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An investigation of pyrolytic graphite (PG) crystal as an efficient second order neutron filter at tuned boundary
crossings has been carried out. The neutron transmission through PG crystal at these tuned crossing points as a function
of first- and second-order wavelengths were calculated in terms of PG mosaic spread and thickness. The filtering
features of PG crystals at these tuned boundary crossings were deduced. It was shown that, there are a large number of
tuned positions at double and triple boundary crossings of the curves (hkl) are very promising as tuned filter positions.
However, only fourteen of them are found to be most promising ones. These tuned positions are found to be within the
neutron wavelengths from 0.133 up to 0.4050 nm. A computer package GRAPHITE has been used in order to provide
the required calculations in the whole neutron wavelength range in terms of PG mosaic spread and its orientation with
respect to incident neutron beam direction. It was shown that 0.5 cm thick PG crystal with angular mosaic spread of 2°
is sufficient to remove 2™-order neutrons at the wavelengths corresponding to the positions of the intersection

boundaries curves (hkl).
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Introduction

PG has been in use for about 30 years as a filter.
Since in PG, crystallites are preferentially oriented
along the hexagonal c-axis. The transmission of
neutrons thru PG with c-axis parallel to the beam
versus neutron wavelength, exhibits "absorption"
lines due to Bragg scattering. By applying PG as
second-order filter in neutron powder diffracto-
metery, Loopstra [2] and Shapiro [3] demonstrated
its high efficiency for first-order neutrons with
A =0.26 nm. Recently Adib et al. [4] showed that
five centimeters thick low quality PG (mosaic 8°)
cooled to liquid nitrogen temperature is a high
efficiency for transmitting first-order of ( 4 -7 meV)
and (10 - 15 meV) neutrons incident along its c-axis.

However, Frikkee [5] reported an investigation
that has been carried out on the neutron transmission
through a PG filter as a function of the filter
orientation with respect to the beam. It is shown that
highly aligned PG may be tuned for optimum
scattering of second-order neutrons in the wave-
length range between 0.112 nm and 0.425 nm, by
adjusting the filter in an appropriate orientation.

The measurement of neutron transmission
through highly oriented (0.4° FWHM on mosaic
spread) 1.85 mm thick crystal set at different angles
to the incident beam, reported by Mildner et al. [6],
was found to justify the existence of the tuned
intervals reported by Frikkee [5].

However, the effect of crystal mosaic spread
value upon the width of the tuned intervals nor the
filtering factors are not investigated. Furthermore,
the optimum thickness of PG crystal to be used as
high efficient second-order filter was not also
estimated.

Recent calculations of the neutron transmission
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through PG crystals in terms of mosaic spread,
optimum filtering thickness and its orientation with
respect to the beam were carried out by Adib et al.
[7, 8]. They showed that highly oriented PG crystal
having few centimeters thick is an efficient 2™-order
neutron filter within favorable selected intervals
covering wavelength band from 0.112nm -
0.425nm. Such PG crystals if available are
expensive. Moreover, the whole selected interval of
2"order neutrons, as in case of triple axis neutron
spectrometer is not required to carry out the
experiment but only at a few fixed values of neutron
wavelengths.

Therefore, in the present work, a feasibility study
is carried on using less oriented and thinner PG
crystals to almost eliminate 2™-order neutrons at
only tuned neutron wavelengths corresponding to
the boundary crossings of the curves (/k/).

Theoretical treatment

The graphite absorption cross-section due to
nuclear capture is very small (=3 mb at E,=
=0.025 eV). Therefore the total cross-section is
given by

o= O-rds + GBmgg ’ (1)

where o, is the thermal diffuse scattering and
O b4ge COTTESpONd to Bragg scattering cross-section
due to reflection from (/hkl)planes.

As shown by Freund [9] o, can be split into
0, (multiple phonon) and &, (single phonon)

depending on neutron energy. However, M. Adib [7]
showed that best fit of the multi-phonon scattering
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cross-section term given by Freund [9] in the range
E >> Kgb can be replaced by: the static incoherent
approximation reported by Cassels [10].

Following Frikkee [5], in PG the crystallites are
aligned to a high degree with their hexagonal c-axes
parallel, whereas the a-axes are oriented at random.
In the case of perfect alignment of the c-axes, the
lattice planes (hkl)are tangent to a cone with its
axis along the c-direction and an apex angle 6,,

determined by
. )
Sing,,, = Zdhk, , 2)

where d,,,1s interplanar distance.

As shown by Frikkee [5] that, it is possible to
tune the PG plates for optimum scattering of second-
order neutrons in a continuous wavelength range by
varying the angle between the c-direction and the
incident neutron beam.

If this angle is denoted by i/, and if the mosaic

spread is negligible in comparison with iy, the
lattice planes (hkl)will scatter neutrons in the
following wavelength intervals:

2d,,sin(6,, ~y)<A1<2d,,sin(6,, +vy) for6,, >y,
0<1<2d,,sin(6,, +y) ford,, <y. (3)

The planes(00/), on the other hand, scatter neutrons

with a discrete wavelength A =2d,,, cosy .
The Bragg scattering cross-section due to
reflection from (OOl)planes of PG is given by

K. Naguib and M. Adib [11] as

1
O rage (000) = —Wln (1-Py,). 4)

where N is the number of unit cell/cm®, ¢, is the

effective thickness and F,, is the reflecting power [4].

However, it was shown by Frikkee [5] that the
scattering cross-section due to non-00/ planes
reaches pronounced maximum at the boundaries in

the (A;y) plane given by
A" =2d,,sin|6,, ty/. 5)

Following, Adib et al. [7] The Bragg scattering
cross-section due to reflection from non-00/ planes
of PG crystal with standard deviation 77 on mosaic

blocks, and set at angle  , at wavelength A in the

interval between A~ Error! Bookmark not defined.
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and A", can be given as
3 2 2w
N, A Fy e

non—001 __
Bragg

: (6)

1
2

4d,, siny cos@,, ‘ﬂ — Ay

where, Fpy 1s the structure factor of the unit cell and
e-2w is the Debye - Waller factor [12].

While at L < A~ and A > A" the Bragg scattering
cross-section is decreased due to mosaic spread and
can be expressed as

N A FE. e W(A
GBmggOO[ — 0 hkl ( ) -, (7)

4d,, siny cos@,,(5A)?

where W(A) is the Gaussian distribution of the

graphite having 7 standard deviation of its mosaic
blocks [12].

Consequently, the Bragg scattering of PG crystal
set at angle y versus wavelength due to reflections

from (hkl)planes can be given as

_ oo/ non—001/
- O-Bragg + Z O-Bragg s (8)
hkl

GBm g8

where, summation is taken over all non—(OOl )

planes satisfying the inequalities given by Eq. (3).

A Computer package GRAPHITE has been
developed by Adib and Fathalla [13] in order to
calculate the total cross section and transmission of
neutrons of energy range from 0.1 meV to 10 eV
through crystalline graphite. Where the main
graphite  physical parameters required for
calculations are taken the same as given in Ref. [13].

Features of PG crystals
as a 2"%-order neutron filter

The total effect of the various Bragg reflections,
with exception of (00/) reflections, is, that neutrons
in the short-wave-length region bounded by the
maximum value of 2d,usin(0,y+vy), will be
removed to some extent from the beam. On the other
hand, the filter should be transparent for first-order
neutrons. This region was found [5] to cover the
wave-length interval 0.112 nm < A/2 < 0.425 nm.

The possibility to tune a PG filter is a
consequence of the fact that the scattering cross
section due to the (hkl) planes reaches pronounced
maxima at the boundaries in the (A,y) plane given
by equation (3). Hence, one may expect to realize
optimum scattering of neutrons by the (4k/) planes at
the boundary curves (ikl)" in (A,y) space defined by
equation (3). Possible tuned positions of second-
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order neutrons are calculated and displayed in Fig. 1.
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Fig. 1. Tuning diagram for PG filter.

A striking systematic feature of Fig. 1 is the large
number of intersection points of the curves (hkl)” and
(00/). As shown by Frikkee [5] that these intersections
occur for the combinations: (hkl)" - (hkl")* - (001 £ I')
and are independent of the c/a ratio. However,
Frikkee [5] neglected some triple points and also all
double ones. The most efficient intersections as
promising 2"-order filter are listed in Table 1 along
with those reported by Frikkee [5].

It may be noticed that the intersection points of
(hkl)* planes at boundaries with curves (004) and
(008) reflections fail as 2™-order neutron filter,
because the, 1*-order ones are scattered by the
reflections from (002) and (004) planes respectively.

Table 1. Tuned positions at boundary crossing points

) Yo, deg 2 nd —om’er(ﬂﬂ2 —nm)
Intersection

Present work Frikkee [5] Present work Frikkee [5]
(100)-(101)" 72.35 - 0.4050 -
(101)"-(002) 54.76 - 0.3864 -
(100)-(102)"-(002) 57.57 - 0.3591 -
(101)"-(102)" 39.95 - 0.3422 -
(103)™-(101)-(002) 64.00 64.02 0.2936 0.2935
(103)™-(102) 78.81 - 0.2599
(110)"-(112)"-(002) 69.86 69.88 0.2306 0.2305
(104)"-(102)-(002) 70.63 - 0.2221 -
(102)"-(104)"-(006) 5.78 - 0.2221 -
(101)"-(105)"-(006) 14.57 14.62 0.2160 0.2161
(100) -(106)"-(006) 27.68 - 0.1976 -
(112)"-(114)"-(006) 33.60 33.65 0.1859 0.1859
(101)"-(109)"-(0010) 1.66 1.70 0.1339 0.1340
(114)"-(116)"-(0010) 6.00 6.07 0.1332 0.1333

Determination of PG filtering efficiency
at tuned intersection points

To study the PG filtering efficiency of 2™-order
neutrons at tuned points given in Table 1, the
poisons at boundary crossing (hkl)" curves were
calculated at different setting angles y around the
intersection position. The optimum setting angle v,
within an accuracy of 0.01 degree, at which the
wavelengths at boundary crossings of different
(hkl)* curves are coincident with each others, were
determined. Then, the neutron transmissions through
1 cm thick PG crystal having different mosaic
spread values and set at the optimum angle y, were
calculated as a function of 4 around the boundaries
crossing point with step of o4 =0.001 nm
Consequently the neutron wavelength at this
minimum transmission which corresponds to (ﬂy)

2

is determined. Using the same PG parameters, the
neutron transmissions at double wavelength (i.e. at
A ) ware also calculated.
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Filtering efficiency of PG at tuned double
intersection points

The result of calculations for double intersection
points (100) - (101)", (101)" - (002) and (101)" -
(102) are displayed in Fig. 2, a, b, ¢ respectively.

Fig. 2, a and ¢ show that, the shape of the dip in
transmission curve as a function of wavelength

(4,,) at the boundary crossing, are asymmetric and
2

moreover, its width is slightly broadened with
increasing the PG mosaic spread. While, the neutron
transmission at 1%-order A , is almost constant. Such
behavior is in agreement with the measurements
carried out by Mildner et al. [6]. While Fig. 2, b
shows that, the shape of the dip at double crossing
point (101)"-(002) is almost symmetric and its width
is increasing with the increase of 7. From Fig. 2 one

can observe that, the neutron transmission at the
boundary crossing (/?,y) is decreased by one order,
2

while at the 1*-order (A ) the transmission is almost
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constant and higher than 90 % Therefore PG crystal FWHM of the dips A4 at boundaries for various 7,
at double boundary crossing points can be efficiently  ,re determined and listed in Table 2.
used as 2™-order neutron filter. From Fig. 2, the

Table 2. Filtering features of PG crystal at boundary crossing points

Position at .

boundary A4, ,nm Thickness t;o, cm T(tyo) of 1¥-order A, %

crossings

(4, , nm) n=0.5° 1° 2° 0.5° 1° 2° 0.5° 1° 2°
0.4050 0.0084 0.0090 0.0095 0.40 0.42 0.44 92.80 92.50 92.35
0.3864 0.0108 0.0187 0.0308 0.10 0.15 0.21 99.06 98.60 98.05
0.3591 0.0122 0.0222 0.0400 0.17 0.25 0.42 97.99 97.05 95.10
0.3422 0.0024 0.0028 0.0032 0.78 0.78 0.78 95.18 95.18 95.18
0.2935 0.126 0.0223 0.0385 0.16 0.22 0.30 98.07 97.35 96.41
0.2599 0.0018 0.0022 0.0025 0.89 0.89 0.89 83.86 83.86 83.86
0.2306 0.0129 0.0217 0.0289 0.18 0.23 0.31 97.74 97.12 96.14
0.2221 0.00935 | 0.0129 0.01315 0.22 0.35 0.47 95.59 93.08 88.25
0.2221 0.00048 | 0.00083 | 0.00135 0.25 0.37 - 98.93 98.43 -
0.2160 0.0013 0.0020 0.003 0.53 0.60 0.74 97.74 97.45 96.86
0.1976 0.0015 0.0026 0.0044 1.00 1.40 2.00 95.66 93.78 91.52
0.1859 0.0021 0.0031 0.0043 0.48 0.56 0.64 97.84 97.49 97.14
0.1339 0.00028 | 0.00028 | - 0.97 0.89 - 89.39 90.22 -
0.1332 0.00066 | 0.00074 | - 0.42 0.44 - 95.15 94.93 -
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In most cases, to carry out neutron diffraction
experiments, it is sufficient to select the thickness t;o
that attenuates the 2"-order neutrons by factor of ten
[14] and the transmission T (t) at the 1¥-order one
to be high enough. Thickness t;o and T(t0) of PG
having different 77 at boundary crossing points were

determined and listed in Table 2.

Filtering efficiency of PG at tuned triple
intersection points with (002)

The neutron transmission through 1 cm thick PG
crystal having different 77 and set at optimum angle

Neutron wavelength j.-nm

0.64 0.66 0.68 0.70 0.72 0.74 0.76
T
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0.0 T T T = T T
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a

yo were calculated as a function of A around the
triple boundaries crossing points (100)-(102)"-(002)
and (103)"-(101)-(002) and displayed in Fig.3, a
and b respectively.

It could be observed that shapes of the dip in the
transmission curve are symmetric and their widths
increase with the increase of 7. Moreover, the

neutron transmission at the dips (i.e. 4, ) at are less
2

than 0.004 while at 4 are more than 0.98. Therefore
a thinner (less than 1 cm) and low quality (7 more
than 2°) PG crystal can by efficiently used as
2"_order neutron filter at these triple crossing points.

Neutron wavelength »-nm
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' " [ (103 (101)002) aty=64" |

st
08 1" order i
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0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33
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b

Fig. 3. Neutron Transmission through PG at tuned triple intersection points with (002).

Filtering efficiency of PG at tuned triple
intersection points with (006)

Similar calculation of the neutron transmission as
a function of A around the triple boundaries
crossing points (102)"-(104)"-(006) and (101)'-
(105)-(006) are carried out. The results are
displayed in Fig. 4, a and b respectively.

Neutron wavelength %.-nm

From Fig. 4, one can also notice the behavior of
the transmission curve at the triple crossing poisons
(101)"-(105)"-(006) and (112)"-(114)"-(006) are the
same as at (100)-(102)™-(002) and (103)"-(101)-
(002) triple crossing points. However, at triple
crossing boundaries with (006) even more thinner
PG crystals may be selected.
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Fig. 4. Filtering of 2" neutrons at triple crossing boundary of curve (006).
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Filtering efficiency of PG at tuned triple
intersection points with (0010)

The results of calculation of the neutron
transmissions at triple crossings boundaries (101)"-
(109)"-(0010) and  (114)"-(116)"-(0010), are

Neutron wavelength i-nm

displayed in Fig. 5, a and b respectively. Fig. 5
shows that at these triple crossings boundaries, the
selected PG crystals must be highly oriented (7

< 2°). This is due to the fact that the setting angles at
these triple crossing poisons are close to zero.
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Fig. 5. Filtering of 2™-neutrons at triple crossing boundary of curve (0010).

The poisons at the selected fourteen boundary
crossing points along with their widths A4, ,, tio and

T(typ) for different 7 are calculated and listed in
Table 2.

The neutron transmissions T(t10) at
1*-order A Table 2 shows that, a thinner and less
oriented bulk PG crystal can be used as an efficient
2".order neutron filter at the wavelengths
corresponding to the poison of the intersection

boundaries points.
However, the first four crossing points (listed in

Table 2) lies in wavelength band %/1 <A<

cut off

<. off > where 4, off

of polycrystalline graphite (0.667 nm). While from
the second to the ninth lies in band of polycrystalline
Be (0.396 nm). Since polycrystalline graphite or Be
is much cheaper than PG, therefore, the calculation
of tyo and T(t,), for cooled to liquid nitrogen
temperature polycrystalline graphite and Be are
carried out [14], neglecting the contribution of
SANS cross section in a large powdered samples
having pores. Such contribution may strongly
decrease the transmission of 1¥-order neutrons [15].
The results of these calculations are listed in
Table 3 along with those for PG having 7 =1°.

is Bragg cut off wavelength

Table 3. Filtering features of PG, Be and graphite crystals

ty>cmat 4, T(t,)atl" —order 4, %
Ay, : .
PG Be Graphite PG Be Graphite

0.4050 0.40 - 3.9 92.80 - 63.77
0.3864 0.15 9.8 4.4 98.60 49.40 84.50
0.3591 0.25 11.0 4.3 97.05 47.77 85.74
0.3422 0.78 2.0 5.0 95.18 87.94 84.26
0.2935 0.22 2.4 - 97.35 87.45 -
0.2599 0.89 2.5 - 83.86 88.18 -
0.2306 0.23 2.8 - 97.12 87.99 -
0.2221 0.35 2.4 - 93.08 89.89 -
0.2221 0.37 2.4 - 98.43 89.89 -
0.2160 0.60 2.5 - 97.45 89.69 -

Table 3 shows that, the thickness t;y of PG is
much thinner than that for polycrystalline graphite or
Be and providing more higher transmission of
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1*-order than them. The final choice depends upon
the experimental requirements and the price.
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Conclusions can be used as an efficient 2"-order neutron filter at
the wavelengths corresponding to the poisons of the

As a result, one can conclude that, a thinner (t;o < . . . . .
(tio = intersection boundaries curves listed in Table 2.

<0.5 cm) and less oriented bulk PG crystals (n >2°)
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MIPOJITAYHUAN TPA®IT AK EGEKTUBHUI HEMUTPOHHUH ®UIBTP JIPYTOI'O MOPAIKY
P ®IKCOBAHUX MNO3UIIAX IIIOINWH NMEPETUHY

M. Anio, A. Aoaeans Kagi, H. Xa6i6, M. Eab Me3ipi

Bukonano mocmimkeHHs KpucTaniB mipomitngaoro rpadity (PG) B AKOCTI epeKTHBHOTO HEUTPOHHOTO (GimbTpa
JPYTOro NOPSJKY NMpH ociallIeHHI B TOUKaxX Ha mepeTuHi momuH. [Iponyckanns HeWTpoHiB yepe3 kpuctai PG y mux
TOYKaxX, K (YyHKIIi JOBXMH XBWJIb IEPUIOTO Ta APYTOro MHOPAAKIB OYyIO pO3paxoBaHO 3aJEXKHO Bifl MO3ai4HOTO
po3kuny PG Ta toBumau. bByno mocmimkeno ¢inbTpyroui MoxknmBocTi kpuctaniB PG y BkazaHux toukax. [lokaszano,
o0 iCHye BeNWKa KUTBKICTh TOYOK IIOCIAONCHHS TpU IOABIMHWMX Ta TMOTpiHMX nepetmHax mwromuH (hkl), sxi
MePCIIeKTUBHI K Toukd ¢inbrpanii. [Ipore Tinmpku 14 3 HUX BH3HAHO HAMOLIBII MEPCTIEKTUBHUMH. BH3HAUEHO TOYKU
mocnabiIeH s [UIsl JOBXHUH XBWiIb HelTpoHiB Bix 0,133 mo 0,4050 mum. INaker xomn’roreprux mporpam GRAPHITE
BUKOPHCTAHO U BUKOHAHHA HEOOXITHMX PO3PaxyHKIB B yCbOMY Jiamma3oHi JOBXHH XBWJIb HEHTPOHIB 3aJI€KHO Bil
Mo3aiyHoro po3kuny PG Ta iioro opieHTalii BiIHOCHO /10 HANPsSIMKY HEHTpoHHOro nyuka. [Tokaszano, mo kpucran PG
TOBIIMHOK 0,5 cM i3 KyTOBUM MO3ai4yHUM PO3KHIOM 2° JOCTaTHIW /s BUAAICHHS HEWTPOHIB APYroro MOPSIKY MpU
JIOBXXMHAX XBHUIIb, IO BINOBIAAIOTh TOYKAM NepeTuHy kpuctaniunux ruomuH (hkl).

Kniouoei croea: niponitnunuii rpadit, HeHTpoHHUI HLNBTP, HEUTPOHH APYTOTO MOPSIIKY, MO3ATIHINA PO3KHI.

NMUPOJIUTUUYECKUN I'PAOUT KAK DOPEKTUBHBIN HEI?ITPOHHLI}?[ ®WIHTP BTOPOI'O
MOPSJIKA IPU ®UKCHUPOBAHHBIX MO3HUIMUSX IINIOCKOCTEN NMEPECEUYEHMS

M. Anub, A. Aoaeas Kau, H. Xaou6, M. Jab Me3upu

BrimonHeHO uccnenoBaHMe KpUCTALIOB mwHposmThdeckoro rpagura (PG) kak 3ddekTHBHOro HEWTPOHHOTO
¢uIpTpa BTOPOro MOpsAKA NpH OciHalleHNH B TOYKax IepecedeHHs Iutockocteil. [IpomyckaHusi HEHTPOHOB yepe3
kpucraiul PG B 3THX TouKkax, Kak (pyHKIWH JUIMH BOJIH IIEPBOTO U BTOPOTO HOPSIKOB OBUIO PACCUUTAHO B 3aBUCUMOCTH
OT Mo3amyHoro pasopoca PG wu TonmmHbl. Bputn uccrienoBaHbl (HIBTPYIOIIME BO3MOXXHOCTH KpHCTawioB PG B
yKa3aHHBIX TOYKaX. [loka3aHo, YTO CyHIeCTBYeT OOJBIIOEC KOJHMYESCTBO TOYCK OCIAOJICHHs NPH JBOMHBIX U TPOHHBIX
nepecedenusx miockocted (hkl), xoropsie mepcrekTUBHBI Kak TOYKH ¢uubTpanud. OmHako TONbKO 14 W3 HHUX
MIPU3HAHBI HanOosee MepcreKTUBHBIMU. OTpeneneHbl TOYKH OCTa0NIeHus A ATUH BoiH HewrpoHoB oT 0,133 mo
0,4050 aMm. IMaket kommproTepHBIX IporpaMM GRAPHITE ucnions3oBancs st mpoBeAeHUS HEOOXOAUMBIX pacieTOB BO
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BCEM JHAIa30HE UINH BOJIH HEHTPOHOB B 3aBUCHMOCTH OT MO3au4HOro pazdpoca PG u ero opueHTam 0THOCUTENBEHO
HampaBJIeHUS HEUTpOHHOTO MyuKa. [Tokazano, 9ro kpuctamn PG Tommumao# 0,5 cM ¢ yIIoBBIM MO3aUYHBIM pa3zopocoM
2° mocTaTO4eH JUIs YCTpaHEHHsS HEHTPOHOB BTOPOTO MOpPAAKAa IMpH JUIMHAX BOJH, COOTBETCTBYIOIIMM TOUYKaM
nepeceveHus KpucTaumnueckux miockocreit (hkl).

Kniouegvie cnosa: nuponutudeckuil rpaduT, HEWTPOHHBIA (UILTP, HEHTPOHBI BTOPOTO MOPSIKA, MO3AMYHBIN
pazbpoc.
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