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EXCITATION FUNCTIONS FOR PHOTONEUTRON 

PRODUCTION FROM 13.5 TO 70 MEV 

K. M. Terwilliger 

Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

I. ABSTRACT 

Total neutron yields from eleven elements were obtained as 

a function of maximum beam energy of the University of California 

Hospital 70-Mev Synchrotron. The maximum beam energy was varied 

from 13.5 to 70 Mev. The neutrons were detected at 90° to the 

beam axis with a BF3 proportional counter in a long counter 

geometry. The beam was monitored by the positron activity of cu62 

produced by the reaction, cu63 {1(, n) cu62 • 

Excitation functions for total neutron production were 

calculated from the total yields by the photon dif~erence method. 

The excitation functions show the same resonance-like be-

havior in the neighborhood of 20 Mev that has been observed in 

(tr, n) reactions. However, while the (~, n) cross sections tend 

to drop to zero above the peak~ the total neutron cross section 

curves have a flat tail to_65 Mev. With the use of calculated 

values of neutron multiplicity~ the excitation function for gamma 

ray absorption in tantalum was determined. The integral of this 
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cross section from zero to 65 Mev, 
65 S ()dE, was found to be 

4o87 t 20% Mev-barns. The tot~l integrated cross section for 

tantalum predicted from the Levinger and Bethe theory is·Jo66 Mev~ 

barns for an exchange force fraction of one-half and 4o70 for an 

exchange force fraction of unity. Thus, the experimental result 

is .consistent with the theory. 

With the use of estimated values of neutron multiplicity, 

the cross section for nuclear absorption of 45 Mev gamma rays was 

-27 2 
found to be () = 0.128 A • 10 em • 
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II. INTRODUCTION 

In 1934 Chadwick and Goldhaber1 perfor.med the first artificial 

nuclear photodisintegration--the disintegration of deuterium by the 

action of the 2.62 Mev gamma-rays of_ThC
11

• Bethe and Peierls
2 

developed a theory for this process which showed a cross section 

with marked angular assymetry rising sharply from the threshold to 

a peak which was followed by a gradually decreasing tail. Many 

experimenters have verified this theory by cross section and angular 

distribution measurements of the particles emitted in the photo-

disintegration of deuterium. Extension of the theory to high energy 

appears to be adequate to the meson region. 

Due to the complexity of the structures of other nuclei, very 

few detailed calculations of photonuclear interactions have been 

attempted. Both theoretically and experimentally the trend has been 

more to determine the systematics of the interaction. 

Using the statistical model of the compound nucleus, 

Weisskopf and Ewing3' 4 determined an expression for the energy 

distribution of the particles "boiled off" after nuclear excitation. 

They integrated this expression and found the relative probability 

of the emission of neutrons and protons. The probability of gamma 

emission was less than that for neutrons and protons by several 

orders of magnitude. In the heavier nuclei where the statistical 

model would be most valid, neutron emission was overwhelmingly the 

predominant mode of decay, the high potential barrier stopping the 
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protons. The statistical model assumes that the method of formation 

of the excited nucleus does not influence-the mode of decay. 

Using the 17.6 and 14.7 Mev gamma-rays from the Li7 (p, (() Beg 

reaction, Hirzel· and Waffler5 ·measured the (o, p) and ( '6 » n) yields 

by.their induced activities. Since a nucleus does not leave a radio-

active· end product for both ('!S"'' n) and or, p). processes, it was 

necessar,y to extrapolate;the (1), n) yields from neighboring isotopes 

to obtain the ('z(, p)/(?f ~ n) yield ratio for a given isotope. The 

ratios obtained.were small but much larger than the statistical 

. theory. predicted. Schiff6 proposed a restricted statistical model 

which allowed only certain energy levels to be excited by gamma-

rays and limited the levels allowed the residual nucleus. This tends 
' . 

t~ make the effective nuclear level density increase much less 

rapidly with the ex~itation energy than does the exponential form 

of the pure statistical model, and has the effect of increasing 

the proton to ne~~ron ratioo It also changes the energy distribution 

of th~ particles, shi~ting the energy distribution peaks toward 

higher energies.,. 
• 7~B-,9 

Experl.ID.ents with 22-Mev bremsstrahlung investigating 

the energy and angular distribution of emitted particles showed 

the isotropic. low. energy 1'boil off" spectrum of the statistical 

model with-~he addition of a high energy anisotropic tail. 

Levinthal and Silverman10 measured proton energy distributions 

from bombardments with 320-Mev bremsstrahlung and found a low 
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energy group, presumably due to the compound nucleus~ and also a 

high ·energy tail. Assuming an internal- momentum distribution~ .they 

calculated the number and the energy di~tribution of protons expected 

from the direct interactionof nucleons with gamma-rays; their 

theoretical calculations agreed reasonably well with their experimental 

values. However, later experimental evidence indicates these.results 

are too low. In addition, Kikuchi
11 

finds that a large number of 

their high energy protons were from star$ rather than from direct 

interaction. Courant12 , using a single particle model, also calculated 

the number of high energy protons expected from a direct gamma inter-

action and found that· the number was greater than the yield predicted 

by the statistical model. 

The theoretical Z dependence of the'interaction of photons 

with nuclei has been investigated by Levinger and Bethe13. By the 

application of sum rules they determined the integral over all energies 

of the cross section for dipole interactions. Their result was: 

r:::.O ·•· j cs- dE = .o6o ~z (1 + .ax) 
0 

where A is the atomic weight, Z the ·number of protons, N the 

number of neutrons, x the frac~ion of neutron-proton exchange 

force, and E the energy in Mev. The first term in the expression 

is independent of the modelt tt).e second was evaluated on the basis 

of a single par1;.icle model. The. higher multip".!e interactions were 

calculated to be small. 



The dependence of total neutron yield on· Z was found 
' "I" 

:' ·· 'r 'experimentally with ·22.o.Mev :bremsstrahlung by Price and. Kerst~·'+» 

·and with 320.:..Mev -bremsstrahlung ·by Price and Kerst15 and by 

Terwilliger~ Jones, and Jarmie16• Both groups found a yield 

' . . 'closely proportional to z2 for elements above copper; below -

-.' copper they found marked variations in yields from element to

element.- Halpern and Mann
17 

investigated the total proton yields 

-'· as a function of ·z with 22-Mev bremsstrahlung and found that the 

' r- • sum of their proton yield and Kerst 1 s neutron yield was a fairly 

smooth function of Z. The proton y~elds were of the same order of 

.magnitlJ.de as the neutron yields below copper, but fell off rapidly 

above it. The large yield variations of the low Z elements 

were presumably due to fluctl].ations in the binding ener~ of the 

last neutron and proton. 

The ex.p_erimentalresult, that, the total neutron yield increased 
. . i ' . 

2 
-_ as Z rather than Z for the higher weight elements, was interpreted 

by Levinger and BethelS as_beirlg due to multiple neutron emission. 

By assuming the neutron multiplicity equal to the gamma ray energy 

divided by an average neutron binding energy and using the 320-Mev 
- 15 16 

bremsstrahlung experimental neutron yields ' , they calculated 

that the integrated cross section was proportional to z as the 

theory had predictedo The absolute magnitude of the proportionality 

-constant was considerably highe~ than the theoretical value, however. 

The excitation functions for photo-nuclear ihteraction·s have 

been investigated experimentally b,y Baldwin and Klaiber19 ~ Almy 



-9-

7 . 20-25 26 and Diven , Katz and h1s co-workers , Halpern and Mann , and 

S 27,28,29 Al • f · agane • . 1 used the techn1que o varying the ma.xJlllum energy 

of the bremsstrahlung and measuring the variation of the induced 

activities. Cross sections as a function of gamma-ray energy have 

been obtained in this way for a number of (~ » n) and ( ~, p) 

reactions. They show the same general characteristics: a fairly 

sharp resonance-like peak occurring about 6 Mev from the threshold 

and having an approximately 5 Mev half width. The cross sections 

for these reactions appear to be small above the peak. From the 

statistical model·the fall off of the cross section for a particular 

reaction is expected due to the presence of competing reactions at 

higher energies. This has been found to occur in.particle interactions 
. 30 

with nuclei • However, in the case of gamma-ray bombardment, the 

yield from the possibly competing reactions, (~, 2n). and (((, n p), 

where measured, was not enough to account for the sharp drop in cross 

section. From this, the total absorption cross section appears to be 

falling off rapidly. 

An explanation for this resonance like shape was given by 

Goldhaber and Teller31• They proposed a model in which the neutrons 

moved against the protons in dipole oscillation. The resonance energy 
-1/6 

varied as A and was close to the measured values. Their one 

level resonance theor.y has the same integrated cross section as the 

general multilevel Levinger and Bethe theory, but predicts a larger 

resonant scattering of gamma-rays •. The upper limit of the gamma-ray 
32 

scattering has been shown to be small but not in disagreement with 

either vieWpoint. 
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That there is a small but appreciable photo-nuclear inter

ac.tion above the peak has been demonstrated by Strauch33 and . by· 

Sugarman and Peters
34

, who have measured activities occurring from 

·gamma=induced multiple particle emission. It is also indicated by 

the high energy proton tail found by Levinthal and Silverman. The 

view that the interaction cross section might rise again near the 

. meson threshold was presented by Eyges35 • His idea· was based on an 

analysis of all photoneutron data then available. This hypothesis 

has been recently investigated on the 320-Mev Berkeley synchrotron 

by L. Jones36 , who obtained cross sections for pho~oneutron production 

at seven points from 100 to 300 Mev. The cross sections rise 

continuously with no sharp rise near the meson threshold. This 

indicates a virtual meson interaction3 possibly combined With a 

tail from the low energy peak. 

The experiment to be described was undertaken to determine 

the photoneutroh cross sections from the peak up to the high energy 
-- -------- ------"---

range covered by the work of L. Jones. Results fromthisexp·eriment --

should show whethe~ the photo-nuclear interaction is actually of a 

·resonance. character, or whether the rapid fall off of the cross 

·sections previously determined was due to unmeaslired competing: 

reactions. 
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III. GENERAL PROCEDURE 

This investigation of photoneutron cross sections was carried 

out using bremsstrahlung from the 70-Mev synchrotron of the University 

of California Hospital in San ·F'rancisco. The energy range covered 

was from 13o5 to 70 Mev~ the ~ower limit being set by the relatively 

small beam available at low energies. The neutrons were detected at 

90° to the beam axis by a BF3 proportional counter imbedded in a 

paraffin moderator. The beam was monitored by bombarding a copper 

foil along·with the targets. The ratio of neutron counts from the 

target to the beta counts from the activated copper foil was obtained 

for each element at each energy. To analyze this data and obtain 

photoneutron cross sections, the curves of the bremsstrahlung 

spectrum from the theoretical calculations of Rossi and Greisen37 

were used. The analysiswas done by the photon difference method20 • 

The resulting total neutron.cross section curves were compared with 

the curves obtained by others using induced activity detection in 

order to determine the effect·or competing reactions. 
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IV. APPARATUS AND EXPERIMENTAL PROGEDURE 

. Fig. 1 shows a schematic cutaway of the 70 ~lev synchrotron 

.and the experimental setup. : The gamma-rays produced in the 0.035 . ·' . . . ; .. 

inch wolfram target were cleanly defined into a beam of .rect~angular . ' (" ~ '. 

c.rqss section by a collimator in the machine. A large neu~ron back

ground.was produced, principally in the collimator, so that cons.id

erable neutron shielding was required. The neutrons,were thermalized 

in.paraffin shielding and then captured in cadmium .sheets., At least 

.a.foot of paraffin was placed between the counter and the.machine, 

beneath the counter, and in front of it on the side opposite the: 

ta-rget. 'In addition, a large paraffin block with a hole for the beam 

was placed directly after the lead collimator~ Approximately 1000 

pounds of paraffin were employed in the shielding. 

A target holder positioned the neutron targets, which were in 

the"form 'of metal plates about three inches square. The;counter was 

-f-ixed-at.:_9o':_to-the beam_axis ·- The_beam:_was ~completely confined·' . __ 

within the dimensions of the neutron target and the copper monitoring 

foil. · The target holder was positioned by means of a photograph of 

the beam. 

A schematic drawing of the paraffin howitzer which held the 

counter is shown on Fig. 2. This howitzer provides additional 

shielding for the counter from neutrons approaching from the sides 

and back. Thes~ neutrons were moderated by an outside layer of 

paraffin and then captured by an inner one-half inch layer of boron 

:.,.·· 

. ,. 
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carbide" The purpose of the paraffin immediately surrounding the 

counter is to moderate the neutrons incident from the front so that 

they will diffuse into the BF
3 

proportional counter and be captured. 

The counter is shown in Fig" 3o The filling gas~ B~3 , provides the 

boron to capture the neutrons and produce alpha particles by the 

reaction, B10(n~ a( )Li7o The kinetic energy released in the 

resultant ion pair is 2o7 Mev, so easily distinguishable pulses 

are produced in the countero 

The counter-paraffin howitzer arrangement is called "long 

counter" geometry and is designed to detect neutrons of different 

energies with approximately equal efficiency. Measurements with a 

· parallel beam of incident neutrons show a fairly flat response out to 
38 

about 5 Mev (Fig. 4) with a fall off to around 70 percent efficiency 

39 
at 14 Mev " In this experiment the high energy sensitivity was 

probably further reduced by the divergence of the neutron beam 

caused by the close proximity of the neutron target to the counter. 

The output pul3e from the counter was fed into a preamplifier, 

clipped to Oo5 microseconds length by a shorted delay cable 9 and 

then put through a linear amplifier into a scaler. Clipping was 

necessary to keep the pile up of neutron counts at a minimum and to 

prevent the building up of large gamma-ray pulses. The beam pulse 

was short, about ten microseconds" Since the neutron diffusion time 

in the paraffin moderator was of the order of a hundred micro-

seconds, the experiment could be performed a.t a practical counting 

rate, with a low amount of pile up" 
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The ion chamber through which the beam passed measured the 

beam intensity. Since the beam fluctuated in magnitude, only a 

fair estimate of the total beam could be made from the intensity and 

time. A better relative measure of the total amount of beam was 

given by the ten minute positron activity produced in the reaction, 

···~ Cu63 ( ""', n)cu· 62 • Si th 't ti f thi t• h b a nee e exc1. a on or . s reac 1.on as · een 

repeatedly measured and is accurately known, the relative amount of 

beam was determined from the activity produced in the copper 

monitoring foil together with an assumed bremsstrahlung spectrum. 

The amount of activity was measured by a Victoreen Geiger tube of the 

wrap around type having a high counting efficiency. 

The beam was varied by turning off the RF at different times 

in the magnet current cycle, keeping the peak magnet current constant. 

The beam energy was monitored by the machine's "megavoltmeter", a 

direct current ammeter whose average current was an indirect measure 

-. -- -of-the-magnetic-field -at-the-time_of_the_RF turn _o_ff ._Th~ en~!_'gy _ 

at the peak field was originally calibrated by field strength measure= 

ments to be 70 !-lev for a given peak magnetic current reading, and the 

megavoltmeter was set accordingly. The calibration of the megavolt-

meter at other energies was determined by placing the output gamma-

ray puls~, detected by a photomultiplier tube, on an oscilloscope 

which was triggered close to the injection time. If the scope sweep 

is linear and the magnetic current a pure sine wave, the position . ~ 
of the pulse on the scope is an arcsine function of the beam. energy. 

With this assumption and the peak energy position determined, the 



" . 

~15- .· .. 

energy c;:prre~ponding· t.o a given,position on the scope was then foundo 
: . . . .. . ,· . . . 

The linearity of the. scope .sweep was .checked by triggering the scope 

through a variable delay box at different energies, keeping the 

position . of. tl'le pulse ,constant on the. scope. The readings of the 

. delay box were found to be a linear function of the previous. positions 

of the pulse on t,he scope. Measurements. of the copper and carbon 

thresholds, which are 10.9 and 18.7 ~ev,. respectively, agreed with the 

scope calibration. The accuracy and the reproducibility of the energy 

settings is estimated to be good to one Mev., 

A number of tests .were .made on·the~uipment. A voltage plateau 

was run on the Geiger counter; and its dead time was determined by 

fuetwo source method. By.activating a spot on a foil with tne beam, 

a check was inade on the sensitivity of the Geiger counter as a'function 

of spot position. The response was· fairly urU.form over the region 

to be. covered by the active copper f~iil:s, falling. off rapidly at the 

counter ends. Fig. 5a shows the voltage plateau obtained on the BF3 
. ' 

counter using a radium-beryllium source. The operating position was 

chos~n siightly above the knee of the.curve to keep the gamma-ray 
. . . 

pulses.from the beam from counting. These were observed on the 

scope to be below the discriminator' bias of the scaler. A check on 

the dead time of the c~unting. eq~ipm~nt was made by obtaining neutron 

counts per unit beam as a function of the beam intensity. From the 

~ate of fall off show '(Fig. 5b), 'the effective dead time of the 

'arrangement was determined and the corrections were made to the data. 

f. 



-16-

The fact that no rise occurred with increasing beam intensity was 

· ·another check on the absence· of gamma-ray pulses high:: enougp ;t01, 
. ,· ' '•. 

count. To determine the background from sources other than' the· 

ga.mina-ray beam~ such as injector noise~ 'the machine was operated 

normally except that the injection was mis-timed. Thus no beairl' was 

obtained, but everything else was the same as for a nornial· operation. 

Negligible counts resulted. 

The neutron targets and the foils were bombarded 'for two 

minutes~ and then the copper foils were counted in theGeiger· 

· counter for two minutes after a two minute delay for a change over. 

The two minute bombardments were short enough relative to the ·t·en 

minute half life of the cu62 that beam fluctuations caused only slight 

error~ in the measurement _of the total beam from the activitY:• The 

only exception to the two minute timing was at 13.5 M~v where four 

minute bombardments and four minute counting tj,mes were )lSed to 
. ' . . 

- improve-the-counting-statistics .• _ At_full __ energy _the sixty pulse per 
' . .· ;:--.~·.::.1·~.- ----

second beam was so intense that it had to be cut by a factor of 

twenty to keep the counting pile up small. About ten thousand 

neutron counts and twenty thousand Geiger counts were obtained for 

each point 'When the beam energy was 20 Mev or above. Back~ro~nd 

runs, bombardments without the target, were taken at _each energy 
r .. · 

and the results subtracted from the target data to give the neutron 
» .·, •• ' •• ~ •• ~ ' 

yield. Each element was bombarded at least twice at each energy, 

and the results were averaged. 
-,' ... · 

< 

.. 
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The energies of the bombardments were 13.5, _20, 25, 30, 40, 

50, 60, and 70 Mev. A run was made for a few elements at 15 and 19 

Mev. The targets·were Be, C, Al~ Fe, Cu, Mo, Ag-, Ta, W, Pb, and U. 

As a check with theory, the yield from deuterium was obtained at 25 

and 70 Mev by bombardments of deuterium oxide and water. A measure 

of the reproducibility of the points and the overall stability of the 

equipment was made by· repeating one point frequently throughout the 

runs. Copper at 40 Mev wasused. Since three separate runs were 

made, necessitating tearing down and resetting up the apparatus, 

copper at 40 Mev served as a good normalization point. About thirty 

hours of beam time were used to obtain this data. 
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V. DATA AND EXPERIMENTAL ERRORS 

· , The experimental data are listed in Table I. The .number 

shown for a target. at a given energy is the ratio inarbitrary .Units 

-or the neutron counts obtained during the two minute bombardment to 

. the Geiger tube counts from the copper monitoring foiL Both the 

neutron counts and the copper foil counts were corrected for.dead 

time, the correctionamounting to about 4 percent. Background has 

been subtracted, but the background values are also listed inthe 

right,...;hand column. The four minute 13.5 Mev bombardments with four 

·minute counting times have been normaliz.ed . to a two minute bombardments 

with two minute counting by the use o~ the ten minute half life of cu62 • 

The target thicknesses as seen by the beam are shown in moles/ 
2 

em • 

A check on a large number of experimental errors was made by 

taking copper reproducibility runs. In addition to the counting errors, 

these runs measured the sum of variations in these items: beam ---- --- -------
intensity during bombardment, thickness of the 16 mil~opper foil-;:------

the stability of both counters, beam energy, and foil and target 

positioning. The probable error per run calculated from the twenty 

three trials is L5~percent. The error due to counting statistics 

is about 0.8 percent. Therefore, the other fluctuations contributed 

about 1.3 percent of the probable error per run or about 1 percent 

for a two run average. The total random error for each element can 

be estimated from this 1 percent and its particular counting error. 

All elements except carbon and aluminum have total rando~ probable 

.. 
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errors of less than lo6.pereent for energies <?f. 20 Mev and over, 

.and less th~n 6 per~ent for the .lower energies. .These errors for 

.carbon and al,uminlJII!: ~re less than, 4 percent,for energies of 25 Mev 

and over,. 

~rom the yield.of carbon at 19 Mev~ near its threshold, an 

upper limit can be placed on the number of neutrons coming fro~ the 

machine which .were s.cattered by the .target into the counter. At 

30 Mev themaximum resultant error is 16 percent .for carbon~ 7.p~rcent 

for . beryllium, 5 p~rcent for aluminum., and less than 2 percent for all 

the higher Z elements. This effect is proportional to the. back-

ground, which decreases with increasing beam energy. 

The carbon, beryllium, and aluminum targets were an inch or 

0 
more thick and were not tipped at ·60 to the beam as were the other 

··elements. The results for these elements·. have a JllB.Ximum error of 15 

percent due. to the scattering of the target neutrons away from the 

counter. · 

Another uncertainty fn' .the absolute yields of carbon and 

beryllium is caused by the anisotropy of their.neutro.n angular 

distributions. 
0 

Yields measured by the counter at 90 . are perhaps 

10 percent high as measures qf the ·total yield. The high Z elements 

have been shown to have isotropic neutron angula~ distributions. 

The fall off of the counter sensitivity for neutron energies 

greater than 5 Mev should cause little error in the yields of the 

high Z elementso Crude measurements made '1\rith proportional counters 

and the 320-Mev bremsstrahlung from the Berkeley synchrotron indicated 
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that only a few percent of ·the neutrons emitted from copper had energies 

greater than 5 Mev. This agrees with.the more complete .results~ obtained 

by Eyer~ and StephensS using 22-Mev bremsstrahlung and plate analysis. 

These findings are also in agreement with the work of Courant12, who 

calculated that more nucleons are emitted with high energy than the 

statistical model would predict, but that these constitute only a 

small fraction of the total number of neutrons. Lower Z eleme.I)ts, 

such as beryllium and carbon~ will. eje~t a larger fraction of high 

energy neutrons, and these neutrons will be counted at a lower 

sensitivity, less than 70 percent at 14 Mev, than neutrons with .energies 

less than 5 Mev. 

Since the angular spread of the beam increases as the beam 

energy is lowered, the sensitivity of various positions on the Geiger 

tube was meaf:!ured by the activated spot. From this measurement it was 

calculated that in the experimental runs the.variation of Geige:r 

counts due to the fall off of the Geiger tube sensitivity towa~d the 
- ----------- - - ---~-

edges of the tube was less than 1 perc-~tbetw-een 13Yand ?o Mev:-

As mentioned earlier, the accuracy of the energy settings at 

any. point was no better than one Mev •. 

~ ~. . '· . t • 

•. 
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VI. BREMSSTRAHLUNG 

The shape of the bremsstrahlung spectrum for the energies used 

in the analysis was obtained by graphical interpolation of the repre

sentative curves of Rossi and Greisen37 • Their thin target spectrum 

is for the case ·of intermediate screening and has been integrated 
40 

over all angles of the outgoing photons. Schiff has calculated 

that in any finite target multiple scattering washes out the dependence 

of the spectrum on the angle of gamma emission, so that the integrated 

spectrum should be used. The general bremsstrahlung shape has been 
41 

checked to better than 10 percent by a number of experimenters • 

The spectrum was calculated with the use of the Born approx

imationo Measured pair prodUction cross sections
42 

have been about 

10 percent less than the theoretical values. This was assumed to be 

due to the failure of the approximation. Davies and Bethe43 hav~ 
recalculated the integrated spectrum without using the Born 

approximation and have found that the correction due to its failure 

is essentially an additive constant independent of the energy of the 

gamma-rays. Hence, the shape of the bremsstrahlung spectrum 

calculated with the. use of the Born approximation is sufficiently 

accurate. 

The target used was not thin. A thick target increases the 

angular spread of the gamma-ray beam by multiple scattering of the 

electrons.' The size of the correction due to a thick target was 

worked out by Eyges44• It consists of two terms~ ·one the result of . 
the diminished energy available in a secondary radiation process 
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after the electrons penetrate· ·a finit·e thickness of target, the other 

C 1
',; • the' result of the absorpti·on of the 1 gamma-rays by the target. Since 

':_; ·· the beam which was used ·was collimat~d to an average of 0.043 radians 

'• .-· '. 

··full width, multiple scatterirtg made only the first portion of the 

target effective in the gamma-ray production. This effective target 

'thickness was Oo005 inches at '70 Mev and. decreased with the beam 

energy. The maximum correction· riecessary.because of re-radiation 

processes'was'3 percent~· The gamma-ray absorption in the 0.035 

~nch wolfram target was 6 percerit higher for quanta of 70 Mev than 
. . . . 

for quanta of 10 Mev. Errors in the assumed bremsstrahlung shape 

will appear in a linear manner in the calculated crqss section curves. 
I 

A plot of the corrected bremsstrahlung spectra for different 

electron energies over the quantum energy range of 0 to 25 Mev is 
t; 

given on Fig. 6. The o~dinate, N(E), is the number of quantaper 

unit energy, and the abscissa is the quantum energy, E. As in the 

-work· of-Rossi_:and-Greisen,- the .curve.s .. are normalized to equal numbers 
- --- -- ·--. -----

of quanta per unit energy at zero energy. 

. . 
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VIL NORMALIZATION 

The division of the neutron counts from the BF
3 

counter by 

the Geiger tube counts from the copper foil normalized the yields 

62 to equal amounts of Cu activity. In order to determine the .amount 

of bremsstrahlung causing this equal copper activity at the different 

energies, the excitation function for the reaction cu63(1J, n)cu62 

. 20 
was necessary. The curve obtained by Johns et al. on their 26-Mev 

betatron was used •. It is shown on Fig. 7. This curve agrees with 

the work of Almy and Diven7 . The characteristic peaked behavior of 

the ( o, n) reactions is evident. Both groups determined this 

excitation function by varying the maximum energy of their betatron; 

calibrating the beam at each energy with an integrating ion chamber 

whose response to bremsstrahlung had been calculated. 

The amount of copper activity from a given bremsstrahlung 

curve is t CT N(Em' E)dE 
0 

where ~ is the cross section for the reaction, and N(Em' E) is 

the number of quanta per unit energy in a bremsstrahlung spectrum 

from electrons of energy E • With the use of the bremsstrahlung . m ' 
spectra shown on Fig. 6, the integrand was calculated as a function 

of energy. This plot is shown on Fig. S. The.areas under the 

curves were determined with the use of a planimeter; this procedure 

gave the relative cu62 activities expected from that set of brems-

strahlung curves. When the spectra are from electrons with an 
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energy above 25 Mev, a cans:ider~bie change in the shape or position 

of the ·excitation function 'is necessary to cause an appreciable 

bh~nge in the relative ai--eas 0 •• with. cu~~s from .elect~ons beloW 25 

Mev the relative areas are increasingly dependent on the shape of 
f· ···;· 

the excitation function. A tail on the excitation function which 
• •. ' _; " ) t '· •. ~ 

.extended above 25 Mev would reflect directly in the areas of the 
·, . . ' . " . . . . ' ~ - •. ' 

·.h~gher energy. curves. A partial ta,.il could come from the. reac.tipn, 
. . . . ! ~- .. ' '. . ' 

65 62 
Cu .. (Q', )n)Cu . , which has . .the sapte end _:product a~ the: mol).it~ring 

63 . 60 . 
reaction, ,or from the .reaction, Cu (C), J,n}Cu . , which has a .t-wenty-

four minute half life ~nd product. The ~easurements of. ~trauch33 

.. of. the ,reaction zn66('"(, 3n)ZI).
63 

.with 320 Mev bremsstrahlung showed 
· .. ' .. . : . ._. .. . . ' 

a yield of about 3 percent r~~ative to the (1(~ n) process. 

The yields from deuterium obtained in the present experiment 
• ... ',>; < ' ' " 

offered a crude check on a tail. With the use of the excitation 

function for the photodisintegration of, deuterium, the ratio of the 

--
neutron yields expected from brems~trahlung bombardment. at-'to and ____ ---

25 Mev was calculated to be 0.82. The experimental ~a.tio was· Oo74. 

This 10 percent difference is in the right direction for a tail on 

the copper excitation function above 25 Mev. The probable error 

from counting statistics is only 1.5 percent, but the difference is 
. ":, 

probably partly due to errors in the assumed shape of the low energy 
. • '!. ·~ .• 

br~mss~rahlung spectrum an~.in the D("(', n)H .excitation function, 

and to fluctuations i~.the counter response. This deuterium check 

is not accurate enough to show a small tail. 
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A bett-er test for a tail on th,e copper excitation function 

above 25 Mev was made by Sagane-29 • He found that the ratio of the 

copper activity to a number of other· activities was a constant from 

25 Mev to 70 Mev, indicating either no appreciable tail or the less 

likely possibility of an identical tail f.or all elements. A high 

energy tail on the cu63or, n)cu62 process is equivalent to a 

relatively large probability of direct particle ejection, which 

has already been discussed in thesection on errors and seems to be 

small. From the data available, 4 percent appears to be a fair 

upper limit on the error in the copp~r normalization areas due to a 

high energy tail. 

With the relationship between the bremsstrahlung spectra and 

the copper activities determined, the analysis of the yields by the 

photon difference method was undertaken. For convenience in analysis 

the data were renormalized. The,points for energies of 20 Mev or 
less were normalized directly to the bremsstrahlung spectra given on 

Fig. 6. This was acco~plished by multiplying the data by a factor 

proportional to the integrated copper yield areas. In order to 

minimize the effect of the low energy cross section peak on the 

high energy yields, the higher energy points were normalized so as 

partially to cancel the yield from the peak. The points above 20 Mev 

were normalized to equal tantalum neutron yields from quanta below 

15 Mev. The Ta(~, n) excitation fun~tion has been measured by 
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20 
Johns' eVal. ·',; so the tantaltim yields from quanta below 15 Mev 

could' be· calculated by the· saine procedure used .in determining the 

.-copper· yields. The original high: ·energy data, normalized to copper·, 

. were' multiplied by a factor' proportional' to the ratio of the 

calculated copper activity yield to the calculated tantalum yield, 

and then joined ·to the. lower energy: points at 20 Mev. The re

norma~ized yield ·purves are shown :on F.igs •. 9 and 10. The continued 

increase in the yields above the sharp rise indicates that there 
. '"''. 

is an appreciable neutron cross section above the low energy peak. 
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VIII. DETERMINATION OF CROSS SECTIONS 

If the bremsstrahlung spectrum were flat, so that EN(E) 

was a constant, the cros.s section could be expressed as 

dY ,9! : 
dE dQ 

dY 1 o() E dY 
dEN{E} di 

where N(E) is the number of quanta per unit energy, Y the neutron 

yield, and Q the total number of quanta in the beam at energy E. 

Since the spectrum is not flat;',i~orrection must be made for the 

neutrons produced by overlapping quanta. This was done by the 

photon difference method of analysis20 • In this method the average 

cross section over an energy interval is obtained by dividing the 

neutron yield produced by quanta actually in that interval by the 

number of these quanta. 

Fig. 6 shows the bresmsstrahlung spectrum for various beam 

energies normalized to equal quanta per unit energy at zero energy. 

Below 20 Mev the yield curves are normalized to this set of spectra. 

The vertical lines define the energy intervals chosen in the analysis. 

The first interval is from 13.5 to 15 Mev. If there is any cross 

section for neutron production below 13.5 Mev, then the difference 

in the yields from the 13.5 and 15-Mev bremsstrahlung is due not 

only to quanta in the area enclosed by the 13.5-Mev energy line and 

the 15=Mev bremsstrahlung curve, but also due to the quanta enclosed 

between the 13.5 and 15-Mev bremsstrahlung curves below the 13.5-Mev 



energy line. _This. extra yiel~ fr.om ~~e }ow.er energy quanta must be 

subtracted_ pefore_, the average C!?SS section for the interval can be 

calculate9- 0 ~?-n.D:laz:ily ~ part' or the, ~iffer~nce in, the 'yields f~om 

15 and 17.5 Mev bremsstrahlung id due to quanta between the 15 and 

17.5-Mev bremsstrahlung cu~es below the 13.5-Mev energy line and 

in the first interval. 

In order to correct the yield difference in the first inter-

val for the quanta below 13.5 Mev~ the cross section curve to 13e5 

Mev was estimated from threshold values and measured ((), n) 

excitation functions. Then 
·,! < 

13<>5 . ·, < •• S cr- N(Em.ll E)dE, where cr-_ is the 

0 

ass~ed cross section,_ and Em _the maximum energy of the 

_ partiyu1ar bremsstrahlung curve, represents the expected yield from 

that bremsstrahlung spectrum due. ~o quanta,below 13.5 Mev~_ The 

correction to be applied to the yield in the first interval is 

J"
5

cr: N(l5, E)dE. -

1~.5 ,' 

·-& cr- N(l3.5~ E)dE 

13~5 

0 

' . ' : ~. 

where Y
13

•
5 

is the neutron yield at 13.5 Mev. The number of quanta 
. ::.... ,.c !' 1• 

producing the corrected neutron yield is represented by the area 

~riclosed between the '15-Mev bremsstrahlu~ ·curve and the 13 .5-Mev 

· c:···energy 'line~ A correction must be made for gamma=ray absorption 

··;;_. 

~n.theneutron:target. The _resultant corrected area~ A, when 

divide~:. ~';l~o ,the corrected increm~nt.al neutron yield, /l Y c , gives 
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the average cross section over the interval. This average cross 

section value is assigned to the energy midway in the interval. The 

experimental accuracy does not jus~ify any more rigorous placement. 

The differences in yie~ds from higher energy bremsstrahlung 

spectra due to quanta below 13.5 Mev are corrected in the same way. 

The correction due to their quanta difference in the first interval 

is (A9 /A) ·~Yc , where A 1 represents the quanta in the first 

interval enclosed by the two bremsstrahlung curves. 

Each successive interval has one more correction term than 

h . f t A
1 
/A , the previous one. In order to decrease t e correct1on ac or, 

for higher energy bremsstrahlung, the yield curves and the brems-

strahlung spectra were renormalized above 20 Mev to equal tantalum 

yields from quanta below 15 Mev. With this normalization the brems-

strahlung curves cross around 13 Mev, minimizing the overlap areas. 

It was convenient .to normalize the bremsstrahlung curves and the 

yields below 20 Mev to eq~l numbers of quanta per unit energy at 

zero energy in order to have a continually increasing yield curve 

for all elements. ..The bremsstrahlung spectra above 20 Mev were 

renormalized by multiplying the ordipa.tes of a bremsstrahlung curve, 

N(E ~ E), by 
m 15 

_\' cr:· N(20, E)dE 
~ Ta s <rTa II(Em' E)dE 

0 

The renormalization of the yield curve was discussed in the previous 

section. 
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Table II gives a s~ry of_ ~he numbers involved in 
'• ' '.,,:I ' '. ' .. , ': ' ' ".I ·- ; • . 

~r~~ry;al_ ~~nside~ed~ 
: ~ ' '" . . : : ... . . .. . ~. . .. . . . ' 

the maximum energy of the bremsstrahlung 
. :< "·. ' : 

_sp_~_c~rum, ~.:/A ;t?e- correction factor for the given interval, Y 
., ·'' . 

,the n_e:utron yield a~ the maximum energy of the interval, .6 Y the 
•. .;,: • t . . . ~ .. '· . 

. difference between Y and the yield at the end of the preceding 
.,.: . . . . ' . ~... . . . -' . . ~ ' . _;_ ~ ' . ·. . . : . ' : ' . . . ' ;. . 

int.:z:v~l,_ an~ .O_r c _ the yields d~e to .. quanta in the interval .A E. 

The Lj Yc are cal:c~ated bY: :multiJ)lying , A,'/A by the corrected 

~ Y. _ This corrected . 4 Y is _ obtaii1ed .~Y subtracting from /:!,._ Y all 
.;'. 

P.revi,ous .,A Yc listed beside th~ Em . co~responding to the maximum 
.. . . . . .... . 

ener,gy of the interval~ The cross section for neutron production 

i,n, the givEm energy in:t,e~al, .o- , is the ratio of this corrected 

. 4 Y to_ A, the correct~d number of q1,1anta. 
· .. 

The cross sections calculated in this manner are very inter-
• j. 

dependent • Decreasing one yield value, and hence raising the cross 
. ,·,· 

section in that interval, lowers the yield difference available for 

the following interval, which decreases that cross section. The 

large correction terms tend to amplify this effect. Therefore, the 

first tri~l of a set' of yield points give's ·cross section values which 
.... ,r. · .. , .. ..., .. , "'·'·, .· 

usually oscillate badly. Even if the -Yi~ld curves are accurate to a 

few percent, no fine structure in the cross section curve can be 

found by this analysis.' Th.erefore, the true excitation function is 

assumed to vary smoot!'lly_and is c~J.,culated accordinglyo The yield ... ·: 

curve is altered slightly, yet kept consistent with the measured 

_, . yield ppints ,_ .uz;tti::!- -~he calculated cross sections fall _on a smooth 

.. 
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curve. The oscillations in the cross section curve damp out rapidly 

with succeeding trial yield curves. 

The cross section curve is thus doubly smoothed-not only are 

the cross sections averaged over their own intervals, but also, 

effectively, over neighboring ones. Any fine structure actually 

occurring in an interval will be averaged over all the nearby intervals. 

While the actual cross section may vary markedly from the calculated 

one, the area under both curves, over a few intervals range, should 

be substantially the same, since the yield curves appear to be 

accurate to a few percent. 

For a number of the high Z elements, the first calculated 

cross section point was on the high energy side of the peak of the 

cross section curve. The ·estimated cross sections up to 13.5 Mev, 

which were used in obtaining the first correction terms, were tied 
1~.5 . 

in with the calculated cross se·ctions by setting 
8 

cr- N(l3.5, E) dE 

equal to the measured yield at 13o5 Mev. This determined the 

proportionality factor between the estimated and calculated cross 

sections. The estimated cross section curves were then altered 

slightly so that they joined smoothly with the measured cross section 

curves. This procedure was tested by evaluating the integral for 

the total neutron yield at 25 Mev, 
~5 . 
·~ () N(25, E)dE, where (J is 

the estimated cross section up to 13.5 Mev and the measured cross 

section for the higher energy range. This result agreed with the .. 
actual yield at 25 Mev to better than 2 percent, indicating that the 

relative area under the estimated curve was accurate and its shape 

reasonable. 
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. ,Th~ low e,n~r.gy cro~s sections obtained in this experiment 

and the cross sections found by L., J_ones in the_ range of BO to 320 

, ... M~v were tied together.by this same pro~edure. The integral, ' 8b ' ' . ' 

SCJ",N(BO, E)dE was evaluated and .set equal to the expe~imental 
0 

yield obtained for the same-element at SO Mev with the Berkeley 

synchrotron. This determined the coefficient relating the magnitudes 

· · ·of the: cross sections. . '!'he cross section curves were made to join 

quite smoothly by shifting ·the yield· curves very slightly, ·one percent, 

but not enough to make thein incompatible with the experimental data. 

The relative cross sections of the elements at 300 Mev, which 

were obtained from tying ·the high energy cross sections to the low 

energy relative yields, were compared with those obtained by tying 

the high energy cross sections to the high energy relative yields. 

They agreed to within 5 percent., indicating the consistency of the 

relative yields determined on·the two machines in the different 

energy ranges. In order to use the relative yield data. from both 

machines·, the relative cross sections obtained from both methods 

were averaged. . 

In a previous experiment the neutron yield per mole per.~m2 

per erg of 320-Mev 'bremsstrahlung was obtained for a large number of 

elements. The beam-was· calibrated at that time by the method of 
. 45 

Blocker, Kenny, and Panofsky ,.and the absolute value of the-neutron 

.yield was determined by comparison with an Argonne calibrated radium-. . ' . . ., ~ 

, .. beryllium s.ource. · With. the lJ_Se of the calibrations of that experi

·U1ent, absolute values of the.crol?s_sections were calculated by ~he 
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folloWing method g The energy- in the bremsstrahlung spectrum, 

N(320, E) (the same curve used in determining the excitation 

functions), was obtained by evaluating the integral 3~0 . 

8 
EN(320, E)dE. 

This energy produced a neutron yield per atom, Ya The absolute 

cross section, ~ 
"'a ' 

was calculated from the measured cross 

section, ~m , with the expression 

where Y is the yield at 320 Mev in the units used in determining 
m 

the excitation function, ~ o . With the absolute cross section of m 

one element at one energy known, the rest can be calculated from the 

relative cross section values. Since the beam calibration was 

estimated to be accurate to 15 percent and the source calibration to 

5 percent, the absolute value of the cross section calibrations is 

good to about 16 percent. 
15 - .. 

An experiment by Price and Kerst with 320-Mev bremsstrahlung, 

in which the beam energy was calibrated calorimetrically, gave values 

of the neutron yields per mole per ~2 per erg which averaged 27 

percent below those of the Berkeley experiment. On the other hand, 

an absolute calibration calculated with the use of the cu63 and cu65 

20 
excitation functions of Johns et al. checked the Berkeley calibration 

to 4 percent o 
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IX. RESULTS AND DISCUSSION 

The.cross section curves obtained from the yield curve analysis 

are shown. on Figs. 11-17. The dashed portions are the estimated 

extensions below the first cross section point~ and the solid lines 

are the measured cross sections. Also included on the plates are 

the cross sections for(~, n) process found by others using 

. . 7 20 22 24 25 27 29 . 
induced act1v1ty measurements ~ ' ' -' ' ~- ~and the theoretical 

low energy (~, n) cross section calculated by Guth and Mullins
46 

for 

beryllium. The cross sections obtained in this experiment are for 

total neutron production. That is, cr"" : 2:, o-m x m 
m 

~.is the cross section for a (1)~ m=neutron) process. 

where 

Both the shape and magnitude of the lower energy sections of 

t~~ curves agree very well with the (If, n) cross sections measured 

by the other· experimenters. The fall off of the total neutron cross 

section curves is not as sharp as that of the (1), n) curves, 

indicating the presence of competing reactions, but it is sharp 

enough to give the peaks a resonance=like shape. The cross section 

curve for beryllium provides an interesting exception to these 

observations. 

A marked difference between this total neutron experiment and 

the ( ~' n) experiments appears in the higher energy portions of 

the curves, above the peak. While the ( '6, n) curves have been 

found in general to be very close to zero in this region, the total 

neutron cross section curves have a very pronounced tail. This 
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indicates.that there is an.appreciable photonuclear interaction all 

, . , the ~ay :ts> 7,0, Ffev. The existence of. some type of tail is consistent 

33 34 
~ith t~e ~ork of the experimenters 3 who found activities due to 

the photoemission of numerous particles from a nucleus. 
. ' ,. ' >;' ~ 

In the first column of Table III are listed total integrated 

cross sections for gamma~ray absorption by electric dipole interaction, 
00 

· J c:s-dE. :These have been calculated from the theoretical expr~ssion 
'ofLevinger and Bethe mentioned in the Introduction. The next three 

columns contain the areas in Mev=barns under the photoneutron cross 

section curves from 0-27.5 Mev~ from 27.5-65 Mev, and their ratios. 

The following three columns contain the heights of the peak cro~s 

sections,.the average heights of the tails)) and their ratios. 

The relative areas under the peaks are accurate to approximate~ 

5 percent for the higher Z elements and to approximately 15 percent 

for aluminum)l carbon)) and beryllium. The area under the tails is 

somewhat uncertain due to the possible presence of a tail on the 

excitation function of the copper monitor. The upper limit on the 

yield from such a tail has been placed at 4 percent of the calculated 

yield at 70 Mev. This extra yield from the copper monitor would 

cause the measured values of the tail areas for the other elements 

to be. low by amounts ranging from 13 percent for iron to 100 percent 

for ur:anium. The aluminum, carbon)) and beryllium tail areas are 

probably accurate to 15 percent, the same as the peak areas. 
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The integrated gamma-ray absorption cross sections of Levinger 

· and Bethe are greater than the sum of the areas under the curves for 

the low Z elements, but considerably smaller for the high Z elements. 

This variation can be qualitatively understood from the increase in the 

neutron multiplicity from low to high Z elements. Both the peak to 

tail ratios of the areas and heights rapidly increase with Z. The 

ratio of the heights increases. faster than that of the areas. This 

· indicates numerically what is shown on the graphs, a narrowing of the 

peak width as Z increases. 

The increase of the peak to tail ratios with Z may be partially 

explained by a larger variation of the neutron multiplicity with Z 

at the peak than at the tail. More detailed analysis of the curve 

variations and, also, more direct comparison with the Levinger-Bethe 

theory will require the computation of the neutron multiplicity as a 

function of ~he excitation energy for all of the elements measured. 

This calculation has been performed by Levinger and Bethe18 for 

181 
the case of Ta , a single isotope. By dividing the neutron pro-

duction cross section curve from this experiment by their calculated 

neutron multiplicity as a function of energy, the excitation function 

for photonuclear absorption in tantalum is obtained. This curve is 

shown on Fig. 18. The integrated cross section of this curve can 

now be compared directly with the Levinger and Bethe formula. The 

integrated cross section is 4.20 Mev-barns under the peak and 0.67 
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. . :Mev-;barns .. und~:r, .the tail,. a to;tal of 4o87 Mev-barns. . ~ . ' .... . " . . ·' . . . . ' .. . The estimated 

:acc\lracy i·s , + .. 20 percent. The. integrated cross section· from . 

Levin.ger and Bethe 1 s. theory is 3o66 Mev-barns.for an exchange force 

fraction of one half, .and 4;,70 for an exchange force fraction of 

unity~ Thus, this result from tantalum is consistent with the theory. 

Levinger and Bethe also showed that at high excitation energies 

the neutron multiplicity can be expressed as the ratio of the 

excitation energy to an "average binding" per·neutron--the average 

energy·required for one neutron to be emitted. They calculated 

these binding energies for copper, iodine, tantalum, bismuth," and 

uranium. These values, and one estimated for aluminum by assuming 

equal proton and ne:utron emission, were plotted as a function of Z 

and a smooth curve was drawn through the points. From this curve the 

average "binding energies" of all the elements in this experiment 

with Z greater than twelve were. estimated. The photon absorption 

cross sections were calculated for these elements at 45 Mev with the 

use of the average height of the tails as the best measure of the 

cross section for neutron production~ The results are presented as 

a function of atomic weight, A, on-Fig. 19. The low Z elements 

lie nearly on a straight line, while the four highest .z elements 

lie an average of 30 percent below this line. The equation 

representing this linear fit .is 

-27 2 
() - 0.128 A X 10 em -
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where ~:·:repre'sents the cross section for photo-nuclear apbsorption 

at;;45· ~ev.> ·The. fact that'' the highest Z : .. elements fall below _the 

line is probably'due to a tail on the excitation function of the 

copper monitor. .This effect cou.ld be produced by a tail causing 

.only a 2 percent increase over the calculated monitor activity at 

70 Mev. 

Since the theoretical total integrat~d cross sections for 

· · .. photonuclear absorption· increase linearly with NZ/A , or closely, 

linearly with A, the observed increase with A of the photonuclear 

absorption cross sections at 45 _ME}v is to be expected. 
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TABLE I 

Neutron Counts Normalized to Cu
62 

Activity. 

Element D Be c Al Fe Cu Mo Ag Ta w Pb ·u Back-
·ground 

Energy 
Mev 

- -----.-..·-·-~·~-----·~ 

70 427 501 205 269 488 672 669 657 659 1Q4~ 365 872 158 

60 482 : 207 250 471 673 644 627 659 985 352 868 160 

I 178 
i 

50 447 238 459 638 609 594 643 986 341 859 175 .j:-

? 
40 424 17). 206 424. 615 600 580 619 ·970 ·}55 ··859 188 
". 

30 363 132 164 371 549 552 545 602 .904 324 838 213 

25 580 366 88 131 330 498 568 545 604 932 346 851 214 

20 463 53 79 275 456 535 550 723 1147 445 1084- 276 
-

19 26 50 447 1125 273 

15 556 1035 ~819 3948 2111 

13··5 477 32 244 . 718 1012 1184 2794 4014 2002 . 5550 1130 
Target· 
Thickness 
moies 

cm2 .846 .765 .660 .248 .1012 .104 .0425 .0359 .0165 .0245 .00838 .00933 
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TABLE II 

Determination of Excitation :·Function for Silver. 

1::$ Ezn A
1
/A /J.Y e ~ A

9
/A AYe 

0-13.5 20 .334 7.7 20-22.5 70 .001 0 
17.5 .614 14.1 60 .011 .1 
15 .985 22.6 50 .068 ~7 
13.5 1.0 23 40 .117 1.3 
y 23; 6Y = 23 30 .379 4~1 
corrected AY = 23 25 1~03 11.0 

. 22.5 1.00 10.7 
13.5-15 70 -.033 -.3 y - 222; 4Y : 40· -60 .002 0 corrected .6 y = 10~7 

50 .046 .4 A = 1.80; cs- = 5.9 
40 .005 0 
30 .055 .5 22r.5-25 70 .023 .1 
25 .031 .3 60 .019 ~1 
22.5 .070 .6 50 .065 .2 
20 .795 6.7 40 .232 ~7 
17.5 2.477 20.8 30 1.27 3~6 
15 1.00 8.4 25 1.00. 2.8 
y = 54; AY = 31 y - 245; AY = 23 
corrected AY ·- 8.4 corrected flY: 2.8 
A - 1.087; () = 7.7 - A = 1.55; (!8 = 1.8 

15-17.5 70 .001 0 25-30 70 .025 .1 
60 .003 .1 60 .022 .1 
50 .048 1~0 50 .068 ~4 
40 .044 1 .• 1 40 .655 3.5 
30 .068 1.7 30 LOO 5.2 
25 .082 2.1 y = 263; {l.Y : 18 
22.5 .227 5.7 corrected AY:: 5~2 
20 1.212 30.4 A = 3.82» <S' :: 1.36 
17.5 1.00 25.1 
y :: 114; AY ·- 60 30-40 70 .019 .2 
corrected AY ... 25~1 60 .037 .4 
A ::::: 2.56; cr"-. ~ 9.8 50 .305 3.6 

40 1.00 12.0 
17.5-20 70 .003 .·1 y = 283; AY: 20 

60 .008 .2 corrected .AY-12 
50 .047 1.1 A = 7 .18,; cr- = 1.67 
40 .059 1.4 .. 30 .126 2.9 
25 .295 6.8 
22.5 .99 23.0 
20 1.00 23.2 Table II cont. 
y :;;; 182; ~y = 6'8 
corrected D. Y = 23.2 
A :::: 2.24; <S"' = 10.3 
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TABLE II ( Cont o) 

40-50 .. 70 o039 o4 .. 
60 o311 3o0 
50 1o00 9o6 
Y :;:; 300;.::AY = 17 
corrected ·.A Y = 9 o 6 
A . :: 5o14; <S"' = LS7 

50-60. 70 ' o'J44 2oS 
60 1o00 BoO 
Y :: 312-' b.Y :: 12 
corrected A Y : S oO 
A :; 3oS6; ~.:: 2o07 

60-70 70 1o00 6o6 
y = 322; ll y = 10 
corrected Ll y = 6o6 
A ·: 3o05; ~: 2o16 

.. 
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TABLE III 

Integrated 
Cross Section, Integrated Areas Cross· Sections 

!~~ Mev-barns 
X 10-27 2 em 

Mev.;.barns 

Element (Levinger Peak Tail Ratio Peak Tail' Ratio 
. ~:B~tbe) . . . 0':"27o5.~~ . . 27 .5~65 .~~,. . . (E~o~.) . 

Be .187 • 0613 ol04 .59 4.() 2.78 1.44 
' 

. ~0491 
.. ·. I c .• 252 ...• 0555 .89 10.2 1.48 6.9 ~ 

~:: ;· ... _·~ ~ •,. '-'>'· 
I 

Al .567 .154 .219 .70 19.6 5.S5 l.35 :; ~.-.. 

Fe 1.18 • 73~ .605 1.21 81 16.1 5.04 
. ' 

Cu 1.33 1.09 .715 1.52 106 19.1 5.54 ... .. 
Mo 2.00 2.20 1.34 1.64 257 35 .:'7 7.2 .. •, 

Ag 2.32 2.43 1.74 1.40 264 46.5 5.7 

Ta 3.66 5.5.1- 2.65 2.08 695 70.7 9.8 

w 3.71 5.74 3.28 1.75 ~20 87.5 9.4 

Pb 4.14 5~~8 2.39 2.16 S30 63.7 13.0 

u 4.70 1L2 3.86 2.90 1810 103 17.6 
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XII. FIGURE CAPTIONS 

Figure 1: Schematic layout-of the 70-~ev synchrotron and the 
_., 

"'"' ~ <\ 

experimental arrangement. ·. 

FigUre 2': SbheliiB.tic' section'th~bughthe paraffin howitzer. 
'· . . . ·~ ·,; ' ' 

''Figure 4: Neutron sensitivity as a function of neutron energy for 

a BF
3 

counter in a long counter geometry. 

Figure 5: (a) Voltage plat_eau -~f the BF 
3 

proportional counter. 

(b) Neutron'counts per \mit beam as a function of beam 

intensity. 

figure 6: Numb~r of qu~~ta per unit energy, N(E), as a function of 
i ,. 

quantum energy, E, for a'set of bremsstrahlung spectra 

'·~ ,•' '• • •, ·' ,. ' • r•• ' •t • ... -1 •• 

·Figure 7·: Excitation function for the reaction, cu63(1f, n)cu62 . 
· .. 

Figure 8: The product of the cu63(~, n)cu62 cross section (Plate 7) 

and the bremsstrahlung spect.ra .(Plate 5). as a function of 

'. ,_ 

. , ... \ .. -~----· . ,;. ' .. ·.,.· 

~nergy. ;The _:iirea·s uncfer _these curves represent neutron· 

yields from the bremsstrahlung spectra. 

• • 
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Figure 9-10: Neutron yields as a function of maximum beam energyo . 

Yields are nor.malized below 20 Mev to equal quanta at 

zero energy and above 20 Mev to equal neutron yields 

from tantalum due to quanta below 15 Mev. 

Figure 11-17: Excitation functions for photoneutron production. 

Figure lS: 

Figure 19: 

Excitation function for photonuclear absorption in 

tantalum. 

Cross sections for nuclear absorption of 45 Mev quanta 

as a function of A • 
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EXCITATION FUNCTION FOR 

Cu 63 ('f,n) Cu62 
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Fig. 7 
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Cu63(..,, n) Cu62 YIELD AREAS FROM 
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MU 4012 



-54-

NEUTRON VI ELD CURVES 

~ 
Mo 

z 4 
::> 

>-
~ 
Q: 
1- It iii 
Q: 3 
<( 

o· 
..J .... 
:;;:: 

z 2 0 
Q: 
1-
::> .... z 

SYNCHROTRON ENERGY MEV laJ 4008 

Fig. 9 

.. 



-55-

NEUTRON YIELD CURVES 

~--.rU 

4 

Pb 

AI 
)o 

!i 
1!: 
iii 
!i 1.0 

9 .... 
>= 
z 

~ .!I z 

OL_~~~--~--~~~~~~~~------~0--~~~~±-~~~~~~~--8~6--~ 
SYNCHROTRON ENERGY MEV MU 400T 

.Fig. 10 

.. 



... 

... 
"' 'Q 

6 

/ 
/ 

/......... ,/ I .... __ ..... 

rv 
! 

-56-

-•-• c12 ('7,n) c11 HASLAM et al. 

c12 ('7,n)C11 (NORMALIZED) SAGANE 

GUTH and MULLIN (THEORETICAL) 

Be 

··-.... ·········-···. ····· 

E MEV loiU 4022 
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Fig. 13 
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Mo 
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Fig. 14 
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EXCITATION FUNCTION FOR PHOTONUCLEAR 
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