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Summary

The electromagnetic cascades produced by 6.3 Gev
bremsstrahlung in lead, copper and heavy concrete
have been measured by means of an ionization
chamber, The measured transition curves are
compared with existing Monte Carlo calculations;
data useful for shielding calculations are given.
Neutrons produced by the cascades are measured by
activation foils in several energy ranges, the
results are compared with estimates. The angular
distributions of the neutrons and in some cases

their attenuation by the material are presented.



1. Introduction
Whereas most experiments in high-energy physics deal with
the interaction of individual particles, measurements on cascades
consider the total interaction of a beam of particles with a block
of compact material. These experiments have two main purposes,
either comparison of experimental results with earlier theoretical
calculations, or the collection of data for shielding evaluations.
If the incident beam of particles is either electrons
or Y rays, the particles produced in the compact medium can be
divided into two types, according to their interactions: electrons

or Y-quanta, representing the electromagnetic cascade, and strongly

interacting particles, the results of photoproduction, which go on to
produce further particles by nuclear processes.
Measurements of electromagnetic cascades have been made by
. . R 1 N . 2
various methods, using ionization chambers , scintillation counters s
. . 3 4 : o7 A
photographic emulsions”, spark cnambers', cloud chambers y Cerenkov
8 9 s 10
counters”, bubble chambers”, and thermo-luminescent crystals e

"he wbove papers, apart from the high-energy work in ref. 5, deal




with the energy range up to 1 Gev. The present paper describes
measurements made on electromagnetic cascades produced in lead,
copPer, and heavy concrete by 6.3 Gev bremsstrahlung. In the cases
of lead and copper the experimental results could be compared with
explicit Monte-Carlo calculations for the longitudinal and lateral
development of the cascadeqq. Heavy concrete is of interest for
shiglding purposes. The measurements were made with an ionization
chamber in a target formed of a stack of plates of the particular
material.

Many papers have appeared on the possible individual pro-
cesses whereby strongly interacting particles are produced by photons,
but no measurements are available on photoproduction through electro-
magnetic cascades. One is therefore forced toAresort to estimates
from cascade theory13 (see also ref. 12). Measurements were therefore
carried out using nuclear emulsion plates and activaled films, which
would throw light on the production and subsequent scattering of

neutrons (and protons) of various energy ranges. These measurements

were made both in the stacks used in the cascade determinations, and



also in thick targets. The neutron and proton components of the
radiation are of particular interest in shielding problems. The
results obtained from the nuclear emulsion plates will not be
presented in this paper because the evaluations now carried out
by C. Passow*, K. Heinze**, and L. Hoffmann*** are still in
progress.,
2 EBExperimental Layout

The Y rays used in the experiment were produced by 6.3
Gev electrons from the synchrotron striking an internal tantalum
target plate 0.5 mm thick. About 22 m from the target was a lead
collimator 1 em in diameter, followed by a magnet to remove charged
particles from the Y ray beam. The beam remained in vacuum within the
synchrotron ring and while it was led through the shielding wall into
the experimental hall, but passed through air in the hall itself.

The experimental layout is shown in Figure 1.

* Institute of Experimental Nuclear Physics, Karlsruhe.

** Industrial Association for Radiation Protection, Technische
Hochschule, Hannover,

***  CERN, Geneva.



The thin-walled ionization chamber (wall thickness
2 x 10~ radiation lengths) served as a beam monitor and was
calibrated before aach measurement against the quantum counter.
Since the ionization chamber was also sensitive to the synchrotron
radiation of accelerating particles, this had to be eliminated using
2 mm thick lead gheet in front of the collimator.

The entire region was shielded by concrete walls, and was
covered over with concrete slabs.

3. Measurement of t he electro-

magnetic cascade
3.1 Method
Measurement of the particle density at a given depth of
material and the rate of energy loss, and in particular the lateral
distribution, enables cascade calculations to be checked. These

values can be derived from the degree of ionization in an ionization

chamber using the Bragg-Gray princip1e17. Since the calculations
assume an infinitely narrow beam, a very accurately collimated beam

must be used in the experiments. The focusing of the cascade at

4 Gev is very strong, so that the lateral flux density gradient is



very high., To measure this lateral distribution, the detector must

not be moved in either a slit or hole, but must always be shielded

from the axis of the cascade by material, so that any side-scattered part-
icles are immedlately reabsorbed.

The detector must be made sufficiently small to be able to
measure the flux gradient, and also sufficiently thin so that any
differences in its critical energy with réspect to the material being
studied do not introduce distortions into the cascade16.

Measurement of the dose rate in air behind a specific thick-
ness of material, or else in a probe cavity, yieids information
concerning shielding calculations in which the absorption rate in
tissue, or as an approximation in air, is required rather than a
particle flux. H

Ideally, one would use an ionization chamber whose wall
thickness was known to be equivalent to the depth of tissue being

investigated. Also, the incident beam must have a diameter that is

commonly used in practice.



Measurements were made between the plates of the stack of
the material being examined with a small plexiglass ionization
chamber (30 mn> in volume, wall thickness 4 x 107 radiation
lengths, air-filled). These gave data useful for shielding calcu-
lations, and enabled a comparison to be made with existing Monte-
Carlo calculations, The lateral distribution thus obtained does not
allow, for the reasons given above, é direct compariscon with
theoretical distributions. However, the chamber is sufficiently
small to give the longitudinal distribution of the cascade, calculated
by integrating across the lateral distribution between each plate*.
Since the chamber is not made of the material being investigated,
(particularly difficult in the case of concrete) it is not possible
to calculate the rate of energy deposition with the aid of the Bragg-
Gray principle. Instead, the longitudinal distribution must be so
normalised that its integral is equal to the total incident energy,
On the other hand, the plexiglass chamber used gives dose values

important for shielding calculations.

* It is planned to measure the true lateral distribution with
luminescent glass using a different experimental layout.



At greater distances from the beam axis a more
sensitive chamber 1 cm3 in volume was used. The distance of the

chamber from the axis could be changed by remote control. The stack

of plates consisted of 40 x 40 cm2 sheets hanging c¢losely one after the
other. Immediately in front of the stack there was a 20 cm long lead
collimator with a 40 mm aperture. Table 1 shows the thickness of
plates used, and a156 the values used for the radiation lengths Xo

(ref. 14)., The composition of the concrete is given in Table 2.

Table 1., Decay coefficients of the electro-

magnetic cascade in various stacks.

Amin
calculated from its composition

and Xo for concrete were

Material [|[Radiation | Sheet thickness Amin qcascade A (0°)
length X - o -l
(em) ° | (em) | (x) | (em Ty | (em™ | (en™)
Lead 0.56 0.5 0.89 0.47 0.49 0,1
Copper 1.45 0.8 0.55 0.27 0.25 0.27
Heavy concrete 5.0 5.0 1,00 0.091 0.070 0.09
(Cp = 30? g/cn‘!})
]




Table 2, Composition of the heavy concrete
Elenent Fraction by weight

0.004

04344
Mgz 0,019
Al 0,010
Si 0.060
Ca 0.048
Mn 0.001
Fe ‘ 0.505

3.c Bxperimental Results

Figure 2 shows the measured profile of the incident beam
just in front of the stack of plates.
The doses in this and all following results are normalized
to an incident flux of 5 x 109 equivalent quanta. The flux measured
in the center of the beam is due mainly to cascade formation in the
air path, while the wings are due to back scattering from the
material, This is noticeably stronger in the case of lead, as was shown
again by measurements in the stack. In the case of copper and

conerete, omission of the plates behind the ionization chamber
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produced no measureable difference in comparison with the measure-
ments with further plates behind it. Figures 3a - 3¢ show the integral
over the lateral distribution plotted against the penetration depth t
of the cascade. The ordinate gives the percentage of incident energy
lost in each plate of thickness X (1 radiation length). In the
integration, the last used interval contributed only 0.5% to the
final value.

Longitudinal development of the electromagnetic cascade in
heavy concrete, copper, and lead; measured values and Monte-Carlo
calculations are shown. The ordinate gives the percentage of incident
energy absorbed in one plate of thickness Xo. For concrete, a curve
is drawn in through the experimental points. The last point of the
lead curve is too low because of the lack of further back scattering.

The transition curves obtained for copper and lead can be
compared with Monte-Carlo calculations due to V61k9111. These calecu-
lations allow for, in the case of electrons, bremsstrahlung, Moller

scattering, multiple scattering, and ionization losses, and in the case

of photons for pair production, Compton scattering and photoelectric
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effects. Electrons were followed down to a cutoff energy of 1.5
Mev; photons to 0.25 Mev. In the case of copper, (Figure 3b),
the rate of energy loss was calculated both for incident 6 Gev
electrons, and also for an incident bremsstrahlung spectrum having
a maximum energy of 6 Gev. As can be seen, these calculated curves

differ only at the beginning of the cascade. The calculated curve for
an incident bremsstrahlung spectrum agrees very well with the
experimental values. In the case of lead, calculations are only
available for incident electrons, so that the experimental and the
theoretical curves differ slightly at the start of the cascade (Figure 3¢c).
The position of the maximum can be expressed by the formula:
toax = IB(E/E) - k (1)

where t . is measured in radiation lengths, Eo is the initial

/2.3, ott” gives values of k as 1.3 for lead

energy, and Ec = Ecrit

and 1.6 for copper, both values agreeing well with the experimental
results.
The decay of the cascade is approximately exponential with

the minimum absorption coefficient for the particular material.
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Table 1 shows the coefficients deduced from Figure 3 (A )

cascade

together with the minimum absorption coefficient (A Within the

min)‘
limits of experimental error, these walues agree for copper and lead,
but the cascade in heavy concrete decays more slowly than would be
given by the minimum absorption coefficient. This difference can
probably be traced back to the wide absorption minimum of materials
with low 2, 1in which photons suffer little deviation from the
forward directlon as a result of Compton scattering.

The doses measured on the axis of the cascade are plotted
against the cascade length in cm in Figure 4. They give the maximum
dose méasured behind a shield of given thickness, as a resuli of an
incident beam of 5 x 109 equivalent quanta at 6.3 Gev. The curve for
lead ( A( 0°) in Table 1) falls off far more rapidly than expected
from the minimum absorption coefficient, because the low-energy
particles are scattered away from the axis. In the case of copper and
concrete, the curve falls as predicted by the minimum absorption co-

efficient, i.e. lor the reasons given above, more rapidly than the

curves in Figure 3,
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Figure 5 shows the general distribution of radiation
measured behind concrete, both parallel and perpendicular to the

cascade axis. Lines of equal dose rate are drawn in,

4. Production of neutrons by the

electromagnetic cascade

As mentioned in the introduction, the production of
particles due to cascades produced by incident 6.3 Gev bremsstrahlung
was examined, in addition to the development of the cascade itself,
The photoproduction of neutrons and protons at complex nuclei is due
to three main processes. At low Y-ray energies (10-20 Mev) photons
are absorbed mainly through resonance as a result of a dipole inter-
action (giant resonance). Decay of the compound nucleus thus formed
generally gives a (Y,n) or a (Y,pl) reaction. The collision cross-
sections for these are known., Processes like (Y,2n), (Y,np), and so
on are less frequent.

At higher energies, the collision cross-sections for this
type of photon absorption fall rapidly because the shorter wavelength

of the photon prevents interaction with the entire nucleus, and
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interaction proceeds only with part of the hucleus. Mainly n-p
pairs are produced by photo~splitting of quasi~denterons. Accord-
ing to Levinger18, above energies of about 100 Mev the collision
crogs-section for this type of reaction can be written :

o(Y,np) = L(NZ/A)o, (2)
where N and % &are the numbers of neutrons and protons respectively,
and A is the atomic welght of the nucleus. I is the known
collision cross-section for the photo-splitting of deuterons.
Levinger gives the value of L as 6.4, but measurements to determine
this quantity give contradictory results (see section 4.2.2).

Above energies of 300 Mev, the cross-section for this
reaction falls off approximately as the third power of the photon
energy, so that above 500 Mev this reaction is no longer of importance.
Particle production in this high-energy region is the result of photon-
production of W-mesons. Using nuclear tracking plates, Roos and
Peterson ’ showed that in complex nuclei about 80% of the ¥ -mesons
produced are absorbed in the same nucleus. Generally, this leads to

the dvelopment of an intranuclear cascade, followed by a damping
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process and then to l‘star' production, so that the net result is
the emission of low-energy neutrons and protons,

Since knowledge of the collision cross-sections is

sufficient in the reactiom listed above, except in the region of
main resonance, calculations of particle production in thick targets
where the electromagnetic cascade is fully developed become
increasingly inaccurate. To obtain experimental information on this
point for the case of incident 6 Gev bremsstrahlung, we examined
the production of low-energy neutrons in two bands {1 kev to 10 Mev and
2.5 Mev to 25 Mev) and of high-energy neutrons and protons above
25 Mev, Cylindrical targets of aluminum, copper, and lead were used. .
In addition, the spreading out of neutrons of energy below 25 Mev
was studied in stacks of plates of copper and lead placed in the same
way as in section 3.

4,17 Neutrons with energy below 25 Mev

4,17 Methoad
Phe flux density of low-energy neutrons below 10 Mev can

20’21. An

easily be measured with the aid of an activation method
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indium foil (2.9 cm in diameter, thickness 0.01 em) is placed in
the center of a paraffin wax sphere (15 ¢m in diameter) covered
with a layer of cadmiut, The B=activity of the foil due to the
{n,Y) reaction with 'thermalized' neutrons is measured. The
sensitivity curve of this arangement was determined with the van der
Graf accelerator of the IInd Physical Institute of the University of
Hamburg, using the common neutron-producing reactions t(p,n)He3
and t(d,n)Heu. The results’are shown in Pigure 6, together
with curves from refs., 20 and 21, It is assumed that this method is
sensitive to neutrons between 1 kev and 10 Mev., The smallest measur-
able neutron flux is about 0.5 n/cmesec.

In the measurements on the stacks of plates the sphere is
directly in a high-energy beam, and one has to be sure that no un-
wanted B-activity can occur. The time decay of the indium activity
was measured over a period of 10 half-lives and no variation from the
standard 5% min half-life was found. Only after that length of time
was a long half-1ife component discovered, probably due to the

reaction lnﬁs(Y,n)ln114 with a half-life of 49 days. It was also
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shown that if the paraffin wax was removed from the cadmium shell,
the activity of the indium was only 2 to 3% of that with the
paraffin wax present, all other conditions being equal. Thus the
activity is due to epithermal neutrons, and the spurious activity
produced by high-~energy neutrons or Y-rays need not be considered.

Since low-energy neutrons were measured by the indium-
paraffin wax sphere, the background level in the concrete-walled
experimental region was high. Measurements on the thick targets were
made at various distances, to determine the necessary correction
factors.

The upper limit of 10 Mev of the indium-paraffin wax method
is rather low for the study of the glantresonance neutrons, and for
this reason activation measurements of the (n,p) reaction on
phosphorus were carried out. The cross-section for this reaction is
shown in Figure 7, and a mean value of 82 mb was used in the calcu-
lations. We assume that this reaction measures neutrons in the energy
range of 2.5 to 25 Mev,

The use of this reaction, whose cross=section is 3 orders
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of magnitude smaller than the (n,Y) reaction on ingium

described above, leads to difficulties if, when placed in a high-
energy beam, a large number of side reactions are energetically
possible as well as the one required for the detection of neutrons,
However, all nuc¢lei lighter than P31 have half-1iwves one magnitude

longer or shorter than that of 8131, with the exception of F18.

8 ftrom P2 by high-

The cross-section for the production of F1
energy neutrons or protons is not known, but it can be estimated
at ~5 mb from the production of F18 from other nuclei {see for
example the synthesis due to Bruninxaa). The cross-section for
-the photoproduction of '8 from P2 is about 0.5 mb  (from
estimates similar to the considerations mentioned in section 5).
In fact, no deviation from the known half-life of Si31 accurred
before 5 halfwlife periods during measurements made on the copper
plate stack; only after this time was an unidentified longer-lived
reaction product observed., The competing reaction, P31(p, p'?|”+)3131

can be neglected,

For the measurement, 4 g of powdered red phosphorus were
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sealed into a small polythene bag., After irradiation, the
phosphorus was shaken onto flat dishes and its P-activity was
determined with a 2% =flux counter provided with an anti-
coincidence device. The neutron sensitivity of the method was
found by calibration against a Po-Be source, allowing for the
change of cross-section with the known neutron-spectrum of the source.
With a zero reading of the B-counter of 0.1 pulses per minute and a
useful counter area of cme, the smallest measurable neutron flux
was about 100 n/cmesec.

Background measurements in the experimental region show that
the background radiation is not important in measurements on phosphorus.

The experimental errors in these activation measurements are

about 15 te 20%.

4,1,2 Experimental Result s and

Discussion

a) Measurements on thick targets

To find the number of neutrons produced with energies below

25 Mev, largely the giant-resonance neutrons, a target having an
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optimum size must be used, i.e. one that is sufficiently -thick to
allow maximum neutron production by low-energy photons, and yet not
so large that the neutrons are absorbed to an appreciable extent.
Neutron multiplication by the (n,2n) reactions, or 'star'
formation need noi be considered. The length of target necessary
for this optimum condition was studied, in the case of lead, with
the indium-paraffin wax sphere. After 10 cm of lead the neutron
production rate became constant, while 50 and 90% of this rate were
observed through 4 cm and 7 cm respectively. These values agree
with the above-mentioned Vélkel's Monte-Carlo calculationsqq, which

show that for an incident beam of & Gev electrons or Y-rays the
maximum number of photons with energies in the range of 10 to 20 Mev

occurs around 7 radiation lengths, equivalent to 4 cm. Various
measurements were made on copper to find the diameter of the optimum
target. A change of diameter from 5 cm to 12 om increased the neutron
production rate by only 10 to 20%, which is understandable consider-
ing the small lateral spread of the electromagnetic cascate. The

length of the optimum target for copper was 25 cm. The aluminum

target was 110 cm long, with a diameter of 20 cm.
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The angular distribution of the low-energy neutrons was
examined with both detecting methods using a 10 cm long copper
target, Within the limits of experimental error, the indium-
paraffin wax sphere showed an isotropic distribuﬁion; the
phosphorus method showed a small forward maximum, with 60% of all
neutrons between O and 90°. Giant resonance neutrons thus have an
angular distribution symmetric over 900, or possibly even isotropic,
whether they are produced by evaporation of a compound nucleus or
are emitted by a direct interactioan. A fraction of neutrons with
energies around 10 Mev is then due to high-energy processes.

The results of integration over the angular distribution-
of the neutrons produced, and normalised to an incident flux of
5.109 equivalent quanta are shown in lines 1 and 2 of Table 3.
Since the energy ranges of the two detecting methods partly overlap,
the total number of neutrons below 25 Mev was arbitrarily taken as the
number detected by the indium-paraffin wax method, plus half those
measured with the phosphorus. These numbers are shown in line %.

The total experimental error is then about 25%.
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The measuréd values can now be compared with general
estimates to test the usefulness of this easily performed
calculation. Let o(k) be the reaction cross-section of a
process in which a particle is produced from a ¥ quantum with
an energy k above the threshold energy for the process, ES.

If the target is sufficiently thick for the electro-
magnetic cascade produced by an electron or photon of energy E0
to be fully developed, then the track length, and thus the distance
traveled by all cascade photons with energies between k and
k + dk is given approximately by

g(B_,k)dk = 0.57 XO(EO/kz)dk (3)

(see Rossi13). XO is the radiation'length of the target material.
Only pair production and bremsstrahlung in the cascade are allowed
for in the dervation of this equation. Zerby and Moran23 have
shown by Monte-Carlo calculations which ineluded Compton effect and
ionization losses, that eq. (3) is a good approximation for Y energies

k in the range

BE <k < 0,68 (4)
C O
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(where E, is the critical energy).

The particle yield per incident electron or equivalent

Y quantum comes out as

&
1

E()
n f:ﬁ G(k)g(Eo,k)dk (5)

S

3

n being the number of atoms per c¢m”,
Ref. 24 pives the integrated cross-section up to 25 Mev
together with the corresponding resonance energies necessary for the
calculation of the yield of giant resonance neutrons., The resulis of
these calculations are shown in line 4 of Table 3. Y-Quanta with ener-
gies in excess of 25 Mev also contribute to the production of low-
energy neutrons, this contribution can be estimated from a paper by
Jones and Terwilligeres. The latter authors determined the pro-
duction cross-section for neutrons by Y-rays with energies up to
320 Mev, using a long counter as a neutron detector. It is known that

the sensitivity of this device falls sharply above 14 Mev, so that

we can assume any detected neutrons to have energies below 25 Mev.
This means that we can use the neutron cross-sections measured by

Jones and Terwilliger in the calculations of the neutron yield. The



total number of neutrons with energies below 25 Mev produced by

Y-quanta up to 320 Mev is shown in line 5 of Talle 3.

Table 5

Numbers of neutrons or protons in various energy

ranges produced by 6.3 Gev bremsstrahlung in

optimum targets made of aluminum, copper or lead.

2h

Incident beam normalised to 5.109 equivalent quanta

Al

Cu

Pb

1)

2)

3)

L)

15)

No. of neutrons between 1 kev and
10 Mev (measurement)

No. of neutrons between 2.5 Mev
and 25 Mev (measurement)

No. of neutrons below 25 Mev =(row 1)
+ 0,5 {row 2)

No. of low-energy neutrons produced
by Y-quanta with energies below
25 Mev (estimate)

No. of low-energy neutrons (below
25 Mev) produced by Y-quanta
with energies below 320 Mev (estimate

o x 107

2e3

3.8

6.0

9.6 x 107
2.6

10,9

7-0

9.2

10.8 x 107

4.5

13,0

10.4

1240

6)

7)

8)

to. of neutrons and protons with
energies above 25 Mev (measurement)

No. of protons and neutrons pro-
duced by the splitting of quasi-
deuterons (estimate)

No. of neutrons and protons with
energies above 25 Mev produced
by meson reactions (estimate)

0.88 x 10°

0.29

0,06

0.60 x 10°

0.16

0.03

0.42 x 107

0.080

0.02
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As can be seen, there is a good agreement between the
experimental results and the simplified estimates made using
equations (3) and (5), even though, in the case of aluminum,
eq.{%4) no longer holds for the giant resonance neutrons. Apparently
the measurement range of the indium-paraffin wax sphere is adequate
to detect the giantresonance neutrons, whereas the total number of
neutrons with energies below 25 Mev, a considerable fraction of
which are due to high-energy processes, is best measured by the
combination of the indium-paraffin wax sphere with a phosphorus
detector.

The production rate for giant resonance neutrons was also
measured when the incident beam of bremsstrahlung had a maximum
energy of 3,0 Gev. As expected, this showed (within an experimental
error.of 10%) that in this energy range, the yield of neutrons is
proportional to the maximum bremsstrahlung energy.

b) Measurements on plate stacks

The distribution of low-energy neutrons was studied by

both detecting methods in the copper and lead stacks described in
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section 3. Since the paraffin sphere had a diameter of 15 em, only
one was introduced into the stacks, whereas the several phosphorus
samples were irradiated in different gaps at the same time.
Figures 8 and 9 show the neutron flux densities obtained in
this way, measured in the direction of the beam, normalised for
an incident beam of 5 x 109 equivalent quanta per second. The
measured maxima of these curves again coincide with the maximum number
of Y-rays in the cascade with energies between 10 and 20 Mev (compare
subsection a).

The relation governing the curve maximum for a material
does not agree with the production rates as measured by the two methods.

This is because the two methods measure an average flux density over

the volume of the detector, and this is very different in the two cases.
In order to give a number to the decay of neutron flux as
measured by the phosphorus detector, it is necessary to assume an
equation of the form :
g x  (/ee 2T )

taken from diffusion theory. By fitting this to the results, we
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obtain values of the macroscopic reaction cross-section :E:,
being 0.18 en”) for copper (for distances between 10 and 50 cm from
the meximum) and 0.29 em”| for lead (distances 6 to 22 cm from
the maximum). The phosphorus method has a lower detection limit
of 2.5 Mev, which corresponds to thecondition for the measurement
of removal-reaction cross-sections in reactor shielding. However,
the results for lead are noticeably different from the usual values
of the removal-reaction cross-section, (0,12 an”! for lead, 0.21 —
for copper) because of the different neutron spectrum. The value
of :E: is higher in lead than in copper because fewer high-~energy
neutrons are produced in lead (see section 4.2 and line 6 of Table 3).

The rate of fall of the neutron component measured by the
indium-paraffin wax sphere is considerably slower, because the decay
in the number of high-energy neutrons is superimposed on the build-up
of low-energy neutrons. Obviously, equilibrium between high-
energy (10 Mev) and low-energy { < 1 Mev) neutrons has not yet set in,

even at the largest distances measured. Moreover, at small distances,

the size of the detector has an effect on the rate of fall of the curves.
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That a pure exponential function is obtained (within the experi-
mental error), is probably due to chance. The decay coefficients
taken from the gradient of the straight part, which therefore
allows for the dependance on distance, are 0,11 cm"1 for copper
and 0.095 c:.m“1 for lead.

4,2 Neutrons with energies above 25 Mev

4.2,7 Method

A well knouwn activation method for the detection of high=-
energy neutrons and protons is the activation of plastic scintill-
ators by the reaction 012(n,2n)01q. The reaction threshold is 20 Mev.
However, with electron accelerators this reaction can only be used
in special cases since it is generally masked by the (Y,n) process.
A choice of an alternative reaction must allow for the desirability
of a high Y-threshold, whilst keeping the neutron threshold around
20 Mev. If chemical separation is to be avoided, only reactions on
light nuclei can be considered, as otherwise the number of competing
reactions becomes too large.

The reactions used for the detection of high-energy
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neutrons and protons were Na23(n, 2p4n)F18 and Na23(p, 3p3n)F18

1
F 8 is a B-emitter, with a half-life of 1.8 hours. The reaction

cross-section for protons is known with sufficient accuracy22'26’27
(see Figure 10). Only one value, at 90 Mev28, is known for
neutrons, but the cross-section should not differ significantly
from that for protons, when measured from the threshold energy.
A mean value of 15 mb was assumed for the calculations. The probes
were made of 4 g of Na,0, sealed in plastic bags. The smallest
detectable neutron flux density was about 7000 n/cm—asec—1.

In preliminary experiments, we discovered that the B-
emitters 011 and N13 formed in the sample no longer disturb
the measurements about an hour after the end of activation. The
formation of Na22 can be neglecﬁed because of its half-life of
2,6 years. The formation of Na24 (with a half life of 15.4 hours)
could not be prevented, despite oadmium shielding around the sample.

1 .
Separation of the activities of F 8 and Na24 therefore required

two measurements of p-activity. The optimum separation of these two
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measurements was found to be between 5 and 15 hours. The reaction
Oqg(p,n)F18 is of no importance owing to the rarity of O18 (0.2%).

Since the chosen detection method cannot be calibrated,
the B-activity of the Na202 sample has to be determined absolutely.
The calculation of the self-absorption of B-rays in Na202
required in the determination was performed by the method due to
Dalton and Kunaish“2. The function Ej(u't) used by them has been
tabulated by Beckurts and WirtZEO. As a check, these self-absorption
calculations were applied to the P31(n.p)Si31 and In115(h,Y)In116

reactions using a calibrated neutron source. Good agreement between

experimental and calculated self-absorptions was obtained for
phosphorus and indium.
b.2,2 Results and Discussion

The angular distribution of neutrons and protons with
energies above 25 Mev was measured on a 10 cm long copper target
(Figure 11). The sharp maximum below 30° is due to high~energy
Y-rays (see section 5). The angular distribution of electrons and

Y-radiation was measured with a small ionization chamber, and shows
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that above 300 only neutrons weredetected, The curve was
therefore extrapolated to between O and 300. As can be seen,
forward scattering is strongly preferred in the energy range above
25 Mev, some 70% of all particles leaving the target with scattering
angles smaller than 900.

The total number of neutrons and protons above 25 Mev
produced by the various targets is sghown in line 6 of Table 3, the
incident flux being normalized to 5 x 109 equivalent quanta.

These values will again be compared with estimates. The
two production reactions that must be considered are stated at the
beginning of section 4.2, The reaction cross-section for the pro-
duction of high-energy neutrons and protons by the glitting of quasi-
deuterons in the nucleus is given by eq. (2). The cross-section for
38-40

photosplitting of dewuterons, db, is known and can be

approximated by :

6, = L}’:_Ji ub for 50 Mev < k < 125 Mev ;
= 57 ub for 125 Mev < k < 300 Mev ; (7)
9
o ded x 107 ub for 300 Mev < k )

K>
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Experimentally determined values of the constant L
are at variance, They rely on measurements of neutrons and protons

31,32

ejected in coincidence , measurements on radicactive end~
products33, and measurements of all the neutrons and protons with
energies above 25 Mev leaving a carbon targeth. Allowances must be
made, for example, for the fact that one of the two nucleons may be
scattered in the producing nucleus, and be consequently lost to a
coincidence measurement, or that in the splitting of the quasi-
deuteron reaction further nucleons are emitted in an evaporation
process, so that a different final nucleus is formed. After allowing
for such effects, a value of L = 3 was chosen. Protons with
energies above 200 Mev can pass through 10 cm of aluminum or 5 cm

of copper or lead, and this was allowed for by introducing a factor
of 2 when Y energies above 300 Mev were used in (7)., Using equations
(7}, (5) and (3), the numbers of neutrons and protons produced were
obtained; these are listed in line 7 of Table 3.

Estimates of the production of high-energy neutrons and

protons by meson effects were made with the aid of a paper by Roos
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19 . .
and Peterson . If we assume that results obtained with nuclear
emision plates for nuclei of mean atomic weight of 50 can be extra-
polated to other nuclei, we obtain the following data :
a) The reaction cross-section for the production of stars
with 2 or more arms is about 250 ub per nucleon for Y-energies above

250 Mev. This number must be multiplied by the atomic weight A

for a nucleus.

b) The mean number of arms per star is approximately
p = 0.1vk for k > 250 Mev (8)
c) For Y-rays with k = 1150 Mev, most of the arms of a star

were identified as proton tracks, with around 1086 having an energy
greater than 25 Mev. According to the Monte-Carlo calculations of
Dostrovslky et al.35, the number of neutrons emitted in an evaporation
process approximates to the number of charged particles. We therefore
assume that the number deduced in b) must be multiplied by 0.1 to
obtain the number of neutrons emitted with energies greater than

25 Mev., The protons need not be considered, as their energy is too low.

a) As mentioned at the beginning of section &, around 80% of all
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interactions between high-energy photons and complex nuclei lead
to star production (see (a) to (c) ). In roughly 20% of all
cases the T -mesons produced leave the nucleus without interaction.
Since they can produce further nuclear reactions, this fraction
will be fully considered.

With this data, we obtain a fairly good value for the
cross section for the production of neutrons and protons with energies

above 25 Mev, through high-energy quanta of energy ki

¢ 23.5x10 0 4 /f+5x 10274 for k> 250 Mev (9)
The yield, which can now be calculated from equations (9), (5), and
(3), is given in line 8 of Table 3.
The table shows to what extent the various processes
contribute to neutron production. It also shows that the two estimates

in lines 7 and 8 cannot explain the number of neutrons and protons
measured by the Na202 sample. Recent measurements of neutron

production rates by Y rays up to 200 Mequ give the unusually high

value of 10 to the constant L in equation (2). This would explain

our results from the splitting of quasideuterons in the case of
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copper and aluminum, but calculations on the lead target still
give a value which is (0% too low., This discrepancy is probably
due to the much larger number of . low=energy neutrons (lines 3 and 5).
If only a fraction of these neutrons had energies abvove 25 Mev, the
experimental results given in line 6 could be explained. This would
imply that most of the neutrons detected by the Na202 me thod had
relatively low energies, possibly lying between 25 and 100 Mev,
5, Other measurements

At first it was planned to study the distribution of
neutrons above 25 Mev in the copper stack, using the NaaO2 sample.
However, measurements in the beam direction gave a maximum, followed
gy a steeply falling exponential (A = 0.35 cm“q), and the cross=-

sectional distribution gave a very small conical spread, with a

cone semi-apical angle of only 5%, This shows that the Na 0, sample

was activated by high-energy photons rather than by neutrons. In
fact, Monte Carlo calculations by Vdlkel show that, with incident
6 Gev electrons, photons in the energy range of 400 to 1000 Mev have

a decay coefficient between 0.3 and 0.4 cm-1 in copper. The calcu-

lated and experimentally obtained positions of the maximum are also
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in agreement. We then attempted to calculate quantitatively.
with the aid of the papers by Roos and Peterson and by Vélkel, the
photon-induced activation of an N3202 sample in the copper stack.
We assumed that the results from nuclear emulsion plates applied

3 18

to the sodium nucleus, The transmutation of Na2 into F
requires the emission of 2 protons and 3> neutrons. According to
Roos and Peterson, the probability that a photostar has two arms
is about O.4. ‘The probability of the emission of 2 protons and
3 neutrons is then about 0.3. From this it follows that the

18 by

required cross-section for the transmutation of Na23 to F
high-energy photons is 250 x 2% x 0.3 ub = 1.7 mb,  The flux
density of photons above 300 lMev can be obtained from Monte-Carlo
. . 18 -

calculations and the known beam diameter. The F activity of
the Naao2 sample is then easily calculated, and we obtained good
agreement with the experimental values. It seemed to us quite
interesting that with the use of the papers mentioned the yield of

a relatively complex photon reaction could be fairly accurately

predicted.
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We also tried to measure the neutrons and protons
above 700 Mev in the stacks, using the production of Tb149
from Au' 27 (see refs, 36 and 37). The intensity of our
bremstrahlung was just sufficient to determine the a-activity
of Tb149. Here again, however, we discovered from the value of
the decay coefficient that photoproduction of quqg in the gold
film masked the desired process. It seems to be difficult to detect

high-energy neutrons in the presence of high-energy photons by

activation methods.
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Figure 1,

Figure 2.

Figure 3%a-3¢

Figure L,

Figure 5.

Figure He

Figure 7

Experimental layout. The plate stacks and the
thick targets were placed at the point marked

'target'.

The profile of the incident beam in front of the
stack of plates measured with the small ionization
chamber (30 mn>). The difference between the

back scattering of lead and concrete is noticeable.

Longitudinal development of the electromagnetic
cascade in heavy concrete, copper, and lead;
measured values and Monte-Carlo ealculations are
shown. The ordinate gives the percentage of
incident energy absorbed in one plate of thickness
XO. For concrete, a curve is drawn in through the
experimental points. The last point of the lead
curve is too low because of the lack of further

back scattering,

The dose on the axis of the cascade as a result
of an incident beam of 5 x 109 equivalent quanta

plotted against the thickness of material.

Curves of equal dose in heavy concrete for an
incident rate of 5 x 109 eq. quanta. The

doses are measured in radse.

Sensitivity curve of indium-paraffin wax sphere.

The ordinate gives the count rate in a 2% counter
wl

at a neutron flux of 1 cmasec and saturated

activation.

! Y
The collision cross-section of the P3 (n,p)Sl3

reaction. (see ref. 41 and also refs. 42 and 28).

41



Figure 8.

Figure 9.

Figure 10,

Figure 11,

Neutron flux density in copper, measured in
the beam direction, for an incident flux of

5x 109 eq. guanta,

Neutron flux density in lead, measured in
the beam direction, for an incident flux of
5 x ?09 eq. gquanta.
1
Reaction cross-sections for Na23(p,3p5n)F 8
1
and NaaB(n,Bphn)F 8.

Angular distribution of neutrons and protons
with energies above 25 Mev (s0lid curve),

measured with a copper target.
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