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ABSTRACT

Fission foils are commonly used as dosimetry sensors. They play a very important role
in neutron spectrum determinations. This paper provides a combination of experimental
measurements and calculations to quantify the importance and synergy of several factors
that affect the fission response of a dosimeter. Only when these effects are properly
treated can fission dosimeters be used with sufficient fidelity.

1. Introduction
Fission foils are commonly used as dosimetry sensors. They play a very important role

in neutron spectrum determinations. The plutonium-to-sulfur spectral index1 (the ratio of
the plutonium fission product activity to the 32S(n,p)32P activity) was one of the first metrics
of spectrum hardness used to characterize the spectrum at research reactors. 235U, 238U,
239Pu, and 237Np are the most commonly used fissionable/fissile dosimetry materials. Of
these fission sensor materials, 237Np is the most important for spectrum adjustment2 in that
it provides a significant part of its response in the 100 keV to 1 MeV region where few other
dosimetry sensors are practical. The problems with 237Np are centered on the foil avail-
ability and on the accuracy of the fission cross section evaluations. Fission foils are typ-
ically fielded in enriched 10B covers to suppress thermal neutron fission response.
Scattering in the cover material can affect the fission sensor response. Interference reac-
tions and material impurities may also affect the sensor response. This paper provides a
combination of experimental measurements and calculations to quantify the importance
and synergy of these various effects. Only when these effects are properly treated can fis-
sion dosimeters be used with sufficient fidelity.

2. Important Factors
Several factors can affect the performance of fission sensors. These factors include the

presence of trace contaminants, the effect of boron covers, the effect of stacking fission
foils, the effect of the boron cover in perturbing the nominal neutron environment, and the
effect of interference reactions. The following sections discuss these factors and provide
quantitative guidance for the use of fission sensors in spectral determination for research re-
actors.

This work was performed at Sandia National Laboratories, which is operated for the U.S. Department of En-
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2.1. Trace Contaminants

Trace fissionable isotopes must be considered in addition to the primary isotope in com-
puting fission sensor response. Table 1 shows the composition of typical3 dosimetry-quality
uranium and plutonium fission sensors and the contributions of each isotope to the fission
sensor response in representative reactor neutron environments. Neptunium sensors are not
widely enough available to give "typical" compositions. The reactor fields in Table I4-5

were chosen to represent the range of spectra available from research reactors. The Sandia
Pulsed Reactor (SPR-III) environment is in the central cavity of a fast burst reactor and has
a very hard neutron spectrum. The Annular Core Research Reactor (ACRR) environment is
in the central cavity of a pool-type reactor with a softer water-moderated neutron spectrum.
For typical depleted uranium foils, the trace (0.2%) 235U content can provide about half the
fission activity if boron covers are not used in pool-type reactor environments. 240Pu and
241 Pu impurities in typical plutonium sensors can provide about 7% of the sensor response
in fast burst and boron-covered pool-type reactor environments.

It is important to distinguish calculated results for a pure fissionable isotope from results
with actual fissionable foils with trace contaminants. The sensor compositions seen in Ta-
ble 1 are used at the Sandia National Laboratories (SNL) Radiation Metrology Laboratory
(RML). These specific sensors will be referred to as rmT'xx" sensors (where "xx" can be
"eu", "du", or "pu") in this paper. The designators "eu", "du", and "pu" stand for "enriched
uranium", "depleted uranium", and "plutonium" respectively. These foils are about one
gram of fissionable material in an oxide form that is encapsulated in a welded vanadium
can. A complete description of these fission foils can be found in Reference 3, Sections
5.56 through 5.68.

Table 1. Typical Fission Sensor Composition and Fission Response

Sensor

Enriched
Uranium
(rmleu)

Depleted
Uranium
(rmldu)

Plutonium
(rmlpu)

Composition

Isotope

2 3 5 u

2 3 %

2 3 6 U

2 3 8 u

2 3 8 U

2 3 4 U

235,j

2 3 6 U

239pu

2 3 8 Pu

240pu

2 4 1 Pu

242 p u

2 3 5 U

2 3 7 N p

Atom
Fraction

0.9300

0.00981

0.00359

0.0566

0.9979

0.00001

0.00205

0.00004

0.869965

0.0006798

0.1159687

0.010797

0.0023594

0.00019995

0.00002999

Relative Fission Density (%)

Bare Sensor

SPR-III
98.492

0.667

0.096

0.745

98.363

0.005

1.624

0.008

92.478

0.064

6.192

1.152

0.101

0.012

0.001

ACRR

99.972

0.012

0.003

0.013

50.467

0.003

49.523

0.007

98.599

0.002

0.080

1.310

0.001

0.008

0.000

B4C Covered Sensor

SPR-III
98.344

0.7315

0.1054

0.8191

98.51

0.005

1.477

0.008

92.9058

0.0698

6.8869

0.1129

0.0113

0.0120

0.0013

ACRR

99.883

0.0507

0.0077

0.0586

99.774

0.005

0.2127

0.0083

92.7119

0.0622

5.7886

1.3279

0.0940

0.0143

0.0011
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In addition to affecting the normalization of the fission sensor response, the impurities
can affect the shape of the response function. This shape change may be important even
when a B4C cover is used to suppress the thermal neutron response of the sensor. Figures 1
and 2 show how the high energy response of depleted uranium and plutonium fission sen-
sors are affected. These figures show calculated cross sections for pure 235U and 239Pu com-
pared to the effective cross section from a dosimeter that includes the nominal impurities.
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Figure 1. Effect of Impurities in Depleted Uranium Figure 2. Effect of Impurities in Plutonium Sen-
Sensors sors

2.2. Covers

Enriched 10B covers are typically used to suppress the thermal neutron response of the
fission dosimetry sensors. The typical boron cover is a ball of 91.67% enriched boron in the
form of sintered B4C with a material thickness of 1.03 cm and a density of 2.5 gm/cm3. The
typical outer radius of a boron ball is 2.38 cm. The effect of this cover is usually modeled
with an exponential attenuation factor in spectrum iterative unfold codes such as SAND-
IT6'7. As distributed, codes such as LSL8 do not commonly treat cover materials but can be
readily modified to include the treatment of covers. Cover treatment is crucial for fission
sensors. When 10B covers are used, the energy response of fissile materials is shifted to
higher energies. For a pool-type reactor the median response energy of a 235U fission foil is
shifted from 0.13 eV to 0.34 MeV. A fast-burst reactor does not have a large thermal com-
ponent so the boron cover is not as important in this environment. The SPR-IQ central cav-
ity environment shows a median response energy of 0.623 MeV for a bare 235U foil and
0.748 MeV for a boron-covered foil. The leakage environment 17 inches from the SPR-III
fast burst reactor core has a larger thermal component but a boron cover only shifts the me-
dian response energy from 0.173 MeV to 0.882 MeV.

Exponential attenuation models of boron covers do not treat the down-scattering effect
of the cover material on high energy neutrons (> 0.1 MeV). This down-scattering effect can
result in correction factors of -7%. When Monte Carlo techniques are used to model the
down scattering effect9, an energy-dependent correction factor can be determined. Figure 3
shows the energy-dependent correction factor for several fission sensors and a nickel mon-
itor foil. The low energy response (< 10 keV) change can be approximated by an expo-
nential model; however, the high energy scattering effects depend on the local slope of the
cross section and are not treated in the exponential model. When this fully-scatter-cor-
rected cover factor is folded with typical reactor spectra and various response functions, the



more rigorous scattering treatment shows a 4% to 7% difference from the exponential cover
model for the SPR-III central cavity environment and a 3% to 11% difference from the ex-
ponential model for the ACRR pool-type environment.
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2.3.Stacked Foils
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Effect of a Boron Ball on the Shape of the
Fission Foil Response

Fission foils are often stacked within a
single boron ball. The foil stacking can
cause changes of -4% in the fission prod-
uct activity. The importance of foil stackr
ing effects varies with the irradiation
configuration (minor for an isotopic beam
in the central cavity of a reactor and im-
portant for an incident plane wave from a
leakage configuration).

For locations close to a fast-burst re-
actor, the offset distance for stacked foils

can be an important consideration. For example, consider the 17-inch leakage environment
at the SPR-in reactor. This location is commonly used for electronic effects testing at SNL.
The SPR-D3 core is composed of cylindrical rings with an outside radius of 12 inches and an
inner radius of 8 inches. The thickness of each fission foil sensor is typically about 0.5 cm.
When the foils are stacked within a boron cover, cadmium covers are often used between
foils to minimize thermal neutron response. The normal stacked fission foil order is 238U/
237Np/239Pu/235U. Experiments with nickel monitor foils and Monte Carlo calculations have
been performed to demonstrate the effect of the distance offset. Table 2 compares nor-
malized values for the fluence of stacked fission foils at this 17-inch location. When the
stacked fission foils are sandwiched between nickel monitor foils, Table 2 column 3 shows
that the average of the measured nickel monitor foil activity decreases with increasing radial
position from the reactor. If an MCNP10 Monte Carlo calculation is done to isolate the po-
sition-dependent component (neglecting the scattering effect of the boron ball and fission
foils) of this nickel monitor foil activity, the position is seen in Table 2 column 4 to account
for less than one half of the decreased nickel activity. This indicates that scattering as well
as distance can be important.

To determine the importance of the scattering effects, experiments were also performed
using a normal stacked set of fission foils and a reversed stack of fission foils located at the
leakage environment. A nickel monitor foil is commonly used to normalize foil activities
from different activity runs and to normalize the fission foil exposure. When the ratios of
the fission foil to nickel monitor foil activities in a normal stacked foil configuration are
compared to the ratios when the foil stacking order is reversed, Table 2 column 5 shows dif-
ferences of about 4% for fission foils in which thermal neutrons can contribute to the re-
sponse (235U and 239Pu). These results indicate that spectrum changes attributed to the
stacking of fission foils within a boron ball may be important.

The foil stacking effect has been examined and was not found to be important in the
SPR-III central cavity, where the fluence is fairly uniform (isotropic) over the boron ball and
has a harder neutron spectrum (less 1/E scattered neutron contribution).



Table 2. Distance and Scattering Effect from Foil Stacking in 17-inch SPR-III Leakage Envi-
ronment

Position
(Measured
from Cavity

Center)
(cm)

42.71772

43.053

43.38828

43.72356

Sensor

rmldu
237Np(n,f)FP

rmlpu

rmleu

Normalized
58Ni(n,p)58Co

Activity
(Measured)

1.0

0.96377 ±2.9%

0.92883 + 2.9%

0.85882 ±2.9%

Effect of Posi-
tion on

58Ni(n,p)58Co
Activity

(Calculated)

1.0

0.98560 ±0.3%

0.97071+0.3%

0.95065 ± 0.3%

Diff. of
Stacked Foil

Response
(Normal/

Reversed)

-0.8%

-0.5%

3.6%

4%

2.4. Scattering Effect on Stacked Fission Foils

In order to examine the scattering effect of stacking fission foils we have measured sen-
sor response in a boron-filtered fast neutron spectrum at 30 inches, referred to as
BBALL115. This environment was selected in order to isolate the scattering effects of the
boron ball. Use of the 30-inch leakage location for this experiment ensured that there would
be only a small fluence gradient between the stacked foil positions. It also provided enough
exposure area that two sensors could be fielded without the presence of the boron ball sig-
nificantly modifying the nominal neutron spectrum. An external boral filter was used to
provide a very hard spectrum in order to emphasize the scattering effects in the boron ball.
The BBALLl 1 environment was characterized using a set of dosimetry sensors normally
used by the RML with the SAND-H code.11 Several irradiations were done to characterize
the effect of the boron ball on individual dosimetry sensors. A Cd-covered (cdtk) dosimetry
foil and a foil in a cadmium cover inside a boron ball (fiss) were simultaneously exposed
along with a nickel monitor foil. The foils were separated by a small distance (~ 6 inches) so
that scattered neutrons from the boron ball would not affect the Cd-covered foil.

Table 3 shows measured and calculated data for this fast neutron BBALLl 1 environment
and calculated data in the soft ACRR central cavity environment. The measured ratios in
column 3 of Table 3 agree fairly well with the "transport correction" modeling. The trans-
port correction factors were calculated with two different models. The entries in paren-
thesis in columns 4 and 6 correspond to fielding a single unstacked sensor. The numbers
without the parenthesis represent the stacked configuration. The measured correction fac-
tors generally fell between the two "transport corrected" models. Only in the case of the
plutonium sensor was the stacked transport model prediction clearly in better agreement
with the measurement. This agreement (measurement to calculation) could probably be im-
proved if all sensor data, including B4C covered sensors, are used to better characterize the
BBALLl 1 spectrum.

2.5. Perturbed Neutron Field

When fission foils in covers are used in conjunction with other dosimetry sensors for
spectrum determinations, care must be taken to ensure that the large boron balls do not per-



turb the neutron environment seen by the bare uncovered sensors. This typically requires
that separate irradiations be performed and a monitor foil be used to combine the results.
Concerns about dosimeter placement and the necessity for avoiding large sensor configu-
rations that could perturb the free-field neutron spectrum do not generally permit fielding
multiple boron balls in a single irradiation. Boron ball configurations are generally irra-
diated separate from bare and cadmium-covered foils to avoid perturbing the bare foil re-
sponse. If unstacked fission foils were used, a typical spectrum characterization would
require five irradiations rather than the current two irradiations. Combining activities from
separate irradiation steps increases the uncertainty of the activities and introduces corre-
lations in the measurements that are difficult to characterize and apply during the spectrum
determination.

When a high-energy threshold reaction, such as 58Ni(n,p)58Co or 32S(n,p)32P, is used as
the monitor foil, there can be a 9% correction for monitor foils placed within the boron ball.
Thus the monitor foil should be placed outside the boron cover, or a monitor placed inside
should be corrected before activities from separate reactor exposures are combined. Table 3
shows how monitor foils are affected by the placement in a boron ball. It also shows that an
exponential attenuation model is not sufficient to model this neutron scattering effect on the
response.

Table 3. Effect of Cover Treatment on Fission Sensor and Monitor Foil Response

Spectrum1

ACF9.ACRR
Central Cavity

BBALL11, Inside
Boral Box 30"
From SPR-III

Core

Reaction1

Enriched Uranium

237Np(n,f)FP

Depleted Uranium

Plutonium

58Ni(n,p)58Co

32S(n,p)32P

Enriched Uranium
237Np(n,f)FP

Depleted Uranium

Plutonium
58Ni(n,p)58Co

32S(n,p)32P

Measured
Correction

Factor
(fiss/cdtk)

NA

0.694

0.875

0.882

0.747

0.894

0.897

Modeling Methodology (fiss cover/Cd cover)

Transport
Correction2

0.0198/
(0.0189)

0.914/(0.910)

0.454/(0.462)

0.0113/
(0.0106)

0.874/(0.885)

0.885

0.707/(0.685)

0.919/(0.917)

0.873/(0.889)

0.731/(0.693)

0.877/(0.886)

0.889

Exponen-
tial Attenua-

tion

0.0210

0.9445

0.492

0.0114

0.957

0.956

0.711

0.957

0.950

0.720

0.957

0.957

Modeling
Difference2

-6.3 %/(-11.1%)

-3.3%/(-3.8%)

-8.4%/(-6.5%)

-0.9%/(-7.5%)

-9.5%/(-8.1%)

-8.0%

-5.7%/(-3.8%)

-4.1%/(-4.4%)

-8.8%/(-6.9%)

1.5%/(-3.9%)

-9.1%/(-8.0%)

-7.6%
1 Spectra locations are described in Ref. 4 and 5. Fission dosimeter geometries/masses are described in Ref. 3 and 5.

Sensor modeling includes foil stacking for fission foils and nickel monitors and the assumption of an isotropic an-
gular distribution. The numbers in parenthesis correspond to fielding a single unstacked sensor. The SNL sulfur
monitor foil is not used in a stacked configuration due to its shape.



2.6. Photofission Reactions

The response of a fission foil is fairly easy to determine using standard methods as doc-
umented in ASTM standards12 E-393, E-343, E-704, and E-705. One important consid-
eration in the application of the fission foils is the concern about separating neutron-induced
fission events from photofission events. The photofission contribution is generally very
small (< 3%).13'14 However, in some neutron-shielded regions photofission reactions can
dominate a sensor response.15 In general, an estimate of the gamma flux should be made at
experiment locations with thermoluminescence dosimeters (TLDs) and combined with an
estimated gamma spectrum and photofission cross sections to provide a quantitative bound
on this effect. Since the gamma spectrum can be very difficult to measure in reactor en-
vironments, calculated gamma spectra are generally used to make preliminary estimates of
this correction factor. In cases where the effect is found to be important a measurement
should be made to validate the gamma spectrum. Some experimenters15 have used simul-
taneous neutron and gamma spectrum adjustment methods to characterize the environment
and properly treat the combined sensor response. Other experimenters16 have shown that
the photofission contribution can often be estimated by measuring the photoneutron cross
section in the dosimeter material.

3. Fission Foil Cross Section Uncertainty
The 235U, 238U, and 239Pu fission foil cross sections are very well characterized. The

237Np fission cross section is much less well characterized.17 This is unfortunate since the
237Np foil is one of the most important sensors for spectrum determination.2 Table 4 shows
the spectrum-averaged uncertainty and region of energy response for typical fission sensors.
The uncertainty column represents the properly propagated uncertainty when the cross sec-
tion covariance matrix is folded with a given spectrum18. The E05 and E95 values represent
the energies below which 5% and 95%, respectively, of the sensor response occurs.

Table 4. Uncertainty and Region of Energy Response for Fission Sensors

Sensor

Primary
Isotope

U3&TJ

2 3 8U

* a /Np

*ayPu

Cover

bare

B4C

bare

B4C

bare

B4C

bare

B4C

SPR-III Central Cavity

Unc.

(%)
0.30

0.31

0.53

0.53

9.44

9.43

0.39

0.40

E05
(MeV)

4.066x10^

8.51x10"^

1.390

1.404

0.519

0.553

0.065

0.112

E95
(MeV)

4.006

4.173

6.580

6.619

5.252

5.317

4.227

4.376

ACRR Central Cavity

Unc.

(%)
0.19

0.29

0.53

0.53

9.44

9.54

0.25

0.39

E05
(MeV)

1.200xl0~a

2.530x10"*3

1.390

1.405

0.492

0.573

1.336xl0'e

5.837X10""3

E95
(MeV)

2.273xlO"'i

3.511

6.174

6.231

4.727

4.802

1.335xl0"d

3.864

4. Conclusion
A number of considerations and corrections must be applied to typical fission foils be-

fore they can be used as neutron dosimetry sensors. These considerations include the char-
acterization of trace contaminants, the use of covers to shift the energy response of the foils,
the effect of the cover material on the nominal environment, and photointerference reac-
tions. The importance of these correction factors is very dependent upon the specific en-



vironment and geometry that is being characterized. In general, calculated and measured
correction factors have been seen to be in good agreement.
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