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Abstract

Of serious concern in the design of detectors for the new high-luminosity hadron-hadron colliders arc
the radiation damage effects on silicon and other detector materials of low-energy neutrons produced
by spallation, evaporation or fission processes. Because of the lack of experimental information on the
number of neutrons with energies between 0.1 and 10 McV in the cascades originating from
high-energy hadrons, an experiment was carried out using activation detector techniques to measure
the neutron fluence in a cascade initiated by 200 GcV hadrons in a calorimeter-like iron structure. It
wa« found that at the maximum of the cascade one produces approximately 3 neutrons per GeV of
incident energy: some 70% of these are of energies between 0.1 and 5 MeV, the remainder are fairly
uniformly distributed in energy between 5 and several hundred MeV. 'The number of albedo neutrons
leaving the front face of the calorimeter structure was about 0.3 neutrons per GcV of incident energy
with an energy distribution similar to those at cascade maximum. These data confirm that neu-
tron-induced damage will be of concern in the design of detectors for the new colliders and that further
measurements and calculations are necessary for a correct assessment of this damage.
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1. INTRODUCTION

In the design of detectors for the high-luminosity hadron-hadron colliders such as the Large Hadron
Collider (LHC) in the LEP tunnel at CERN or the Superconducting Super Collider (SSC) at a site in
Texas (USA), one must evaluate the damaging effects on defector devices from the thousands of sec-
ondary' particles produced in each collision. These multi-TcV events deposit approximately 200 watts
in the hadronic calorimeters surrounding each intersection region, discounting the fragments produced
in the forward directions which stay in or close to the beam pipe. These fragments however will give
rise to back-scattered radiation in the detector since they will interact in machine components. One of
the serious questions raised at recent collider studies [Ake87. EBL87] concerns the radiation-damage
effects of low-energy neutrons produced by spallation, evaporation or fission processes. Such neutrons
will have a broad angular and energy distribution, and they may be particularly harmful to sili-
con-based electronics or organic materials. Damage factors for neutrons in silicon peak in the
0.1—10 MeV range, just where these hadron cascade neutrons are most copious. Figure 1 shows the
neutron damage coefficient as a function of neutron energy lor silicon [IIar83]. At present collider
luminosities (1O30 cm"2.?"1) slow neutron effects are starting to be seen in gaseous detectors [Cih88].
With the luminosity increases of a factor of 103— 105 discussed for future colliders, these effects may
become devastating. One must clearly understand the behaviour of such potentially damaging particles
in proposed detector systems.

At present there is a dearth of experimental information on the number of neutrons with energies
between 0.1 and 10 MeV in the cascades originating from 1 to several hundred GeV hadrons. Most
data as do exist were obtained for shielding studies [Hen73, Cit65, Vol83]. Except for the
last-mentioned reference, only the high-energy cascade-propagating components of the cascade were
studied. Even in the study of Volynchikov et al [Vol83] where neutron (luxes down to a threshold of
6 MeV were measured there are no data on the number of neutrons in the energy region of interest.
Other experimental data were obtained for calorimeter studies [DeP84, Cra77] where only radially
integrated energy depostion as a function of depth in the cascade is of interest. Some of the elaborate
neutron transport codes originally developed for nuclear reaclor studies have been coupled with hadron
cascade programs to simulate these processes [Gab85a] and they have been used in comparisons with
data from calorimeter studies [Gab85b]. Other models incorporate parametrization of the low-energy
multiplication to account for the enhancement [GEI87]. However, without experimental checks of
the numbers of low-energy neutrons from cascades initiated by hadrons of known energy and in sim-
plified geometries, one cannot decide if the predictions of the cascade programs in the complex geome-
tries of collider detectors and in cascades initiated by the fragments of the hadron-hadron collisions are
correct. Therefore, an experimental program was set out in order to measure neutron longitudinal and
radial profiles and energy distributions within the volume of various calorimeter-type geometries. The
results of an initial run with an iron clump exposed to a 200 GeV positive secondary beam at the
CERN SPS are reported here.

The parameters of interest from detector considerations in such a study are the following:

i) Number and energy distribution of backscattcrcd neutrons emerging from the front face of a
calorimeter or a machine element as a function of bombarding particle energy (albedo).

ii) Neutron fluence versus energy at various depths in I lie cascade, especially near shower maxi-
mum.

iii) Radial spread of the hadron cascade, to define the radius around the entry point within
which one must search to capture a certain percentage of the total energy.
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iv) Hnergy leakage after a given number of interaction lengths and the attenuation length after
cascade maximum, to determine the optimal calorimeter thickness and tail catcher character-
istics.

In order to measure these properties, one must design a measurement method which does not interfere
with the cascade development and a dump module which simulates the actual calorimeter materials. It
is especially important to include the correct mixture of hydrogenous materials with heavy nuclei, since
the moderating effects of this material on the observed neutron spectrum can be quite dramatic
[Ler86]. In this experiment inorganic neutron activation defectors were chosen as the detector ele-
ments. F,ach detector represented less than 0.4% of a nuclear interaction length, so its presence will
not have perturbed the shower development at all to the accuracy of our measurements. These detec-
tors were principally made of aluminium, which closely simulates the presence of the silicon in some
proposed collider calorimeters.

2. DESCRIPTION OF THE EXPERIMENT

2.1 Choice of Detectors

In order to develop the information necessary to evaluate silicon damage potential, it is necessary to
measure neutrons to less than I MeV kinetic energy. In this experiment activation detectors were cho-
sen which had energy thresholds of 0.8, 3.0, and 6.0 McV for neutrons, along with a high-energy spal-
latum reaction which is generally sensitive to any high-energy liadron. This latter detector was includ-
ed in order to give a direct comparison with simulations made using codes which are not able to
predict the low-energy neutron component of the cascade. The activation reactions and their energy
thresholds are summarized in Table I. Further details arc given in Chapter 3.

Table I: Summary of Activation and Dosimetric Techniques

a) Activation Detectors
Reaction Sample Size

115In(n,n')' l s m l n 0.3 mm x 10 mm </>
32S(n,p)32P 6 mm x 23 mm </>
27Al(n,«)24Na 4 mm x 10 -30 mm </>
27Al(h,x) l sF 4 mm x 10 -30 mm <j>

b) Dosimeters
Radiophotolumincsccnt dosimeters
Thcrmolumincsccnt dosimeters
Kodak x - rav film

Measurement
technique

(id.i
GMT
Nal
Nal

Assumed
cross-

section
120 mb
300 mb
85 mb

8 mb

Nominal energy
limits and

particles detected
0 . 8 - 15 McV neutrons

3 — 25 McV neutrons
6 - 25 MeV neutrons

> 35 MeV hadrons

6 mm x 1 mm <f> Schott-.Tenner DOS2
3 x 3 x 1 mm3 7!.,iF
240 mm x 300 mm sheets

The dosimeter types used to measure absorbed dose are also summarized in Table 1. A variety of
dosimeter types were irradiated in order to cover as wide a ranw of dose as possible. After the irradia-
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tion it was found that the thermolumincsccnt dosimeters and x —ray films had been irradiated to doses
higher than their acceptable response range and so the results from these dosimeter types were aban-
doned.

The activation detectors were mounted in holes, accurately punched out of 4 mm thick by
24 cm x 30 cm aluminium plates. The radiophotoluminesecnt and thermoluminesccnt dosimeters
were first placed in polyethylene capsules of 8 mm internal diameter before being mounted into the
aluminium detector plates. In the case of the aluminium activation detectors, the samples were the
same discs that had been punched from the holes. A sketch of a detector plate containing the alumini-
um samples is given in Figure 2. It will be seen that the si/.e of the detectors was made larger as the
radial distance off axis increased. This was an attempt to keep the total activity in each sample
approximately constant so as to ease the general problems in the assay of the samples(eg constant
counting times, single source-detector distance etc). In addition this method of mounting the detectors
provided a radial positional accuracy of better than 0.5 mm and considerably eased the problem of
book-keeping.

2.2 Description of the Dump

The iron dump was made of twenty 5 cm thick rectangular iron plates, with the bottom and one side
machined flat to ensure accurate alignment. Before assembly several of the plates were weighed and
measured to determine the density of the iron. This was found to be 7.86+0.02 gxtn"3. The plates
were welded to an iron framework with gaps of 7 mm between the plates. Extra detector slots were
provided in front of the first and behind the last plates. A sketch of the dump is given in Figure 3.

Fiducial marks were engraved at the centre of the front and back faces and along the axis on the
top surface of the dump. These marks served to survey the dump into its correct position in the beam
line where it was placed on an adjustable iron table. They also allowed the accurate positioning of the
detector plates within the dump.

2.3 Arrangement of the. Detector Plates

Because of the limited space in the slots, it was not possible to expose each detector type in each posi-
tion and so obtain as complete a picture of the cascade development as would have been desirable.
The choice of detectors as a function of position is given in Table 2 on page 5.

When the time came to load the dump with the plates ;ifter the initial sclting-up of the beam, it
was found that Plate 9 would not fit into its correct slot because of welding irregularities. At the last
minute it was decided to combine the x —ray film of Plate 2 with the other dosimeters of Plate 1 and
move the other plates up to and including Plate 9 forward one slot. This was unfortunate in that
Slot 9 was expected to be at the point of maximum development of the cascade, but the tight schedule
in the dump manufacture (it was only finished several hours before it was due to be put into the
beam-line) did not allow all slot positions to be checked.

2.4 Irradiation Profile

The time profile of the irradiation was monitored in a number of ways. Three multi-wire proportional
counters were installed in the 116 beam line. Two of these. TSCAL(37) and TSCAL(17), were posi-
tioned upstream of the experimental set-up and one of them some 50 metres downstream. At the
intensities used for this experiment it was known that the first two of these would suffer somewhat
from saturation effects. The third counter, TSCAI,(I9), being behind the dump, saw only muons and
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Table 2: Arrangement of Defector Plates

Plate
0
1
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Slot
0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Detectors
Indium, Aluminium ( I8F and 24Na)
RPL + TLD + X-ray film
Aluminium (24Na only)
Sulphur
RPL + TLD + X - ray film
Aluminium (18F and 24Na)
Sulphur
Indium
RPL, + TLD
Empty
Aluminium (24Na only)
X — ray film
Aluminium (18F and 24Na)
Sulphur
Indium
RPL + TLD
Aluminium (24Na only)
X — ray film
Aluminium ( " 1 ! and 24Na)
RPL + TLD
Indium, Aluminium (24Na only)

those hadrons which had not interacted inclastically in the dump, and so did not suffer from satura-
tion. However its response could not be determined in terms of the number of particles incident on
the dump. The signal from each of these three counters was rend out on a pulse-by-pulse basis.

A fourth time profile was obtained from one of the monitors of the stray radiation field for radia-
tion protection purposes in the area, PAXN1261, placed about 2 m laterally from the dump. The
charge output from an 18 atm Argon chamber was digitized nnd the signals fed to a ratemeter with a
time constant of approximately 100 s. The output of this ratemctcr was interrogated every 3 minutes.

The irradiation profiles are shown in Figure 4 a - d for t-nch of the four monitors. The nominal
start and end of the irradiations were at 185 minutes and 1362 minutes respectively on the time scale of
the TSCAL counters and at 157 minutes and 1334 minutes respectively on the time scale of the
PAXN1261 monitor. In real-time terms the nominal end of the irradiation was taken to be at 1437h
Central Hurope Daylight-saving Time on Thursday 10th September, and the duration of the irradiation
was taken to be 1177 minutes. Due to a computer failure, the last 30 minutes of the irradiation could
not be monitored with the three TSCAL counters. The time profile for this last part of the irradiation
for these three counters was therefore reconstructed from that of the PAXN1261 monitor.
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2.5 Beam intensity and profile

There was no calibrated beam monitor available close to the experimental dump. The beam intensity
was therefore measured from the production of 24Na in a 0.5 mm thick aluminium sheet placed 60 cm
upstream of the dump. A production cross-section of 8.1+0.6 mb was assumed [Kau76] for the
200 GeV incident particles which at that energy arc known lo consist of at least two-thirds protons
[Ath80].

The beam intensity averaged over the nominal irradiation time was 1.32 x 107 s"1 with an error
of 10% which includes systematic errors in the cross-section and the efficiency of the gamma spec-
trometer. The nominal beam intensity during the exposure was 2 x 108 particles per pulse with a
pulse repetition period of 14.4 seconds.

The radial profile of the beam was measured using the radioactivity induced in the aluminium
bevrn-monitoring plate. After the exposure an auto-radiograph of the plate was made using an x — ray
film and the beam profile measured using a densitometer. The standard deviations of the projected
beam distributions in the vertical and horizontal planes were <> mm and 12 mm respectively.

3. EXPERIMENTAL TECHNIQUES

3.1 Introduction

As explained in the previous sections, the fluence and dose measurements were all based on techniques
which integrated the quantity to be measured over the time of the experiment. The radioactivation
techniques were chosen because the isotopes to be measured had convenient half-lives, i.e. were neither
too short so that variations of the fluence rate during exposure caused unacceptable errors in correcting
for this variation, nor too long so that the low levels of radioactivity produced could not be measured
without sophisticated assay techniques. Most of the isotopes produced could be measured with a sim-
ple sodium iodide gamma spectrometer or Geiger counter.

This chapter contains a brief description of the different activation and dosimetric techniques used
in the experiment and a description of the corrections made to obtain the true average fluence rates.

3.2 1SF from, aluminium.

The spallation reaction in aluminium, 27Al(x,spall)'T was used to estimate the flux-density of
hadrons having energies above about 35 MeV. !8F has a half-life of 109.8 min and decays via positron
emission (96.9%, F,max = 0.635 MeV). Provided that the positrons are annihilated close to the source,
which can be ensured by placing the source between two sheets of perspex, counting can be carried out
by gamma spectrometry. The isotope was assayed by counting the 0.511 MeV annihilation quanta
coming from the samples when placed on a perspex cap over n .V'x3" sodium iodide crystal coupled to
a standard amplifier plus pulse height analyser chain.

The measurement of the annihilation photons was complicated by the contribution in the
0.511 MeV peak window of the Compton photons coming from the 1.369 and 2.754 MeV gamma rays
of the 24Na, also present in the aluminium samples. The procedure adopted was to make at least
three measurements of the activity of each sample at different times after the irradiation and to deter-
mine the annihilation and Compton photon contributions from a least squares analysis.
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The variation of the production cross-section of 18F from aluminium with hadron energy is given
in Figure 5, taken from the compilation of Tobailcm ct ,i! [Tob7l]. An effective cross-section of
11 mb was chosen, mainly for historical reasons, in order to convert the measured activity into the flux
density of hadrons above 35 MeV. The newer data of Figure 5, suggest that a better energy-averaged
values would be 7 mb. The data in this report are however based on the older value.

3.3 2*Na from aluminium.

The production of 24Na from 27A1 was used to estimate the fluence of neutrons in the energy range
6 — 25 MeV. Z4Na decays by fi~ and gamma emission; (lie photons have energies of 1.369 and
2.754 MeV (100%) and the half-life is 15.02 h. The isotope was assayed by determining the counts in
the window of the upper 2.754 MeV peak when the sample was placed on the perspex cap covering
the 3"x3" sodium iodide crystal mentioned above.

The cross-section for the production of 24Na as a function of energy is given in Figure 6. Neu-
tron cross-sections are taken from the work of Greenwood [Gre78] and proton data are from
Tobailem et al [Tob71], An effective cross-section of 85 mb can be used to derive a nominal flux
density of neutrons between 6 and 25 MeV, even in the presence of high-energy hadrons.

3.4 32Pfrom Sulphur.

The fluence of neutrons in the energy range between 3 ;ind 25 MeV was estimated using the
32S(n,p)32P reaction. The radtonuclide 32P is a pure beta emitter with a half-life of 14.29 days. The
maximum beta energy is 1.7104 MeV, the average 0.6950 McV.

The 32P isotope was assayed with a thin-window Gcigcr-Muller counter calibrated with a thick
sulphur sample irradiated by neutrons from a PuBe source of known yield. The thickness of the sam-
ples, 5 mm, is larger than the range of an electron of maximum decay energy. The measurements were
made several weeks after irradiation to allow several short-lived radionuclides to disappear: repeated
countings confirmed the presence of a single 14 day half-life.

The cross-section for the 32S(n,p)32P reaction is shown ns a function of energy in Figure 7, taken
from the ENDF/B compilation [END79]. An effective cross-section of 300 mb was assumed, corre-
sponding to a nominal threshold of 3 MeV.

3.5 ' ' smIn from. Indium.

To estimate the fluence of neutrons in the energy range between 0.8 and 250 MeV, the inelastic scatter-
ing reaction in indium, "5In(n,n')"SmIn, was used. "5mIn has a half-life of 4.486 h and decays mainly
(96.3%) by an isomeric transition leading to the emission of conversion electrons and 336 keV pho-
tons. The absolute emission probability per decay of these photons is assumed here to be 46.7%, but
there is a considerable spread in published values [Zij79].

The detectors, 10 mm diameter and 3.6 mm thick, were counted on a 104 cm3 GeLi gamma spec-
trometer, after the decay of the 54 min "fimIn isotope which is abundantly produced by thermal and
epithermal neutrons.

The excitation function for the production of "5'"In is given in Figure 8 [Zij77]. The effective
cross-section used to calculate the nominal fluence was 120 nib, corresponding to an effective energy
threshold of about 0.8 MeV for a wide class of neutron spcctni.
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No correction was made for other reactions (inelastic scaitcring of any other particle) which could
possibly lead to production of the same isomer, since only a (y,/) seems to be documented, with a
cross section of less than a microbarn [Yos86].

3.6 Radiophotoluminescent Dosimeters.

The radiophotoluminescent dosimeters used in this experiment to measure the integrated absorbed
dose were glass rods of 1 mm diameter and 6 mm length, made by Schott —.Tenner Glaswerke, type
DOS2. After irradiation, the luminescent emission from the gtass when stimulated with UV irradiation
was measured with a Toshiba FGD — 6 reader. The useful dose range of these dosimeters is in the
range 0.1 Gy to 1 MGy [Izy79].

3.7 Standard calculations in radioactivity measurements.

Radioactive decay of the radioisotopes produced occurs during the irradiation, during the time that
elapses before counting the sample and during the actual counting of the sample. The instantaneous
co*;nt rate at the start of the counting period was determined from the measured average count rate by
multiplying this latter by the factor:

/ = X.t/ll - exp(-A.O],
J count c L * v c'J

where X is the decay constant of the radionuclidc and tr is the duration of the count. The activity at
the nominal end of the irradiation was calculated by mutiplying the instantaneous count rate at the
start of the counting period by the factor:

J lapse K V I'

where t, is the time elapsed between the nominal end of the irradiation and the start of the count. The
saturation activity, assuming a uniform irradiation, is determined by multiplying the activity at the end
of the irradiation by the factor:

Jirrad ' L * v t'J'

where /, is the irradiation time.

When the efficiency of the counter is known explicitly, as is the case in the radioassay by gamma
spectrometry, the saturation count rates can be converted into disintegration rates (activity), from
tht-.e and the masses of the samples the saturation specific activity in Bq per mole of parent atom
could be calculated.

The saturation specific activity is to be regarded as the physical quantity actually measured in the
experiment. To derive flux-densities from this quantity is a matter of educated guess-work since the
activity is the integral from the physical threshold energy to (lie energy of the incident protons of the
fluence spectrum mutiplicd by the cross-section, summed over all particle types in the cascade. When
one particular process is dominant and the cross-section is approximately independent of energy above
a well-defined threshold, the activity can be expressed as the product of a nominal flux density and an
effective cross-section.

When the efficiency of the counter is not known explicitly, as in the case of beta counting for 32P
with the Geiger counters, the nominal flux density is obtained by the application of a calibration factor
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derived from the irradiation of an identical sample in a field of known characteristics.

The authors approach the conversion of activity to flux density with some caution but the con-
version is nevertheless made in the belief that the true flux densities correspond to the present defini-
tions to within a factor of two. In quoting such definitions il is not implied that other types of parti-
cles or particles outside the specified energy range do not contribute to the activities measured.

3.8 Correction for Non-uniform Irradiation

The assumption that the incident flux density is constant with time is seldom, if ever, valid, and in the
case of isotopes with short half lives, the flux density calculated on this assumption can be significantly
different from the true average flux density (total fluence divided by time of exposure). Correction for
the non-uniform irradiation profile was made by calculating a Run-uniformity Factor for each isotope
[Ste69]. This procedure determines the correction factor by which the flux density, evaluated using
the nominal irradiation times and the assumption of uniform irradiation, must be multiplied to give the
average flux density, i.e. the time-integrated flux density divided by the nominal irradiation time.

The Run-uniformity Factors were calculated for each isotope measured on the basis of the four
radiation profiles obtained, three from the TSCAL counters and one from the PAXN1261 monitor.
These factors are given in Table 3. The final column of this table shows the values of the
Run-uniformity factors used for correcting the data.

Isotope

u 5 m I n
24Na

32p

Half-life
(minutes)

109.8
269.2
900.0

20578.0

Table 3:

TSCAL(37)

1.523
1.187
1.047
1.002

Run-Uniformity

TSCAL(17) TS

1.527
1.187
1.046
1.002

1 'nctors.

"A I ,(19)

.537
1.191
.048
.002

PAXNI261

1.519
1.176
1.042
1.002

Assumed
value
1.527
1.185
1.046
1.002

4. EXPERIMENTAL RESULTS

4.1 Radial Fluence and Dose Measurements.

After the irradiation, the various activation samples were dismantled from the detector plates. After a
waiting period of 2— 3 hours to allow short-lived activities such as ' 'C to decay, the assay of the alu-
minium for 18F and of the indium foils for "SmIn was started. Ft took approximately 8 hours to pro-
cess the 82 aluminium samples and 50 indium foils. This saturated the capabilities of the individual
counting set-ups available. Additional foils of either type would have requied two more sets of coun-
ters to avoid loss of information due to the decay of the induced activity. While counting the alumini-
um samples for 1RF, they were also assayed for 24Na. On the following day, the remaining aluminium
samples were assayed for 24Na (another 102 samples). The remaining sulphur pellets and the RPL
dosimeters were not measured until several days after the irradiation.
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The measurements of fluence and dose from the different detector systems are shown plotted as a
function of the radial distance off-axis in Figures 9 to 13. In these Figures the different azimuthal mea-
surements have been plotted separately. It will be seen that the scatter in the points at different
azimuths for a given radial distance is of the order of a few percent for the three low-energy neutron
detectors. This can be assumed to be due to the statistical errors in the counting of the radioactivity
which were maintained at the few-percent level. The 18F from aluminium and the dose measurements,
however, show significant scatter (the former due to the fitting procedure needed to subtract the 24Na
activity from the measurements and the second due to the inherent inaccuracy of the dosimetry sys-
tem), but none of this is correlated with the azimuthal direction. An exception to this azimuthal sym-
metry is to be found in the USmIn measurements in the downwards direction at the extreme radial posi-
tion. On average this detector showed a flux density measurement some 20% higher than the
equivalent position in the upwards direction. This is presumably an effect due to the 5 cm thick steel
support plate on which the dump was installed during the irradiation. Nevertheless the cascade mea-
surements were assumed to be azimuthally symmetric and the various measurements at a given radial
position combined to give a mean value. These are shown plotted against radius in Figures 14 to 18.
The vertical error bar on these measurements is the standard c-iror on the mean value; the error on the
single measurement at zero radius was estimated from the scatter in the points at the smallest radial
position. The error bar on the radial position indicates the radial extent of the circular samples. In the
case of the RPL dosimeters this error is the size of the container in which the dosimeters were placed
and so indicates a real uncertainty in the radial position.

These results show clearly the importance of the low-cncrgy neutron component of the hadronic
cascade. As can be seen from the comparative plots of fluxes measured by the different neutron detec-
tors in Figure 19 a —d, the largest neutron flux is observed by the indium foil measurements: the neu-
tron flux as measured by the 27A1 — 24Na reaction is about the same as that measured by the 32S — 32P
reaction and is in general more than one order of magnitude less than that measured by the indium
foils. Fxcept on the axis of the cascade, the high-energy hadron flux is also of the same order of mag-
nitude as the flux measured by either of the 27A1 —24Na or 32.S — 32P reactions. This means that the
energy carried by neutrons in the 1 MeV region is comparable to that carried by neutrons in the
decade around 10 MeV and is not much lower than that carried by the high-energy hadrons. This is
consistent with the picture of hadronic cascades developed from interpretation of the results of simula-
tion programs like IIETC+ MORSE. [Gab85a]

The concept of an equilibrium cascade is illustrated in Figure 20 where the fluence measurements
from the 27A1 —24Na reaction are shown on the same plot. The radial distribution becomes slowly
less and less peaked as the depth increases, until, after cascade maximum in slot 9, the radial shape
remains constant with depth even though the absolute magnitude of the fluencc changes.

Another interesting feature of the measurements is that the profile of the total energy deposition
density measured by the RPL detectors is quite different from cither the high-energy hadron or the
neutron distributions. Figure 21 a - d shows clearly that it is far more sharply peaked in radius. Fur-
thermore, its on-axis value has its maximum at a shallower depth than the purely hadronic energy
sampled by the activation detectors, as is seen in Figure 22. The peak occurs at a depth of 12 radia-
tion lengths, but at only 1.2 interaction lengths. Such an early peaking must originate from the elec-
tromagnetic energy deposition from the neutral pions produced in the first hadronic interaction. The
total dose includes both hadronic (dE/dx and nuclear excitation) and electromagnetic shower (TT° and JJ
meson) effects. The photons from the decays of these latter mesons have small opening angles at high
energies: the average energy of these mesons will also be highest in the initial stages of the cascade.
Since the electromagnetic showers will reach their maximum in about 5 radiation lengths (1.8 iron
plates used for the dump), it is natural that the total energy density should reach its maximum after
about 4 plates (1.2 interaction lengths) to allow one initial high-energy interaction causing pizero pro-
duction, followed by longitudinal evolution of the photon cascade. The fluence of high-energy
hadrons dose not reach a maximum until Slot 9 (2.4 interaction lengths). These different charactcris-
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tics of the total energy deposition distribution indicate that it is sensitive to the early, high-energy,
small-angle behaviour of the incident particle interactions and hence may well be a good measure of
the interaction point and angle which is better than the hadronic-dominated distributions, as suggested
by Akesson et al [Ake87]. The electromagnetic sections of typical calorimeter detectors are one inter-
action length thick. These results indicate that the hadronic shower information obtained there will be
quite useful in separating closely-spaced hadron showers and in improving the angular resolution on
the incident particle direction.

In contrast, the radial dependence of the low-energy neutrons is much flatter. It can be represent-
ed by a negative exponential in radius which is approximately independent of depth. The low energy
neutron flux is derived from the evaporation neutrons produced in the nuclear de-excitation process
after a high-energy spallation reaction. These evaporation neutrons are essentially isotropically emitted
from the struck nucleus. This hypothesis was roughly checked by using the high-energy fluence mea-
surements using the 27A1 — 18F reaction to calculate a "star density" distribution using an absorption
mean free path of 16 cm, assuming a low-energy neutron multiplicity of 10 and letting these neutrons
be transported with a mean free path of 10 cm. The resulting radial distributions are compared with
the Indium fluence measurements in Figure :23a —d. No extra normalization has been included in these
calculations. Hie agreement between the calculated and measured values is excellent given the simplic-
ity of the calculation which does not take the transport in air into account on the front or back faces
(Slots 0 and 20) nor in the gaps themselves (Slots 7 and 14). This supports the idea that the
low-energy neutrons from the hadronic cascade form a "neutron gas" that percolates through the vol-
ume of a calorimeter. These data permit one to determine the fluence escaping from the detector and
compare to detailed neutron transport models. These simulations are in progress and will be reported
in another paper.

Other data of interest which can be obtained from Figures 14— 18 concern the variation of the
radially integrated particle fluence (or dose) as a function of depth in the cascade. Simple fits by eye
were made to the data in these figures and the radial fluence integrals calculated from these fits. The
resulting curves as a function of radius at the different depths are given in Figures 24 — 28. Features of
the radial distributions mentioned in the above paragraphs arc also exemplified in these integral plots.
Those for the high-energy fluence and dose (Figures 24 and 28) are much flatter and reach their
plateau value at a smaller radius (more peaked radial fluence distributions). It is also encouraging that
the integral of the high-energy hadron fluence per incident particle is close to unity (Figure 14a), indi-
cating a consistency in the cross-sections used. A comparison of the radial integrals for several differ-
ent detectors is given in Figure 29. The radial integrals arc ploltcd as a function of depth in Figure 30.
However the low-energy neutron distributions, especially the indium measurements, indicate consider-
able flux-leakage from the sides of the dump. This leakage increases the observed low-energy neutron
fluence by approximately a factor of 1.8.

To summarize these data, for 200 C5eV hadron and at the maximum of the cascade, one produces
approximately 3 neutrons per GeV of incident energy in an iron dump. The majority of these neu-
trons, some 70%, are of low energy (0.1 — 5 MeV). The remaining 30% are fairly uniformly distribut-
ed in energy between 5 and several 100 MeV. The radially integrated albedo fluence is about
(60+30) neutrons/200 GeV, of which some 45 have energies below 5 MeV. The number of neutrons
leaving the stack after about 6 interaction lengths of iron is essentially identical to the albedo fluence
leading to the picture that the low energy neutrons form a gas which permeates throughout the entire
volume of a calorimeter. This is especially true for iron calorimeters, and those of some other heavy
materials, because of the "hole" in the absorption cross-scclion of these neutron in the 0.01—1 MeV
region. Thus neutrons in most non-hydrogenous calorimeters will survive many interaction lengths of
material. This makes a proper understanding of the ultimate fnfc of these neutrons an important con-
sideration in assessing damage.
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FIGURE CAPTIONS

Figure I Neutron energy dependence of displacement damage in silicon [IIar83],

Figure 2 Sketch of aluminium sample plate showing holes for the aluminium samples. The

numbering scheme is indicated.

Figure 3 Sketch of the dump assembly.

Figure 4 Time profiles of the irradiation.

a) TSCAL(37), b) TSCAL(17), c) TSCAL(19), d) PAXN1261.

Figure 5 Cross-section for the production of 18F from 27A1 as a function of hadron energy
[Tob71].

Figure 6 Cross-section for the production of 24Na from 27A1 as a function of energy. Solid line
- [Gre78]: dotted line [Tob71].

Figure 7 Cross-section for the production of 32P from 32S as a function of neutron energy
[END79].

Figure 8 Cross-section for the production of USmln from 115In as a function of neutron energy
[Zij77].

Figure 9 Radial variation of hadron fluence as measured by l 8 F from 27A1.

Meaning of symbols is : * D(own), o I,(eft), A R(ight), + T(op). a) Slot 0, b) Slot 5,
c) Slot 12, d) Slot 18.

Figure 10 Radial variation of neutron fluence as measured by 24Na from 27A1.

Meaning of symbols is : * D(own), o L(eft), A R(ight), + T(op). a) Slot 0, b) Slot 2,
c) Slot 5, d) Slot 10, e) Slot 12, f) Slot 16, g) Slot 18, h) Slot 20.

Figure 11 Radial variation of neutron fluence as measured by 32P from 32S.

Meaning of symbols is : * D(own), o I,(eft), A R(ight), + T(op). a) Slot 3, b) Slot 6,
c) Slot 13.

Figure 12 Radial variation of neutron fluence as measured by ltSmIn from 115In.

Meaning of symbols is : * D(own), o L(eft). A R(ight), + T(op). a) Slot 0, b) Slot 7,
c) Slot 14, d) Slot 20.

Figure 13 Radial variation of dose as measured by the RPL dosimeters.

Meaning of symbols is : * D(own), o L(cft), A R(ight), + T(op). a) Slot 1, b) Slot 4,
c)Slot 8, d) Slot 15.

Figure 14 Radial variation of hadron fluence as measured by 18F from 27A1.
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Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

a) Slot 0, b) Slot 5, c) Slot 12, d) Slot IS.

Radial variation of neutron fluence as measured by 2 4Na from 27A1.

a) Slot 0, b) Slot 2, c) Slot 5, d) Slot 10, e) Slot 12, f) Slot 16, g) Slot IB, h) Slot 20.

Radial variation of neutron fluence as measured by 3 2P from 3ZS.

a) Slot 3, b) Slot 6, c) Slot 13.

Radial variation of neutron fluence as measured by "5mIn from ' ' ' In.

a) Slot 0, b) Slot 7, c) Slot 14, d) Slot 20.

Radial variation of dose as measured by the Rl'T, dosimeters.

a) Slot 1, b) Slot 4, c) Slot 8, d) Slot 15.

Comparison of the radial distributions of hadron and neutron fluence as measured by
the aluminium and indium detectors at similar depths in the cascade.

Key : o - hadron fluence from 2 7 A 1 - 1RF; * - neutron fluence from 2 7 A l - 2 4 N a ; A
- neutron fluence from 1 1 5 I n - "5l"In

a) at zero depth, b) at about 30cm depth, c) at about 65 cm depth, d) at about 95 cm
depth.

Comparison of the radial distributions of fluence as measured by the 2 7 A l - 2 4 N a reac-
tion as a function of depth in the cascade.

Comparison of the radial distributions of total energy deposition density, high —energy
hadron fluence and low —energy neutron fluence at similar depths in the cascade. • —
dose from the RPL detectors (data multiplied by I09 c tn~2 .Gy"1) ,

Key : o - hadron fluence from 2 7 A 1 - " I 1 ; * - neutron fluence from 2 7 A l - 2 4 N a ; A
- neutron fluence from "5In — "SmIn

a) at about 5 cm depth, b) at about 20cm depth, c) at about 45 cm depth, d) at about
65 cm depth.

longitudinal variation of on-axis fluence and energy deposition. RPL data have been
multiplied by 10" cm~2 .Gy~' before plotting.

Comparison of the low-energy neutron flucnev determined using the stars produced by
the 2 7 A 1 - 1 8 F hadron fluence as the source and the fluence measured by the 1 1 5 I n -
USmTn reaction.

a) Slot 0, b) Slot 7, c) Slot 14, d) Slot 20.

Variation of the radially integrated hadron fluence as measured by 1SF from 27A1 as a
function of radius.

a) Slot 0, b) Slot 5, c) Slot 12, d) Slot IR.
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Figure 25 Variation of the radially integrated neutron finance as measured by 24Na from 27A1 as

a function of radius.

a) Slot 0, b) Slot 2, c) Slot 5, d) Slot 10, e) Slot 12, f) Slot 16, g) Slot 18, h) Slot 20.

Figure 26 Variation of the radially integrated neutron fiuencc as measured by 32P from 3ZS. as a
function of radius.
a) Slot 3, b) Slot 6, c) Slot 13.

Figure 27 Variation of the radially integrated neutron fluence as measured by U5mIn from 115In.

as a function of radius.

a) Slot 0, b) Slot 7, c) Slot 14, d) Slot 20.

Figure 28 Variation of the radially integrated dose as measured by the RPL dosimeters as a func-

tion of radius.

a) Slot 1, b) Slot 4, c) Slot 8, d) Slot 15.

Figure 29 Comparison of the radially integrated flucncc ;i.s a function of radius for several detec-
tor systems.

Figure 30 Variation of the radial integral of the detector response as a function of depth in the
cascade.
a) hadron and neutron iluence, b) dose.
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Figure 2 Sketch of aluminium sample plate showing holes for the aluminium samples. The
numbering scheme is indicated.

Figure 3 •Sketch of the dump assembly.
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Figure 9 Radial variation of hadron fluence as measured by l s F from 27A1.

Meaning of symbols is : * D(own). a I Ml ) . A R(ight), + T(op). a) Slot 0, b) Slot 5,
c)Slot 12, d) Slot 18.
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Figure 11 Radial variation of neutron flucncc as measured by " ! ' from 32S.

Meaning of symbols is : * D(own), o I (d\). A R(ight), + 'I'(op). a) Slot 3. b) Slot 6,
c) Slot 13.
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Figure 19 Comparison of the radial distributions of hndron and neutron fluence as measured by
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"5mln reaction.

a) Slot 0. b) Slot 7, c) Slot 14, d) Slot 20.
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Figure 24 Variation of the radially integrated hadron flucnce as measured by i a r from 27A1 as a
function of radius.

a) Slot 0, b) Slot 5, c) Slot 12. d) Slot 18.
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Figure 25 Variation of the radially integrated neutron fluence as measured by 24Na from a7Al as
a function of radius.

a) Slot 0, b) Slot 2. c) Slot 5, d) Slot 10. c) Slot 12. f) Slot 16, g) Slot 18, h) Slot 20.
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Figure 26 Variation of the radially integrated neutron flucncc as measured by -12P from 32S. as a
function of radius.

a) Slot 3, b) Slot 6. c) Slot 11
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Figure 27 Variation of the radially integrated neutron fluencc as measured by U5mIn from 115In.
as a function of radius.

a) Slot 0, b) Slot 7, c) Slot 14, d) Slot 20.
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Figure 28 Variation of the radially integrated dose as measured by the RPL dosimeters as a
function of radius.

a) Slot I. b) Slot 4. c) Slot 8, d) Slot 15.
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tor systems.
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