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NEUTRON DOSIMETRY FOR RADIATION DAMAGE IN FISSION AND FUSION REACTORS

Donald L. Smith
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The properties of materials subjected to the intense neutron radiation fields char-
acteristic of fission power reactors or proposed fusion energy devices is a field of
extensive current research. These investigations seek important information relevant
to the safety and economics of nuclear energy. In high-level radiation environments, neu-
tron metrology ir accomplished predominantly with passive techniques which require de-
tailed knowledge about many nuclear reactions. The quality of neutron dosimetry has
increased noticeably during the past decade owing to the availability of new data and
evaluations for both integral and differential cross sections, better quantitative under-
standing of radioactive decay processes, improvements in radiation detection technology,
and the development of reliable spectrum unfolding procedures. However, there are prob-
lems caused by the persistence of serious integral-differential discrepancies for several
important reactions. There is a need to further develop the data base for exothermic and
low-threshold reactions needed in thermal and fast-fission reactor dosimetry, and for
high-threshold reactions needed in fusion-energy dosimetry. The unsatisfied data require-
ments for fission reactor dosimetry appear to be relatively modest and well defined, while
the needs for fusion are extensive and less well defined because of the immature state of
fusion technology. These various data requirements are examined with the goal of provid-
ing suggestions for continued dosimetry-related nuclear data research.

[Neutron dosimetry, radiation damage, fission, fusion, reactors, radioactivity, cross sections.]

Introduction

The widely-publicized incident at the Three-Mile-
Island plant has taught us that the costs inflicted by
a malfunctioning nuclear reactor are very high. The
expense of bringing the facility back on line and of
purchasing power from other sources during the interim
period must be added to the inestimable effect of shaken
public confidence in nuclear energy. Electric utilities
must have reactors which will operate safely and reliably
for many years. Extensive research and development is
needed to meet this requirement because of the existence
of complex engineering problems, unprecedented materials
science phenomena and uncertainties resulting from in-
complete quantitative understanding of fundamental atomic
and nuclear processes.

An understanding of the scale of nuclear reactor
parameters is necessary before one can truly appreciate
the magnitude of this issue. Some statistics on operat-
ing power reactors may help to provide perspective: The
core power density for a commercial light-water reactor
(LHR) is ~30-100 KW/liter. This is -60-200 times larger
than for a 100 W light bulb. Host units under construc-
tion in the U.S. will produce ^000 MWe. Operating
pressures of >1000 psi for a boiling-water reactor (BWR)
and >2000 psi for a pressurized-water reactor (PWR) must
be withstood by the pressure vessel (PV). Operating
temperatures of several hundred degrees centigrade are
typical. PVs are enormous: -10-15 meters high by -5-7
meters diameter with steel walls ~20 centimeters thick.
Commercial nuclear plants are productive (-2 x 10B U.S.-
dollars of electricity per year) but very capital inten-
sive (-2 x 109 U.S. dollars to build a plant). Struc-
tural components of reactors experience radiation damage
in addition to conventional wear produced by high tem-
peratures and pressures. In one full-power year, the
interior of the PV receives a neutron dose £1O18 n/cnr
(>1 MeV). Measurable property changes have been observed
for PV steel at fluences H O 1 * n/cmz (>1 MeV), but this
depends on the spectrum and the operating temperature
history as well as on material properties. Ten nuclear
plants in the U.S.A. are >10 years old. The issue of
reactor lifespan is of a paramount social and economic
importance.
! '

The scope of this paper is very broad; it encom-
passes operating problems for thermal power" reactors '
(e.g. LWRs), developmental problems for fast breeder _:

reactors and conceptual problems for controlled fusion
reactors. This review is an overview of the field.
The primary goal is to aquaint nuclear data people with
some nuclear data needs for reactor dosimetry. The
motivations for dosimetry transcend damage problems and
include other important topics (fuel burnup, shielding,
etc.). There have been major advances in data develop-
ment and neutron metrology during the last decade.
This is evident from the dramatic change in accuracy
expectations for fast reactor metrology (see Fig. 1).
Published references on the subject are extensive.
This paper will not attempt to credit all sources of
material used in the review, but will list mostly those
references considered useful to readers who might wish
to pursue certain aspects of the subject in more detail.
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Fig* 1. Chronology of accuracy expectations for U.S. fast reactor neutron
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Fundamentals of Neutron Dosimetry

1985

There is no simple relationship between materials
damage and the neutron dose. Nevertheless, a review
of the field should begin with a consideration of the
fundamentals of neutron metrology. Awareness of the
characteristics of reactor neutron spectra is needed
in order to understand damage phenomena. Figure 2 pro-
vides qualitative insight. Since wide dynamic ranges
of energy and flux are encountered, logarithmic scales



and the parameter lethargy v, defined as £n(E/E0), are
often used when discussing reactor spectra. Neutron
flux, represented by •(E,t) or *(t), refers to neutron
Intensity In units of n/cm2/sec/MeV or n/cm2/sec (if all
energies are considered). Fluence refers to the time
integrals of these quantities and is expressed in dose
units. Reactor people usually refer to (nv) or (nvt)
which are the energy differential flux and fluence,
respectively, for neutron density n and velocity v
(e.g. Ref. 3). Often the variable t is dropped and $(E)
or » is used \Men referring to, the neutron spectrum
or Its energy integral. The function *(w) is equivalent
to E*(E). Group fluxes or fluences refer to total neu-
tron intensity in an energy interval AE$(E), or lethargy
interval A M * ( U ) . An energy dependent process is repre-
sented by <u(E). The response R of a in spectrum if is
the product u$. The observable I is an integral quantity

tors for fast-neutron spectra. This feature is used in
calibrating fast reactors relative to absolute Cf-252
sources. Ueutron metrology in the lower-energy regions
of reactor spectra is hindered by resonance phenomena.
Oosimetry differential cross sections there are not
well known and uncertainties in flux depression factors
(because of resonances in the total cross section) ob-
scure the true reaction rates. The need to improve this
state of affairs is motivation for further nuclear data
research in the resonance region.

•= I R(E)dE = J «(EH(E)dE (1)

The function ID may be a reaction di f ferent ial cross
section o in which case l i s a reaction rate. I is
then related to the spectrum average cross section
5 ( 1 = *o). I f ID is a damage function, then I is the
observed damage rate associated with integrated f lux ».
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Dosimeter cross sections a can be categorized as
threshold or nonthreshold, activation or nonactivation,
and fission or nonfission. Threshold reactions respond
to flux above the threshold energy E ,̂ and the truncated
average cross section ot is defined by

• / •

<(E)dE (2)

The 90S response range is the energy interval which
contributes 90S to I in Eq. (1). Figure 3 shows 90%
response ranges for several reactions in a spectrum like
that which will be used for fusion material testing.

Non-threshold reactions may respond mainly to the
lower energies of the spectrum (e.g. the 1/v and re-
sonance region for capture reactions) or to most of the
spectrum (e.g. U-235 or Pu-239 fission). Flat response
reactions such as Pu-239 fission are insensitive to the
spectrum shape above -10 keV and are ideal flux_jintegra-

\

Fig. 3. Response rjnges for several
spectrum lifter Greenwood, Ref. 4 ] ,

reactions 1n • d + Be neutron

Threshold reactions are useful spectral indicators.
Two fundamental problems plague fission reactor dosim-
etry: One is a lack of suitable threshold reactions
for the region 1 keV to 0.5 HeV. It is possible to
shift the response range of nonthreshold reactions to
higher energies by encapsulating monitor foils in Cd or
B. It is not possible to shift the response to lower
energies. The second problem is that above ~2 MeV all
fission-based spectra have similar shapes and produce
similar truncated responses for most threshold reac-
tions (e.g. Fig. 4). Various threshold reactions pro-
vide redundant information about spectra because the
response ranges overlap to a considerable degree in the
MeV region. Another problem affects dosimetry for
fusion reactor applications: Response ranges for
threshold reactions are much broader for these spectra
then they are for fission spectra. This affects the
reliability of spectrum unfolding procedures.

Activation reactions are more widely used for
dosimetry than nonactivation reactions. Long-half-
life activation reactions (^months) .are essential for
power reactor dosimetry since access is generally pos-
sible only during complete shutdown for refueling.
Test reactors and critical assemblies are more acces-
sible and shorter half-life monitors (^minutes) are
also useful for them (e.g. Ref. 5). ;

Fission reactions are very important for dosi- ;

metry because the cross sections are relatively well
known and these processes can be used in active (fis-
sion chamber) measurements at low power and passive
(fission products) applications at high power. Fission
products offer a wide range of decay half lives which
can be used for dosimetry purposes. Fission is beset
by problems such as burn-in (growth of parasitic fis-
sionable isotopes by capture) at high power and photo-
fission. These effects complicate the interpretation
of measured integral data (see Table I and Refs. 6-8). j

P.TV



Photofission corrections can be estimated with the aid
of graded gamma-ray shields, but burn-in effects cannot
be avoided. A subtle problem for threshold fission
reactions is that the thresholds are poorly defined
and the cross sections for the so-called "subthreshold"
region are not well known.

LU

LU

E (MEV)
Fig. 4. Response function shapes for three different fisslon-drlwen spectr*
ere nearly the same for a high threshold reaction.

Table I . Relative Importance of photo fission at Inner surface of pressure
vessels. Cd Is used to cover fo i l packets [after Boxuan et a t . , Ref. B j .

PHR BWft

Detector

U-235
U-238
Th-232

Cd
gammas

3.80(-5)
1.90(-3)
5.061-3)

Reactor
gairmas

1.08(-2)
0.476
0.968

Reactor
Neutrons

1
1
1

Cd
ganmas

6.091-5)
2.281-3)
6.03(-3)

Reactor
garmws

2.911-2)
0.96J
1.95

Reactor
Neutrons

1
1
1

Spectrum Unfolding

Measurement of a series of spectrum sensitive
observables I. provides information which can be
used to estimate the spectrum shape. It is necessary
to solve the problem

z *ij ,. AE, (i = 1, ...n) (3)

This is a version of the Fredholm integral problem of
the first kind. Usually m > n so no unique solution
for * exists. What is sought is a solution consistent'
with a preconceived form which is often based upon
reactor Physics calculations. Various schemes for
unfolding spectra from measured reaction rates and
assumed differential cross sections have been devel-
oped. These have been discussed by Oster (Ref. 9)
and Zijp et al. (Ref. 10) among others. The IAEA
sponsored a critical comparison of several commonly
used spectrum unfolding codes such as SAND-II, Crystal
Ball, RFSP-Oulich, etc, (see Refs. 9-11). The conclu-
sion from this effort was that these various codes
yield rather similar results provided that: i) the
requisita trial spectrum does n t differ substantially
from the final solution, ii) the uncertainties in the
integral quantities Ii are moderate, iii) the dif-
ferential cross sections ĉ  are realistic, and iv) •
the dosimeter response functions cover the spectrum
well. As indicated above, it is generally not pos- •

sible to cover spectra as well as desired with the
response functions of available dosimeters. The
energy region >1 MeV is manageable for fission
spectra. The Tower limit for accurate spectrum unfold-
ing is ~5 MeV for fusion-like spectra. Measurements
£l keV are complicated by resonance phenomena.
Stallman and Kam (Ref. 12) have reported success in
the use of linear programming techniques to generate
artificial response functions with desired properties
from combinations of the natural response functions
of several dosimeter reactions. This "window function"
method was conceived to deal with the region £l keV.
The gap from ~1 keV to -0.5 MeV is problematic for fis-
sion spectrum dosimetry as indicated above.

Since spectrum unfolding methods do not usually
yield unique results, it is reasonable to ask how one
can deduce the most likely spectrum representation and
estimate its uncertainty from available integral data
and evaluated differential dosimetry cross sections.
F. Perey addressed this problem and developed a least-
squares procedure which answers this question in a rig-
orous manner (Ref. 13). A variation of this approach
can also be used for performing unbiased evaluations
of cross section data. The method uses techniques of
matrix algebra and covariance matrices must be provided
for the trial spectrum, for the differential cross sec-
tions, and for the integral reaction rates. This re-
quirement is both a source of strength and of weakness
in this approach. The strength lies in the fact that
all uncertainties in the unfolding procedure are prop-
erly considered and the unfolded spectrum is the best
estimate (in the least-squares sense) which the avail-
able information can provide. The weakness is that
it is very difficult to provide realistic covariance
matrix elements (especially off diagonal elements
representing cross correlation effects). Use of inad-
equate matrix elegants can thwart the process and lead
^unreasonable results. It is generally accepted that
the Perey formalism is a logical way to proceed - for
the long run. Steps are being taken to implement it
(e.g. inclusion of covariance matrices in ENDF/B-V).
Experience gained over the next few years should estab-
lish whether it is a practical approach. In the mean-
time, it is likely that many other methods will continue
to be used.

Neutron Damage Phenomenology

Determination of neutron flux (or fluence) and
spectral shapes is only part of damage analysis. A
fundamental understanding of microscopic and macroscopic
damage phenomena is required to extrapolate results from
damage studies in test facilities to the environment of
power reactors.

The basic mechanisms of neutron damage have been
discussed in several papers (e.g. Refs. 2, 14-19).
Neutrons with energies of a few eV can rupture chemical ,
bonds and participate in a few exothermic reactions,
such as 58Ni(n,Y)S9Ni(n,a)56Fe which-produces gas in
reactor structural materials. Above 40 eV, scattered
neutrons can impart sufficient energy to Fe atoms in
steel to displace them from the lattice. At ~1 MeV,
neutrons can impart -1000 times more recoil energy to
Fe atoms than is needed to eject them from the lattice.
Spectra of these recoil or primary knock-on atoms (PKA)
can be calculated from a k owl edge of neutron cross
sections. The PKA propagate through the lattice pro-
ducing more displacements until the available energy
is exhausted. High-energy neutrons produce copious
displacements. The term displacements per lattice atom
(DPA) is used and DPA cross sections are calculated
using models (e.g. the model of Kinchin-Pease, of
Thompson-Wright and of Linhard). Analysis of this
cascade process requires methods from atomic, molecular,
and solid-state Physics. DPA cross sections determined ,



using various methods agree reasonably well for most
Important reactor materials.

OPA cross sections increase with neutron energy
and may be >1000 barns in the MeV region (see Figs. 5
and 68). During long periods of service it is very
likely that most of the atoms of components located in
high flux regions of a power reactor will experience
displacement. Fortunately, most displacements are not
permanent and much of the damage is eliminated by re-
arrangement of the lattice - especially at elevated
temperatures (annealing). However, there are neutron-
induced processes which hinder the annealing of dis-
placement damage. Ail transmutation reactions produce
some displacement by recoil, but the more important
effect is a weakening of the lattice by introduction of
foreign atoms. Even more serious are the hydrogen- and
heliurn-producing reactions which become important at
higher energies. The presence of gas in the lattice
encourages the growth of voids produced by displaced
atoms. This promotes swelling, creep and embrittle-
ment of the material (Fig. 6C). Fracture resistance
at elevated temperatures is reduced (Fig. 6A). The
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presence of helium is more serious than hydrogen because
hydrogen migrates out of the lattice at elevated tem-
peratures while helium is more likely to be trapped.
In reactor PVs where temperatures are lower, hydrogen
production may be a significant problem.

The DPA parameter appears to be more useful for
damage correlation than other common indicators (e.g.
fluence >0.1 MeV or >1 HeV}. However, the connection
between DPA and macroscopic damage is neither simple
nor well understood. Considerable research is being
devoted to this problem. Gas production data files
have been developed within the ENDF system. A library
of DPA cross sections has been published in Europe
(Ref. 16). Many irradiation experiments have been
performed on reactor materials to study macroscopic
damage. Ion beams readily produce atomic displace-
ments, but the observed damage consists mainly of
blistering and erosion near the surface owing to range
limitations (Fig. 6D). Neutron irradiations under
accelerated conditions in the core of test fast reac-
tors such as EBR-II (U.S.A.) provide results which are
not easily related to what might be expected in other
environments (e.g. the PV of a LWR or the first-wall
of a fusion reactor). This area of research will con-
tinue to be of paramount importance in the future.

Figures 5 and 6 show that effective thresholds
for atomic displacements are relatively low, and the
important damage response region for fission reactors
(-50 keV to -5 HeV) is only partially covered by acti-
vation dosimetry reactions. Effort'is being directed
toward developing the 103Rh(n,n')103mRh and 93Nb(n,
n')93mNb reactions as activation dosimeters because
they have low thresholds (~40 keV and ~30 KeV respec-
tively). The response functions resemble those for
DPA cross sections (Fig. 7). 103Rh is better known,
but a short half life (~56m) limits its application
to low-power research reactors. 93Nb is not well
developed but has potential for power reactor appli-
cations because of a long half life (-13.6y). Further
development of the data base for these reactions is an
important task for the nuclear data community.

Damage Dosiroetry Requirements and Programs j
I

A review of all dosimetry-related requirements is
beyond the scope of this paper. Here, an attempt will ;



be made to indicate some of the current damage dosim-
etry interests for the LWR industry, for fast-reactor
development and for controlled fusion technology.

»-103(n.n-|Rn-10>i ,

T«bl» I I . Calculated fluitl for • rai Md M [after Slam. «ef. JSJ.

I
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Hcutron Ener9j (KeV)

Flo.. 7. Comparison of the response of Fe OPA «nd i o lah(n,n' JlD1"Rh In a f i s t
reactor ipectrun [after Sanotrs, Ref. 23].

LWR Industry

A major concern is longevity of the PV. The PV
must last for the 40-year design life of the reactor.
It has been proposed that in-situ annealing of the PV
be used to remove some damage effects in welded joints
of older units where the concentration of Cu and S
is known to be high. Apparently, no attempt has been
made yet to attempt this difficult task. Regulatory
quidelines for PV surveillance (PVS) were established
without a detailed understanding of damage phenomena.
They may be excessively conservative, yet the results
of periodic mechanical tests on specimens of irradiated
PV steel must conform to these guidelines if the unit
is to remain in operation. This is an important eco-
nomic consideration. Dosimetry practices at most power
reactors are of pre-1970 vintage and a factor of two
improvement in dosimetry accuracy could be achieved
using current fast-reactor techniques. Improvement of
cross section data for the resonance region is required
in order to better estimate resonance self-shielding in
dosimeter packets. Furthermore, more accurate cross
section data for some long-half-life, threshold activa-
tion monitors such as 51»Fe(n,p)5llMn, 63Cu(n,a)60Co and
93Nb(n,n')93mNb are required since studies have shown
the MeV region to be important for PV damage effects
(Fig. 8 ) . Considerable effort is being devoted to
improving computational methods (see Table II) for flux
determination in LWRs. Benchmark measurement programs
such as the one at Oak Ridge (U.S.), have been under-
taken to test computational and experimental dosimetry
methods. Other research programs are underway at
selected controlled-environment power reactors (e.g.
Browns Ferry-IH in the U.S.). Additional material
on LWR dosimetry can be found in Refs. 26-31.
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Fast-reactor Development

The development of modern dosimetry techniques
is being sponsored mostly under the auspices of fast
reactor programs. Much of the support for cross sec-
tion determination comes from this source as well.
Engineering studies have been in progress for several
years at various benchmark and critical facilities
and at materials testing facilities (e.g. EBR-II in
the U.S.). Damage research in the next decade will
be concentrated at several new facilities such as
FFTF (U.S.), PFR (U.K.) and Phenix and Super-Phenix
(France). Core damage phenomena (swelling, creep,
etc.) are undoubtably a very great concern for fast
reactors since high fuel burnups (long fuel cycles)
are important for efficiency. Alteration of core con-
figurations by swelling and creep can affect efficiency
and might lead to safety problems since fast-reactors
are not designed to operate in the most reactive con-
figuration. Improvements in dosimetry methodology
are required in all facets of the field to meet the
accuracy goals of Fig. 1. These primarily involve
refinements of existing techniques and increases in
accuracy of the data base <10 MeV for neutron reac-
tions which have already been studied.

Controlled Fusion Technology

The design of fusion reactors is speculative
since breakeven (feasibility) of controlled fusion
has not been demonstrated. Most materials damage
studies are formulated under the assumption that a
demonstration facility will be a Tokamak; however,
fission-fusion hybrids, laser fusion machines, and
ion beam devices are being considered as alternatives.
Damage to the "first wall" of the blanket is of primary
concern. It is anticipated that the first wall will
experience a power loading of —1-3 M'«J/m2 due primarily
to fast neutrons (>1011( n/cm2/sec). Approximately 75%
of the neutrons will have energies >100 keV and 30%
will be below 13.5 MeV. The average energy for this
degraded "14-MeV" spectrum is considerably higher than
in a fast reactor spectrum. Although the atomic dis-
placement rate is expected to be similar to the core
of a fast reactor, damage rates in order of magnitude
greater are anticipated because of larger gas produc-
tion rates. A major goal is the design of radiation-
resistant materials for the first wall. Materials
testing for fusion applications will take place at
fission test reactors (e.g. FFTF), but this will have
to be supplemented by measurements at higher energies.
Programs are now being conducted at 14-MeV facilities
(e. g. the RTNS at Livermore in the U.S.). The U.S.
intends to build a high-energy test facility (FMIT)
based on the d + Li reaction. It will provide a
spectrum similar to the one shown in Fig. 3 with
total neutron output ~10 1 6 n/sec. Dosimetry for the
region 10 - 15 MeV will involve some extrapolation of
the existing data base for fission reactors. Proper
utilization of a d + Li test facility will require
extension of dosimetry techniques to -40 MeV. The
opening of many uninvestigated nuclear reaction chan-
nels will necessitate expansion of our quantitative
knowledge of nuclear processes far beyond current
limits. Since the current level of research support .
for fusion energy nuclear data development is low, _\



it 1s difficult to speculate on how this might be
accomplished. The reader is referred to the proceed-
ings of a 1977 symposium at Brookhaven, U.S.A., and
other selected references for more information on this
subject (Refs. 32-36).

Dosimetry Techniques

Dosimetry techniques are categorized as active
or passive, nuclear reaction or direct damage, acti-
vation or nonactivation, high {lux or low flux,
differential or integral, and flux measurement or
fluence measurement. A requirement for most methods
is accurate characterization of dosimetry materials
(e.g. Ref. 37). Accurate assay of fissionable ma-
terials is crucial for other areas of fission reactor
development as well. A comparison of fission standard
materials used in several laboratories in the U.S.
and Europe has Been carried out under the auspices
of the Interlaboratory Reaction Rate (ILRR) program
(see Ref. 38). Huclear data people should not over-
look the fact that dosimetry materials must survive
the high temperature environments of power reactors
where some materials will melt or vaporize and could
be lost without proper encapsulation (e.g. see Refs.
6 and 27).

Active Dosimetry

This term applies to on-line measurements with
electronic instrumentation. An obvious advantage of
active dosimetry is the ability to detect rate vitia-
tions. Disadvantages include the possibility of
instrument failure, flux level limitations (for most
methods) and complexity. Discussion of time-of-flight
techniques will be avoided here, though they are use-
ful for measuring the thick-target spectra which are
employed in fusion research.

Fission chambers are widely used. They are com-
pact and the cross sections for several fission reac-
tions are well known. Measurement procedures sre not
difficult. Flux limitations (<1010 n/cm2/sec)
restrict these detectors to moderately low-power
applications. Fission detectors provide only integral
reaction rate data (e.g. see Ref. 39).

Differential spectrometry is only possible
' at quite low fluence levels (£lO7 n/cm2/sec).
Proportional counters based upon n-p scattering or
the 3He(n,p)3H reaction, and solid state detectors
based upon both these reactions and the 6Li(n,t)'*He
reaction as well are used (e.g Refs. 40-44). Differ-
ential measurements require great care and experience,
but are worth the effort since they provide spectral
information in the region from 10 keV to £5 MeV which
is difficult to investigate by other mean?. Figure 9
shows the quality of data which can be obtained from
such measurements. Accuracies of -5-10% for 0.01 < En
< 2 HeV and -10-15% for E n > 2 MeV are possible using •
differential techniques. Discrepancies have been ob-
served in measurements involving the 6Li(n,t)'tHe reac-
tion which lead to underestimation of neutron fluence
-40-80 keV and -200-300 keV. Inexact knowledge of the
cross section may be responsible.

Self-powered neutron detectors (SPND) are used
for measurements at full power in LWRs. The SPND
probe is charged with rhodium. Neutrons are captured
by 103Rh and energetic beta rays are emitted during
the decay of 10l*Rh. These betas penetrate the insula-
tion to the sheath of the probe; electrons then flow
up from ground through a leadwire to neutralize the
emitter. This generates a measurable current. These
devices are in commercial use, but suffer from several
problems including the effects of Rh depletion (it
converts to Pd) and radiation degradation of the
insulation (see Ref. 45). j
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Fig. 9 . Sow differential speclrwvtry results for trie Hoi signa-signuj f ie ld
[«fter Flbrjr et «>., reproduced from flef. 41 with permission frgn tne Am. Nucl.
Soc.].

Passive Dosimeters

Passive dosimeters offer many advantage." for
research and for routine dosimetry in power reac-
tors. They can be used at flux levels covering
a dynamic range of over ten decades. They can be
made compact and require no attention during irradi-
ation. Activation-detector dosimetry is more widely
used than any other method and it offeTs great ver-
satility. The development of instruments for high
resolution photon spectroscopy (Li and Ge diodes) has
revolutionized activation counting. Older methods
involving the use of Nal (TO gamma-ray detectors and
beta detectors are on the decline. Attention will be
directed in this paper toward less-well-known dosim-
etry techniques, several of which were introduced
recently.

Solid-State Track Recorders (SSTR) and Nuclear
Research Emulsion (NRE) techniques have been used for
many years. They offer several features which insure
that they will continue to be useful for LWR, FBR and
Fusion dosimetry applications. These recorders mea-
sure dose and are not rate sensitive. Once exposed,
they provide a permanent record of the irradiation.
SSTR recorders provide an enormous sensitivity range.
Manual and automated scanning techniques have been
developed and track densities in the range 1 to 108

tracks/cm2 can be handled. By properly selecting
the recorder materials it is possible to discrimi-
nate between various events (e.g. alpha particles and
•fission fragments). SSTRs can be doped with various
•ensor materials including fissionable isotopes and
(more recently) alpha emitters. NREs have been in
use longer than SSTRs. NRE recorders offer the pos-
sibility of measuring the angular dependence of neu-
tron flux. No other reactor dosimetry technique !
offers this feature. NRE dosimetry is limited to
fluences <3 x 109n/cm2. The reader is referred to
Refs. 5 and 46 for more information, on this subject.

One of the most promising techniques to be devel-
oped during recent years is the helium-accumulation
fli/ence monitor (HAFM). High sensitivity mass spec-
trometry and isotopic dilution methods are used to
detect helium produced by (n,a) reactions in sealed
dosimeter capsules. The detection range for the
apparatus is from -109 to ~10 l a He atoms. Measure-
ments can be made with an accuracy < 2% if >1011 He
atoms are present. Initially, only the 6Li(n,t)'*He
and 10B(n,a)7Li reactions were employed, but the :
method is being extended to other (n,a) reactions
(e.g. to F, Fe, Ni, etc.). All early capsules were
made of vanadium because of its low (n.o) cross sec-

i tion and its ability to contain He. Techniques ',
1 involving other encapsulation materials (e.g. Au) ;
I and the measurement of He trapped in bare solid j



wires are under current investigation. One of the
most exciting features of HAFM dosimetry is the pos-
sibility for measurement of He buildup which is
closely related to observed macroscopic damage. At
present, only one group (at Rockwell International
Corp., California, U.S.A.) has a laboratory equipped
for these measurements. Exploitation of this prom-
ising nonactivation technique should be more wide-
spread (see Ref. 47). Of interest to nuclear data
people is the requirement for accurate differential
(n,o) cross section data which this method imposes.

Effort is being devoted to develop so-called
"direct damage" sensors because they possess response
ranges closely related to the atomic displacement cross
sections- Research on the alteration of physical prop-
erties of quartz by neutrons has been conducted at Mol
(Belgium). The effect of neutrons on p-i-n diodes has
also been considered for dosimetry purposes. Neither
approach is widely used at this time. The French have
developed the graphite damage monitor (GAMIN) and
(more recently) a variation involving tungsten. The
change in resistance of precision graphite (or tungsten)
resistors following neutron irradiation is measured.
Information about the sample temperature during irradi-
ation is also needed. Damage dosimetry information
Is deduced from measured resistance changes and from a
knowledge of the fission-neutron equivalent fluence
above ~1 MeV deduced from 5sNi(n,p)S8Co activation
monitors included in the dcsimetry package. DPA cross
sections for major components of steel (Fe, Ni and Cr)
are bracketed by those for carbon and tungsten (See Fig.
5). The French method therefore provides upper and
lower estimates for structural materials damage (Refs.
15, 48-50).

Another direct damage technique is based on the
change in the thermocouple properties of neutron irra-
diated wires (Fig. 10). This technique is being inves--
tigated at Mol. One version involves measurements on
a uniform wire which has received various neutron doses
as a function of position along the wire. The irra-
diated wire is inserted into a furnace with a sharp
gradient. Nat currents are produced as damaged portions
of wire pass through the region with a large temperature
gradient. The sharper the gradient, the better the res-
olution for measuring damage versus position. Interpre-
tation is complicated by the fact that some types of
damage are annealed out of the wire while it is in the
furnace. This fact can also be put to good use if the
apparatus is properly calibrated (see Ref. 51).

Dosimetry Cross Section Data Development

This section considers methods for improving the
dosimetry cross section data base. Progress toward
this goal is being achieved as a result of work in
four distinct areas: i) differential measurements,
ji) theoretical calculations, iii) integral measure-
ments in benchmark fields, and iv) evaluations. The
accuracy of the cross section data required for most
fission reactor applications has improved remarkably
over the last decade. Each of these distinct activi-
ties can claim a share of the credit for this progress.

Differential Measurements

Techniques and problems associated with differ-
ential dosimetry cross section measurements at energies
>100 keV were reviewed in 1976 (Ref. 52). It was con-
cluded that an accuracy goal of -5% for the energy
rangeO.1-20 HeV (except for a gap from 10-14 HeV) is
feasible for most activation reactions, but that it
will be quite a while before this goal is achieved.
The future is more uncertain for nonactivation reac-
tions and for energies <0.I MeV and >Z0 HeV. It is
necessary to direct measurement effort toward energy
regions which are important for major applications.

This fact is illustrated in Fig. 11. For threshold
reactions the first eight MeV above threshold are
important in fission reactor applications. The sen-
sitivity of integral quantities to differential data
merits detailed investigation so that relevant dif-
ferential measurement programs can be undertaken.
Smith (Ref. 53) and Mannhart (Ref. 54) have addressed
this problem- Several integral-differential discrep-
ancies were eliminated during the last decade as a
result of various independent broad-energy-scope dif-
ferential measurement programs with accuracies <10%.
It is anticipated that carefully conducted differential
measurements will continue to serve this purpose in
the future.
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Ftg. 10. Basic concept of thermocouple neutron dosuaetry U t t e r
Hltnleu i t « ! . . Set. SI} .

Theoretical Calculations

In fission reactor applications, model calcula-
tions are important for interpolation between experi-
mental data points (especially from ~10-14 MeV) and
for extrapolations from 15 to 20 MeV and to threshold.
As a general rule, computations for energies from 0.1
to 20 MeV cannot be trusted to much better than -20%
unless they are guided by experimental data. The role
of theory in high-energy dosimetry data development (20-
40 HeV) will be much greater than for lower energies.
It is too early to speculate on how successful this
approach will be (see Refs. 32-33). The energy region
<1 keV should also be a fertile one for theoretical
work since differential measurements are difficult in
this region.

Integral Benchmark Fields

The quality of integral measurements is not always
superior to corresponding differential ones. A survey
of integral measurements for the Cf-252 neutron field
indicates that there are sizeable differences between
reported spectrum average cross sections for several
important reactions (e.g. for (n,p) reactions on Ti-46,
47, 48). Furthermore, integral studies have not been
particularly successful in distinguishing between
shape and normalization effects in differential cross
sections (e.g. Fig. 12). One is led to the conclusion
that it will not be possible to develop the cross sec-
tion data base for dosimetry applications to stated
accuracy goals (e.g. Fig. 1) by means of benchmark
integral studies alone as has beer, implied by some
members of the integral community (see Fig. 13).
Nevertheless, the importance of research at well- :
characterized integral facilities must not be dis- '•
counted. These facilities are especially useful for ;
development of metrology and computational techniques __,

7



required for development of nuclear energy sources.
Good quality spectrum average cross section measure-
ments have been very helpful in pointing out defi-
dences in differential data (e.g. the (n,p) reaction
on Ti-48). Interlaboratory cooperation (e.g. the
ILRR and IAEA sponsored programs) has been valuable
Jn upgrading the overall quality of integral data.
The topic of benchmark fields has been reviewed t>y
Grundl and Eisenhauer (Ref. 3), so only a few itei.s
of interest will be mentioned here.
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Table III provides information about integral
facilities which are generally accepted as benchmark
fields for nuclear data development. Figure 14 shows •
the approximate spectral shapes for roost of these
fields. The redundancy of several of th^se fields
is apparent- The available detector resfo,:*e ranges
are limited. However, *his is an advantage T:r in-
vestigating threshold reactions since the trumated
average cross sections for several of these fie.iij
are quite similar, it is sometimes possible to
compare the results of measurements at various
facilities without regard to absolute fluence nor-
malization by considering reaction rate ratios.

The best known field is that of Cf-252 spontaneous
fissfon. This field has the advantage that absolute
source strengths can be measured readily. The spectrum
is not well known <0.25 HeV or >8 MeV. None of the
benchmark fields in Table III are of much value for
Investigations above ~10 MeV except for d + Be.
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The field from pure thermal neutron fission of
tl-235 is less well known, but knowledge of the spectrum
of this field is extremely important since it is used
not only for cross section validation, but also in
reactor transport calculations. The Cf-252 and U-235



spectra have been evaluated in a very important study
by Grundl and Eisenhauer (Ref. 57). The results of
their work appear to have been confirmed by most
Integral tests during the last four years although
there has been some dissent (e.g. Ref. 58). Various
representations of the U-Z35 fission spectrum which
have been used during the last few years differ con-
siderably from each other above ~7 MeV (see Fig. 15).
The recent ENDF/B-V evaluation (a Watts function) does
not differ seriously from the NBS evaluation of Grundl
and EisenhiSuer. Uncertainty in the shape of the U-Z35
fission spectrum has led to c6nsiderable confusion in
the area of differential-integral data comparisons-
especially for high threshold reactions. For the same
reason, fission reactor spectra are poorly known at
high energies. Fission spectrum measurements are
useless for testing high threshold differential data,
but good quality differential cross section determina-
tions for these reactions may eventually help to define
fission spectra above 10 MeV to suitable accuracy.
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Nearly pure U-235 spectra can be obtained by using
small enriched uranium converters in reactor thermal
column cavities; the thermal neutrons are excluded by
Cd shields (Fig. 16A). Tailored cavity spectra can
be generated by using scatterers of carbon, boron or
cadmium (Fig. 16B). The geometries and scattering
cross sections for these cavities are well known so

their spectra can be calculated reliably using trans-
port methods. Other reactor benchmarks do not possess
these advantages. The geometries are more complex and
scattering in Fe and U produce uncertainties because
of inaccurate knowledge of the cross sections. Uncer-
tainties in uranium inelastic scattering have been a
major source of difficulty in characterizing these
fields (e.g. see the effect of changes in U-233
inelastic scattering on CFRMF in Figs. 17 and 18).
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Fig. 16. Representative cavity bencHiurt fields: A - The u-235 f ie ld i t Kol,
6 - the NBS [SNF [ i f t e r Grundl tnd tlsenriduer, Ref. 3] .
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10,-« 10-3 10-2
10-1 10

Neutron Energy, MeV
ftg. IS. Change 1n the CFRHF neutron spectrum produced by converting from
ENOr/B-IIl to IV cross sections. Most of the effect is due to u-238 inelastic
scattering (ifter Rogers, "ef- 38].

Data testing in the integral fields produced
by bombarding thick Be targets with deuterons is
underway on a limited scale for fusion applications.
The opportunity to use pulsed beams and time-of-flighl
methods to measure spectrum shapes is an important
feature of this work. This effort should be encouraged
so that the methodology can be developed, however the
results will continue to be affected for the forseable
future by the totally inadequate knowledge of differen-
tial cross sections above 20 MeV (Refs. 32, 60).

Evaluations

The widespread availability of comprehensive dif-
ferential data evaluations such as those provided by
ENDF (U.S.A.) and KEOAK (F. R. Germany) has eliminated
several discrepancies which could be traced to use
of inconsistent differential cross sections. Evalua-
tions of integral cross sections are also useful, but
far less work has been done in thib area. Continued
evaluation effort should be encouraged. It is hard to
find people who are willing and able to perform these
evaluations. ttore international collaboration is recom-

• mended and cooperation between theorists and experi-
mentalists is essential.

Some Remarks on the Status of
Cross Section Data for Drsimetry

Four categories of nuclear data are of interest
for dosimetry applications. These are: i) radioactive
decay data, ii) fission mass yield data, iii) differ-
ential cross section data, and iv) integral cross
section data. There are many lists of reactions con-
sidered important as dosimeters. The compiled list
of all separate lists is intractable. Table IV repre- "
sents an attempt to produce a list of those reactions
which appear most often on other lists. This is still
a ^ery long list and the ENDF/B Dosimetry File is a
small subset (39%). The number of reactions which
are thought to be adequately known for applications
(Category I or I Candidate) is smaller still (18%).
Reactions with thresholds >10 MeV are of marginal inter-
est for fission applications, yet they constitute ~25%
of the list- If one accepts this 1 let as the goal for
nuclear data development, then <Z0% of the needed work
has been accomplished. Actually the situation is worse
than this when the need to advance to ~40 MeV is con-
sidered.
I ' I

The list of requisite decay data ior dosimeter
applications is also impressive (Table V). If one
arbitrarily assumes that decay half lives should be .
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0.205 ilOi
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known to better than 0.5%, and the yield of the
principle decay gamma ray should be known to better
than 1%, then it is clear that much work remains to
be done in this area too.

Knowledge of mass yields for fission reactions is
Important for passive applications of fission dosim-
eter reactions. The subject has oeen reviewed in
articles by Maeck et al., Gilliam et al. and Kellogg
et al. (Ref. 62). Fission mass yields are important
for reactor application other than dosimetry and they
have been investigated in both-integral and differen-
tial experiments. The accuracies of fission yield
results are no better than the accuracies for rele-
vant decay data (see Table V). Mass yield accuracy
requests are ~Z% while the accuracy of the data base
is presently ~5-10%. Clearly, much work is needed
in this area to meet the stated objectives.

The available literature was surveyed to see
how rany of the ENDF/B Dosimetry File reactions
(Table IV) have been investigated in the benchmark
fields listed in Table III. The results of this
survey appear in Table VI. Notice the limited data
available for (n,2n) reactions. It is also evident
that there has been only limited data testing in the
NBS ISNF and ISNF/CV fields. These facilities are
suitable for testing capture data and should be used
for this purpose.

Table VI . An Inventory of spectrum average cross section measurements In
•benctmart f ields.

Table V I I . Comparison of Integral tn<t differential cross lections using
ENDF/B-V data Carter Hagumo. Ref. 631.
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A comparison of integral cross sections with those
calculated using differential data provides an overall
indication of the status of the available data base.
Table ViI provides information on the reactions in the
ENDF/3 Dosimetry File. Values in this table are based
entirely on ENDF/B-V. It is seen that ~29% of the
reactions satisfy dosimetry goals, -34% are known to
not satisfy dosimetry goals, and a lack of integral
data makes it impossible to reach a conclusion for ~373S
of these reactions.

Reaction

L1-6(n, to t j l He)
B-10(n, total He)
Na-23(n.G)Na-24
Al-27(n.p)Hg-27
Al-27(n,A)Na-24
Sc-45(n,G)Sc-46
Ti-46(n,p)Sc-46
Ti-47(n,n-p)Sc-4C
Ti-47|n,p)Sc-47
Ti-48(n,n-p)Sc-47
Ti-48(n,p)5c-48
Hn-55(n,2n)Hn-54
Fe-54(n,p)Hn-54
fe-56(n,p)Hn-56
Fe-58(n,G)Fe-59
Co-59(n,G)Co-60
Co-59(n,2n)Co-58
Co-59(n,A)Hn-56
NI-58(n,2n)Ni-57
Ni-58(n,p)to-58
Ni-60(n,p)Co-60
Cu-63(n.G)Cu-64
Cu-63{n,A)Co-60
Cu-65(n,2n)Cu-6'!
In-115(n,n')[n-115m
In-115(n,G)In-116
I-127(n,2n)I-126
Au-197(n,G)Au-198
Th-232(n,f)F.P.
Th-232(n,G)[Pa-233]
U-235(n,f)F.P.
U-238(n.f)F.P.
U-238(n,G)tNp-239]
Np-237(n,f)F.P.
Pu-239(n,f)F.P.

I

IC
I

IC

1C
I
IC

IC

I

1C
1
IC
I
I

Sig A"9r,ALC.
(mb)

453.10
483.36
0.268
4.26
0.720
5.27
11.18
0.0084
22.48
0.0014
0.282
0.202
81.08
1.04
1.64
6.02
0.183
0.150
0.0028
106.1
2.61
9.31
0.658
0.309
179.5
123.68
1.22
76.60
75.10
91.10
1233.71
304.7
69.37
1350.00
1790.66

5 1 9 *v%AiC
(mb)

. . .

3.86*0.25
0.70SiO.040

11.80*0.75

19.0tl.4
—
0.300*0.018
0.244*0.015
79.7.4.9
1.035*0.075
. . .

0.143*0.010
0.0068:0.0003
108.5*5.4

9.30*1.40
0.500*0.056
—
189*8
134.5*6.0
1.06±0.065
83.5*5.0
81.0*5.4
. - -
1203*30
305*10
. - -
1312*50
I8II16O

Difference"*

. . .

.__
• 9.4%
+2.11

-5.51

•15.5%

-6.4%
-21%
7I77I
•0.5i

. . .

• 4.7%
-107%
-3 .21

• 0 . 1 %
•10.4%

-6.3%
^877%
•13.9%
-9.0%

•2.5%
- 0 . 1 %

•2.8%
- 1 . 1 %

* D i f fe ren t ia l cross sections and Watts U-235 thermal f iss ion
neutron spectrum from ENDF/B-V.
Supplied to 8. Magurno (BNL) by U. KcElroy (HEDL). Values
come from an evaluation by A. Fabry of integral data for a

a f t4pure U-235 thermal f ission neutron spectrum.
Difference = (Sig Avgcf iLC - Sig Avg,< [ A S ) /Sig ' v g , . . ^ . expressed
in percent. Values underlined indicate discr?nafic^es exceeding
5* (or 10J for high threshold).

Conclusions

Damage dosimetry accuracy requirements have become
stringent. Uncertainties in basic nuclear data will
probably prevent realization of stated goals for the
near term. Greater emphasis on quality rather than
quantity of data is needed. It will be necessary to
reduce the lists of requested cross section data rather
than to expand them as has been the pa;t trend. This
should be possible, if users assess their needs carefully
and refrain from asking for every conceivable type of
information which might be related to their specific
application -and focus on important requirements.
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