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. THE X-RAY SPECTRUM PRODUCED BY 322 MEV ELECTRONS 

STRIKING A PLATINUM TARGET 

Walter Hartsough, Mil ton Hill,~~ and Wilson M:0 Powell 

Radiation Laborato1-y"' Department of Physics 
University of California 

Berkeley, California 

August 1, 1950 

Abstract 

The differential energy spectrum of the photons produced by 322 Mev 

electrons striking a 20 mil platinum target was measured by observing the 

energy of 3467 pairs produced in a one mil thick lead foil in a Wilson 

cloud chamber in a magnetic field of 109 000 gausso The spectrum is found 

to agree with that predicted by the Bethe-Heitler bremsstrahlung theory 

using a Thomas-Fermi model with suitable corrections for the thickness of 

The energy of the 322 Mev electrons was determined by the 
·- -

spectrum of the photons observed in this experimento 
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The Berkeley synchrotron produces 322 Mev electrons as estimated f'ram the 

results of' this experiment. These electrons make x-rays by striking a 20 mil 

thick platinum target inside the qlll1Artz vacumn chamber of' the machine. The x-rays 

pass ~hrough 1.,5 to 2 em of quartz before reaching the air where practically all 

experiments are performed. This paper gives the energy distribution of' the x-rays 

as obtained from the measurement of the energy of' 3467 pairs produced in a 1 mil 

thick lead plate placed in the x=ra.y beam: from the synchrotron. 

Apparatus 

A 16-inch diameter Wilson cloud chamber with a magnetic field of' 10,000 

gaU$S was placed in the x=ray beam from the synchrotron, with its center 88.5 

feet from the 20 mil thick platinum target of the synchrotron. A six-inch thick 

lead collimator, 35 feet from the target 11 collimated the x-rays so that they 

formed a beam at the chamber approximately 6.5 inches wide end 1 inch high. The 

beam entered the chamber through a 5 mil aluminum window end passed through a 

vertical lead plate 1 mil thick across the center of' the cloud chamber. Elec

tron-positron pairs were produced in the lead and the gas (a mixture of' half' 
.. 

argon and half helium with water and ethyl alcohol for the vapor) of' the chamber. 

Only those pairs produced in the lead plate were used in the data given below. 
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~~: The sy-nchrotron-:.gives e. pulse of Xaur~ys ~ix .. tim~·s a ·second which .···can 

be interrupted at slrl,.table intervals by changing the timing of the high vol

tage on the synchrotron injector so that it fires too late to produce a beam .. 

Th~ procedure is to monitor the beam by means of a Zeus meter placed just out 

of the main beam. The beam is run steadily at some low value, interrupted for 

about a second before and after the pulse used by the cloud chamber. The timing 

sequence of the cloud chamber is synchronized with the x~ray signal in the fol

lowing way. First the cloud chamber magnet is energized 0 reaching full field 

in 2.3 secon~ at which time a ready signal is given so that the next pulse of 

the synchrotron magnet sends a signal to expand the chamber" The expansion 

is delayed so that the x-rays from the following pulse reach the chamber just 

after the expansi ono The lights are flashed 0"035 to 00 045 second after the 

arrival of the beam" Two General Electric FT-22 flash tubes charged to 1700 

volts with 250 microfarads of capacity each are used for illumination and the 

127 em foeaJ.:~ cam9ralenses"VLW3 set at foB using Eastman Orthochromatic Lina

graph film. Because of the early timing of the lights8 it was necessary to 

open the leil,ses so as to give about four times the light usually required" 

This early timing and control of the temperature of the chamber to 0 0 1 degree 

centrigrade resulted in turbulence free pictures where the spurious radius of 

curvature was greater than 50 meters. 

T., c. Merkle11 Jr •• suggested that a mixture of a:rrgon and helium be used 

in the chamber for the following reasons" Argon gives a larger numbe:rr of 

ion pairs per em length of track than helium but has the disadvantage of a 

low heat conductivity and, therefore» takes a long time to reach thermal 

equilibrium., By mixing in equal amounts of helium, ·which has a heat con~ 

ducti vi ty some nine times greater than that of argon, the heat conductivity 
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of the mixture is four or more times greater and the waiting period necessary 

to achieve thermal equilibrium in this large chamber is reduced to 45 seconds., 

The tracks are much heavier than they would be with pure helium., 

Experimental Results 

Te.ble I contains the exp~rimental data with Column 2 giving the number of 

pairs observed in the 10 Mev energy 1nter1TS.ls indicated in Colt1IX1+1 lo Column 3 
.. " ~ 

contains numbers proportional to the pair production cross section in lead as 
I 

©alculated from Heitler.l Column 4 is obtained by dividing Column 2 by Column 3 

and is a set of numbers proportional to the number of photons in each interval. 

Column 5 is a set of numbers proportional to the average energy of each inter-

val with unity corresponding to 322 Nfev., The numbers in Column s. obtained by 

multiplying Column 4 by Column 5 6 are proportional to the number of photons per 

Mev multiplied by the average energy of the photons • or they are proportional to 

the total energy carried by the photons in each energy interval. This will be 

called the differential ener~r spectrum of the photons., The numbers in Column 6 

were added in pairs so as to give a single number for each 20 Mev interval; and 

these are shown by the points in ]ig., 1. The last energy inter11al goes from 

300 Mev to 335 Mev and was weighted properly by multiply~ng by 20 and dividing 

by 35., The errors shown are statistical errors obtained by dividing the values 

gi iran by the square root of the number of pairs shown in Column 2 of Table I but 

taken in 20 Mev intervals., There is no estimate of possible systematic errors 

included with these errors. 

Theory 

The 20 mil platinum target is bombarded by electrons, and the energy dis-

tribution of the x-rays produced is a function of this thickness., The spectrum 

1 W., Heitler. Quantum Theory of Radiation. p., 201 
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for an infinitely thin target was c:aloul~ted by R., Christian following the 

. 2 3 
Bethe..,Jlei tler e bremsstrahlung theory using a Thomas= Fermi model for the 

atom., The theoretical dif.f'erenti~l energy spectrum for an infinitely thin 

target produced by electrons of 322 Mev energy is given in Column 2 of' Table 

II., This spectrum is modified by the th:i,.ckn.ess of the target as the result 

of the following process., First the original electrons lose energy by radi

ation so that their original energy is lowered and the x-rays produced by 

them farther along in the target vd 11 show a lower aver~e energy., This 
- --

lowering in energy would be more marked "'ere it not for another effect which 
- --

reduces this considerably., The electrons ~ich have been multiply scattered 

are no longer pointing in their original direction., Using the multiple scat

tering formulas of' E., J., Williams it can be shown that after traversing about 

- . I 

the first 4 mils of' the target the electrons are sufficiently out of line so 

as to make most of' the photons produced py them miss the cloud chamber al

together., This e.f'.f'ect was first pointed out by E., M., McMillan4 and its result 

is to give a spectrum more like that for an infinitely thin target., The spec~ 

trum comes almost entirely from the first fifth or quarter of the target and3 

there.f'ore 9 these quanta will be absorbed in passing through the remaining 

three quarters of the target., Only about 10 percent of' the quanta are absorbed 

in ~he target. and the 'absorpt~on coefficient changes by only twelve percent 

from 40 Mev on up., The correction is practically a constant one and reduces 

the ilitensi ty almost uniformly by ten percent., The spectrum l"e~ml ting after 

all these ~orl"ections is given in Column 3 of Tab~e IIe 

2 H., A., Bethe9 W., Heitlerg Proc., Roy., Soc., 159 9 432 (1937} 

3 
B., Rossi 11 K., Greisen, _Re17., Mod., Phys .. £, 253 (1941) 

4 E., M., Mcllillana private communication 

.. 
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Table II 
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13,.8 

13.,4 
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Distribution for a 
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2,.5% Probable Error 
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In order to compare this with the experimental results. it is necessary 

to assume a pair production ~ross section for thex-rays in the lead plate and 

to make e~ necessary corrections for the passage of the x-rays through the 

quartz wall of the vacuum chamber and the 8S.,5 feet of air between it and the 

cloud chamber., The pair production cross section for x-rays in lead was taken 

from the curve for lead in Heitler1 and is given relative to the cross section 

at 190 Mev in Column 3 of Table I., The pair production cross section for lead 

was measured by J. L., Lawson5 for 88 Mev x-rays and was found to be 31.,3 barns 

instead of the theoretical value of 34.,9 :J?arns or lower by eleven percent than 

the simple theory at 88 Mev., G., D., Adams6 measured an absorption coefficient 

for lead at 19.,1 Mev which was 9.,6 percent lower than experiment and R., L., 

Walker7 finds it 9.,8 percent lower at 1'7 .,6 Mev. Both of these experiments 

indicate that the cross section for pair production is lower for lead but 

lower by nearly the same amount from 1'7 Mev up to 88 Mev., This difference 

can become appreciable here only if the ratio of the cross sections changes 

with-e:nergy. and since there is no evidence that this occurs 11 no correction has 

b13en made. 

The one mil thick lead plate is sufficiently thin so that the probability 

that a particle produced in the iead will radiate before leaving the lead is 

ver.y smell., Only 0.,2 percent of the particles will radiate mc1re than 40 per-- .... -~ 

cent of their energy., The absorption of the x-rays by the quartz and the air 

amounts to 13 percent of the incoming x-:rays and is practically unifonn over 

the entire spectrum., The total cross section for 88 Mev x-rays for aluminum 

as measured by J., L., Lawson5 is 1.128 barns and the theoretical cross section 

5 J. L., Lawson, Phys., Rev. '75 8 440 (1949) 

6 G., D. Adams_8 Phys., Rev., 74, 1707 (1948) 

7 
R., L., Walker, Phys., Rev., 76 11 527 (1949) 
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is ~ol03 barnso This is a good indication that_the theory gives the correct 

result for light elements and tha-t no large error would result from calculating 

the absorption of the q\18.rt~ and the air betwe·en ·the target and the chamber 

from theory' especially since the maximum percent absorption in the neighbor-
' I ,, .. _ 

heod of 300 Mev amounts to only 15 percento In the quartz and the air between 

the target and the lead plate in ~he cloud chamber there are 20 7 gr/cm2 of 

oxygenm lo 7 ycm2 of silicon and 20 5 g/cm.
2 

of nitrogeno The effect of the 

argon in the air and the chamber plus the 5 mil aluminum window on the chamber 

is neglectedo Using the cross sections given by Heitlerl for the nucleaJr pair 

production plus the c:r.oss section for th~ pair production due to the electrons. 

plus the Campton scattering cross section, the percentage of the x~rays trans= 

mi tted is found "to be 87 percent from 30 Mev to 204 Mev 9 88 percent at 15 Mev, 

and 86 percent at 300 Mevo 'l:his has no observable effect on the energy dis= 

trl bution of the x-rayso 

In order to be sure that hig:tler energy x~rays absorbed in the quartz and 

air were not producing secondary quanta which would distort the spectrum at 

lower energies, the electrons entering tfte chamber with the x=ray beam were 

counted for a few pictures taken without magnetic fieldo The secondary quanta 

in the beam should be comparable in number 11Vi th the secondary electrons accom-

panying the beam0 There were 16 electrons accompanying the beam. for every pair 

produced in the le acl plateso Since about 4000 photons are necessary to produce 

one pair, the secondary quanta for.m a negligible fraction of the X=ray beamo 

The theoretical differential energy spectrum given in Column 3 of Table II 

for a 20 mil thick platinum target drops: to zero at energies above that of the 

electrons in the synchrotrono If there is an errol" in mee.surement of the 

energy of the pai:r:s, this Will change the shape of the theoretical curve making 

it less steep and extending it above this energyo The random experimental 

errors were estimated to give a probable terror of' 2.,5 percento Actually the 
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errors arise from the fact that the templates used to mateh curvatures8 are 

about four percent apart in radius 9 and the error due to multiple scattering 

of the particles in the gas amounts to about one percent., 
. . . 

Although the errors 

arising froni the templates are not. gaussian but cut off more rapidly
0

' they were 

assumed to be gaussian.. The theoretical differential energy spectrum0 modified 

so as to correspond to one observed with a probable error of 2., 5 percent 0 is 

given in Column 5 of Table TI., 

The average angle between the direction of the incoming photon and the 

pair fragments is of the order of the energy of the photon di vi dad by the energy 

of the electron; and since this is very sm8.U above energies of 20 Mev I) the 

pair fragments lie very nearly in the same plane which il!!l v·ery newrly pe:rpen= 

d.icular to the direction of magnetic field., As a consequence of this 9 no 

correction forl~ angles is necessary above 20 Mev such as was nece~sary 

in the eneirgy spectrum obtained by Koch and Carler9 flrcm ·19.,15 Mev electrons., 

The first point on the energy spectrum curve disagrees markedly with theory 

both because no correction was made for these angles and because electrons 
\. 

with energies less than 1 M.ev were easily missed because of their very great 

curvature., Figure 2 shows a typical cloud chamber photograph with seven pairs 

coming out of the lead. and one pair produced-in the· gas just above the lead., 

The low energy pair to the left above the· plate illustrates how the electrons 

and positrons stay in nearly the same plane for many revolutions" The illumi= 

nated region is only 1.,5 :inches high .. 

·'The normalization of the expertmental data involves f"i tting the data by 

means of tWo points and a slope., This is necessal!"y .first bece:u~e abe,olute 

8 Bruecknewn Hartsough 9 Hayward~> Powel~ 9 Phys., Rev, 751) 555 (1949) 

9 H0 W., Kooh9 R., E., Carter9 Phys .. Revo '!1,9 165 (1950) 
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intensities are not !mown» and second because the exact energy of the s,ccele

rated electrons is unknowno This experiment can be used to_ determine the energy 

of the original electrons if the theory of pair production and X=ray production 

is assumed to be correcto The first estimate of 335 Mev for the energy of the 

syL:;.chrotron electrons was made from measurements of the magnetic induction around 

the orbit of the electrons in t.b.e synchrotrono Actually the field at a radius 

of one meter was found. to vary by 20 6 percento The absolute mea.aurement of the 

field Wf•S made with a search coil having an ewror in effective al!"ea of one per

cent and a voltmeter having an error of 1 0 5 percento The voltage on the con= 

denser~ which disc~rge into the synchrotron magnet is measured on another volt.= 

meter which was not recalibrated at the time of this experiment and might be in 

error by 2 percento Xhe position of the target is accurately known 9 but the 

position of the center of curvature of the beam of electrons has never been 

dete~ined and might be one or two centimeters away from the center of the 

machine 0 Thts would make a one or two percent error in the energy o Also the 

synchrotron magnet has been disassembled twice since the measurement of the 

magnetic fieldo The total air gap in the magnet is 20 5 inches and on replacing 

the top of the magnet this may be changed by as much as 20 mils 9 10 mils in 

the large air gap and 10 mils in changes in the thickness of the bakelite sheets 

which insulate the 70 ton top of' the magnet from the rest of the magneto This 

change might be irregular in azimuth and cause shifting in the centeJr of curva= 

ture as well as changes in the average value of the fieldo Error~ of as much 

as four perClent can easily be ac;Jc:ounted for by a combination of all I(J:f these 

·faotorso 

;The ~loud chamber magnetic field was meaiS!ured by means of a sear,oh c;oil 

with effective area accurate to 1 percent and fluxmeter ©onshtin.g of' an inte

grator operating into a cathode '!fay oscilloscopeo Mc,st of the s:ignal from the 
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search coil was bucked out by a secondary flux standard accurate to 1 percent, 

and the flwaneter could be read to a tenth of a percent.. Each time a picture 

was ta.k:en9 the current going to the cloud chamber magnet was read from the am-

meter used in making the field calibration.. The error in magnification of the 

pict··1res on reprojection is less phan half a percent.. The conciusion is 'fuat a 

systematic ~rror in the measurement of the energy of the particles in the chamber 

could not exceed two percent unless a systematic error were made in comparing the 
) 

curv~s on the templat~~ with the. tracks. Since the tracks, with a few exceptions, 

were measured twice by independen~ observers, a systematic error of a size suf-

ficient to raise this error seems unlike::J,y .. 

The conclusion is that the electron energy of 322 Mev as determined by the 

measurements made in the cloud chamber is probably accurate to two percent and 

is a better value than the 335 Mev estimated -from magnetic measurements on the 

synchrotron.. ' 

The Energy of the Electrons in the S~chrotron, 

In order to be able to compa;re theory with experiment it is necessary first 

to determine the energy of the electrons in the synchrotron.. As shown above the 

cloud chamber measurement of the pair spectrum gives a better estimate of this 

than ~he magnetic field measurements made on the synchrotron if a satisfactory 

way can be devised for treating the pair spectrtnn to obtain the energy of the 

electrons.. This compa.ri son was made in the following way., First the theoretical 

differential,energy spectrum adjusted to account for. a 2.5 percent random probable 

error in the measurement of the energy given in Column 4 of Table II was divided 

by the average energy of each set o:f' pairs so as to give a set of numbers pro

portional to the actual number or photons., T'hese values were integrated with 

respect to en~rgy from infinity down and a plot of these values down as far as 

0 .. 9 of the full energy of the el~ctrons is shown as the circles in Fig .. 3., A 
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similar integral curve was made from the p!rlr dataD and on compari.ng the two 

as shown by the xv s in Fig., 3 the agre~ent was excellent if the energy of the 

electrons was assumed to be 322 Mev., Both the experimental and theoretical 

numbers. were integrated doilllll to 60 Mev and normalized as to magnitude at this 

pohrt., The agreement achieved by -these two adjustments is that sho-wn in Figo 3p 

and the shape of the foot of the integral curve indicates that the estimate of 

random errors agrees with the facts., 

E., Mo McMillan estimated the energy of the electrons by using the ratio of 

the number t:»f' pairs above 290 Mev to the number between 200 and 290 Mev and 

comparing this ratio to that obtained for the theoretical curve for various 

assumptions about the energy of the electrons., This compa.l:"bon. should be inde= 

pendent of the errors in measurement if they are randomo The result of this cal= 

cula.tion gave an energy of 320 Nfev with a statistical errnr of plus or minus 2 

Mev., The two methods of determining the energy of the electrons from the dB:ta agree 

well within the experimentul.errorso 

The differential energy distribution of the photons is plotted in 20 Mev 

groups in Figo l., The solid curve is the -theoretical curve (Column 4 in Table II) 

modified by the 2.,5 percent probable error in the experimental determination of 

the energie~ of the pairs., The departure of experiment from theory at the lowest 

point representing photons with energies up to 20 Mev arises from the fact that 

the cul"Vature of the tracks was too great to be measurable in many instances for 

this group, Pairs with energies less than 5 Mev were not measured and were not 

included in thi~ data., The experimental errors shown in Fig., 2 are statistical 

errors and it is evident that the experiment shows no appreciable deviation from 

the theory, 
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The Fraction of the Photon Ener~ Possessed by the Positron 

If we let W be the energy of __ the p}lot~n and U that of the positron 

belonging to a pair then F = u)W is the fraction of the energy of the photon 

possessed by the positrono A group of 1060 pairs between 100 and 300 Mev was 

diviled into ten groups according to the value ofF and the results a:goe shown 

in Table III and compared with the theoretical values given by Bo Rossi and 

Ko G:&"eisen0° page 26lo The theory and experiment agree well within the limits 

of er:r.oro In the zero to ten percent grqup and the 90 to 100 percent group 

the number of pairs is low9 and if no allowance is made for statistical errors, 

it would appear that 1 0 6 perce~t of the pairs were missing in both groupso It 

has not been poss:ible for us to give any explanation for this low value other 

than the fact that the number of observations is insufficient to exclude the 

statisticc:a.l erroro 

The number of Campton electrons is negligrble in this range of energieso 

Tv~s was borne out by the experimental fact that there were 12 positrons and 10 

electrons appearing singlyo There should have been about 4 additional electrons 

over and above positrons from the Compton effecto 'The numbers obsel!"Ved are not 

inconsistent with thiso 

Conclusions 

The differential energy di'stribution. of the photons produced by 322 Mev 

electrons is that which is predicted by the Bethe~Hei tler bremsstrahlung theory 

using the Thomas~Fer.m.i model for the atom., The fraction of the energy carried 

by t~e positron in a group of 1060 pairs agrees with the theo~etical predictionso 

The energy of the electrons produced by the Berkeley synchrotron for this 

experiment was 322 ::1: 6 Mevo 
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Figure Captions 

"The differential .energy distribution of the photonso The 

p~ir~ are taken in 20 Mev groups up to 300 Mevo The group 

at the highest energy is taken over 35 Mev and normalized 

appropriatelyo 1'he mean error or statistical error is 

plotted for each pointo 

Seven pairs produced in a one mil thick lead foil across a 

cloud chamber in the x~ray beamo The two pairs produced in 

the gas were not used in obtaining the energy spectrumo The 

field is 10 8 000 gausso 

The number of pairs above a given energy plotted against the 

energy of the photons divided by 322 Mevo The circles give 

the theoretical values and the crosses, the experimental 

values. 
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