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I. INTRODUCTION 

Since the time of the identification of the neutron by Chadwick in 
1 

1932 there has been considerable interest in the production and use of 

sources or beams of neutrons. Investigations have been made of the 

processes by which neutrons are produced, of the properties of the neu-

tron itself, and of the interactions of neutrons with other fundamental 

particles. The neutron is a particularly useful tool in investigating 

nuclear reactions and scattering phenomena because of its lack of charge. 

This eliminates coulomb effects which are always present in the interac-

tions of charged particles. 

At first neutrons of a few Mev were ·obtained by letting alpha-

particles from a naturally radioactive element impinge upon some light 

element such as beryllium. It was found that neutrons could be produced 
2 

from beryllium with alpha-particles with energies as low as about 1 Mev. 

Immediately with the low energy accelerators then available neutrons 

were produced by bombarding beryllium targets with artificially accel-
3 

erated helium ions. Shortly after this it .was discovered that the 

yield of neutrons was several hundred times greater if deuterons in.stead 
4 

of 4elium ions were used to bombard the target. With the further 

development of accelerators it became a standard procedure to produce 

and use beams of neutrons of various energies with artificially accel-

erated particles. The production of a beam of high energy neutrons 

when 190 Mev deuterons were allowed to impinge upon a target was ob-

5 
served in the first stages of operation of the 184-inch cyclotron. A 

similar beam of neutrons of higher energy was produced later by the 

action of 340 Mev protons on a: target in the cyclotron. A mechanism 

has been proposed for the production.of neutrons from deuterons in 
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which the proton is stripped from the deuteron in a collision with a 
6 

nucleus, while the neutron continues on in its original direction. 
7,8,9 

Several features of this mechanism have been verified experimentally. 

The production of high energy neutrons by the 340 Mev proton beam has 

not yet been worked out theoretically. The neutrons are produced pre-

sumably as a result of collisions between the incident proton and the 

individual particles in the nuclei of the target material. The neutrons 

may suffer further collisions before escaping from the nucleus in which 
10 

they are produced. 

The present investigation is concerned with the yields of neutrons 

from various targets when they are bombarded by 190 Mev deuterons or 

340 Mev protons. The variation of this yield with the atomic number of 

the target element has been determined by comparison of the neutron 

fluxes coming from different targets when bombarded under the same 

cyclotron conditions. The absolute yield of neutrons from a deuteron 

beam has been measured though with considerably less precision than the 

relative yields mentioned above. The absolute yield of neutrons from a 

340 Mev proton beam has been determined in terms of the ci2(n,2n)c 11 

cross section for 270 Mev neutrons. This cross section is not known 

experimentally_at this energy but can be estimated theoretically using 

lower energy data. 

In the course of the investigation the phenomenon of multiple 

traversals of particles in a circulating beam through thin targets was 

encountered. It had been known for some time that this effect existed,
7 

but it had not been investigated quantitatively. 

Data have been gathered on this phenomenon and are presented in a 

quantitative manner. The effects of multiple traversals on the total 
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. yield of particles from a target and on the energy distribution of 

these particles are discussed. It is believed that the results of 

this investigation can be used to estimate the effects of multiple 

trayersals in other circular accelerators". 
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II. NEUTRON YIELDS 

A. Apparatus and Experimental Technique 

The 184~inch cyclotron produces a beam of deuterons of about lo-6 
. eJ 

ampere averlge current and with a maximum energy of 190 Mev. The pro• 
QD 

ton beam can be produced with an average beam current of the order of 

5 x lo-7 ampere and with a maximum energy of 340 Mev. 
~ - A target of any 

desired material can be inserted into the path of these particles 

through a vacuum lock in the cyclotron tank by means of the target 

probe. The targets can be set at different radii to obtain different 

energies if desired. The maximum energies mentioned above are obtained 

at a radius of 81 inches from the center of the cyclotron. These ex-

periments were performed with the targets at-radii from 80-1/2 to 81 

inches. 

When the protons or deuterons ~mpinge on a target, neutrons are 

given off in the general forward direction. These neutrons may be 

intercepted in a wide beam just outside the cyclotron tank wall or 

they may be obtained in a highly collimated beam about 50 feet from 

the target emerging from a two-inch diameter hole in the concrete 

shielding surrounding the cyclotron. In the present experiments neu-

tron detectors were placed in this collimafed beam outside the shield-

ing. 

The neutrons from the deuteron beam have a most probable energy 

of about 90 Mev and an eriergy distribution with a width at half maximum 

of about 27 Mev. 619 The energy maximum and distribution vary slightly 

with the atomic number and thickness of the target. The energy ·distri-

bution of ·neutrons from the proton beam appears to be a very broad 

distribution with a maximUm at about 270 Mev and a width at half 
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maximum of the' order of 100 Mev.
11 

Ideally the particles in the proton or deuteron beam travel midway 

between the top and bottom of the dee. Actually the particles acquire 

vertical oscillations, varying in amplitude from 0 to 2.4 inches which 

is the maximum amplitude allowed by the dee aperture. If a beam of 

smaller vertical dimension is desired, a beam clipper may be inserted 

on a special probe about 155 degrees around the cyclotron from the 

target probe. This clipper is made of copper about 1 inch thick and 5 

inches high with a horizontal slot cut in it to allow only the center 

of the beam to pass through without obstruction. The clipper cuts out 

all particles which acquire vertical oscillations greater than some 

prescribed amplitude. The clippers used in the present experiments 

had vertical apertures of 1 or 1-1/2 inches. They restricted the beam 

particles to amplitudes of less than 1/2 or 3/4 inch from the center 

plane and extended from about 60-inch radius to about 81-1/2-inch radius 

in the cyclotron. The back of the clipper at about 81-1/2-inch radius 

also cuts off particles which have large outward radial oscillations or 

deflections from the target. The average beam current is reduced by a 

factor of about 3 when a l-inch clipper is used. These clippers were 

used in the experiments on relative neutron yields because they reduced 

the effect of multiple traversals which was not understood at the time. 

However,'· in the later direct observations on multiple traversals, clip

pers were not used in order to enhance the effect and make it easier to 

observe. Figure 1 shows a diagram of the arrangements de.scribed above. 

The elements used as targets were beryllium, carbon (graphite), 

a~uminum, c"opper, silver, lead and uranium. Pieces of these elements 

were machined into blocks l-inch by l-inch square and varying in thick-
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ness from 1/8 to 1 inch. The densities of the targets were determined 

by weighing and measuring the blocks and with the exception of the 

graphite all the densities agreed very closely with the accepted values. 

The densities of the graphite targets used varied from 1.45 to 1.49 . 

In order to be able to change targets quickly in the cyclotron a 

device was.built which would rotate four different targets successively 

into the beam and which could be controlled from the outside. This de

vice is actuated by a coil which hangs with its axis perpendicular to 

the magnetic field of the cyclotron. When a current is passed through 

this coil, it rotates throu~h 90 degrees so that its axis is parallel to 

the magnetic field. When the current is stopped, the coil falls back to 

its original position by· gravitational action. This rotating action can 

be transmitted to a windmill device which has target-s clamped on the 

ends of its arms. A mechanical positioning ratchet is added so that the 

windmill can only end up in one of four discrete positions .90 .degrees 

apart. A photograph of the target changer is shown in Figure 2. A 

single rotation through 90 degrees can be accomplished in a time of the 

order of one second. Hence, one can change targets without stopping the 

cyclotron beam and without altering any of its conditions of operation 

for more than a fraction of a second. This device saves time in the 

changing of targets and was intended to ensure a constant beam on the 

four targets used in a given run. However, it was found necessary to 

monitor the actual beam traversing each target in order to calculate 

the relative neutron yields from different targets. The device was 

necessary later in order to investigate the multiple traversal effect. 

With it the fluxes through different targets could be compared when the 

targets were bombarded under identical cyclotron conditions. 
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Graphite monitors were used to determine the fluxes of protons or 

deuterons traversing the targets. T}J.e edges of the monitors were care-

fully aligned to coincide with the edges of the targets so that the 

beam simultaneously passed through both target and monitor. At the 

end of the bombardment the monitors were removed and the counting rates 
r 

of the ell activity in them were determined on a Geiger-Mueller counter 

at a suitable later time. The graphite monitors were milled from C-18 

graphite down to about 0.010 inch thick and cut into l-inch by l-inch 

squares. A chemical analysis of a specimen of this graphite showed 

that it contained a total of about 0.15 percent of impurities. Later, 

in the multiple traversal experiments, it was found that aluminum foils 

were more reliable for the monitoring of protons. Their use is des-

cribed in section III. 

It was necessary to take precautions against the contamination of 

the monitors by recoils or fission fragments from the targets. Beryllium 

and carbon targets did not contaminate the monitors, but aluminum, copper, 

silver, lead and uranium targets did. In order to avoid this contamina-

tion it was necessary to place additional graphite foils both between a 

target and its monitor and on the outside of the monitor. 

Monitors were placed on the front and back o~ each target. The 

activities in the front and back monitors on thin targets (1/4 inch or 

less) agreed to within 10 percent. When thicker targets were used, 

alignment of the target with respect to the beam became quite critical. 

Thin targets were used in· most of the measurements. 

Bismuth fission chambers were used to detect the high energy neu-

12,13 
trons. These chambers.have been described in detail elsewhere. 

They have a threshold of about 50 Mev since this is the energy necessary 
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to .initiate fission in bismuth with neutrons. They are used in connec

tion wi~h linear amplifiers and standard scaling and recording circuits~ 

A collection voltage of about 500 to 700 volts is used. The linear · 

amplifiers have bias controls so that pulses below any specified height 

may be discriminated against. When a counting rate versus bias curve 

is taken, initially it shows a very steep slope because of pile-ups or 

coincidences of protons or other ionizing part~cles passing through the 

chamber. Then the curve flattens out to a slope of about one or two 

percent per bias volt and then eventually drops off again when even the 

fission pulses are discriminated out. One operates in the flattest 

part of the curve at a bias high enough to insure that the counting 

rate of coincidences of the ionizing particles other than fission re

coils is not appreciable. A sample counting rate versus discriminator 

voltage curve is shown in Figure 3. 

The. plates of the fission counters subtended a solid angle of about 

lo-6 steradian from the target, ·and the counters were located within one 

degree or less of the direction in which the proton or deuteron beam was 

traveling when it struck the target. 

In making a set of measurements the following procedure was gener

ally used. The clipper was inserted into the cyclotron and a current 

reading target was put on the target probe. The beam was turned on and 

maximized and the cyclotron field was adjusted to givt? the m~imum 

amount of beam current through the aperture of the clipper. Then a 

beryllium target was put on and the bias voltage versus counting rate 

curves were taken on the bismuth fission chambers in the neutron beam. 

Finally a target rotating device with its four aligned targets anq 

monitors was put on the target probe and ~ts rotating action was tested 
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by activating its coil and watching it rotate through a window in the 

cyclotron tank wall. At a given recorded instant the beam was turned 

on and held at a steady level, on the first target while the bismuth

fission chambers and their related circuits recorded the counting rate 

in the neutron.beam. After the beam had run for a prescribed length of 

time on the first target the second target was rotated into place with

out stopping or altering the cyclotron beam and the counting rate in its 

neutron beam was recorded. The same procedure was followed for the 

third and fourth targets and then the beam was turned off. The time at 

the beginning and end of bombardment of each target was recorded. A 

decay curve was taken on the ell activity in each monitor after it had 

decayed to a level suitable for counting on a Geiger-Mueller counter. 

B. Calculations and Corrections 

The neutron counts registered by_the one or.more bismuth fission 

chambers in the neutron beam were converted to counts per minute for 

each target that was bombarded in a given run. The counting rates were 

always quite low ranging from 1 to .10 counts per second so there was no 

necessity to make coincidence corrections. The resolving time of the 

counters and circuits is of the order of 5 microseconds. The cyclotron 

beam is pulsed for 100 microseconds 60 times per second, so that for a 

counting rate of 10 counts per second there is very seldom more than 

one count per beam pulse. 

Decay curves were taken of the ell activity produced in the moni

tors attached to each target. The ell activity was then extrapolated 

back to the time at the end of bombardment of the target and a correc

tion was made for the length of bombardment to give the activity which 

would have been produced in bombardment of infinite length. Usually the 



'•' 

-12-

decay curve showed almost pure ell activity and the extrapolation could 

be made directly. However, sometimes it was necessary to wait for 12 to 

, 15 half-lives of the ell before the level was low enough to count and a 

small amount of long-lived impurity would appear. In this case the long-

lived activity was subtracted out of the curve before extrapolating back 

to the end of bombardment. Sometimes decay curves were taken through an 

aluminum absorber so that the positron annihilation radiation of the ell 

was counted instead of the positrons themselves. The relative fluxes 

through the targets calculated from the annihilation radiation decay 

curves or from the positron decay curves agreed within the error of the 

measurements. Since the relative fluxes through the targets were all 

that were desiredj arid since all the monitors were of the same shape and 

thickness, there was no necessity to make absorption corrections. The 

flUxes through the targets were considered to be proportional to the 

activities induced in the monitors after the extrapolation to the end 

of bombardment and the correction for length of bombardment were made. 

The production of ell activity in the monitors by neutrons and other 

products formed in the targets is a second order effect and can be neg-

lected. The monitors are shielded from recoils and fission fragments, 
! 

and the activity produced by neutrons in the back mpnitor is of the 6rder 

of 0.1 percent of the activity produced by the primary beam. 

For each of the four targets used in a given run the neutron count-

ing rate was determined and corrected for the neutrons produced in the 

monitors and the relative neutron yields for the four targets were cal-

culated. The relative fluxes of particles traversing tpe targets were 

used to correct the neutron yields to some constant flux value for all 

of the targets .. Then the number of atoms per unit area exposed to the 
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beam in a target was calculated and finally the relative neutron yields 

per atom were obtained by comparing the corrected yields from each tar-

get to the yield from a standard carbon target. 

C. Results and Discussion 

Table I gives the relative neutron yields per atom in the forward 

direction for various target elements when bombarded with 190 Mev deu-
6 

terons. Serber's mechanism for the production of high energy neutrons 
\ 

in effect pcstulates that the proton i~ stripped from the deuteron by 

striking the edge of a target nucleus and the neutron misses and contin-

ues on its way. The total stripping cross section is proportional to 

A1/3. However, the yield in the forward direction also depends upon the 

effect of the coulomb fields of the target nuclei on the angular distri.-

bution of the neutrons. One can calculate the probability for produc-

tion of neutrons in the forward direction from the equation for the 
. 6 

angular distribution of neutrons produced in the stripping process. 

The angul~r distribution predicted by this equation has been verified 

experimentally.? The theory takes into account the intrinsic bending 

of the deuterons orbit in the field of the nucleus at whose surface the 

deuteron i~ stripped and multiple scattering of the deuteron beam in the 

target. Also in order to take into account energy losses, the kinetic 

energy of the deuteron at the time of stripping is taken as the bombard-

ing energy minus the coulomb energy lost in approaching the stripping 

nucleus minus one-half the energy loss of the deuteron in one traversal 

of the target. The forward direction probabilities calculated from the 

formula mentioned above are given in Table I. The relative total yields 

are then obtained by dividing the experimental yields by the forward 

direction probabilities. No attempt was made to take into account 
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additional energy losses or scattering arising from more than one trav-

ersal of the target. This effect is relatively small for the neutrons 

from stripping of 190 Mev deuterons. If it were taken into account, the 

forward direction probabilities would be slightly lower than given in 
I 

the table for the heavy elements. 

The observed values for the light nuclei fit the shape of the cal-

culated curve fai~ly well but the values for the heavy nuclei lie above 

the curve. An explanation for this deviation may lie in another mechan-

ism for the production of high energy neutrons by deuterons, the disin-
. 14 

tegration of the deuteron in the coulomb field of the nucleus. This 
15 

effect has been predicted and calculated for 200 Mev deuterons but has 

not been verified by the experimental measurements on the _angular dis-

tributions of the neutrons. The angular distribution calculated for 

neutrons coming from the electric disintegration of the deuteron was 

narrower than the distribution from the stripping process. The experi-

mental points for heavy elements fitted the distribution predicted by 

stripping but not the distribution predicted by the combined processes 

of stripping and electric_ disintegration.: However, it is possible that 

the distribution of neutrons from the electric disintegration process 

could be widened by coulomb effects of the target nuclei enough so that 

the width of the distribution would be about the same as that for the 

stripping process. In this case the angular distribution measurements 

would fit either the stripping process or the combined stripping and 

electric disintegration processes. 

The cross section for the electric disintegration process is pro
\ 

portional to z2 and if a function proportional tl:o z2 is added to the 
·, 

I • 
values predicted by the stripping theory, a good: f~t can be obtained 

I 
I 
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for.all the points. Figure 4 shows the observed relative neutron yields 

with their estimated probable errors plotted versus Al/3. Also shown· 

are the values for the yields in the forward direction calculated from 

stripping theory and a curve for which the stripping theory predictions 

have been combined with a function proportional to z2. The points cal-

culated from stripping theory do not give a smooth c~ve because the 

densities and thicknesses of the targets enter into the corrections. 

The proportionality factor for the z2 function which gives the best fit 

for the observed points indicates an electric field disintegration cross 

section for uranium equal to about one-half of the stripping cross sec-

tion in the forward direction, which is the correct order of magnitude 

according to theory.
15 

The total stripping cross section theoretically 

is equal to 5 x Al/3 x lo=26 cm2 while the electric disintegration cross 

section is about 1.35 x z2 x lo-29 cm2 for heavy elements. These values 

give a ratio of about 1/3 for uranium. 

The energy distribution of neutrons from heavy elements is lower 

than that from light elements because of the barrier energy loss before 

the stripping of the deuteron. This energy loss is regained by a stri~ped 

proton but not by a neutron. Since the Bi fission cross section in-

creases with energy, neutrons from uranium or lead should be detected 

with lower efficiency than those from beryllium or carbon. Consequently, 

the experimental values for uranium and lead are lower limits with res-

pect to this.source of error. Ionization energy loss in the target is a 

further effect in the same direction. Corrections for these effects, if 

made, would increase the difference between the experimental values and 

the curve predicted without electric disintegration. 

Table II gives the relative neutron yields per atom in the forward 
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direction from various targets when bombarded with 340 Mev protons. No 
\ 

detailed mechanism has been worked out yet for the production of neutrons 

by high energy protons. The neutrons presumably are produced in various 

types of collisions between the incident protons and particles in the 

nuclei of the target material. The collisions in which high energy neu-

trons are produced in the forward direction are most probably those in 

which the proton gives up only a small amount of energy to a neutron in 

the nucleus but exchanges charge with it and continues essentially un-

deviated in its forward flight as a high energy neutron. In this case 

for the transparent nucleus model one might expect the cross section to 

be approximately proportional to the number of neutrons or particles in 

the nucleus. This does not agree with the observed values for the for

ward direction· which have approximately an (A - z)2/3 dependency for 

elements from carbon to uranium. 

Corrections for differences in angular distributions of the neutrons 

from different elements have not been made. These corrections should be 

small. Angular distribution measurements using carbon detectors on the 

neutrons coming from targets bombarded with 340 Mev protons show very 

·wide distributions which vary only slightly for targets from beryllium 
. 10 

to uranium. Therefore the total cross sections for neutron production 

are in about the same ratio as the differential cross sections in the 

forward direction as measured in the present work. Hence these measure-

ments indicate that the heavy nuclei are not completely transparent even 

to.340 Mev protons. Beryllium has an anpmalous value with respect to 

the dependency on ~-Z which is 50 percent higher than the value for car-

bon. Figure 5 shows the observed relative neutron yields per atom in 

the forward direction for targets bombarded with 340 Mev protons plotted 
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versus (A - z)2/J. The values lie fairly close to a straight line pass-

ing through the origin. 

16 
-Some preliminary work recently reported from Harwell using 170 

Mev protons to produce the neutrons shows the same features as the pres-

ent work. At this energy also they report a yield from beryllium which 

is l. 5 to 2 times higher than the yield from carbon. A qualitative ex-

planation for the anomalous behavior of beryllium may lie in its pecul-

·C 
iar nuclear structure. ·If the odd neutron in the beryllium nucleus is 

bound much more loosely than the remaining neutrons, the cross section 

for this neutron will b€) higher than that for the rest of the neutrons 
17 

and also the energy distribution may be higher. The cross section for 

bismuth fission by neutrons increases rapidly with respect to the 

( 6 . 18. 
energy of the neutrons in the range 0 to 90 Mev.' The cross 

section is still rising at the energy of neutrons produced by 340 Mev 
\ 19 

protons. This would make the present detection method somewhat depend-

ent on the differences in energy distributions of the neutrons from the 

various targets. No correction has been made for this effect. Because 

of the very high energy of the incident protons, it is thought that the 

differences in the energy distributions of neutrons from the various -

target elements are not very great with the possible exception-of the 

distribution from beryllium. The group of neutrons produced by exchange 

collisions with the loosely bound neutron in the beryllium nucleus.might 

have a significantly higher energy distribution than the rest of the 

neutrons. In this case the detection efficiency for these neutrons 

would be higher and the apparent yield from beryllium would be increased. 

The relative neutron yield from a given element was obtained by 

comparing its. corrected neutron yield to the yield from a standard. 
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carbon target. The estimated probable error of a single determination 

of such a ratio is about 10 percent. This error arises mainly in the 
\ 

determination of the flux of deuterons or protons traversing a target 

but also has contributions from the neutron counting statistics and-from 

the correction made for the production of neutrons in the carbon moni-

tors. The errors in measurements of the thicknesses and densities of 

the targets are negligible. The results given in Tables I and II are 

the averages of from 2 to 4 individual determinations. Preliminary re-

sults which were obtained before the final technique was developed are 

not included but they were in agreement with the final values. The 

probable error calculated f~om the mean square deviation of all the in

dividual results from the average values given in Tables I and II is 

,about 3 percent. This gives a measure of the reproducibility of the 

results. A combination of the reproducibility of the individual results 

with an estimate of the possible errors involved in the technique leads 

to a probable error of about 6 percent for the final values. This is 

the ernor shown on all values in Figures 4 and 5 except the arbitrary 

value for carbon which was the standard. 

D. Absolute Yields 

An attempt was made to determine the absolute yields of neutrons in 

the forward direction from a carbon target bombarded by the deuteron 

beam and from a beryllium target bombarded by the proton beam._ Targets 

with graphite monitors attached were bombarded as described previously, 

but carbon detectors were used in the neutron beam instead of bismuth 

fission chambers. The ell activity induced in these detectors by the 

n,2n reaction·was used to'determine the neutron flux. 

The cross section for the cl2(n,2n)cll reaction has been measured 
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for 90 Mev neutrons and is 0.020.:!: 0.004 barn. For the neutrons from 

th~ 340 Mev proton beam this cross section has not been measured so the 

neutron flux can only be determined in terms of this cross section. 

Some theoretical work has been done on the variation of this cross sec-
21 

tion with energy, but from this work it can only be said that the 

·cross section does not vary rapidly with energy from 90 to 2?0 Mev. It 

is probably safe to conclude that the cross section at 270 Mev is within 

a factor of two of the cross section at 90 Mev. Also the detection ef-

ficiency of the graphite foils can be assumed to be constant for neu-

trans in this energy region since the cross section is not changing 

rapidly with energy. 

The cl2(d.lldn)c11 cross section, which was used in the determination 

of the deuteron flux through the target, was taken to. be 65 millibarns 

for 190 Mev deuterons with a probable error of the 
22 

order of 25 percent. 

The excitation curve is known to be flat in this energy region. 
23 

The 

cl2(p,pn}c11 cross section is known to be 44 millibarns for 340 Mev pro-
24 

tons with a probable error of about 10 percent. 

The flux of neutrons outside the cyclotron shielding was too weak 

to activate a very thin carbon containing foil so a thick polystyrene 

disc was used instead. In order to determine the self absorption cor

rection for the ell positrons emitted by the thick disc, a very thin 

polyethylene foil, in which absorption could be neglected, and the discs 

were exposed simultaneously to a more intense flux of neutrons near the 

cyclotron tank wall. By weighing the thin foil and the disc, taking 

into account their composition, and comparing their counting rates the 

absorption correction for the disc could be determined. 

Two determinations were made of the number of neutrons from a 
"":.: 
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carbon target bombarded by 190 Mev deuterons. The cross section for 

production of a neutron by a deuteron was calculated to be 5 barns per 

steradian in the forward direction with a probable error of the order of 

30 percent. The value calculated from stripping theory for this cross 

section is 1.5 barns per steradian. This indicates a discrepancy but it 

is difficult to say how significant it is because of the large probable 

error associated with the experimental value. In order to make a better 

determination by this method the c12(d,dn)c11 cross section should. be 

redetermined and possibly a more direct measurement of the neutron flux 

by proton recoils should be used. 

One determination of the number of neutrons produced by 340 Mev 

'protons on beryllium was made and a v~lue was obtained of 42 millibarns 

per steradian in the forward direction t-imes the ratio of the cl2 (p, pn)c11 

cross section at 340 Mev to tne cl2(n,2n)c11 cross section at 270 Mev. 

The probable error of the determination is about 30 percent not includ-

ing any error for the ratio. One can use 44 millibarns for the p,pn 

cross section, roughly 20 millibarns for the n,2n cross section, and ob-

tain a value of 90 millibarns per steradian in the forward direction for 

the production of a neutron of greater than 20 Mev by a 340 Mev proton. 

This is probably within a factor of about two of the correct value. If 
. 10,25 

this is integrated over the angular distribution, the total cross 

section also comes out to be 90 millibarns. From Harwell a differential 

cross section at 5 degrees from the forward direction for the production 

of neutrons by 170 Mev protons on beryllium has been reported to be 99 ! 
16 

19 millibarns per steradian. 
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III. MULTIPLE TRAVERSALS 

A. Procedure 

Targets of different thicknesses and materials were placed in the 

path of.the circulating beam of the 184-inch cyclotron.and bombarded 

with 340 Mev protons at a radius of ?0.5 inches. These targets were one 

inch high, from a few mils to one inch thick, and were held in 'place by 
' 

a clamp one-half inch back fr9m the edge of the target. With each tar-

get was mounted one or more aluminum foil monitors one and one-half mils 

thick. The edges of the monitors were careful~aligned to coincide with 

th~ edges of the targets. The relative amount of beam through each tar

get was then determined by counting the Na24 activity produced in each 

monitor. The cross section for the production of Na24 in aluminum by 

high energy protons has been found to be constant (:!:. 15 percent) in the 
26 . 1 

energy region 100 to.J40 Mev. The aluminum foil monitors were found 

to be more reliable for the measurement of proton fluxes than the graph-

ite monitors described in the neutron yield work. Aluminum is readily 

available in thin foils of uniform thickness and high purity, it can be 

handled and cut without fear of breaking, and the Na24 activity induced 
\ 

in it is of a convenient half-life for counting. The threshold for the 

Al27(p,n 3p)Na24 reaction is about 30 Mev which makes aluminum a good 

high energy detector for protons. However, the threshold of the 

Al27(n,a)Na24 reaction is only about 2 Mev so that the production of 

Na24 in aluminum is not a very good high energy detection method for 

deuterons or neutrons. 

With the targets and monitors mounted on the target rotating device 

described in Section II the assembly was inserted into the cyclotron and 

bombarded with protons. The constancy of the cyclotron beam during the 
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five minutes or so that a given target was bombarded was observed with 

ionization chambers inside the cyclotron shielding which measured the 

general level of radiation from the cyclotron and target. It was found 

by comparing the ionization chamber readings with counting rates of neu-. 

trans produced in the targets that the ion chamber readings could be 

used to determine the constancy of the beam through the ~arget to about 

10 percent. The transition from one target to another was accomplished 

in a time of the order of one second, and it is only necessary to assume 

that the cyclotron operating conditions do not change rapidly during 

this period. Actually it was qU:ite easy to hold operating conditions 

steady within 10 percent for twenty minutes or more during which a set 

of four targets could be bombarded. Thus in each run four targets were 

bombarded-with all cyclotron conditions the same except the nature of 

the target itself. At the end of the run the monitors were al~owed to 

decay for about 24 hours to allow the 2-hour F18 and shorter lived ac

tivities to die out and then the 15-hour Na24 was counted with a chlor-

ine quenched Geiger-Mueller tube and related circuits. When targets of 

atomic number greater than aluminum were bombarded, the monitors were 

shielded from the targets with other aluminum foils to prevent recoils 

or fission fragments from contaminating the monitors. 

Monitors were placed on both the front and back of all thick tar-
-

gets (> 1/2 inch) and some thin targets (~1/2 inch). In four of the 

thick target cases the back monitor read from 10 to 25 percent less than 
·-

the front monitor after correcting for attenuation. In all other cases 

the two monitors agreed within 10 percent. The average value of the 

activity in the two monitors was used. This effect probably depends on 

the alignment of the edge of the target with the beam direction. From 
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the distribution of activity in the monitors it can be estimated that a 

one-degree misalignment of a one-inch target would cause about 15 per- · 

·cent of the beam to miss one of the monitors. Scattering also tends to 

cause some of the beam to miss the back monitor. 

B. Calculations.and Results 

Using the above.,procedure data were obtained in the form o.t: groups 

of four values for the Na24 activity~observed in the monitors attached 

,to four different targets, bombarde.d under the same cyclotron conditions. 

This activity was interpreted as being proportional to the actual flux 

·of particles traversing the target under consideration. It was found 

that the flux varied by as much as a factor of 10 in compar~ng a thick 

target to a thin target. 

It had been suggested'previously that the number of multiple trav-

ersals depended on the amount of multiple scattering of the beam parti-

. 7 
cles ~n the target. Thus it was assumed that the proper variable to use 

as a basis for comparison of targets of different thicknesses and dif-

ferent atomic numbers was the root mean square multipYe scattering angle 

of the target to 340 Mev protons. The formula used for the plane pro-

jected mean square scattering angle was 

when E and E0 are the total and rest energies of the bombarding,_proton 

and the other symbols refer to the target. This is taken from Williams 
27 

scattering formula using nuclear radius and Bohr radius for cutoff 

parameters with some refinements for shielding. In order to verify this 
~ 

assumption targets of Be, Al, Cu, and Pb. of thicknesses calculated to 

give the same multiple scattering angle were compared in one run and it 
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was found that the fluxes through these targets were the same within 10 

percent (see Table III, Run II). The 10-percent variation is probably 

about the reproducibility of the technique for individual results; the 

variations did not show any trend,with respect to atomic number or thick

ness. 

Table III shows the results of several individual runs. Each of 

these groups of four values can be plotted in arbitrary units as rela

,tive beam through a target versus the multiple scattering angle of the 

target. The actual number of times that the beam circulated through the 

target, or the beam which would be observed with a target thick enough 

to stop the beam completely, is still unknown. However, since it is 

known that the multiple scattering angle is the proper variable with 

which to compare targets, the different groups can be plotted on the 

same graph and the vertical scale for each group can be arbitrarily ad

justed until all the values lie on a smooth curve. Furthermore, it can 

be assumed that if the data were carried out to targets thick enough to 

stop the beam, the activity in the monitor would represent the actual 

current accelerated by the cyclotron. The particles would be acceler

ated, would strike the target, and none of the particles would circulate 

in the cyclotron and strike the target a second time. If one now con

siders the average number of traversals of the particles in the beam 

through targets, it is seen that the data extrapolated to very thick 

targets should approach a value of one. Figure 6 shows the thick target 

data plotted versus the inverse of the multiple scattering angle ad

justed to approach a value of one. The extrapolation to zero is short 

and not very critical. In this way an absolute scale is determined em

pirically for the average number of traversals of particles in the beam 
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through various targets. The uncertainty in this scale because of the 

extrapolation to thick targets is of the order of 5 percent. The final 

data are presented in Figure 7. 

Some of the monitors were cut up into thin strips parallel to the 

edge of the target and these strips were counted separately in order to 

determine the extent of radial penetration of the beam into targets. 

Histograms showing the specific activity of the monitor versus the dis-

tance from the edge of the target are presented in Figure 8. The total 

area in each histogram has been made proportional to the average number 

, of traversals of the beam particles through the target. The distribu-

tions are only valid out to 1.25 em for the target thickness indicated. 

Between 1.25 and 2.5 em from the edge of the target the beam passed 

through the target clamps (1/4 inch of brass) as well as the target and 

monitors. 

C. Discussion 

Two calculated curves can be compared to the data. Theoretical 

calculations have been made on the removal of particles from the beva-
28 

tron beam by gas scattering. The type of function for gas scattering 

in the bevatron which is comparable to the present data is 1 + k/92 

where 9 is the multiple scattering angle of the particles by the gas in 

29 . 
one traversal of the bevatron. A funct~on of this type (Figure 7, 

curve A) falls off more rapidly with increasing 9 than the experimental 

curve. This is to be expected since the distance between scatterings in 

the bevatron is relatively long and the particles have a chance of being 

lost after each scatter. In the cyclotron all the scattering in the 

target occurs in such a short distance that only the resultant multiple 

scattering distribution is important in determining the number of 



particles lost from the beam. Thus one would expect particles to be 

lost faster in the bevatron gas scattering case than in the cyclotron 
/ 

target scattering case. 

An absolute multiple traversal curve based on certain simplifying 

physical assumptions can be calculated. The frequency of vertical os-

cillations in the cyclotron is gi~en by: 

where n is the logarithmic decrement of the magnetic field and f 0 is the 

frequency of revolution of the particles in the cyclotron. At 80.5-inch 

radius n = 0.12 and fv = 0.35 f 0 • No attempt was made to take into 

account the variation of n for a particle which was oscillating radially. 

It can be shown that the maximum allowable scattering angle for a par-, 

ticle to escape being cut out by the dee is given by: 

Elm= vnL 
r 

where y is the vertical aperture of the dee and r is the radius from' the 

center of the' cyclotron •. Furthermore~ the number of· particles"a8qu~r:ing 
-. ~, ·"': .... -

vertical oscillations greater than those allowed by the dee and thus re-/ 

moved from the beam after each traversal of the target can be calculated 

if the following assumptions are made. First, the particles as they 

approach the target for the first time have approximately a Gaussian 

distribution of amplitudes of vertical oscillation with a half-width of 

about half the maximum allowed by the dee. Second, the particles on 

passing through the target acquire an additional Gaussian distribution 

of amplitudes of vertical oscillation because of multiple scattering in 

the target. The width of the resultant distribution may be taken as the 

square root of the sum of the squares of the widths of the individual 
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distributions. Third, energy loss in the target and scattering. in the 

horizontal plane do not remove particles from the beam. If the path of 

a particle with losses of the order of 100 Mev at 80.5-inch radius is 

plotted, it is seen that the particle will describe an approximate circle 

of much smaller radius but with its center displaced so that the particle 

comes back to within a few tenths of an inch of where it struck the tar-

get. This can be regarded as an enormous radial oscillation of the par-

ticle about a smaller equilibrium orbit which is centered in the cyclo-

tron. The maximum of this oscillation will precess until the particle 

strikes the target again. In most cases the ~ffect of scattering in the 

horizontal plane is small compared to the effect of energy loss in the 

target on the resultant orbit of- the particle. Fourth, the root mean 

square amplitude of oscillation of the particles can never exceed a 

value obtained by compounding the maximum amplitude passed by the dee 

and the amplitude acquired in one passage through the target. Using 
'; 

these assumptions and taking into account absorption on thick targets 

one can calculate the rate of removal of particles from the beam and the 

average number of traversals expected through a given target. For thick 

targets in which the root mean square scattering angle in one traversal 

of the target is comparable to the maximum allowable scattering angle, 

approximately a constant fraction of the beam survives after each trav-

ersal of the target. For thin targets the .survival fraction is not con-

stant but gradually decreases to a constant value as the number of trav-

ersals increases. 

The result of these· calculations is shown in Figure 7, curve B. 

The calculated curve agrees with the data fairly well for thin targets 

and for thick targets but is high in the intermediate region by a factor 
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of up to 1.7. The agreement for thin targets is fortuitous since in 

this region the calculated curve is strongly dependent upon the first 

assumption. However,· the general shape of the curve and the approximate 

magnitude of the absolute calculated values is in agreement with the ob

served values. Evidently particles are lost from the beam slightly 

faster than can ·be accounted for with the above assumptions. This type 

of calculation could be considered as giving a maximum value for multi

ple traversals. 

In Figure 8 the distribution of the monitor activity as a function 

of the distance from the edge of the target is shown for several targets. 

It can be seen that the beam penetrates more deeply into thin targets 

than into thick targets. For the one-inch copper target about 80 per

cent of the beam is concentrated in the first two millimeters from the 

edge of the target. For the thinnest target, 0.0015-inch aluminum, 

about 30 percent of the activity is in the.first 2 millimeters. It 

should be noted that even though only a few percent of the total effec

tive beam is passing through the target clamps in the case of the thin 

aluminum target, that this is almost equal to ~he total beam passing 

through the.one-inch copper target. 

D. Conclusions 

These results have several obvious implications. First, if a large 

effective beam or high specific activity in the target is desired, a 

thin target should be used. However, if the largest total production 

of particles or activity is desired, a thick target should be used. The 

decrease in yield as a result of less target atoms in the path of the 

beam is only partially compensated for by the increase caused by multi

ple traversals. Second, in calculating the energy distribution of par-
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ticles which react in the target one must take into account that some of 

the particles have passed through the target several times. Third, one 

must consider the possibility of an appreciable fraction of the beam 

penetrating deeply into the target. This is particularly important when 

very thin targets are used and part of the beam penetrates the target 

holder which may be much thicker than the target. In this case a signi-

.ficant ffaction of the interaction of the beam with the target may occur 

in the·target holder. 

'· Jt seems reasonable that these results should apply to other parti-

cles which are used at about the same radius in the 184-inch cyclotron 

if the proper multiple scattering angle is calculated. The calculation 

of the multiple scattering angle takes into account the energy, mass and 

charge of the particle. At a different radius or in another cyclotron 

the shape of the magnetic field and thus the dependence of number of 

traversals on 'multiple scattering angle would be different. In this 

case an approximate calculation as described above or another experimen-

tal determination must be made. The accuracy of .the calculation is in-

dicated by a comparison of curve B with the experimental curve in Figure 

If these results are accepted as applying to deuterons, one can 

·estimate the additional average energy less of the deuterons in the tar-

get because of multiple traversals. This results in a lowering of the 

peak of th~ predicted energy distribution of the neutrons or protons 

from stripping. , If this correction is made, the predictions come into 

slightly better agreement with the experimental results on the energy 

. t 0 b t. f 8 9 f . . 190 d~s r~ u lons o protons and neutrons rom str~pp~ng of Mev deu-

terons. The low energy tail on the neutron distribution also can be 
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explained in this manner. The correction amounts to a lowering of the 

peak energy by 2.5 Mey in the proton experiments in which a 1/16-inch 

copper target was used, and by about 4 Mev in the neutron experiments 

in which a 1/2-inch beryllium target was used. 

An estimate of the actual energy distribution of the particles in-

teracting with the target can be made. Using the calculation described 

above plus a form factor which makes the calculated curve fit the experi-

mental results, the fraction of the beam which passes through the target 

n times can be estimated. For thick targets this amounts to about the 
( 

same as taking the experimental value from Figure 7 for the average num-

ber of traversals and using the terms of a geometric series which sums 

to this value to represent the survival fraction of the beam. The dis-

tribution is shown for several targets in Figure 9. This procedure as-

· sumes a monochromatic incident beam. It is known that radial oscilla-

- tions occur in the cyclotron which must have some effect on the energies· 

of particles which strike the target.
7 

Although there is little direct 

experimental evidence to fix the magnitude of this effect, it is thought 

that the amplitude of radial oscillations is of the order of 2 inches at 

.a radius of 80 or 81 inches in the 184-inch cyclotron. Since a particle 

should strike the target near the maximum of its oscillation, the effec-

tive radius of curvature of the particle when it strikes the target may 

be from 0 to 2 inches less than the nominal radius of curvature. If the 

assumption is made that the radii of curvature of the particles are uni-

formly distributed through this range, then there is a width of about 15 

Mev in the incident 340 Mev proton beam and about 10 Mev in the 190 Mev 

' deuteron beam. The effect of superimposing this width on that of ioniza-

tion energy loss including multiple traversals is shown in Figure 10. 
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The tails of. the distributions in Figures 9 and 10 for very large energy 

degradation should not be taken too seriously. The changes in scatter-

i:r.1g, rate of ionization energy loss and attenuation with energy have 

been neglected. 

Combining the factors of neutron y,ield per atom as a function of Z, 
6 

barrier energy loss, ionization energy loss in target and multiple 

traversals, one can make the following predictions about the neutron 

beam from the stripping of 190 Mev dueterons. A thin target of low Z 

should give the highest peak energy but low yield. A very thin target 

of high Z should give the least spread in energy because of ionization 

loss in the target but very low yield. A thick target of low Z should 

give the highest yield but wide energy distribution. For optimum per-

formance combining low barrier energy loss, narrow distribution and high 

yield, a beryllium target about 1/4 or 1/2 inch thick should be used. 

In this particular case one must consider that the stripping process 
. . . . 

itself gives a broad neutron energy distribution so that little is 

gainea by going to a thin target of high Z which gives the sharpest 

incident beam. Similar considerations may be applied to the selection 

of targets for other purposes. 

Experiments on multiple traversals have also been carried out on 

the cyclotron at Harwell
16

'
30 

and at Rochester
31 

but have not been pub-

lished yet so that no detailed comparison of the results can be made. 

Qualtitatively, at least, it is known that the results are similar. 
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VI. TABLES 

Table I 

Relative ne~tron yields per atom for targets 
bombarded with 190 Mev deuterons. 

Target Thickness Yield in Forward Relative 
Forward Direction Total Yield 

Direction Probability 

Be 0.25" 0.93 0.995 0.93 

c 0.25 11 1.00 0.99 1.00 

Al 0.25" 1.34 0 •• t:n 1.37 

Cu 0.25 11 , 0.20" 1.44 0.90 1.58 

Ag 0.184 11 1.88 0.85 2.19 

Pb 0.25 11 , 0.21 11 2.69 0.73 3.65 

u p.l21 11 2.77 0.71\ 3.86 
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Table II 

Relative neutron yields per atom in the forward 
direction from targets bombarded with 340 Mev protons 

Target Thickness Relative 
Neutron Yield 

Be 0.25 11 , 0.50 11 1.5 

c 0.25 11 , 0.50 11 1.0 

Al 0.25n, 0.'50 11 2.1 

Cu o. 20 11 , 0.25 11 3.7 

Ag 0.184 11 5.8 

Pb 0.21 11 , 0.25 11 
l 8.3 

u 0.12", 0.25 11 8.9 
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Table III 

Data obtained by direct comparison of activities produced by 
340 Mev proton beam in monitors attached to different targets. 
In each run the four targets were bombarded under identical 

cyclotron operation conditions. 

Target 

Al 

Al 

Al 

Al 

Be 

Al 

Cu 

Pb 

Be 

Al 

Cu 

Pb 

_J~ 

Thickness 
in Inches 

0.0015 

0.0115 

0.126 

0.758 

0.750 

0.160 

0.024 

0.009 

0.25 

0.25 

0.25 

0.25 

Multiple Scattering 
Angle in Milliradians 

0.48 

1.33 

4.4 

10.8 

5.0 

5.0 

4.9 . 

5.0 

2.9 

6.2 

16.0 

26.6 

Relative Flux 
through Target 

9.3 

5.3 

2.0 

1.00 

0.92 

1.08 

1.02 

0.97 

4.5 

1.9 

1.4 

1.00 
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VII. FIGURES 

Figure 1. Arrangement of apparatus. 

Figure 2. Device for rotating targets. 

Figure 3. ·Sample counting rate versus bias voltage curve for a bismuth 

fission counter. 

Figure 4. Relative neutron yields in the forward direction from targets· 

bombarded with 190 Mev deuterons. The crosses are the ob

served neutron yields in the forward direction in arbitrary 

units. The solid circles are ,calculated points which deter

mine curves I and II. Curve I (solid) shows the values pre

dicted by stripping theory relative to the value for carbon.·· 

Curve II (dotted) shows the values obtained by adding a 

function proportibnal to z2 to the stripping t~eory values. 

A probable error of ~ 6 percent is shown on each point except 

the value for carbon to which the other values are relative. 

Figure 5. Relative neutron yields in the forward direction from targets 

bombarded with 340 Mev protons. 

Figure 6. Average number of traversals of 340 Mev proton beam through 

various targets. Abscissa is the inverse of the root/mean 

square multiple scattering angle of the target to the beam. 

The vertical scale has been adjusted so that the curve ex

trapolates to a value of one. 

Figure 7. Average number of traversals of 340 Mev proton beam through 

· targets as a function of multiple scattering angle of target. 

Solid line is a smooth curve drawn through the experimental 

points. Dotted line {A) is a theoretical curve based on re

moval of particles from beam by gas scattering. Dashed line 
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(B) is an approximate calculation for removal of particles 

from beam after scattering in target. 

Figure 8. Distribution of activity in monitors attached to various 

targets as a function of distance from edge of target. The 

distributions are only valid up to 1.25 em for the target 

thiqkness indicated (see text). The multiple scattering 

angle of each target to 340 Mev protons is indicated·near 

each histogram. The total area ofeach histogram is proper-

tional to the average number of traversals of the beam 

through the corresponding target. 

Figure 9.. Spread in energy of proton beam from ionization energy loss 

and multiple traversals. N(E) is proportional to the num?er 

of particles which have an energy E as they pass through the 

target. The incident beam is assumed to be monochromatic at 

345 Mev. Curve A is for a 2-inch beryllium target, curve B 

for a 0.4-inch beryllium target~ curve C for a 0.040-inch 

wolfram target. 

Figure 10. Spread in energy of proton beam from ionization energy loss, 

multip~e traversals, and radial oscillations. N(E) is pro-

portional to the number of particles which have an energy E 

as they pass through the target. The incident beam is as-

sumed to be squaretin energy distribution with a maximum of 

345 Mev and a width of 15 Mev from radial oscillations. 

Curve A is for a 2-inch beryllium target, curve B for a 0.4-

inch beryllium target~ curve C for a 0.040-inch wolfram tar-

get. 
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