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Abstract

The neutron beam is fully characterized for the prompt gamma activation analysis facility at
Hanaro in the Korea Atomic Energy Research Institute{KAERI). The facility uses thermal
neutrons which are diffracted vertically from a horizontal beam port by a set of pyrolytic
graphite(PG) crystals positioned at the Bragg angle of 45°. Neutron spectra, neutron flux and
Cd-ratio are determined for the three extraction modes of diffracted beam by means of the
theoretical and experimental efforts. To obtain theoretical result, the reflectivity of pyrolytic
graphite is calculated in the diffraction model for mosaic crystal and the angular divergence
after diffraction by mosaic crystal is estimated from Monte Carlo simulation. The time-of-flight
spectrometer and gold activation wire are used for measuring the neutron spectra. Both the
calculated and measured spectra have proven that the unique feature of polychromatic beam
obtained by PG crystals are useful for PGAA. The thermal neutron flux of 7.9 x 107 n/cm? and
the Cd-ratio of 266 for gold have been achieved at the sample position while the reactor
operates at 24 MW. The uniformity of beam flux is 12% in the central 1 x 1 ¢cm? area. Finally,
the beam is briefly characterized by the effective velocity and temperature which are determined
by measuring the prompt y-ray spectra for thin and thick boron samples.
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1. Introduction

The Prompt Gamma Activation Analysis(PGAA)
is a radio-analytical method which can determine
concentrations of component nuclides in a sample
by detecting the prompt y-rays emitted after the
neutrons are absorbed. The performance of a
PGAA facility depends on obtaining a high flux
thermal or cold neutron beam with backgrounds of
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fast neutron and y-ray removed to a sufficient
level. The pioneering facilities mostly adopt direct
neutron beam([1] from the beam port or filtered
beam[2], while the recent trend is developing
facility by using the mirror guided beam|3-7].

The PGAA facility in KAERI has been
operational since May 2001. Developing this
facility was initiated and funded by the request of
B analysis along with developing the Boron
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Neutron Capture Therapy(BNCT) facility in
Hanaro, KAERI. The major task was performed
by Seoul National University(SNU), and hence the
facility is referred to as the SNU-KAERI PGAA
facility in this paper. Due to the initial difficulty of
assigning a beam port for the facility, the method
of Bragg diffraction by using pyrolytic graphite(PG)
crystals is adopted for extracting thermal neutrons
from a direct beam port[8,9] and therefore enables
sharing of neutron beam port with other device.
The Bragg angle of 45° is used to reduce
scattered fast neutrons and ease beam line
construction although higher flux can be expected
for smaller angles. The unique feature of the
facility is that polychromatic diffracted neutrons
are utilized without filtration[10-12] while the
monochromatic diffracted beam is being used for
the existing facilities in refs. 8 and 9.

The SNU-KAERI PGAA facility has been
installed on a platform located at the exit of 4 m
long ST1 tangential beam port. The angular
divergence of the white beam is defined by a set of
Soller collimators positioned near the exit of the
beam port inside the reactor wall. No collimation
by full open position is used to obtain the
maximum beam flux while the collimation by 20’
or 30’ condition is available for choosing a
reduced beam flux at the sample. The cross
section of the ST1 beam port is 70*x 120" mm?,
among which the central part of 70* x 60" mm” is
used for the polarized neutron spectrometer, while
the peripheral areas at the top and bottom edges
are assigned to the PGAA facility. PG crystals
mounted on a goniometer are covering the areas
of edge regions of the ST1 beam cross section.
One layer of crystal is 2 mm thick, 75 mm wide
and 50 mm long. Two layers of crystals are
mounted on each edge. To obtain maximum flux
at the sample position, the mosaic spread of
crystal is optimized to 0.8°[11] and the focusing
technique for diffracted beam is applied{13-15] by

placing and tuning three pieces of crystals in
concave form. The sample position is about 1.5 m
vertically upwards from ST1 port center axis. The
progress of developing the SNU-KAERI PGAA
facility has been reported in the previous meetings
of the Korean Nuclear Society[16-18]. The
present paper discusses in detail the characteristics
of diffracted neutron beam for the SNU-KAERI
PGAA facility. The full description of the overall
facility including the y-ray spectrometer is given in
a separate paper{19].

2. Theoretical Considerations
2.1. Diffracted Neutron Spectrum and Flux

The mosaic crystals have been used for
obtaining monochromatic neutron beam since the
advent of the neutron scattering technique. The
well-known Bragg diffraction takes place from the
mosaic crystal whenever the wavelength of the
incident neutron satisfies the Bragg rule,

2d sin O = ni, (1)

where d is the interplanar spacing of crystallographic
planes, 63 is the Bragg angle, A, is the wavelength
of neutron and n is the diffraction order. The
reflectivity of a mosaic crystal is described
theoretically by the Darwin equations{20]. The
solutions of Darwin equations for nonabsorbing
crystals have been given by Bacon and Lowde[21]
while Sears has studied the general solution
recently[22]. The angular distribution of the
mosaic blocks’ orientation is usually assumed to be
a Gaussian

w(A)= n71276_ &2y’ @)

where A is the angle between the normal of a
mosaic block and that of the crystal surface, and 7



32 dJ. Korean Nuclear Society, Volume 34, No. 1, February 2002

is the standard deviation of the distribution, which
is related to the mosaic spread B, the FWHM of
W(a), by

f=2nV2In2 . 3

Pyrolytic graphite has highly preferred orientation
only for (002) plane while all the other planes are
aligned at random. The interplanar spacing
between (002) planes is 3.354 A for PG crystal.
Pyrolytic graphite belongs to the class of
nonabsorbing crystals with symmetric reflection
and the solution of the Darwin equations gives the
reflectivity as[21,22]

R(a)=0— 0 W(A)[1+Q

W)™
: W)

where t, is the crystal thickness and Q, the

crystallographic quantity, is given for PG

crystal[13],
Q=(4,’/sin26,)5.65x10> [em']  (5)

when the neutron wavelength is expressed in [A].
The reflectivity at A=0 is given by

1 Oy [1+ 1 O Lo 11
qJ— sinfy qJ— sinfy

and it gives the peak reflectivity. The integrated
reflectivity R? is the integration of R(A) over all A
range and an exact value is obtained only by

numerical integration. An approximate form of R°
is given by

¢ = 0.61(801,/sinb,)""? (7)

showing that R? is proportional to the square root
of the mosaic spread and the thickness. The
dimension of the integrated reflectivity can be
converted to wavelength by using the differential
form of eq. (1) and converted even further to
energy. Hence the integrated reflectivity in energy

scale, RE, is

RE =2R°E, cot6, . 8)

By considering the divergence effect after
diffraction, the diffracted neutron flux from order
n becomes

¢p(n) =@, (EYRE £, (9)

where ¢.(E) is the differential flux of the incident
beam, f, and f, are the divergence factors
representing the decrease of the diffracted neutron
flux due to the angular divergence effect after
diffraction. Here, the subscript 1 and 2
correspond to the divergence in the diffraction
plane and the plane perpendicular to the
diffraction plane, respectively. Divergence factors
are determined from the calculated beam profile
which is obtained by a simple Monte Carlo
program([17].

For the Bragg condition met, most of scattered
neutron originates from Bragg diffraction while
incoherent scattering also takes place. For
graphite, only the coherent Bragg scattering
contributes to the elastic scattering since the
incoherent scattering cross section is zero[23].

The calculated reflectivity of 0.8° PG crystal
with 4 mm thickness is shown in Fig. 1 for several
diffraction orders.
approaches to 1.0 for the 1* order and gradually

The peak reflectivity

decreases for higher orders. In Fig. 2, the
theoretical prediction of polychromatic spectrum
is shown upto 1 eV. The incident white neutron
spectrum is assumed by the Maxwellian of 308 K
and of 1/E-shape above 0.3 eV. The integrated
incident spectrum is normalized to the measured
thermal flux and Cd-ratio at the end of ST1 port.
The diffracted flux for n=3 is the highest due to
the high differential incident flux even though its
reflectivity is lower than that for n=1 or 2. The
total diffracted flux is 4.1x 10’ n/cm?s, which
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Fig. 1. Reflectivity of a 0.8° Graphite Crystal with
4 mm Thickness Set at the Bragg Angle of
45°,

was obtained by summing all orders. The
summation was saturated about n=6. The sum of
orders 2, 3 and 4 is comprising 84% of the total
diffracted beam. The energy width of the
diffracted beam originates from the mosaic spread
and incident beam spread, and is proportional to
the beam energy. The energy and width for the
3" order is 32.8+1.5 meV. Hence diffracted
beam of each order can be regarded mono-
energetic.

A detailed theoretical model includes the
consideration of the thermal vibration effects in
the scattering process. The lattice vibration
reduces the diffracted neutrons and causes the
inelastic thermal diffuse scattering{TDS). The
reduction of diffracted neutron is described by the
Debye-Waller factor and the small increase of
neutron by TDS is represented by a correction
factor. Whereas the Debye-Waller factors are
accurately known for cubic crystals, this is not the
case for graphite[24]. Accordingly, TDS correction
is also difficult for graphite crystal. Hence the two
effects are approximated to cancel out in this
study. Since the vibration effects are more severe
for high diffraction orders, the theoretical
diffracted spectrum in Fig. 2 is less reliable in

epithermal region.
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Fig. 2. Diffracted Neutron Spectrum Calculated
for a 0.8° Graphite Crystal with 4 mm
Thickness Set at the Bragg Angle of 45°,

2.2. Cd-ratio and Effective Quantity for
Diffracted Beam

To evaluate the portion of epithermal neutrons
in total neutron flux at the sample position, the
Cd-ratio of ™ Au is calculated theoretically. Since
the conventional Cd cutoff energy depends on the
details of the neutron spectrum and the thickness
of the used Cd, a general expression for Cd-ratio
is considered instead of integration with a proper
Cd cutoff energy. The Cd-ratio of a nuclide for
narrow neutron beam is defined as the absorption
rate of bare nuclide to that of Cd covered and
given by
[y $(E)o,(E)dE

[ e = E Y(E)a, (EYIE

Req = (10)
where @(E) is the differential beam flux incident on
the target, o,(E) is the absorption cross section of
the nuclide, X,(E) is the macroscopic absorption
cross section of Cd and ¢ is the thickness of the Cd
sheet. For the beam spectrum in this study, most
of the bare absorption rate originates from the
polychromatic diffracted beam in the thermal
energy region and therefore the numerator is
simplified to



34 dJ. Korean Nuclear Society, Volume 34, No. 1, February 2002

6
[y #(E)o,(E)dE = Soo(mou(E,), (D

where the summation is accurate enough by taking
upto the 6™ order. Similarly, the denominator in
eq. (10) is represented as

Jy &> (B (EME = e BV gy o (E,). (12
n=|

The summation is performed for 0.5 mm thick Cd
upto 30 eV to fully cover the resonance region of
TAu. The cross sectional data is obtained from
ENDF database[25]. Due to the discrete nature of
the diffracted beam, proper calculation of the
exponential factor, especially in the epithermal
region is necessary for accurate calculation of Cd-
ratio. The neutron energies corresponding to 10%
and 90% transmission from 0.5 mm Cd are 0.3
eV and 0.7 eV, respectively. The diffraction orders
of n=9 to n=14 belong to this energy region. The
calculated Cd-ratios change slightly with the
extraction condition of diffracted beam and are in
the range of 260 ~ 300. The result has been
refined from the previous value[11] by considering
the contribution of high order diffracted
epithermal flux.

The effective absorption cross section for an
absorber nuclide is defined as the cross section
averaged for beam spectrum and can be simplified
for the diffracted beam to

6
(0,) = %Ig" o (EYNEVE = Y w,0,(E,), (13)
n=1

where w, is the relative fraction of n-th order
component flux in the total diffracted beam flux.
For an 1/v-absorber, the effective velocity of the
neutrons is given by

=y Ga0
(M= o) (19)

where v, is 2200 m/s and g, is the absorption

Table 1. Detailed Conditions for the Three
Extraction Modes of Diffracted Beam.

Extraction | White beam | Number of Crustal sh
5
mode collimation | crystal layer rysial shape
1 Full open 1 Flat
2 Full open 2 Flat
3 Full open 2 Focusing

cross section at vo. The effective wavelength and
effective temperature of the beam are given
correspondingly.

3. Experimental Characterization

The experimental characterization of the
diffracted beam has been performed for the three
kinds of extraction modes by combining the crystal
thickness and the beam focusing condition before
deciding the best mode. The details of each mode
are summarized in Table 1. Single layered crystals
are mounted at ST1 port for mode 1. The
thickness is doubled for modes 2 and 3 by adding
one more layer to each crystal of mode 1. The
focusing of diffracted beam is finally applied for
mode 3 which becomes the operational
arrangement of the facility.

3.1. Diffracted Neutron Spectrum

The diffracted neutron spectra were measured by
a time-of-flight(TOF) spectrometer(26]. The
spectrometer was set up at an adjacent beam port
of ST1. The arrangement and setup of the TOF
spectrometer are same as those in ref. 11. Total
four crystals of 2 mm thickness were used for the
measurement. The fractional flux of n-th order
component in the total diffracted beam was
determined from the measured areas of Bragg
peaks with correction for the effects of chopper
transmission, attenuation and detection efficiency.
The peak area was obtained by Gaussian fitting.
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Fig. 3. Diffracted Neutron TOF Spectrum
Measured by a Single Layer of 2 mm Thick
Graphite Crystal Set at the Bragg Angle of
45°,

T 10000
c
o
[}
5 n=3 )
G 8000 . Graphite crystal : double layer
c
2
8
6000 4 .
n=4 ° n=2
LN )
4000 ¢
. -
2000 - n=5 .
n=6d.. .. I n=1
hvamamone ¥ at \d S .
0 T T
0 100 200 300 400 500

Channel number

Fig. 4. Diffracted Neutron TOF Spectrum
Measured by Double Layered Crystals Set
at the Bragg Angle of 45° ,

Table 2. Relative Fraction of the Diffracted Neutron Flux from Each Diffraction Order
Obtained by a Single Layer of 2 mm Thick Graphite Crystal.

Diffraction Wavelength Energy #o(n)/¢p” (%] Om(ERE/ 9"
Order (n) [A] [meV] Calculation Measurement® |  Calculation

1 474+0.11 3.6+02 6.2 6.5+04 0.0008

2 2.37+0.05 14.6+0.7 30.2 295+04 0.0039

3 1.58+0.04 328+15 33.9 37.8+0.3 0.0043

4 1.194£0.03 583+2.6 19.9 19.6+0.2 0.0025

5 0.95+0.02 91.0x4.1 7.7 54+0.2 0.0010

6 0.79+£0.02 131.1+59 2.1 1.2+0.3 0.0003

* ¢p(n) : neutron flux from n-th order diffraction, ¢p : sum of all ¢p(n)’ s.

** averaged for two spectra of different crystals.
*** ¢, : total thermal neutron flux of incident beam.

Due to the difficulty of obtaining absolute
detection efficiency for the TOF spectrometer, no
attempt has been made to get the absolute flux of
each Bragg peak. Rather the peaks are compared
each other relatively.

One example spectrum for single layered crystal
is shown in Fig. 3. Polychromatic components
upto the 6" diffraction order are recognized and
the pattern of the spectrum is identical with the
calculated one in wavelength scale. Bragg peaks of
n=2,3,4 are dominant. Background in the
spectrum arises mostly from the epithermal and

fast neutrons which pass the chopper freely. To

give the relative fractions for the extraction mode
1, the data for two different crystals are averaged
and shown in Table 2. Fig. 4 shows a typical
spectrum for double layered crystal. The relative
fractions of higher orders increase while those of
n=1, 2 decrease, seen by comparison with Fig. 3.
The peak reflectivity of the first order is more than
0.9 and nearly saturated even for 2 mm thickness.
Hence the increase in reflectivity is very small for
doubled thickness indicating the severe “secondary
extinction” effect. But the reflectivities of higher
orders are not saturated at 2 mm thickness and

more increase takes place when the crystal
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Table 3. Relative Fraction of the Diffracted Neutron Flux from Each Diffraction Order
Obtained by Double Layer of Graphite Crystals.

Diffraction Wavelength Energy ¢pln)/¢o" (%] $nE)R® /"
Order (n) [A] imeV] Calculation Measurement* {  Calculation

1 4.74 £ 0.11 36+ 02 4.5 44 + 02 0.0009

2 2.37 + 0.05 14.6 + 0.7 26.5 259 + 0.2 0.0054

3 1.58 £ 0.04 328+ 15 35.0 393+ 03 0.0072

4 1.19 + 0.03 583+ 2.6 224 229+ 0.2 0.0046

5 0.95 + 0.02 910 + 4.1 9.0 62+ 0.1 0.0019

6 0.79 £ 0.02 | 131.1 % 59 25 1.3+ 0.1 0.0005

* averaged for two spectra of different double layer set.

Table 4. Neutron Flux and Cd-ratio Measured at the Sample Position for Three Extraction

Modes of Diffracted Beam.

Extraction Neutron flux [n/cm?s] Flux gain Cd-ratio
mode Calculated Measured Calculated Measured Calculated Measured
1 2.6x10’ 2.2x10’ 1.0 {ref) 1.0 (ref) 302 292
2 4.1%10’ 3.5x10’ 1.6 1.6 258 315
3 7.0x10’ 6.1x10’ 1.7 1.7 258 364

thickness is doubled. The relative fraction of each
diffraction order for the modes 2 and 3 is given in
Table 3. The measured fraction is given by
averaging the two dataset for double layer. The
comparison of measurement and calculation
shows that agreement for orders 1, 2, 4 is good
while orders 3, 5 have some discrepancy.

3.2. Neutron Flux and Cd-ratio

Since it was difficult to measure the diffracted
spectrum above the 6™ order and to convert the
Bragg peak counts into absolute flux, activation
method for the bare and Cd-covered gold is used to
assess the absolute flux and the epithermal
component in the beam. The measurement was
carried out for the reactor power of 24 MW in
October 2000. Gold wires of 0.1 mm diameter
and 0.5 mm thick Cd sheet were used in the
measurement. The specific activity of irradiated

gold wire was determined by counting the 412 keV
%Au decay line after irradiation. The counting
errors were maintained below 1% level for the bare
gold wires and below 3% for Cd-covered wires,
respectively. The neutron flux is determined from
the specific activity of gold wire and the effective
absorption cross section of ¥’Au,

Prior to the measurement for the diffracted
beam, the white beam flux and its profile incident
on the graphite crystals were also determined by
similar procedure. In obtaining the absolute white
beam flux, the Maxwellian averaged cross section
of 85.7 barn was used for ’Au. The neutron flux
at the center of crystal mount is 6.8 x 10° n/cm’s
with a horizontal variation of 20% and a vertical
variation of 8%. The Cd-ratio of white beam is 7.7.

The measurements of the neutron flux and Cd-
ratio with the diffracted beam are summarized in
Table 4 for the three extraction modes. The
effective cross sections used for mode 1 and for
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Fig. 5. Contour Plot of the Beam Profile
Measured at the Sample Position.

modes 2 and 3 are 104.6 and 98.3 barn,
respectively. The measured neutron flux and Cd-
ratio for the mode 1 are 2.2x 107 n/cm? and
292, respectively. The flux is increased by a factor
of 1.6 in the mode 2 and the focusing gain of 1.7
has been achieved in the mode 3. Both flux gains
are in good agreement with the theoretical
predictions and the measured flux for each mode
is consistent with the theoretical value to within
15%. The Cd-ratio for gold indicates a low but not
totally negligible content of epithermal neutron
component in the beam. The consistency of Cd-
ratio is not comparable to the neutron flux due to

the uncertainty of the calculated spectrum in
epithermal region. But the calculated values are
sufficiently reliable for the order estimation of the
Cd-ratio.

The extraction mode was fixed at the mode 3
and the beam size was finally defined upstream of
sample by a °LiF slit which has a square opening
of 2x2 cm?® The flux profile was measured after
complete assembling of beam line components.
Many gold wire pieces are placed at grid positions
on the plane of beam cross section and irradiated.
The profiled area is 6 X 6 cm? and total number of
grid points is 65. The grid is spaced in 3 mm step
within the central 2x2 cm? area and in 15 mm
step outside. Fig. 5 shows a contour plot of the
measured beam profile at the sample position.
The observed uniformity is less than 12% within
the area of 1x1 cm? while abrupt decrease is
found outside 2 x 2 cm®. The neutron flux and Cd-
ratio are achieved to 7.9 x 10’ n/cm? and 266,
respectively. The prominent change of flux and
Cd-ratio from those in Table 4 is caused by a
change in the reactor core between the two
measurements, which is the plugging reactor end
of ST1 port with Al disk[27]. The modification has
resulted in flux enhancement by 30% at the

expense of more hardened beam spectrum

Table 5. Comparison of the Beam Quality with Other PGAA Facilities Using Thermal

Neutrons.
Reactor Thermal neutron Neutron flux
Facility Power extraction [n/cm?] Cd-ratio
UMd-NIST [1] 10 MW Direct beam 2.0x10° 55
Missouri [2] 10 MW Filter 5.0x10° 42
Kyoto [28] S5 MW Guide tube 2.0x10° n/a*
ILL [29] 57 MW Guide tube 1.3x 108 n/a
JAERI [3] 20 MW Guide tube 2.4x107 n/a
Budapest {4] 10 MW Guide tube 2.0x10° n/a
Dhruva (7] 100 MW Guide tube 1.4x107 3,040
MIT [15] 5 MW Filter & Diffraction 1.7x107 = 30,000
SNU-KAERI 24 MW Diffraction 7.9x107 266

* n/a : not available
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certainly. The comparison of the final beam
quality with that of some PGAA facilities using
thermal neutron is shown in Table 5. The neutron
flux of the SNU-KAERI facility is higher than or
comparable with those of guided beam while lower
than direct beam or Si filtered beam. The pattern
of the Cd-ratio is opposite to the neutron flux.

3.3. Effective Quantity for Diffracted Beam

Even though the neutron beam spectrum
contains all the detailed description of beam
characteristics, a simple inclusive way of
characterizing beam is suggested for PGAA in
terms of the effective velocity and temperature of
the beam([30]. These effective values can be
deduced from two prescriptive measurements of
prompt y-rays for thin and sufficiently thick
samples of any good 1/v-absorber. Two reference
boron samples are provided by NIST, USA[30).
The thin sample is a 2.5 c¢cm square of
borophosphosilicate glass with °B areal density of
5x10%/cm? and the thick sample is a °B-Al alloy
sheet of 1.3 mm thick, 2.5 cm square with 4.5
wt% °B. For the thin sample, the count rate of
478 keV B peak is given by

Ciin = eTAD@<0> (15)

where ¢ is the detection efficiency for 478 keV
yray, I' is the 478 keV y-ray yield per neutron
capture, A is the sample area and D is the surface
density of °B. For the thick “black” sample, most
of the incident thermal neutrons are captured but
a small fraction of the beam can transmit from
finite thickness. Hence the count rate is given by

Coick = EFA¢’ Dy (16)

where A" = Acos45° is the projected area of the
sample onto the beam cross section since the
sample is inclined by 45° with respect to the
direction of beam and ¢ 5 is the neutron flux which

are absorbed by !°B in the sample. ¢5 can be
calculated by

Po=ep2[l-eENw, (17)

where n is diffraction order, Z.(E,) is macroscopic
absorption cross section of °B for neutron of
energy E,, the other notations are same as defined
before. Although the absorption by B and *’Al
enclosed in the sample also exist, the absorption
by °B is more than 99.9%. The resultant ratio of
¢/ ¢p is 0.98 due to some transmission for high
orders. With this correction into consideration, the
measured effective cross section for '°B is given by

() meas = %Z—S%CCTZ (18)
where the last ratio is the measured ratio of count
rates.

The y-ray detector for SNU-KAERI PGAA is an
n-type HPGe detector with a relative efficiency of
43%. The signal is processed by a charge sensitive
preamplifier, a spectroscopy amplifier and a fast
16k ADC. The ORTEC Gamma-Vision is used for
displaying the accumulating spectrum. The normal
position of the detector is 25 cm distant from the
sample.

The thick sample is irradiated at the normal
setup of detection system to find the dead time too
severe for quantitative measurement from high
count rate. Hence instead of reducing the
reference sample size, the actual measurement
was performed for the reduced beam flux
condition. The white beam collimator was set at
20" The position of the HPGe detector was
changed from 25 cm to the farthest permissible
distance, 35 cm and a slab y-ray collimator with 5
mm wide aperture was added. At the same
detection condition, the thin sample was irradiated
for longer period. A 6 mm diameter Ti flux
monitoring foil was placed at the center of the
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Fig. 6. Measured Prompt yray Spectra for Thick
and Thin Boron Samples.

sample and co-irradiated. Variation in the average
beam flux during the irradiations was less than 1%.
An unidentified background peak was found at
475 keV interfering the boron signals and hence
the background counts were measured without the
sample and subtracted afterwards.

Fig. 6 shows the relevant region of measured
spectra for the thick and thin boron samples and
Table 6 summarizes the results of counting. The
478 keV B peak is wider than those of typical
prompt yray peaks due to Doppler-broadening. In
Table 7, the deduced effective values of cross
section for YB and neutron beam are compared

with the values calculated from egs. (13) and (14).
The two results based on boron detection and
calculation from spectral information are
consistent with each other by 4.5%. The quoted
error seems to be underestimated by considering
the counting statistics only. The remaining
discrepancy can be attributed to the uncertainty of
boron surface density D and that of neutron

spectrum used in the calculation.
4. Conclusions

Beam characteristics of the SNU-KAERI PGAA
facility have been investigated by varying the PG
crystal thickness and the focusing condition. In
assessing the beam spectrum, both the calculated
and measured spectra showed the discrete energy
pattern of diffracted beam. The 3™ order
diffraction is most intense due to closeness of its
energy to the peak of incident beam spectrum
while the measured TOF spectrum is limited only
to the 6™ order. Both the calculated and
experimental spectra are consistent in the thermal
region. The spectrum in the epithermal region is
based on the theoretical calculation. Quantitative
comparison of the theoretical Cd-ratio with

experimental values shows the spectrum in the

Table 6. Countings of '°B Peaks for Thin(Borophosphosilicate Glass on Si) and Thick('°B-

Al Alloy) Samples.

Sample Live time {s] Peak area [counts} Count rate [cps]
Borophosphosilicate
. 75000 38322+238 0.5110+ 0.003
glass on Si
19B-Al alloy 3600 6.394x 10°+ 2578 1776.1+ 0.7

Table 7. Comparison of the Measured Effective Velocity and the Calculated one by Using the
Measured Neutron Spectrum and the Energy-dependent Cross Sections of '°B.

<0,> [bam] <v> [m/s)] <A>[A] <T> [K]
Measured 3987.2+39.9 2117.2+21.2 1.87+0.02 268.6+54
Calculated 3806.9 22174 1.78 295
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epithermal region is reasonable even though
uncertainty is added for precise characterization.
The final neutron flux and Cd-ratio for gold are
7.9x 10" n/cm®s and 266, respectively. The
effective velocity of 2117+21 m/s and the
temperature of 269+5 K are obtained by
measuring the prompt yray spectra for the thin
and thick “black” '°B samples. The full quantitative
description of neutron beam and the simple quality
of polychromatic diffracted beam with reduced
epithermal neutrons and y-ray backgrounds
provide with a unique and competitive facility for
PGAA.
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