig* 6"* The results obtained were the same in both cases so that in the 

following only examples calculated with the 18 mv assignment will be given* 

The average cross section <^cr> was calculated assuming (a) that the 

true cross section was a linearly increasing function of the energy and 

(b) that this cross section was a linearly decreasing function of energy* 

The slopes chosen were such that across a ten per cent energy interval near 

the end of the bremsstrahlung spectrum the cross section changed by a 
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factor of two. This corresponds to the sort of slopes that have been 

observed in the scattering work. Fig® gives the photon spectrum obtained 

from the Schiff integrated over angle intensity spectrum and the two assumed 

scattering cross section shapes. 

The first step was to calculate the pulse height distribution produced 

when the bremsstrahlung spectrum was incident on the crystal. The upper 

energy end of this distribution was then plotted and a linear extrapolation 

was made to find the end point hQ of the spectrum as is done in the 

scattering experiment. This is shewn in Fig, §" for the 18 mv assignment 

for the center of the Gaussian. The end point channel was then taken from 

.85 h to .95 hQ and the quantities Y _ and Y were calculated. Fig, 8 

gives these functions differential in photon energy, for an end point run 

and for a scattering runs with increasing and decreasing cross sections. 

These curves give the relative number of counts produced in the pulse height 

channel defined by the above criteria for the three different assumed photon 

spectral shapes incident on the crystal. Table I gives the fraction of the 

total number of pulses in the end point channel which are produced by 

photons having energies greater than .85 E0, .90 E0 and .95 EQ, These 

figures and the curves given in Fig. then indicate just how "elastic” the elastic 

scattering cross section measurements are. 

Table 1. 

Fraction produced by E^ .85 E0 Ey. .90 E0 E ) ,95 EQ 

Increasing cross section .98 .83 .39 

End Point (Flat cross section) *9U ,71 .28 

Decreasing cross section .89 .58 .17 

Using the areas under the curves given in Fig. % the average cross 



sections (0q. l)^cr>vere calculated for the two assumed shapes of (^(E). 

In both cases these average cross sections corresponded to the value of 

the cross section, Q“(E), at E * .93 E • The differential curve of Y 
O EP 

given in Fig. § indicates that for a flat cross section the data should be 

plotted at an energy corresponding to about .9k EQ. These calculations 

when carried out for the 19 mv assignment of the center of the Gaussian 

(Fig. fc' gave the same conclusions as reached here. This is the result 

of the way in which the end point channel is chosen. 

In the above calculations nothing is said about the sensitivity of 

the results obtained in the scattering experiment to the particular 

channel chosen for the end point channel. The following tables give an 

indication of how serious a problem this is. Table II gives the average 

cross section calculated using a channel width of .02 EQ as a function 

of the position of this channel in the spectrum. Table III gives the 

average cross section calculated for a bin width of 0.10 E for three 
o 

different end point extrapolations. Both of these tables indicate that, 

providing the end point is chosen high enough in the pulse height spectrum 

the scattering cross sections are independent of choice of end point to 

within something of the order of 5-10 percent. In order to make measure¬ 

ments with a higher precision than this(it would be necessary to work at 

the extreme end of the pulse height spectrum where counting rates would be 

extremely low and where the results would be strongly influenced by 

pile-up effects. 

Conclusions 

A. In regions where the scattering cross section is flat with photon 

energy the experimental points should be plotted at .9k Eo> where Eq is 

- 10 - 



the maximum energy in the bremsstrahlung spectrum. Where the cross section 

is either rising or falling rapidly the points should be plotted at *93 E0. 

In all cases the measured cross sections are averages over a photon bin 

approximately 0,1 EQ wide, (The procedure which has been followed has 

been to plot the data at 0,9 EQ and indicate it being an average over a 

region of about 0,1 E )• 
o 

8, .No matter what the shape of the scattering cross section inelastic 

scattering can only be measured to levels within 0.15 EQ of the ground 

state. For a sharply rising cross section only levels within 0,10 EQ must 

be considered, 

C. These conclusions are independent of the assignment made for 

the center of the Gaussian in the response function for the Na T(T1) spect¬ 

rometer. 

D, The scattering cross sections calculated in this experiment are 

sensitive to the choice of end point channel. These errors will be of the 

order of 9-10 percent providing the end point channel is chosen high 

enough in the pulse height spectrum. 

- 11 - 



Table II (2 Channel) ■ -..mV';- . 

Kill a Ht. {Hrieing) falling) 
. oo

 
vn

 

.79 1.73 

.87 .93 1.60 

.89 l.Oli 1.U6 

.91 1.16 1.3U 

.93 1.2? 1.2JU 

.95 1.37 1.13 

.97 1.U6 1.05 

.99 1.56 1.00 

1.01 1.57 .92 

1.03 1.62 .88 

1.05 1.67 .85 

1.07 1.75 .80 

1.09 1.79 •7U 

1.11 1.86 .69 

1.13 2.00 .60 

Table in (10% Channel) 

End Point (cr rising) (<T falling) 

1.00 1.01 1.50 

1.025 1.20 1.30 

1.05 1.26 1.26 

1.075 1.38 1.13 
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Fig. 3. The elastic scattering cross section for gold. The solid curve has 
been calculated from the measured neutron yield cross section. 
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PULSE HEIGHT, MV 

Fig. 6. "The pulse height distribution produced by 15.1 Mev photons. 
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Fig. 7. The spectrum of photons obtained from the Schiff integrated over angle 
intensity spectrum and the two assumed scattering cross section shapes. 
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Fig. 8 The pulse height distribution calculated for the case when the bremsstrahlung 
is incident on the Nal(Tl) crystal. The extrapolation used to obtain the end 

point of the spectrum is shown. 
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Communication submitted to the 1958 Paris Conference on Nuclear Physics 

Photon Scattering and Self Absorption in Lead and Bismuth at 7 Mev* 

E* G, Fuller and Evans Hayward 
National Bureau of Standards 

Washington 25, D. C* 

It has already been shcwn^ that the elastic scattering cross sections 

1. E* G* Fuller and E* Hayward, Phys* Rev* 101, 6?2 (1956)* 

for many nuclei have two maxima* The higher energy peak can be related to 

the absorption of photons into the giant resonance^ the lower energy peak, 

located just below the particle threshold, is associated with the absorption 

of photons into discrete levels* The scattering from some of these levels 

2 
has recently been observed using the six and seven Mev photons generated in 

2, S.A.E. Johansson, Bull* Am* Phys* Soc* II, 3, 17U (1958)* 

K* Reibel and A* K» Mann, Bull, Am* Phys* Soc* Ser II, 3» 17U (1958)* 

the f19 (p,c( }( )016 reaction* This note contains further data obtained for 

the lower energy region using lead, radiolead, and bismuth scattering 

targets* These results were obtained from two types of measurements, the first 

a detailed determination of the elastic scattering cross section from four 

to ten Mev and the second a series of self-absorption measurements* 

The resulting scattering cross sections were essentially the same as 

those obtained earlier* The values of the scattering cross section at its 

CT_(E)dE are given in rows (1) and s 

(2) of Table 1. 

The self-absorption experiments consisted of measuring the attenuation 

of the scattered photons when an absorber of the target material was placed 

in the incident 7*5 Mev bremsstrahlung beam* The scattered photons were 

detected by a Nal(Tl) spectrometer and the pulses registered above a bias 

peak. _ max 
<¥ * 

and the integrals. 





corresponding to four Mev were used to determine the attenuation. By- 

weighting the bremsstrahlung spectrum with the elastic scattering cross 

section, it was found that the average energy for the photons scattered 

was six Mev0 Table II shows the observed attenuations divided by 

e to correct for electronic absorption in the absorber. Transmissions 

significantly different from one represent absorption by nuclear energy 

levels, the magnitude of the effect depending on the average peak 

absorption cross section in the levels. The maximum absorption cross 

section in a given level is given by 2TT \ (2j + 1)/(2I + 1) where I is 

the spin of the ground state and J is the spin of the excited state. 

The average value of this cross section consistent with the dipole 

selection rule and averaged over the product of the scattering cross 

section and the bremsstrahlung spectrum are given in Table I* Since 

this peak cross section may be depressed by inelastic scattering or thermal 

Doppler broadening, the self-absorption experiment was also done with the 

targets and absorbers at liquid nitrogen temperature. The results indicate 

that the levels participating in radiolead are narrow compared to the 

Doppler width of 3 evj whereas those in natural lead are wider. The bismuth 

data are inconclusive. 

3 
A calculation has been made of the expected transmission as a function 

3. E. Hayward and E. G® Fuller, Phys. Rev. 106, 991 (1957)® 

of level width and peak absorption cross section assuming the scattering to 

result from a single average Doppler-broadened, Breit-Wigner level. Rows (lx) 

and (5) of Table I give the range of values obtained for the average ground- 

state branching ratios and level widths consistent with the attenuations 

measured at 300° and 77°F« The summed ground-state widths obtained by 
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7 
combining the latter with *0£(E)dE are shown in row (6), 

The data in Table II also indicate that the photons scattered by a 

bismuth target can be removed by a lead absorber, though the converse is 

not observed* A reasonable explanation of this effect is that the scatter¬ 

ing cross section in Bi is the result of the presence of a relatively 

small number of levels and that one of the stronger of these overlaps 

207 
a level in lead. Experiments using absorbers enriched in Pb and 

2or 208 
Pb indicated definitely that a level in Pb is responsible, though 

207 
the possibility that one in Pb also contributes to the absorption is 

not excluded, A further indication of the presence of one rather strong 

level in bismuth is the fact that the same attenuation was observed for 

two different thicknesses of bismuth absorber. This result is inconsistent 

with the calculated attenuation curves and suggests that the assumption 

that all the levels responsible for the bismuth scattering are alike is 

not valid. If about 70 percent of the photons scattered by bismuth do 

not self-absorb, then the observed attenuations can be understood. The 

attenuations obtained using a lead target and two lead absorber thicknesses 

are, on the otherhand, consistent with the simple picture, 

TABLE I 

Pb 
206 

Pb Bi 

, . max 
(l)<cr> mb (7 Mev) 21 20 21 

(2) ^•5q(E)dE Mev mb U2 Uo U8 

(3) <Ta° barns 215 235 79 

(U) Pg.s./p 0, O
 

O
N

 l o
 

12 Q„20 r 1,0 0, 12 T 

(5) Tev >3.1 0.2 - 3.1 >0.5 

(6) iQ.s ev 1100 - 2300 115 - 590 li58 

1,0 
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TABLE II 

Observed Transmissions Corrected for Electronic Absorption, 

Absorber 

Targets 
o 206 o 

Thickness Pb(7«2 g/cni ) Pb (3.6g/cnr) Bi(3.97g/cm2) 

Pb 10,8 g/cni2 0.895 1 0.031 

Ih.h 0.663 ± 0.032 0.8ii6 ± 0.01$ 

0.69U * 0.037* 

"pt,206" 11.2 0.976 ± 0.050 0.7U ± 0.0li3 1.002 ± 0.0U8 

0.599 ± 0.031* 

Bi 12.2 1.018 ± O.O50 1.0U5 ± 0.038 0.792 ± O.OUO 

0.719 ± 0.038# 

Pb 7.65 0.822 ± 0.029 0.903 ± 0.028 

03 
o

 
C

M
 .O

 
PH 7.83 0.790 ± 0.028 0,910 ± 0.028 

»pb207n 7.86 0.797 ± 0.028 0.915 4 0.028 

W06" 7.U7 0.965 ± 0.029 

Bi 7.U9 0.790 ± 0.025 

Pb 52%Pb208 ; 21%Fb207j 26%Pb206 

"pb2°6' 3%Pb208j 94/tPb207; 88*/t> Pb206 

"Th207« '} 31.3XPb208,* 63.6$Fb207j 5.1% Pb206 

"?}208" 
; 96%Pb208; 2,8%Pb207; 1.2/^ Pb2°6 

♦Measured with both target and absorber at liquid nitrogen temperature© 
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and found to consist of two maxima at 

The neutron yield cross section for the deformed nucleus Ta 
1,2/ 

has recently been measured-—1— 

1/ 
E. G. Fuller and M. Weiss, Phys. Rev. to be published. 

2/ 
Spicer et al., private communication. 

12.45 and 15.45—This cross section has been fitted by the super¬ 

position of two Lorentz lines. These have been associated with 

oscillations of the nuclear charge along the one long and two short 

3/ 4/ 
axes of the ellipsoid according to the suggestions of Okamoto— and Danos— . 
3/ 

K. Okamoto, Phys. Rev. 110, 143(1958). 

4/ 
M. Danos, Nuclear Physics 5, 23(1958). 

The present note describes the results of a measurement of the differential 

cross section at 120° for the elastic scattering of photons by the tantalum 

nucleus. The experimental methods employed were described in a previous 

paper—^ . The results are given in Fig. 1. 

5/ 
• E. G Fuller and E. Hayward, Phys, Rev. 101, 692(1956). 

For comparison with these results the differential elastic scattering 

cross section, ^°s ^ , associated with electric dipole absorption, has 
r 

been calculated assuming (a) that the nuclear dipole polarizability is 

a tensor, i.e. that the polarizability has a different value associated 

with the major and minor axes of the nucleus; and (b) that the nuclear 

dipole polarizability is a scalar, i.e. that it is independent of the 

orientation of the nucleus with respect to the photon polarization. 

•k 

This research was supported by the U. S. Air Force, through the Office 

of Scientific Research of the Air Research and Development Command. 





In terms of the forward scattering amplitude, f, the relationships 

between the photon absorption and elastic scattering cross section, a and 

a , are: 
s / 

0 = 4jrvt-Im f 

da (0°) 

dSl 
(1) 

Whenever a can be represented by a Lorentz line, and the nuclear 

polarizability associated with a is along the direction of polarization 

of the incident photon, the forward scattering amplitude is given by: 

f 
a r 

o 
4« “fee 

_2 2 
E (E ) + i E r 

2 
+ E 

(2) 

where a is the peak absorption cross section, E the resonance energy, 
o o 

and T the full width at half maximum of the resonance. 

Assuming a tensor electric dipole polarizability, the scattering 

amplitude for a given nuclear axis, z, arbitrarily oriented with respect to 

the polarization of the incident photon is. 

f(9) = fz c°s\ sin p , (3) 

where 9 is the scattering angle,^ is the angle between the photon's 

polarization and z, p is the angle between z and the direction of 

observation, and f^ is given by Eq. (2) where the resonance parameter*}. 

associated with the absorption of photons polarized along z are used. 

Danos has shown that, for an ellipsoidal nucleus, the relationship between 

the cross sections a and a, associated with the absorption of photons 
a b 

polarized along the major and minor axes, and the total absorption cross 

section for an unpolarized photon beam by an unoriented sample is: 

a = a /3 + 2 o,/3 (4) 
a b 

2 





For such an elliposidal nucleus the scattering cross section at an 

angle 0 will be given by the absolute square of the sum of the scattering 

amplitudes associated with the three orthogonal nuclear axes, averaged 

over all orientations of the nucleus with respect to the incident 

photon's polarization and finally averaged over all polarizations of the 

photon. If A and a, B and (3, are the real and imaginary parts of the 

scattering amplitudes associated with a and a , and D is the nuclear 
2 2 a2 b 

Thomson scattering amplitude, -Z e /Amc , the resulting expression for 

the differential scattering cross section is: 

= y| (a2+ a2) + Y5 (b2+ p2) - (ab + a P) + j ad + | bd + i d2 + 

(A + a ) + (b + P ) + ^ (AB + a P) + -j AD + -j BD + — 

(5) 

os^Q 

If, on the other hand, the two resonances found for the neutron yield 

cross sections for tantalum are not associated with different axes, i.e. 

if the nuclear polarizability is assumed to be a scalar, the dipole moment 

induced in the nucleus is always along the polarization of the incident 

photon. The scattering amplitude for the two resonances is then the sum 

of the amplitudes for the two resonances with an angular dependence 

determined by the sine of the angle between the polarization of the 

incident photon and the direction of observation. The differential 

scattering cross section is then given by the average of the absolute 

square of this scattering amplitude over all orientations of the 

photon's polarization: 

da (0) 
s x 
d n 

1 + cos 0 A + 2B 
+ D) + (fiLr26) (6) 

where A/3, 2B/3, a/3 and 2(3/3 are the real and imaginary parts of the 

forward scattering amplitudes associated with the two resonances 

found in the absorption cross section. 

3 





Equations (5) and (6), evaluated at 120° and using the parameters of 

reference 1, are plotted in Fig. 1. The cross section obtained from the 

scalar expression (Eq. 6) shows the effects of strong destructive inter¬ 

ference between the two resonances. This interference is essentially 

missing in the tensor polarizability case since the absorption is now 

associated with the orthogonal axes of the nucleus. The experimental 

cross section as a function of energy is in better agreement with the 

result calculated from the tensor expression than that obtained assuming 

a scalar polarizability. This result tends to confirm the spatial 

correlation of the dipole polarizability for a deformed nucleus as 

proposed by Danos and Okamoto. 

In order to achieve the agreement in magnitude displayed in Fig. 1, 

the peak cross sections of the resonances of reference 1 were reduced by 

107o. Since the absolute cross sections of reference 1 are known to only 

about 15% and since there are possible systematic errors (as large as ±7%) 

in the absolute magnitude of the scattering cross section, this adjustment 

is well within the errors in the absolute sizes of the two cross sections 

being compared. The difference between the experimental points and the 

smooth curve at the higher energies is probably significant. It represents 

more absorption than is given by the two Lorentz lines used to predict 

the scattering cross section. The neutron yield cross section of 

reference 1 is also higher than the Lorentz lines in this energy region. 

The authors want to thank M. Danos for his help in understanding these 

results. 
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Nuclear Elastic Scattering of Photons* 

E. G. Fuller and Evans Hayward 
National Bureau of Standards, Washington, D. C. 

(Received September 16, 1955) 

A Nal(Tl) scintillation spectrometer biased to detect only photons in the upper energy tip of a betatron- 
produced bremsstrahlung spectrum is used to measure the differential nuclear elastic scattering cross 
section at 120 degrees as a function of photon energy from 4 to 40 Mev. The targets ranged in Z from Na 
to U. Total cross sections are calculated by assuming a dipole angular distribution. The scattering cross 
sections tend to exhibit two maxima, one below the particle threshold that corresponds to the scattering by 
separate levels, and one that follows the giant resonance for photon absorption. Both the maximum cross 
section and the energy of the giant resonance vary smoothly with A from Na to U and are roughly propor¬ 
tional to (NZ/A)* 1 2 and A~113, respectively. The dipole dispersion relation is used to compare the scattering 
data with the neutron yield data in the giant resonance region. 

I. INTRODUCTION 

THE absorption of gamma rays by nuclei has been 
the subject of numerous investigations. The most 

recent compilations of experimental data are those given 
by the Saskatchewan1 and Pennsylvania2 groups. Most 
of this work has involved the measurement of neutron 
emission cross sections which, when integrated over the 
“giant resonance,” have been compared to the pre¬ 
dictions of the dipole sum rule. The elastic scattering 
process associated with the nuclear absorption of 
photons presents an alternative way of studying the 
basic interaction. This paper is an account of an experi¬ 
mental study of the elastic scattering cross section as a 
function of both energy and atomic number.3 The 
results are compared with the neutron yield cross 
sections. 

The scattering of photons in the region of the “giant 
resonance” was probably first observed by Gaerttner 
and Yeater4 * and Dressel, Goldhaber, and Hanson.6 In 
a more refined experiment6 Stearns studied the scat¬ 
tering of the Li (p,y) photons by various nuclei using a 

* This research was supported by the U. S. Air Force, through 
the Office of Scientific Research of the Air Research and Develop¬ 
ment Command. 

1 Montalbetti, Katz, and Goldemberg, Phys. Rev. 91, 659 
(1953); Summers-Gill, Haslam, and Katz, Can. J. Phys. 31, 70 
(1953); J. Goldemberg and L. Katz, Can. J. Phys. 32, 49 (1954). 

2 R. Nathans and J. Halpem, Phys. Rev. 93, 437 (1954); 
R. Nathans and P. F. Yergin, Phys. Rev. 98, 1296 (1955). 

3 E. G. Fuller and E. Hayward, Phys. Rev. 94, 732 (1954); 
95, 1106 (1954); Proceedings of the 1954 Glasgow Conference 
(Pergamon Press, New York, 1955), pp. 155-161. The cross sec¬ 
tions given in the present paper differ from those previously 
published because of an improved estimate of the solid angle. 

4 E. R. Gaerttner and G. L. Yeater, Phys. Rev. 76, 363 (1949). 
6 Dressel, Goldhaber, and Hanson, Phys. Rev. 77, 754 (1950). 
6 M. B. Stearns, Phys. Rev. 87, 706 (1952). 

Nal(Tl) scintillation counter which detected only the 
elastically scattered photons. The results indicated that 
the cross section for the elastic scattering of 17-Mev 
photons by heavy nuclei is of the order of a few milli- 
barns. 

H. EXPERIMENTAL METHOD 

The present experiment is an extension of the Stearns 
experiment. The discrimination level of a large Nal(Tl) 
scintillation spectrometer is set to detect only the 
photons in the upper energy tip of the betatron brems¬ 
strahlung spectrum. The spectrometer is first calibrated 
at a given energy by observing the number of counts, 
Ci, produced when the spectrometer is placed in the 
direct beam from the betatron (see Fig. 1). Simul¬ 
taneously a charge, Qi, is collected from a transmission 
ionization chamber in the direct beam. With the 
detector rotated to the 120° position the number of 
counts, Ci, produced by scattered photons is recorded 
while a charge, Q2, is collected from the ionization 
chamber. On the assumption that the shape of the 
bremsstrahlung spectrum is the same for both the high 
and low intensity beams, the elastic scattering cross, 
section is then given by: 

(<ls)ki—K{Ci/Qi) • (Qi/Ci), (1) 

where K includes geometrical factors as well as a cor¬ 
rection for the absorption of photons in the target. The 
scattering cross section was determined as a function of 
energy from 4 to 40 Mev by changing both the peak 
energy of the betatron and the gain of the amplifier so 
as to keep the end of the bremsstrahlung spectrum at 
the same discrimination level. The measured cross 

Reprinted by the National Bureau of Standards, Department of Commerce 
by permission of the Editor of'The Physical Review". 



693 NUCLEAR ELASTIC SCATTERING OF PHOTONS 

sections are independent of both the shape of the 
bremsstrahlung spectrum and the response of a monitor. 

III. APPARATUS 

The physical layout of the experiment is shown in 
Fig. 1. The repetition rate of the betatron is 180 cycles 
per second. As operated for this experiment the yield 
pulse was approximately triangular in shape with a 
base length of about 10 yusec. The energy to which the 
electrons in the betatron are accelerated is controlled 
by a circuit that uses a dc biased peaker transformer 
to determine when the current in the main coil of the 
betatron reaches a predetermined value. The energy 
scale was determined in a separate experiment by 
observing the (y,n) thresholds in Be9 at 1.67 Mev, B10 
at 8.45 Mev, Cu6B at 9.9 Mev, and Cu03 at 10.7 Mev. 
Within the errors of the end-point determinations made 
during this experiment (±5%), a linear extrapolation 
of this energy calibration to 40 Mev appears to be 
valid. 

The output from the betatron was monitored by 
measuring the charge collected from the parallel plate 
ionization chamber on a polystyrene film condenser. 
The voltage to which this condenser was charged was 
measured with a vibrating reed electrometer (Applied 
Physics Corporation Model 30). To cover the range of 
beam intensities used, any one of four charge collecting 
condensers could be switched into the circuit. These 
ranged in value from about 5.0 to 0.005 microfarads. 
The ratio of the capacities of these condensers was 
determined by measuring the time taken for each of 

Fig. I. The experimental arrangement. The detector rotates about 
a vertical axis through the sample. 

them to charge to a given voltage when a radioactive 
source was placed in a standard position with respect 
to the chamber. The ionization chamber was checked 
for saturation effects; none were observed at the highest 
intensities obtained with the betatron. 

The beam was defined by a collimating hole one and 
one-half inches in diameter through eight inches of lead. 
This produced a beam four inches in diameter at the 
target position. The collimating hole was filled with a 
low-Z material, usually aluminum,7 to remove prefer¬ 
entially low-energy photons from the bremsstrahlung 
spectrum. 

The detector8 was a large Nal(Tl) crystal five inches 
in diameter and four inches long viewed by a Dumont 
K1198 photomultiplier tube. The crystal, photomulti¬ 
plier, and cathode follower were all located in a lead 
container having walls five inches thick surrounded 
with boxes filled with a mixture of boric acid and 
paraffin. The counter and its shielding were on a table 
that could be rotated about a vertical axis through the 
target position. The crystal viewed the target through a 
hole; five inches in diameter in the shield. This hole 
contained an aluminum plug four and one-half inches 
long which filtered out electrons and low-energy photons 
emitted by the target. 

The pulses from the cathode follower were fed by a 
long cable into the betatron control room where they 
were amplified and analyzed by a five-channel integral 
discriminator (Channels A through E) and two differ¬ 
ential discriminators (F and G). The amplifier and dis¬ 
criminators were all of conventional design. The outputs 
of the discriminators were gated so that only those 
events occurring in a 20-yusec interval around the 
betatron yield pulse were counted. With this gating the 
cosmic-ray background was of the order of ■§ count per 
hour in the differential channels. The maximum count¬ 
ing rate in these channels due to photons scattered 
from the sample was of the order of 20 counts per hour. 
This rate was limited by the duty cycle of the betatron. 

The biases at which the various discriminators were 
set are indicated in Fig. 2. Also shown in this figure are 
the pulse-height distributions obtained in the direct 
beam from the betatron and in the beam scattered by 
an A1 target. At each energy at which measurements 
were made the detector was first swung into the direct 
betatron beam and the amplifier gain adjusted until the 
end point of the pulse-height spectrum produced by the 
filtered bremsstrahlung beam fell into the differential 
channel G. The counts registered by F, called the end¬ 
point channel, were then used to calculate the elastic 
scattering cross sections. The other channels, biased 
above and below F, were useful in monitoring the 
stability of the equipment and pileup. In all runs the 
counting rate of discriminator A was used to set the 
output intensity of the betatron. Pileup in F was experi- 

7 The scattering cross section for A1 was measured with a carbon 
beam filter. 

8 R. S. Foote and H. W. Koch, Rev. Sci. Instr. 25, 746 (1954). 
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Fig. 2. The pulse-height distributions obtained when the 
detector is placed in the filtered bremsstrahlung beam and in the 
beam scattered by an A1 target. The peak energy of the betatron 
was 33 Mev. The levels at which the discriminators fired are 
indicated by the vertical lines at the bottom. A through E were 
integral discriminators, and F and G differential discriminators. 
F is the channel used to determine the elastic scattering cross 
sections. The sharp rise in the pulse-height spectrum below 12 Mev 
may probably be attributed to photons resulting from the capture 
of fast neutrons generated in the target. 

mentally found to be negligible if the counting rates in 
A were kept below 10 per second and 60 per second for 
runs made in the direct and scattered beams, respec¬ 
tively. 

The energy assignment of each measurement was 
made on the basis of the betatron energy calibration. 
The firing point of each of the discriminators was first 
determined with a precision pulser. On the basis of the 
observed pulse-height distributions in the end-point runs 
for a particular energy E0, a pulse-height was assigned 
to Bn. This pulse height was slightly higher than the 
firing point of the lower edge of discriminator G. A linear 
extrapolation was then made to determine the energies 
to be assigned to the edges of the end-point channel, F. 
It is felt that these energy assignments are probably 
good to about 5%. 

IV. ANALYSIS OF THE DATA 

In order to calculate the cross section, the quantity 

K in Eq. (1) must be evaluated. Since the targets are 

of the order of a mean free path thick, a correction for 

the absorption by the target of photons in both the 

incident and the scattered beams must be made, The 

“electronic” absorption processes (i.e., pair production, 

Compton effect,- and photoelectric effect) account for 
most of this absorption although in some cases it is 
also necessary to include the effect of the nuclear ab¬ 
sorption. In the region of the giant resonance the 
nuclear absorption cross sections are only a few percent 
of the “electronic” absorption cross sections and need 
not be considered. 

In the energy region just below the particle thresholds, 
the observed scattering is presumably due to sharp, 
well-defined levels. For the lighter nuclei particularly, 
the maximum nuclear absorption cross section in these 
levels can reach values of the order of, or possibly 
greater than, the “electronic” absorption cross section. 
The maximum value of the dipole absorption cross 
section in an individual level is 6irX2. For a 7-Mev 
photon this gives a cross section of about 100 barns. In 
any actual case this maximum value will be reduced 
because of inelastic scattering and the thermal Doppler 
broadening of the level. Experiments on neutron capture 
and scattering9 indicate that the radiation widths, I\, 
of nuclear energy levels at excitations of 7 Mev or so 
are a few tenths of an electron volt. The thermal 
Doppler width, 5, of a level for 7-Mev photons ranges 
from 10 electron volts for ,4 = 25, to 3.6 electron volts 
at ,4 = 208. The maximum absorption cross section in 
the levels is therefore determined chiefly by the Doppler 
broadening and is given by ermax^6TrX2r7/5= 1 barn for 
nuclei around Mg. This cross section is of the same 
order as the “electronic” absorption cross section in Mg 
and therefore contributes appreciably to the absorption 
of photons in the scattering target. 

The effect of absorption in the scattering target on 
the observed counting rate can be seen in the following 
way. Consider the scattering from the small element of 
the target dx as indicated in Fig. 3. The number of 
counts in the end-point channel from this element is 
then given by: 

Ci rE+AE as 
dCi = 0,—NdxAQ dE-f(E) 

Q\C*cs *7e 13.4 

. -E+AE 

Xe-.Vx(ffn+2ffe)/cos0 / I dEf{E). (2) 

In this expression N is the number of atoms per cm2 
in the target, Afi is the average solid angle for detect¬ 
ing a photon scattered by the target, as is the total 
scattering cross section, an is the nuclear absorption 
cross section, ae is the electronic absorption cross section, 
and f(E) is the product of the incident photon spectrum 
and the response of the detector as a function of energy. 
If the variation of f(E) across AE is neglected, Eq. (2) 
becomes: 

Cl At) fE+AE a> 

dC2=Q2—Ndx— I (3) 
Q)('Ajj&E Je 13.4 

9 D. J. Hughes and J. A. Harvey, Nature 173, 942 (1954). 
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The number, 13.4, is the ratio of the total cross section 
to the differential cross section at 120 degrees for an 
angular distribution of the scattered radiation varying 
as (l-fcos2#). ce is included twice in the exponent of 
Eq. (2) since both the incident and scattered photon 
beams are absorbed by electronic processes. As was 
pointed out above, o-„ is comparable to ae only for the 
scattering by sharp, well-defined levels. In this case 
the Doppler shift in the photon energy, because of the 
recoil of the scattering nucleus (103 ev for a 7-Mev 
photon scattered by an Sn nucleus) is so large that it 
cannot be reabsorbed by the same level in the scattered 
beam. For this reason the nuclear absorption takes 
place in the primary beam only. 

The solid angle for the detection of a scattered photon 
depends both on the position of the scattering nucleus 
within the target and on the depth, l, in the crystal at 
which the photon is absorbed. It was determined experi¬ 
mentally with a small point source that the mean solid 
angle averaged over the beam area on the front face 
of the target was given to a good approximation by the 
solid angle for detecting a photon scattered by a nucleus 
at the center of the beam. Neglecting the effect of the 
finite thickness of the target, the average solid angle for 
detecting a photon is then 

A rL e~,ltdt / rL €~*ldt 

.Table I. Target properties. 

T 
g/cmS 

T 
cm F* 

Na 7.1 6.7 0.91 
Mg 8.85 5.1 0.93 
Al 6.85 2.5 0.96 
S 15.5 7.6 0.90 
Ca 7.9 5.1 0.92 
Mn 10.7 3.8 0.94 
Ni 9.45 1.8 1.0 
Cu 10.8 1.2 1.0 
Sn 6.8 0.93 1.0 
i 7.22 1.8 1.0 
Au 26.1 1.35 1.0 
Pb 14.4 1.27 1.0 
Bi 12.3 1.27 1.0 
U 26.3 1.42 1.0 

“ F is the factor by which the mean solid angle for detecting a scattered 
photon is reduced due to the finite thickness of the scattering target (see 
text). 

the correction, F, applied to the mean solid angle to 
take account of the finite target thickness. 

In order to obtain an expression for an average scat¬ 
tering cross section Eq. (3) may be integrated through 
the target thickness and rearranged to give 

C2Q1 13.4 1 rE+hE 
-=— dE- 
Q2 C\ AfhgQfijS AE JE an~\~2cre 

X[l_g-JVr(ffn+2<re)/cos/S^ (5) 

where L is the length of the crystal, A is its cross- 
sectional area, n is the absorption coefficient of Nal(Tl), 
and R is the distance from the center of the target to 
the center of the front face of the crystal. Afl is approxi¬ 
mately given by 0.82 A/R2 over the energy range from 
4 to 40 Mev. The correction to the mean solid angle 

due to the finite thickness of the targets was calculated 

to be negligible for the heavy nuclei. For the lighter 

nuclei this effect decreased the mean solid angle by a 

maximum of 10% in the case of S. In Table I the 

properties of the various targets are listed along with 

Multiplying both sides by 2a— e~2”eNTIco^~\ yields 

C2Ql 13.4 2(7 e _ ____ ^ ^ 
Q2 Ci AQ, cos/3, [1 — e-zteXTicosp-j 

i rE+AE = [ 1 — e-t*eNT eCOB0-j-1- | J _£- 
AE j E 1+ (o"n/2c7e) 

_g—•V7’(ffn+2ffe)/cos0"ji ((j) 

If an is small compared to 2<7C as is true in the region of 
the giant resonance, (crs)Av is just the scattering cross 
section averaged over the energy interval AE, since <r„ 
is a slowly varying function of the energy and can be 
taken outside the integral sign. If, on the other hand, <7„ 
is not negligible, as is sometimes the case below the 
particle thresholds, (cr„)Av will not be the average scat¬ 
tering cross section, since it does not include an adequate 
correction for self-absorption in the target. The mag¬ 
nitude of the additional correction for this effect can 
be obtained from a self-absorption experiment. Pre¬ 
liminary results10 indicate that in the energy region of 
the low-energy maximum (see Figs. 4-6) for Mn, Al, 
Ni, Bi, and Pb the average scattering cross section is 
approximately 15% higher than the values of (cr„)Av 
obtained from the left side of Eq. (5) and plotted in 
Figs. 4-6. 

10 E. G. Fuller and E. Hayward, Phys. Rev. 98, 1537 (1955). 
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Fig. 4. The elastic scattering cross sections for Na, Mg, Al, S, Ca, and Mn. The indicated spread in energy is the width of the 
differential discriminator channel, and the standard deviations are based only on the number of counts. The vertical lines at the top 
represent the particle thresholds for the most important isotopes. The open circles at the extreme right indicate the magnitude of the 
Thomson cross section for Z free protons scattering coherently. The solid curve superimposed on the Al data is the scattering cross 
section calculated from the dispersion relation by substituting for <ra(E) in Eq. (6) the sum of the neutron and proton yield1'15 
cross sections. 

V. RESULTS AND DISCUSSION 

The experimental results are plotted in Figs. 4-5. The 
indicated spread in energy is the width of the end¬ 
point channel. The mean energy corresponding to each 
point is not necessarily at the center of the channel 
because of the variation of the scattering cross section, 
the response of the detector, and the incident photon 
spectrum over AE. The indicated uncertainties in the 
cross sections are the standard deviations based only 
on the number of counts. Systematic errors in the 
absolute cross sections may be as large as 15%. These 
would not affect the relative cross sections at different 
energies or for different elements. The largest uncer¬ 
tainty is probably in the e:-innate of the solid angle. 

The measured elastic scattering cross sections are, of 
course, the result of the interference between the 
coherent processes, Rayleigh, Delbruck, nuclear reso¬ 
nant, and Thomson scattering. Since the present experi¬ 
ment was done at a backward angle, Rayleigh and 
Delbruck scattering, associated with electronic absorp¬ 
tion processes, are negligible and only the scattering by 
the nuclear charge distribution need be considered. In 

the low-energy limit this is just the Thomson scattering 
cross section for a rigid charge of mass A and charge Z, 
(8ir/3)(Z2e2/AMc2)2. In the high-energy limit the cross 
section is that for Z free protons scattering coherently, 
i.e., the scattering by a rigid charge of mass Z and charge 
Z, (8ir/3)(Ze2/Mc2)2. At intermediate energies the 
nuclear resonant scattering results from the elastic 
deformation of the nuclear charge distribution. The 
magnitude of the nuclear Thomson scattering cross 
section is usually small compared to the experimentally 
measured scattering but on the high side of the giant 
resonance, the scattering cross section may be ap¬ 
proaching the Thomson cross section for Z free protons, 
indicated by the open circles on the right side of Figs. 
4-6. 

The measured elastic scattering cross sections all 

rise smoothly to a maximum above the particle emission 

thresholds of the scattering nuclei. For the lighter 

elements (A <50) these maxima bear little resemblance 

to the giant resonance curves obtained from the photo¬ 

neutron experiments. For the heavier nuclei (T>50), 

however, the scattering curves follow the trend of the 
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giant resonance obtained from the neutron emission 
experiments. The magnitude of the scattering cross 
section at the peak is a smooth function of A varying 
from 0.12 mb for Na to 15 mb for Pb. Many of the 
elements studied also have a secondary maximum in the 
cross section below the particle threshold where the 
scattering is comparable to that in the giant resonance 
region. The ratio, R, of the peak cross section in this 
low-energy maximum to that at the peak of the giant 
resonance is given in Table II. The wide variations in 
this ratio, in contrast to the smooth trend of the peak 
scattering cross section in the giant resonance, indicate 
that the scattering below the particle thresholds reflects 
individual nuclear properties rather than the gross 
properties of nuclear matter that describe the giant 
resonance.11 These individual properties show up most 
markedly in the self-absorption experiment10'where the 
analysis of the data yields information about mean 
radiation widths and level densities. 

The qualitative features of the scattering curves can 
be understood as follows: At excitations below the 

Table II. Comparison of cross sections. R is the ratio of the 
peak cross section below the particle thresholds to that at the peak 
of the giant resonance. <r(y,n) and <r, are the neutron yield cross 
section and the scattering cross section at the peak of the giant reso¬ 
nance, respectively. ay is a(y,n) multiplied by the ratio of the 
total particle yield to the neutron yield. 67rX2 is evaluated at the 
energy corresponding to the peak of the giant resonance. 

1 2 3 4 

O’2 CT^/fT a 67tX2 
R barns barns barns Reference 

Na 2.5 
Mg 1.0 
A1 1.6 
S 0.5 
Ca 0.2 
Mn 5.7 13.7 21 1 

14 2 
Ni 2.8 2.5 10 22 1,15 
Cu 1.0 9.8 19 23 1, 16 
Sn 3.8 
I 0.27 30 32 1 

8.5 2 
Au 0.3 46.5 36 1 

19.3 2 
Pb 1.2 53 44 1 

40 2 
Bi 1.9 74 44 1 

35 2 
U 0.3 40 40 2 

11 Since the capture of slow neutrons in the detector will produce 
photons of about 7 Mev, some consideration has been given to the 
possibility that some of the counts observed at this energy might 
result from neutron capture gamma rays. The counting rates with 
the sample removed from the x-ray beam were negligible so that 
background neutrons produced in the betatron and its shielding 
contributed little. With the scattering target in the beam the 
observed relative counting rates were consistent neither with the 
slow or fission neutron capture cross sections, nor with the fast 
neutron scattering cross sections for the target nuclei. Neutrons 
accompanying the x-ray beam captured in the target, or scattered 
into the detector by the target, probably then contribute a 
negligible amount to the observed counting rate. In the case of 
Sn and Pb the observed low-energy maximum in the scattering 
cross section is at an energy slightly above the (y,n) threshold for 
about 20% of target nuclei. Extremely rough estimates indicate 
that no more than 15% of the counting rate from Sn and Pb 
resulted from photoneutrons produced in the scattering target. 

Fig. 5. The elastic scattering cross sections for Ni and Cu. The 
point at 17.6 Mev is that of Stearns.6 The solid curve superim¬ 
posed on the Cu data is the scattering cross section calculated 
from the dispersion relation by substituting for aa (E) in Eq. (7) 
the {y,n) cross section1 multiplied by the ratio of the total 
particle yield to the neutron yield.16 The open circles on the ver¬ 
tical axes indicate the magnitude of the Thomson cross section 
for Z free protons scattering coherently. 

particle thresholds the nucleus can lose its energy only 
by photon emission, either by a transition directly to 
the ground state or by transitions to intermediate 
states. The size of the low-energy maximum in the 
scattering cross section then depends in part on the 
number of alternative modes of decay available for the 
excited nucleus and therefore on the details of the 
level structure in the particular scattering nucleus. As 
the energy of excitation is increased above the particle 
threshold the scattering cross section drops sharply 
because of competition with particle emission. This 
result is in agreement with the qualitative prediction 
of Bethe and Ashkin.12 At still higher energies the aver¬ 
age ratio of photon emission to particle emission 
becomes constant and the cross section rises again to 
follow the trend of the oscillator strength distribution 
in the giant resonance. 

The shape of the elastic scattering cross section in 
the giant resonance region may be compared with the 
shape of the cross section for neutron production ob¬ 
tained from other betatron experiments. For the heavier 
elements, /I >50, the widths and positions of the peaks 
of the cross sections displayed in Figs. 4-6 are very 
similar to the corresponding quantities obtained from 
the neutron yield cross sections. For the lighter nuclei, 
A <50, however, the scattering cross section curves are 
considerably broader and peak at much higher energies 
than would be suggested by the neutron yield data.1'2’13 
For example, the neutron yields cross section for alu¬ 
minum peaks near 20 Mev, and has a width of about 
2 Mev; whereas the elastic scattering cross section has 
a broad maximum located near 28 Mev. The energy 
that corresponds to the center of the oscillator strength 

12II. Bethe and J. Ashkin, Experimental Nuclear Physics, edited 
by E. Scgre (John Wiley and Sons, Inc., New York, 1655), Vol. 1, 
p. 347. 

13 Ferguson, Halpern, Nathans, and Yergin, Phys. Rev. 95, 776 
(1954). 
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F:g. 6. The elastic scattering cross sections for Sn, I, Au, Pb, Bi, and U. The points at 17.6 Mev are those of Stearns.0 

distribution as determined from the scattering cross 
sections is plotted as a function of A in Fig. 7. The line 
drawn through the points corresponds to the dependence, 

Em=82A~l,i, (7) 

which is consistent with what is to be expected on the 
basis of simple hydrodynamical considerations.14 

11 M. Goldhaber and E. Teller, Phys. Rev. 74, 1046 (1948); 
H. Steinwedel and J. II. D. Jensen, Z. Naturforsch. 5a, 413 (1950); 
Ferentz, Gell-Mann, and Pines, Phys. Rev. 92, 836 (1953). 

A detailed comparison of the scattering data and the 
neutron yield data can best be made in terms of the 
dispersion relation that gives the dependence of the 
elastic scattering cross section in the forward direction 
on the total photon absorption cross section.16 If the 

transitions involved in the scattering and absorption 

are dipole, this leads to the following relationship 

16 Gell-Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612 
(1954). 
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between the elastic scattering cross section, aa(E), and 
the total absorption cross section, aa(E): 

8ir 8 1 r aa(E')dE' 
d-D2-\-DE2P -, 

3 3trfic J E'2—E? 
(8) 

where D is the Thomson scattering amplitude. The 
measured scattering cross sections are really averages of 
the right side of Eq. (8) over an energy band 1 to 2 
Mev wide. As long as cr0 is a smooth function of the 
energy, as it is in the giant resonance region, all of the 
cross sections appearing in the above expression may 
be replaced by their average values, since (aa)^—(<ra)k/- 
The average scattering cross section can then be cal¬ 
culated from the average absorption cross section. If, 
on the other hand, the absorption cross section varies 
rapidly in AE, the average scattering cross section will 
be large compared to that obtained by substituting the 
average absorption cross section in the dispersion 
relation. 

In order to determine how well the elastic scattering 
cross section may be predicted from the available 
photon absorption cross sections, <rs(E) has been 
calculated by substituting the measured values of 
<ja{E) for A1 and Cu in Eq. (8). The total absorption 
cross section for A1 was taken to be the sum of the 
(y,n) and (y,p) cross sections.1’16 The total absorption 
cross section for Cu was taken as the product of the 
(y,n) cross section and the ratio of the integrated total 
particle yield to the integrated neutron yield given by 
Byerly and Stephens.17 The results of these calculations 
are given by the solid curves in Figs. 4 and 5. It may 
be seen that as(E) for Cu can be predicted satisfactorily 
from the published photon absorption cross sections. 
The results for A1 indicate that the A1 nucleus must 
absorb photons at considerably higher energies than is 
implied by the available neutron and proton yield data. 

If the absorption cross section, aa, has a resonance 
shape then there is some energy near its peak for which 
the terms involving the integrals in Eq. (8) vanish and 

Oa 

--=6ttX2. (9) 
cr 8 (87r/3)Z)2 

This expression may be used to compare the elastic 
scattering data with the neutron yield data at the peak 
of the giant resonance in order to obtain an indication 
of how well the total absorption cross section is repre¬ 
sented by the (y,n) cross section. In making this com¬ 
parison, the nuclear Thomson scattering cross section 
(87r/3)D2, is neglected since it is small compared with 
the uncertainties in the measured scattering cross 

16 J. Halpern and A. K. Mann, Phys. Rev. 83, 370 (1951). 
17 P. Byerly and W. E. Stephens, Phys. Rev. 83, 54 (1951). 

Fig. 7. The dependence of Em on the atomic mass number A. 
Em is the energy of the center of the giant resonance of the scat¬ 
tering curves given in Figs. 4—6. The line dre.wn through the points 
corresponds to the dependence Em = &2A~Ui. 

sections. The ratio, <r2(y,n)/a-s at the peak of the giant 
resonance is given in column 2 of Table II for the heavier 
elements (A >50). This ratio is not given for A <50 
because of the large differences in the shapes of the 
(y,n) and scattering cross sections and the resultant 
ambiguities in the meaning of the ratio. Within the 
errors in the experimental determinations of cr(y,n) and 
as, Eq. 9 is satisfied for all of the heavier nuclei. As is 
indicated in column 3, better agreement is obtained for 
Cu and Ni if the ratios given in column 3 are multiplied 
by the square of the ratio of the neutron plus proton 
yield cross section to the neutron yield cross section.16'17 

Equation (7) may be rearranged and integrated to 
give 

r <fs(E) r 
67rc2ti2J -dE= J a,}{E)dE 

• (10) 

In this expression the integral of the Thomson scat¬ 
tering cross section, (8ir/3)D2, has been neglected 
because this cross section is small compared to any of 
the measured scattering cross sections. The last term 
in Eq. (8) is also omitted since contributions from either 
side of the giant resonance tend to cancel in the inte¬ 
gration. In the case of A1 and Cu the integral of this 
term was less than 10% of the two remaining terms in 

Eq. (8). 
Both sides of Eq. (10) have been crudely evaluated 

using the scattering cross sections measured in the 
present experiment and the published neutron yield 
cross sections1’2 for the same elements. The integrations 
were done only over the giant resonances, i.e., from the 
(y,n) threshold to 25 Mev for A >50 and to 40 Mev for 
A <50. The contribution from the sometimes large 
scattering cross section below the threshold was omitted 
since it results from the absorption by lines having 
widths small compared to their spacing and for which 
the substitution of (cru)A,2 for (ov)av is not valid. 

The results of these integrations divided by (NZ/A)2 
are compared in Fig. 8. Since J'aadE=0.06NZ/A 
X (l+O.&c), the integrals of Eq. (10) should be roughly 
proportional to (NZ/A)2 and the points of Fig. S should 

r 12E r aa(E )dE 
+ dE I—P - 

J e’2-E- J 7T 
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Fig. 8. A plot of the integrals of Eq. (10) as a function of A. 
The dots are the left side of Eq. (10) divided by (NZ/A )2 obtained 
from the data of the present experiment. The open circles and tri¬ 
angles are the right side of Eq. (10) divided by (NZ/AY obtained 
from the neutron yield data of references 1 and 2, respectively. 

lie on a horizontal line the height of which is determined 
by the sum rule.18 The points obtained from the scat¬ 
tering data are all consistent with those obtained from 
the neutron yield data for the heavy elements for 
which the integrated neutron yield cross sections are 
known to exhaust the dipole sum. 

The values of the scattering integrals for the low-Z 
nuclei extrapolate smoothly from the values obtained 
for the heavier nuclei. This is in contrast to the results 
obtained for the integrals of the neutron yield cross 
sections where the values fall off markedly below A — 50. 
The high values of the scattering integrals for Na, Mg, 
Al, S, and Ni can, of course, be explained by assuming 
that all of the photon absorption for these nuclei is due 
to sharp, well-defined levels. It would be a remark¬ 
able coincidence, however, if the strengths and dis¬ 
tributions of the levels in these five nuclei would have 
just the right values for the scattering integrals to fall 
on a smooth extrapolation of the values obtained for 
the heavier nuclei. A more reasonable explanation would 
be that the absorption cross section for these nuclei is 

made up principally of a smooth slowly varying function 

of the energy. These data then indicate that the (y,n) 
cross section represents only a fraction of the total 

absorption cross section. 

The integrals evaluated from the neutron yield data 
can be corrected to include proton emission by multi¬ 
plying them by the square of the ratio of the neutron 
plus proton yield to the neutron yield.1'2'16'19 This 
raises the points for Mg to 2.7X10“'* and 2.0X10-'* 
barns2 Mev, and the points for Al, S, Ca, and Ni 
to 1.2, 4.9, 6.6, and 3.4X10-4 barns2 Mev, respectively. 
After correction for the proton yields the absorption 
integrals for Mg, Al, and Ni are still below the 
scattering integrals by a factor of approximately 
three. The integrals for S and Ca are in agreement 
with the scattering integrals. It should be pointed 
out that for Al and Ni the corrections were made 
using the actual (y,n) and (y,p) cross sections as a 
function of energy.1'16 For Mg, S, and Ca the corrections 
involve the use of data obtained from the ratio of the 
proton yeilds produced by a 28-Mev bremsstrahlung 
spectrum to that produced by a 23.5-Mev bremsstrah¬ 
lung spectrum.19 The agreement of the integrals (S and 
Ca) calculated from the scattering data and the absorp¬ 
tion data corrected for proton emission may be for¬ 
tuitous in view of the fact that the absorption cross 
sections used in calculating the integrals both peaked 
below 22 Mev while the scattering data indicate that 
there is considerable absorption at energies above 24 
Mev. 

In conclusion, the data of this experiment indicate 
that both the scattering integral and the energy corre¬ 
sponding to the center of the oscillator strength dis¬ 
tribution vary rather smoothly from Na to U. This 
is in contrast with the data obtained from the neutron 
yield experiments where both the integrated cross 
sections and the energies of the maxima in the yield 
curves start to fall below the values predicted by the 
sum rule and simple hydrodynamical considerations for 
nuclei less than about A = 50. The scattering data 
indicate that the giant resonance for the light nuclei is 
both considerably broader and centered at a higher 
energy than the presently available data on the (y,p) 
and (y,n) reactions would imply. In this connection it 
should be pointed out that no extensive measurements 
of the particle yield cross sections have been made 
at energies greater than 24 Mev. 
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Bremsstrahlung x-rays have been used to excite the 15.1-Mev level in C12. The integral scattering cross 

section of 19.0±0.27 Mev mb has been determined by measuring the absolute number by 15.1-Mev x-rays 

scattered. The peak absorption cross section 22.2=t2.2 bams has been obtained from a self-absorption experi¬ 

ment. These results combine to give 54.5=fc9.3 ev for the ground state radiation width and 79 =t= 16 ev for the 

total width of the level. 

INTRODUCTION 

A NUMBER of particle reactions1 have been used 
to excite a 15.1-Mev level in C12. This level has 

also been excited by irradiating a carbon target with 
15.1-Mev x-rays.2 The angular distribution of the 
scattered x-rays is consistent with dipole scattering.3 
Although this level is well above the threshold for alpha- 
particle decay, Kavanagh4 has found ra/T7<0.5. The 
inhibited alpha-particle decay and the dipole nature of 
the ground-state transition establish this level as be¬ 
longing to the T=l, 7=1+ isobaric spin triad B12, 

C12, N12. 
This paper is an account of an experiment in which 

bremsstrahlung x-rays have been used to study this 
level. It contains a description of the methods used to 
determine the peak absorption cross section in the level 
and the integral scattering cross section. The peak ab¬ 
sorption cross section was determined from a measure¬ 
ment of the attenuation of the 15.1-Mev photons 
scattered by a carbon target when a carbon absorber 
was placed in the incident beam. The integral scattering 
cross section was obtained by measuring the absolute 
number of 15.1-Mev photons scattered by a target 
irradiated in a bremsstrahlung beam of known intensity. 
From these two quantities the branching ratio cor¬ 
responding to ground-state radiative transitions, Yy/T, 
and the ground-state radiation width, I\, were obtained. 

EXPERIMENTAL ARRANGEMENT 

Except for some improvements in the shielding around 
both the betatron and the detector, the experimental 
arrangement was the same as the one used in a previous 
experiment.6 The arrangement is shown in Fig. 1. 

f This research was supported by the U. S. Air Force, through 
the Office of Scientific Research of the Air Research and Develop¬ 
ment Command. 

‘V. R. Johnson, Phys. Rev. 86, 302 (1952); Cohen, Moyer, 
Shaw, and Waddell, Phys. Rev. 96, 714 (1954); Rasmussen, Ree, 
Sampson, and Wall, Phys. Rev. 96, 812 (1954); Bigham, Allen, 
and Almqvist, Phys. Rev. 99, 631 (1955); C. A. Barns and R. W. 
Kavanagh, Phys. Rev. 100, 1796 (1955). 

2 Fuller. Hayward, and Svantesson, Bull. Am. Phys. Soc. Ser. 
II, 1, 21 (1956); E. Hayward and E. G. Fuller, Physica, 22, 1138 
(1956). 

3 J, E. Leiss and J. M. Wyckoff, Bull. Am. Phys. Soc. Ser. II, 1, 
197 (1956). 

4 R. W. Kavanagh, Ph.D. dissertation, California Institute of 
Technology, 1956 (unpublished). 

6 E. G. Fuller and Evans Hayward, Phys. Rev. 101, 692 (1956). 

The important modifications were: (1) a twenty- 
channel pulse-height analyzer was used to take the data, 
(2) the solid angle of the detector was no longer defined 
by the dimensions of the Nal (Tl) crystal but by a 3-inch 
diameter hole through a 5-inch lead plug placed in front 
of it, (3) the Lucite absorber placed between the target 
and detector to remove electrons and low-energy 
photons emitted by the target was made as thin as 
possible (4-8 g/cm2) to minimize the degradation of the 
scattered photons. 

The pulse-height distribution obtained when a 19-Mev 
bremsstrahlung beam filtered by 97 g/cm2 of aluminum 
irradiates a 1.98 g/cm2 polystyrene target is given by 
the histogram in Fig. 2. As will be shown later, the 
sharp rise in the pulse spectrum below nine millivolts 
pulse height is not associated with the 15.1-Mev line 
and probably results from multiple processes in the 
target. Based on an extrapolation from the 1.13-Mev 
line from a Zn65 source, the peak in this pulse-height 
distribution corresponds to a photon energy near 15 
Mev. The threshold for the production of the carbon 
line is 15.0=b0.2 Mev. This threshold is based on the 
energy scale for the betatron determined by observing 
the (y,n) thresholds in Be9, B10, Cu63, and Cu66. 

The two experiments described below were per¬ 
formed by using graphite and polystyrene targets and 
absorbers approximately 2 g/cm2 thick. A brems¬ 
strahlung energy of 19 Mev was chosen in order to 
maximize the number of 15.1-Mev photons scattered 
without introducing appreciable neutron background 
from the Cn(y,n)Cu process and to eliminate the possi¬ 
bility of feeding the 15-Mev state from higher levels. 

Fig. 1. The experimental arrangement. 
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Fig. 2. The pulse-height distribution produced in the Nal(Tl) 
crystal when a 1.98-g/cm2 polystyrene target was irradiated by 
a 19-Mev bremsstrahlung beam filtered through 97 g/cm2 of Al. 
The solid line represents the extrapolation used to obtain the total 
number of interactions produced in the crystal by 15.1-Mev 
photons. 

All runs were monitored in terms of the charge pro¬ 
duced in the transmission ionization chamber indicated 
in Fig. 1. This charge was collected on a polystyrene 
film condenser, the voltage across which was measured 
with an Applied Physics Corporation Model 30 Vibrat¬ 
ing Reed Electrometer. 

THE SELF-ABSORPTION EXPERIMENT 

The self-absorption experiment from which the peak 
absorption cross section in the level was obtained was a 
relative measurement. It consisted of observing the 
attenuation of the scattered photons when an absorber 
of the target material was placed in the incident beam. 
These data were taken in a series of runs made alter¬ 
nately with and without the absorber. Each run lasted 
approximately 40 minutes. In the “absorber out” runs 
approximately 150 counts were obtained in each run in 
the 10 to 20 mv region of the pulse-height distribution 
shown in Fig. 2. All runs taken under the same condi¬ 
tions were consistent with each other within the statis¬ 
tical uncertainties of the data. 

In addition the attenuation produced by an alumi¬ 
num absorber placed in the incident beam as well as 
that produced by carbon and aluminum absorbers 
placed in the scattered beam was measured. The results 
of the attenuation measurements are given in Table I. 

Table I. Attenuation measurements. 

Thickness 
g/cm* Absorber y (A)/F (0) e-a.A 

2.07 C in incident beam 0.511±0.025 0.97 
1.62 A! in incident beam 1.1 ±0.1 0.97 

13.7 Al in scattered beam 0.64 ±0.05 0.74 
7.77 C in scattered beam 0.81 ±0.07 0.87 

The attenuations are compared with those to be ex¬ 
pected from electronic absorption alone. The fact, that 
self-absorption was observed when the carbon absorber 
was placed in the incident beam and not observed when 
the absorber was in the scattered beam indicates that 
the level width is small compared to the energy given 
to the recoiling carbon nucleus. At 120° this energy 
is about 30 kev. 

Quantitatively it follows from Eq. (5) of reference 5 
that the number of photons scattered by a target of 
thickness T, in which the nuclear scattering cross sec¬ 
tion is o's(E) and the nuclear and electronic absorption 
cross sections are, respectively, cr„(£) and ae, is propor¬ 
tional to: 

<Ts(E) 

l+an(E)/2^e 

_g— (an(,E)+2ue)NTI oos/3^ 

The number of pulses registered in the nine channels 
around the'peak of the distribution of Fig. 2 have been 
taken as a measure of F(0). Similarly the number of 
pulses observed in this peak when an absorber of thick- 

Table II. Target and absorber properties. 

Graphite Polystyrene 

Target 
Absorber 

2.07 g/cm2 
2.07 g/cm2 

1.98 g/cm2 
1.98 g/cm2 

2<ra 0.674 b 0.758 b 
7(A)/7(0) 0.529±0.026 0.543±0.017 

ness A is placed in the incident beam is proportional to: 

F (A) = e~aeA jdE 

The ratio 

l+o-„(£)/2crs 

_e~(<r»+2ff«)iVJ’/ OOS0H (2) 

F(A)/F(0) = <r™A7(A)/7(0) (3) 

has been determined experimentally. The ratios 
7(A)/7(0) calculated from the experimental results are 
shown in Table II along with the properties of the 
targets and absorbers. 

The ratio 7(A)/7(0) may be evaluated by numerical 
integration for comparison with the experiment. It 
depends on the shape of <rn(E) as a function of the 
energy and on its maximum value, <rn°■ In the absence 
of thermal Doppler broadening, <rn(E) for a single level 
is given by a Breit-Wigner expression: 

<Tn(x) — 0n/ (1 + *2), (4) 

where x= (E— Eo)/(%T). The curve labelled 7=0 in 
Fig. 3 is a plot of 7(A)/7(0) as a function of cr„°. This 
curve was calculated numerically for the polystyrene 
absorber and target used. 
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In general the absorption cross section is distorted 
owing to the thermal motions of the target nuclei. The 
resonance is effectively widened and its peak depressed 
by an amount proportional to the ratio of the Doppler 
width, 5, to the level width, T. The Doppler-broadened 
Breit-Wigner cross section obtained by combining the 
single-resonance formula with a Gaussian of width 8 is6: 

o-n (x,t) = a „( — f 
2 (f/)U 

exp[— (*-y)*/40 

1+y2 
dy, (5) 

where /== (51 r)2. This function is available in tabular 
form7 and has been inserted into the integrals of Eq. (3) 
to obtain the ratios, /(A)//(0), plotted in Fig. 3 for 
three values of the parameter t. 

The horizontal lines in Fig. 3 represent the most 
probable value and the limit of error of the observed 
ratio I (A)/1(0). For values of t between 0 and 1 the 
observed attenuation is consistent with a peak ab¬ 
sorption cross section of about 24 barns. A similar set of 
curves calculated for the parameters corresponding to 
the graphite target and absorber gave similar results. 
It will be shown later that values of f>l do not give 
results consistent with both the self-absorption and 
scattering experiments. 

INTEGRAL SCATTERING CROSS SECTION 

The scattering cross section for a single level cannot 
be determined by the method used in the elastic scatter¬ 
ing experiment.6 This is because the spectrum of 

Fig. 3. The smooth curves represent the ratio of the integrals 
7(A)/7(0) as a function of the peak absorption cross section in the 
levels for three values of the parameter t= (S/T)2. The horizontal 
lines represent the most probable value and limits of error obtained 
for this ratio from the observed transmission. 

8 H. A. Bethe, Revs. Modern Phys. 9, 71 (1937), Sec. 61. 
7 Rose, Miranker, Leak, Rosenthal, and Hendrickson, Westing- 

house Atomic Power Division Report SR-506, 1954 (unpublished), 
Vols. I and II. 

scattered photons, consisting of a sharp well-defined 
line, is very different from the incident continuous 
bremsstrahlung spectrum. 

From Eq. (5) of reference 5 it can readily be shown 
that the number of photons scattered will be given by8: 

C-- 
Afl n(15) 

13.3 2<re 
fdE- 

J 1 

*.(E) 

l+an(E)/2cr 
V-e~ (<Tn+2<re)NT/ cos/ 

AH w(15) 
-1(0). 
13.3 2cre 

(6) 

In this expression AH is the solid angle for detecting a 
photon scattered at 120°; the number 13.3 is the ratio 
of the total cross section to the differential cross sec¬ 
tion at 120° for an angular distribution of the scattered 
radiation varying as (l-(-cos20); w(15) is the number of 
15.1-Mev photons per Mev incident on the scattering 
target. The determination of the scattering integral then 
required the absolute measurement of C, «(15), and 
AH. 

The solid angle, AH, was taken to be the geometrical 
solid angle for a photon scattered by a point at the 
center of the beam on the front surface of the target. 
This solid angle was 0.0344 steradian. The use of this 
figure was justified by two experiments. A small radio¬ 
active source scanned across the surface of the target 
showed that to within the statistical accuracy of the 
measurements (±2%) the average solid angle over the 
target area was equal to the solid angle for detecting 
a photon scattered at its center. It was also shown with a 
standard Co60 source that this solid angle is within 5% 
the geometrical solid angle. 

The number of 15.1-Mev photons scattered into AH 
is the number of interactions they produce in the crystal 
divided by the detection efficiency. The efficiency is the 
product of the fraction of the photons that are not re¬ 
moved by the Lucite absorber of thickness D, 
and the probability that an interaction does take place 
in the Nal(Tl) crystal of length Z, 1 — exp(—MNaiZ). 
The attenuation of the scattered 15.1-Mev photons was 
measured as a function of the thickness of Lucite placed 
in the scattered beam. These data showed that no 
appreciable error was made by using the narrow beam 
absorption coefficient in calculating the number of 
photons that pass through the Lucite absorber. 

The number of interactions in the crystal produced by 
15.1-Mev photons was determined from the pulse-height 
distribution shown in Fig. 2. When a carbon absorber 
was placed in the incident beam the pulses larger than 
nine mv were attenuated in the same way as those in 
the peak of the distribution and are therefore associated 
with the 15.1-Mev line. The large number of smaller 
pulses were not absorbed in the appropriate way and 
must result from multiple processes in the target. The 
solid line in Fig. 2 represents the extrapolation used to 

8 The cos/3 factor in the denominator of Eq. (5) of reference 5 
is in error. The cross sections given there are 13% too high. 
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Fig. 4. The peak absorption cross section, a„°, as a function of t 
as derived from the two experiments. The points at / = 0, 0.5, and 1 
have been read from the curves of Fig. 3. The smooth curves are 
plots as a function of t of the expression: 

The experimental value of the integral scattering cross section 
and its limits of error have been used to obtain the three curves. 
The cross-hatched area is that consistent with both the integral 
scattering cross section and the self-absorption measurements. 

obtain the total number of interactions. The slight rise 
in .! ulse-height distribution near 12 mv represents 
not ... re than ten percent of the scattered photons. It 
probably results from 12.8- and 10.7-Mev photons pro¬ 
duced in elastic scattering by the 12.8-Mev level9 and 
inelastic transitions from the 15.1- to the 4.43-Mev level 
in C12. The extrapolation has been made to exclude this 
contribution and the integral scattering cross section 
obtained therefore corresponds only to elastic scattering 
events. 

The determination of «(15) was made by calibrating 
the transmission ionization chamber used to monitor 
the exposure in terms of the absolute response of a 25-r 
Victoreen thimble chamber in an |-in. Pb cap.10 * The 
number of photons per Mev at 15 Mev was obtained 

9 Gove, Litherfield, and Almqvist, Bull. Am. Phys. Soc. Ser. II, 
2, 51 (1957); C. N. Waddell (private communication). 

10 National Bureau of Standards Handbook 55 (CJ. S. Govern¬ 
ment Printing Office, Washington, D. C. 1954). This calculated 
response has been checked experimentally to within 5% at 22 Mev 
calorimetrically [Laughlin, Beattie, Henderson, and Harvey, Am. 
J. Roentgenol. Radium Therapy, Nuclear Med. 70, 294 (1953)], 
and at 19 Mev by E. G. Fuller (unpublished data) using the total 
spectrum method [Koch, Leiss, and Pruitt, Bull. Am. Phys. Soc. 
Ser. II, 1, 199, (1956)]. 

from the 19-Mev Schiff spectrum as tabulated by 
Penfold and Leiss11 after normalizing this spectrum to 
the intensity used in the scattering runs and correcting 
for the attenuation in the 97 g/cm2 of aluminum filter 
used in the incident bremsstrahlung beam. 

From Eq. (6), since <re«o-„, it can be seen that if 
on{E) is the same function of energy for polystyrene 
and graphite, then the product Nae will be constant 
when one target is substituted for the other. The product 
Noe was found experimentally to be the same within 
±3%. This result implies either that the Doppler width 
is the same for the two materials or that it is small com¬ 
pared to the level width, T. 

Combining the measured quantities for polystyrene 
and graphite gives (9.5±1.3)X10~5 Mev-b for the 
scattering integral, 7(0). The quoted error results from 
counting statistics ±3%, monitor calibration ±8%, 
determination of the solid angle ±5%, and extra¬ 
polation of the pulse-height distribution ±10%. 

The quantity which is of interest theoretically is not 
the experimentally determined scattering integral 7(0), 
but the actual integral scattering cross section, f aS(E) 
dE. The ratio, R, of f as(E)dE to 7(0) depends both 
on the size of the nuclear absorption cross section and 
on its energy dependence. This ratio has been evaluated 
for the three values of t used in the analysis of the self¬ 
absorption experiment and for the corresponding values 
of an° derived from the observed attenuation. The values 
obtained center around R =20 and vary by only 3% 
over the range of t considered so that f cs(E)dE= 1.90 
±0.27 Mev-mb. 

ANALYSIS OF THE DATA AND DISCUSSION 

The value of the peak absorption cross section derived 
from the experimental data as presented in Fig. 3 
depends on the value of the parameter t assumed. The 
range of values of <rn° and / consistent with both the self¬ 
absorption and scattering experiments were found in 
the following way: Values for the peak absorption cross 
section, cr„0, consistent with the self-absorption experi¬ 
ment have been read from the curves of Fig. 3 for the 
three values of t given in Fig. 3. Similar values were 
obtained from the graphite data. For each value of t the 
value of an° obtained from the polystyrene and graphite 
data agreed well within the experimental errors. The 
two sets of data were then averaged to obtain a value 
for the peak absorption cross section at each value of t. 
These points are shown in Fig. 4. 

The integral scattering cross section may also be 
expressed in terms of <r„° and l: 

TV Ty TV 5 (cTn°)2 

as(E)dE=- r—«r„°=-, (7) 
2 T 2 y/t 6ttX2 

since F7/r = cr„0/67rX2 for a dipole transition. The smooth 

11 A. S. Tenfold and J. E. Leiss, Phys. Rev. 95, 637 (1954). 
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curves in Fig. 4 are a plot of an° versus t where the ex¬ 
perimental value of f crsdE and its limits of error have 
been used to obtain the three curves.12 The cross- 

hatched area is that consistent with the two experi¬ 

ments. 

The best value of the peak absorption cross section 

consistent with both experiments is 22.2±2.2 barns. 

This result was obtained from Fig. 4. The branching 

ratio is then: r7/r = <7„°/(r7rX2= 22.2/32 = 0.69±0.07. 

The ground state radiation width, I\, may be obtained 

from Eq. (7) by combining an° with the measured value 

for the integral scattering cross section. The result, 

r7 = 54.5±9.3 ev, may be compared to the single- 

12 In calculating <t„° from this expression a .value for S of 45 
electron volts was assumed. This is the value of the Doppler 
width given by the mean energy of the carbon nuclei in the 
diamond lattice. The mean energy was calculated from the fre¬ 
quencies of the diamond lattice given by H. M. J. Smith [Trans. 
Roy. Soc. (London) 241, 105, (1948)]. The value of the Doppler 
width obtained in this way is probably an upper limit. A lower 
limit would be 31.6 electron volts; the value corresponding to a gas 
of carbon atoms at room temperature. The upper limit was used 
since in the targets used the mean energy of the carbon nuclei 
will be determined chiefly by the presence of the carbon-carbon 
bond [E. Montroll (private communication)]. Fortunately, the 
value of o-n° derived from a plot such as given in Fig. 4 is not 
sensitive to the exact value assumed for 5. 

Table III. Properties of the 15.1 Mev, T— 1, J— 1+IeveI in C1J. 

Radiation width to the ground state 

of C12 54.5± 9.3 ev 

Total level width 79 ±16 ev 
Radiation width to the 4.43-Mev 

state of C12 <5.5± 0.9 ev 
Alpha particle width to the 2.9-Mev 

state of Be8 (18.6<r„<24.5)±8.2 ev 

particle radiation width of 65 ev given by Moszkowski.13 
The 15.1-Mev level in C12 also decays by gamma-ray 

emission to the 4.43-Mev state in C12 and by a-particle 
emission to the J= 2+ state in Be8. (Decay to the 0+ 
ground state of Be8 is forbidden.) From the pulse- 
height distribution of Fig. 2 an upper limit of ten per¬ 
cent may be placed on the branching ratio to the 4.43- 
Mev level, r4.43/I\ <0.1. If one assumes no transitions 
to the 4.43-Mev state in C12, these data give as an upper 
limit for alpha-particle decay, r„/rT <0.45dt0.15. This 
result is consistent with the upper limit of 0.5 given by 
Kavanagh.4 The properties of the 15.1-Mev level in 
C12 obtained from this experiment are summarized in 
Table III. 

13 S. A. Moszkowski, Beta- and Gamma-Ray Spectroscopy, edited 
by Kai Siegbahn (Interscience Publishers, Inc., New York, 
1955), p. 373. 
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Shape of the High-Energy End of the Electron-Bremsstrahlung Spectrum* 
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. National Bureau of Standards, Washington, D. C. 

(Received October 9, 1957) 

The elastic scattering of photons by the 15.11-Mev level in Cu has been used to study with good energy 

resolution the number of photons at the high-energy end of a bremsstrahlung spectrum. The bremsstrahlung 

was produced by electrons accelerated in a betatron, the energy of which was varied in 35-kev increments. 

Targets were: a 0.025-inch-diameter tungsten wire and the following foils, 0.001- and 0 010-inch tungsten, 

0.002-inch thorium and 0.010-inch nickel. The foils were used to study the dependence of the spectrum 

shape upon target thickness and atomic number. When compared with Bethe-Heitler spectra corrected for 

target thicknesses, the data indicate an excess number of photons in the tip of the spectrum. The experi¬ 

mental number depends on the atomic number of the 

I. INTRODUCTION 

HERE have been a number of experimental meas¬ 
urements of the bremsstrahlung spectra generated 

by electrons having energies in the range from 1 to 20 
Mev. A review of these experiments and the comparison 
of the experiments with the available theories is given 
by Starfelt and Koch.* 1 The data indicate that for high 
energies the general shape of the bremsstrahlung spec¬ 
trum is well described by the results obtained from a 
calculation made in Born approximation when the 
effect of screening by the atomic electrons is taken into 
account.2 The absolute magnitudes of the brems- 

* This work was partially supported by the U. S. Air Force, 
through the Office of Scientific Research of the Air Research and 
Development Command. 

1 N. Starfeh and H. W. Koch, Phys. Rev. 102, 1598 (1956). 
2H. A. Bethe and W. Heitler, Proc. Roy. Soc. (London) A146, 

83 (1934). 

target and cannot vary more rapidly than Z». 

strahlung cross section for electrons with energies in 
the 10- to 20-Mev range have been found to agree with 
the Born approximation result to within about 10%.’-3 

Up to the present time there have been no detailed 
measurements or satisfactory theoretical calculations of 
the shape of the high-energy tip of the bremsstrahlung 
spectrum (energies within me2 of the incident electron 
kinetic energy). The shape of the spectrum in this 
energy range is of utmost importance in interpreting 
the breaks that have been found in activation curves.4 
Poor instrumental resolution has been the principal 
reason for the lack of experimental information about 
this portion of the bremsstrahlung spectrum. The 
failure to obtain a satisfactory theoretical prediction 
for the shape of the tip of the spectrum can be laid to 

3 E. V. Weinstock and J. Halpern, Phys. Rev. 100, 1293 (1955). 
4 A. S. Penfold and B. M. Spicer, Phys. Rev. 100, 1377 (1955). 

Reprinted by the National Bureau of Standards, Department of 

Commerce by permission of the Editor of "The Physical Review". 
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BETATRON 

POSITION OF 

COPPER STRIP 

Fig. 1. The experimental arrangement. 

the extreme difficulties encountered when calculations 
must be made using the exact wave functions to de¬ 
scribe the incoming and outgoing electron. 

The technique of studying the shape of the brems- 
strahlung spectrum by use of the photoexcitation of 
nuclear energy levels has been shown to be possible at 
low energies5 and in the 10- to 20-Mev range.4’6 This 
paper will describe an experiment in which this tech¬ 
nique was employed. In addition to the spectrum from 
a 0.025-inch tungsten wire target, which is normally 
used in the National Bureau of Standards betatron, 
spectra were also measured from 0.010-inch nickel, 
0.001-inch tungsten, 0.010-inch tungsten, and 0.002- 
inch thorium foil targets placed inside the accelerating 
tube. The results for the shape of the high-energy tip 
of the spectrum are compared in this paper with spectra 
calculated from the Born approximation result given by 
Bethe and Heitler.7 

II. EXPERIMENTAL METHOD 

In this experiment the shape of the bremsstrahlung 
spectrum was studied by observing the scattering by 
the 15.11-Mev level in C12 as a function of the maximum 
energy of the betatron. In the laboratory system the 
threshold for scattering by this level is 15.12 Mev. 
The width of this level has been shown to be 79± 16 ev.8 
The number of photons scattered is then a measure of 
the number of photons in a very narrow energy band 
of the bremsstrahlung spectrum. For this work the 
yield curve is defined as the curve giving the relative 
number of 15.12-Mev photons per Mev in the total 
bremsstrahlung spectrum as a function of the peak 
energy of the spectrum. The object of the experiment 
was to study the shape of the yield curve for various 

6 W. C. Miller and li. Waldman, Phys. Rev. 75, 425 (1949). 
* Fuller, Hayward, and Svantesson, Bull. Am. Phys. Soc. 

Ser. II, 1, 10 (1956); Sargent, Bertozzi, and Demos, Bull. Am. 
Phys. Soc. Ser. II, 1, 343 (1956). 

7 W. Heitler, Quantum Theory nj Radiation (Oxford University 
Press, New York, 1954), third edition, Eq. (16), p. 245. 

8 E. Hayward and E. G. Fuller, Phys. Rev. 106, 991 (1957). 

types of bremsstrahlung targets placed inside the 
betatron donut. 

The experimental arrangement used is shown in 
Fig. 1. The counting rate for the photons scattered by 
the 15.11-Mev level was optimized by placing as much 
aluminum absorber as space would allow in the scat¬ 
tered beam. This procedure had the effect of decreasing 
the counting rate resulting from low-energy photons 
and electrons relative to that resulting from the high- 
energy photons. The absorber in the primary beam was 
then adjusted until it was possible to run with full 
output from the betatron at 16 Mev without having 
appreciable pile-up in the peak of the pulse-height 
distribution produced by the photons scattered by the 
15.11-Mev level. The pulse-height distribution pro¬ 
duced by the photons scattered from a 2-g/cm2 graphite 
target is shown in Fig. 2. The pulses between A and B 
on this distribution were used as a measure of the 

Fig. 2. The pulse-height distribution obtained when the carbon 
target was irradiated by 16- to 17-Mev bremsstrahlung beams. 
The number of counts between A and B were taken as a measure 
of the number of 15.12-Mev photons in the bremsstrahlung beam. 
This distribution contains relatively many more small pulses than 
the one shown in reference 8 because of the degradation of the 
scattered photons in the large aluminum filter used in the present 

experiment. 
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number of 15.12-Mev photons in the incident spectrum. 
At 19 Mev the counting rate was approximately 200 
counts per hour in this region of the pulse-height 
distribution. 

When data were obtained for bremsstrahlung spectra 
with operating energies greater than 20 Mev, there was 
some evidence that counts in the region from A to B 
were produced by one or all of the following: (1) feeding 
of the 15.11-Mev level by higher levels in C’2, (2) the 
incomplete absorption by the Nal(Tl) crystal of higher 
energy photons scattered by the target, and (3) back¬ 
ground produced by neutrons generated in the target. 
This background was determined by making a self¬ 
absorption measurement8 with a 2-g/cm2 carbon ab¬ 
sorber in the incident beam when the betatron was 
operated at energies above and below 20 Mev. At 40 
Mev the background amounted to a 10% correction. 

Each run was monitored in terms of the charge 
collected from the transmission ionization chamber. 
This chamber was calibrated by comparing its reading 
with that of a standard chamber placed in the same 
beam. The standard chamber had been calibrated by 
the total spectrum method of Koch, Leiss, and Pruitt.9 

The properties of the various targets used are listed 
in Table I. The target normally used in the betatron is 
a tungsten wire with a diameter of 0.025 inch. This 
target is located at a smaller radius than the equilibrium 
orbit in the betatron. The other targets were mounted, 
four at a time, in a special holder that allowed any one 
of the four to be rotated into position within the 
donut without breaking.the vacuum or changing the 
donut position. These targets were all positioned at 
a radius larger than the equilibrium orbit but inside the 
radius of the injector. 

In the case of the normal betatron target, x-rays were 
obtained by applying a rather slow pulse to an electron- 
orbit shift coil whose radius was smaller than that of 
the donut. The x-ray pulse from the betatron under 
these conditions was roughly triangular in shape with a 
base length of about 4 microseconds. For the data taken 
near the threshold for scattering by the 15.11-Mev line, 
the time width of the x-ray pulse and the rate of change 
of the betatron magnetic field resulted in an energy 

Table I. Target properties. 

Target 

Energy 
loss" 
kev 

Beam width 
at one-half 
maximum 

Mev-raclians 

Observed 
energy loss1’ 

kev 

0.025 in. W wire 1100 2.3 130± 40 
0.001 in. W foil 44 2.0 117± 23 
0.010 in. W foil 440 2.7 370± 70 
0.010 in. Ni foil 240 2.4 35()± 84 
0.002 in. Th foil 49 2.3 1124= 34 

“ Based on collision-energy loss expression as given bv Goldwasser, Mills, 
and Hanson, Phys. Rev. 88, 1137 (I9S2). 

b Based on Mnirhead rt al. (reference 10) and on measured angular 
distribution of the bremsstrahlung beam. 

9 Koch, Leiss, and Pruitt, Hull, Am. Phys. Soc. Ser. II, 1, 199 
(19.56). 

spread of about 80 kev. For the targets mounted at a 
radius larger than the equilibrium orbit, yield was 
obtained by applying a large pulse to a pair of coils 
located above and below the equilibrium orbit. This 
procedure resulted in an x-ray pulse whose width was 
less than 0.1 microsecond at the base. In this case the 
spread of the beam was less than 2 kev. 

During all spectrum measurements, the x-ray in¬ 
tensity from the betatron was kept below a limit fixed 
by the counting rate of an integral discriminator biased 
at about 1 Mev. This limit was fixed at about one-half 
the counting rate at which pile-up was observed in the 
region A to B of the pulse-height distribution given in 
Fig. 2, when the yield of counts in this region was 
measured as a function of the counting rate of the 
integral discriminator. The measurements were made 
for both the “slow-contract” and the “fast-expand” 
targets. 

The energy scale of the betatron was based on the 
thresholds for the (7,n) reactions in Be9, Au197, and Cu65 

and on the threshold for scattering by the 15.11-Mev 
level in C12. The latter threshold is by far the sharpest 
observed in this laboratory. A change of 20 kev on the 
energy scale produced a fivefold increase in counting 
rate. The threshold for this scattering was used to 
monitor any changes in the betatron energy scale. As 
would be expected, the energy calibration was different 
for the “expand” target and for the “contract” target. 
For any one type of machine operation, however, the 
energy calibration was constant to within 20 kev for 
the three-month period during which measurements 
were made. It was found that this stability could be 
obtained by warming up the betatron for about one 
hour before starting to take data. 

For each of the targets used an attempt was made to 
determine the effective target thickness by measuring 
the angular distribution of the bremsstrahlung. These 
measurements were made by exposing a copper strip 
on the betatron side of the collimator. The strip was 
located on a diameter of the beam (see Fig. 1). After 
exposure of the strip to either 19- or 21-Mev brems¬ 
strahlung (the energy differed for different targets), the 
10-minute activity induced in the strip was counted as 
a function of position across the strip. After corrections 
were made for the decay of the induced radioactivity, 
the data gave the angular distribution for those photons 
in the high-energy part of the bremsstrahlung spectrum. 
Strips were exposed both vertically and horizontally. 
The angular distributions were not different within the 
errors of measurement. The measured angular distribu¬ 
tions were used to determine the effective target thick¬ 
nesses by comparing them with the angular distribu¬ 
tion given by Muirhead et al.10 For the 0.001-inch 
tungsten and 0.002-inch thorium targets there seems 
to be some evidence for multiple traversals of the target, 
since the target thicknesses in kev as inferred from 

10 Muirhead, Spicer, and Lichtblau, l’roc. l'livs. Soc. (London) 
A65, 59 (1952). 
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Fig. 3. The yield of 15.12-Mev photons obtained when electrons of energy, Et>, were slowly contracted into the 
0.025-inch wire target normally used in the betatron. The solid curve is the Schiff spectrum normalized to the 
experimental curve near 20 Mev. The target thickness, as determined by a measurement of the angular distribution 
of the bremsstrahlung, is 130 kev. 

reference 10 were larger than the collision-energy loss 
expected for these foils. The data for the 0.025-inch 
tungsten wire target clearly show the effect of a slowly 
contracted beam just grazing the edge of a target. 

III. RESULTS 

Figure 3 shows the yield curves obtained using the 
0.025-inch tungsten wire target into which the betatron 
electron beam was slowly contracted. The ordinates of 
Fig. 3 are in units of the relative number of 15.12-Mev 
photons per Mev in the beam. Also plotted is the yield 
curve obtained from the Schiff bremsstrahlung spectrum 
as tabulated by Penfold and Leiss.11 These tables are 
frequently used in the analysis of activation curves. 
The theoretical curve has been normalized to the experi¬ 
mental data near 20 Mev. The approximations made 
by Schiff12 in evaluating the differential bremsstrahlung 
cross section of Bethe and Heitler were that the energies 
of both the incoming and outgoing electron were large 
compared to the rest energy of the electron. He also 
neglected certain screening terms in integrating over 
the outgoing electron angles. In integrating over the 
outgoing photon angle the approximation was made 
that the angles involved are small. These approxima¬ 
tions produced the finite threshold to the yield curve 
shown in Fig. 3(a). If the theoretical curve shown in 
Fig. 3(a) is modified, by a method to be described later, 
to take into account the finite thickness of the target 
and the energy spread of the primary electrons, a con¬ 

11 A. S. Penfold and J. E. Leiss, Phys. Rev. 95, 637 (1954); and 
private communication. 

12 L. I. Schiff, Phys. Rev. 83, 252 (1951). 

siderably better fit can be obtained to the experimental 
data for energies near the threshold. The agreement of 
the experimental curve with the modified theoretical 
curve near threshold is only fortuitous, since the 
approximations made by Schiff are not valid in this 
energy region. 

The yield curve for the tungsten-wire target was 
measured for electron energies up to 40 Mev, and is 
given in Fig. 3(b). The coincidence of the measured and 
calculated yield curves demonstrates, within the rather 
large experimental errors, the validity of the energy 
dependence of the monitor calibration used for these 
interpretations as well as the general validity of the 
Schiff calculations. The data are not accurate enough 
to distinguish between the Schiff integrated spectrum 
and the corrected forward spectrum.13 

Figure 4 shows the measured yield curves obtained 
by using the “thin” targets into which the electron 
beam was expanded.14 The solid curves are plots of a 
15.12-Mev yield curve calculated from the Bethe- 
Heitler expression7 normalized to the experimental data 
at 16.75 Mev.16 This formula represents the brems- 

13 A. Sirlin, Phys. Rev. 106, 637 (1957); E. Hisdal, Phys. Rev. 
105, 1821 (1957). 

14 Data were also taken by using a 0.020-inch aluminum target. 
These were not considered reliable because there was evidence 
that the x-rays came from two sources in the betatron. The 
measured angular distribution was very broad and the spectrum 
and magnitude of the yield obtained were consistent with the 
assumption that the x-rays came from both the aluminum target 
and the tungsten support for the assembly. The aluminum target 
was the only one for which this effect was expected. 

16 The normalization factor was a function of Z, varying by 
11% from nickel to thorium. This difference is of the right magni¬ 
tude and sign to be attributed to a screening effect. 
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Fig. 4. The yield curves obtained when the electrons were rapidly expanded into targets of 0.010-inch nickel, 
0.001-inch tungsten, 0.010-inch tungsten, and 0.002-inch thorium foils. The solid curves have been calculated from 
the Bethe-Heitler formula modified to take into account target thickness effects. Target thickness used was that 
determined from a measurement of the angular distribution of the bremsstrahlung from each target. This thickness 
is given in kev. 

strahlung cross section integrated over the outgoing 
electron and photon angles. It should provide a more 
legitimate test of the validity of the Born approximation 

than would Schiff’s calculation. The value of zero for 

the cross section at the threshold of the yield curve is a 

consequence of the Born approximation. It is evident 

that the experimental yield curves rise more rapidly 

from threshold for the heavier nuclei than do the 

theoretical curves. 

The theoretical curves shown in Fig. 4 have all been 

modified to take into account the finite thickness of 
the various targets. The target thickness used for each 
target is given in kev on the graphs. The effective target 
thicknesses were determined from the angular distribu¬ 
tion as described above. The distortions produced by 
multiple scattering and energy loss in the target may 
be taken into account by integrating the contributions 
to the bremsstrahlung generated in elements of target 
thickness, dx.16 If iV(15.12, E0) is the elementary yield 

16 Motz, Miller, and Wyckoff, Phys. Pev. 89, 968 (1953). 
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curve, then the modified curve will be: Table II. Ratio of observed counts/Mev to the modified 
Bethe-Heitler distribution. 

/ dE \ 
dxS(x)N^15A2,E0+—dxj, 

where S(x) is the probability that a photon generated 
in dx is detected. 5'(a:) therefore depends on the target 
properties and the acceptance angle of the detector. 
The functions, S(x), have been calculated using a pro¬ 
cedure outlined by Penfold17 for the targets and the 
acceptance angle of 0.01 radian used in this experiment. 
In this approximation energy loss and scattering were 
treated as independent processes and radiation strag- 

o 
UJ 

ou" 

lO 

2 

0 

Fig. 5. A comparison of the calculated thin-target yield curve 
with those modified for tungsten targets 100, 300, and 500 kev 
thick. 

#'(15.12, E0)= f 
Energy 

Ni 
0.010 in. 

W 
0.001 in. 

w 
0.010 in. 

Th 
0.002 in. 

15.51 0.96±0.06 1.05±0.10 
15.36 0.87±0.06 1.22±0.10 1.48±0.11 1.48±0.13 
15.33 1.09±0.13 1.43=1=0.11 1.50±0.12 
15.30 1.02±0.08 1.52±0.08 1.50±0.10 
15.27 1.05±0.10 1.45±0.10 1.98±0.12 1.63±0.16 
15.24 1.03±0.10 1.68±0.08 1.74=1=0.12 1.78±0.19 
15.21 1.0 ±0.12 1.92±0.11 2.4 ±0.12 1.68±0.17 

lated from the Bethe-Heitler formula. The three lower 
curves resulted from folding the thick target weighting 
functions, S(x), into the latter to take into account the 
effects of energy loss and multiple scattering in tungsten 
targets 100, 300, and 500 kev thick. The differences are 
not very great. 

A cursory inspection of Fig. 4 reveals that the yield 
curve measured using the nickel target agrees well with 
that given by the Bethe-Heitler formula corrected for 
target thickness. Within 300 kev of the tip of the 
spectrum the tungsten and thorium data lie above the 
calculated distributions. The ratio of the experimental 
points of Fig. 4 to the modified Bethe-Heitler distri¬ 
bution in the energy range 15.12 to 15.51 Mev are 
given in Table II. The ratios of the order of two near 
the tip for high atomic number targets are similar in 
magnitude to those found by Starfelt and Koch1 for 
very thin gold targets and similar outgoing electron 
energies. These data indicate that for the heavy target 
nuclei there is an excess in the number of photons in 
the high-energy tip of the bremsstrahlung spectrum 
over that given by the Born-approximation calculation. 
The data may also indicate that there is a finite value 
for the end of the bremsstrahlung spectrum which 
depends somewhat upon the nuclear charge. To be 
consistent with the present data, this end point cannot 
vary faster than ZK An exact calculation is expected to 
result in a finite end point to the spectrum.18 None of 
the various attempts to approximate a correction to the 
Bethe-Heitler cross section yields a result consistent 
with the data given in Table II. 

gling was completely neglected. Penfold has shown that 
these simplifications do not alter the results signifi¬ 
cantly, but do make hand computation feasible. 

The effects of the finite target thickness on the shape 
of a yield curve are shown in Fig. 5. The upper curve is 
a plot of the undistorted 15.12-Mev yield curve calcu- 

17 A. S. Penfold (private communication). 
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