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Abstract – This paper presents new measurements of the carbon and beryllium neutron total cross section
in the energy range of 24 to 950 keV. The measurements were done using a pulsed neutron source driven
by an electron LINAC. The neutron beam passed through a 30-cm-thick iron filter, which results in neutron
transmission only in energies where resonance scattering and potential interference exist. The neutron
filter removes most of the neutrons at other energies and significantly attenuates the gamma background
resulting in 20 energy windows and a high signal-to-background ratio. The filtered beam was used for
transmission measurements through graphite that results in ;1% accurate total cross sections that are in
excellent agreement with current evaluations. The carbon measurement provides a verification of the
accuracy of the filtered beam method. Measurements of three samples of different thicknesses of beryllium
resulted in accurate total cross-section values that agree with one previous measurement and show dis-
crepancies from current evaluations. The high accuracy of the new measurements can be used for improve-
ment of future total cross-section evaluations of beryllium.

I. INTRODUCTION

Beryllium is a lightweight metal that has physical
and nuclear properties that make it desirable in several
nuclear applications. Beryllium has a low thermal ab-
sorption cross section and has been used as a neutron
reflector in compact high flux reactors such as the Ad-
vanced Test Reactor1 ~ATR!. Because of its low atomic
mass, beryllium can also be used as a moderator, and its
light weight makes it favorable in space applications.1

Beryllium also has applications in fusion both as a first-
wall material and as blanket material utilizing the low
threshold for the ~n, 2n! reaction.2,3 Thus, accurate knowl-

edge of the beryllium total neutron cross section is
important for accurate design calculations for these
applications.

A review of the evaluated total cross section of be-
ryllium in the energy range from 10 to 1000 keV reveals
;8% discrepancy between the recent evaluations ~see
Fig. 1!. A review of the existing data retrieved from EX-
FOR ~Ref. 4! also shows discrepancies between the dif-
ferent measurements ~see Fig. 2!, which are also reflected
in the evaluation. In order to resolve the discrepancies,
an accurate measurement of the total cross section is
required. The iron filtered beam method can provide such
data and was used before at Rensselaer Polytechnic In-
stitute5,6 ~RPI! for measurements of the total cross sec-
tion of deuterium and measurement of the beryllium total*E-mail: danony@rpi.edu
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cross section7 at 24 keV. More recently, the iron filtered
beam method was used to study neutron scattering from
water and heavy water.8 A related method, the uranium
filtered beam, was also recently used for scattering mea-
surements from hydrogen9 in CH2, and a more in-depth
review of this method is given elsewhere.10

In general, total cross-section measurements can be
done using a pulsed neutron beam in a transmission ge-
ometry. The transmission through the sample is mea-
sured using the time-of-flight ~TOF! technique, which
allows the measurement of the energy-dependent total

cross section st ~Ei ! by applying Eq. ~1! for every TOF
channel i:

st ~Ei ! �
�1

N
ln~Ti ! , ~1!

where

Ti � transmission at TOF channel i

N � number density ~atom0b!.

The transmission is calculated from the sample-in and
the sample-out count rates Rsi and Roi , respectively,
and their associated time-dependent background rates Bsi

and Boi :

Ti �
Rsi � Bsi

Roi � Boi

. ~2!

The most problematic aspect of the TOF technique is
accurate determination of the time-dependent back-
ground count rate ~Bsi and Boi !. The sources of back-
ground could be both neutrons and gamma rays. The
neutron time-dependent background is mostly due to
neutrons that interacted with the neutron producing tar-
get and moderator, and the collimation system, thus
arriving at the detector at a TOF that is not correlated to
the energy of the uncollided neutron beam. Similarly,
the gamma background is a result of neutron inter-
actions in the neutron producing target and moderator
~for example, 2.2-MeV capture gammas from hydrogen
in the moderator! and gammas from inelastic neutron
scattering and capture interactions in the collimation
system. Usually, a separate measurement ~see Ref. 11,
for example! is required in order to characterize the
time-dependent background. These measurements can
be done using strong resonance absorbers of two thick-
nesses and extrapolating the background to zero thick-
ness. The accuracy of the background correction is a
function of the signal-to-background ratio of a given
TOF facility and the accuracy of the background mea-
surement and analysis methods.

The filtered beam method has a great advantage in
providing a high signal-to-background ratio. In this
method a thick filter ~30 cm of iron in the experiment
reported here! is placed in the neutron beam. Most of the
neutrons and gammas in the beam are completely atten-
uated by this thick filter. A filter material is selected such
that the interference between the resonance and poten-
tial scattering results in total cross section minima in a
desired energy range. Thus, the thick filter has “holes”
through which neutrons of specific energies can stream.
The transmission through the holes varies but, for 30 cm
of iron, can reach 60% in some points. The resulting
TOF spectrum exhibits peaks that can be used for trans-
mission measurements at these specific energy windows.

Fig. 1. The measured total cross section plotted with the
9Be cross section from several evaluations.

Fig. 2. The measured 9Be data plotted with previously
measured data. The new data are in good agreement with the
Bilpuch et al.26 data from 1961.
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The advantage of the filter is that it blocks the back-
ground neutrons and gammas and thus eliminates the
need for a separate background measurement.

An iron filter with a thickness of 30 cm was used for
the measurement of the Be cross section in the energy
range from 24 to 950 keV. An example of the calculated
transmission through 30 cm of Fe is show in Fig. 3.

A measurement of the total cross section of carbon
~graphite! that is well known was used to benchmark the
method followed by a measurement for several sample
thicknesses of beryllium. Additional information on this
experiment and preliminary data are given in Ref. 12.

II. EXPERIMENTAL SETUP

The experiments were performed at the Gaerttner
Laboratory at RPI. The setup is illustrated in Fig. 4. Neu-

trons are produced by electrons hitting the RPI bare
bounce target13 placed on the neutron beam axis without
an additional polyethylene moderator discussed in Ref. 13.
The collimated neutron beam passes through a 30-cm
iron filter and another stage of collimation where the
beam diameter is reduced to 4.7625 cm ~1.875 in.!. The
beam then passes through the sample being measured
and continues to the neutron detector. The neutron flight
path distance was 25.5656 0.005 m as was determined
by a fit of the iron peaks to a calculation using the ENDF0
B-VI.8 total cross section data14 for 56Fe. The source to
sample distance was ;13.85 m, and the sample detector
distance was ;11.71 m.

The RPI LINAC pulsed electron beam had an en-
ergy of 55 MeV, a 6-ns pulse width, and an average cur-
rent of 4 6 1 mA. The data collection time was 90 and
60 h for beryllium and graphite, respectively. The beam
intensity was monitored by two fission chambers of which
one was selected to normalize the data to eliminate the
effect of beam intensity variations. A variety of statisti-
cal methods was used for selection of the best correlat-
ing monitor using the RPI MONCHK code.15

The detector was a 1.27-cm ~0.5-in.!-thick and
12.7-cm ~5-in.!-diam GS-20 Li-glass detector with a sin-
gle out-of-the-beam Photonis XP4572B photomultiplier.
The detector electronics were optimized using a fast ~45-ns
time constant! custom CREMAT preamp that fed an
ORTEC 375 constant fraction discriminator. The time
jitter of the system was ;1 ns measured by observing
the time jitter between the gamma flash and the LINAC
start pulse. The discriminator signal was used as a stop
signal for a 7887 FastComTec TOF clock operating with
1.25 ns0channel and a total of 486 016 channels. The
7887 is a multihit TOF clock with no dead time between
channels. The ORTEC discriminator blocking output was
used as the TOF clock stop signal and was adjusted to a
pulse width of 70 ns. The system dead time was deter-
mined in a separate experiment with the signal of the
detector connected to both the start and stop of the TOF
clock. In this configuration, the TOF spectrum from an
;3-Ci PuBe neutron source was collected. The TOF data

Fig. 3. ~a! The total cross section @from ENDF0B-VI.8
~Ref. 14!# of natural Fe. ~b! Calculated neutron transmission
through 30 cm of iron, showing peaks ~holes! through which
neutrons at discrete energies pass through the iron filter.

Fig. 4. The experimental setup showing the neutron producing target, iron filter, sample position, flight paths, and detector
position.
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allow determination of the system dead time, which was
found to be 230 6 30 ns. To ensure the dead-time cor-
rection error was minimal, the LINAC electron beam
current was chosen such that at the maximum count rate,
the dead-time correction factor was kept below 2%
throughout the duration of the data collection.

Additional neutron detectors ~Reuter-Stokes RS-P6-
2403-121 and Amperex B300D fission chambers!, lo-
cated on the far east flight tube at a flight-path distance
of ;8 m, were used to monitor the neutron beam inten-
sity variations.

The data collection times dedicated for each sample
thickness and for the open beam were selected using the
optimization described in Ref. 16. Each sample was ro-
tated in and out of the beam such that ;7 min was ded-
icated to the open beam measurement and ;15 min to
measurement of the thickest sample in each 45-min cycle.

III. SAMPLES

There are four cylindrical samples, one graphite and
three beryllium, each with a diameter of 7.493 cm ~2.95
in.!. The sample diameter and weight were measured
several times in order to obtain an accurate value for the
number density N and its associated error sN . The sam-
ple details are listed in Table I.

All the beryllium samples contained 99.9% beryl-
lium. The thickness uniformity of the samples was
,0.05%. A spectrographic analysis of the Be material
used to make the samples is given in Table II.

The carbon material used was reactor-grade graph-
ite. The samples were cut from a larger piece and were
baked in an oven at 2008C for 24 h to drive humidity out
of the sample. Weighing the sample before and after the
heating treatment indicates that for the worst case of the
7-cm sample, 0.024% of the weight was removed by this
process. A chemical analysis of the graphite sample is
given in Table III. Possible boron content is a problem
only at low neutron energies, and a measurement of its
concentration was not done. The graphite thickness uni-
formity was 1.2%.

IV. DATA ANALYSIS AND RESULTS

The data were first checked for consistency using
the MONCHK computer code.15 This code performs a
statistical analysis of the data to detect anomalous data
and flags it for further examination. This computer code
also computes the correlation between the beam moni-
tors and the in-beam detector to allow selection of the
best correlating monitor for data normalization. The er-
ror associated with the normalization is ;10% of the
statistical error and thus contributed very little to the
overall error. For each experiment ~Be or graphite

TABLE I

Sample Thickness and Number Density

Sample

Nominal
Thickness
~cm!

N
~atom0b!

sN

~atom0b!

Graphite 7 0.5924 0.0002
Beryllium 2 0.24684 0.00009
Beryllium 3 0.3670 0.0001
Beryllium 5 0.6168 0.0002

TABLE II

Impurities in the Beryllium Samples

Impurity
Weight Fraction

~ppm!

Ag ,3
Al ,300
Ca ,20
Co ,3
Cr ,20
Cu ,70
Fe ,700
Mg ,5
Mn ,20
Mo ,20
Ni ,100
Pb ,20
Sc ,5
Si ,200
Ti ,80
U ,30
W ,50
Zn ,10
Zr ,10

TABLE III

Impurities in the Graphite Samples

Impurity
Weight Fraction

~ppm!

Asha 1180
Al 14
Ca 166
V 55
Ti 3
Cr 2
Fe 30
Ni 14

aAsh represents the incombustible content.
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samples!, sample data and open beam data were col-
lected in about 150 files that were dead-time corrected
and summed using the RPI RPIXDR code.17

The beryllium experiments included a 7-cm-thick
graphite sample that was used as a verification of the
system performance. A typical plot of the open beam
TOF spectrum is shown in Fig. 5.

Analysis of the data required integration of the counts
over the peaks and correction for the background under
the peak. The integration limits were nominally set to
the full-width at one-tenth of the maximum ~FWTM!.
The limits were then systematically adjusted by a com-
puter program that varied the integration limits in order
to minimize the statistical error in transmission. Results
with integration limits that are wider than the FWTM
were rejected and limited to the FWTM for smaller peaks
with lower signal-to-background ratios. This procedure
results in smaller integration widths. The procedure was
repeated for all samples, and the widest set was selected
and used on all samples including the open beam data.
This procedure affected the integration limits of four peaks
at energies 555.3, 609.3, 851.8, and 947.5 keV.

The background was calculated by integration of the
wings of each of the peaks averaging the counts on each
side and assuming a straight line between the points on
either side of the peak. The background channels on the
wings were kept identical for all samples and the open
beam. An illustration of the process is shown in Fig. 6.
The signal-to-background ratio was calculated as ~S �
B!0B, where S is the sum of counts under the peak and B
is the area under the background curve both calculated
between the limits E1 and E2 ~as shown in Fig. 6!. The
signal-to-background ratio is plotted in Fig. 7, and in
general the ratio decreases with energy. This is attributed

to the higher cross section in the filter’s total cross-
section minima ~resulting in lower transmission! and the
degradation of the system’s energy resolution. The reso-
lution broadening adds a low-energy tail to the transmis-
sion peaks that extends under the adjacent lower-energy
peak and results in what appears to be a higher back-
ground under the lower-energy peak. Thus, improve-
ment of the energy resolution is expected to further reduce
the background.

Fig. 5. TOF spectrum of the open beam data showing the
peaks resulting from transmission through the iron filter. The
TOF clock recorded the counts in channels of 1.25 ns0channel.

Fig. 6. Illustration of the background and integration lim-
its ~E1 and E2! shown on the 218.8-keV peak. The average
energy Ec is calculated by Eq. ~9!. The background is deter-
mined by averaging several points on each side of the peak
~not shown!. The background under the peak is a straight line
connecting two averaged background points on each side of
the peak.

Fig. 7. The signal-to-background ratio as a function of
neutron energy.
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The effect of the integration limits on the accuracy
of the cross section was estimated by calculating the
limits at full-width of twice the original height ~for ex-
ample, FWTM changed to full-width at one-fifth of the
maximum height!. This resulted in a change in the cross
section that is on the average different by 40% of the
reported error and thus within the quoted errors.

The transmission for each of the samples was calcu-
lated by Eq. ~3!:

T �
Is

Io

Mo

Ms

, ~3!

where

Is , Io � background corrected integrated counts un-
der the sample and open beam peaks,
respectively

Mo , Ms � monitor counts for the open beam and sam-
ple, respectively.

The statistical error of the transmission DT was de-
termined by simple error propagation assuming noncor-
related errors and is given by

DT

T
� ��DIo

Io
�2

� �DIs

Is
�2

�
1

Mo

�
1

Ms

, ~4!

where DIs and DIo are the statistical errors in the back-
ground corrected counts for the sample and open beam,
respectively.

The transmission data were converted to cross sec-
tion using Eq. ~1!, and the error in the cross section Ds
for each energy point of each sample thickness is calcu-
lated using Eq. ~5!:

Ds �
1

N

DT

T
. ~5!

The error in the number density N is small relative to the
statistical error and was ignored.

A recommended cross-section value s was obtained
by a weighted average of n different sample thicknesses
as given in Eq. ~6!:

Ts �

(
i�1

n si

~Dsi !
2

(
i�1

n 1

~Dsi !
2

. ~6!

Two sources of error were considered in calculating the
error in the recommended value. The first is the so-
called internal error, which is the statistical error of the
average given by

Dsinternal � �(
i�1

n 1

~Dsi!
2
!�102 . ~7!

The second error is the so-called external error resulting
from differences between the samples of different thick-
nesses and is given by

Dsexternal � � (
i�1

n ~ Ts� si !
2

~Dsi!
2

~n � 1! (
i�1

n 1

~Dsi!
2

. ~8!

Note that the difference in the notation of Eq. ~8! with
the one in Ref. 18 is due to a typographical error19 in
Ref. 18. Reference 20 provides criteria to determine if
the data from different samples can be considered statis-
tically consistent and uses the Student’s t-distribution to
scale the errors. Reference 18 uses a different approach,
which is to set the reported error to the maximum of the
two errors @s� max~sinternal ,sexternal !# , and because of
its simplicity, this procedure was adopted in this analysis.

The average energy of each peak is calculated by
Eq. ~9! using the peak integration boundaries ~see
Tables IV and V! applied to the open beam data of
beryllium:

Ec �

(
i�n1

n2

Ei Ci

(
i�n1

n2

Ci

, ~9!

TABLE IV

Measured Graphite Transmission and Inferred
Total Cross Section*

Ec

~keV!
E1

~keV!
E2

~keV! T DT
st

~b!
Dst

~b!

24.044 22.267 25.406 0.0630 0.0008 4.67 0.02
81.823 80.756 82.717 0.0729 0.0018 4.42 0.04

127.896 125.275 129.583 0.0758 0.0016 4.36 0.04
136.954 134.385 138.825 0.0773 0.0009 4.32 0.02
167.462 165.076 169.050 0.0814 0.0012 4.24 0.02
183.243 179.480 185.818 0.0848 0.0010 4.17 0.02
218.809 216.337 220.621 0.0905 0.0009 4.06 0.02
243.589 240.687 245.554 0.0921 0.0016 4.03 0.03
272.253 266.762 275.943 0.0967 0.0005 3.94 0.01
307.902 296.440 315.197 0.1033 0.0005 3.83 0.01
350.760 341.393 359.933 0.1081 0.0009 3.76 0.01
375.003 370.079 379.076 0.1131 0.0012 3.68 0.02
435.937 431.300 439.464 0.1178 0.0033 3.61 0.05
466.690 461.555 471.035 0.1281 0.0020 3.47 0.03
497.000 492.292 501.776 0.1330 0.0046 3.41 0.06
555.251 550.246 561.462 0.1447 0.0055 3.26 0.06
609.298 604.818 614.481 0.1492 0.0033 3.21 0.04
700.074 685.251 711.306 0.1703 0.0023 2.99 0.02
851.792 844.393 859.289 0.1850 0.0060 2.85 0.05
947.474 933.892 961.354 0.2095 0.0036 2.64 0.03

*The errors shown on the transmission and the total cross section are
absolute 1s values.
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TABLE V

Measured Beryllium Transmission and Inferred Total Cross Section*

Energy 2 cm 3 cm 5 cm Average

Ec

~keV!
E1
~keV!

E2
~keV! T DT

st

~b!
Dst

~b! T DT
st

~b!
Dst

~b! T DT
st

~b!
Dst

~b!
st

~b!
Dst

~b!

24.044 22.267 25.406 0.232 0.002 5.92 0.03 0.1113 0.0011 5.93 0.03 0.0258 0.0005 5.93 0.03 5.93 0.02
81.823 80.756 82.717 0.261 0.004 5.44 0.06 0.1336 0.0025 5.44 0.05 0.0345 0.0012 5.46 0.06 5.45 0.03

127.896 125.275 129.583 0.284 0.004 5.10 0.06 0.1531 0.0024 5.07 0.04 0.0439 0.0012 5.07 0.04 5.08 0.03
136.954 134.385 138.825 0.289 0.002 5.03 0.03 0.1548 0.0014 5.04 0.03 0.0448 0.0007 5.04 0.03 5.04 0.02
167.462 165.076 169.050 0.307 0.003 4.79 0.04 0.1680 0.0018 4.82 0.03 0.0493 0.0009 4.88 0.03 4.84 0.03
183.243 179.480 185.818 0.313 0.002 4.71 0.03 0.1746 0.0015 4.72 0.02 0.0536 0.0008 4.74 0.02 4.73 0.01
218.809 216.337 220.621 0.326 0.002 4.54 0.03 0.1889 0.0014 4.51 0.02 0.0611 0.0007 4.53 0.02 4.52 0.01
243.589 240.687 245.554 0.342 0.004 4.35 0.05 0.2024 0.0026 4.32 0.04 0.0661 0.0013 4.41 0.03 4.36 0.03
272.253 266.762 275.943 0.352 0.001 4.23 0.02 0.2079 0.0009 4.25 0.01 0.0720 0.0005 4.27 0.01 4.25 0.01
307.902 296.440 315.197 0.364 0.001 4.10 0.01 0.2203 0.0008 4.09 0.01 0.0807 0.0004 4.08 0.01 4.09 0.01
350.760 341.393 359.933 0.381 0.002 3.91 0.02 0.2348 0.0013 3.92 0.02 0.0899 0.0008 3.91 0.01 3.91 0.01
375.003 370.079 379.076 0.394 0.003 3.77 0.03 0.2445 0.0019 3.81 0.02 0.0957 0.0011 3.80 0.02 3.80 0.01
435.937 431.300 439.464 0.408 0.008 3.64 0.08 0.2542 0.0051 3.70 0.05 0.1062 0.0030 3.64 0.05 3.66 0.03
466.690 461.555 471.035 0.417 0.004 3.55 0.04 0.2662 0.0031 3.58 0.03 0.1140 0.0019 3.52 0.03 3.55 0.02
497.000 492.292 501.776 0.421 0.010 3.51 0.10 0.2806 0.0071 3.44 0.07 0.1190 0.0043 3.45 0.06 3.46 0.04
555.251 550.246 561.462 0.413 0.011 3.58 0.11 0.2740 0.0076 3.50 0.08 0.1166 0.0046 3.48 0.06 3.51 0.04
609.298 604.818 614.481 0.238 0.004 5.82 0.07 0.1082 0.0024 6.01 0.06 0.0242 0.0010 6.04 0.07 5.96 0.07
700.074 685.251 711.306 0.423 0.004 3.48 0.04 0.2751 0.0030 3.49 0.03 0.1174 0.0018 3.47 0.03 3.48 0.02
851.792 844.393 859.289 0.424 0.014 3.48 0.13 0.2804 0.0097 3.44 0.09 0.1189 0.0060 3.45 0.08 3.45 0.06
947.474 933.892 961.354 0.430 0.006 3.42 0.06 0.2841 0.0041 3.40 0.04 0.1256 0.0024 3.36 0.03 3.39 0.02

*The errors shown on the transmission and the total cross section are absolute 1s values.
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where

n1, n2 � channels corresponding to the integration
boundary energies

Ei � channel energy

Ci � number of counts in channel i .

This average energy does not coincide with the peak
energy because the shape of the peak is not symmetric,
as illustrated in Fig. 6.

IV.A. Carbon

A 7-cm-thick graphite sample was measured in or-
der to study the accuracy of the iron filtered beam method.
The data were compared to the ENDF0B-VII.0 evalua-
tion,21 which is based on numerous previous measure-
ments. The data for carbon are shown in Table IV. The
cross section is plotted in Fig. 8a together with the ENDF0
B-VII.0 cross section for 12C, which was linearly inter-
polated between the ENDF0B-VII.0 points. Figure 6b
shows the fractional difference between our experiment
and ENDF0B-VII.0 for all measured data points with the
experimental error of 1% or lower; 14 of 20 points are
within 1% of the evaluation. The remaining six data points
all have statistical errors ,2% and are within 2% of the
evaluation. This observation verifies that the procedures
used for the measurement and data reduction provide a
good central value and a good estimate of the experimen-
tal error even for a small 1% error. The largest cross-
section error in the graphite measured data is 1.8%.
Table IV also provides the low- and high-energy bound-
aries for each of the peaks. Because the cross section is a

weighted average of the peak profile ~see Fig. 6! and the
sample cross section, these boundaries provide an en-
ergy error estimate for each data point.

IV.B. Beryllium

Data were collected for three sample thicknesses of
Be ~2, 3, and 5 cm!. The data analysis was done using the
same procedure as the graphite sample, as outlined in
Sec. IV.A. The data are shown in Table V. The overall
accuracy of most of the data points is �1% ~see last two
columns of Table V!. The data are plotted in Fig. 1 to-
gether with several 9Be evaluations. The first observa-
tion is that all the evaluations have about the same value
at 24 keV, which includes the data point ~5.906 0.01 b!
based on the older KURRI iron filtered beam measure-
ment.7 This point is in good agreement with the new data
~5.93 6 0.02 b!. Below 300 keV the new data are in
agreement with JENDL 3.3 ~Ref. 22! while above 300
keV the agreement with JEFF 3.1 ~Ref. 23! is better.
Below 550 keV, ENDF0B-VII.0 is much lower than the
other evaluations.

Comparisons with measured data7,24–31 are shown
in Fig. 2. The RPI measurement is in very good agree-
ment with the data of Bilpuch et al.26 In the region of 200
to 500 keV, the current data are slightly lower than the
Bilpuch et al. data. The other measurements exhibit large
differences from these two sets.

V. CONCLUSIONS

This paper presents new total cross-section measure-
ments of carbon and beryllium in the energy range from
24 to 950 keV using an iron filtered neutron beam gen-
erated by an electron LINAC. The filtered neutron beam
is generated by passing the neutrons though 30 cm of
iron. The scattering resonance potential interference re-
sults in minima in the iron total cross section, which
creates holes through which neutrons of appropriate en-
ergy can be transmitted. Transmission measurements were
done with carbon and beryllium samples that were placed
in the filtered beam. The advantage of the filtered beam
method is the high signal-to-background ratio that can
be achieved because the iron filter removes most of the
gamma background and neutrons at energies other than
filter cross-section minima. The disadvantage is that only
20 points in the whole energy range can be obtained, and
thus, this method is most appropriate for smooth cross
sections.

Because the carbon cross section is well known, mea-
surements with reactor-grade graphite were used to bench-
mark the method and yielded excellent agreement with
ENDF0B-VII.0 with accuracy of ;1% for several of the
measured points. Measurements of the Be cross sections
are in general agreement with JENDEL 3.3, JEFF 3.1,
and ENDF0B-VI.8, which agree with each other within a

Fig. 8. ~a!Measured carbon cross section compared with
the ENDF0B-VII.0 evaluation. ~b! Experimental data with sta-
tistical error of,1% are compared with the relative difference
to the ENDF0B-VII.0 evaluation for 12C.
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few percent. The more recent ENDF0B-VII.0 evaluation
is lower than the previous evaluations and the new data
by up to 8%. This new high-accuracy measurement can
help reduce the uncertainty in the 9Be cross section in
the measured energy range. It also provides a good ver-
ification for the 12C evaluations.
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