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1 Prellmmary mformatIOn

Host H Heather Chen-Mayer, PhYSICISt, NatIOnal Institute of Standards and
Technology (NIST), USA*

Vlsltmg SCientist Vladrnm S Fokm, SenIor SCientIfic Researcher, Institute of PhYSICS and
Technology of the RUSSIan Academy of SCiences (FTIAN), RUSSia

DuratlOnofVlsit Nov 1, 1995-oct 31,1996 VlsitorreturnedtoRussiaonDec 14,
1996 after a no-cost extenSIOn of the stay to finIsh the work

* Smce the award of the grant, the host has SWitched affilIatIOn from UnIVerSity of
MISSOUrI to NIST (as of May 1, 1995), WhiCh did not affect this project smce the
proposed work was to be performed at NIST
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2 SCientIfic activities

2 1 Objectives proposed and research actually performed

We have proposed four ObjectIves
DevIse neutron transmIssIOn measurement procedures for straight and bent metal

capillanes,

Determme neutron transmISSion propertIes of metal tubes from vanous sources,

Identify potential apphcatIOns,

DesIgn focusmg devIces

The research performed has touched each of these obJectIves, With emphaSIS on the first
and second one These wIll be summarIzed m details m the folloWing sectIOns

2 2 FoundatIon of research performed on neutron transmission usmg metal
capillaries

The gmdmg of neutrons through glass capillanes has become a useful technIque for the
focusmg of cold neutrons, WIth gams m neutron current denSIty of nearly two orders of
magmtude under certam CIrcumstances [1] Further gams m neutron current denSIty usmg
capIllary OptICS can be acrueved by mcreasmg the acceptance volume ofphase space for
these focusmg lenses The result IS that the proportIOn of mCIdent neutrons reachmg the
focus mcreases Smce the phase space conSISts of real space and angular space, mcreasmg
eIther one IS deSIrable We can mcrease the real space volume by maxnmzmg the
percentage of open channels through wruch neutrons travel, and the angular space by
maxtmlzmg the cntIcal angle of reflectIon to accept a neutron beam With a hIgher
dIvergence The latter can be acrueved by coatmg a glass capIllary channel With a matenal
such as ruckel (or even better 58NI) wruch has a rugher cntIcal angle than glass In the case
ofruckel thIS mcreases the angular acceptance volume by (l 73/1 10)2 = 2 47, the square
of the ratIo of the cntIcal angles of ruckel to glass Currently the technology to produce
such a coatmg m a small channel (~O 05 mm ID) ofuseful length (~100 mm) IS not
aVailable On the other hand, commercIally aVailable metal tubes (mckel and stamless
steel), although With a hIgher ID, can be used as a good startmg pomt to mvestigate
whether the mcrease m cntIcal angle can mdeed mcrease neutron transmIssIOn, takIng mto
account the surface qualIty, channel SIze, and bendmg behaVIOr ThIS IS the focus ofour
research Smce most of the prevIOUS expenence has been WIth glass capIllarIes, It IS
necessary to make comparatIve studIes between metal and glass capIllarIes of the SImIlar
dImenSIOns and under the same expenmental condItIons

2 3 ExperImental materIals, eqUipment, conditIOns, and techmques

Neutron transmISSIOn measurements have been undertaken on capIllarIes of vanous
materIals These are ruckel capillanes, ofmner dIameter (ID) of 0 44 mm, lead glass
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capillanes, ID a53 mm, and non-lead glass capIllanes, also ID 0 53 mm All
measurements have been performed wIth capIllarIes of length 90 mm

In the past we have found that such transmISSIOn measurements are dIfficult to perform
WIth accuracy SpeCIal care must be taken to reduce the background m the detector, and
most Importantly to aVOId neutron leakage around the outer wall of the capIllary FIgure
I IS a schematIc diagram ofthe holder used for these neutron transmISSIOn measurements
A polymer mcorporated WIth enrIched 6LIF (termed Li-poly), a most convement and
effectIve shIeldmg materIal, IS used as a tIght shIeldmg around the capIllary and as a hmng
on the alummum holder wherever the mCIdent beam mIght scatter The capIllary IS
threaded through a hole the SIze of the tube OD drIlled m the LI-poly close to the
entrance, and held by a clamp and onented such that the length of the capIllary lIes along
the aXIS of the mCldent beam The bendmg of the tube IS achIeved by combImng the
detector, shIeldmg, and translatIOn stages mto one mechanIsm, descnbed as follows

A neutron Imagmg detector, also termed a VIdeo radiatIOn detector (VRD) [2], IS held at
the eXIt ofthe capIllary (see FIgure 2) With two layers ofLi-poly as shIeldmg, allowmg
only an aperture through whIch the tube IS mserted ThIs aperture can be translated
together With the detector m the transverse directIOn by a motIon controlled actuator
(accuracy 0 001 mm), and therefore acts lIke a carnage for the end ofthe tube to create a
dynamIC bendmg geometry With three sectIons The farther the end of the tube IS carned
away from the straight pOSItIOn, the hIgher the transverse dIsplacement (SImply termed as
"shIft dIstance"), and therefore the smaller the bendmg radIUS created The entrance of the
tube IS clamped such that the first sectIon of the capIllary, 26 mm m length, IS held
straIght, the follOWing 57 mm sectIon IS curved, and the final 7 mm sectIOn of the capIllary
IS assumed to be straight There IS a space ofabout 3 mm between the eXit end of the
capIllary and the sensor chIp m the detector A helIum-neon laser IS used for alIgnment of
the capIllary along the axIS of the mCldent beam

These measurements have been performed on the neutron gUide NG-O whIch VIews the
cold neutron source at the 20 MW reactor at NIST The mCIdent neutron beam IS defined
by two apertures upstream, a 254 mm Li-poly CIrcular aperture and a rectangular LI-poly
aperture ofdImensIOns 25 4 mm X 19 1 mm The collImation of the beam entermg a
capIllary IS defined by the 254 mm aperture at a dIstance of 1757 mm Hence the half
dIvergence angle determmed by tills geometry IS ad = 7 2 mrad The spectral dIstnbutIOn
of wavelengths for the beam IS presented m FIgure 3 and an average wavelength of 0 51
nm has been determIned ThIS means that an average cntIcal angle of 8 8 mrad may be
conSIdered for the rockel capIllarIes (Yc = 17 3 mrad nm-l) and 5 6 mrad for the glass

capIllarIes (Yc = 11 0 mrad nm-l)

The transmISSIon IS determmed by measurmg the neutron beam mtensity eXItmg the
capIllary, whIch IS achIeved by mtegratmg the transmItted SIgnal over a certam amount of
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tIme on the Imagmg detector, and companng It wIth the mCIdent beam mtenslty at the
entrance of the tube obtamed by the same method The transmISSIon of the capIllary IS
measured as a functiOn of the transverse dIsplacement of the eXIt end from ItS straight
pOSItiOn As the dIsplacement mcreases, or bendmg radiUs decreases, the transmISSiOn
decreases Good neutron shIeldmg m thIS expenmental arrangement has made It possIble
to measure transmISSiOns as low as 10 3 - 10 6 at smaller radll (shIft dIstance up to 5 mm),
With exposures up to 25 mmutes, whereas for larger radll (ShIft dIstance of 0 to I mm)

transmIssIOns up to 0 87 are obtamed WIth exposures of 5 - 10 seconds The statistIcal

uncertamty m the measured transmISSIOn IS estimated to be 5%

2 4 Results and dIscussIOns

We first dISCUSS the results of the measurement on the NI capIllary The expenmentally
determmed transmISSIon of the NI tube as a function ofbendmg created by the end
dIsplacement (shift) IS plotted m FIgure 4 (open CIrcles) The maxImum transmIsSIon for
the tube With mner dIameter d = 0 44 mm IS 0 86 when the tube IS straIght (ShIft = 0, see
Table 1) At small dIsplacements, the transmIssiOn can mclude the contrIbutiOn from
those traJectones that have no reflectIOn from the tube wall When the dIsplacement
becomes large enough to block out the dIrect "hne-of-sIght", only those traJectones that
undergo one or more reflectiOns can be transmItted, delIvenng a real "grndedlt beam For
capIllarIes of constant curvature, this threshold dIsplacement IS 4d, d bemg the mner
dIameter of tube However, m our case the under-IllummatiOn of the entrance m angular
space (the mCIdent beam dIvergence less than the cntIcal angle of the tube) causes the
lme-of-sight to dIsappear earher « 4d) Usmg the 7 mrad half-dIvergence of the mCIdent
beam, the 57 mm curved plus the 7 mm straight sectiOns cut off the most extreme lme-of­
SIght traJectones when the end dIsplacement IS about 0 44 mm, or Id However, smce the
mCIdent beam has a Wide range ofwavelengths, and the 7 mrad IS an average dIvergence
perhaps correspondmg to the average wavelength of 0 51 urn, there remam lme-of-sight
traJectones for neutrons oflonger wavelengths entenng at an angle higher than 7 mrad
Expenmentally this IS sIgmfied by the flat response of the transmISSiOn as a function of
bendmg ImtIally and then the gradual decrease as the threshold IS reached By steppmg
the motor that creates the bendmg at 0 05 mm mcrements, the onset of such a decrease
can be exammed At the cut-off, or when the shIft equals d, the transIDlSSIon remams
qrnte hIgh T = 0 63 ShIftS that equal 2d and 3d gIve T = 0 25 and 0 11, respectIvely, and
the greatest ShIft of7d (about 3 mm) reduces the transmISSiOn to 0 014

Currently there IS no analytIC solutiOn for the transmISSiOn through a curved CIrcular
grnde A Monte Carlo program for neutron propagatiOn through curved capIllarIes [3] has
been used for computer SImulatiOn of the transmISSIon The followmg are mput
parameters for the program the parameters of a polynomial fit to the neutron beam
spectrum (neutron flux dlstnbutiOn as a function of wavelength, Fig 3), the geometry of
the expenment (which determmes the source dIvergence), the chemIcal compOSItiOn and
dImenSIOns of capillanes (WhICh determmes the cntical angle and acceptance of the tube),
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and the geometry of the bent capIllary WhIch takes mto account the three sectIOns
(straIght-bent-straIght) The Fresnel reflectIvIty equatIOn IS used m calculatmg the
transmIssIon, WhIch IS defined as the ratIO of the number of neutron traJectones eXItmg the
tube to that entermg However, we first venfy the results of sImulatIOn under a special
case when the tube IS not bent (ShIft = 0), the analytIc calculatIOn for both transmISSIOn
and number of reflectIOn IS aVailable [4] Smce the mCIdent beam has a broad wavelength

dIstnbutIOn, the acceptance vanes as a functIOn of wavelength Afollowmg (YeIJ8d)2,

where A IS the wavelength, Ye IS the cntical angle per unIt A, and 8d IS the averaged half

dIvergence of the beam When YeA> 8d ,Ie the acceptance IS hIgher than the mCIdent

beam dIvergence, representmg an under-illummatIOn, umty IS used m place of (YeIJ8d)2

Trus change-over occurs at A= 0 4 nm for our expenmental arrangement The

transmISSIOn IS determmed by the mtegral of the acceptance factor modIfied by the
wavelength dIstnbutIOn over the range of 0 2 to I 0 nm wruch mcludes most of neutron
wavelengths The calculated transmISSIOn of 0 94 compares well With that obtamed from
Monte-Carlo sImulatIOn, 0 97, as well as the average number of reflectIOns, I 22 vs 125,
for zero sruft The analytIc calculatIOn gIves a shghtly lower transmIssIOn, thIS may be
attnbuted to the "step-functIOn" cut-offtreatrnent of the reflectIvIty wruch dIscards the

possIbIhty of non-zero reflectIvIty at 8 > 8e, but IS mcluded m the sImulatIOn WhICh

correctly uses the Fresnel equatIOn The same argument can be made for the average
number of reflectIons, WhICh IS proportIOnal to the average reflectIOn angle wruch IS higher
m the SImulatIon

The sImulated transmISSIOn as a functIOn ofbendmg IS compared m FIgure 4 (lme) With
the expenmentally measured values (open cIrcles) For small bendmgs (shift < d), the
measured values tend to be lower than the sImulated values, but then have excellent
agreement for ShIft dIstances up to 0 7 mm (1 7d) But when the ShIft dIstance becomes
more than 2d the expenmental transrmSSIOn falls more rapIdly than sImulated
transmISSIOn These dIfferences can be mterpreted as follows at very small bendmgs, or
when the tube IS nearly straight, the natural form of the tube may deviate from the perfect
lmearity and therefore cause the transmISSIOn to decrease compared WIth the sImulatIOn
As the bendmg mcreases to the mtermedIate dIstances, the tensIOn m the tube may
actually cause It to conform to a more Ideal shape, and thus the good agreement With
SImulation As the bendmg contmues to mcrease, however, the number of reflections
along the tube mcreases (FIg 4, nght vertIcal scale) to an extent that the reflectIVIty loss
whIch IS not mcluded m the Fresnel equatIOn can no longer be neglected In other words,
although the Fresnel reflectIVIty IS calculated based on the mdex of refractIOn for the
chemIcal compOSItIOns of the matenal compnsmg the capIllary, It does not consIder the
roughness and the wavmess of the walls, or the non-specular losses, whIch may also
depend on the degree ofbendmg ThIS IS amphfied at hIgher bendmgs where RN (R IS the
reflectIVIty, N IS the average number of reflectIOns) decreases as N mcreases for R < 1,
resultmg III the rapId decrease m the neutron transmISSIon
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The expenmental and sImulated tranSffi1SSIOnS for glass capillanes are presented m FIgures
5 (lead glass), and 6 (non-lead glass) We can see that for both types of glass tubes the
mam features are common to the NI capIllary transmISSIOn For small bendmg ShIftS the
measured transmISSIOn IS lower, m the mtermedtate regIOn where the ShIft IS comparable
to the tube dIameter, the agreement IS better, and at hIgher ShIftS the measured values are
consIstently lower than the SImulated ones, though the dIfferences vary The ratIo of the
expenmental transmISSIOn to the SImulated value IS lIsted at selected regIOns of bendmg

(ShIft values) mTable 1 The more the ratIO devIates from 1, the worse the agreement

There IS a general trend of worse agreement at hIgher ShIftS for all three cases, sIgrnfymg

the mcreased number of reflectIOns and the mcreased loss associated wIth It, as argued
earlIer

Table 1 RatIO ofexpenmental transmISSIOn to SImulated transmISSIOn for the

three types of capIllarIes at selected bendIng pomts "Ie IS the cntICal angle per urnt

wavelength calculated based on the composItIOn of the capIllary matenal

shIft NI ("Ie = 17 3 Pb glass ("Ie = 10 6 non Pb glass ("Ie = 9 8
(mm) mrad/nm) mrad/nm) mrad/nm)
00 089 085 071
05 10 084 10
1 0 072 027 034
2 0 0 34 0 21 0 22
30 017 016 017

For the Pb glass capIllary, the attempt to Increase the bendmg ShIft up to 4 mm has led to
the breakmg of the capIllary at the pomt ofmaXImum curvature near the clamp However,
the non-Pb glass capIllary has survIved At 4 mm ShIft (7 5d) (not shown m the figure)
the ratIO IS even lower, 0 08 It IS Important to note that the chemIcal composItIon of thIS
non-lead glass IS not known exactly, and In the SImulatIOn program the composItIOn of
soda-lIme glass has been used whIch may lead to the worse agreement between the
experIment and SImulatIOn Nevertheless, the program qUIte correctly descnbes (for NI
and lead glass - very precIsely) the trend of transmISSIon of all three samples From these
results we can obtam the measured reflectIvIty compared to the Ideal values at each pomt
of bendmg, If all sources oferrors are taken mto account ThIS WIll be our future effort
FIgure 7 summarIZes all three transmISSIOn curves, and It IS ObVIOUS that the NI capIllary
transmIts neutrons better than the glass ones not only for small ShIftS but for the whole
bendmg range

Other common factors that can be the cause of the dIfference between the expenmental
and SImulated transmIssIOns for both types of tubes are dIscussed as follows
1 The actual shape of the bent tube may dIffer from ItS apprOXImatIOn as a CUbIC curve m
the SImulatIOn model [3], y(x) = 3Ymax(LbX2_x3/3)/(2Lb3) where x IS the dIstance along the
tube, ymax IS the shIft dIstance m the expenment, and Lb IS the length of the curved
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sectIOn, and m our case Lb = 57 mm Unless the capIllary IS traced over such a
theOletically generated curve, whIch IS ImpractIcal to do In our dynamIc bendmg
arrangement, the CUbIC shape IS only an approXImatIOn It would be mterestmg to assess
how much the transmISSIOn IS affected If the model assumes shapes that deVIate from the
CUbIC
2 There may be some umntended movement of the entrance or, especIally, of the eXIt
end of the tube m the dIrectIOn transverse to that of bendmg, Expenmentally, speCial
attentIOn has been paId to fix the entrance part of the capIllary securely In addItion, the
pOSItIOn of the spot projected by the transmItted beam on the Imagmg detector IS
recorded for each ShIft Ideally thIS pOSItIOn should not vary, smce the detector IS
dIsplaced along With the end of the tube Several senes of the pOSItion momtorillg have
been performed, and the result of one senes IS presented In FIgure 8, where the (x, y)
coordmates of the eXIt spot are plotted as a functIOn of ShIft dIstance There IS a slIght
movement ill the x-coordillate (perpendIcular to the shIft dIrectIOn) of9 pIXelS (0 135 mm)
- about 0 3d, such a small change IS not expected to cause a sIgmficant drop ill the
transmISSIOn Movement of the spot m the dIrectIOn of the ShIft (y-coordmate, 36 pixels­
048 mm) IS somewhat hIgher, whIch can have some effect m the tranSmISSIOn ThIS
effect Will be studIed m more details ill the future After returmng to the zero ShIft
pOSItiOn, repetitive measurements have shown that the transmISSIOn values are
reproducIble
3 The actual neutron spectrum may be dIfferent from that calculated and used m the
SImulatIOn TIme-of-flIght measurements Will be performed ill the future to venfy the
spectrum An addItional senes ofexpenments has been undertaken WIth a
monochromatic neutron beam of0 4 nm wavelength and they Will be dIscussed next

MonochromatIc neutron transmIssIOn measurements have been performed With the
expenmental arrangement shown ill FIgure 9 Neutrons dIffracted from the 002 planes ofa
pyrohtIc graphIte crystal gIve an illCldent beam of wavelength 0 4 nm The experImentally
measured dIvergence (FWHM) determmed by measunng the beam transmItted through a
Cd sht With a Width of 0 29 mm IS 23 0 mrad m honzontal dIrection, and 16 5 mrad ill the
vertical Smce the SImulation program only accepts one dIvergence value, the geometnc
mean (square root of the product) IS used as the average dIvergence, 195 mrad A
separate measurement gIves 21 9 mrad and 15 4 mrad for the honzontal and vertIcal
dIrectIOns, respectively, yIeldmg the average dIvergence of 18 4 mrad, WhICh can be used
to estImate the error margm m the dIvergence

Figures 10 represents results ofexpenmental and Simulated tranSIll1SSiOn results for 0 4
nm wavelength neutrons for Ni and lead glass capillanes With 0 44 and 0 53 mm mtemal
diameters, respectIvely Figure 11 summarIZes the expenmental transmiSSions for these
tubes and additional Ni capillaries With d = 05 and 054 mm We find that the Ni (0 44
mm) tube, as m the measurements performed With a white neutron beam, has a higher
transmissIOn than the glass and other mckel tubes, despite the larger diameters of these
other tubes Past studIes show that capIllanes from the same matenal demonstrate a
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greater transmISSIOn when the mner diameter IS hIgher [6] Among these other tubes, NI
(050 mm) and NI (054 mm) tubes have sImIlar values ofthe transmIssIOn, and both
values are hIgher than that ofPb-glass (0 53 mm) m the entire range ofbendmg ShIftS,
except for the straight pOSItIon where the value of the glass tube IS about 6% hIgher

Companson of expenmental and SImulatIOn transmISSIOns shows somewhat dIfferent
behaVIOr from that of whIte beam measurements For the glass tube, the regIOn of small

bendmg shows poor agreement, but very good agreement beyond that Although the

values for the NI tube are m reasonable agreement, the dependence seems dIfferent from
the whIte beam results Overall, the shape of the these curves are better followed m the
glass tube results than m the NI tube results, for both the monochromatic beam and the
whIte beam By ehmmatmg the uncertamtles m the wavelength dIstnbutIOn, we can
suggest that perhaps the mechamcal propertIes of the two types of tubes result m shghtly
dIfferent curved profiles when bent by the same nommal amount

In all expenments the NI capIllarIes showed better performance than glass
monocapillaries We have trIed to assemble a neutron focusmg deVIce (FD) from NI
capIllarIes 0 44 mm mner dIameter and length 90 mm We have used 9 tubes positIOmng
them m such a way that the 8 tubes surroundmg the center one form a rmg, whIch
subtends an angle at the deSIred focus equal to the twice the cntical angle ofNI (FIg 12),
With the help of two LI-poly frames (FIg 13) From FIg 14 and 15 we can see that at
short dIstances from the eXIt end of thIS deVIce (about 14 - 30 rom) the bnght spots from
every tube IS dlstmct At longer dIstances all these spots come together In the range 50 ­
60 rom the mtensity of the transmItted beam IS approxImately constant and reaches a
maxImum at 54 rom, whIch IS 2 3 tImes hIgher than that at 14 rom However, thIS
maxImum mtenslty IS about 8% less than the mtenslty of the dIrect beam (over a dIameter
of 1 12 rom) For dIstances 70 - 96 rom the spot IS becommg more and more homogeneous
and ItS mtensity decreases ThIS deVIce demonstrates the posslblhty ofusmg NI
capIllarIes to focus neutrons To achIeve a real gam, It IS necessary to bend the capIllarIes
WIth the help of a couple of mtermedIate supports and mcrease the number of capillanes
Usmg tubes of smaller dIameter would be preferable m that case

25 Summary

We have studIed the transmISSIOn propertIes of metal and glass capillanes, straight and
bent, usmg a whIte and a monochromatIc neutron beam The results are compared WIth
those produced by a Monte-Carlo SImulatIOn program, and WIth analytIC calculatIOns
when applIcable A prototype NI capIllary lens has also been constructed and measured
These studIes prOVIde useful mformatIOn for the future deSIgn of neutron lenses usmg
metal capillanes
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3 Specific Benefits of the ViSit

Dunng the course of thIS VISIt we have had mtensive exchange of Ideas m the field of
capIllary optIcs and Its applIcatIOns We expect a number of these Ideas WIll be explored
collaboratively m the future The work that has been performed by Dr Fohn has been
the first extensIve research on both the transmISSIon through curved capillarIes and the use
of metal capIllanes for the transmISSIOn ofcold neutrons Durmg the course of thIS VISIt

he has also collaborated WIth Dr Paul Reeder of PacIfic Northwest Laboratory of

RIchland WA, and Vasily Sharov of X-Ray OptIcal Systems, Inc of Albany, NY on the
transmISSIOn ofcold neutrons through steel stamless steel capIllarIes CorrectIOns
reqUIred for thIS work resulted m a method for the determmatIOn of the reflectIOn
coeffiCIent for neutron transmISSIOn though capIllarIes when the reflectIvIty IS not close to
umty In addItion, thIS collaboratIOn was extended to some research on scmtIllatmg fibers
for neutron Imagmg These research actIvItIes have resulted m two publIcatIOns that have
been submItted for publIcatIOn, and another already accepted

"The Number of ReflectIOns for Neutron transmISSIOn through Cylmdncal Channels",
D F R MIldner, H H Chen-Mayer, V A Sharov, V S Fokm and P L Reeder, accepted
for publIcatIOn, Journal ofApplIed Crystallography, 1997
"Metal CapIllanes for Neutron Lenses", P L Reeder, A J Peurrung, D S Sunberg J J
Stoffel(s), H H Chen-Mayer, D F R MIldner, V A Sharov and V S Fokm, submItted to
Nuclear Instruments & Methods A, 1997
"Imagmg Neutron Beams With ScmtIllatIng FIber Faceplates", P L Reeder, A J Peurrung,
W C Richey, H H Chen-Mayer, V A Sharov, V S Fohn and D F R MIldner, submItted
to Nuclear Instruments & Methods A, 1997

4 POSSibIlities of Future CollaboratIOn

In September 1994 the NIST capIllary optIcs team VISIted RUSSia at the mVItatIOn of
colleagues at the Kurchatov InstItute Durmg this VISIt we were mtroduced to Dr
VladImIr S Fohn From thIS VISIt, the Idea ofan extended VISIt to NIST by Dr Fokm was
hatched The CAST grant has enabled hIs stay from Nov 95 to Oct 96 Upon hIS return
to FTIAN, Fohn has talked to AcademICIan ValIev and Prof Afanas'ev regardmg hIs
work at NIST on neutron optIcs and hIs Ideas for multIlayer structures whIch could be
used for neutron focusmg and steermg ValIev has proposed to use the faCIlItIes whIch are
aVailable m one of the laboratones where SImIlar work IS already underway They are
deposItmg multIlayer x-ray mmors and It IS pOSSIble for them to make SI-NI (and other)
structures With layer thIcknesses up to 2 nm, and up to perhaps several hundred layers
Another laboratory IS makmg superlattices The idea is to make model structures what
mIght be tested at the Kurchatov InstItute

Two members of the NIST team, H H Chen-Mayer and D F R MIldner are plannmg to
VISIt Moscow agam for two weeks m September, 1997 Included m the Itmerary wIll be a
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VISIt to the Institute of PhYSICS and Technology of the RUSSIan Academy of SCIences We
mtend to hold dISCUSSIOns not only With Dr Fohn, but also Profs Vahev and Afanas'ev
regardmg future Jomt collaboration between FTIAN and NIST EVIdently the RUSSIan
SCIentists mtend to have some formal type of collaboratIOn that will enable them to obtam
some fmancmg from RUSSIan sources for the work There IS already a memorandum of
understandmg between NIST and the RUSSIan Academy of SCIences for cooperatIOn m the
phYSICal, chemIcal and engmeenng SCIences SIgned on m July, 1996 m Moscow by Dr
Jack H GIbbons, ASSIstant to the PresIdent for SCIence and Technology Dunng thIS
VISIt we Will also complete the wntmg on a Jomt paper WIth Dr Fokm based on the
research that he has performed durmg hIS VISIt to NIST

5 CAST Program Goals

I Benefits to RUSSIa and to the US

Expenmental work on the focusmg of radiation usmg capIllary optics has VIrtually
stopped m RUSSia dunng the cntIcal SItuatIOn when finances are so poor The CAST
program has enabled some oftherr expenmental work to be carrIed out In the US, and may
lead to further research beIng performed at the Kurchatov InstItute by FTIAN SCIentIsts
A contInued collaboratIOn Will be an addItional Insurance that these benefits are not lost
ThIs research can also be VIewed as a contInuatIon of the collaboratIOn between NIST and
RUSSia, whIch had been started With the Kurchatov Institute

The benefit to the US has been the rapId development ofneutron focusmg for neutron
absorptIOn measurements m matenals, m partIcular the development of the use ofmetal
capIllarIes whIch allow an mcreased transmISSIon of neutrons ThIs work may have an
Impact m the deSIgn of future mstrumentatIOn at research reactors, partIcularly neutron­
based analytical technIques (prompt gamma activation analySIS and neutron depth
profihng) These Instruments have the capabIhty for measurIng both nondestructIvely
and quantitatIvely hIgh spatial resolutIon elemental profiles m materIals ofkey
technologIcal Importance Such technologIes mclude the research and development of
semIconductors, optical waveguIdes, polymer SCIence, metalhc alloys, coatmgs and
superconductors WIth the productIOn of mtense, steady sate, finely focused neutron
beams, the most Intense such neutron fields outSIde a nuclear reactor, the pOSSIbIlIty of
real time neutron tomography and useful neutron mIcroscope has been advanced

11 Improved SCIentrfic and TechnologIcal LInkages

Dunng the course of thIS collaboratIOn, Dr Fokm was able to see and understand the
methods and way of hfe of US research mstitutes He was able to return WIth a better
appreCiatIOn of how SCIence IS performed m the west He has mamtamed contact With the
research team at NIST Via the mternet Consequently he IS now m a pOSItIOn to
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appreCIate better how to advIse others at FTIAN and m RUSSIa to lmk up With other
sCIentIfic groups We expect at least a couple of publIcatIOns based on the results that
FokIn has obtamed durmg the course of hIS mvestIgatIons

111 Defense ConverSIOn Aspects

The ongm of the neutron transport work usmg capIllary optics was withm the former

Kurchatov InstItute of AtomIC Energy III Moscow, the umbrella for much of the

fundamental research III nuclear and defense related fields III RussIa, wIth the expectatIon

of future defense related applIcatIOns The research we have conducted has great
commercIal applIcatIOns ThIS project has led to a sWItch of Dr FokIn's pnmary research
Illterest from laser optICS whIch has defimte defense applIcatIons to a field benefitmg the
CIVIlIan sector

IV CommercIal ApplIcatIOns from CollaboratIve Research

The concept of capIllary optIcs for the transport, gUIdmg and focusmg of radIatIOn (x-rays
and neutrons) has already been commerCIalIzed through the company X-Ray OptIcal
Systems, Inc of Albany, NY ThIS company IS very much mterested m the results of the
research whIch can Improve on the transmISSIOn charactenstics of glass capIllary optiCS,
whether It IS ruckel coated glass capillanes or metal capIllarIes Consequently sIgmficant
results of our future collaboratIOn wIll be closely followed by thIS company
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6 FINANCIAL REPORT

Amount receIved from NRC

ExpendItures

hVIng allowance
November 1, 1995 - October 31, 1996
12 months, $1500/month

Travel
all travel done at government rates through NIST
Moscow-WashIngton return aIr fare
(11/01/95 - 12/14/96) 572 + 532

Supphes
mckel tubIng
staInless steel tubIng

Total expendIture

balance

further amount to be receIved from NRC
upon submIsSIon of sCIennfic report

other sources of support
supplement paId to Increase hVIng allowance to
$1500/month, paId from NATO travel grant

15

$14,000

$18,000

$ 1,104

$ 358
$ 113

$19,575

-$5,575

$ 1,000

$ 4,575



7 List of FIgures

FIgure 1 The holder for neutron transmISSIOn measurements
FIgure 2 The expenmental arrangement for the whIte beam transmIssIon measurements

WIth bendmg the capIllary
FIgure 3 Calculated neutron beam spectrum at the eXIt ofNGO gmde

FIgure 4 The transmISSIOn through the nIckel capIllary as a functIOn of the bendmg

dIstance or ShIft of the end of the capIllary, both measured and SImulated Also

shown are the average number of reflectIons obtamed from the SImulatIOn
FIgure 5 The measured and SImulated transmISSIOn through the lead glass capIllary as a

functIOn of the bendmg dIstance or ShIft of the end of the capIllary
FIgure 6 The measured and SImulated transmISSIOn through the non-lead glass capIllary as

a functIOn of the bendmg dIstance or shIft of the end of the capIllary
FIgure 7 The measured tranSmISSIOn through the nIckel, lead and non-lead glass capIllarIes

as a functIOn of the bendmg dIstance or shIft of the end of the capIllary
FIgure 8 The center pOSItIon of the eXIt spot on the detector as a functIOn of the bendmg

ShIft for non-lead glass capIllary The x-coordmate IS m the dIrectIOn normal to
the plane of plane, and the y-coordmate IS m the plane ofbendmg

FIgure 9 The experImental arrangement for the monochromatIc neutron transmISSIOn
measurements WIth bendmg the capIllary

FIgure 10 Neutron (wavelength 0 4 nm) tranSmISSIOn through the mckel and lead glass
capIllary as a functIOn of the bendmg dIstance or ShIft of the end of the capIllary,
compared WIth SImUlatIOns

FIgure 11 Neutron (wavelength 0 4 nm) tranSmISSIOn through the mckel (d = 0 44, 0 50,
054 mm) and lead glass (d = 053 mm) capillanes as a functIon of the bendmg
dIstance or ShIft of the end of the capIllary

FIgure 12 SchematIC diagram ShOWIng the deSIgn of the NI capIllary Focusmg DeVIce
FIgure 13 Photograph of the NI capIllary Focusmg DeVIce
FIgure 14, 15 The VRD response of the NI Focusmg DeVIce transmISSIOn as a functIOn of

the dIstance from the end of the FD
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