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USE OF UNCERTAINTY DATA IN NEUTRON DOSIMETRY*

L. R. Greenwood

Argonne National Laboratory
Argoone, Illinois 60439

ABSTRACT

Uncertainty and covariance data are required for
neutron a c t i v a t i o n cross s e c t i o n s and nuclear decay data
used to adjust neutron f lux spectra measured a t a c c e l -
erators and r e a c t o r s . Covariances must be evaluated In
order to a s s e s s errors in derived damage parameters,
such as nuclear displacements. The primary sources of
error are d i scussed along with needed improvements i n
presently ava i l ab l e uncertainty data.

INTRODUCTION

The s tatus of neutron dosimetry f o r materials e f f e c t s i r r a -
d i a t i o n s was discussed in a recent review paper [ 1 ] . The term
dosimetry in t h i s case re fers to the measurement of the neutron
f l u x spectrum, as shown i n Figure 1 , and the use of such data to
determine more fundamental damage parameters, such a s nuclear
displacements and transmutations. The pass ive , m u l t i p l e - f o i l
technique i s used wherein materials are irradiated, ac t iva ted or
s t a b l e products are measured, Integra l react ion ra te s are d e t e r -
mined, and, f inally, a tr ial flux spectrum i s adjusted to best f i t
the integral data. Detailed nuclear cross sections and decay data
are required for such an analysis, and recent computer codes 12,3]
accept a complete variance-covariance matrix for a l l input data.

The principal uncertainties encountered in neutron dosimetry
are l isted in Table I along with representative values. Integral
measurements are quite accurate since most sources of error are
well known and subject to rigorous analysis. Dosimetry cross
sections and uncertainties are available in ENDF/B-V [ 4 ] , although
the fixes are by no means complete since they stop at 20 MeV, omit
many useful reactions, and contain only limited covariance infor-
mation. Uncertainties in the input flux spectrum are the most
troublesome and typically are the largest source of error. Since



rigorous flux uncertainties are not generally available (e.g.,
from neutronics calculations), they tend to be rather subjective,
based on previous experience or integral tests.

Damage production cross sections, as shown in Figure 2, are
equally important with dosimetry cross sections since spectral-
averaged nuclear displacements and transmutations are usually the
final goal of neutron dosimetry for materials irradiations [5].
Unfortunately, the required nuclear data is very comprehensive,
including all strong nuclear reactions and recoil distributions,
and very poorly known, especially above 14 MeV. In fact, dosi-
metric uncertainties are typically equal to or less than intrinsic
errors in the nuclear data. It is also important to note that a
covariance matrix must be obtained for the final flux solution
since covariance effects are typically very large and must be
considered in the calculation of all spectral-averaged parameters.

UNCERTAINTIES IN INTEGRAL MEASUREMENTS

The most common uncertainties in the Integral measurements
are listed in Table II. Since most of terms can be measured
experimentally, overall errors are typically less than ±2%, as
confirmed by interlaboratory comparisons. Nevertheless, there are
a number of special problems listed in Table II which have been
found tj cause larger than norrv il uncertainties. Furthermore,
several of these problems concern nuclear data and should be of
concern to this workshop.

Neutron self-shielding [6] with and without cadmium covers
is presently included with the nuclear cross sections prior to
spectral adjustment. Such effects are very important in mixed- -
spectrum reactors and can be as large as a factor of ten, as shown
in Figure 3. Unfortunately, computer codes are not presently
available for determining the uncertainty in these corrections,,
expecially near large resonances; however, codes are under devel-
opment for the new files in ENDF/B-V [7]. Scattering effects can
also be Important when the scattering cross section exceeds that
for capture (e.g., in cobalt). Experimental measurements of self-
shielding can be made; however, the spectrum is generally not
well known. It is important to develop these uncertainties since
data comparisons between thick and thin foils can, in principle,
provide remarkably accurate flux measurements for neutrons in the
thermal and resonance energy regions.

Burn-up corrections are needed for both the target and
activation product at reactors having high thermal fluxes. For
example, about half of the initial 5*Co atoms will be burned-up
within six months for a dilute sample in the core of the High
Flux Isotopes Reactor at Oak Ridge National Laboratory. Similar
problems exist for the burn-up of m&Au from capture in 1'^Au at
much lower thermal fluxes. Fast reactions can also be affected.
For example, 58Co is rapidly converted to 6°Co in a moderate ther-
mal flux thereby necessitating corrections for both the 58Ni(n,p)



and 60Ni(n,p) reactions (3ee Figure 4) as well as for the 59Co
(n,2n) and (n,v) reactions. In these latter cases neutron cross
sections are very poorly known for ^^^u or 5SQO. Furthermore,
all burn-up corrections are complicated by the need to know a
spectrum prior to analysis. Hence, iterative techniques must be
used to find self-consistent solutions* Uncertainties are con-
sequently hard to quantify. Burn-up corrections will become
increasingly important in the fusion program as fluences approach
fusion reaction conditions.

Spatial flux and spectral gradients increase the relative .
errors between different integral measurements since corrections
are needed to normalize all reaction rates to a common location.
Be or Li(d,n) accelerator sources, such as the Fusion Materials
Irradiation Test Facility now under construction at Hanford Engi-
neering Development Laboratory, have especially steep gradients,
as shown in Figure 5, and separate corrections are needed for each
reaction due to changes in the spectra [8,9]. Fortunately, correc-
tions can be measured experimentally by placing one material at
several locations. Nevertheless, the errors cculd be reduced
if more uncertainty data were available for neutronics calcula-
tions used to model the dose-geometry neutron field in routine
applications*

Temporal variations in flux and spectrum are important when
half-lives are less than irradiation times since reaction rates
may not represent the true average value. Flux variations are
easily recorded and suitable corrections can be made. However,
spectral changes due to reactor fuel changes or accelerator beam
and target variations, are not well known. Hence, nuclear cross
sections and uncertainties are needed for more long-lived or
stable product (e.g., He) monitors to minimize this source of
error. Very l:ew dosimetry reactions with half-lives greater than
one year are currently available.

DOSIMETRY CROSS SECTIONS

Dosimetry cross sections are evaluated In ENDF/B-V [4] below
20 HeV and many reactions have been extended to 44 MeV for fusion
dosimetry [10]. Considerable effort has gone into integral
testing of this data [8,9,11] and some results are summarized in
Tables III and IV.

Many reactions are quite well known for reactor dosimetry,
as demonstrated in Table III. However, many problems remain since
(1) more reactions should be included in ENDF/B-V, (2) several
discrepancies need to be resolved [e.g., 47Ti(n,p), &0Ni(n,p),
58Ni(n,2n), and "'NpCn.y)!, (3) uncertainties are needed fot
resonance and self-shielding calculations, and (4) more reactions
are needed with long-lived or stable (He) products. Resonance and
self-shielding uncertainties are important since rather precise
flux measurements are possible if reaction rates are compared for
thick and dilute materials, with and without cadmium or gadolinium



covers [12]. Errors are difficult to quantify at present and some
promising capture reactions are not Included in ENDF/B-V (i.e.,
55Mn, 14*Sm, 1 7 6Lu, and 1 8 6 W ) . The 64Zn(n,y)65Zn reaction would
be very useful in long irradiations due to long half-life and low
thermal burn-up. The 93jjj,(ntnt} reaction is also needed to
improve reaction sensitivity below 500 keV.

Dosimetry cross sections are very poorly known above 28 MeV
for accelerator neutron sources. The most important reactions are
listed in Table V and total helium production cross sections are
also needed for these elements. Although somewhat premature,
uncertainties have also been estimated [10] for high-energy cross
sections and must also be developed.

Competing reactions leading to the same activation product
must also be considered. For example, very large contributions
are listed in Table IV for the *6Ti, *7Ti, and 54Fe (n,p) reac-
tions from higher mass isotopes. Similar problems occur at higher
neutron energies due to (n,xn) reactions on multi-isotopic ele-
ments (e.g., Ni, Zr, Ag, Lu, Tl). Total cross sections should
be developed and uncertainties due to these effects must be
considered.

Total helium production cross sections are also needed since
(1) helium generation is critically important to damage production
mechanisms in most materials and (2) helium accumulation fluence
monitors [13] can be used for neutron dosimetry. Integral com-
parisons of radiometric and helium production cross sections are
now in progress at reactors and accelerators [1]• Numerous
discrepancies have been uncovered with the data in ENDF/B-IV,
although better agreement is expected w5th the gas production
files in ENDF/B-V. Uncertainty data is of course needed if the
helium technique is to be routinely applied for neutron dosimetry
purposes.

UNCERTAINTIES IN INPUT FLUX SPECTRA

The multiple-foil activation technique relies on some esti-
mate of the flux spectrum prior to adjustment. At present this
produces the largest source of uncertainty, as shown in Table I.
At reactors, neutronics calculations are generally used, although
error estimates are only rarely available. At accelerators,
estimated spectra have been obtained from remote time-of-flight
data averaged over the large solid angles used in close geometry
irradiations. More accurate estimates could be obtained if thin
target neutron yields and spectra were available. In all cases,
one generally has to make an educated guess concerning spectral
uncertainties. Integral testing [8,9,11] in well-known spectra
can of course be used to evaluate and refine error estimates.
However, no systematic procedure has been developed and sensiti-
vity studies are needed to improve the technique. Furthermore,
spectral adjustment is of course dependent on adequate foil



coverage or reacton sensitivity and does not work well in some
energy regions, especially between 1 and 500 keV at reactors and
below 1 MeV or above 30 MeV at accelerators.

It should also be mentioned that spectral adjustment codes
are usually not reliable when very large discrepancies ars found
in the input spectrum. Unfortunately, this is often the case In
some energy regions encountered in fusion dosimetry. For example,
order of magnitude uncertainties are routine in estimates of the
flux below 1 MeV at accelerators. If the flux estimate is much
too low, then this region has a very low relative sensitivity and
the proper solution may not be obtained or the shape may be
distorted (e.g., non-Maxwelliau thermal spectrum). Logarithmic
adjustments can be used but it is difficult to adequately specify
covariances. The problem is generally handled by trying various
input spectra until a reasonable guess is obtained. More rigorous
procedures are clearly desirable. However, it is usually true
that such cases are not very important in terms of overall damage
production. Systematic sensitivity studies might be used to
improve the technique.

COVARIANCE DATA

The inclusion of covariance data in neutron dosimetry is par-
tially due to new computer codes [2,3], but, more fundamentally,
to significant improvements in the nuclear data base. ENDF/B-V
[4] now includes some covariance data; however, all of the self-
and cross-covariances needed for routine dosimetry are not avail-
able. Consequently, self-covariances have been assumed to have a
Gaussian distribution wherein nearby flux and cross section groups
are highly correlated and widely separated groups are uncorrelated.
The width of the Gaussian for the flux spectrum is arbitrary and
is often varied according to the number of foils and their
response, similar to smoothing techniques in iterative, unfolding
computer codes. Cross-correlations are generally ignored or
assigned an arbitrarily small value.

Such uniform procedures for assigning covariances are simple
and appear to work reasonably well in most instances. Neverthe-
less, problems can arise in that desired spectral shapes are not
maintained, especially when large uncertainties are involved.
For example, the final thermal spectrum may be non-Maxwellian or
the fast spectrum may deviate from an assumed fission spectrum.
Stronger, localized covariances might improve this situation;
however, establishing such data is difficult and somewhat arbi-
trary. This is particularly true when the relative normalization
and joining functions between various energy regions are unknown.
As mentioned previously, the best procedure appears to involve
changing the input spectrum by trial and error until a physically
reasonable guess is obtained.

Clearly, a uniform, more objective approach to covariance
data is needed. Hopefully data will improve in 2NDF to the point



where a comprehensive dosimetry cross-section covariance data file
can be generated for routine applications. Integral testing will
then be required to assess the reliability of the data. Flux
covariances can only be improved by including covariance data in
neutronics calculations and by systematic sensitivity studies to
develop physically reasonable data and techniques.
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TABLE I.

Principal Sources of Error in Neutron Dosimetry.

Type of Error Typical Value, %

Integral Measurements <5

Neutron Cross Sections S-30

Input Flux Spectra 30-100

Damage Parameter Cross Sections 10-100



TABLE II .

Principal Uncertainties in Integral Measurements.

Type of Error Typical Value, %

Counting Statistics <1

Detector Efficiency <2

Nuclear Decay Data <2

Coincidence Summing <1

Gamma Self-Absorption <1

Special Problems

Neutron Self-Shielding (Resonance)

Burn-up Corrections

Flux and Spectral Gradients

Temporal Variations in Flux or Spectra



TABLE III.

Typical Deviations between Measured and Calculated (ENDF/B)
Activation Integrals on ORR (E7, 1MW) after Spectral
Adjustment (STAYSL). +Cd means cadmium covered (20 mil).

Reaction

197Au(n,Y)198Au
+Cd

45Sc(n,Y)46Sc

+Cd

59Co(n,Y)60Co

+Cd
58Fe(n,Y)59Fe

+Cd
238u(n>Y)239Np

+Cd
237Np(l l jY)238Np ( + c d )

235U(n,f)

+Cd
237Np(n,f) (+Cd)
238H(.n,£) (+ c d)
58Ni(n,p)58Co

60Ni(a,p)60Co
54Fe(nip)54Mn

54Fe(n,o)51Cr
46Ti(n,p)46sc
47Ti(n,p)47Sc
48Ti(n,p)48Sc

Deviation, %
(Measured-Calculated)

IV

-3
-4

-1

-2

-5

+2

+3
-1

-4
0

+15

+4

-8

-1

+8

+6
-14

+5

+11

-3

-18

-8

+1

V

- 1

+1

-9

+2
-7
+4

+3
+4

- 2

+4
+11

+1

- 2

+1

+2

+3

-13

+3
+17

+1

-25

+2

+1



TABLE IV.

Integral Cross Section Errors (ENDF/B) Deduced
from Activation and Tirae-of-Flight Measurements
in Be(d,n) Fields• Abseluiti ferrc-rs sa± tint.

Reaction

235\J(n,f)

115 I n(n n«)H5mIn

Ti(n,p)46Sc
Ti(n,p)47Sc
48Ti(n,p)48Sc
Fe(n,p)54Mn
56Fe(n,p)56Mn
59Co(n,p)59Fe
58Ni(n,p)58Co
60Ni(n,p)60Co
27Al(n,a)24Na
54Fe(n,a)51Cr
59Co(n,a)56Mn
45Sc(n,2n)44mSc
58Ni(n,2n)57Ni
59Co(n,2n)5Sco
Zr(n,2n)89Zr
93Nb(n,2n)92°>Nb
^•^9Tm(;»12n)^^8xm

^*9Tm( n, 3n) ̂  7Tm
1 9 7Au(n,2n)1 96Au
1 9 7Au(n,3n)195A u

^ A u d i . k J ^ A u
238u(n,2n)237u

ED =
IV

+7

+4
-1

-7

+2

-7

+6

-2

-8

0

+14

+3

-4

-4
-14

-11

+1

+13
+7

—

—

-9

—

—

+4

14-16 MeV
V

+8

+4
- 2

- 1

+6

- 1

- 3

- 2

- 4

- 3

- 2

+6

+1

- 2
-15

+1

+6

+9
+6

—

—

-8

—

—

+1

ED = 40
IV

+1

-1
-3

-89(+14)a

-798(+15)a

+2

-88(+l)a

-4

+8

+9

+3

0

-36

-4
-1

- 3 0 ( + 1 4 ) D

-9

-4
+6

+7

-9

-1

+8

+1

-11

MeV
V

+1

-1
- 2

(+24)a

(-56)a

+4

(+4) a

-4

+5

+3

+3

-1

-20

-5
+3

(+I4)t

-3

-1
+7

+10

-8

+1

+12

+1

-11

values in parenthesis include contributions from higher
isotopes.

value in parenthesis modified according to Ref. 16

mass
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TAB^E V.

Threshold Activation Reactions Desired for Fusion
Dosinetry Listed by Material in Order of Priority.
Elements with multiple, long-lived products are
favored. Many other reactions could also be used.

Reaction

59Co(n,p)59F e

(n,2n)58Co

(n,3n)57Co

(n,4n)56Co
197Au(n,2n)196Au

(n,3n)1 9 5Au

(n,4n)1 9 4Au

Fe(n,x)54Mn
5 4Fe(n,o) 5 1Cr
5 4Fe(n,t)5 2Mn
5 8Ni(n,p)5 8Co

(n,2n) 5 7Ni
(n,3n) 5 6Ni

6 0Ni(n,p) 6 0Co
93Nb(n n f)9 3 mNb

(n,2n)92»>Nb

Energy Range
(MeV)

4-28

10-30

20-40

30-50

8-25

15-35

23-45

1-40

7-25

14-35

2-25

12-36
22-40

3-30
0.1-10

9-28

Reaction

90Zr(n,p)90Y

Zr(n,x)8 9Zr

(n,x) 8 8 Zr
8 9Y(n,p) 8 9Sr

(n,2n)8 8Y

(n,3n)8 7Y

(n,o)8 6Rb
169Trn(n,2n)168Tm

(n,3n)167Tm

(n,5n)165Tm
23Na(n,2n)22Na

107Ag(n f2n)106niAg
(n,3n)1()5u

^Suu ,^) 2 3 ^
(n.f)f.p.

55Mn(n,2n)54Mn

Energy Range
(MeV)

5-26

12-36

18-45

4-25

12-34

22-50

8-28

9-28

16-36

25-50

12-30
10-28

16-40

6-18
1-50

11-28



FLUX PER UNIT LETHARGY
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Fig. 1. Neutron flux spectrum for the Oak Ridge reactor (E7,l MW)
using the STAXSL computer code. The reactions are listed
in Table III. The dotted and dashed lines represent one
standard deviation error limit; however, covariances are
very large.



DRMR6E CROSS SECTION,keV-b
0.0 150.0 300,0 150.0 600.0

GD

Fig. 2. Displacement damage cross section computed for copper
using the DISCS [14] code and nuclear calculations of
C. Y. Fu and F. G. Perey [15].



Cd RATIO Cx 1/5)

0.0
FOIL THICKNESS,mils

Fig. 3. Neutron self-shielding calculations for the
reaction, with and without a cadmium cover to suppress
thermals. The ORR reactor spectrum is shown in Fig. 1.
The cadmium ratio is also shown.
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60 Nl(rvp)60 Co

58 Co

0.0 0.5 1.0 1.5
TIME,years

2.0

Fig. 4. Burnup effects calculated for nickel and cobalt reactions
using the OREL reactor spectrum shown in Fig. 1. The curve
labeled 59Co shows the burn-up of a dilute cobalt target.
The 58Co curve represents the loss of activity for the
58Ni(n,p) or 59Co(n,2n) reactions. The 60Ni(n,p)60Co
curve shows the increase in 60Co activity due to production
from the 58Co(nfY)^Co(n,Y) process.
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PLUENCE/Coul, > 1 MeV
0.52

-6.0 -3.0 0.0
RRDIUS,mm

Fig. 5. Fluences measured by radiometric and helium dosimetry at
the U. of C. Davis Cyclotron [Be(d,n), E d = 30 MeV].
Note the very steep gradients, especially off-axis, and
the very fine scale.


