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Abstract

A neutron source having ~30 discrete energy lines in the range 34-6200¢V is produced by using a >*¥U filter in conjunction with an
electron linear accelerator. The characteristics of this neutron source are discussed and possible uses and applications are given.
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1. Introduction

Pulsed neutron beams of discrete energies can be
generated by using an electron linear accelerator in
combination with a ***U filter. Such beams have many
interesting and useful characteristics when compared with
the steady-state filtered neutron beams obtained using
nuclear reactors [1-4]. The filter materials used in conjuc-
tion with nuclear reactors are scandium (producing
2.03keV neutron beams with a width AE~1.3keV), iron
(for FE,=243keV, AE~2.1keV), and silicon (for
E, = 54keV, AE~1.1keV and E, = 148keV,
AE~16keV). Other materials such as argon, sulfur, and
chromium are also used as filters. Moreover, combinations
of two or more materials were employed [1] for improving
the purity and the monochromatic character of the
resulting neutron beam. As an example, the addition of
aluminum and sulfur to the iron filter reduces [1] the
relative number of neutrons with energies higher than
24 keV. A review of filtered n—beam facilities was published
by Block and Brugger [3].
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Filtered beams were used for a variety of studies ranging
from measurements of average total cross-section and
average (n,y) cross-sections [1], to applications in neutron
radiography, radiobiological studies and cancer treatment
[6].

The filter materials have narrow energy “‘windows” in
their total cross-sections, which allow neutrons of specific
energies to pass through while those with different energies
are removed from the beam. These energy windows
correspond to deep minima in the total neutron cross-
section [7,8] in the nuclei of the filter and are created by the
destructive interference between the nuclear resonance
scattering of neutrons and potential scattering. The dips
or minima in the total cross-sections are more pronounced
in mono-isotopic filters with even—even nuclei. This is
because the resonance levels formed by neutron capture in
such nuclei have only a single channel spin and the
destructive interference may cause a drastic reduction of
the scattering cross-section. Iron is nearly mono-isotopic
because *°Fe has high natural abundance (91.8%) and has
deep minima at several energies such as 24.3, 82.1, 137, 308,
642 and 938 keV.It was thus widely used in reactors as a
filter for producing the 24.3keV line. In effect, the iron
filter converts a white neutron spectrum to a neutron beam
with several discrete energies. Another example of an
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even—even nucleus which can be used as a neutron filter is
depleted U (99.8% 2**U) as it is mono-isotopic and reveals
a large number of deep minima in its total neutron cross-
section [9]. In even—odd isotopes, e.g. **Sc or 'V, more
than a single channel spin is involved, and the destructive
interference can occur only in one channel spin at a time.
Hence the resulting interference effect is not as strong as in
even—even mono-isotopic materials.

Most of the filtered n-beam facilities were installed in
conjunction with nuclear reactors.

One important advantage in using neutron TOF beams
having discrete energies is the high signal-to-noise ratio of
each mono-energetic line, which enables one to perform n-
scattering studies with better accuracy than that obtained
with normal TOF measurements.

In the present work, we focus our attention on studying
a *¥U filtered n-beam where the neutrons are generated
using an electron linear accelerator. In all previous studies
[7,8,10,11] involving electron Linacs, iron was used as a
filter. The main advantage of using a Linac is the high
neutron fluxes produced at higher energies. In addition, the
pulsing makes it easy to measure the neutron energies via
time of flight (TOF). Thus when using an iron filter, several
discrete neutron energies are generated not only at 24.3 keV
but also at much higher energies up to 982keV. This is to
be contrasted with the case of nuclear reactors where only
the line at 24.3 keV can effectively be utilized. In fact, such
a multi-line neutron source with an Fe filter in conjunction
with an electron linear accelerator has already been used. A
precise determination of the total neutron cross-section of
hydrogen [8] and of deuterium [10,11] was made using this
method. It was also employed to investigate the minima in
the total cross-section of iron, yielding accurate values of
the corresponding resonance parameters [7].

In the literature, the use of a U filter was proposed [12] in
conjunction with a nuclear reactor. Some suggestions were
also given about using secondary filters or arrays of filters
and scatterers for producing a range of filtered beam
energies. It was concluded that it is very difficult to produce
pure quasi-monoenergetic beams (between 100 and 2541¢V)
using a U filter except at 186 eV. Here the contamination was
calculated to be around a few percent. In an earlier paper
[13], however, the purity of the beam at 186eV actually
obtained using U in combination with secondary filters of Se,
Mn, and Ge, was reported to be 70%.

In the present work, we describe an experimental facility
based on a **®U-filter in conjunction with the Gaerttner
electron linear accelerator. It was installed at Rensselaer
Polytechnic Institute and was employed for producing a
multi-line neutron source in the range between 64 and
6165¢eV. The applications of this source are described in
detail below.

2. Experimental arrangement

The neutron source is generated by an electron linear
accelerator via a two-step process. First, bremsstrahlung is

produced by the electron beam striking a stack of ten
water-cooled Ta plates (S5cm x Scm, with thicknesses
ranging from 1.6 to 6.4mm). Second, the neutrons are
obtained by the '®'Ta(y,n) reaction. The Ta plate
thicknesses were chosen to produce approximately equal
energy deposit in each plate to facilitate the water cooling.
The total Ta thickness was chosen to maximize the neutron
production and minimize neutron absorption. The electron
energy was around 50MeV and was produced by the
Gaerttner Electron Linear Accelerator of the Rensselaer
Polytechnic Institute (RPI), operated at a pulse repetition
rate of 225 Hz. The obtainable electron current was 50 pA
and the pulse width could be varied between 56 and
1000ns. The neutron beam was then passed through
stacked sheets of metallic U (99.8%), 98 mm thick,
which served as a neutron filter, producing several discrete
neutron lines of high intensity in the energy range 34¢V to
around 6.2keV. The experimental arrangement is shown
schematically in Fig. 1.

3. Direct beam

An important feature in the U-filtered beam discussed
here is that most of the lines are highly mono-energetic
with dE/E~1073, which makes it an ideal choice for
performing precise absorption and scattering measure-
ments at discrete energies. The filter was placed at a
distance of 15m from the water-cooled Ta photo—neutron
source, and the n-energies were determined by measuring
the TOF along 25.5m path. Fig. 2 shows the neutron TOF
spectrum produced after passing through the 98 mm thick
238U filter. In a sense, the U filter converts a white neutron
spectrum to a multi-line spectrum with sharply defined
energies. The apparent large width of the low-energy lines
is created by the longer TOF of neutrons at such energies.
Note the high monochromaticity of the strong intensity
neutron lines obtained and the high signal-to-noise ratio.
The notches appearing in some of the peaks are created by
some weak s- and p-wave resonances, and by **°U
resonances. The energies of the 2*®U-filtered neutron lines
are listed in Table 1 together with relative intensities and
line widths.

In carrying out the above measurement, no attempt was
made to optimize the thickness of the U absorber. Since we
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Fig. 1. Schematic view of the layout of the U-filter measurement. The Ta
plates are water cooled and stacked within an aluminum container (1 mm
thick). The distance between the Ta target and the Li-glass n-detector is
25.5m.
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Fig. 2. (a). TOF spectrum of the direct beam of neutrons in the range
20-200 pis obtained by using a 98 mm 23*U filter (99.8%). The flight path is
25.5m. Note that the energy peaks displayed here (in eV units) correspond
to the minima in the 2*3U total n-cross-section and not to peaks of the n-
resonances of 2**U. The width of each time channel is 64 ns. The running
time was 4h. The notches in the lines are due to weak s- and p-wave
resonances and 2*°U resonances. (b) Same as (a) but for the time range
180580 ps.

are producing neutron lines between 34 and 6 keV, there is
no optimum filter thickness for the whole energy region.
The only requirement was to use a U thickness which could
reduce the gamma flash intensity to a level tolerable by the
neutron detector and have a negligible interference with the
scattering measurements. We just selected a thickness that
is a compromise between counting statistics and sharpness
of the neutron lines.

In fact, in a recent application [14], a U-filter of smaller
thickness (7.5 cm) was used in order to get higher counting
statistics for a given length of running time. In such a case,
it was necessary to make trade-offs between the counting
statistics, the signal to background ratio and the sharpness
of the resulting neutron lines.

4. Theoretical background
4.1. Intensity of transmitted lines
In order to calculate the transmission through the filter

we used the ENDF/B-6.8 cross-section library for ***U and
the processing code NJOY [15] that accounts for the effect

Table 1

Transmission peak energies, widths and transmitted peak intensities of
filtered neutrons deduced from the data of Ref. [9] by using a ***U filter,
98 mm thick

Energy (eV) FWHM (eV) Transmission Relative area
34.3 2.79 0.12 1.59
64.6 1.36 0.08 0.45

100.3 2.42 0.27 1.00
186.2 3.36 0.54 1.35
346.2 1.29 0.25 0.13
517.0 1.20 0.12 0.06
593.5 1.11 0.21 0.08
659.5 1.41 0.33 0.11
935.2 1.67 0.42 0.11
956.6 1.76 0.46 0.12
988.6 2.53 0.63 0.20

1138.0 1.85 0.48 0.12

1243.0 1.63 0.43 0.10

1392.0 1.77 0.40 0.09

1520.4 1.88 0.41 0.09

1594.9 2.94 0.45 0.15

1778.6 2.51 0.71 0.16

1962.9 5.83 0.86 0.29

2183.0 2.60 0.62 0.10

2543.4 5.01 0.81 0.21

3276.7 1.73 0.19 0.16

3433.2 2.24 0.38 0.08

6164.5 4.16 0.65 0.09

The relative areas were obtained from the measured TOF spectrum of Fig.
2, and normalized to that of the 100.3 eV line, where the actual area of this
line collected in a 4h run was 50700 counts.

of Doppler broadening. We assumed the U-filter tempera-
ture to be 300K. The transmission through the filter is
given by

T(E) = exp(=Na/(E)) ()

where N is the filter thickness in units of atom/b and o((E)
the total cross-section in units of b/atom. The count rate at
a given TOF channel 7 of energy E; can be calculated from
the relation

d
Ri = pE)TEW(E) S (E) @

where ¢(E;) = ocEi_O'65 gives the neutron flux variation with
energy (determined in a separate experiment using a Pb
filter); n(E;) = BE;* is the Li—%lass detector efficiency at
energy E; and dE/d«(E)) =yEi/ ? is the transformation
factor from TOF to energy (where o, f and 7y are
constants). In order to compare the calculated spectrum
with experiment, the results were normalized to the
measured peak intensity of the 186.2eV line. The results
are displayed in Fig. 3 which reveals a very good agreement
between the measured and calculated spectrum of the
transmitted direct beam below and at the 186.2eV line. The
comparison also shows the excellent signal-to-background
ratio obtained at the peaks and also indicates that the
ENDF/B-6.8 data for ***U in the interference minima is
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accurate. Note that the above calculation is applicable only
for peaks in which the Linac pulse width is negligible
compared to the TOF at the particular neutron energy. A
similar comparison at much higher neutron energies is
more complicated because of resolution broadening due to
the LINAC pulse width, the TOF channel width and the
neutron time dependent emission from the neutron
producing target.

To get some insight on the location and magnitude of the
transmitted peak and its relation to the resonance
parameters, we represent the s-wave resonance cCross-
section using a simple Breit—-Wigner formula [16]

00

O',(X) = x2 + 1

{1 + 2x g} + Opot 3)
where R is the effective nuclear radius, A the reduced de
Broglie wavelength of the neutron, x=2(E — Ey)/I,
where E, is the resonance energy and I is the full-width
at half-maximum of the resonance. The total cross-section
at the resonance peak, obtained by taking x =0 and
neglecting 6, is given by a¢ = 4niggl"n(E0)/F where ¢ is
a statistical factor determined by the spin of the nucleus, %
is the reduced neutron wavelength at the resonance energy
and I'; is the neutron width. Using Eq. (2) and assuming
that near the resonance 4 &~ 1y, the neutron energy at the
minimum of the interference cross-section can be found:

Aol
Epin=Ey——— 4
min 0 R ( )
and the corresponding total cross-section at the inter-
ference minima is given by

N — (5)
t po (7\0/R)2 + 1

Since R is constant and % o 1 /+/E, the minimum energy is
closer to the resonance energy E, at high energies and is
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Fig. 3. Comparison of the measured and calculated direct beam
transmitted through 98 mm of **U-filter. The effect of the other isotopes,
such as 2*°U, was ignored.

also dependent on the resonance width. The minimum
cross-section aﬁ“i“ is a very strong function of the resonance
peak strength oy and is smaller than the potential
scattering. Both the energy and cross section magnitude
at the interference minima are also functions of the
temperature and the experimental resolution. The calcu-
lated transmitted intensities through the 98 mm ***U filter
were used to generate the line energies, relative intensities
and the FWHM widths in 2**U. No resolution broadening
effects were included in the calculation. The results for
some of the strong intensity lines are listed in Table 1.

4.2. Temperature effect

The temperature affects the width of the resonance that
will in turn change the location and magnitude of the cross-
section minima. A calculation demonstrating the effect of
the temperature on transmission through the 98 mm ***U
filter is given in Fig. 4 for the case of the 2543 ¢V filtered
line at few temperatures (7 = 0, 300, 600, 1000 K).

The results of this calculation indicates that as the filter
temperature increases, the transmission peaks shift to the
left and the total areca under the peak is decreased,
however, the FWHM of the peak remains unchanged.

It is important to note that in calculating the width of the
lines versus temperature, one have to account for the
vibrational motion of the U-atoms in the metallic lattice.
This may be done by using the effective temperature T, of
the U-atoms; it may be evaluated, from a knowledge of the
phonon density of states g(v), using the Lamb relation [17]:

L[ 1 ;
Te — %/0 th(V) [W + §:| dv (6)

where k is the Boltzmann constant and g(v) is usually
measured by inelastic neutron scattering, and normalized
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Fig. 4. Calculation of the peak intensity at the minima of the 2543 eV line

(calculated in transmission through 98 mm of 2**U) for different filter

temperatures. Note that at 7= 0K, the effective temperature 7, = 64 K

(see text).
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so that fgo g(v)dv = 1. A very good estimate of the value of
T. at 0K, is obtained by using the literature values [18] of
g(v) measured at a low temperature such as 50K and
carrying out a numerical integration. The result obtained
using Eq. (6) is T = 64 K. This is the actual value used in
calculating the shape of the transmitted line at 0K
(shown in Fig. 4 as T. = 64K). At higher temperatures,
such as 300 K, the effect of the lattice binding in U can be
neglected because the atomic vibrational energies are
relatively low, hence T, at 7' =300K is slightly higher
but nearly equal to 7.

Note also that the neutron line widths of the filtered
beams depend on the thickness of the filter, becoming
narrower with increasing thickness.

5. Scattering measurements

It is of interest to note that the U-filter may also be
utilized in scattering measurements. This is done in a
manner similar to another arrangement in which an iron
filter 20cm long was employed [19]. This experimental
setup is illustrated in Fig. 5 where a thin polyethylene
sample (CH,) is used to scatter neutrons emitted by a Ta
target. The neutrons are then passed through a ***U filter,
hence the final outgoing n-energies are identical to those

Collimators

Ta

Li-Glass
Detector

e-beam

Fig. 5. Schematic view of the layout of the scattering experiment. The
distance between the Ta target and the ®Li-glass n-detector is 25.5m.
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Fig. 6. TOF spectrum of neutrons scattered from a 1.1 mm sample of
polyethylene (CH») and passed through a 98mm of ***U filter. The
running time is 1.5h. The energies of the stronger neutron lines are
indicated.

given in Table 1. In Fig. 5, the Ta photoneutron source is
not visible to the n-detector. This experimental mode was
recently employed [14] to carry out a comparative study of
the scattering intensities from two different scatterers (CH,
and C) whereby the final neutron energies are the same for
the two samples. A typical TOF spectrum of neutrons
scattered at 45° from a polyethylene sample is given in
Fig. 6. Note the high signal-to-noise ratio of the resulting
TOF spectrum which makes it possible to determine the
intensity of each line with good accuracy.

6. Conclusions

In conclusion, a multi-line neutron beam with sharply
defined energies was produced. It can be used for total
cross-section measurements and in scattering measure-
ments. The sharpness of the neutron energy lines may be
varied by changing the thickness of the U-filter. The effect
of varying the temperature of the U-filter on the resulting
neutron lines is also discussed. The high sensitivity of the
filtered neutron beam TOF spectrum to the position of the
minima in the cross section can be used to test the current
cross section libraries and provide indications of any
inaccuracies in the neutron resonance parameters of the
filter material.
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