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RADIATION HAZARDS OF A HIGH INTENSITY
PROTON LINEAR ACCELERATOR

H. B. Knowles
Yale University

Linear accelerators have been traditionally associated
with high intensity beams. Now that there are a number of
proton linacs with average currents of the order of hundreds
of microamperes contemplated, a review of some of the
problems associated with these high intensities seems per-
tinent. In the various injector applications, the average
currents will be somewhat lower, while the peak currents
will remain high, and some of the remarks on the loss of
a single pulse will be applicable.

In Fig. 1 is shown a schematic diagram of the mechan-
ism for the production of radiation hazards by protons of
the order of 1 GeV (after the reactor particle genealogy
diagram by E. P. Blizard), setting forth the origin of the
three major problems associated with accelerators: shield-
ing, radiation damage and activation,

The high energy nucleons and pions and their deriva-
tives from the "target'" nucleus are indicated as "useful
beams'" (from the meson factory point of view). Those that
are not separated from the primary beam and used experi-
mentally will next interact with a nucleus in some nearby
object, The high energy particles result from the intra-

nuclear cascade process, of the sort theoretically treated
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(1,2) . (3)

by Metropolis et al, and more recently, by Bertini.
The high energy neutrons produced in successive cascades
transport most of the energy through the shielding because
charged particles have a finite range, usually somewhat less
than the mean free path for an inelastic event (of the or-
der of 100 gm/cm2 for nucleons). If the primary energy is
in excess of about 10 GeV, some of the high energy pions

may decay before stopping or interacting, and produce a

flux of fast muons which constitute the most serious shield-
ing problem. However, at any energy for which proton lin-
acs have been seriously considered, high energy neutrons
control the shielding.

The highly excited residual nuclei from cascade events
decay by evaporation of neutrons and various light nuclei,
with an average energy of between 5 and 10 MeV, and a maxi-
mum energy which is rarely above 30 MeV. This process has
been treated theoretically by Dostrovsky, gg_glga) The
evaporation particles cause most of the radiation damage,
and again, it is principally the neutrons which are respon-
sible. However, some of the charged evaporation particles
can initiate secondary reactions leading to neutrons. An-
other possible source of evaporation particles is the first
interaction of the high energy particles. In addition, some
of the "cascade" particles are of low energy and augment
the evaporation spectrum, to the extent of perhaps 10% at
1 GeV. The lower energy cascade and the evaporation parti-

cles are almost isotropic.
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The radioactive nuclei left from primary and higher
order reactions are the activation. This is increased by
the capture of thermal neutrons, which are created by evap-
oration neutrons moderated in and reflected from the walls
of the enclosure. Thermal and low energy evaporation neu-
trons diffuse through apertures in the shielding and create

local shielding problems.

Shielding
Much of the information about shielding for the planned
Yale proton linac has been previously presentedgs) An in-

dependent estimate of the concrete thickness required around
a 100 yA meson factory yielded 35 ft56) while we find that
about 45 ft is a better thickness to use in the forward
direction. The difference is partly caused by the expected
tenfold increase in beam intensity (which requires 5 ft
more) and also by the use of a somewhat lower value for
permissible high energy neutron fluxes.

It is only the higher energy neutrons which are diffi-
cult to shield, as can be seen from a curve of the half-
intensity thickness versus neutro?6§nergy, which is essential-

ly flat at energies above 250 MeV. Our neutron flux

values were derived from some of the unpublished data of

LD

Metropolis, et which yielded an energy spectrum in
each angular interval. These values were further adjusted
to include the lower energy neutrons produced by an 800
MeV proton "stopping'" in copper, weighting the neutron

multiplicity at any energy by the probability of survival
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to that energy. The thickness of concrete in each direc-
tion was then obtained by an iterative calculation so that
the dose rate was 2.5 mrem/hr at the surface of the shield.
This provided the contour of an "idealized concrete shield",
which is shown as a function of angle in Fig. 2.

There is a superposed plot of the yield per solid
angle of the sum of all neutrons above 240 MeV (in arbi-

&7

trary units The similarity of the curves indicates
that an elaborate calculation is unnecessary if one knows
the required thickness in one direction and the angular
distribution of high energy neutrons. The idealized shield
is imagined to be around a point source of neutrons. On
replacement of ordinary concrete by some denser material
thickness adjustment must be made to compensate for the
inverse square variation. No correction was made for sec-
ondary scattering of neutrons within the shield.

The above detailed calculation of the shielding is
somewhat different from the practice usually followed at
a new accelerator installation: when 1in doubt, simply
add a few more feet of shielding., There are two reasons
for not doing this in our case. We wish to bring out
short-lived particles through the side walls of the tar-
get area and minimize the beam path. This is why iron is
used to replace concrete in one place. Also, additional
shielding over the face of a large structure adds quite
substantially to the cost. The calculated shielding
thickness presented in Fig. 2 is for a completely stopped

beam, Actually, a separate target room will be used and
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the beam stopped in a special enclosure. The high energy
aneutron production will be reduced by a factor of about
ten in the target oo and the lateral shielding can thus
be reduced by 5 £t from these values.

The high energy neutron skyshine has not been examined
in any detail, but there is some evidence that it falls
off faster than rw1§6)

So far, only the shielding for the beam use and dis-
vosal areas have been considered. The shielding around the
tirecar accelerator can be much lighter, because we protect
spainst steady~stats beam loss. If a single (2 msec) beam
pulse should begin o be lost, neutron detectors located
near {he accelerator axis will respoand and disable the beam
at the ion source, presumably within 100 pysec. Other beam
spill detectors will be connected to the disabling signal,
and the accelerator should at most lose one 2 usec pulse.
The shielding along the length of the accelerator is suffi-
ciently thick so that persoanel standing opposite the point
at which a complete pulse is lost will receive no more
than a few millirem, More recent considerations suggest
that the losses will almost never be concentrated at one

point and that less shielding may be needed.

Permissible Fluxes

There is some uncertainty about the relation of

(8)

at ORNL and Neary at Rutherford(g) have re-evaluated the

high energy neutron flux to dose rate. Recently Gibson
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permissible high energy fluxes, including the effects of
spallation events in tissue. Neary includes the cascade
particles coming out of the shield, and therefore his
"permissible neutron flux" (which drops to about 1 cm~
sec_l) at 1000 MeV uses the neutron flux as an index of the
total dose, caused by neutrons plus their associated equi-
librium fluxes of fast protons, pions and muons. Neary's
values have been used in calculating the shielding.

There are at present, no high energy neutron counters
of the kind needed for a rapid and accurate determination
of fluxes, and some developmental work should be initiated

on this problem.

Radiation Damage

The radiation resistance decreases in the sequence:
metals, inorganic materials, organic materials and semi-
conductor devices. Many of the studies on this subject have
been done with either the fission spectrum from a reactor
- the "fast'" spectrum - or with the so-called '"pile'" spec~-
trum, which includes a large component of thermal neutrons.
These two spectra are sometimes not differentiated in the
literature. Neither spectrum closely resembles the evap-
oration spectrum, but the more energetic evaporation neu-
trons penetrate the material and, after a few collisions,
come to resemble the fission spectrum.

Metals and inorganics have their properties changed
by the production of point Frenkel defects within the

microcrystalline structure. These are caused when an atom
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receives more than the displacement energy (10 to 30 eV)
from a collisionglo) Particles of kinetic energies down
to a few kilovolts can do this, but charged particles
tend to give up less energy in nuclear collisions (Ruther-
ford scattering reduces the average recoil energy of the
struck nucleus) and lose most of their energy by electron
collisions. Thus while a fission neutron of average energy
= 1.5 MeV can cause about 1000 displacements, a proton of
the same energy produces about 4S11) Thermal neutrons
generally cannot create Frenkel defects. Evaporation neu-
trons each produce a few high energy charged particles in
the process of slowing down to an average energy comparable
to that of fission neutrons, and thus can roughly be com-
pared to them in metals and inorganics.
When semi-conductors are considered, the lower displace-
ment energy (in some instances so low as to be well into
the thermal neutron distribution) and the reduction of the
lifetime of minority carrier by charged particles (through
the production of new energy levels) make them very sensi-
tive to all kinds of radiation$12>
Organics are damaged by breaking of their molecular
bonds. Charged particles are at least as effective for
this as neutrons. It is more appropriate to measure an
organic radiation dosage in ''rads'" that is, in the density
of energy deposited, as is done in the case of biological

organisms.
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Metals and inorganics (to some degree) show greatly
enhanced radiation effects when irradiated at tempera-
tures below about 40°K. The changes can sometimes be
partially or totally annealed by raising the temperatureglo)
There is, however, often some hysteresis in the radiation-
annealing cycle. Dimensional changes of 1 or 2% are some-
times observed in typical metals (Cu, Al, Fe) irradiated
with 1020 neutrons/cm2 at liquid hydrogen temperatures.

This indicates that some care should be taken with the

use of cryogenic devices around a very high intensity neu-
tron source. It also suggests that there might be some ob-
stacles to the development of a practical cryogenic accelera-
tor.

The radiation sensitivities in Fig., 3 are taken only
from experimental studies at room temperatures$13-22)* Al-
most all the data on organics relates to their lifetime
as insulators, although there is one report of a rubber
gasket failure indicated. Organics are to be related to
the right-hand scale (megarads) and the others to the
left-hand scale (neutrons/cmz) and the scales are very
roughly comparable to each other (i.e., 1 rad - 108n/cm2 521)
The lethal dose for humans has been plotted to give an
idea of the relative magnitude.

This simple method of presentation cannot present
all the parameters. One might note the case of concrete,
in which the lateral breaking strength decrease (loss of

tensile strength, in effect) seems to relate more closely

* References shown on Fig. 3.
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to dose rate than to integrated dose, because it is the
resulting thermal stresses that weaken the concretesls)
There are reports of concrete structures surviving without
undue damage above 1020 n/cmz, for low dose rate523)

The most important radiation damage problems to be
considered in linear accelerator design seem to be these:

Length Increase: A copper cavity may change its lin-

ear dimensions by ~ 3 x 10"4 after receiving 1022 neutrons,
and thus change its frequency. Tuning devices would ac-
commodate this.

Conductivity: The conductivity, and thus cavity

shunt impedance, decreases linearly with neutron irradia-
tion. This problem can be solved by making provision for
additional input power and more cooling.

Permeability: Focussing magnet iron may lose permea-

bility (no good data exists on this -- the poinc shown is
for 3.5% Si steel) and this requires provision for more
3

current.

Resistivity: Insulation of organic magnet windings

may deteriorate.

Elasticity: Organic vacuum gaskets may polymerize,

and metal gaskets harden.
General: Associated electronic equipment - pulse
transformers, insulators, semi-conductor devices - may

become unreliable or fail altogether.

Activation

There are two general categories of activation. One

comes from the high energy events directly, and might result
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in the production of active isotopes of atomic number

5 or 6 less than the target nucleus and of an atomic weight
10 to 15 lower. The second type results from simpler re-
actions induced by the evaporated particles, and by capture
of the thermal neutrons produced by neutron moderation in
the walls of the enclosure.

Not very much can be done about the direct interactions
because copper (in the accelerator ) and brass, aluminum,
stainless steel or iron (in the target area) will usually
be the intercepting material. The secondary beam forming
targets can be of some particularly inactivable material
(e.g., carbon) and it is presently proposed to stop the
beam in water. Direct activation has been studied by
Barbier, who exposed a number of small samples inside the
CERN synchrocyclotron524) The exposure time was more than
a year, thus permitting long-lived activities to build up.
The samples received a mixture of radiations.

The curves of activity of several important materials
is shown in Fig. 4, plotted in counts/sec-gram against time
in days. The activities are long-lived. Thin foils dir-
ectly bombarded by protons for a few hours in the Nevis
Cyclotron showed a much more rapid decay during the first
day and very little long-lived activity. Three materials
(A1, Cu, Fe) have been extrapolated backward in time ac-
cording to the calculations of the ORNL groupgzs) Unfortun-
ately, one cannot perform a direct normalization because
the original flux is unknownS26) High energy neutron-in-

duced activities follow essentially the same decay curves.
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Where usable, carbon or SiO2 (not shown, but between C

and Al) seem to be the most satisfactory solids to allow

the beam to strike§27)
The secondary activation, over which one might have

hoped to have some control, has been mostly studied in re-

actors. Certain activation calculations can be performed

on the assumption of a typical evaporation spectrum and

the published cross sections. The latter are, at present,

not as complete as one would like. Table I lists a number

of those that are likely to be importantfzs-zg) The con-

crete aggregate assumed here is granitic. A limestone

aggregate reduces the Al content by almost an order of magni-

(30)

tude, but increases the Ca content correspondingly.

Evaporation Neutron Yield

The number of evaporation neutrons produced per stopped

proton can be calculated by numerical integration from

(4)

Fig. 5 shows the yield in copper per stopped proton as a

the values of Dostrovsky (and from other parameters).
function of the proton range. It is linear up to 300 g/cm2
(a range for 700 MeV protons) and then falls off but because
of cascade augmentation, I use the linear extrapolation:
yield = 10-2 neutrons/g/cm2 range per stopped protonSBI)

In the target and beam stopping rooms, light elements
will be inserted in the beam, and the targets will produce
fewer evaporation neutrons per stopped proton, but also have
a somewhat shorter range. Therefore, the values shown in
Fig. 5 are used as a fairly good approximation.

Table II gives some pertinent information about neu-
tron production from a single 2 millisecond proton pulse

. . 1 . .
which contains 2 x 10 4 protons, at various energies.
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TABLE II

Evaporation Neutrons Produced per 2 x 1014 Protons

"Stopped" in Cu

E MeV) R(g/cm ) Neutrons/ Flux at 1 m (n/cm ) R/Ain

pulse (point source)

50 3.5 7.0x10"2 5.6x10” ~0.02
100 12.0 2.4x10%3 1.9x10° ~0.08
200 40 7.8x10%3 6.2x10° 0.31
400 122 2.4x10% 1.9x10° 0.95
600 235 4.7x10% 3.7x10° 1.8
800 360 7.2x10% 5.7x10° 2.8

1000 590 1.1x107° 8.6x10° 4.5

The fourth column of Table II gives representative in-
tegrated fluxes at an average distance of one meter. The
next column gives the range divided by the mean free path
for inelastic events.

Without precise normalization for direct activatiom,
one can make a very rough estimate of the ratio of the
number of directly activated nuclei to the number indirect-

ly activated (by evaporation neutrons) by the relation:

N .
ﬁR _ (1_e-R/%1n)
n

which is of the order of 0.5 over the region of interest.
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Estimate of the Hazards

A rough order of magnitude estimate of the neutron

"environments'" -~ the drift

fluxes and activation in four
tube section, iris loaded section, target room, and beam
stop room can be made on the basis of either single pulse
¢y continuous loss.

T assume that either type of single pulse loss is
cypread over a distance of 1 m in the drift tube section,
and over 5 m in the iris loaded section. In these two
environments, the evaporation neutron fluxes are evaluated
at radii appropriate to the radiation sensitive components.
Aclivation magnitudes in either structure are estimated by
assuming an "'activation efficiency", (the probability that
the evaporation neutrons will not escape from the tank)
on the basis of a total mean free path in Cu and Fe of the
order of 30 g/cmz. These efficiencies are roughly, 90%
and 40% for the drift tube and iris-loaded structures.
Dose rates from the accelerator are calculated on the
assumption that the short-lived copper activities given
in Table I are the primary source of activity. This is
adequate for single pulse loss, but may be in error for
steady state loss. When self-attenuation in the struc-
ture is included, the dose rate is obtained from the gamma

flux wy(Ey) by the approximate relation

Dy(r/hr);: 2 x 10-6EY(MeV) P, (photons/cmz-sec)

assuming an appropriate distance from the beam center line

in both enviromments. Table III gives the values of the
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neutron fluxes and activation dose rates. A series of 2
to 4 targets of 10-30 g/cm2 is assumed in the target room
and a water tank as a final target in the beam stop room.
In the latter two environments, an independent estimate

of the ambient thermal flux is shown.

Conclusions and Recommendations

The following remarks are applicable to the proton
linac under consideration by Yale. The assumed distance
of beam loss (lm and 5m) for the values in Table III should
be particularly noted; if the losses are eventually found
to occur over a shorter distance, the neutron fluxes will
be more intense, although the dose rates will not change
by very much.

Drift Tube Section: Single pulse losses create no

major difficulty with respect to radiation damage, and
organic vacuum seals and magnet insulation can probably be
used. The former will take of the order of 104 lost pulses
and the latter, at least 105, if epoxy/glasscloth or an-
other resistant material is used. Radiation hazards to per-
sonnel are trivial, partly because of the self-shielding

of the tank and drift tubes. Ordinary good engineering
design practice should suffice, except that semi-conductor
devices cannot be used near the beam axis.

Iris Loaded Section: Single pulse losses create neu-

tron fluxes about an order of magnitude higher than in
the drift tube section. Near the high energy end, the use

of organic gaskets is questionable.. This is particularly
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true if steady state beam loss is likely at the drift tube

to iris transition point,. If an assumed 1 pA is lost for

a year the gaskets will have received of the order of 1016
n/cm2 and be on the point of failure. The magnet insula-
tion is somewhat less marginal. 1If replacement becomes nec-
essary, they are more accessible than in the drift tube
section. It is thus uncertain if there would be any econ-
omic advantage in using inorganic insulation on these. Semi-
conductor electronics should be kept out of this environ-
ment (at least, a distance of 2 m from the machine). The
personnel hazard from activation is serious, largely be-
cause of the reduced self-shielding of the iris-loaded struc-
ture. The dose rates would be hazardous for a period of

a few hours after a pulse loss. I would recommend that
additional shielding be placed between the accelerator and
the personnel access aisle, to facilitate prompt servicing
of components.

Target Room: The neutron fluxes here are above

109n/cm2sec. It is clear that no organics should be used,
either as vacuum seals, or as insulators in this room,

and semi-conductors are absolutely excluded. Activation
has now become a major hazard. Special precautions can

be taken: iron can be protected from themal neutron cap-
ture by a few mils of cadmium plating. For higher energy
neutrons an effective technique might be to surround the
magnet with thick pieces of some material like carbon which
has only short-lived activities and would shield against
the longer-lived activities underneath. Nothing can be

done about the short-lived activities in the concrete walls.
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As long-lived activities build up, the entire lining of
the target room will probably have to be replaced and pro -
vision has been made for this.

Beam Stop Room: Neutron fluxes and activation are

sufficiently intense so that even resistant components
will require occasional replacement. For example, the
walls will receive about 2 x 1018 n/cm2 in the course of

a year, and some local damage is probable. Remote handling
equipment and the exclusion of all unnecessary materials
are required. Possibly some reduction in the fluxes and
gamma ray hazards calculated here can be achieved by care-
ful design of the stopping target, but the primary safety
precaution will be isolation of the area.

QUESTION: I believe youranalysis is based on steady state
radiation damage data. 1 wonder how that applies if you
have a large ratio of thermal spikes introduced by this
beam structure?

KNOWLES: This is based on steady state radiation damage
data and it isn't completely applicable. However, it is
the low energy neutrons which do most of the radiation
damage - the high energy neutrons will tend to go right
through an organic material. They also aren't well moder-
ated in most metals. Unfortunately the information is not
uniform -- they sometimes report the pile spectrum, and
sometimes the fast fission spectrum. There is also a
little data for 14 MeV neutrons. The evaporation spec-
trum is not like the fission spectrum. It is peaked at a

few MeV and zero at 20 or 30 MeV. The fission spectrum
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normally has a peak at about 1.5 MeV. The sort of spec-
trum I would like to use for measurements has its peak
higher. The data is not very good, but it is all we have
just now.

QUESTION: 1Is there experimental work underway here at Yale?
KNOWLES: There is work by the SLAC group, but I haven't
seen their data yect. We are hoping to do some parasitic
runs using the best fast neutron spectrum possible out

of the Yale Electron Linac.

QUESTION: Are you going to do radiation damage studies?
KNOWLES: I'm going to do activation first, because I

think it is more of an immediate concern. And I think that
radiation damage studies are too hard to do in a limited
time.

HUBBARD: 1Is there any hope of undoing the radiation
damage?

KNOWLES: I don't know very much about annealing the damage
produced at higher temperatures in metals. Once you have
damaged an organic it will tend to re-polymerize and it
just falls to pieces. This might not apply in the case of

17 n/cmz, it might

a gasket. 1If a gasket has received 10
mean the vacuum will hold until you have to take that par-
ticular section off and then you find it's lost its elas-
ticity and won't reseal. As to metals, it depends upon the
metal and the property. 1 believe that inorganics can

also be annealed to some degree. I don't think that there
are really any careful bulk studies. Most of the work

deals with microcrystalline structure and things like this.
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FEATHERSTONE: I might mention that even in the very low
beam currents at the University of Michigan linear accel-
erator, we get regular damage to gaskets that are located
where they see some portion of scattered proton flux; of
course, this is a direct beam, but in our case, despite

our best efforts to shield them from the beam, the gaskets
on the isolation valves at the ends of the cavities have

a working life of the order of a year.

KNOWLES: The CERN synchrocyclotron has a teflon insulator
on the dee stem and this is replaced regularly once a year,
because it begins to show mechanical failure. This replace-
ment is a routine matter, because they had one that failed
after a year and a half. 1In their case, I'm not sure what
radiation is causing it. It could be neutrons, but they
have a strong residual gamma radiation field of the order
of 1 to 2 r/hr outside of the tank., I think that it is

an iron activity. This is what Boom, Toth and Zucker

found in the 184-inch synchrocyclotron at Berkeley. They
reported that a really long-lived activity was built up
from the impurities in steel, cobalt, manganese, etc. I
didn't include any manganese in Table I, but it has several
very long-lived activities. Also, I ignored the thermals
that come back from the walls, although they can make a

substantial contribution to the activation.
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