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ABSTRACT

As a method to obtain high thermal neutron flux with low background for a prompt gamma
neutron activation analysis (PGAA) system which will be constructed at HANARO, a 30 MW
research reactor in Korea Atomic Energy Research Institute, diffraction of a spare white beam
before any filtering is adopted. The PGAA system will use a thermal neutron beam diffracted
vertically by pyrolytic graphite (PG) crystals with the mosaic spread of 0.8 degree at near the
surface of reactor biological shield. The ratio of diffracted beam flux to white beam is
determined by the integrated reflectivity of the monochromator. To estimate neutron flux after
diffraction, convolution of the incident beam divergence and crystal mosaicity is simulated using
the Monte Carlo method. If the beam is focussed by the bent PGs, the expected flux at the
sample position is about 3 X 108 n/cm2-s which is about 4 % of white beam flux.

The characteristics of neutron beam diffracted by the PG are investigated experimentally to
confirm the neutron flux and its profile at the PGAA system. The comparative experiment is
performed in the CN horizontal beam line of HANARO. Diffracted spectra with the Bragg
angles of 22.5 and 45 degree are measured by using time-of-flight spectrometer and fluxes
before and after diffraction are determined by gold-wire activation. The theoretical estimation
agrees with the experimental verification within 20 %.

1. Introduction

BNCT(Boron Neutron Capture Therapy) is a potentially effective method for the treatment
of highly invasive and malignant tumors such as glioblastoma or melanoma[l], and a project to
install the BNCT facility at HANARO, 30 MW multipurpose research reactor in Korea Atomic
Energy Research Institute(KAERI), is in progress. Since the neutron dose in BNCT depends on
the B-10 concentrations in the tumor and normal cells, its estimation by measuring the B-10
concentrations in the blood samples of patient just before and after the neutron irradiation is very
important for the determination of irradiation time and dose. The Prompt Gamma Activation
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Analysis has been widely used in the field of quantitative analysis of multiple elements. It
allows a rapid and non-destructive determination of B-10 concentration in a biological
sample[2,3]- The diffraction of a spare white beam before any filtering is adopted to obtain
the high thermal neutron flux with low background for PGAA. The reason choosing diffracted
beam is explained in the reference 4. The existing facility using diffracted beam is found in
MITR-II only[3], where high energy neutrons in the incident beam are filtered by sapphire and
low energy neutrons diffracted by (002) of PGs are utilized. In HANARO, it is intended to
increase the thermal neutron flux at the sample position by allowing all (002n) diffractions of PG
with the expectation that the portion of fast neutrons in the diffracted beam is very low.

In this work, the design feature of the HANARO PGAA system, and analytical and
experimental approaches to estimate its performance, are presented. The characteristics of
neutron beam diffracted by the monochrometer are investigated, and the method to increase the
neutron flux at the sample position is discussed.

2. Conceptual Design of PGAA System at HANARO

Since the 478 keV peak by the 7Li* after l0B(n,a)7Li* reaction is on the Compton plateau and
the time allowed to determine the boron concentration for the BNCT is limited, high thermal
neutron flux with low background of fast neutrons and gamma rays is the basic requirement. The
conceptual design of the PGAA system at the ST1 beam tube of HANARO to satisfy this
requirement is depicted in Fig. 1.

Beam hole

Floor

Fig. 1. Conceptual design of HANARO PGAA system
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The geometrical conditions of beam extraction system are as follows.
- Dimension of neutron beam nose : 7(x) X 12(y) cm2

- Dimension of PG crystal : 7.5(x) X 5(y) cm2

- Distance from nose to PG crystal : 394 cm
- Bragg angle : 45 degree
- Distance from PG crystal to sample position : 150 cm

Two PGs diffract the top and bottom parts of horizontal incident beam to vertical direction.
The beam at these parts is not used by the polarized neutron spectrometer (PNS) to be installed
at the right hand side of the figure. Therefore, no interference between two facilities is expected.
The white beam flux at the crystal position is expected to be 7.5x109 n/cm2-s. Since the thermal
neutron beam for PGAA is completely away from the direction of white beam and the
background radiation level at the top of the PNS shield was measured sufficiently low, the
background is expected to be low.

3. Experiments

The characteristics of the neutron beam diffracted by the PG crystal are investigated
experimentally to confirm the theoretical estimation of the neutron flux and its profile at the
sample position of the PGAA system. Since the ST1 beam tube of HANARO is not ready for
experimental tests, the comparative experiment is performed at the CN horizontal beam line[5].
Diffracted spectra with the Bragg angles of 22.5 and 45 degree are measured by using time-of-
flight spectrometer and the fluxes before and after diffraction are determined by the gold-wire
activation analyses. The experimental setup and time-of-flight neutron spectrum reflected from a
PG crystal at Bragg angle of #=45 degree are shown in Fig. 2.

10000

neutron

2 3 4 5
Wavelength [A]

Fig. 2. The experimental setup and TOF neutron spectrum.

The mosaic spread of the PG crystal[6] used in this experiment is 0.4 degree, and collimation
of incident beam is 10 X 30 mm2. The diameter of Au-wire used for the flux measurement is 0.1
mm.
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4. Calculation and Results

The integrated reflectivity for a flat crystal in symmetrical reflection geometry is
approximately written by[7,8]

RE = Re2Ecot8 (1)

where, 6 is the glancing angle of incident neutron with the energy E, and Re is given by

Re = O.6](/3Qto/sin0)05 (2)

g = ;i3F2/Fc
2sin20 (3)

where, F is the structure factor, VQ is the unit cell volume, t0 is the thickness of the crystal, (3
is the FWHM of the rocking curve, and X is the neutron wavelength. The reflected neutron flux
can be calculated by summing the Bragg reflections of n=l,2,3, • • • for the specific glancing
angle.

The calculated ratios of the reflected flux to the incident beam of Maxwellian spectrum with
neutron temperature equal to the experiment and the measured values, are shown in Table 1. The
attenuation of neutrons in the beam path is considered in calculation. The effect of spectrun,
hardening due to the slowing down of higher energy neutrons is confirmed to be negligible, and
the measured thermal neutron spectrum for incident beam agrees very well with Maxwellian.

Table 1. The comparison of calculation and measurement for the reflected ratio
of neutron beam incident to PG crystal with /?=0.4 degree.

Plane

(002)

(004)

(006)

(008)

(00,10)

Total(without
incident beam

divergence)
Total(with

incident beam
divergence)

Calculation

Reflection
ratio

0.00069

0.00258

0.00359

0.00282

0.00144

0.01112

0.00650

Relative fraction for
the ratio of (004)
at 6>=22.5°

0.055

0.206

0.287

0.226

0.115

Measurement

Peak area
of TOF
spectrum

5.72 X104

8.84 X105

1.06 X106

5.63 X105

1.82 X105

Relative fraction for
the area of (004) peak
at 0=22.5°

0.014

0.221

0.265

0.141

0.046

Reflection ratio obtained from
Au-wire activation : 0.0079

The calculated values reasonably agree with measurements for (004) and (006) diffractions
but deviate significantly for others. The source of the disagreement is under survey for the
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effects of the Debye-Waller factor[9] and the approximation in the above equations. Total
reflected ratio determined by Au-wire activation agrees with the theoretical estimation within
20 %.

Since the neutron flux can be increased by focusing the neutron beam[10], the PG crystal
will be bent. Fig. 3 represents the neutron beam path for the focusing geometry.

Fig. 3. The neutron beam path for the focusing geometry.

Beam section at each position is triangle at A, rectangle at B and trapezoid at another
position. Neutron beam intensity must be high and uniform within the sample size. So, the focal
length and radius of curvature of crystal should be determined so as the sample position becomes
B.

To estimate the neutron flux distribution after diffraction, the convolution of the incident
beam divergence and crystal mosaicity is simulated using simple Monte Carlo method and
gaussian convolution. The predicted neutron flux distributions in the sample position are shown
in Fig. 4.
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Fig. 4. The predicted neutron flux distributions in the x-, y-axes of the sample position.

The integrated reflectivity increases with the square root of the mosaic spread /?, but the
beam divergence also increases. The neutron flux at the sample position is calculated with
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considering above two effects and focusing property of the bent PG reflection system. In the
cases of /3=QA, 0.8, 1.2 degree, 1.68, 2.00, 1.86 % of the incident neutron flux to the crystal are
obtained at the sample position. So, we will use the PG crystal with /M3.8 degree. Since the two
PG crystals will be used as shown in Fig. 1, the expected flux at the sample position is about 4 %
of white beam flux which is about 3X 10s n/cm2-s. Since the integrated reflectivity increases
with the square root of crystal thickness, the neutron flux could be increased more by using
multiple layers of PGs. It is judged, however, that the flux of currently predicted value is high
enough.

5. Conclusion

As a method to obtain high thermal neutron flux with low background for the PGAA,
diffraction of a spare white beam before any filtering is adopted. The PGAA system will use a
thermal neutron beam diffracted vertically by PGs with the mosaic spread of 0.8 degree. The
characteristics of neutron beam diffracted by the PG are investigated to estimate the neutron flux
and its profile. If the beam is focussed by bent PGs, the expected flux at the sample position is
about 4 % of white beam flux which is about 3 X 108 n/cm2-s. There is more room to increase the
flux but it is judged that the flux of currently predicted value is high enough.
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