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1. Introduction

In the fall of 1985, a FNAL/LBL group measured neutron spectra in the
Tevatron tunnel [1]. During the machine cycle just ended (early 1987), these ex­
periments were refined and extended[2]. Absolute magnitude and longitudinal
distributions of the neutron flux were measured down the tunnel from a warm
section in the beam pipe. A controlled N2 gas leak was introduced near the
center of the warm section, so that by measuring rates as a function of gas pres­
sure, beam-gas rates could be separated from background rates. To help support
this experimental effort, detailed simulations of particle cascades in the Fermilab
tunnel initialed by hadron-nucleus collisions (Ep = 875 GeV) in the center of the
warm section were carried out using a version of HETC [3]. The MORSE code [4]
was used to transport the low-energy ($ 20 MeV) neutrons. In this note, prelim­
inary results from these simulations are presented, as well as results calculated
at sse energies, i.e., at 20 TeV. The simulations will become more detailed as
the experimental analysis proceeds, and the feedback obtained from the experi­
ment will allow further improvements in the transport capabilities. Final reports
detailing both calculational and experimental results will be published.

The study was motivated by concern about radiation damage to silicon semi­
conductors in the sse tunnel. About 400 racks of control circuitry are located at
200 m intervals around the ring, and in addition a variety of temperature sensors,
beam pickups, and perhaps quench protection diodes are mounted on or in each
of the 10,000 magnets. The physics of radiation damage in silicon relevant to
this study is discussed in Appendix 1.



2. Method

A modified three-dimensional high-energy hadron transport Monte Carlo
code, HETC [3], is used to obtain a detailed description of the hadronic cascades
in the Tevatron and SSC tunnels. For hadron-nucleus collisions with incident
energy > 3 GeV, the multi-chain fragmentation model developed by Capella and
Tran Tanh Van [5] and implemented by Ranft et al. in FLUKA82 [6] is used. This
model has been further extended for use in HETC by the inclusion of an evap­
oration calculation so that low-energy neutron emission can be considered [7].
The inclusion of this model in HETC represents the only substantive difference
between the modified HETC and that used previously (See Ref. 3 and the ref­
erences given therein). In particular the intranuclear cascade evaporation model
that is used to describe hadron-nucleus collisions below 3 GeV has been retained
since results obtained with this model have previously been shown to agree with
experimental data [8]. The Monte Carlo code MORSE was used to transport
neutrons produced in HETC with energies below 20 MeV. Cross section data
from MORSE were obtained from the VITAMIN-E data library [9] and contain
53 neutron energy groups. *

For the present calculations, approximately 3000 neutrons per 875 GeV pro­
ton and 30,000 neutrons per 20 TeV proton are produced in HETC for transport
in the MORSE code. Fewer than 3% of these low-energy neutrons originate in
collisions with hadrons of energy above 3 GeV.

The first MORSE runs were quite time-consuming since neutrons were trans­
ported until they were captured or escaped from the system. Since the main
interest in these initial calculations is in damage to semiconductor electronics,
the current cutoff on neutron energy has been set at 40 keY, i.e. neutrons with
energies below 40 keY are not considered. As per the discussion in Appendix 1,
neutrons with energies below about 160 keY are not effective in damaging silicon
devices. Using the 40 keY cutoff has resulted in substantial savings in computer
time.

Once the neutron flux has been calculated, parameters proportion to the
damage (JE>O.l MeV <p(E)dE or J <P(E)(TDdE (where (TD is the displacement cross
section) or f <p(E)(TkermadE) can be calculated and compared with benchmark
damage studies data [10] to determine if redesign or additional shielding of the
electronics may be necessary.

* All the neutrons in each energy group (for example the 10th, between 9.05 and 10.0 MeV)
are assumed to behave in the same way-they have the same transport cross section, the
same absorption probability, scattering characteristics, etc.
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3. Tevatron model

The Tevatron tunnel and magnet geometry have been described elsewhere [11J,
and are shown in Fig. 1, along with detector positions in the 1985 and 1986-87
experiments. Since HETe and MORSE utilize combinatorial geometry, any ge­
ometry can be constructed. However, for these preliminary scoping studies, cylin­
drical geometry was chosen. The real tunnel was replaced by the model shown in
Figs. 2 and 3. In the calculations the neutron flux is obtained by scoring neutron
track length in the volume shown by the cross-hatched region in Fig. 3, i.e. from
rl = 50 em to the tunnel wall at r2 = 152 em.

The main difference between the model and real Tevatron is that the "detec­
tor" is on the average closer to the source in the model. If the magnet string were
a uniform line source of neutrons, the flux coming directly from the magnets (the
"direct" flux) would fall off as l/r. The part of the flux due to scattering from
the tunnel walls (the "albedo" flux) should be independent of position within the
tunnel. The program scores neutron track length within each fiducial volume,
and divides the total track length by the volume to find the average flux in the
volume. For a cylindrical shell with inner and outer radii rl and r2,

Total track length Total track length/~r
1l"(r~ - rn - 21r(r2 + rl)/2

Since the total track length for the direct component is proportional to the cylin­
der thickness ~r = r2 - rl, the flux obtained is the same as that at a detector
at the average radius (r) = (r2 + rl)/2. In the Tevatron experiment, the de­
tector was near the wall, about 200 em from the magnet. Therefore the direct
flux component must be scaled down by 50 + 152)/(2 x 200) ~ 0.50 to compare
simulation results with experimental results.

The same result is obtained for a point neutron source and an infinitely
long hollow cylindrical scoring volume. For a point source and a longitudinally
segmented volume, flux in segments far away from the source is insensitive to
radial thickness. For segments near the source, the scored direct flux is the actual
direct flux at a radius smaller than the average. The exact scaling is geometry­
dependent, and in practice it is easier to introduce further radial segmentation
into the calculation.

The model assumes that the primary interactions occur in an iron "flying
wire" at the origin. The debris from a collision goes mostly forward, and in
the absence of a magnetic field in the dipole would stay in the beam pipe for
an unrealistically long distance. A dipole field in the beam pipe is accordingly
introduced (B = 3.85 T at 875 GeV, and 5.4 T at 20 TeV), while the field in the
iron has so far been neglected.
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In the experiment, collisions occur over the 12 m long warm section and not at
a point. As a result, the calculated response as a function of distance is expected
to be more sharply peaked than the experimental distribution.

Tunnel curvature has also been neglected. This will have the effect of letting
neutrals propagate too far before encountering walls, or of extending longitudinal
distributions. An on-axis neutron travels 8 m before striking a properly curved
vacuum chamber wall, and if its average Pl. is 0.5 GeV [c: this result is not sub­
stantially changed. However, this should not introduce large differences in the
comparison between calculated and experimental data.

4. Results

Hadronic cascade calculations were carried out in late November, 1986, to
check the code system. No cutoff energy was applied to the low-energy neutrons in
these calculations. Additional boundaries in the geometry for the air section were
added (finer binning in z), and, as described above, the threshold below which
neutrons were not transported was increased to 40 keY. Four longer calculations
were made in late December, 1986, and late January, 1987, * and are described
in Table 1. Tunnel walls were "removed" in some runs in order to obtain the
direct neutron flux, that is, the component resulting from particles produced in
the dipoles but not scattering from the tunnel walls before passing through the
fiducial volume. Given good enough statistics, the albedo flux can be obtained
by subtraction.

Table 1

December 1986 ORNL simulations.

Run Tevatron Energy Conditions

lY 875 GeV Tunnel walls present
IN 875 GeV Tunnel walls absent
20Y 20 TeV Tunnel walls present
20N 20 TeV Tunnel walls absent

* Originally, the z distributions were not extended beyond 30 m, or 22.7 m from the dipole
entrance. While this was sufficient in the 875 GeV case, substantial flux occurred beyond
this in the 20 TeV case. The 20 TeV calculations were repeated with the z distributions
taken to 100 m.
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Longitudinal (z) distributions of the total neutron flux above 40 keV and less
than 20 MeV are shown in Figs. 4 and 5 for 875 GeV and 20 TeV, respectively.
Collisions at z = 0 produce debris peaked in the forward direction, most of which
enters the dipole aperture at 7.3 m. Charged particles are bent into the dipole
yoke fairly quickly, where they initiate further cascades. Neutrals eventually hit
the walls, at distances dependent upon their angles and the curve of the vacuum
chamber.

The 875 GeV distribution shown in Fig. 4 peaks at about 8 m (about a meter
past the entrance of the first dipole), then drops nearly exponentially, with the
total flux falling off as exp(-z/4.4 m). As expected, the albedo component has
a somewhat broader distribution than the direct component. Also shown in
this figure by the solid curve is the preliminary experimental distribution. It is
considerably broader, and peaks at larger z. As mentioned above, the difference is
very likely due to the fact that the experimental source is distributed over nearly
12 meters in the warm straight section. Simulations now in progress should shed
more light on this subject.

In addition to the more extensive longitudinal distribution, the 20 TeV results
show a long, flat tail composed almost entirely of albedo particles. While these
contribute little to the integral, it is interesting to note that the exponential falloff
evident in the 875 GeV case shown in Fig. 4 does not continue.

Suppose that a proton interacts at a point z' with probability dz' /C in a
continuous magnet string, as will be the case for beam-gas collisions in the SSC.
A detector at a point z, at a given distance from the magnet, measures a flux
fez - zl)dz' IC. The total flux in the detector from uniformly distributed sources
of this kind will then be

¢> = ~Jfez - z')dz'

1 J ' I= C fez )dz

when the integral is carried out over all z, for which f is non-zero. In making the
connection between the continuously distributed case and the localized distribu­
tion, it is thus the integral of the distribution which is relevant. The function
f(z) is somewhat different than the longitudinal distribution measured in the
Tevatron experiment or calculated in the present simulation, where the source is
in a long field-free region. However, the integral is virtually the same, and it is
the z-integrals of the functions shown in Figs. 4 and 5 which are needed.

The z-integrals of the flux above 40 keY are given in Table 2. An upper
limit to the ratio of the integrals (the scaling factor with energy) is given by the
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ratio (20.0 TeV)/(0.875 TeV) = 22.9. The expected value for the scale factor
is somewhat lower than this limit; at the higher energies a larger fraction of
the cascade is "bled off" into electromagnetic showers because there are more
generations of 1r

0 production. Lindenbaum has suggested that the scaling with
energy should be approximately a power law Em, and the present best value
for the exponent is m = 0.80 ± 0.10 [12]. This scaling would predict a ratio of
12.2~t~, in good agreement with the present result.

The area under the preliminary experimental z-distribution is 7.1 cm-2, or 9%
higher than the Monte Carlo result after energy correction. The agreement must
be regarded as fortuitous, pending pressure gauge calibration and investigation
of a number of other experimental corrections.

Table 2
z-integrals of the total neutron flux above 40 keY
as obtained from the December 1986 simulations.

Run

875 GeV
«neutrons cm-Z)xcm
per interacting proton)

20TeV
«neutrons cm-2)xcm

per interacting proton) Ratio

Total
Direct
Albedo"
Albedo + ! Direct

7.70
2.54
5.15
6.42

105.6
35.5
70.1
87.9

13.7
14.0
13.6
13.7

* Obtained by subtracting the direct flux from the total flux.

There are several ways to understand the integral Jj(z)dz. If it is multiplied
by the circumference 21r (r), the result is in some sense the "total number of
neutrons above 40 keY resulting from one beam-gas collision." In the present
case 21r (r) ~ 635 em, so at 875 GeV 4900 "neutrons" are produced, or 5.6
neutrons GeV-1 . At 20 TeV, the result is 3.3 GeV-1 . This interpretation must be
made with caution, however, since the dominant albedo contribution represents
multiple counting. For the direct component only, the results are 1.8 GeV-1 at
875 GeV and 1.1 GeV-1 at 20 TeV. Alternatively, if the constant C as defined
above is taken as the machine circumference, then the integral represents the
flux at (r) averaged over all interaction points around the machine. When this
is multiplied by the number of protons lost per second around the ring, it is the
desired average flux.

The energy spectrum obtained in the November 1986 runs for 875 GeV in­
cident protons is shown by the histogram in Fig. 6. Before comparing with
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experimental results, it should be noted that the simulations provide a source
spectrum, while the experiment provides the actual source spectrum as processed
through the Bonner sphere spectrometer and unfolding routine. For comparison
purposes, the response of each Bonner sphere must be folded with the calculated
spectrum, and then unfolded to obtain the final spectrum. The result of this
procedure is shown by the open circles and continuous curve in Fig. 6. * It is
typical for such a procedure to broaden a sharp input spectrum, and the slight
degradation of the energy at maximum is evidently a consequence of the skewing
of the peak to lower energies. The output curve has been arbitrarily normalized
to the same area above 40 keV.

For comparison, preliminary spectra from the 1987 experiment are shown
in Fig. 7 [2). The average position of the spectrometer was at 10 m, using the
z-origin shown in Fig. 4, so that the scale of the solid curve (N2 data) should
be lower than that of the dotted curve in Fig. 4 by a factor of 2.9. It is in fact
lower by 6.4, in spite of the fact that the areas under the z-distributions agree to
within 9%. However, as was mentioned in that context, these results are as yet
preliminary and uncorrected for a number of effects. The agreement between the
simulation and experimental peak positions is quite good for beam-gas cascade
origin, while the systematically lower peak energy for "background" production
is not understood The shift is particularly puzzling in light of indistinguishable
longitudinal distribution shapes for the two sources.

A sampling of more detailed energy spectra from the runs listed in Table 1 is
shown in Figs. 8-11. The horizontal scales are very much expanded from those of
Figs. 6 and 7, and identical logarithmic vertical scales have been used to facilitate
comparison of the 875 GeV and 20 TeV cases. In Figs. 8 and 10, the z bins have
been chosen near the intensity maxima, near 9 m from the origin and 1 m from
the entrance to the dipole in both cases. Figs. 9 and 11 are similar, except that
the z positions were chosen further out in the tail of each distribution. Albedo
neutrons dominate more near the peak, and the energy spectra are somewhat
softer and very much flattened.

* We thank R. K. Sun of Lawrence Berkeley Laboratory, one of the collaborators on the
Tevatron experiment, for carrying out this procedure.
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5. Implications for the sse
The SSC is 83 km in circumference [13]. Each of the two rings contains about

1014 protons, and the beam-gas collision lifetime 1'».g contribution to the total
beam lifetime is of order 100 hr. It is convenient to introduce the dimensionless
scaled variables

Circumference = C = 8.3 X 106
C s 3 em

Protons/ring = Np = 1014N14

1'».g = 3.6 X 1057100

where, for example, CS3 is the machine circumference in units of 83 km and 7100

is the beam-gas contribution to the lifetime in units of 100 hours. Following the
discussion of Sec. 4, one obtains *

¢J = ~gJj(z)dz

= 33.5Jj(z)dz NI4C8317iO~ cm-2s - 1 .

The last entry in Table 2 gives the relevant J j(z)dz as 87.9, so

.J.. 2900 N C-1 -1 -2 -I0/ = 14 S3 7 100 em s

for each ring of the SSC.

The time integral of this flux determines the lifetime of electronic compo­
nents. ~g is time-dependent for a number of reasons. During fill, acceleration,
and tuning, beam losses around the ring substantially reduce the lifetime, con­
tributing substantially to the neutron flux even though they are not technically
from beam-gas interactions. During the first several days of SSC operation, the
beam-gas lifetime decreases from about 1000 hr to about 20 hr as synchrotron
radiation desorbs hydrogen from the cold beam-pipe walls [14]. After a warm
(80 K) pumpout, the lifetime is expected to be stable at about 1000 hr during
stored-beam conditions. In any case, the relevant fluence is given by

1/ dt 22 x 2900 N14CBj ( ) em"
7100 t

where the factor of two is to include both beams. If (100 hr)-1 is a typical average
of 1/7100, the neutron exposure in the tunnel will be 0.6 X lOll cm-2 per 107 s
-ssc year."

* Alternatively, t/J = 40.5 f j(z)dz 17oTloo cm-2s- 1, where 170 is the beam current in units
of 70 rnA. The small change in the coefficient has to do with rounding the SSC design
parameters as given in the Conceptual Design Report [13].
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Appendix 1. Radiation Damage to Silicon Semiconductors

sse electronics are damaged primarily by >- 1 MeV neutrons. Such neutrons
scatter (mostly elastically) from silicon atoms. A recoil atom travels a short
distance, losing energy primarily by ionization. Near the end of its range, en­
ergy loss is dominated by atomic scattering, and the atom dislodges of order 103

atoms from their lattice sites-as it stops. The result is a combination of vacancies
(original locations) and interstitials (final positions), mostly concentrated in an
elliptical region near the end of the primary scattered atom's range. Isolated
vacancies or interstitials anneal in a relatively short time at ordinary tempera­
tures as the migrating interstitials find vacant lattice sites. More concentrated
damage is persistent, and after sufficient irradiation the properties of the silicon
are changed to the extent that device operation is impaired.

In this Appendix, the mechanisms leading to the above picture are reviewed.
The discussion is intentionally biased toward the radiation composition and spec­
trum to be expected in the sse arcs and interaction regions.

As it turns out, damage by ionizing radiation is relatively unimportant. Al­
though an electron (either Compton or direct) can produce a recoil silicon atom,
the cross section for displacement by an electron scattering is about twenty times
less than that by a neutron at '" 1 MeV. (See Figs. 9 and 28, Ref. 10.) In ad­
dition, the flux of ionizing radiation (electronic and hadronic) in the Tevatron
tunnel is substantially less than the neutron flux [1]. Therefore, attention should
be focused on the neutron flux, whose spectrum (drP/d(lnE) vs. logE) shows (a)
a broad peak at '" 700 keV neutron kinetic energy, and (b) an increasing flux at
very low energies.

The following factors affect the neutron energy dependence of dissociation
damage in silicon:

1. The energy transfer must exceed", 15 eV to dislodge a silicon atom from
its crystal site.

2. If a neutron with kinetic energy Tn scatters through angle () from an atom
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with atomic number A, the kinetic energy T of the recoil atom is given by

T/ '7'l 4A. 2 8/
.L n = (1 + A)2 sm 2

(= 0.1332 sin28/2 for silicon).

The minimum neutron energy which can cause displacement damage in
silicon is thus e- 110 eV. If the scattering is isotropic, then (T) = !Tmax , or
0.067 Tn in the case of silicon.

As can be seen from Fig. 6, this threshold implies that the large flux of
near-thermal neutrons is effectively harmless.

3. At high energies (e.g. 100 keY) the recoil silicon atom loses energy primar­
ily through ionization, producing few displacements. Near the end of its
range (e.g. when its energy has decreased to 10 keV), atomic scattering
dominates. For example, for 0.5 MeV incident neutrons only 30% of the
silicon atom recoil energy goes into ionization, while for 20 MeV incident
particles the fraction has risen to nearly 75% [15J. As a rule of thumb, the
energy goes into dislocations for T < 30 keV and into ionization at higher
energies [10J. * For example, the average recoil energy for 1 MeV incident
neutrons is '" 70 keV. The recoiling atom harmlessly loses energy to ion­
ization until it reaches about 30 keY. It then loses energy by displacement,
producing (30 keV)/(15 eV) = 0(103) dislocations.

A more accurate calculation of this "damage factor" by Messenger is shown
in Fig. 12 [16].

30 keY is the average silicon recoil energy for incident 450 keY neutrons.
Below this incident energy, the damage produced per collision is roughly
proportional to energy. In combination with the threshold noted above,
this means that only the flux under the broad peak in Fig. 6 is effective in
producing damage.

4. The DeBroglie wavelength of a 1 MeV neutron is 28 X 10-3 cm, only a
factor of 6 or so larger than the radius of a silicon nucleus. Partial waves
above l = 0 thus beginning to be important at this energy, and the angular
distribution of scattered particles begins to peak in the forward direction.
This decreases the average atomic recoil energy, and therefore the amount
of damage produced.

5. The elastic cross section (Fig. 13) of neutrons on 28Si is dominated by a
large number of resonances [17]. The average value increases by about an

* More generally, the crossover is at roughly A keV for an atom with atomic number A.
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order of magnitude when the energy reaches about 160 keV. In combination
with factors mentioned above, this means that the damage cross section
effectively "turns on" at this energy.

6. While the relevant cross section is predominantly the elastic cross section at
energies below r- 2 MeV, a variety of other processes t contribute at higher
energies, so that the effective dislocation cross section reaches nearly twice
the elastic cross section by 10 MeV. (See Fig. 14, taken from Fig. 5 of
Ref. 15.)

The combination of all of these factors leads to a relative displacement dam­
age factor as a function of incident neutron energy in silicon, D(E), e.g, as cal­
culated by Messenger [16] or Holmes [18], and most recently by Gabriel et al. [19}.
This factor, normalized to unity at 1 MeV in accord with (most) convention, is
shown in Fig. 15. Given a neutron spectrum <p(E), the factor relating the dam­
age produced by the measured total flux to the damage done by the same flux of
1 MeV neutrons is given by [16, 20]

E2 E2J¢(E)D(E)dE / J¢(E)dE
El El

D(E) effectively cuts off the integral in the numerator for energies below
160 keY for the spectra shown in Fig. 6 and in Ref. 1. For values of E1 and
E2 roughly bracketing the peak shown in these figures (say 10 or 100 keY to 20
MeV), the ratio of the two integrals is unity to well within uncertainties in our
knowledge of the spectrum or its normalization.

t Si(n,n/)Si, Si(n,p)AI, and Si(n,a)Mg are the most important.
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1. Cross section of the Tevatron tunnel, showing relevant dimensions and the
placement of the neutron flux measuring equipment. (From Ref. 1.)
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2. ORNL cylindrically symmetric model of the Tevatron tunnel and magnet
along the z direction, showing dimensions and assumed compositions. The
dipole-free region (±730 cm) represents the AI7 warm section.
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3. Transverse cut of the ORNL model to the same scale as Fig. 1. Flux is
obtained from neutron path lengths in the "tracking volume."
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4. Calculated longitudinal distributions of neutron flux (E > 40 keY) in the
Tevatron tunnel for 875 GeV incident proton energy (histograms), and
measured distribution from Ref. 2.
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5. Calculated longitudinal distributions of neutron flux (E > 40 keY) in the
Tevatron tunnel for 20 TeV incident proton energy.
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6. Calculated energy spectrum of the total neutron flux near the maximum
of the longitudinal distribution in an 875 GeV simulation (histogram), and
the result of processing these data through the Bonner sphere spectrometer
and unfolding program LOURI (smooth curve.)
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7. Preliminary neutron spectra observed near the tunnel wall near the Teva­
tron ring in 1987 [2]. The solid curve is for production from N2 in the
warm section, and the dashed curve for background of unknown origin (at
extrapolated zero pressure.) Normalization of the solid curve is absolute
for z = 10 m pending pressure gauge calibration and other corrections,
while that of the dashed curve is of necessity arbitrary. The Bonner sphere
spectrometer data were unfolded using program LQUHI[l]).
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8. Calculated energy spectrum near maximum of the z distribution for 875
GeV incident protons. The albedo contribution is obtained by subtracting
the direct flux (no tunnel walls) from the total flux (with tunnel walls).
Errors on the difference are somewhat larger than shown for the other
histograms, but are deleted for clarity.
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9. Calculated energy spectrum in the tail of the z distribution for 875 GeV
incident protons. The albedo contribution is obtained by subtracting the
direct flux (no tunnel walls) from the total flux (with tunnel walls).
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10. Calculated energy spectrum near maximum of the z distribution for 20 TeV
incident protons. The albedo contribution is obtained by subtracting the
direct flux (no tunnel walls) from the total flux (with tunnel walls). Errors
on the difference are somewhat larger than shown for the other histograms,
but are deleted for clarity.
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11. Calculated energy spectrum in the tail of the z distribution for 20 TeV
incident protons. The albedo contribution is obtained by subtracting the
direct flux (no tunnel walls) from the total flux (with tunnel walls).
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12. Lifetime damage factor as a function of neutron energy for silicon, normal­
ized to unity at 1 MeV.
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13. Elastic cross section for neutrons on 28Si [18].
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14. Contributions to the displacement cross section for neutrons on 28Si from
Stein [16]. '
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15. Displacement damage coefficient for neutrons on 28Si, normalized to unity
at 1 MeV, as given by Gover and Srour [9]. The original source is probably

Holmes (19].


