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MEASUREMENTS AND EVALUATIONS OF NUCLEAR
DATA TO SUPPORT EARLY DESIGN NEEDS
OF THE FMIT FACILITY

D.L.Johnson, F.M.Mann, and R.E.Schenter

Hanford Engineering Development Laboratory
Richland, Washington 99352

ABSTRACT

The Fusion Material Irradiation Test (FMIT) facili-
ty is currently being designed for use in the study of
neutron radiation effects in fusion reactor materials.
This facility will make use of the intense source of
high energy neutrons produced by a beam of 35 MeV deu-
terons incident upon a thick target of liquid lithium.
In the forward direction, the neutron spectrum from this
source peaks near 14 MeV as in a fusion device. However,
the neutron energy spectrum in the FMIT facility will be
broader and there will be a significant number of neu-
trons emitted with energies up to about 30 MeV. A small
fraction will be emitted with even higher energies, up
to a maximum of 50 MeV. Since ENDF/B evaluations of
neutron—-cross section data extend only to 20 MeV (with
little data above 15 MeV) there is a great need for neu-
tron data from 15 to 50 MeV for the FMIT facility.
Furthermore, nuclear reaction cross sections induced by
deuterons up to 35 MeV are a vital part of design and
operation considerations, and are even less well under-
stood than the neutron data. The time scale of the
design of the FMIT facility has been so rapid that it
has precluded large amounts of new nuclear data coming
from outside the project. This report outlines work
carried out within the FMIT project to supply the most
immediate nuclear data needs. Nuclear data needs for
" remaining design considerations and for long term opera-
tional uses will be discussed.



INTRODUCTION

The Fusion Materials Irradiation Test (FMIT) facility is
being designed for construction at the Hanford Engineering Deve-
lopment Laboratory (HEDL) with accelerator design by Los Alamos
Scientific Laboratory (LASL). Figure 1 shows a schematic diagram-
of the general layout of the facility. Deuterons are accelerated
in a linear accelerator to an energy of 35 MeV. The design spec-
ifies a beam current of 100 mA on target. The beam will be trans-
ported to one or the other of two targets via a series of bending
and focusing magnets as shown.

Those familiar with acceleration of deuterons know that a
major design consideration is the enormous quantities of prompt

. neutron and gamma radiation, .and also residual gamma radiation,

that will be associated with even tiny fractional losses of the
deuteron beam which will occur during acceleration and transport
to the target.

The beam will be normally incident upon a target of liquid
lithium (v 2 cm thick) within which the deuterons are stopped
(range v 1.5 cm), the neutrons are produced, and the deposited
heat is carried away. A stainless steel plate, (about 0.16 cm
thick) backs the lithium and separates it from the test cell where
neutron irradiation experiments will be conducted. 1In the vicinity
of the target and lithium systems, major design considerations are
associated with the huge yield of very energetic neutrons from the.
Li(d,xn) reaction. Also important is deuteron induced activation
of the liquid target material.

The major objective of the work described here was to provide
data for immediate design needs. There is considerable overlap
between design needs and needs for operation and analysis of irra-
diation experiments. However, because of the short time scale we
have gone no further than was absolutely required for design pur-
poses. : :

A preliminary design (Title I) for the FMIT facility was com—
pleted in late 1979 and cost estimates. were based on that design.
Since final design (Title II) is now being done and will be com-
plete in early 1981, relatively little new data can be incorpor-
ated beyond what is described here. Data associated with opera-
tion and interpretation of irradiation experiments is not required
as urgently, however, much of that data should be available before
initial operation of the facility, which is currently scheduled
for late 1984,

There are three general categories of nuclear data that will
be discussed in the body of this report. -They are (1) sources of
prompt neutron, gamma ray, and charged particle radiation induced
by deuterons; (2) neutron and gamma- ray transport and radiation
heating data; and (3) neutron and deuteron induced activation data.
Particular data that have been emphasized will be described. Plans
for obtaining data for remaining design needs will be discussed as
well as data needs for operation and interpretation of irradiation
experiments.
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Sources of Prompt Radiation Induced by Deuterons

A. Deuterons o6n Lithium

Neutron source data were required to (1) allow max1m121n the
volume within the test cell having a neutron flux of 10190/ cm?-5
or greater resulting from a 100mA beam of 35 MeV deuterons inci-
dent on a thick target of lithium, and (2) provide the source for
use in evaluations of shielding requirements, radiation heating,
activation, effects on instrumentation and dosimeters and esti-
mates of radiation damage in irradiation experiments and facility
components in the vicinity of the test cell.

The data required for evaluating the high neutron flux region
(~v lOlSn/cm -s) 1in the test cell are the double differential neu-
tron production cross sections . (do(Ey) /deEn) as a function of
deuteron energy up to 35 MeV. These data are needed (rather than
thick target data) to take explicit account of the spatial distri-
bution of source neutrons for distances very close to the target.
The spatial distribution is about 3 cm wide because of the need
to spread the beam to reduce lithium flow requirements. Such
differential data are not directly available either from experi-
ment or theory. The approach that has been taken is to obtain the
needed differentisl data by fitting a simple model of the micro-
scopic differential cross section to integral data obtained from
measurements with thick lithium targets (in which an integral over
deuteron energy is obtained). This approach is described more
fully in references [1] and [2].

To partially meet the need for experimental data at the FMIT
energy, measurements were conducted at the University of California
at Davis of the neutron yield and spectra from 35 MeV deuterons on
a 2 cm thick target of natural lithium. The spectra covered a
range of emission angles from 0° to 150°and an energy range from
v 1 MeV to 50 MeV, the maximum kinematically allowed energy. Addi-
tional measurements were made to study the very low energy portion
of the spectra (Ep< 1 MeV) and also with a target enriched in the
isotope °Li. The measurements and results are described in more
detail in reference[B]. Figure 2 shows the spectra as a function
of emission angle as obtained from these measurements.

The double differential neutron production cross sections were
then obtained as a function of deuteron energy by fitting to the
measurements described above and in reference [3] for 35 MeV deu-
terons and also to data obtained at other energies from deuteroms
on targets of thick lithium. The results of this procedure and
‘calculations of the neutron flux-spectra at various positions
(unperturbed by the presence of test samples) within the FMIT test
cell, based on this model, are described in reference 1) (earller
versions are described in references [2] and. [4].

Measurements of the prompt gamma ray yields and spectra were
made simultaneously with the neutron measurements described above
and in reference [3]. The interest in these data was potential
gamma heating in the FMIT test samples. Only preliminary analysis



has been performed so far, largely because it was observed that
the gamma production consisted of very weak production of low
energy gamma rays. The dominant gamma ray is ~ 0.5 MeV and is
emitted approximately isotropically. The most likely candidates
for this are the .478 MeV gamma ray from deuteron inelastic scat-
tering to the first excited state of 7Li_and possibly the 0.428
MeV decay of the first excited state of "Be formed by both the
7Li(d,2n) and 6Li(d,n) reactions. Both of the candidate gamma
decays are isotropic.

Calculations of the proton emission from deuterons on lithium
have been made with the assumption that it is identical fo the neu-
tron emission except for the high energy shoulder portion of the
spectrum (neutrons > 30MeV in Figure 2), which, for protons, is
limited to 40MeV. The concern was that a large flux of protouns
could significantly increase the rate of heating and damage to the
stainless steel backing plate or even penetrate to the test samples.
Protons having energies up to 40 MeV can be produced from deuterons
on lithium (the 6Li(d,p) reaction has the highest positive Q- value
of about 5 MeV). Fortunately the protons are rapidly degraded in
the lithium and a flux only about 1% or less of the neutron flux
is expected to hit the backing plate, if one assumes the proton
yield is identical to the neutron yield. Hence no significant
increase in heating or damage is expected from the proton flux.
Furthermore, the maximum proton energy emerging from a 2 cm lith-
ium target will be only about 24 MeV which is insufficient to pene-
trate the backing plate.

B. Deuterons on Accelerator and Beam Transport System Materials

Sources of prompt radiation are required as input to calcula-
tions to determine (1) shielding requirements when the beam is on,
and (2) neutron and gamma radiation fields which effect beam diag-
nostic and control instrumentation when the beam is on, (3) radia-
tion damage to accelerator and beam transport components, (4) neu-
tron activation of the accelerator, beam transport system, and
surrounding materials, and (5) radiation induced gas production
which affects the accelerator wvacuum. _

Prompt neutron and gamma production will be directly dependent
upon the small losses of the beam which will occur along the linear
accelerator during acceleration and throughout the system used to
transport it to the target. After beam tuneup, it is expected
that the losses will be greatest at the low energy end and will
diminish the farther the beam travels toward the high energy end.
Neutron flux levels are expected to be much higher at the high
energy end than at the low energy end, however, despite the reduc-
tion in losses as the beam is transported through the machine.

This is because neutron production rates increase dramatically with
increasing deuteron energy and they are emitted predominantly in
forward directioms.

No measurements of (d,xn) yields and spectra from accelerator
materials have -been done for the FMIT project and very little eval-



uation has been done. This is primarily because there is some data
already id the open literature, and because the trends in the cross
sections and spectra as a function of deuteron energy and target
mass are fairly well understood and reasonably.smooth for the
energies of importance. For example, the Serber model of deuteron
breakup reactions [5] can be used here to provide a method for
interpolating and/or extrapolating experimental data. Currently,
the primary source of (d,xn) yields and spectra that is being used
for FMIT design is the experimental data of Mculders et al,[6]
which is for deuterons of 16, 33, and 50 MeV incident on thick
targets of Be, C, Cu, Mo, Ta, and Au. The choice of these targets
is fortunate since the linear accelerator will have large quan-
tities of copper. Furthermore, thin pieces of gold and tantalum
are under consideration as materials to prevent the beam from hit-
ting copper or for beam collimation. This is because the (d,xn)
yields from gold and tantalum are smaller than lighter mass mater-
ials such as copper and their activation may be acceptably low.
The current feeling is that for steady state operation, the uncer-
tainty in the neutron sources due to deuteron beam losses is dom-
inated by uncertainties in predicting the beam losses rather than
by uncertainties in (d,xn) data. In situations where the beam
loss is better defined, (e.g. while tuning a known beam current
into a collimator or beam stop), then more accurate (d,xn) data
may be desirable.

There is a great need for (d,xY) yields and spectra for
materials in the FMIT accelerator and beam transport system. The
main application is to define prompt gamma radiation fields that
will effect instrumentation used for beam diagnostics and control.
In particular, current plans are to observe the gamma radiation
produced by deuteron loss during accelerator tuning (e.g. on a
collimator) in order to minimize beam loss and maximize trans-—
mission. It is believed that observation of prompt gamma radia-
tion will be a much better indication of local beam losses than
observation of neutrons. Unfortunately, there is very little
(d,xy) data. In fact we are unaware of any experimental data in
the literature which could be applied directly to FMIT needs as
(d,xn) data can be. No measurements or calculations of (d,xy)
‘data have been done in support of the FMIT project to date, however
plans are being developed to fill this important need.

There may also be a need for data on production of gases
within the FMIT accelerator and vacuum system. For example, nuc-
lear reactions such as (d,a) and (n,0) on materials within the
FMIT vacuum system could generate quantities of helium and other
gases that would be difficult to pump with conventional vacuum
pumping systems. Scoping calculations have not yet been made to
evaluate this questiom.

Neutron and Gamma Ray Transport and Radiation Heating Data

Data for calculations of neutron and gamma transport and
radiation heating are required for the same reasons as listed in



the previous section, which described sources of prompt radiation
induced by deuterons.

The types of data include cross sections for differential
elastic scattering, nonelastic scattering, neutron emission spec-
tra, charged particle emission spectra, gamma ray emission spectra,
and KERMA factors. Neutron total cross sections are of use to aid
in evaluation of the data above.

Data were needed for energies up to 50 MeV because, as shown
in Figure 2, the spectra from the Li(d,xn) reaction extend that
high. Furthermore, although the fraction of neutrons emitted in
the Li(d,xn) spectra with energies greater than ~ 30 MeV is only
‘about 1% of the total, the transport properties of these highest
energy neutrons are extremely important because they dominate the
penetration of thick shields made of ordinary and high density
concrete. This is explained in more detail by Carter and Morford
in reference [7].

A major effort has been expended by the FMIT project to mini-
mize the requirements and hence the cost for shielding, particular-
ly near the test cell where the source is largest, the shielding is
thickest and uncertainties due to neutron transport data are larg-
est’.

Initial calculations for shielding, radiation heating, and
activation, were made with a combination of transport data pri-
marily from the following sources: (1) ENDF/B-IV data for neutron
energies less than 15 MeV, (2) Optical model calculations of elas-
tic scattetings for E,>15 MeV, (3) Nonelastic cross sections and
neutron emission spectra and distributions from evaluations by
Wilson [8] and Alsmiller and Barish [9] for E,>15-20 MeV. The
details of the data used and its application are given in ref. [7].

Most of the transport data used for neutron energies greater
than 15 MeV were based on some nuclear model calculation with very
little experimental data available for comparison and establish-
ment of uncertainties. Data on neutron total cross sections were
the notable exception to this generalization. Unfortunately, it
is the components of the total cross section (elastic and nonelas=’
tic cross sections) which are actually used and the division be-
tween the two is often uncertain. It was determined that uncer-
tainties in transport data:for neutrons on the constituents of
ordinary and high density concrete were large enough that signifi-
cant cost increases would result from designing conservatively to
account for such uncertainties.

, A collaborative program was initiated with the neutron physics
group at the University of California at Davis to measure some of
the most important cross sections for comcrete in the energy region
of 20 - 50 MeV. The primary goal was to measure nonelastic cross
.sections at a few energies for the important shielding materials

C, 0, Ca, and Fe. 1In addition, the removal cross section was
desired for 'back of ‘the envelope' calculations of neutron penetra-
tion in thick shields. This cross section is the sum of the non-
elastic cross section plus the fraction of the elastic scattering
cross section which leads to scattering to angles greater than 25°



(see ref. [7] for further description). An accurate knowledge of
the neutron total cross section was needed at each energy that
the nonelastic cross section was measured. For targets of Ca and
Fe it was necessary to measure the total cross sections in order
to determine them with sufficient accuracy. The nonelastic cross
sections were measured at energies of about 40 and 50 MeV and the
total cross sections were measured at about 35, 40, and 50 MeV.
The experiments and results are reported in another contribution
to this symposium [10].

The data obtained from the measurements described above were
then used to aid in updating the evaluation of the total, non-
elastic, elastic, and removal cross sections over the energy
range of 20 - 60 MeV for neutrons on C, 0, Si, Ca, and Fe. Addi-
tional experimental data, which were obtained from the CSISRS
file at Brookhaven National Laboratory, were also used in the
evaluation. Other new total cross section data by ORNL [11] were
only in preliminary form at the time of this evaluation.

An example of the updated evaluation is shown in Figure 3 of
the nonelastic cross section for neutrons on iron. The dashed
curve is the cross section used in initial Monte Carlo calcula-
tions and corresponds to the evaluation of Wilson [8]. The solid
curve is the new evaluation which is the result of a generalized
least squares fit to the experimental data and the a priori data
using the code FERRET [12]. Note that the previous evaluation is
outside the error bars of the new data and is about 13% higher
than the new evaluation. Therefore, use of the older evaluated
data for the iron in high density concrete would have lead to
wall thicknesses that would be too thin to reduce the dose suffi-
ciently. Further updates of these data are planned if time is
available, to take into account such things. as optical model sys-
tematics, proton data, and new neutron data. A recent evaluation
by rASL [13] for neutrons up to 40 MeV on iron may be sufficient
for current needs.

As noted by Carter and Morford in reference [7], calculations
of heat deposition are-sensitive to neutron transport, neutron
KERMA factors, and gamma production cross sections. The short-
comings and improvements in KERMA factors have been noted in ref.
[7 & 14]. Dpata on (n,xY) reactions for many, materials are reason-
ably well understood below 20 MeV. Recent theoretical evaluations
have provided some (n,xYy) data for higher energies (see ref. [13]).
Experimental data is extremely sparce for energies above 20 MeV.

One area where an integral measurement has been employed to
understand a design question is related to heat deposition in the
FMIT test cell walls. An early design of the walls had thick
iron surrounded by concrete with gas cooling channels passing
through. A major concern was whether the cooling design was ade~
quate to remove the heat deposited in the concrete. Transport
calculations indicate that the source spectra as in Figure 2 is
degraded in thick iron (v 30 cm (12") or more) such that most of
the neutrons emerging have energies less than 1 MeV. The trans-
port data, KERMA factors, and (n,xY) datd for such low energy



neutrons are fairly well understood for the constituents of con-
crete [14]. Therefore, a primary uncertainty that remains in
calculations of heating in test cell walls is in the transport
of the high energy source neutrons through the thick iron.

An experiment was conducted at the University of California
at Davis to measure the transmission of FMIT-1like neutrons
through thick iron. The neutrons were produced by a'beam of 35
MeV deuterons incident upon a lithium target that was 2.5 cm
diameter x 2 cm thick. The same target was used for measurements
of the Li(d,xn) data shown in Figure 2,and the evaluation in ref.
[1] nhas provided source data suitable for transport calculations.
The source was placed approximately at the center of a nearly
cubical block of solid iron that was about 60 cm (2 feet) on a
side. .
Neutron spectra were measured with detectors placed about
10 cm (4 in.) outside the block at 0° and 90° with respect to the
beam direction. Proton recoil spectrometers were used to observe
the portion of each spectra from ~ 10 KeV to v 1.5 MeV, where
most of the neutrons were expected. An NE213 liquid scintillator
was used to observe the high energy portion of the spectra which
overlapped with the proton recoil spectral data. Additional data
on gamma dose fields were cbtained with thermoluminescent dosi-
meters (TLD's). Also a few solid state track recorders (SSTR's)
and nuclear emulsions were exposed to observe the neutron spectra.
. This experiment is similar to measurements and calculations
of the transmission of 14 MeV neutrons through a 76 cm diameter
sphere of iron as described in reference [15]. 1In that work,
discrepancies between experiment and calculation in the low
energy portion of the leakage neutron spectrum were found. When
the data from the present experiment have been analyzed, they
will be compared to predictions by the same code used for calcu-
lations of heat depositions. Adjustments in such calculations
may then be necessary, depending upon the magnitude of a possible
discrepancy.

Activation data is needed to establish gamma radiation
levels: (1) When the beam is on in places where such levels are
dominated by decay radiation rather than prompt radiation, and
(2) During shutdown after operationm.

A. Activation Data for Radiation Levels During Operation

There will be locations within the FMIT facility where
access is limited or excluded during operation because of high
levels of decay radiation rather than prompt radiation. Short-
lived nuclides are of most importance and both deuteron and neu-
tron-induced activation are significant.



(1)

(2)

(3)

B.

Examples where activation data plays a role are as follow:

Rooms containing lithium piping and nearby spaces will ex-
perience large gamma radiation fields due to decay of short-
lived isotopes produced in the liquid lithium primarily by
deuteron induced reactions in the lithium and its contami-
nants. An example would be 23Mg(T%®ll s) produced by a
reaction on a contaminant (23Na(d,2n)23Mg).

Rooms containing cooling water piped from the accelerator
and beam transport system will have large decay gamma fields
due to short-lived radioisotopes produced by neutron-induced
activation of the water and its contaminants. Tor example,
a large contributor to this radiation is due to decay of
16N, which has a half life of V7 sec. and emits very pene-
trating gamma rays of v 6 MeV. It is produced via the
16O(n,p) 6N reaction.

Spaces containing an atmosphere which has been exposed to
the neutron flux in either the accelerator tunnel (aixr) or
test cell (nitrogen).

Activation Data for Radiation Levels after Shutdown

A major goal of the FMIT project is to minimize maintenance

time in order to maximize availability of .the facility for irra-
diation exposures. An availability of 80% is desired but will be
challenging to meet because of the high activation levels that
can be expected from both deuteron and neutron induced reactions.
Current plans are for remote maintenance of the components in the
. test cell and hands-on maintenance, wherever practical, elsewhere.
Here the problem is long-lived radionuclides.

Examples of cases where activation data are important are as

follow:.

1)

(2)

Maintenance of the lithium system where radionuclides such
as ’Be (from 7Li(d,2n) and ©1i(d,n) reactions) and 22Na

(from the contaminant 23Na(d,t) reaction) will remain on the

walls of the piping even after draining. Reference [16]
describes evaluation of shielding requirements for mainten-
ance of the lithium system.

Maintenance of the accelerator and beam transport system
where large quantities of radioactive nuclides will be pro-
duced directly from deuteroﬁ induced activation and also
from activation by the secondary neutrons that are prolifi-
cally produced whenever a high energy deuteron hits any
material. It is desired to minimize the radiation dose that
results from the sum of both deuteron and neutron induced
contributions to activation levels for a particular location
in the facility. - This would tend to discourage the use of
some materials which might otherwise be -useful. An example
is the use of graphite (carbon) as a beam collimator. Al=



though the deuteron induced activation of graphite is known
to be very low, the deuteron induced neutron production from
such a light material is high compared to heavier materials.
Hence, the neutron induced activation of components surround-
ing the graphite could be prohibitively high.

(3) Maintenance in spaces containing an atmosphere which has been
exposed to the neutron flux in either the accelerator tunnel
(air) or the test cell (nitrogen) and release of this atmos-
phere to outside of containment. A few reactions such as
14N(n.nTa)7Be. 14N(n.o)14c, and 4OAr(n.gn)39Ar lead to verv
long~lived products and have cross sections large enough for
concerm. :

C. Deuteron Induced Activation Data

In general there is less data available on deuteron activa-
tion at the high energies of interest than on neutron activation.
On the other hand, only those materials directly exposed to deu-
terons can be activated, which considerably limits the number of
materials that must be considered. Those materials are (1) the
lithium target plus contaminants (Na, Ca, K, étc.) and corrosion
products (Fe, Ni, Cr, etc.) that may be in it, and (2) the mater-
ials near the beam centerline in the accelerator and beam trans-—
port system. The linear accelerator has large quantities of -
copper but consideration is being given to coating those parts ex-
posed to deuterons with a material such as gold or tantalum in
order to reduce activation. The high energy beam transport system
has not yet been finalized, however materials that have been con-
sidered for the beam tube are stainless steel and aluminum. Fur-
thermore, beam scrapers or collimators made from materials such
as carbon, tantalum or gold are under consideration.

One feature of activation in the FMIT facility that may not
be widely appreciated is that the quantity of deuteron induced
activation can far exceed that produced by the secondary neutrons
that are associated with the incident deuterons. For example,
with 35 MeV deuterons on a thick lithium target, only about 5 neu-
trons are emitted for every 100 incident deuterons. There are
even fewer neutrons emitted when deuterons hit heavier mass tar--" -
gets. Hence the deuterons have a much greater chance for inducing
activation reactions. The preponderance of deuteron induced acti-
vation would not necessarily remain in a situation where the neu-
tron activation cross sections are much larger (e.g. for thermal-
ized neutrons), or where the quantity of material that neutrons
_are exposed to is very much larger than deuterons are exposed to.
However, that is not believed to be the case near the accelerator
or beam transport system. Activation from the secondary neutrons
will of course be more spatially diffuse than from the deuteron
induced activation and will dominate radiation dose levels in some
locations. :

There was some data in the literature on cross sections for
deuteron induced activation that lead to medium and long-lived



products. Very little data is available on production of very
short-lived isotopes that are of interest for the lithium system
when the beam is on.

The initial design of the shielding around the lithium sys-
tem is based upon rough estimates of upper limits of activation
cross sections plus a measurement of the 7Be production. This
was necessary because of the large number of reactions and limit-
ed experimental data and time. The differential cross section
for each unknown deuteron induced activation reaction was assumed
to be a constant 0.5 barns for deuteron energies above the
Coulomb barrier or threshold energy, which ever is greater. Thick
target yields were then evaluated using such cross sections for
each reaction that could occur with 35 MeV deuterons on a target
of thick lithium plus egstimated trace contaminants. Measured
data for production of ‘Be (the most abundantly produced radio-
nuclide) were used instead of an estimate. Furthermore, compari-
sons were made to some data available in the literature to verify
that under-estimates of the activation were not being made. This
procedure is expected to result in a very conservative design
since such activation cross sections are not generally as large
as 0.5 barns. .

Initial scoping evaluation of deuteron induced activation of
accelerator and beam transport materials was done using a simple
extension of the THRESH code (ref. [17]) which is used for esti-
mation of neutron irnduced activation cross sections. Comparisons
were made with available experimental activation data such as
given by Fulmer and Williams for deuterons up to 40 MeV on copper
{18]. The comparison indicated that the model calculations were
only accurate enough for order of magnitude scoping studies.
Figure 4 shows the dose as a function of decay time calculated
from the estimated activation cross sections. The relative doses
calculated for activation of C, Al, Fe, Cu, and Ta tend to agree
roughly with previous dose calculations [19] for the same elements
which were based upon experimental activation data.

A program to measure deuteron induced activation was begun
for the following reasons: (1) There were no reliable data avail-
able for some elements of known importance for energies of inter-
est., For example, the production of ’Be by deuterons on lithium
had not been measured up to 35 MeV; (2) Previous experiments may
have missed some weakly produced radionuclides having long half
lives which could be important for dose considerations because of
their buildup in long irradiations. For example, we are not aware
of previous observation of the long lived isotopes 58@0, 60Co,
and 59Fe produced by deuterons on copper, however, for 35 MeV deu-
terons thev are energetically allowed via such reactions as
63Cu(d,aT)58Co, 63Cu(d,ap)60Co, and 65Cu(d,Za)SgFe; (3) There is
a-need to find materials having very low deuteron activation doses
for special applications such as for beam scrapers or collimators,
beam tube liners, and low activation coatings of accelerator parts
that are exposed to deuterons.

'Measurements were conducted on stacked foil targets using



a beam of 35 MeV deuterons from the cyclotron at the University of
California at Davis. Targets included Li, C, Al, Fe, Ni, Cu, Mo,
Ta, Au and Pb. Other measurements are planned on targets of Na,
K, Ca, Cr, and Mn and possibly other materials estimated to have
low activity for special applications.

An example of preliminary results from this program is shown
in Figure 5 which illustrates the thick target activation of
copper as a function of deuteron energy. Note that the long-lived
isotopes 58Co, 60Co, and 29Fe were indeed observed at 35 MeV with
production rates that are large enough to be significant for dose
considerations.

D. Neutron Induced Activation Data

The major need for neutron activation cross sections is for
energies above 20 MeV. There are extensive sets of neutron acti-
vation cross sections up to 20 MeV in ENDF/B and other libraries,
although not all activation cross sections that might be important
are included.

Scoping studies of neutron induced activation have been done
for such varied materials as air, water, concrete, iron, copper,
and aluminum in spectra that have significant portions of the
spectra above 20 MeV. This work is described more fully in ref.
[7] and will only be outlined here.

First, the most important reactions are selected by calcula-
ting the dose for a particular neutron flux-spectrum exposure,
irradiation time and decay time using estimated upper limits to
the activation cross sections as a function of energy. Then im-
proved dose calculations are made using cross sections estimated
by the THRESH code (ref. [17]) which was extended to 40 MeV. These
cross sections were joined at 20 MeV to ENDF/B-V activation ¢ross
sections when they were available. Next, improved calculations
of a few selected reaction cross sections have been made using the
code HAUSER*5 [20] which treats the reactions in the formalism of
Hauser-Feshbach statistical reaction theory with pre-equilibrium
emission. '

Some neutron induced activation reactions are not expected to
be reliably calculated by any of the methods described above and
they have not been measured. An example is the production of ’Be
from neutrons on Y4N. Nitrogen will be in the test cell and
accelerator tunnel. A likely path for this reaction involves the
following cascade, 1%N(n,nTa)/Be which has a threshold of ~ 32MeV.

Plans are being considered for integral measurements of such
neutron. activation cross sections in spectra that will be proto-
typic of the FMIT facility. Note that measurements in Be(d,xm)
spectra with 35 MeV deuterons would not be suitable for the lay
reaction described above, since the d,Be spectrum extends only to
N 40 MeV and is not prototypic of the Li(d,xn) spectra which ex-
tends to 50 MeV. A lithium target, which will be cooled to allow
high deuteron beam currents and corresponding high neutron flux
levels 1s being designed for possible use in activation measure-



ments at the University of California at Davis.

Remaining Needs and Plans

There is much nuclear data that is still needed for comple-
tion of design. Plans are being developed within the FMIT project
to provide for immediate needs as much as possible within the time
limits as stated earlier. Primary areas where work is being con-
sidered are: '

(1) Measurements and evaluation of (d,xY) and (d,xn) data for
accelerator and beam transport materials.,

(2) Further calculations and possible integral measurements of
neutron activation cross sections.

(3) Completion of measurements and evaluations of deuteron induc-
ed activation cross sections.

(4) Updating evaluation of neutrom transport and heating data for
FMIT structural materials.

(5) Providing data for evaluation of neutron radiation damage for
key FMIT structural components.

(6) Providing data on deuteron and neutron induced production of
gases in materials exposed to the FMIT vacuum system.

For operation of the FMIT facility and interpretation of
irradiation experiments, nuclear data needs are largely related to
neutron dosimetry and damage prediction in irradiation experiments.
Detailed discussions of these needs are given in other contribu-
tions to this conference [21 & 22]. Important needs include the
following:

(1) Neutron activation cross sections for dosimetry applications.

(2) Neutron transport data for prediction of neutron flux-spectra
. in experimental samples.

(3) VNeutron data for prediction of displacement damage, gas pro-
duction, and transmutation in experimental samples.

(4) VNeutron KERMA factors and gamma production data for predic-
tion of radiation heating in experimental samples.

A more complete list of needs is given in reference [23].
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FIGURE CAPTIONS

General layout of FMIT linear accelerator, high energy beam
transport system, and targets,

Measured neutron yield spectra as function of emission angle
in the laboratory for 35 MeV deuterons on thick natural
lithium.

Updated evaluation of the non-elastic cross section for
neutrons between 20 and 60 MeV on iron. A priori data
were from the previous evaluation by Wilson [8].

Residual unshielded gamma ray doses at a distance of 1 meter
for deuteron induced activation of various thick targets. -
Irradiation was with a 1 mA current of 35 MeV deuterons

for a period of 1 year. Activation cross sections were
estimated using an extension of the THRESH code [17].

Rates measured for production of various gamma decaying
radionuclides from deuterons up to 35 MeV incident upon
a thick copper. target.
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Measured neutron yield spectra as a function of emission angle in
the laboratory for 35 MeV deuterons on thick natural lithium.
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Rates measured for production of various gamﬁla decaying
radionuclides from deuterons up to 35 MeV incident upon
a thick copper target.



