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Preface. 

The nature of the ~-ray absorption process by nuclei 

in the region from 10 to 20 Mev has never been definitely 

established. It is generally accepted that the giant 

resonance observed in photonuclear reactions is electric 

dipole in nature since the sum rules show that higher 

multipolarities are completely inadequate to account for 

the size of the observed cross sections. 

The lower energy limit at which a dipole moment may 

be induced in the nucleus is not known although estimates 

place it at the order of 15 Mev. Below t~is energy electric 

dipole absorption will be slight and electric quadrupole and 

magnetic dipole absorption may predominate. 

The purpose of this present investigation has been 

to examine the photon absorption of various nuclides below 

the giant resonance by a study of the (If ,n) reactions 

induced in these materials. It is to be emphasized that 

while it is impossible to prove on the basis of the present 

measurements that electric dipole absorption does not accoQ~t 

for all of the photon capture cross section in this region, 

it is possible to determine v.rhether electric quadrupole or 

magnetic dipole processes could produce the observed results. 

For most nuclides in highly excited levels de-excitation 

by neutron emission (provided this is energetically possible) 

is more probable than by any other process. Because of this, 

the ( ~ ,n) cross section is practically identical to the 

photon capture cross section. At high energi~s-~·muiti:ple 
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particle emission becomes important but since the threshold 

for these reactions lies above the giant resonance in a 

region where the photon absorption is small they play a 

less important role. Some of the light nuclides have 

unusually large ( lf ,p) cross sections but even in these 

cases neutron emission accowlts ~or most of the reaction 

for the first 5 Mev above the ( ¥' ,n) threshold. Thus, in 

the region between the ( ~ ,n) threshold and the giant 

resonance the photon capture cross section and the ( l ,n) 

cross section are taken to be equivalent. 

The ( k ,n) cross section of two materials, nitrogen 

and copper, have been examined in great detail in the region 

just above threshold and the theoretical predictions arising 

from the assumption that the absorption process is electric 

quadrupole or magnetic dipole have been checked against 

experimental values. 

A survey of a number of nuclides of various atomic 

weights was made in order to establish the dependence of 

the cross section below the giant resonance on the atomic 

weight. Since magnetic dipole and electric quadrupole display 

different dependences on atomic weight, it should be possible 

to decide in favour of one or other mechanism. In 

connection with this survey the ( ~ ,n) thresholds of a 

number of elements were measured to a higher accuracy 

than had been previously reported. 
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I. INTRODUCTION TO PHOTONUCLEAR REACTIONS 

Historical 

The study of photon induced reactionsis now about 22 

years old. During this period a number of different types of 

gamma-ray sources and particle detectors have been employed.· 

The earliest experiments used the 2.62 Mev ga~~a from 

ThC" to disintegrate the deuteron (Chadwick 1934). Other 

early experiments were carried out using gamma-rays of discrete 

energies such as the "lithium gamma-rays.u This radiation is 
- 7 8 

produced by the reaction Li (p ~ ) Be and consists essentially 

of a sharp line at 17.6 Mev and a rather broad line centered 

at 14.8 Mev of somewhat reduced intensity. Investigation with 

such sources yielded a value for the cross section of the 

nuclide at one particular energy (more correctly the effective 

average energy of the two components} but gave no indication 

of the reaction theshold energy, the maximum cross-·section, 

or the integrated cross·section;- quantities which are more 

likely to be of theoretical significance. In the early 

measurements of Bothe and Gentner (1937) using this method, the 

measured cross .. ?sections v1ere found to vary unpredictably from 

nuclide to nuclide, - a result completely opposed to Bohr's 

theory of the compound nucleus (Bohr 1936). Bohr subsequently 

showed how theory and experiment may be reconciled, though a 

full interpretation was not obtained until later work disclosed 

the resonance nature of photonuclear reactions. 

The development of the betatron by Kerst (1941) made 

possible the production of higher energy X-rays. The radiation 
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obtainable from a betatron is not monochromatic but consists 

of a so-called "bremsstrahlrmg" spectrum arising f'rom electrons 

striking the target. This spectrum contains photons of all 

energies from zero to a maximum which depends on the electron 

energy. Since the maximum photon energy can be changed it is 

possible to measure the yield of the reaction as a function of 

this energy and thus to calculate the reaction cross·- section as 

a runction of energy. 

Some of the early studies of photonuclear thresholds and 

the cross· section as a function of energy have been made by 

McElhinney, Hanson, Brecker, Duffield and Diven (1949) by 

Diven and Almy (1950) and by Johns, Katz, Douglas, and Haslam 

(1950). Since 1950 there has been a great deal of work 

published, including some comprehensive studies made to obtain 

systematics of overall integrated cross·" sections and threshold 

values. 

The most recent \vork to be done on photonuclear reactions 

is a study of the fine structure of the activation curves. 

(Katz, Haslam, Horsley, Cameron, and Montalbetti 1954), 

(Goldemberg and Katz 1954) (Penfold and Spicer 1955). 

Photonuclear Reactions 

In general a photonuclear reaction consists of the 

absorption of a photon by a nucleus with the emission of 

another "particle.u If the energy of the photon is less than 

that of the least bound nucleon, the particle emitted will be 

a photon and the reaction is usually classed as a uscattering" 
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phenomenon. At sufficiently high photon energies it becomes 

possible for the excited nucleus to emit single nucleons 

(neutrons, protons), complex systems (deuterons, ~-particles), 

more than one particle (two neutrons, a proton and a neutron, 

etc.), or in some cases to fission. FOr most nuclides neutron 

emission is the predominant mode of decay when it is energeti

cally possible. 

Experimentally the reactions in which neutrons are emitted 

are more easily studied than those in which protons are emitted. 

This is due to a number of reasons. First - very few of the 

~P reactions can be studied by residual activities, second

direct proton detection must be done in the presence of the 

radiation pulse, and third - thin samples must be used for 

direct detection because of the short range of protons in 

matter. Opposed to this, a large number of r n reactions 

can be studied by residual activities, the neutrons can be 

delayed in a moderator and counted in a low background period 

following a pulse of radiation, and thick samples may be used. 

The problems associated with the study of other types of 

reactions are also rather more difficult than for Kn reactions. 

Because of this considerable work has been done on lf n 

reactions and more has been learned about them than about other 

photonuclear reactions. 

All photoneutron cross· sections have the follolving 

general characteristics (Montalbetti, Katz and Goldemberg 1953). 

The threshold for the reaction occurs at a definite energy and 
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the cross section rises to a maximum about 7 Mev above 

threshold. The cross section falls to a small fraction of 

the peak value in another 7 Mev and persists as a low valued 

"tail" up to high energies. 

Computation of Cross Sections 

The betatron output consists of a spectrum of ~-ray 

energies for which the peak energy can be carefully controlled 

and set to any desired value from zero to about 25 Mev. The 

rav1 data obtained is the yield per unit dose as a function of 

the maximum bremsstrahlu..11.g energy. For example in ~ n 

reactions the yield may be measured by detecting the emitted 

neutron or by measuring the activity of the residual nucleus. 

In the cases where the product nucleus is radioactive with a 

convenient half-life (i.e. in the order of minutes, or at most, 

a few hours) the sample can be counted with a geiger counter 

after irradiation, and in most cases the product can be 

identified by its half-life. There are about 30 nuclides 

which yield substances with convenient half-lives after betatron 

irradiation, but the study of a number of these is impracticable 

for other reasons. The rest of the nuclides which give rise 

to stable products or ones vri th inconveniently long or short 

half-lives must be studied by direct detection of the emitted 

neutrons. However this procedure allows no discrimination 

against reactions from other nuclides present in the sample. 

Unless separated isotopes are used the number of elements which 

may be studied with no ambiguity is limited to monoisotopic or 
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nearly monoisotopic elements, which number about 29. 

The measurement of dose also poses a problem. The 

procedure has been adopted to use a "lucite monitor" which 

consists of a Victoreen chamber positioned in the center of an 

8 em cube of lucite. (Johns et al. 1950) Such a device yields 

results which can be reproduced in any laboratory and serves 

as a convenient standard. 

The observed activation yield o<. (Eo) in a photonuclear 

reaction may be written as 

o<(Eo) = 
;

Eo 
0.6023 

0 

Clrx (E) P(E Eo) dE, 

where o( (Eo) is the yield per unit dose per mole of parent 

isotope when the accelerator is operating with a peak 

bremsstrahlung energy of Eo; 0¥x(E) is the cross section 

in barns for absorption of photon energy E and emission of a 

particle x ; and P (E Eo) dE is the number of photons per 

2 unit dose per em striking the target material of an energy 

between E and E +dE with a peak bremsstrahlung energy of Eo. 

(Katz and Cameron 1951) 

In practice we measure o( and determine cr through a 

kno1vledge of P. 

For the sake of convenience of calculation ~ is obtained 

at discrete points as o< 1 , o(2' o(3' 

to peak photon energies of E0 1, 

••• o<n corresponding 

. . . E , rather on 
than as a continu8us function. The integral may now be 
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replaced by a summation 

where Pij is the number of photons per unit area in the j th 

energy interval when the accelerator has a maximum energy 

Ei; and ~j is very closely equal to the average cross section 

in the interval j. It should be pointed out that since the 

cross section is zero below the reaction threshold, in practice, 

values of j for which Ej is below the threshold Eth may be 

ignored. Similarly the integral in the previous equation may 

be taken from Eth to E0 as the integral from 0 to Eth vanishes. 

It is more convenient hov.rever to retain these terms in a general 

discussion. 

We may write the activation and cross section as one 

column matrices and the bremsstrahlung spectrum as a square 

matrix l.'Vi th all elements above the diagonal equal to zero as 

follO'\'lS, 
ol, p, 0 0 0 cr. 
o(2. Pz., .,2..2. 0 0 61 
o(3 = p3 I p"3'1 p,3 0 (), 

or 

II o<, II 

This gives n linear equations which can be solved for U.. 
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The direct method of solution is essentially the "photon 

differencesn method proposed by Katz and Cameron (1951). 

Another method of solution is to obtain the matrix 

II P ji -l II such that 

II pji-l II !11 II 

Then 

\\ 6j II 
Since the elements Pij do not change with the substance 

under study, once the matrix II P ji-l II has been calculated 

only the one matrix multiplication need be carried out for 

each cross section determination. This method is described 

by Penfold and ~eiss (1954). It should be noted that both 

methods yield identical solutions provided that ~i and Pij 

are both known exactly. In practice however the ~i are 

rather poorly determined, the statistical scatter among the 

readings being about 1 or 2% and more satisfactory results 

are obtained using the inverted spectrum method. Since a 

scattered ~ . gives rise to a damped oscillation of the 
J. 

cross section curve which makes the curve hard to interpret, 

1 t is advisable to smooth the o( 1 ' s before calculating 6 • 

The smoothing procedure is rather arbitrary in nature but in 

reality little detail is lost in this process beyond that 

arising from an analysis in finite intervals. The amount of 

smoothing that must be done depends on the energy intervals 
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with which the curve is to be analyzed and the position on 

the curve. For example a curve must be much smoother if we 

desire to calculate the cross section every 100 kev than 

would be necessary if we wanted to calculate it at 500 kev 

intervals. Also the curve must be smoother in the regions 

above the giant resonance than immediately above threshold. 

The amount of detail that appears in the calculated cross 

section curve will depend on the size of the intervals used 

in the analysis. Since a calculated cross section value is 

very nearly equal to the average of the actual values at the 

ends of the interval, error is introduced if the derivative 

of the cross section changes appreciably over the interval. 

Thus the choice of interval size must be governed by the 

amount of detail in the activation curve which is to be 

retained in the analysis. 



II APPAR..~TUS 

Energy Control 

The energy control unit is a device which causes the 

electrons in the orbit of the betatron to strike the target 

when they haye attained a preset energy. 

A coil placed between the poles of the betatron picks 

up a voltage proportional to the rate of change of flux 

within the coil, 

If this signal is passed through an integrating network the 

output is 

Since the radius of the stable electron orbit is 

constant, and the field strength at the orbit is proportional 

to ~ , the electron mementum is proportional to 4> and hence 

r?-. 
If the electrons are ejected from the stable orbit to 

hit a target when VJ- reaches an assigned value they have an 

energy dependent on this value. This is accomplished by a 

voltage comparator unit. The dial setting I which will let 

the unit trigger when the signal voltage reaches VJ- is given 

by I-b = kV1 where b is a constant arising from a zero error 

in the dial. Thus I-b : a p where p is the electron momentum 

and a is a constant. 

The method of calibration was a relative one based on 

the threshold enersies ·:Jf known reactions. Since the energy 

- 9-
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control setting was a linear function of the orbital electron 

momentum, the determination of at least two thresholds was 

necessary to calibrate the unit. The highest threshold 

measurement used for calibration was at 15.6 Mev, and the extra

polation necessary for operation at the maximum energy used 

was rather large. No great error should result from such 

extrapolation however as the circuit behaves quite linearly. 

Attempts to measure the magnetic field at the orbit directly 

and hence obtain an absolute energy calibration have been of 

rather poor accuracy (of the order of a few percent). 

The energy control circuit is similar in principle to 

the circuit described by Pederson (1955). The main components 

of the circuit (see Fig. 1) are l) the voltage pick up loop, 

2) the RCL integrator circuit, 3) the voltage comparator 

circuit, and 4) the pulse amplifier circuits. 

The pick up loop and integrator network are precisely 

as described by Pederson but the other components have been 

modified. 

The voltage comparator circuit is sho1vn in Fig. 2. 

The multiar type circuit is employed as the voltage sensitive 

unit and the circuit is desi&ned so as to be unaffected by 

minor changes in H.T. or filament voltages. The B supply 

voltage and reference voltage are obtained from external 

commercial reBulated supplies. The B voltage is 300 volts 

with the Ir or circuit ground held at precisely 100 volts 

below ground by a hig~~y stabilizedsupply. The triggering 
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lfigure 1. 

Schematic diagram of pickup coil and integrator. The 

signal picked up in the coil surrounding the betatron wafer 

is fed through a RCL network which provides a 90° phase shift. 

The values used v1ere R = 27780 ohms, C = 0. 5 Jlf L = 1. 21 henry. 

The output of this network is taken to a voltage comparator 

circuit \~hich generates a pulse at a predetermined value o-r 

signal voltage. This pulse uhtimately passes through the ex

pander coils causing the electrons in the orbit to strike the 

target. 
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Figure 2. 

Voltage comparator circuit diagram. A 180 cycle 

sine wave of ~ 80 volts is applied to the input of this 

circuit. A single pulse of 50 volts with .1 psec. rise 

time is generated every cycle as the input signal reaches 

a predetermined value. 
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voltage is fed through a temperature compensated cathode 

follower and a reference voltage derived from a helipot 

betw~en ground and B- is fed through an identical cathode 

follower. These voltages go to the diode of the multiar 

circuit which fires when the signal voltage becomes slightly 

more negative than the reference. The RC coupling between 

the two 6AH6's immobolizes the circuit after one pulse 

until the signal has become more positive than the reference 

voltage (~ 3000 ~sec). A cathode follower ~s used to feed 

the output cable. 

The pulse from this unit passes through a pulse amplifier 

circuit yielding a pulse of 500 volts which is led to the 

betatron room to trigger a hydrogen thyratron controlling the 

expander coils. (See Fig. 3). 

A direct check on the linearity of the voltage comparator 

unit was made by portraying the triggering signal on the X 

plates of a scope and output pulse on the Y plates. The 

displacement of the pulse from the center of the screen should 

be proportional to the energy control setting and should not 

depend on the amplitude of the trigger voltage. It was 

estimated that any nonlinearity larger than 2% would be 

observable but no nonlinearity or instability was apparent. 

Short term stability of the order of 1 or 2 parts in 10,000 

at 17 Mev v1as observed by oxygen activation techniques 

(Mental bet ti, I q 51.) 
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Figure 3. 

Pulse amplifier circuits. The 807 pulse amplifier 

generates a 500 volt pulse which is fed through a 20' cable. 

to trigger the thyratron. The thyratron discharges a :1 ~f 
condenser through the expander coils passing a peak current 

of 500 amperes. 
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Dose Measurement 

Since the procedure adopted in this work was to 

normalize the yield curves by comparing the reaction yield 

to that of a standard irradiated under the same conditions, 

the dose did not have to be measured absolutely. It was 

necessary, however, that the response of the monitor as a 

function of' energy be accurately known for the calculation 

of the cross section curves. All dose measurements have 

been related to the response of a Victoreen r-meter mounted 

in an 8 em. cube of lucite as the energy response of such a 

device is ln1own. (Johns et al. 1950). 

Normalization has been carried out by using copper as 

a standard. Samples of copper and the material under. study 

were given equal doses and counted under the same geometry 

in the neutron apparatus. The neutron yield from copper of 

natural isotopic abundance has been found by absolute methods 

to be 2.71 x 108 neutrons/mole/lOOR at 22 Mev (Montalbetti 

et a1. 1953). This value is reduced from the published value 

by 10% to correct for monitor response. Johns has recently 

found that the Victoreen r-meter used for the original 

absolute determination read 10% low in this energy region. 

This means that previous yield values based on dose measure

ments made with the r-meter are 10% t~'o high. 

The Neutron Apparatus 

The neutron detecting apparatus in this laboratory 

originally built by Montalbetti, has been periodically 
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modified. In its present state four BF3 counters are located 

in a large paraffin tank which serves, as a moderator. They 

operate with approximately 2800 volts on the anodes and 

yield signal pulses of the order of 10 m'v. The signal passes 

through a Bell-Jordan preamplifier and amplifier, through a 

gating circuit to a counter situated near the betatron control 

panel. 

Under good conditions the background counting rate for 

the four tubes operating together with the gate circuit open 

was under 20 counte per minute. With the gate operating this 

background is reduced below one count per minute. The back

ground is much higher when the betatron is operating at 

energies sufficient to emit photoneutrons from any surface 

the gamma rays are allowed to strike. 

In most cases background becomes a problem only very 

near threshold, particularly with light elements having high 

thresholds and small cross sections. 

The ejected neutrons are scattered in the paraffin 

where they are thermalized before being counted by the BF3 

counters. The number of neutrons counted per unit time 

after a gamma-ray pulse falls off with a half-life of 100 

f sec. It was found that a gate Y.Tidth of 200 psec. was the 

optimum value for obtaining thresholds in the presence of a 

background due to rand:;m pulses from cosmic rays. This was 

generally the case when the threshold under study was below 

10 Mev. 

If the backgrou.""ld consisted of neutrons arisin;s from 
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(~~reactions in sample impurities of materials struck by 

scattered photons no preferential discrimination could be 

effected by a gate since the background would have the same 

time distribution as the signal. Under these conditions a 

longer gate could profitably be used to accumulate counts 

ID'Jre rapidly and the gate \vas increased to 4oO psec. It was 

found advisable to delay the opening of the gate until 20 psec. 

after the ~-ray burst since at high intensities the pulse 

in the neutron counters from scattersd ~·s became large 

enough to pass the pulse height discriminator. 

Counting rate. -- Since counts were recorded in relatively 

short burets, an instantaneous counting rate of 500,000 

counts/min corresponded to an average of 10,000 counts/min. 

In practice the average counting rate was kept below 2,000 

counts/min 7 though no loss in counts v-1as apparent to 10,000 

counts/min. 

Energy Denendence -- Since only one tube was used the 

detection efficiency of the apparatus was reduced by a 

factor of four. One BF
3 

tube vlas positioned to give a 

detection efficiency which was essentially independent of 

the energy of the emitted neutrons. This was done by adjusting 

the position of the detector in the paraffin until an activation 

curve taken with this apparatus was of the same shape as 

one obtained by residual activity measurements for the 

same substance. It was under such conditions of enere~ 

independent detection that all yield curve :neasure·nents v,rere taken. 



III Neutron Yield Measure:nents 

The neutron yield curves of a number of elements have 

been studied in order to examine systematic features of the 

curves near threshold. Particular attention has been placed 

on the cross section curve in the region between threshold 

and the giant resonance since it is in this region that photon 

absorption processes other than electric dipole should be 

significant. A determination of the de·,Jendence of the magnitude 

of these effects on the atomic weight of the sample material 

will provide information regarding their nature. 

For this survey elements were chosen which had lOO% 

abundance in one stable isotope. .a11 of such elements vii th 

atomic \'!eights bet-vreen sodium (23) and bismuth (209) 1'li th the 

exception of scandium and lut~eium were examined. All of 

these materials were examined by direct detection of the 

emitted neutrons, and since only one isotope of the element 

under consideration was present in, the samples no ambiguity 

arose regarding the assignment. 

The cross section measurements have been made in each 

case up to 23 Mev in order to include the giant resonance 

peak. Above the·gi~nt resonance it may be possible for 

( ~, 2n) or ( ~ ,np) reactions to take place w·hich are detected 

by the apparatus and are not distinguished from ( l$ ,n) 

reactions. Thus the <;ross section curves measured are 

actually total neutron yield cross sections rather than 
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( ~ ,n) reaction yields. Belol*l the giant resonance this 

ambiguity does not arise as only the ( ~ ,n) reactions are 

energetically possible. 

For each of the elements studied the ( ·~ ,n) threshold 

has been measured and compared with previous values. 

Threshold Measurements 

The samples varied somewhat in size as they depended 

on the availability, but most of the samples where about 

50 gms. They v1ere all obtained in as high purity as possible 

and most of them in the elemental form. As far as threshold 

measurements were concerned there was no problem associated 

with thick samples or with energy sensitive detectors. The 

maximum size sample which was used depended on the length 

of the sensitive portion of the BF3 tubes, the absorption 

of the beam in the sample, and the quantity of the material 

on hand. 1l'he samples were encased in polystyrene or 

aluminum tubes and wereirradiated with the maximum beam 

size available; about 1 inch in diameter. Four BF3 tubes 

\"lere used and about 10% of the erni tted neutrons were detected 

when the gate circuit of the counter was open. 

To determine thresholds the activation yield: at 

constant dose was plotted as a fUnction of energy and the 

threshold energy taken as the value at which the yield curve 

reached background. In most cases this appeared as a distinct 

break when plotted to a convenient scale. 

It was decided to use a linear plot rather than a plot 
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of the square root of the activation yield above threshold 

against energy since it seemed to be somewhat more reliable. 

A square root plot can be fitted by a straight line over a 

considerable energy region and the straight line can easily 

be extrapolated to cut the axis at a value which may be taken 

as the threshold. Despite the convenience of such a plot 

it was found that the threshold obtained from it depended 

more strongly on the value assie::..ned to the bacl;:ground than 

did the threshold obtained from a linear plot. 

The possibility of a break in the activation curve 

just above threshold being mistaken for the threshold is 

not to be disregarded, but at the present time such breaks 

have been o~served only for light elements. The fact that 

in one case where such a break had been suggested, (iron) 

the effect was found to be due to the impurities in the 

sample has added confidence that the true threshold was seen 

in every case. 

Accuracy of Measurement 

The energy control unit is described elsewhere in this 

thesis and is assumed to be stable over the entire range to 

within :1: 5 kev. Calibration was done using the ( 1f ,n) 

thresholds of deutsrium (2.226 ± .002 Mev) (Van Patter and 

Whaling 1954), Copper63 (10.73 ± 0.050 Mev)(Taylor et al 1954) 

and oxygen (15.600 :J:. .011 Mev) (Ogata and Matsuda 1953) as 

standard values. It is difficult to measure the thresholds 

with higher precision than * 10 kev for deuterium, ± 20 kev 
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for copper, and ± 30 kev for oxygen. Hence the calibration 

of the machine in the region of our measurements was uncertain 

by not more than 50 kev or 2 1/2 divisions of the helipot 

dial on the energy control unit. Added to the calibration 

error, there was an error associated with each threshold 

determination, which was of the order of 20 kev for most 

samples. In some of the samples 1vhich had low yields or 

high backgrounds, the error associated with threshold 

determinations was somewhat larger, perhaps 80 kev. 

Results: 

The ( ~ ,n) and ( ~, 2n) thresholds obtained from 

Wapstra's mass tables (Wapstra 1955) have been included in 

Table I for comparison. These mass tables have been prepared 

using all the information available to the authors at the 

time of writing and have been found to be quite reliable. 

Previous ( ~ ,n) threshold measurements (Montalbetti 1953) 

(shier, Halpern and Mann 1951) while not as accurate as the 

present set are in excellent agreement with them. 

The thresholds studied all appeared to be very much 

the same shape and if a suitable normalization were carried 

out a single curve could be made to fit all of the thresholds 

to within statistical accuracy for a quarter Mev beyond 

threshold. The activation curves near threshold are shown 

in Figs. 4 to 23. In practice a plot of yield against the 

energy control dial was made rather than against the energy 

although the latter has been done here for the sake of 

clarity. 



TABLE I 

( ~ n) and ( ~ 2n) thresholds. 

Element Mass Data Observed 

( <f n) Mev ( "lf 2n) Mev ( ~ n) Mev 

~~~------------~------------------------~-----~--------~~-------~-

Bi 209 

Au 197 

Ta 181 

Lu 175 

Tm 169 

Ho 165 

Tb 159 

Pr 141 

La 139 

Cs 133 

I 127 

Rh 103 

Nb 93 

y 89 

As 75 

Co 59 

Mn 55 

v 51 

p 31 

A1 27 

Na 23 

7.429 

8.023 

7.716 

9.922 

9.568 

8.925 

9.046 

9.345 

9.158 

8.693 

11.803 

10.178 

10.230 

10.145 

11.236 

12.395 

13.059 

12.418 

14.239 

16.544 

16.212 

17.079 

20.747 

18.004 

18.634 

19.248 

20.462 

23.656 

27.542 

23.245 

- 24a -

7. 405-!: 50 

8.005 !65 

7.692 !60 

7.926 60 

8.141 t: 60 

8.026 :!: bO 

9.419 ~ 60 

8.890-! 60 

9. 027 ±. 60 

9.107 ! 60 

9.393 t 100 

8. 721 t 60 

11.724 !.70 

10.140 .t 100 

10.389 :t 60 

10.135 ! 70 

11.089 !110 

12.447 !. 80 

12.931 ± 80 

12.456 t 80 
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Figure .4. 

Bismuth threshold. The observed(r,n) threshold for 

bismuth was 7.405 Mev. A 154 gm. sample was used in a 

lucite container. 

Figure 5. 

Gold threshold. The observed (r,n) threshold for gold 

was 8.005 Mev. A 103 gm. sample was used in a lucite 

container. 
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Fi gure -: ,6''. 

Tantalum threshold. The observed(r,cl threshold for 

tantalum was 7.692 Mev. A 50gm. sample was used in a 

lucite container. 

Figure ,1'.·. 

Holmium threshold. The observed(¥,clthreshold for 

holmium was 8.141 Mev. A 37gm. sample of Ho2o3 was used 

in an alumin~~ container. 
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Figure 8 

Thulium threshold. The observed ( o, n) threshold £or 

thulium was 7.926 Mev. A 49 gm. sample of Tm2o3 was used 

in an aluminum container. 
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Figure 9. 

Terbium threshold. The observed { lf, n) threshhld for 

terbium was 8.026 Mev. A 44 gm. sample of Tb 
4
o

7 
was used 

in an aluminum container. 

Figure 10. 

Praseodymium threshold. The observ ed ( ~ n) threshold for 

praseodymilllll was 9.419 Mev. A 50 gm. sample of Pr6011 

was used in zn aluminum container. 
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Figure ll~l • 

· Lanthanum threshold. The observed(cY,n) threshold for 

lanthanum was 8.890 Mev. A 50 gm. sample of La2o3 was used 

in an aluminum container. 

Figure 12'. 

Cesium threshold. The observed((,~threshold for 

cesium was 9.027 Mev. A 10 gm. sample was used in a 

glass container. 
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Figure 13 .• 

Iodine threshold. The observed(~,m threshold for 

iodine was 9.107 Mev. A 300 gm. sample was used in a 

aucite container. 

Figure 14. 

Rhodium threshold. The observed(rn)threshold for 

rhodium was 9.393 Mev. A 1 gm. sample was used wrapped 

in Q-film. 
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Figure 15·. 

Niobium threshold. The observed(¥,~ threshold for 

niobium was 8.721 Mev. A 50gm. saople was used in an 

lucite container. 

Figure 16. 

Yttrium threshold. The observed(~wthreshold for 

yttrium was 11.724 Mev. A 26 gm. sample of Y203 was 

used in a aluminum container. 
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Figure 17. 

Arsenic threshold. The observed (l,n) threshold for 

arsenic was 10.140 Mev. A 56gm. sample was used in a 

lucite container. A sample of limited purity only was 

available ( 95%). 

Figure 18:. 

Cabal t threshold. The observed{~n) threshold for 

cobalt was 10.389 Mev. A 50 gm. sample was used wrapped 

in Q-film. 
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Figure 19·. 

Manganese threshold. The observedl~cl threshold for 

manganese was 10.135 Mev. A 125 gm. sample was used in a 

lucite container. 

Figure 20'. 

Vanadium threshold. The observed(~~)threshold for 

vanadium was 11.089 Mev. A 50gm. sample was used in a 

lucite container. 
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Figure ,2'1. 

Phosphorus threshold. The observed(~ru threshold for 

phosphorus was 12.447 Mev. A 60 gm. sample was used in a 

lucite container. 

Figure 22. 

Aluminum threshold. Theobserved (tro threshold for 

aluminum was 12.931 Mev. A 1500 gm. bar was used. 
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Figure 23 .. 

Sodium threshold. The observed(~m threshold for 

sodium was 12.456 Mev. A 500 gm. sample of NaOH was used 

in a lucite container. 
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The curves shown are for a single run although in most 

cases several determinations have been made on different 

occasions. The threshold was usually scanned in 40 kev 

intervals since this procedure yielded the most}nformation 

per tL.YJ.i t betatron run11.ing time. 

The measured threshold values seem to be slightly low 

on the average indicating that the calibration of the control 

unit may be in error by about 20 kev. Most of the thresholds 

agreed to within statistical accuracy with the values from 

the mass tables but iodine, rhodium, holmium and vanadium 

were somewhat outside statistics. It is rather difficult to 

determine the error in the threshold obtained from mass 

data as the masses are listed with their error relative to 

a standard. (Pb208 ) as 200 ·kev, vlhereas.~ the relative error 

between adjacent entries in the table may be much less. It 

appears however that there is no essential disagreement 

between the two tables and there is no indication that 

breaks had been mistaken for thresholds. It is noted that in 

general the (I ,n) thresc1old decreases with increasing A. 

It has been pointed out px~eviously that the threshold is 

given approximately by the relation 

Eth = 32A-.270 (Montalbetti 1953) 

The mass assignments in vanadium, iodine, terbium 

holmium and thulium have been examined in view of the 

observed discrepancies. 
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Vanadium : 

On the basis of the following doublet measurements: 

C4H2 V50 =:. 68.36 ;k .12 Illi'li {Johnson 1952) 

and C4H3 V51 - 79.28 i .05 mMu {Collins, Johnson, 

Nier 1952) we may calculate 

V51 V50 ~ H- 10.92 :1 .16 

:: n - 11.76 :t .llii 

Hence the (r ,n) threshold of vanadium is 10.94±.15 Mev. 

This value is in excellent agreement with the observed value. 

Comparing the above values with Wapstra's tables indicates 

that his value for vanadium 51 is about 200 f'MJJ. light. 

Iodine : 

On the basis of the mass doublet measurements (Halstead 

1952) 

C5H3 - 1/2 Xe 126 :::: 71.27 ± .07 

and 01oH.r !127 = 150.16 * .14 

and thep decay energy 

Il26 --- Xel26 = 1.259 Mev 

we may calculate 

Il27 Il26 ~ n 9.14*.15 (Mev) 

Once again the value is in e.'£.cellent agreement with 

the observed threshold. 

The values listed by Wapstra for iodine, and in the 

previous case for vanadium have taken the above doublet 

measurements into account but compromises have been made to 
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satisfy other data. It would seem that in doing so accuracy 

of mass differences in some cases has been sacrificed. 

terbium : 

Very little can be said regarding the masses of 

terbium isotopes. No precise mass measurement of stable 

terbium is available and the disintegration of terbium 

158 has never been observed. All that may be said is the 

difference i.n mass between terbium 159 and terbium 158 

is 1.000366 M.U. 

Holmium: 

The mass of radioactive Hol64 appears to be better 

lrnown than thatPf stable Ho165 since its decay energies 
j 

to measured nuclides are known. Assuming Wapstra•s mass 

excess determination for Ho164 as -16.044 Mev ~ 1.00 the 

mass excess for Ho165 is -15.82 i 1.00 Mev, the difference 

164 165 between Ho and Ho being known to within 80 Kev. 

This in turn '~ill lead to a changed value of Dyl65 

as this is based on Hol65 • 

Thulium : 

Very little is known regarding the masses of thulium. 

Thep decay energy from Tm168 to Er168 is known to be -.85 Mev 

but is not known accurately. The best that can be said is 
6 1'"0 

that the mass difference between Tm1 9 and Tm bu is 1.000475 

M.U. 
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CROSS SECTION DETERMINATIONS 

Sample Size 

The sample which could be used for a cross section 

determination was limited to a size which would not introduce 

serious absorption and scattering effects or lead to an 

excessively high counting rate. 

The samples are irradiated in 11 bad 11 geometry since 

the influence of the gamma-rays absorbed by Compton 

scattering or pair production may still be important. The 

effect is that gamrrra-rays designated as "absorbed" may simply 

be degraded. If the maximum photon energy is near the 

threshold of the sample, the degraded photons have little 

effect since they have energies at which the reaction cross 

section is small or zero. .At higher photon energies \vhich 

lie above the giant resonance, the cross section for the 

degraded photon may be much larger than for the initial 

photon. This could lead to distortion of the activation curve. 

At 20 Mev pair production accounts for- 3/4 of the 

interactions in a medium Z material and Compton scattering 

nearly all the rest. The electrons arising in pair production 

may re-radiate gammas by a bremsstrahlung process, but most 

of them will be of low energy, that is to say below the 

( K ,n) threshold of the sample. 

The Compton contribution may be easily evaluated and 

we find for a medium ¥reight element that of the order of 5% of the 
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absorbed 20 Mev X-rays yield Compton photons in the energy 

range 10 to 20 Mev. The contribution in this energy range 

due to the pair production bremsstrahlung process is of the 

same order of magnitude as the Compton contribution. 

As an example, about 30% of the incident photons will 

be absorbed in a 125 gm sample of manganese designed to fit 

the detecting apparatus. Thus the Compton contribution in 

the range 10 to 20 Mev will be about 1.5% of the initial 

photon intensity. For a 5 gm sample the Compton intensity 

is only 0.16%. 

The direct effect of absorption in the sample can 

readily be completed. 
£ I -,JAP7C I JE 

o( = 1 • 0,.., ( E) 'P ( E,E. ) 1 ..i. 
1 

"' x: 
0 0 ~ 

==- 1£. Or
11 

(E) [ I - .JI.-/'ri J f ( f,Eo) d f 
0 rlE.>ri 

l
fo 

= " 0. (f) 1'( E,E.) J E 

~ reaction yield 

~n (E) cross section for the l n reaction 

f(E,Eo)cl£ the photon intensity per unit area between 

energies E and E +dE 

; sample length 

~ total absorption coefficient 

;o sample density 

£ photon energy 

Eo peak bremsstrahlung energy 

6' (E) effective eros s section 
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Thus an effective cross section o ' can be calculated 

in the conventional manner and multiplied by a function to 

give the cross section ~ • 

In the case of a 125 gm sample of Manganese this function 

changes from 1.22 at 9 Mev to 1.25 at 23 Mev. Thus little 

distortion of the shape of the cross section is caused even 

with relatively thick samples. 

In order to keep the counting rate below 2000 c/m 

and thus avoid counting loss problems, small samples were 

used, usually about 5 gms. With this size samples absorption 

effects are completely negligible. When sealed samples 

were used the entire sample was placed in the detector, 

usually about 30 gms. and the X-ray beam was collimated 

to strike only a small portion of the sample to obtain a 

low counting rate. The absorbtion effects in these samples 

will be more serious but should still be practically 

negligible. 

Experimental Results 

In Figs. 32 to 52 graphs are presented showing the 

activation yield curves of the elements and the cross 

section curves calculated from them using the inverted 

spectrum tables (Penfold 1954). No indications of the 

experimental accuracy are shown on the cross section graphs 

since the accuracy of the points is rather difficult to 

estimate due to the rather arbitrary smoothing necessary for 

the calculation. In general the cross section curve is 
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fairly accurate in shape from just above the threshold to 

the peak of the giant resonance. Above the peak the curves 

becomes progressively more inaccurate and at 22 Mev the 

value may be in error by more than 10% of the peak value. 

In this region contributions from ( ~ ,2n) and ( ({ ,np) 

may become important. 

The experimental values from which Figs. 24 to 43 have 

been constructed are listed in Tables II and III. The 

normalization process for each sample is described in the 

appendix. 



Figure 2;4. 

Bismuth activation and cross section. A 6 gm. sample 

was used. to obtain the activation curve. The peak cross section is 

455 mb at 13.2 Mev. Bismuth has a magic number of neutrons (126) and 

lies adjacent to doubly magic lead 208. 
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Figure ~5. 

Gold activation and cross section. A 4 gm. sample was 

used to obtain the activation curve. The peal: cross section is 

475 mb at 13.8 Mev. The cross section exhibits a second hump around 

19 Mev which is rather difficult to interpret. The simplest explanation 

is that it comes from a ~ -2n reaction. 
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Figure ~6,. 

Tantalum activation and cross section. A 3 gm. sample 

was used to obtain the activation curve. The peak cross section 

is 380 mb at 14.5 Mev. The peale obsertred in this reaction is 

rather broad. 
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Figure 27. 

Holmium activation and cross section. A 37 gm. sample 

of Ho2o3 was used to obtain this activation curve. The peak 

cross section is 305 mb at 13.5 Mev. This sample was obtained on 

loan from Dr. Spedding. 
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Figure 28 

Thulium activation and cross section. A 49 gm. sample 

of Tm2o3 was used to obtain the cross section curve. The peak 

cross section is 250 mb. at 16.4 Mev. This sample was obtained 

on loan from Dr. Spedding. 
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Figure .29. 

Terbium activation and cross section. A 44 gm. sample 

of' Tb 
4
o

7 
was used to obtain the cross section curve. The cross section 

exhibits a rather broad peak of 274mb at 15.6 Mev. This sample was 

obtained on loan from Dr. Spedding. 
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Figure . .30. 

Praseodymium activation and cross .section. A 50 fi!:lll• sample of 

Pr6o11 was used to obtain the activation curve. The peak cross section is 

.320 mb. at 15.0 Mev. This .sample was obtained on loan from Chalk River. 
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Figure 31. 

Lanthanum activation and cross section. A 50 gm. sample of LB:.20J 

was used to obtain the activation curve. The cross section e.xhibits a sharp 

peak of 325mb at 15.5 Mev. This sample was obtained on loan from Chalk .d.iver. 
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figure ;)2. 

Cesium activation and cross section. A 10 gm. sample was used 

to obtain the activation curve. The peak cross section is 238 mb. at 16.5 Mev. 
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Figure .33-

Iodine activation and cross aection. A 5 gm. sample was used to 

obtain the activation cune. The peak cross section i.s 273 mb at 15.2 .Mev. 
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Figure 34. 

Rhodium activation and cross .section. A 1 gm. sample was used to 

obtain the activation curve. Tne cross section curve is r:..:.ther pecular 1d th a very 

broad giant resonance peak having a maximum of 160mb. at 19 Mev. 
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Figure .35. 

Niobium activation and cross section. A 9 gm. sample was used 

to obtain the activation curve. The peak cros.s section is 160 mb at 18 Mev. 
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.Figure J6. 

Yttrium activation and cross section. A 26 gm. samp:J_e of ~03 

was used to obtain the activation curve. Tne peak cross section irs 172 mb 

at 17.1 Mev. This sample was obtained on loan from Dr. Spedding. 



iJ _j4·0 
J 
> 

'3·0 
~ 

J 
J 
-2·0 
' 
7 

1·0 

150 
0 

E 

100 

b 

50 

10 

- 78 -

y 

12 14 16 18 20 22 
E Mev 



- 79-

Figure 37 

Arsenic activation and cross section. A 10 gm. 

sample was used to obtain the cross section curve. The peak 

cross section is 90 mb. at 16.4 Mev. 
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Figure ,38. 

Cobalt -activation and cross section. A 4 gm. sample was used 

to obtain the aetivation curve. The peak cross .section is 68mb at 18 • .3 lViev. 
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Figure J9. 

Manganese activation and cross section. .A 5 gm. sample wa.s used 

to obtain the activation curve. The peak cross section is 60 mb. at 20.2 Mev. 
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Figure 40. 

Vanadium activation and cross .section. A 5 gm. sample was used to 

obtain the activation curve. The peak cross section is 63 mb. at 18.5 lVIev. 
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Figure 41 

Phosphorus activation and cross section. A 10 gm. sample 

was used to obtain the activation curve. 
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Figure 42 

Aluminum activation and cross section. A 20 gm. sample 

was used to obtain the activation curve. 
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Figure 43 

Sodium activation and cross section. A 100 gm. sample 

was used to obtain the activation curve. 
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TABLE II 
g 

n / 100r / mole Activation yiet'ds in units of 10 

Energy Bi Au Ta Tm Ho Tb Pr La 
Mev 

-054 
8 .201 .037 .057 .105 

.,4JJ9 .219 .086 .129 .105 .086 
9 .664 .367 .306 .285 .271 .. 196 .664 .. 016 

1.020 .653 .534 .518 .449 .411 .072 .114 
10 1.522 1.000 .911 .813 .837 .727 .156 .255 

2.179 1.493 1.40 1.233 1.182 1.182 .296 .428 
11 3.029 2.087 1.96 1.742 1.914 1.766 .486 .673 

4.033 2.962 2.72 2.367 2.683 2.470 .763 -934 
12 5.200 3.986 3.57 3.153 3.600 3.298 1 .. 142 1.237 

6.575 5.201 4.57 4.014 4.517 4.294 1.624 1.580 
13 8.182 6.561 5.74 4.896 5.841 5.509 2.182 1.962 

9.897 8.023 7.01 5.703 7.035 6.515 2.805 2.436 
14 11.65 9.570 8.33 6.465 8.284 7.371 3.598 2.958 

13.31 11.90 9.69 7.266 9.447 8.410 4-490 3.621 
15 14.81 12.82 11.12 8.092 1.057 9.477 5-492 4.408 

16.19 14.32 12.37 8.842 11.43 10.36 6.475 5.280 
16 17.42 15.81 13.55 9.736 12 • .53 11.31 7.442 6.240 

18.61 17.14 14.75 10 .. 47 13.47 12.16 8.395 7.066 
17 19.56 18.21 15.86 11.29 14.30 12.98 9.215 7.836 

20.40 19.12 16.81 12.01 15.10 13.81 9-935 8.493 
18 21.16 19.87 17.72 12.58 15.63 14.61 10.54 9.064 

21.68 20.43 19.59 13.14 16.33 15.41 11.07 9-544 
19 22.08 20.86 19.41 13.59 16.24 15.86 11.51 9.919 

22.41 21.23 20.09 14.13 17.54 16.46 11.85 10.25 
20 22.70 21.54 20.69 14.26 17.76 16 .. 88 12 .. 16 10.54 

22.86 21.84 21.20 14.54 18.l3 17.40 12.43 10.78 
21 23.06 22. 10 21.56 14.68 18 .. 29 17.60 12.67 10.98 

23.14 22.37 21.45 14.78 18.48 17.92 12.88 11.11 
22 23.21 22.61 22.61 14.85 18.68 18.06 13 .. 07 11.22 

23.24 22.83 22.05 14.87 18.80 18.14 13.20 11.29 
23 23.26 23.13 22.07 14.87 18.96 18.21 13.33 11.40 
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TABLE II 

Activation yields in units o:f 108 n I lOOr I :mole 

Energy Cs I ID1. Nb y As Co 11n 
Mev 

9 .036 .025 
.131 .076 .005 .048 

10 .243 .170 .069 .120 .006 
.371 .295 .175 .188 .034 .001 .014 

11 .545 .446 .307 .272 .100 .016 .031 
.769 .668 .455 .359 .033 .171 .041 .051 

12 1.065 -940 .624 .449 .059 .. 262 .077 .078 
1.423 1.325 .857 .554 .113 .373 .117 .107 

13 1.820 1.771 1.143 .704 .203 .505 .168 .. 144 
2.320 2.288 1.471 .901 .333 .651 .224 .184 

14 2.924 2.900 1.836 1.133 -499 .819 .282 .229 
3.493 3.595 2.270 1.414 .714 1.024 .356 .292 

15 4.173 4-399 2.704 1.745 .f)76 1.283 .1;29 .364 
4.830 5.230 3.181 2.127 1.247 1.545 .514 .448 

16 5.497 6.068 3.646 2.522 1.623 1.813 .619 .538 
6.125 6.895 4.123 2.955 2.011 2.082 .733 .646 

17 6.785 7.650 4.567 3.334 2 .::~79 2.322 .892 .764 
7.370 8.319 5.006 3.802 2.762 2.322 1.024 .890 

18 7.958 8.991 5.403 il-.203 3.135 2.785 1.181 1.018 
8.504 9.557 5-795 4.619 3.454 3.009 1.340 1.150 

19 8.974 10 .. 08 6.208 5.023 3.842 3.226 1.500 1.280 
9.401 10.52 6.610 5.406 4.170 3.430 1.659 1.413 

20 9.759 10.90 6.975 5.767 4.503 3.614 1.804 1.544 
10.084 11 .. 20 7.378 6.092 4.751 3.807 1.?45 1 .669 

21 10.354 11.51 7.658 6.362 4.97'6 3.961 2.075 1.794 
10.587 ll.7b 7-9~9 6.593 5.181 4.130 2.202 1.908 

22 10.702 11.91 8.280 6.800 5.330 4.253 2.310 2.010 
10.774 11.97 8.393 6.902 5.450 4.373 2.402 2.093 

23 10.856 11.99 8.552 6.958 5.491 4.467 2.472 2.159 
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TABLE II 

Activation yields in units of 10 8 n I lOOr I mole 

Energy v p Al Na 
Hev 

11 .0046 
.0076 

12 .0152 
.0297 .0090 .0167 

13 .0480 .0569 .0391 
.0845 .11R9 .0183 .0761 

14 .1172 .2043 .0592 .1248 
.1446 .3121 .1024 .1957 

15. .1979 .4394 .1530 .2808 
.2467 .5926 .2155 .3733 

16 .3007 .7731 .2946 .4987 
.36o1 .9890 .3996 .6279 

17 .4362 1.210 .5236 .7676 
.5367 1.432 .6756 .9060 

18 .6577 1.670 .865 1.039 
.7948 1.901 1.073 1.175 

19 .9318 2.139 1.293 1.309 
1.063 2.384 1.510 1.465 

20 1.194 2.614 1.729 1.598 
1.317 2.870 1.931 1.743 

21 1.435 3.096 2.142 1.871 
1.536 3.407 2.380 2.023 

22 1.620 3.716 2.615 2.145 
1.687 4.005 2.845 2.277 

23 1.736 4.316 3.063 2.395 
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TABLE 'II ., 

Cross section mb. 

Energy Bi Au Ta Lu Tm Ho Tb Pr 
--------------------------------- --------------------

7.75 8.5 
8..25 23.2 7.8 20.7 7.1 5.1 2.0 
8.75 43.1 24.7 JJ.8 26.6 .2,4.8 24.6 
9.25 63.6 45.2 50.8 46.3 45.15 47.9 
9.75 92.2 69.J 71.7 65.2 65 • .39 69.0 16.8 

10.25 1)6.9 98.0 102.0 88.9 99.73 96.J J1.j 
10.75 18.2 • .2 134.6 135.3 106.2 146.] 126.0 49.J 
11.25 2.42.5 187.2 169.8 140.2 195.4 164.4. 72.1 
11.75 28].2 .254. 7 .211.6 164.2 ..231.4 .210.7 101.7 
12.25 255.5 348.8 263.0 192.1 265.,2 2J8.8 ]33.3 
12.75 446.7 405.] J08.8 199-9 299.3 251.1 165.4 
]3.25 459-4 464.8 350.8 212.2 J05.J .258.] 208.9 
13.75 464.0 476.0 J61.9 225.0 101.8 263.9 242.2 
14..25 398.8 471.4 .384.8 231.9 296..2. .268.8 307.8 
14.75 371.7 41.8.1 368.1 240.1 289.5 .270.9 328.3 
15.25 344.0 333.5 .367.9 241.0 283.0 275.5 304.5 
15.75 320.4 279.8 362.4 244.2 275.] 274.0 301.4 
16.25 295.2 -233.1 354.6 230.6 268 .. 2 273.6 269.3 
16.75 265.6 224.4 340.5 242.3 256.4 268.6 223.9 
17.25 223.9 210.5 325.3 232.3 244.0 263.5 178.7 
17.75 187.5 210.8 31.2.9 210.6 . 226.9 254.0 158.7 
18.25 150.0 209.6 287.3 183.3 206.6 238.8 1.37.8 
18.75 122.7 209.1 277.4 153-4 189.] 234.7 12.3.2 
19.25 93.7 198.8 251.9 119.9 177.1 2.12.2 111...2 
19.75 87 • .2 191.7 221 • .3 94-9 ].46 .. 2 192.2 106.6 
20.25 73.0 180.3 176.6 69.4 125.1 214.5 100.7 
20.75 7.2.8 .166. 7 us.o 43.0 104.0 117.1 102.1 
21.25 66.5 149.3 87.3 24.5 81.1 101.5 100.4 
21.75 69.0 U.3.0 39.0 16.1 54-9 65..2 98.7 
22.25 70.0 106.2 -27.8 11.3 33..2 J4.2 93.8 
22.75 93.7 74.7 -81.8 8.5 17.7 ll.5 94.1 
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Table JI:I cont,lnued 

Energy La Co I Rh Nb y As Co ________________ . ____________ ......,.. ___________ ... _____ 
7.75 
8.25 
8.75 
9.25 6.7 5.8 2.1 3.7 
9.75 17.7 ]2.8 7.7 11.J 7.0. 

10.25 29.6 28.1 18.2 2l.O 10.4 3.6 .88 
10.75 39.9 41.7 .12.1 28.8 15.5 1005 5.2 
11125 53.0 57.9 48.3 J7.6 20.0 18.5 7.6 
11.75 71.6 74.1 74.2 49.6 25.4 4.0 24.6 9.4 
12.25 85.95 94.0 101..2 62.8 33.8 13.2 29.1 11.6 
12.75 104.91 116.9 12}.2 81.9 44.6 26.1 36.5 .26.1 
1J.25 133.62 150.00 142.1 99.7 57.5 J7.9 44.0 16.4 
J3.75 179.80 167.6 199.1 117.0 ?7.2 51.6 61.9 18.9 
14.25 2.38.72 184.1 234.9 1.32.2 10.3.6 74.9 68.2 22.0 
14.75 287.J6 188.1 273.1 141.4 126.3 95.6 88.7 26.0 
15.25 314.22 199.0 2.75.8 149.3 137.9 128.] 88.0 30.5 
15.75 377.15 ..212.9 266.5 152.2 147.6 158.5 84.8 L,.l.l 
16.25 254.69 .221.0 259.4 153.4 150.1 170.9 90.2 50.9 
16.75 .215. 75 .217.5 227.2 154.8 153.7 168.4 83.9 62.5 
17.25 166.97 210.8 215.1 157.5 157.8 170.9 83.6 65.8 
17.75 146.70 205.1 .201.5 157.8 159.7 165.0 83.2 68.0 
18.25 118.48 192.1 191.7 159.6 160.0 147.6 83.3 68.5 
18.75 108.83 173.1 174.0 16o.6 154.J 122.9 86.1 69.0 
19,25 97.80 1.38.1 158.2 161.1 152.7 99.1 82 • .3 65.8 
19.75 86.50 126.6 146.6 159.3 140.4 84.8 80 • .3 64.7 
20 •. 25 75.45 108.9 114.2 154.0 122.2 72.2 77.8 61.0 
20.75 67.7J 91.6 93.8 145.4 103.8 57.9 74.2 58.1 
21.25 58.64 66.3 59.1 131.5 85.1 42.4 70.4 54.1 
21.75 56.12 44.1 31.6 97.1 50.6 26.0 62.8 45.2 
22.25 48.69 20.0 -5.9 69.5 15.6 53.3 30.2 
22.75 47.97 3.7 -37.8 43.1 -4.7 40.0 2.0.7 
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Table III continued 

Energy 14n v p Al Na 

10.25 .1 
10.75 2.0 
11.25 3.6 .3 
11.75 5.3 1.0 
12.25 7.4 4.2 
12.75 9.6 6.2 8.6 6.1 
13.25 11.9 8.3 20.0, 2.4 14.2 
13.75 16.0 10./+ 33.5 7.45 20.2 
14.25 20.4 12.8 41.1 16.8 26.1 
14.75 27.3 15.3 49.5 21.7 31.5 
15.25 31.8 17.5 58.4 29.0 38.4 
15.75 38.0 22.1 68.3 37.6 45.2: 
16.25 42.8 27.1' 79.4 48.2 49.8 
16.75 49.5 37.4 84.3 61.1 52.5 
17.25 51.1 54.0 93.5 73.4 54.9 
17.75 53.6 61.3 108.4~ 87.0; 56.1 
18.25 55.8 63.1 108.1 94.7 5cs.s 
18.75 57.3 64.9 112.3 99.7 61.1 
19.25 61.3 58.0 121.6 1 08.4 63.5 
19975 59.2 56.4 127.2 111.6 64.5 
20.25 60.3 52.5 137.2 116.7 66.5~ 
20.75 58.9 48.8 142.6 119.1 67.3 
21.25 53.5 38./+ 152.1 123.8 68.6 
21.75 42.4 28.3 160.5 121.3 68.8 
22.25 25.7 23.0 168.6 124.9 69.2 
22.75 15.6 13.8 177.8 124.5 68.6 
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Comparison with Previous Measurements 

The curves presented here are in satisfactory agreement 

with curves previously determined by other workers (Montalbetti 

et al. 1953) (Natha~& Halpern 1954). In the case of 

Montalbetti's results all yields should be reduced by 

10% to correct for monitor response as discussed previously. 

There is a further reduction of 10% to be applied due to 

differences between the photon differences method used by 

Montalbetti and the newer inverted spectrum tables used in 

this \.vork. The original tables \vere derived using C = 191 

in the Schiff spectrum whereas the inverted spectrum tables 

are a more detailed calculation carried out on the Illiac 

using a thin target spectrum corrected !or thick target 

effects and the more recent value of C= 111. Also the 

dose measurements have been corrected in the new tables 

according to results discussed by Cormack and Johns (1954). 

In the case of Nathans and Halpern the results are 

taken as they 'Afere published. 

Discussion 

Cross section near threshold. 

A region of slow rising cross section between 

thresholds and the giant resonance may be observed in the 

( r ,n) cross sections of me,dium vreight elements. This 

region may still be discussed in the heavier elements 

but with increasing difficulty. Using the best estimates 

t-rl"ti=ett~-may be obtained, ( see Fig. 44) the cross section in·
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Figui:e 45. 

Width at hail maximum. The width is plotted as a function 

of the number of neutrons in the nuclei of sample material. 

Narrow widths correspond to magic numbers of neutrons. 

Figure 44. 

Separation of cross section curve into two components. The 

method of estimating the contribution due to E2 and Ml absorption 

below the giant resonance is shown for cobalt.
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this region increases with A slightly more than linearly 

(between A4/3 and A3/ 2
). This~practically the same A 

dependance as the giant resonance peak. 

According to formulae of Blatt and ~veisskopf {1952) 

for the ~-capture due to magnetic dipole and electric 

quadrupole processes 

and 

[<>'c(~) J 
[oc< lf >] 

MI 

EI 

.48(h v Mev) mb 

4.7(h v Mev)3A4/3 x 10-6mb. 

Magnetic dipole absorption is independent of the atomic 

weigbt of the target nuclide and hence cannot account for 

the observed behaviour. 

Electric quadrupole has the correct A dependence but 

the above estimate is low by a factor of 10. 

The same rule of Gell-Mann and Telegdi (1953) 

Jcr;,(E2, W) ~ _n2 ...A- <r2
(oo 

\v2 - 137 12 Mc2 < r2 )oo = 3/5R2 

gives an integrated electric quadrupole cross section which 

depends on A5/3. If a numerical integration is carried out 

on the contribution to the cross section curve near threshold 

for each nuclide measured, the experimental values depend 

roughly on A3/2 • This is in accord with the assumption that 

absorption is electric quadrupole but the absolute values of 

the measured integrated cross sections are approximately 4 

times the predicted values. If we assu.rne that the integration 

of the cross section from threshold includes of the order of 

half the total integral, the measured integrated cross section 
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is 8 times as large as the value predicted for electric 

quadrupole absorption. 

In view of the previous equations of Blatt and 

\'Veisskopf the discrepancy may be accounted for by magnetic 

dipole since at the energies considered it is largerthan the 

electric quadrupole. 

Peak cross section values : 

The peak cross section of the giant resonance varies 

approximately as A3/2 for lo1ver masses and reduces 1 t no 

nearly an A dependence for higher masses. The energy at 

-1/6 which this peak occurs varies a~~:proximately as A • The 

theory of Goldhaber and Teller (1948) predicts an A-1/ 6 

dependence of this energy for photon absorption, while the 

theory of Steinwedel, Jensen and Jensen (1950) predicts an 

A-1/3 dependence. If we assume th'?t the ( l ,n) cross section 

closly approximates the photon capture cross section the 

present measurements favour the value of 1/6 but do not 

differe.ntiate bet\veen the t-vvo values if only materials \vi th 

a mass nQ~ber greater than 100 are used. 

Widths at half maximum 

Nathans and Halpern (1954) have noted that nuclei with 

a magic number of neutrons appear to have anomalously 

narrow widths. Since out survey included a number of 

nuclei with a magic number of neutrons tlus effect has 

been exa:2ined. It is rather difficult to estimate the accuracy 



- 103 -

of width determinations, and it is questionable how much 

confidence should be placed in the effect. Nevertheless 

narrow widths at N= 28, 50, 82 and 126 are apparent and 

since they have appeared in three independent sets of data, 

the interpretation must be made that this is a real effect. 

( See fig. 45 ) • 

The region above the gian~esonance peak. 

Experimentally it has been noted that above the giant 

resonance the cross section is practically independent of the 

target material. A semilog plot of six elements of atomic 

weights ranging from 16 to 209 is shown in Fig. 46. The 

two lightest elements (oxygen and phosphorus) have been 

measured by residual activity methods and the others by 

neutron detection. It can be seen that the portions of the 

curves above the giant resonance all lie near one common 

curve. The same behaviour· is exhibited by the other nuclides 

with the exception of tantalum, rhodium, and gold, which 

show too high a yield at high energies. In the case of 

gold the agreement is good up to the region of the second 

hump. Measurements with lithium gamma rays of the cross 

section at 17.6 Mev would be expected to yield appr,Jximately 

the same value for all elements which had their giant resonance 

peak below 17 Mev. According to Harley, Stephens and Winhold 

(to be published} there is a variation of only :t. 10% 

between the value of such of these as they measured. 
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Figure 46 

'A semi-log plot of the cross section of six elements rBnging in 

,atomic weight from 209 to 16. It is noted that all elements exhibit approximately 

the same value of cross section above their giant resonance. This behaviour 

is typical of all the elements studied. 
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IV. The Cross section of Copper and Nitrogen 

The cross sections of copper and nitrogen were 

examined in fine detail in the region a few Mev above 

threshold. The cross section of nitrogen exhibits a 

subsidiary peak between threshold and the giant resonance 

(Horsley, Haslam & Johns 1952). This peak has been examined 

to determine whether it is reasonable to assign it to magnetic 

dipole or electric quadrupole absorption of photons. The 

cross section of copper does not exhibit a distinct peak 

immediately above threshold as does nitrogen but rather a 

slowly rising portion of a different character from the 

rapid rise to the giant resonance. 

It is known that photon absorption in nitrogen takes 

place into discrete levels (Spicer 1953). For the purpose 

of the present work the existence of such levels is ignored 

and only the envelope has been determined. Levels such as 

these have never been resolved in elements with A> 40 

although it is probably correct to interpret the cross section 

curve ::easured for these elements as the envelope of 

unresolved levels. (Wilkenson unuublished). 
Co ppe'~ 

Samples were irradiated for 4 minutes and counted by 

a Victoreen thyrode for 5 minutes, counting being started 

72 seconds after the betatron was sl:lut off. Between every 

3 points an oxygen standard was run at 17.1 Mev as a check 

on energy stability. Any drift greater th8~ 2 kev could be 

recorded and a1~propriate corrections applied. An activation 

- 106 -
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Figure 4'1 

Correction curve for copper activation. The difference 

between the square root of the activation yield from the 

least squares equation 

Jyield ~ 300·517£- 3211·80 

and the square root of the observed activation yield is 

plotted against energy. The correction scale is in arbitrary 

units with 1 unit corresponding to approximately 6 (neutrons 

/lOOr/mole) 1/ 2• 
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Figure 48 

The cu63 ln cu62 cross section curve is shown for the 

region from threshold to 12.4 Mev. The curve may be 

represented by the equation6" 6o (E- 10.70)• 36 in this 

region. 
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curve was obtained at 40 kev intervals, corrected for counter 

background and cu66 background, montier response, and 

irradiation time. It was noted that the square root of the 

yield was very nearly a· linear function of the energy and 

the following procedure was adopted for smoothing the data. 

First a~ least squares regression line \vas fitted to N vs. 

E. Next the square roots of the activities were calculated 

on the basis of the regression line and the differences 

between these points and the experimental points taken. The 

differences were plotted and a curve was fitted to them to 

be used as a correction curve (see Fig. 47). Finally a 

smoothed activation curve was obtained from the regression 

line and the correction curve. From this a cross section 

was obtained using inverted spectrum tables with 100 kev 

spacing. The cross section thus obtained (see Fig. 48) 

was quite smooth and was approximated in the region from 

threshold to 12.3 r .. fev by the equation 6 =- o o ( E-10. 70) • 36 • 

This equation was obtained from a plot on double log paper. 

Nitrogen 

The isotopic abundances of natural nitrogen are 

14 . 15 15 N 99. 635% N 0. 365%. Since a (lr,n) reaction on N 

yields stable N14 and its abundance is quite small we may 

neglect its effect entirely. N13 has a short half-life 

(lO.lm) and it is easily studied by residual activity 

techniques. 

Samples of dicyandiamide in the form of hollow cylinders 
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li inch long, li inch outside diameter, and 7/8 inch inside 

diameter were used which would slip over a thyrode 1B85 

counter tube. Dicyandiamide was chose:p. because it is a 

compound of nitrogen hydrogen and carbon v-1hich has a high 

nitrogen content and can be easily handled (C2H4N4). The 

samples were placed as close to the donut as possible and 

the dose received by them was registered by a monitor with 

a decay time equal to that of N13. 

The activation curve is noted to exhibit several 

interesting features (see Fig. 49). Just above threshold 

the activation curve is broken up into a number of regions 

of different slope. Around 15 Mev the curve begins to rise 

less and less steeply corresponding to a low cross section 

in this region. At 17. 5 ~iev the activation curve undergoes 

a rather abrupt change and begins to rise rapidly. The 

activation rises steeply in the region above 17.5 Mev, 

corresponding to the region of the giant resonance. 

The activation curve was smoothed by a method similar 

to that used for copper except that an exponential plot was 

used as a trial fit instead of a square root plot. The 

choice of trial curve is of no great significance except 

that the correction curve becomes rather larger if the trial 

curve is not a reasonable fit. From these data the cross 

section curve 't~as calculated at 100 kev intervals. 

The cross section curve obtained has a rather complicated 

appearance (see Fig. 50). The threshold is at 10.54 Mev and 



Figure 49 

The N14Cr,n) N13 activation yield as shown for the 

region from threshold to 19 Mev. A number of breaks can 

be seen in the curve which will give rise to peaks on the 

cross section. The yield is in arbitrary ~mits. 
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Figure 5Q 

The N14(cY,n) N13 cross section is shown in the region 

from threshold to 19 Mev. The measurements were obtained 

from residual activities and the cross section values are in 

arbitrary units. 
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91gure 5l 

The N14(~,n) Nl3 cross section obtained from the 

detection of neutrons. The experimental accuracy of the 

points used to obtain this curve was much lower than that 

for Fig. 7 but the same overall features are exhibited. The 

appearance of the dip at 15 Mev excludes the possibility 

that the dip at 15 Mev in Fig. 7 was due to (11 2~ competition. 
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is followed by a series of subsidiary peaks belov-1 .the giant 

resonance which is above 17 Mev. A small peak aupears just -- .._, -

above threshold ( 10.8 Mev) follo1ved by a pronounced peak 

at 11.5 ]!lev. The peak at 12.7 Mev has a rather peculiar 

shape and may represent two unresolved peaks. The depth 

of the valley ( 15.5 Mev) is subject to a rather la1"lge 

percentage error, the absolute error being about the same 

as at the previous peak. ( /IV 3) units. 

The threshold for a (1',2n) reaction is 12.5 Mev and 

since this reaction would not be detected by residual 

activities it was suggested that the competition of this 

ree.ction might result in decrease in the ( 1S ,n) cross section. 

If however we detect the emitted neutrons, then both reactions 

will be detected, and if competition is the cause of the 

dip we would expect this dip to be absent in the resulting 

curves. Actually the dip does appear in the cross section 

curve by neutron detection although the finer details do 

not since the statistical accuracy was much poorer. (see 

Fig. 51). 

The cross section in Fig. 50 is given in arbitrary 

units with 10 units corresponding to approximately 0.2 mb. 

Discussion 

A number of theoretical estimates have been derived 

for photon absorption cross sections. 

Blatt and Weisskopf derive the general expression 

for absornt~~,::;:c~ e~ectric ~-pole photons 
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6 Cf ( ~ ) = 18 Tr
2 

(! ._ 1) ( 21 + 1) 

l ( l + 3 ) 2 [ ( 21 + 1 ) ! !] 2 

The estimate is reduced for magnetic radiation by a factor 

10 ( 1\ /MCR) 2 

D0 is the level distance between low-lying states which 

can combine by emission. of multiple radiation of a given type 

and order. A value of D
0 

= • 5 Mev was assumed in the original 

work but more accurate estimates would be .8 Mev for nitrogen 

and .4 Mev for copper. 

At energies below 15 Mev the main photon absorption 

cross section probably arises from maepetic dipole and electric 

quadrupole absorption. For these cases the above formula 

reduces tQ the following: 

Nitrogen : 

Mae:~eti c dipole 

Electric quadrupole 

Conner : 

~1agnetic dipole 

Electric quadrupole 

-2.7 ~ 

oc(t):: ·30(1, v Mev) x 10 c.m 

6 c (l) :: ·' o ( 11 v Me. v) " 1 o -2.
7 

c m 2. 

<fc. (lr) ::: I· D ( h v M ev)
1 
x I o -3o c. m ,_ 

The formula predicts for nitrogen at 12 Mev an M1 

cross section of 3.6 mb and an E2 cross section of .17 mb. 

The observed cross section at 12 Mev is .4 mb. 

For copper at 11 Mev the formula predicts an M1 
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cross section of 6.6 mb and an E2 cross section of 1.3 mb. 

The observed cross section at 11 Mev is 9 mb. 

On the basis of these estimates magnetic dipole 

absorption should be larger than electric quadrupole for 

light nuclides. The cross section predicted for nitrogen 

is nearly a factor of ten too large but discrepancies may 

arise due to the value of D0 = • 8 Mev in ltleiEskopf' s equation. 

This value is the average level spacing for excitation 

energies up to 10 Mev although the first excited state is 

at 5 Mev. The cross section predicted for copper is close 

to the sum of the electric quadrupole and electric dipole 

contributions. 

Another estimate of the magnitude of electric 

quadrupole effects has been derived from the sum rules by 

Gell-Mann and Telegdi (1953). They found the expression 

for the integrated cross section. 

j60 (E2, 'It) dW = 
rr2 :Jt < r 2 ) oo 

vl2 Mc2 
137 12 

1t1here ( r 2)oo = 3/5R2 

The values predicted by this equation have been 

compared to the values obtained by numerical integration 

of the observed cross section curves. 

Nitrogen predicted 7.3 x lo-30cm2/Mev;observed 5 x lo-30cm2/Me 

Copper predicted 8.8 x lo-29cm2/Mev;observedl0 x lo•29cm2/Me 

The agreement here appears to be very good but the 

agree··:1er.: t ~na;:l be s.:::~:ewha t deceiving. Since the observed 
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values represent the integrated cross section only from the 

( ~ ,n) threshold to the onset of the giant resonance they 

are approximately half the value that would have been obtained 

if integration had been carried out from zero energy. Thus 

the observed integrated cross sections are somewhat larger 

than would be predicted on the basis of electric quadrupole 

absorption alone. The discrepancy may not be too serious 

here but it indicates that magnetic dipole absorption must 

not be ignored. 

Spicer has studied the angular distribution of 

photons in the reaction N14(l,p}c13 and has concluded that 

photon absorption in the region of 10 :Mev is predominately 

electric quadrupole although he does not rule out the 

possibility of magnetic dipole absorption. (Spicer 1953). 



V. SUM~~RY AND CONCLUSIONS 

The cro3s section curves of 22 elements have been 

studied to determine whether magnetic dipole or electric 

quadrupole photon absorption processes may account for their 

shapes in the region immediately above the ( o ,n) threshold. 

The assumption has been tested that electric quadrupole 

and magnetic dipole photon absorption are significant in the 

energy range between the ( ~ ,n) threshold and the giant 

resonance by comparing observed cross sections in this 

region to values predicted by theory for a number of materials. 

It has been found that an electric quadrupole assignment leads 

to a cross section ii'Ihich displays the correct dependence on 

atomic weight whereas a magnetic dipole assignment does not. 

The cross section expected on the basis of electric quadrupole 

ai;sorption hov1ever falls lovi of the observed value v.rhereas 

the prediction for magnetic dipole absorption is quite close 

for medium 1-veight materials. 

The theoretical ex_pression for magnetic dipole 

absorption used in the discussion does not explicitly depend 

on the atomic v1eight of the absorbing nuclide. However 

magnetic dipole absorption does depend on the level spacing 

between lov: lying states of the nucleus, and this spacing 

is a function of atomic weight. If due account is taken 

of this dependence, the ag.reement betw·een ex-periment and 

theory is quite good for all atomic weigpts. 

Since electric quadrupole absorption depends on the 

level specing in the same manner as does magnetic dipole 
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the ratio of magnetic dipole to electric quadrupole predicted 

by Weisskopf will not be altered. 

The conclusion has been drawn that photon absorption 

in nuclides immediately above the (~ ,n) threshold takes 

place predominantly through magnetic dipole absorption 

with electric quadrupole becoming si&~ificant only for the 

heavier nuclides. 
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Appendix. 

Normalization Pr·ocedure 

In this laboratory all yields have been related to 

the yield of copper. The total neutron yield for natural 

isotopic abQ~dance copper at 22.0 Mev based on a measurement 

of Montalbetti ~'1953) is 2. 71 x 108 neutrons/mole/lOOr. 

The neutron counter is used to measure the_&,ield. 

The procedure was to irradiate samples of copper and 

the material in question vlith equal doses in the same 

geometry. The yield curve would then be given by N MDG 
m 

n/lOOr/mole where N is the number of counts, m the weight 

of the sample, M the molecular v!eight, D the dose received, 

and G the geometry factor including the sensitivity of the 

detectors. Since D and G are kept constant and N, m, M 

are ~uown, if we know the absolute yield for copper we can 

calculate it for the other sample. 

There are two al ter·natives in these measurements. 

The first method is to take a small sample and irradiate 

all of it with a large beam. The second method is to take 

a large sample of uniform thickness and irradiate only a 

small port.ion ~)f it. The forrner method is preferable if the 

sample consists of small chunks of material but the la..tter 

method had to be used for the sealed samples. In all cases 

blanks i·:ere constructed to duplicate the conditions giving 

rise to the background and this was subtracted off. 
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TABLE ·:tv 

Sample Weight ( grns) Yield (counts) 

Cu .835 3455 

Mn .784 2795 

Co 1.2185 4632 

Rh .854 6678 

v .754 2329 

Nb 1.386 9779 

Yield 
{counts/mole) 

1.960 X 105 

2.24 X 105 

8.05 X 105 

1.57 X 105 

6·',~60 ., X 105 

n/100r/mole 

2.71 X 108 

2.01 X 108 

2.31 X 108 

8.28 X 108 

1.62 X 108 

6.80 X 108 

--~--~-----~-----~----------------~-----~----~-~------~-~----------------

Cu 1.9457 2324 7.59 X 104 2.71 X 108 

I 3.0050 7901 3.34 X 105 1.191 X 109 

Au 1.6468 5290 6.~3 X 105 2/261 X 109 

Ta 2.3425 7988 6.17 X 105 2.201 X 109 

Bi 3/1466 9791 6.50 X 105 2.321 X 109 

-------------------~-----------------------------------------------------

Cu 

Cs 

Co 

Pr 

La 

Cu 

y 

Cu 

Ho 

Tb 

7.575 

I 0. 

5.19 

5.06 

5.09 

1.376 

2.159 

1.376 

3.90 

4.64 

7346 

18317 

2796 

4107 

3767 

3693 

8154 

1326 

8401 

9674 

6.165 X 104 

2.435 X 105 

5.62 X 104 

2.71 X 105 

2.33 X 105 

1.710 X 105 

3.361 X 105 

3.129 X 10 4 

2.151 X 105 

2.080 X 105 

2.71 X 108 

1.070 X 109 

2.71 X 108 

1.307 X 109 

1.122 X 109 

2.71 X 108 

5.33 X 108 

2.71 X 108 

1.868 X 109 

1.806 X 109 
------~--------------------------------------~---------------------------
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The Iron OS,n) Threshold 

The study of the cross section of iron was undertaken 

as it seemed to offer another case of anomalous behaviour 

near threshold. (Santos et al 1956). Goldemberg stated 

that the value \vhich had previously been reuorted as the 

threshold \vas in reality only a break in the activation 

curve and that the true threshold -v;as about 1. 7 :Mev lower~' 

As the threshold energy obtained using mass data and beta 

decay energies vlas consistant with the nre·;_rious value it 

\vas felt that Goldemberg' s results may be in error and an 

attempt was made to clarify the situation. 

Procedure. 

Samples of iron in the form of hollow cylinders 2.6 

em. in outside diameter x 2 mm thick x 10 ern. long were 

irradiated two at a time approximately 50 em. from the 

betatron target and counted in t-v;o counters. 

Normal iron consists of 5.84% Fe54 91.68% Fe56 

2.17% Fe57 and 0.31% Fe58. Of these isotopes only the 

reactions Fe54 ( cr ,n) Fe53 and Fe57 ( l', p) Mn56 yield materials 

with half-lives between 1 minute and 1 day. 

Fe53 has an 8.9 minute half-life and decays by ft+ 

emission with a peak beta energy of 2.5 Mev and no~ 's 

other than the annihilation radiation associated with the 

decay of positrons. 

Mn56 has a half-life of 2. 58 hours and decays by~-
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and J emission. The peak beta energy of the most energetic 

group is 2.8 Mev. 

The threshold for the reaction Fe57 (¥,p) Mn
56 is 

10.54 Mev and since this is considerably lower than the 

threshold for Fe54 (~,n) Fe53, corrections for the manganese 

contribution had to be made for all measurements. 

Results 

Experimental results shov1ed that as in Goldemberg' s 

case we obtained a region of low cross section extending 

belov1 the apparent threshold and 1vi th a half-life of about 

10 minutes, (see Fig. 52). It was noted with crude 

absorption experiments the.t the activity induced by gamma 

energies belovl 13.3 Mev tvas of essentially the same nature 

as that induced above 13.3 Mev. 

If vle try to ascribe the activity to another reaction, 

only the reaction cu63 (~,n) cu62 appears likely to be 

confused with the iron reaction since it yields a 9.9 

minute half-life with betas comparable to the betas from Fe53 

·and has no high energy ga-:~Jllas. It was estimated that 0. 03%' 

copper in the. i'ron samples 1ve v·Tere using would be sufficient 

to account for the lo-vv energy 11 tail n. A chemical analysis 

was made on one of our samples by Mr. B.C. Bailey and he 

found traces of copper to be present. This was a qualitative 

measure~~:ent only which set the abundance between .1% and 

.Ol%. 
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Figure 5~ 

The iron threshold showing the rising background near 

threshold. It has been found that the contribution to the 

yield below 13 Mev. was due to impurities in the sample 

and not due to a ~ n reaction in iron. 
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A test ·was made v1i th a small sample of high purity 

iron to determine the ratio between "short lived" and 11 long 

lived 11 activity induced when the sample was irradiated at 

13.3 Mev. The short lived activity had a half life of the 

order of 9 minutes (Fe53 or Cu02 ) and the long lived activity 
,_,... 

of the order of 2.5 hours (Mn~0 ). 

Under the same conditions that an impure sample had 

given a ratio· of short to long lived of 5 the pure sample 

gave.-=: a ratio of less than 1. It \•Tas therefore concluded 

that the ano•T!alous results re~)orted by Goldemberg were in 

error due to traces of copper impurities in his samples. 

This has since been confirmed by Goldemberg. 



Source of Materials 

Bi Eimer and Amend 

Ta British Drug Houses 

Tm 99.96% 

Pr Chalk River 

La Chalk River 

C Miristine Co. 

I Baker 

Rh Johnson Mathey Mallory 99.995% 

Nb I~ristine Co. 99% 

y 99.95% 

Cu cut from electrolytic tubing 

Co Miristine Co. 99 P.of • ' .. } ;o 

Mn !vtlristine Co~1 99.9% 

v ~liristine Co. 99.9% 

As Miristine Co. 997~ 

P Fisher Scientific Co. 

Al Aluminum Company of Canada 99.999% 

Na Baker 97.7% NaOH 

General Chemical Co. Na 

N Eimer and Amend Dicyandiamide. 
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