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Neutron Interactions and Atomic Recoil Spectra
L. R. Greenwood

Battelle, Pacific Northwest Laboratories

Introduction

This chapter presents a discussion of neutron interactions with materials that lead to

activation, transmutation, and atomic displacements. The emphasis will be on current

applications including neutron irradiationfacilities, neutron dosimetry techniques, and

computer codes for spectral adjustment and radiation damage calculations.

The effects of neutron irradiations on materials depend on the neutron spectra and the

length of irradiation. Materials effects have been measured in many different types

of facilities, including fission reactors and accelerator-based neutron sources. If we

want to compare materials effects produced by different types of facilities, then we

must consider an exposure parameter that takes into account the differences in the

neutron spectrum. For example, we cannot compare an irradiation at a 14 MeV

neutron source with one at a fission reactor on the basis of neutron exposure alone

since 14 MeV neutrons produce significantly more damage per neutron than lower

energy neutrons; furthermore, the nuclear transmutation may be quite different for

these two facilities. A widely used exposure parameter that accounts for some of

these spectral differences is displacements per atom (dpa), which is a calculated

representation of the number of primary and secondary atoms that are displaced from

their lattice sites as a result of neutron bombardment. Dpa incorporates, to a first

approximation at least, the neutron energy dependent response of the material under

irradiation. This is illustrated in Figure 1, which shows that some materials effects

measured for 316 stainless steel correlate quite well on the basis of dpa for three

radically different spectra including 14 MeV, a fission reactor, and a Be(d,n) neutron

source.[1] The rest of this chapter will describe the techniques and measurements

that are used to perform neutron spectral measurements and subsequent radiation

damage calculations to determine neutron irradiation exposure parameters that can be



used to correlate matc, ;als effects between widely different types of facilities and to

predict materials effects in other facilities, such as fusion power reactors.

Neutron Sources and Spectra _ _'_._;'_

Several terms are used to define neutron exposure. Flux is defined as the number of

neutrons passing through a unit area regardless of their direction of travel; flux units

are thus neutrons/cm=-s. Fluence is simply time integrated flux with units of

neutrons/cm 2. The neutron energy spectrum describes the energy dependence of the

neutron flux. Neutron energies of interest typically run from below room temperature

at 0.0253 eV (referred to as thermal neutrons) up to about 20 MeV. Neutrons have

about the same mass as a proton; however, neutrons differ in that they have no

electrical charge. Hence, unlike protons, neutrons can strongly interact with atoms

at very low energies. The most common types of reactions that we are concerned

with include scattering (like billiard balls), inelastic scattering (where the target

nucleus is left in an excited state), and neutron capture (where the atomic weight of

the target is increased by one mass unit). Following neutron capture, the nucleus may

undergo gamma emission, fission, charged particle reactions (where a proton or alpha

particle is emitted) or multiple neutron emission. These latter reactions can produce

transmutation that is defined as the change from one element to another. It is easy

to predict such effects using the Table of the Isotopes as a guide to determine the

reaction products for each reaction as well as the subsequent radioactive decay
t

products. Frequently, the transmuted element may be produced as a radioactive

isotope; this is referred to as neutron activation.

Neutrons are produced either from nuclear fission of heavy elements, such as uranium,

or by charged particle reactions induced by accelerators. In the fission process, two

or more neutrons are produced for every fission. The fission neutron energy spectrum

can be described as a maxwellian with a nuclear temperature of about 1.5 MeV, as

shown in Figure 2. Two basic types of fission reactors have been developed: - fast
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reactors and mixed-spectrum reactors. These differ in the type of coolant and

moderator that is used to control the reactor.

Fast reactors are cooled by liquid sodium and thus have no significant moderation.

The term "fast reactor" or "fast flux" refers to the relative velocity (energy) of the

neutrons. Hence, the neutron spectrum in core is only slightly softer than the basic

fission spectrum. An example of this is shown in Figure 3 for the Fast Flux Test

Facility (FFTF) at Westinghouse Hanford (WA).[2,3] Such facilities produce high

fluxes of fast neutrons without any measurable thermal or epithermal neutron fluxes.

The more common types of fission reactors including most commercial power reactors

as well as most research reactors, are water cooled. These reactors are referred to

as mixed spectrum reactors since the hydrogen in the water coolant provides

substantial moderation of the neutron energy spectrum, leading to roughly equal

fluxes of fast and thermal neutrons. This is also illustrated in Figure 3 for the High

Flux Isotopes Reactor (HFIR) at Oak Ridge National Laboratory (TN).[4] The term

"moderation" refers to the slowing down of neutrons due to scattering, principally

with the large amount of hydrogen in the water coolant. Since the nucleus of a

hydrogen atom is a proton with equal mass as that of a neutron, the average neutron-

proton scattering results in the neutron losing about half of its incoming energy. This

energy is carried away by the recoiling proton and is lost by heating the water

coolant. The hydrogen scattering cross section is also quite large (about 20 barns)
t

so that hydrogen is thus the most effective neutron moderator we know of.

The HFIR spectrum shown in Figure 3 is characteristic of mixed spectrum reactors.

The spectrum is plotted as flux per unit lethargy, which simply means neutron energy

times neutron flux. There are several different ways to plot a neutron spectrum, as

illustrated in Figure 4. A differential plot shows the neutron flux at a point in energy

and has units of n/cm2-s-MeV. This is somewhat misleading since very low energy

neutrons appear to be quite high due to the very small energies in the denominator.
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A group plot shows the number of neutrons in a given energy bin. This representation

may also be misleading unless the energy bins have equal width. Maintaining

constant ,width energy bins is not practical since no detail would be provided at the

lower neutron energies. The lethargy plot solves this problem by having the bins

change Iogrithmically. For example, each bin could be 10% wider than the preceding

bin. This also has a practical limitation since the higher energy bins become

unacceptably large. Hence, my favorite way to plot neutrons is flux per unit lethargy.

This is defined as flux/d(InE) which is equal to E x flux. The reason I favor this type

of plot is that it gives the best visual picture of relative neutron energies. Units for

a flux/lethargy plot are n/cm2-s, the same as group plots. The difference is that the

group value is equal to the width of the energy bin (dE) times the differential flux

whereas the lethargy value is equal to the mid energy of the bin (E) times the

differential flux.

Looking at the lethargy plots in Figures 3 and 4 for the HFIR mixed spectrum reactor,

we note that the highest part of the neutron spectrum (> 1 MeV) looks like a fission

spectrum, the intermediate energy spectrum (0.5eV < E < 1 MeV) is flat, and the

lowest energies (< 0.5 eV) are represented by a thermal maxwellian. This spectral

shape is quite typical of all water-cooled, mixed-spectrum research and commercial

power reactors. The explanation for this spectrum is that the very highest neutron

energies produced by fission in the uranium fuel are relatively unaffected. At lower

neutron energies, the strong moderation due to neutron scattering from hydrogen in
t

the coolant water leads to a 1/E slowing down spectrum (thus looking flat when

multiplied times energy). This process continues until the thermal motion of atoms

in the moderator is equal to the neutron energy at which point a neutron can gain

energy in a collision as well as lose it. This results in a thermal maxwellian

distribution centered at the temperature of the coolant. At room temperature, the

average neutron energy is 0.0253 eV (3/2 kT); this energy is also generally used to

define thermal neutron cross sections and corresponds to the well-known thermal

neutron velocity of 2200 m/s. In a fission reactor, the coolant temperature may be
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considerably above room temperature, and hence the peak will have a higher mean

energy.

Particle Accelerator Neutron Sources

Neutrons can also be produced from nuclear reactions induced by energetic charged

particles. Many different reactions can be used. One of the most common sources

is the 14 MeV neutron source which is illustrated in Figure 5 by the Rotating Target

Neutron Source (RTNS)II, which operated at Lawrence Livermore National Laboratory

(CA) until it was closed in 1987.[5] This type of source produces neutrons from the

interaction of deuterium and tritium. This reaction releases a lot of energy and is thus

the favorite choice fo; fusion reactors. In fact, only a few tens of kilovolts are needed

to produce 14 MeV neutrons, and this can be accomplished by small, compact d-t

neutron generator tubes. The primary interest in this type of source is to simulate

fusion reactor neutron spectra, although compact neutron generator tubes are also

widely used for neutron activation, for example, to log oil wells.

Another type of source that has been proposed to simulate fusion spectra is based on

the Be or Li(d,n) reaction. In this case, a deuterium beam of particles is stopped in a

thick Be or Li target. If the deuterium energy is 35 to 40 MeV, then the average

neutron energy will be about 14 MeV, as illustrated by the Li(d,n) spectrum shown in

Figure 6, which further compares the spectrum expected at a future fusion power

reactor (DEMO) with that at various accelerator-based neutron sources.[6]

Some interest has also been raised in spallation neutron sources that produce neutrons

from spallation reactions where proton beams at hundreds of MeV are stopped in large

targets. This is also illustrated in Figure 6 and Figure, 7 for the Los Alamos Radiation

Effects Facility (LASREF) [7] at Los Alamos National Laboratory (NM) and the Intense

Pulsed Neutron Source (IPNS) [8] at Argonne National Laboratory (IL). Note that most

of the neutrons at spallation sources peak around 1 MeV; however, LASREF has a
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weak tail extending to 800 MeV and IPNS to 450 MeV since these are the energies

of the incident proton beams. Figure 6 also illustrates a proposed H(t,n) source

consisting of a tritium beam on a water target.[6]

One of the limitations of particle neutron sources at present is that the neutron fluxes

are generally much lower than in fission reactors. Another significant problem is that

the space available for irradiating materials is generally much smaller in an accelerator-

based neutron source. A listing of the neutron fluxes and volumes at some of the

materials research facilities is given in Table I. (This is also illustrated for radiation

damage parameters later in Figure 21 .)

Neutron Flux and Spectral Measurements

To calculate dpa during a neutron irradiation, it is necessary to determine the neutron

flux and energy spectrum. As illustrated in Figure 1, exposure units such as dpa allow

us to directly compare materials effects measured at very different irradiation facilities,

such as mixed-spectrum reactors, fast reactors, and particle accelerators. If we

restrict ourselves to one fixed irradiation condition, then knowledge of the neutron flux

and energy spectrum is of secondary interest. However, measurement of the neutron

exposure is required to allow us to determine an appropriate measure of the irradiation

exposure that can be compared with other irradiation conditions.

t

Many computer codes have been developed to calculate the neutron flux spectrum

from first principles. These are referred to as neutronics codes or transport codes,

which follow the course of neutrons through various materials. At the point of

generation, the neutron flux spectra can be determined quite precisely from the fission

process. However, operating fission reactors become quite complicated when one

takes into account moderators, reflectors, control rods, coolant, and other structural

materials, as well as the geometry of the facility. As the facility becomes more

complicated or as we transport neutrons through more materials, the reliability of the
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calculations decreases. It is thus highly desirable to use a technique to measure the

flux spectrum to check on these calculations.

Several methods are used to measure the neutron flux spectrum, depending on the

type of facility. The most widely used technique for fission reactors is referred to as

the multiple activation technique. Neutron activation refers to the process whereby

a neutron reacts with a target nucleus and transmutes it to a different isotope. These

reactions are given symbolically in parentheses where the first entry is the incoming

particle and the second entry is the outgoing particle. The notation A(n,p)B thus

means that nucleus A combined with a neutron, emitted a proton, and was

transmuted to nucleus B in the process. The (n,p) reaction will thus lower the atomic

number by one, for example, 54Fe(n,p)54Mn. Other reactions of most interest include

(n,gamma), (n,fission), (n,alpha), and (n,2n). In many cases, the product nucleus is

radioactive and can be measured to determine the number of such reactions that

occurred. Each type of reaction has a different dependence on neutron energy, as

illustrated in Figure 8. Occurring _t thermal neutron energies (n,gamma) and

(n,fission) reactions thus have no energy threshold. Fission reactions can only occur

for the actinides such as U, Np, and Pu. Capture gamma reactions are the most

common source of nuclear transmutation and are widely used to produce radioactive

isotopes for commercial purposes.

To measure the neutron flux spectrum, it is possible to simultaneously irradiate a

number o_ different materials and look at the activation products that are produced.

Each of the products yields information about a different region of the neutron energy

spectrum. For example, (n,gamma) reactions are sensitive mainly to the thermal

neutron flux; (n,p) reactions measure above 1 MeV; (n,alpha) above 4-5 MeV; and

(n,2n) above about 10 MeV. The epithermal energy region (1/E spectrum) can be

determined either by covering thermal flux monitors with a strong thermal neutron

absorber, such as cadmium, or by using resonance detectors, which have a strong

reaction rate at a very narrow energy region, as illustrated by the sharp peaks for the

7
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(n,gamma) reaction in Figure 8.

The rate at which a nuclear reaction occurs is defined as the cross section given in

units of barns where 1 barn = 10 .24 cm 2. This can be thought of as the area of

interaction between an incoming neutron and a target nucleus. Activation products

are most easily measured by gamma energy analysis since each radioactive isotope

emits a unique combination of gamma rays. The measured activity per atom is then

corrected for radioactive decay, both during and after irradiation, to determine the

saturated reaction rate. Other corrections that may be needed include burnin and

burnout of various isotopes, neutron and gamma self-absorption, and fission yields.

Mathematically, the saturated reaction rate is equal to the integral over neutron energy

of the energy dependent neutron activation cross section times the energy dependent

neutron flux. If we measure a number of reaction rates in the same neutron spectrum,

then we have a series of integral equations all of which have a common neutron flux

spectrum as the solution. This coverage of the neutron spectrum is illustrated for a

mixed-spectrum fission reactor in Figure 9.

Neutron Spectral Adjustment

A number of computer codes have been developed over the years to solve the integral

reaction rate equations. The earliest codes, such as SANDII [9], used iterative

techniques to vary the flux looking for a minimum deviation between measurement
t

and calculations. More recent codes, such as FERRET [10] and STAY'SL [11], use

a generalized least-squares technique. These codes allow us to take into account all

known uncertainties and their correlations in the measured reaction rates, nuclear

cross sections, and starting flux spectrum. The output flux spectrum thus also

provides a full covariance matrix to track all uncertainties.

Neutron activation cross sections and their uncertainties are generally available from

the Evaluated Nuclear Data File (ENDF) [1 2]. These ENDF data are available from the
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National Neutron Cross Section Center at Brookhaven National Laboratory either

electronically or by magnetic tape. Many of the cross sections have undergone

integral testing in various standard neutron fields. Testing has also been performed

by comparison with other active neutron measurement techniques such as time-of-

flight (TOF) spectroscopy, [13-15] has been used to directly measure the neutron flux

spectrum at particle accelerator-based neutron sources. However, it may not be

possible to measure the spectrum very close to the target where most materials

irradiations are performed to maximize the fluence. Hence, activation techniques have

also been used to characterize accelerator-based neutron irradiation facilities.

The input neutron spectra for spectral adjustment are ideally taken from neutronics

calculations, which can take into account the known source spectra, moderators,

reflectors, sample materials, etc., that may be present in a given reactor position.

This is where the name "adjustment" comes from since we are intending to adjust a

calculated neutron spectrum to determine the best fit to the data. Having a good

starting spectrum is important for several reasons. First of all, the least-squares

technique by definition has poor energy resolution. That is, most reactions have

rather broad energy responses and hence the technique is not sensitive to fine detail

in the neutron spectrum; such detail can only come from physics calculations.

Secondly, the technique is not very sensitive to intermediate energy neutrons. Many

reactions will define the thermal, epithermal, and fast neutron energy regimes;

however, few reactions are sensitive to the energy region from about 0.01 to 1000
t

keV.

Unfortunately, many instances occur where good neutronics calculations are not

available, often due to time and funding limitations. Even in these cases, it is possible

to determine a crude neutron spectrum using only the integral activation data. One

possibility is to use spectra from other facilities that are believed to be similar. In any

case, one can determine the reliability of the technique in several different ways. One

that has already been mentioned is to compare the results to a known standard such

9



as a 252-Cf source or an accelerator neutron spectrum determined by time-of-flight

spectroscopy. The other possibility is to perform sensitivity studies where various

input spectra are tried to see what the effect will be on the output spectrum. Input

flux uncertainties can also be varied to study their impact on the output. In these

ways, it is always possible to get a reliable estimate of the neutron flux spectra from

integral data. However, one must bear in mind the basic limitations of the techniques

that were mentioned earlier, specifically regarding intrinsically poor energy resolution

and the lack of sensitivity in some energy regions.

The choice of neutron activation reactions is governed by many factors, including the

length of irradiation vs. the decay time of the product isotope, and the amount of

activity generated vs. the available flux and space provided for the activation

materials. Generally, the best spectral measurements require rather short irradiations

(1 to 3 days) with rapid gamma counting of the products. On the other hand, it is

possible to monitor the progress of very lengthy irradiations over many years by

normalizing a few key reactions to a previously determined neutron spectrum.

Although it is not always possible to obtain highly accurate information about the

details of a neutron spectrum, the multiple activation technique does provide rather

accurate integral values by keeping track of all uncertainties and their covariances.

Hence, it is routinely possible to obtain accuracies of 10 to 20% for integral quantities

such as the thermal flux, flux > O.1 MeV, flux > 1 MeV, etc., even though we do not
t

know every wiggle in the spectrurn_ This level of accuracy can also be carried

through for subsequent transmdtation and damage calculations since these are also

integral quantities.

An example of a neutron spectral adjustment is shown in Figure 10 and Table II for

the Fast Flux Test Facility. Note that with rather small spectral adjustments, the fit

to the data is improved substantially and that we are able to get excellent internal

consistency for many different activation reactions.
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Nuclear Transmutation Effects

One of the objectives of knowing the neutron flux spectra for a given irradiation is to

permit reasonable estimation of other nuclear transmutation effects such as activation,

gas production, and changes in atomic concentrations. It is well known that nuclear

transmutation will lead to measurable changes in the propertities of materials.

Accurate knowledge of such effects is important for predictions of materials

performance in high fluence irradiations, such as fusion power reactors. Once we

have determined the neutron flux spectrum, then it is straightforward to calculate gas

production and other transmutation rates by integrating the appropriate neutron cross

section from ENDF over the adjusted neutron flux spectrum. For example, the

STAY'SL computer code has been modified to routinely provide recommended

reaction rates as part of the output. Such information is used to determine nuclear

burnin and burnout effects as well as transmutation to other atomic species.

For very lengthy irradiations, transmutation calculations may become very complicated

since a long chain of transmutation may exist from element A to B to C, etc. Another

complication is that neutron reaction cross sections are not well known for most

radioactive isotopes, simply because it is very difficult to handle and to measure

reaction rates for radioactive materials. Hence, computer codes, such as REAC [16],

have been developed to calculate such effects using neutron cross sections, which

are calculated from basic nuclear reaction theory and/or semi-empirical models. Such
t

calculations may not be wholly reliable, but they provide reasonable estimates for

activation of nuclear components and waste material. Many such calculations of

transmutation have been published for fusion power reactor materials. [17-18]

It has also been pointed out [19] that the primary proton and alpha recoil atoms

produced by neutron bombardment may also cause activation of materials. This has

led some to question the concept of low activation materials for fusion reactors since

materials, such as vanadium, which are not activated very much by neutrons, may in
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fact be activated by the proton and alpha recoils. Measuring such effects is extremely

difficult since it may not be possible to distinguish between such activations and

neutron reactions with impurities in the starting materials.

Special Thermal Neutron Helium Production

The high flux of 14 MeV neutrons in fusion devices produces substantially more

hydrogen and helium than is produced during comparable irradiations in fission

reactors. For this reason various techniques have been developed to enhance helium

production during fission reactor irradiations to more accurately simulate future fusion

reactor conditions. Hydrogen is not thought to be a problem due to the high mobility

of hydrogen in most materials. However, helium is trapped in voids and leads to

substantial swelling. [20]

One such helium production reaction of special note is the SSNi(n,y)SgNi(n,a)6eFe

reaction.[21,22] In a mixed-spectrum reactor, the high thermal neutron flux will

quickly transform 58Ni to SgNiwhich in turn readily produces helium (alphas). This

effect is illustrated in Figure 11. Although the effect is not linear with exposure, due

to the time required to breed SgNi,spectral tailoring has been employed to help smooth

out the process.J23] Recent experiments [24] have also used 69Ni doping of starting

materials, which is equally effective at producing helium in fast reactors. The nickel-

helium trick is especially effective for nickel-bearing alloys such as stainless steel since

we are n(_t required to add unnatural atomic additions to the matrix. It should also be

noted that the 5eFe recoil from the S_Ni(n,a)SeFereaction has an energy of 340 keY,

a very high energy indeed (it would take a 20 MeV neutron to produce a recoil of this

energy). This energetic recoil also produces significant displacement damage in the

ratio of 1 dpa for every 567 appm helium [22] (See Table Iil).

Other reactions that are known to enhance helium production include doping with I°B

or eLi or the tritium trick, since tritium decays to 3He.[25] This tritium effect has
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recently been used in fast reactors to enhance helium production in vanadium

alloys.[26] It has also been shown that a thermal neutron-induced enhancement of

helium in copper occurs from the e3Cu(n,y)64Cu(,8)e4Zn(n,y)eSZn(n,a)e2Nireaction.J27]

The copper effect is not as dramatic as for nickel since an additional step is required

to produce the eSZnand, at present, there is little interest in zinc-bearing alloys where

the effect would be comparable to nickel-bearing alloys. The copper effect is

illustrated for HFIR in Figure 12. It has also been suggested that a similar weak effect

may be present for iron from the 54Fe(n,y)_SFe(n,alpha) reactions; however, further

testing is needed to substantiate this process.J28]

Influence of Transmutation on Materials Property Effects

The transmutation of elements in a mixed-spectrum reactor can be quite dramatic for

those elements that have substantial thermal neutron cross sections. For example,

gold will transmute to mercury at the rate of about 13% per month in HFIR (too bad

we cannot go the other wayt). Recently, we have done transmutation calculations

for some suggested engineering materials containing Mo, W, Re, and Nb.[29] Figure

13 illustrates the transmutation of such materials in HFIR and a fusion power reactor,

STARFIRE. The high transmutation levels demonstrate that it is thus quite important

to consider such effects on material properties since changes in the atomic

composition below the 1% levels are known to have dramatic effects on materials'

propertities.
t

Atomic Recoil Spectra

One of the most important effects of neutron irradiation on materials is that atoms are

displaced from their lattice sites due to their recoil energy following a nuclear reaction.

Such atomic displacements are referred to as displacements per atom or dpa. The

initial interaction of a neutron with an atom can lead to a significant recoil energy;

such events are referred to as primary knock-on atoms (PKA). The PKA energy
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distribution is determined by the sum of recoils from all of the possible neutron

reactions. Each type of reaction produces a different recoil energy distribution

depending on the masses involved, the incident neutron energy, and the angle

between the incident neutron direction and the final recoil direction. For example, the

(n,I/) capture reaction leads to rather small recoil energies since the photon is massless

and cannot carry away very much momentum. However, charged particle reactions

such as (n,p) or (n,e) can lead to very high recoil energies determined mainly by the

masses of the target and product atoms. Obviously, light elements will recoil with

more energy than heavy elements due to the need to conserve momentum and energy

in all such reactions. Examples of recoil spectra for various reactions are shown for

nickel in HFIR in Figure 14. In fission reactors, most of the recoils are caused by

elastic or inelastic scattering and thus have rather low recoil energies, as can be seen

in the figure. Most of the nickel recoils in HFIR are thus below 100 keY, although a

small fraction of recoils extend up to about 2 MeV. One popular way to illustrate

differences in recoil spectra between different facilities is to show the integral above

the energy plotted, as shown in Figure 15. The 50% point thus means that half the

recoils are above that energy.

The calculation of primary recoil spectra is facilitated by computer codes such as

SPECTER.J30] In the previous talk by Mark Robinson, there was some discussion of

the recoils for a given neutron energy (e.g., 1 MeV neutron incident on nickel).

However, when we irradiate nickel in a fission reactor, we must integrate all possible
t

reactions over all neutron energies. The SPECTER code does this by using a built-in

library of recoil energy spectra over a lO0-point grid as a function of neutron energy.

These libraries thus typically store 10,000 data points to fully describe all possible

PKA spectra. Thus, the code only needs the neutron energy spectrum as input and

can then calculate spectral-averaged recoil spectra, as shown in Figures 14 and 15.

Displacement per atom calculations start with the primary recoil spectra determined

from the neutron interactions with the matrix atoms. It is important to note that each

14
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primary recoil atom is capable of displacing a large number of secondary atoms. The

number of secondary displacements is determined by two factors: the total amount

of energy available and the energy required to displace an atom. The recoiling primary

atom will mainly slow down due to electronic interactions. The total energy

dissipated in this slowing down process is referred to as Kerma. A small part of this

energy will be available for displacing other atoms through nuclear collisions. This

distribution of electronic vs. nuclear stopping power is usually calculated by the

Lindhard theory [31]. Thus for any given combination of recoil atom and matrix

material, the nuclear stopping energy can be determined. This energy is referred to

as the damage energy or Td,_. The expression 0.8 Td._ / 2 Ed, where Ed is the energy

required to displace an atom from its lattice site, finally gives the total number of

secondary displacements. The total displacement cross section in barns thus

represents the total number of both primary and secondary displaced atoms generated

by an incident neutron. Multiplying the dpa cross section times the total neutron

fluence will then give the total number of displaced atoms for a given irradiation.

Although we are talking about displaced atoms, note that dpa is a calculated

parameter and does not represent the actual number of crystal lattice; defects that

have been created. Defect production will be discussed at length in other chapters.

The fundamental theory behind the SPECTER computer code is described in Reference

32. Displacement cross sections are calculated for each type of nuclear reaction, as

shown in Figure 16. At low energies, it is now clear that only (n,y) and elastic
t

scattering contribute to the displacement damage. The only exception to this is for

reactions such as (n,e} that occur at thermal neuron energies, such as for 8Li, I°B, or

59Ni (see Table Iil). Recoils from the (n,y) reaction are caused by photon emission.

The net recoil energy is determined by summing over all possible photons (some may

go up to 8 to 10 MeV) using the relationship E,(eV) = E_=/(A + 1) moc= = 536.7 Ea2

/(A + 1) where A is the mass of the target nucleus and EQis the gamma energy in

MeV. Since many isotopes also undergo beta decay following neutron capture gamma

emission, this effect has also been included in Table IV which lists the true average
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and effective recoil energies following (n,gamma) reactions for a number of elements.

Clearly, these recoil energies are quite small and generally are not the major

contributors to dpa cross sections except in highly thermal neutron spectra.

SPECTER Computer Code

The SPECTER computer code provides a convenient way to obtain damage parameters

for a variety of elements and compounds in a specified neutron energy spectrum. The

user need only specify the neutron spectrum. The code then integrates over the

libraries described previously to give the spectral-averaged results of interest. If an

irradiation time is given, then results will be quoted at the neutron fluence specified.

The output includes spectral-averaged Kerma (total energy), gas production,

displacement damage, and PKA recoil distributions. An example of the dpa

calculations are listed in Table V. Dpa calculations are listed separately for each type

of reaction and then summed to give the net displacement damage. Other computer

codes are also widely used such as NJOY [33]. However, some of the advantages

of SPECTER are that since the basic neutron reaction calculations have already been

performed to create the SPECTER libraries, the user does not need access to ENDF

data files, and the code is compact and can be run in minutes on a PC-level computer.

Compound Materials

t

Displacement damage in compound materials is fundamentally the same as for pure

elements in that the PKA energy distributions are the same since they arise purely

from the interactions of neutrons and individual atoms. However, the secondary

displacements are quite different since we must now consider all possible

combinations of primary recoil and matrix atoms. For example, in the case of LiO2,

recoiling Li atoms will interact with both Li and O atoms; the frequency only depends

on the atomic ratios. Computer codes such as SPECOMP [34,35] nave been

developed to consider these interactions. The SPECOMP code starts with the PKA
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libraries contained in SPECTER as the primary damage state. Lindhard damage energy

calculations are then performed for all possible combinations of recoil and matrix

atom, as shown in Figure 17. All of these combinations can then be added up

according to their atomic abundance to determine the total dpa cross section.

However, it is important to note that dpa in this case refers to the displacement of

any type of atom in the compound rather than one specific atomic species. A further

complication is that the displacement energy threshold may be different for each

element in a compound.

One of the main problems with defining dpa cross sections for compound materials

is that displacement threshold energies are not well known. In a pure element, this

problem is not so significant since we can always simply renormalize the cross section

using the relationship of 0.8 Td,m/2 Ed (i.e. - dpa is proportional to 1/Ed). However,

for a compound, such renormalization is not possible, and a change in any of the

threshold energies requires a completely new calculation of the dpa cross section.[35]

It is important to note that the results of a SPECOMP calculation may be quite

different than might be expected from simply adding up elemental damage. This is

illustrated for Li20 in Figure 18. Examples of calculations for various compounds are

listed in Table Vl.

Conclusions and Future Directions
t

It is important to note that the concept of dpa is only a crude indicator of the complex

interactions that will be produced by neutron irradiations. Most of the displaced

atoms will freely migrate and recombine with vacancies. Recombination strongly

depends on temperature due to the mobility of the interstitial atoms; hence,

experiments that attempt to measure total displaced atoms (e.g., by resistivity

changes) are generally conducted at liquid helium temperatures of 4°K. The

calculation of dpa is only indicative of the total initial energy that is available to
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produce damage to _he matrix -- not the final, permanent damage. Many models

have been developed to follow subsequent interactions to the formation of more

permanent damage such as defect clusters, cascade loops, etc., and such effects will

be discussed in subsequent chapters. The reason that the dpa parameter has been

so successful as a correlation parameter is that dpa is proportional to the total energy

available for producing defects which in turn is generally proportional to the final

material defects that remain in the crystal lattice.

Some success has recently been achieved with models such as freely migrating

interstitials [36] to replace dpa. Computer models consistently show that lower

energy recoils are more effective at producing stable defects than high energy recoils.

An example of two such models is shown in Figure 19. The Hm_ curve represents

computer calculations of freely migrating interstitials following neutron

bombardment.[36] The Wmod curve is taken from the survival of defects following

heavy ion irradiaitons.[37] Both models can be used to derive modified displacement

damage cross sections, as shown in Figure 20. Note that all such models produce

smaller damage cross sections since dpa is a measure of the maximum damage

possible. However, the models obviously change the ratio of defects at lower and

higher neutron energies, thereby producing some interesting spectral effects such as

an enhancement of thermal neutron damage relative to fast damage. However, such

models are still in the developmental stage and are not yet universally accepted.

Some experiments are in progress to attempt to study such effects, for example, by
t

looking for enhanced damage from thermal neutrons.

Neutron sources, such as fission reactors and particle accelerators, can be viewed in

terms of their ability to produce radiation damage in materials, as shown in Figure 21,

which compares dpa rate vs. helium production rate for various facilities. The figure

is drawn from the point of view of fusion materials research where the helium to dpa

ratio in iron or stainless steel is about 10/1. It is apparent that few facilities match

the fusion conditions, and this is why researchers have looked at tricks such as the

18
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thermal helium production in nickel for mixed spectrum reactors. The fusion

community has also long advocated [6] using particle accelerator devices such as

Li(d,n) which can generate fusion-like damage both in terms of neutron flux as well

as helium to dpa ratios. Using higher energy accelerators is not without problems in

that neutron cross sections for activation, transmutation, and radiation damage are

generally not well known above about 14 MeV due to measurement problems. This

problem becomes more significant with higher energy accelerators such as spallation

devices; however, one can argue that the fraction of neutrons at very high energies

is not high enough to cause severe differences with lower energy irradiations, in any

case, more effort is needed to develop neutron cross sections for all applications at

higher neutron energies.

in conclusion, this chapter has attempted to give an overview of neutron irradiation

facilities, flux and spectral measurements, atomic recoil spectra, radiation damage

calculations, and the interconnections between all of these subjects. Many years have

been spent developing these techniques, and, in general, we now have extensive

capabilities to characterize irradiation facilities both in terms of neutron flux spectra

and radiation damage. Such data are widely used to correlate materials effects

between different types of irradiation facilities and to predict damage to fusion reactor

materials. However, more development is needed in each of the following areas.

Neutron interaction cross sections are needed to improve activation and spectral

adjustment techniques, to improve the prediction of materials activation for reactor
t

components and waste materials, and to improve the estimation of radiation damage

phenomena. If higher energy particle accelerator neutron sources are used, then

neutron cross sections and damage cross sections are especially needed at energies

above 20 MeV. In the radiation damage area, new models are being developed to

replace the dpa concept with energy, material, and property-dependent damage

parameters. However, at present, dpa remains the best exposure parameter for

comparisons between different types of irradiation facilities. For fusion materials

studies, work is needed to improve the extrapolation of materials effects from non-
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fusion spectra at very different flux levels to conditions expected at an operating

fusion power reactor.
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Table I: NeutronFluxes at SelectedU.S. MaterialsIrradiationFacilities
Maximumvalues are listed near core center at full power.

Facility Power NeutronFlux DPA/Year
(MW) (n/cm_-s) (steel)

High Flux IsotopesReactor 85a 4 x I0Is 30
(mixed-spectrumreactor)

Omega West Reactor 8 2 x 1013 0.15
(mixed-spectrumreactor)

Fast FluxTest Facilityb 291a 6 x I0Is 40
(fastreactor)

ExperimentalBreederReactorII 62.5 3 x 1015 30
(fast reactor)

RotatingTarget NeutronSource IIb - 2 X ]012 0.4
(14 MeV Source)

Los AlamosMeson PhysicsFacility - 6 x 1013 1.0
(Spallationat I mA current)

STARFIRE (FusionReactorFirst Wall)c - 2 x I0Is 40
(3.6MW/m_)

a Currentpower restrictions;HFIR can operateat 100 MW and
FFTF at 400 MW.

b Facilityno longer in operation.
c See Reference38.
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Table I]: STAY'SL Spectral Adjustments for FFTF/MOTA-1G

position; -1,1 cm CHIz = 0.45

Comparison of Reaction Rates (atom/atom-s)

Measured ±% Calculated Diff. STAY'SL Diff. Reaction Energy Range, MeV
% %

2.32E-10 5 5.03E-10 117 2.32E-10 0.0 C059(N,G)C060 ].OOE-04 3.60E-01
3.92E-11 5 5.36E-11 37 3.96E-]1 1.2 FE58(N,G)FE59 2.80E-04 5.50E-01
8.33E-]0 5 9.94E-]0 19 8.35E-10 0.3 NB93(N,G)NB94 5.75E-04 5.00E-O!
3.8[E-11 5 3.68E-]! -3 3.62E-11 -5.1 FE54(N,P)MN54 2.00E+O0 6.70E+00
].88E-13 5 2.07E-13 10 1.75E-13 -7.2 CU63(N,A)C060 4.50E+00 1.10E+01
4.36E-11 8 4.97E-1! 14 4.g6E-11 13.8 NI58(N,P)C058 !.60E+O0 6.70E+00
7.44E-13 !0 1.04E-12 40 8.68E-!3 16.6 NI60(N,P)C060 4.50E+00 !.OOE+O!
3.39E-12 5 4.39E-12 30 3.75E-12 10.7 TI46(N,P)SC46 3.30E+00 9.00E+O0
1.95E-09 7 ].72E-09 -12 1.92E-09 -1.8 NP237(N,FISSION) 3.60E-0! 3.30E+00
7.92E-09 6 8.77E-09 !I 8.11E-09 2.3 PU239(N,FISSION) 7.60E-04 2.00E+O0
8.12E-09 6 8.92E-09 10 7.98E-09 -1.7 U235(N,FISSION) 5.75E-04 !.60E+O0

STD. DEV. (%): 43 8.2



Table III: Calculationof Damage for 5BNiHelium Reactions

SBNi(n,y)SgNi(n,:)SBFe

Q-Value = 5097 keV
E (56-Fe)= 340 keV = (4/60) x Q
E (_) = 4757 keV = (56/60)x Q

Damaqe EnerqY (LindhardTheor.y__

Tdam (56-Fe)= 170.0 keV

Tdam (e) = 6.2 keV

Total Tdam = 176.2 keV

DPA : 0.8 Tdam / 2 Edl : 1762 dpa/helium

He (appm)/dpa= 105/1762 : 567 He (appm)/dpa

ii
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Table V: Exampleof SPECTEROutput for FFTF/MOTA- MidplaneMOTA-2A

Iron- 1326
SPECTRALAVG. DISP SIGMAS,EDL = 40 eV TOTAL FLUENCE= 1 432E+23+/- 10.9 %

DPA = 4.1343E+01 HELIUM(APPM)= 2.8621E+00 HYDROGEN(APPM)= 5.4835E+01

ELASTIC INELST (N,2N) (N,2N)P (N,2N)SUM CH1 CH2 SUM

2.5530E+023.2810E+018.8613E-032.7826E-023.6685E-022.0248E-012.5302E-022.8838E+02 BARNS
.5530E+013.2810E+008.8613E-042.7826E-033.6685E-032.0248E-022.5302E-032.8838E+01 KEV-BARNS

_/- 11.55%+/- 12.71%+/- 61.18% +/- 55.85%+/- 56.94%+/- 7.24% +/- 28.38% +/- 10.33%

.6493E+O09.4899E-026.3657E-061.9217E-05 2.8291E-041.9986E-054.7447E+00 NUCLEAR - BARNS
_/- 14.31%+/- 17.12% +/- 60.67% +/- 55.62% +/- 5.12% +/- 10.97%+/- 14.03%

CAPTUREGAMMA DAMAGE= 3.1511E-02KEV-B +/- 11.62% CS = 1.1091E-02BARNS, TGAM = 395.0 EV

TOTAL DPA CROSS-SECTION= 2.8869E+01KEV-B;OR 2.BB69E+02BARNS

Nick____el- 132B

SPECTRALAVG. DISP SIGMAS,EDL = 40 eV TOTAL FLUENCE= 1.432E+23+/- 10.93%

DPA = 4.8461E+01 HELIUM(APPM)= 4.2216E+01 HYDROGEN(APPM)= 7.9895E+02

ELASTIC INELST (N,2N) (N,2N)P (N,2N)SUM CHI CH2 SUM

3.16/IE+021.8644E+011.258gE-022.5892E-012.7151E-011.8594E+004.4731E-013.3193E+02 BARNS
3.16/IE+011.8644E+001.2589E-032.5892E-022.7151E-021.8594E-014.4131E-023.3793E+01 KEV-BARNS
+/- 11.43%+/- 9.08% +/- 56.04% +/- 26.52% +/- 27.34% +/- 10.02% +/- 9.52% +/- I0.II%

_>g/83E+O05.1133E-028.93/8E-062.2227E-04 5.5790E-032.9479E-048.0355E+00 NUCLEAR - BARNS19.61%+/- 12.11%+/- 55.00%+/- 25.30% +/- 6.82% +/- 6.39% +/- 19.47%

CAPTUREGAMMA DAMAGE = 4.6662E-02KEV-B +/- 22.59% CS = 1.7558E-02BARNS, TGAM = 491.0 EV

TOTAL DPA CROSS-SECTION= 3.3840E+01KEV-B; OR 3.3840E+02BARNS



Table VI: SPECOMP Results for Various Compounds and Facilities

,Comparison of spec_ral-$veraged dpa cross sections (barns)

Compound 14 MeV Starfire HFIR EBRII

Li20 SPECOMP 1040 754 2410 939
Sum 728 517 2321 636

LiAIO 2 SPECOMP 1648 978 1120 1031
Sum 1336 777 1050 808

AI203 SPECOMP 1685 935 303 924
Sum 1718 945 304 925

SiO 2 SPECOMP 1700 938 305 944
Sum 1764 955 306 943

316SS SPECOMP 2889 743 198 481

Sum 2889 743 198 481
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Figure Captions

1. Comparision of three materials effects in 31 6 stainless steel following irradiations
in three radically different facilities. Note that whereas little correlation exists on the
basis of neutron exposure (flux > 1 MeV), the effects correlate quite nicely on the
basis of dpa.

2. The neutron spectrum is shown for the fission of 235U. The spectrum is well-
described by a Maxwellian with a nuclear temperature of about 1.5 MeV.

3. Comparison of neutron spectra for the mixed-spectrum reactor HFIR and the fast
reactor FFTF. Both spectra are at midplane at current reduced power levels.

4. The HFIR neutron spectrum is plotted in three different representations: differential
point spectrum (solid line), group flux (dashed line), group flux times energy
(flux/lethargy) (dotted line).

5. Neutron spectra as a function of angle from the incident deuterium beam direction
at the 14 MeV neutron source RTNSII.

6. Neutron spectra for various accelerator-based neutron sources proposed to simulate
fusion reactor spectra, including a fusion first wall spectrum (DEMO), a fusion beam
plasma device, a Li(d,n) accelerator neutron source, two spallation neutron sources
the European Accelerator (EURAC), and a H(t,n) water-tritium accelerator neutron
source.

7. Neutron spectra at the LASREF and IPNS spallation neutron sources, showing both
calculations and spectral adjustment with the STAY'SL computer code.

8. The energy dependence of several neutron activation cross sections is illustrated
for (a) the thermal (n,y) reactions on Au and Co and (b) fast threshold reactions.

9. The energy dependence of various neutron activation reactions is illustrated for the
HFIR mixed-spectrum fission reactor. The horizontal bar by each reaction indicates
the energy region where 90% of the activity is generated.

10. Neutron spectral adjustment is illustrated at in-core and below-core positions in
the Fast Flux Test Facility. The solid lines show the neutronics calculations and the
dotted lines the result of spectral adjustments with STAY'SL.

1 1. The production of helium is shown as a function of total neutron fluence in HFIR
for the SSNi(n,y)SgNi(n,e)SBFereaction. The solid circles represent the experimental



data and the open circles are calculations based on neutron dosimetry and
recommended cross sections.

12. Helium production from copper is shown as a function of thermal neutron fluence.
The squares are measured values, and the dotted line represents calculations. The
dashed line shows the helium production from Cu(n,a) fast neutron reactions.

13. Transmutation of tungsten in the mixed-spectrum reactor HFIR and the fusion
reactor STARFIRE. Note the rapid transmutation to rhenium followed by the
transmutation of rhenium to osmium.

14. Energy distribution of nickel recoils in HFIR. Each reaction is shown separately
and labelled by the outgoing particle. Note that elastic and inelastic produce most of
the recoils at lower energies; however, (n,e) reactions produce recoils up to MeV
energies.

15. Integral recoil spectra are illustrated for various irradiation facilities including FFTF,
HFIR, IPNS, a pure fission spectrum, a 14 Me V spectrum, and a fusion first-wall
spectrum.

16. Displacement cross sections are shown for nickel as a function of neutron energy.
The contributions are shown from elastic scattering (n), inelastic scattering (n'},
proton emission (p), alpha emission (e), and the (n,2n) reaction.

17. Displacement damage cross sections are illustrated for the compound Li20
showing each combination of recoil atom and matrix atom.

18. Displacement damage cross sections for the compound Li20 are compared with
the sum of 2 Li + O. Note that the correct compound damage from SPECOMP is
considerably higher than would be obtained from a simple sum of the elements.

19. Comparison of the defect survivability models Hmod and Wmod with the standard
dpa model. Note that both models predict that low energy recoils produce more
stable defects than higher energy recoils; however, little energy dependence exists
above about 2 keY.

20. Modified damage cross sections using the Hmod and Wmod models of defect
survivability are compared with the standard dpa cross section for iron. Note that
both models lead to less net damage; however, relatively more damage occurs at
lower neutron energies.

21. Comparison of different irradiation facilities on the basis of displacement damage
vs. helium production. The fusion power reactor spectrum is used as a guide to
assess possible sources for fusion materials studies.
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18. Predicted f_rmation of rhenium and osmium irradiated in (a) the'PTP position o

HFIR at 85MW, and (b) the first wall position of STARFIRE at 3.8 MW/m 2. (59)
Note that the relative amounts of osmium and rhenium are reversed in the two
reactors.
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SPECOMP computer code: dpa cross sections for compounds.

comparison of SPECOMP and elemental sum from SPECTER

predicts increased damage in tritium breeder materials;

same damage rates in structural materials.
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