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Abstract

The principle of multiple mirror reflection from smooth surfaces at small grazing angles
enables the transport and guiding of high intensity slow neutron beams to locations of
low background for neutron scattering and absorption experiments and to provide
facilities for multiple instruments. Curved guides have been widely used at cold
neutron facilities to remove the unwanted radiation (fast neutrons and gamma rays)
from the beam without the use of filters. A typical guide has transverse dimensions of
50 mm and, with a radius of curvature of 1 km, transmits wavelengths longer than 5 A.
Much tighter curves requires narrower transverse dimensions, otherwise there is little
transmission. Typical neutron benders have a number of slots with transverse
dimensions of ~5 mm. Based on the same principle but using a different technology,
recent developments in glass polycapillary fibers have produced miniature versions of
neutron guides. Fibers with many thousands of channels having sizes of -10 urn

enable beams of long wavelength neutrons (k > 4 A) to be transmitted efficiently in a
radius of curvature as small as a fraction of 1 m. A large collection of these miniature
versions of neutron guides can be used to bend the neutron trajectories such that the
incident beam can be focused.

Neutron Lens Gain

The gain of a neutron focusing lens [1] using capillary optics depends upon three
factors.

1) The proportion in angular space of those neutrons incident on the front face of the
lens which may be transmitted by the lens is given by {tic/Bo)2, where 8C is the critical

angle of the glass composing the lens for some given wavelength, and 0d is the
divergence angle of the incident beam at the same wavelength. If the lens is placed at
the exit at the exit of a neutron guide then 8d is simply the critical angle of the guide at
that wavelength. If 6C > 6d, then the factor is unity.

2) The area reduction of the beam is given by the ratio of the open area of the fibers
and the size of the beam at the focus. This is given by N7cR2fF / (KG2), where N is the
number of fibers within the lens, R is the radius of the fibers, and fF is the fractional
open area of the fibers. The area of the focal spot is conveniently determined by the
FWHM of the beam, that is, TUG2 = (TC/2) (R2 + l^Qc

2), where LF is the focal length of the

lens, and 0C is the critical angle of the glass averaged over the distribution of
wavelengths transmitted by the focusing lens.
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3) The transmission factor of a fiber depends on the radius of curvature p of the fiber
and on the neutron wavelength, and decreases for smaller curvatures and therefore at
increasing distances from the central straight fiber. The transmission also decreases
for the curved capillaries for shorter wavelengths. This transmission function is
complicated and for a parallel incident beam [2] is given by

T = 7U"1 { n - 2\\i - sin2v|/ + 4y log[(1 + tan(\j//2))/(1 - tan(\j//2))]} , (1)

where cosy = y1/3 and y = (p0c
2/4R).

If Io is the beam current density of the beam incident on the entrance of the lens, the
beam current density at the focus is given by

IF = loCec/e^NTrRSfFT/C^), (2)
and therefore the gain G of the lens is given by

G = IF/ l0 = ( 6 ^ ) 2 NR2fF V (R2 + Lp2ec2) . (3)
Note that there is also a factor of 0.63 which reflects the fact that the focus does not
have a uniform current density but rather a Gaussian distribution with a variance given
by

). (4)

Ignoring for the moment the transmission factor T, it is clear that the gain for a
particular lens depends on the characteristics of the particular incident beam. Hence
to quote a gain of the lens without reference to the incident beam is meaningless.
Note that the gain is dependent on the incident divergence of the incident beam. If the
incident beam is highly collimated such that 0d > 9C, the divergence factor (0c/0d)

2 is
replaced by unity.

At infinite focal length (LF = °°), T = 1 for all fibers, but the focus is large and the gain is
less than 1. As the focal length is decreased the area reduction factor increases, and
the gain increases. At much smaller focal lengths the fibers become more curved, and
the transmission factor T becomes more important as it decreases more from unity. At
some point there is an optimum focal distance. This is given [3] by LF6C ~ R.

However there are limitations. If the focal length is so short and the available beam
area at the entrance of the lens is large, it may be that the outer fibers have such a
short radius of curvature that their transmission is zero and do not contribute to the
focusing. Consequently all applications of focusing techniques must be carefully
designed.

The gain of the lens depends on the wavelength as well as the divergence of the
incident beam. Neglecting transmission losses, and the Gaussian nature of the spatial
distribution of the neutron distribution at the focus, the gain is given [4] by

G = ( 6 ^ ) 2 NR2fF / (R2 + L ^ ) 9d > 9C

NR2fF/(R2 + LF26c2) 0 d <9 c (5)

Hence the gain of the lens increases as A, increases for 0d > 0C, whereas the gain

decreases as X increases for 0d < 0C. However if the lens is placed at the end of a

guide, (0c/0d) is independent of X, and the gain decreases as a function of X for all X.
Hence again this is another example that the gain of a lens is dependent on the
incident beam definition.
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Neutron Focusing Lens

Experimental neutron studies have been performed both on individual fibers [5] and
on focusing elements [6]. These results compare well with computer simulation, and
therefore have served as design guidelines for new installations. Two prototype
neutron lenses [7,8] have also been characterized; these data have provided
information for a new lens [9] designed specifically for use with a cold neutron prompt
gamma activation analysis (PGAA) facility.

The dimensions of this lens assembly are 85 mm in height, 112 mm in width, and 160
mm in length. The entrance area of the lens, 50 x 45 mm2, is fully illuminated by the
beam leaving a 58Ni-coated guide which views a cold neutron source through a cold
beryllium filter. The angular acceptance for this arrangement is given by (O^Bd)2 =
(1.1/2.04)2 = 0.29. It is the real space reduction which produces the gain of the lens.
The fractional filled area of the lens, defined by the ratio of the area occupied by the N
= 1763 polycapillary fibers to that of the entire entrance, is 0.175. Each lead silicate
fiber is 125 mm in length, hexagonal in cross section with a radius R of 0.25 mm and
has a hexagonal arrangement of 1657 hollow channels, each about 9 \im in diameter.
The fractional open area fp of each fiber is about 0.5, and the reduced transmission of
the curved channels and that caused by the limited angular acceptance results in
average transmission efficiency of about 20%.

The lens produces a focus at a distance of LF = 52 mm for an incident cold beam (X > 4
A using a beryllium filter) of average wavelength ~ 5 A. Hence the computed radius of
the beam at the focus is (1A/2)(R2 + L^Qc

2)y2 = (1/V2)((0.25)2 + (52 x 1.1 10"3 x 5)2)1/2

= 0.27 mm. In practice, we find experimentally that the profile of the beam at the focus
is given by a Gaussian function with a FWHM of 0.53 mm. If we take this as the
diameter of the focused beam, the focal area is 0.22 mm2. The area illuminated at the
entrance is given by N(7iR2)fF = 1763 x n x (0.25)2 x 0.5 = 173 mm2. Hence the area
reduction is 785. Together with the angular acceptance of 0.29, the expected gain is
228, ignoring the transmission factor. Experimentally we find over the FWHM of the
focused beam profile that the gain is 80, indicating a transmission loss of 35%. This
transmission loss is averaged over all the fibers, and is unity for a single straight fiber
and much less than one for the outer fibers. The average transmission is given by an
integral of the transmission of the fibers as a function of radius over the area of the lens
exit.

The achieved gain in neutron current density of 80 within the area of focal diameter
0.53 mm is reasonable because the area reduction of the beam is over 2000 times.
Initial PGAA measurements [10,11] have demonstrated for certain isotopes an
enhanced sensitivity of 60 and a gain in signal-to-noise of 7, resulting in the detection
limit being increased by 20. In addition, submillimeter spatial resolution is now
available for large samples for PGAA.

There is a shift in the wavelength distribution for a white beam transmitted by a
focusing lens [12]. It is difficult to measure this shift in the transmitted spectrum. It has
been used estimated using attenuators in the beam, before and after the lens. The
attenuation coefficient increases with the lens compared to without the lens. Though
the increase is comparable to the margin of error of the measurements, but it does

65



indicate the shift to longer wavelengths. This has an effect on the absorption
techniques because oa °= X, and the effective gain in terms of the thermal beam
equivalent is even greater than expected. This shift is caused by changes in the
transmission of the outer fibers with a larger radius of radius of curvature and a
reduction in the transmission of the shorter wavelengths.

Experimental Considerations

The present lens focuses only a few percent of the neutrons incident on the entrance
of the lens, determined from the fractional open area and the average transmission
efficiency, so most of the neutrons which are incident on the entrance of the lens are
not transmitted. Some strike the entrance of the lens in the spaces between fibers,
others strike the fiber but are outside the open channels of the fibers, and others enter
a channel but the grazing angle with the channel wall is above the critical angle. In
practice, only a few percent of the neutrons which are incident upon the lens entrance
are transmitted to the focus. This means that there is potential for high background
problems.

Some of these neutrons are absorbed by the glass or other materials within the lens,
to give rise to high prompt gamma background which may be deleterious, particularly
to gamma ray measurements using the focused beam. Others are scattered by the
materials of the lens and enter shielding materials and produce gammas. Others are
not transmitted to the focus by the lens, but penetrate through the lens and provide a
low intensity neutron beam around the focus which detracts from measurements on
small areas of large samples, and thereby diminish the spatial resolution. All these
occurrences require careful attention to shielding, both within the lens itself and
around the sample under investigation and the detecting equipment.

The principle for focusing the neutrons makes necessary that the focused beam has a
large divergence. This is defined by the outermost fibers of the lens, which in the
above lens have a maximum bending angle (or half convergence angle) of about 13°.
This is deleterious for neutron diffraction experiments, but is unimportant for neutron
absorption measurements. Consequently a lens of this type is useful for absorption
techniques such as PGAA and neutron depth profiling (NDP). In addition this angular
convergence gives a sharp depth of focus.

The variance o2{£) of the transverse distribution of neutrons in the focused beam as a
function of the distance £ from the focal point may be written [1] as

o2{l) = 1/2 [P tan2Q + R2 + (|_F + if- 0C
2], (6)

where LF is the focal length of the lens, R is the radius of the individual fibers, 9C is the

critical angle of the glass of the capillaries, and Q is the convergence angle of the lens.
That is, the angular convergence causes the beam area to decrease in diameter as a
function of distance from the lens exit. It reaches a minimum at the focus and then
diverges.

It is important that the sample is positioned accurately at the focal plane of the lens in
order to take full advantage of the increase current density and spatial resolution of the
focused beam. This is true for both lateral and transverse directions. For NDP the
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focus should be placed at the front (or back) surface of the sample, since a depth of
typically 1 or 2 \im is analyzed, depending whether the charged particle detector is
viewing the front (or back) surface. On the other hand for PGAA measurements the
entire thickness is analyzed, and it seems reasonable to place the disc sample such
that the focus lies at the center of the disc width to minimize the volume analyzed. The
transverse distribution of the intensity at the focus is so sharp (a Gaussian function with
a FWHM ~ 0.53 mm for our lens) that it is important that a small area of interest is
placed exactly at the focus, otherwise large errors will occur and any quantitative
measurements will be flawed. The differences in the analysis of absorption
measurements taken with a collimated (approximately parallel) beam and a focused
beam using a converging lens have been considered [13].

Applications of Focused Beams

Initial tests [10,11] have been performed with the focusing lens for prompt gamma
activation analysis (PGAA). These results indicate that two dimensional composition
mapping will be available by scanning or rastering a large sample area through the
neutron beam. The focusing technique will be applied to neutron depth profiling
(NDP), and appears to be promising also for scanning purposes. However the
application may be limited to large flux sources, because the total number of neutrons
is very limited at lower source strengths.

This focusing concept will ultimately be used for the development of a real-time
neutron imaging probe for compositional studies, which might incorporate either PGAA
(producing two dimensional imaging of objects) or NDP (producing three dimensional
mapping of the surface of certain objects). A bender-focuser lens [14] can enable the
focal spot to be placed outside the shadow of the incident beam and therefore in an
area of lower background. A bender can also be used to create a pseudo end-guide
position which is highly desirable for low background measurements. Various ideas
have been proposed for the use of a neutron focusing lens in different branches of
physics.

Small-angle neutron scattering generally uses large source and sample areas with
long flight paths to obtain the necessary resolution. Increased count rates may be
obtained using collimators that converge to a point on the detector. Further increases
may be obtained by converging guides in the form of a focusing lens. However such a
technique using converging capillary fibers produces only a low resolution instrument
requiring the use of a detector that has fine spatial resolution, perhaps less than 0.1
mm. Expressions [15] have been given for the resolution and the intensity optimized
for such an instrument. The relationship is determined between the guide dimensions,
the focal length and the critical angle of the internal coating of the individual fibers.
The latter dominates the resolution, such that the instrument is useful only for low
resolution measurements. However the size of the instrument is greatly reduced (from
perhaps tens of meters to about 0.5 m), so that despite its low resolution, such an
instrument could be useful for survey or characterization measurements. An initial test
[16] of this concept has been undertaken using a prototype focusing lens, in
conjunction with a video radiation detector which has an efficiency of only a few
percent. However neutron imaging plate detectors have a much higher efficiency and
should be able to prove the technique. The polycapillary focusing technique with a
neutron imaging plate detector can also be used for radiography.
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A focusing lens can also be used in nuclear physics experiments, for example for the
measurement of the neutron capture cross section of the isomeric state of i78Hf and its
capture gamma-ray spectrum [17]. This metastable isotope (half-life of 31 years) may
now be produced in sufficient quantities that it can be used as a high-spin target (I* =
16+) for nuclear structure and nuclear reaction studies. However it is expensive to
produce even reasonable quantities of the metastable isotope, and these gamma ray
coincidence measurements are difficult even with the greatest flux because the
amount of the sample is small. Again since this is an absorption measurement the use
of a focusing lens is beneficial for increasing the available flux on the very small
specimen.

Finally, neutron capillary optics can contribute significantly to important boron neutron
capture therapy (BNCT) for cancer [18]. Although most BNCT efforts now use
epithermal neutrons because their penetrating power is superior to thermal neutrons,
cancer research on small animals can use slow neutron beams free of fast neutrons
and gamma rays. An example is the study of the radiobiological effects of neutron
capture reactions on normal tissues and transplanted brain tumors in rodents for
different boronated compounds. In addition, neutron capillary optics can provide a
sensitive method for non-invasive neutron imaging of 10B distribution in small living
animals, useful for the development of tumor-selective boron compounds.

Discussion

At the present the use of polycapillary optics may have limited use for the
enhancement of the utilization of low and medium flux research reactors. It is clear
that this new concept improves the capabilities of neutron absorption techniques such
as PGAA, NDP and radiography. However the consideration of using capillary optics
should only be taken if these techniques are already in use at the facility, so that the
concept can be fully exploited. The various other ideas that have been outlined look
promising enough, but it may take a few years before all the various teething problems
are adequately addressed.

Capillary optics work best with cold (long wavelength) neutrons because the critical
angle (and there the acceptance solid angle) increases with wavelength. This would
suggest that these focusing lenses can only be placed at reactor facilities which have
a cold source. Certainly there are most advantageous at cold neutron facilities.
However, a focusing lens using capillary optics can be used with thermal beams. The
average critical angle 6C will be lower, and the most highly curved fibers will have zero
transmission. Hence the gains will not be as high as for cold neutron beams, but the
lens can be designed such that it can be of benefit.

It is always useful to increasing the real space acceptance of the lens. However this is
likely to increase the length of the lens, and consequently increase the number of
reflections and the transmission losses. In addition the transmission of an S curve has
a complete cut-off at short wavelengths, so that a reduced transmission is likely to
result in a reduced gain. However a polycapillary fiber bender-focuser [18] has been
designed, which takes the focus to a region of lower background outside the shadow
of the incident beam. It remains to be seen whether the expectation that the reduction
in signal is more than offset by the considerable reduction in background.
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The best idea for increasing the acceptance area is the concept of tapered capillary
channels. This is a refinement on the polycapillary fiber lens. A large number of fibers
are fused together and drawn so that the entrance area does not have any open
space, and at the exit all the channels directed to the common focus. This results in
two improvements. The acceptance area is more concentrated, so that fewer incident
neutrons are wasted and give rise to background, and individual channels, rather than
individual fibers are directed to the focus, so that smaller focal spots are expected.

This idea has been tested with cold neutrons with promising results [19]. A monolithic
lens consisting of a fused tapered bundle of polycapillaries has been shown to provide
a smaller focus of about 0.16 mm, and gains comparable with polycapillary lenses.
The cross section of these monolithic devices is much smaller than for polycapillary
lenses, so at present their application is limited. This concept will be used in the NDP
facility which has a more compact volume, and will enable the three dimensional
mapping of the surface of thin-film semiconductor materials, for example. However
their further development may enable greater gains than have already been achieved
with the polycapillary lenses. Ultimately, the lens concept using tapered capillaries
has the potential for use as part of a neutron microscope with a spot size of less than
0.1 mm.

Only if the focusing lens has some monochromatization device, such as being placed
after a monochromator crystal, can the lens can be used for inelastic neutron
scattering experiments where good Q resolution is not required with polycrystalline
sample of small size. However, with the present technology a focusing lens in
conjunction with a monochromator is unable to give greater current density gains than
the focusing available with curved perfect monochromators. In addition, the intensity
gain at the cost of beam collimation makes the focusing lens unlikely to be useful as a
device for neutron scattering techniques that require good Q resolution.

Possible low-resolution small-angle neutron scattering measurements with a focusing
lens has yet to be proved. However ingenious the idea may be, its applications may
be limited to scanning purposes where only intensity on small regions is important.
The intensity in the wings (sometimes called 'halo') around the direct beam prevents
usual SANS measurements, but some applications may be found with very strong
scatterers. It is important that high spatial resolution (-10 |im) on the detector such as
provided by imaging plate detectors is necessary for SANS using a polycapillary lens
in order to match the resolution conditions.

Two rather far-fetched ideas, for which the technology does not exist currently, may
one day be realized. One is the coating of the inside of the capillaries with a metal
such as nickel to increase the critical angle per unit wavelength. This would allow for
greater transmission for curved fibers and increase the available gains in neutron
current density, though the size of the focal spot will not be slightly larger. The other is
a variable focusing device that might allow variations in studies of materials as a
function of depth. Such a development might lend itself to a neutron microprobe.

Polarization analysis / depolarization studies may exploit the divergence of a capillary
lens by using a polarizing 3He spin filter before the lens to obtain a highly focused
polarized beam to fall on the sample. The transmitted beam with a large divergence
can be analyzed fully by another polarizing 3He filter. This technique enables the
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ability to scan a given sample and obtain spatial information on a fine scale, for
example, domain structures sizes, etc. At present the polarizing 3He filter is still in the
development stage. The current best results have a transmission of about 32% with a
polarization of about 85%. However the technique looks promising for the future.

Numerous discussions with colleagues at NIST and at X-Ray Optical Systems, Inc.,
are acknowledged, in particular Heather Chen-Mayer, Greg Downing, Qi-fan Xiao and
Vasily Sharov.

REFERENCES

1. D.F.R. Mildner and H. Chen, J. Appl. Cryst. 27, 943-949 (1994).
2. M.A. Kumakhov and F.F. Komarov, Phys. Rep., 191 289-350 (1990).
3. D.F.R. Mildner, J. Appl. Cryst., 26, 721-727 (1993).
4. D.F.R. Mildner, H. Chen, V.A. Sharov, R.G. Downing and Q.F. Xiao, Physica B
213&214, 966-968 (1995).
5. H. Chen, D.F.R. Mildner, R.G. Downing, R.E. Benenson, Q.F. Xiao and V.A. Sharov,
Nucl. Instrum. Meth. B89, 401-411 (1994).
6. Q.F. Xiao, H. Chen, D.F.R. Mildner, R.G. Downing and R.E. Benenson, Rev. Sci.
Instrum. 64, 3252-3257 (1993).
7. H. Chen, R.G. Downing, D.F.R. Mildner and V.A. Sharov, in Neutron Optical
Devices and Applications (eds., C.F. Majkrzak and J.L. Wood), SPIE conference, San
Diego, July 1992, 1738, 395-404 (1992).
8. H. Chen, D.F.R. Mildner and Q.F. Xiao, Appl. Phys. Lett. 64, 2068-2070 (1994).
9. Q.F. Xiao, H. Chen, V.A. Sharov, D.F.R. Mildner, R.G. Downing, N. Gao and D.M.
Gibson, Rev. Sci. Instrum. 65, 3399-3402 (1994).
10. H. Chen, V.A. Sharov, D.F.R. Mildner, R.G. Downing, R.L. Paul, R.M. Lindstrom,
C.J. Zeissler and Q.F. Xiao, Nucl. Instrum. & Meth. B95, 107-114 (1995).
11. H.H. Chen-Mayer, V.A. Sharov, D.F.R. Mildner, R.G. Downing, R.L. Paul, R.M.
Lindstrom, C.J. Zeissler and Q.F. Xiao, J. Radioanal. Nucl. Chem., in press (1996).
12. D.F.R. Mildner, H. Chen, R.G. Downing, V.A. Sharov and Q.F. Xiao, Acta Physica
Hungarica 75, 177-183 (1994).
13. D.F.R. Mildner, H.H. Chen-Mayer and R.G. Downing, Proc. Intl. Symp. Neutron
Optics, March 1996, Kumatori, Japan, J. Phys. Soc. Japan, in press (1997).
14. Q.F. Xiao, V.A. Sharov, R.G. Downing, H.H. Chen-Mayer and D.F.R. Mildner,
Proc. Intl. Symp. Neutron Optics, March 1996, Kumatori, Japan, J. Phys. Soc. Japan, in
press (1997).
15. D.F.R. Mildner, J. Appl. Cryst. 27, 521-526 (1994).
16. D.F.R. Mildner, H. Chen, R.G. Downing, R.E. Benenson and C.J. Glinka, J. de
Phys. IV, Coll. C8, 3, 435-438 (1993).
17. H. Borner, private communication (1995).
18. Q.F. Xiao, V.A. Sharov, D.M. Gibson, H. Chen, D.F.R. Mildner and R.G. Downing,
Proc. 6th Intl. Symp. Neutron Capture Therapy for Cancer, October 1994, Kobe, Japan.
Cancer Neutron Capture Therapy (ed. Y. Mishima) Plenum Press, New York, 399-406
(1996).
19. H.H. Chen-Mayer, D.F.R. Mildner, V.A. Sharov, J.B. Ullrich, I. Yu. Ponomarev and
R.G. Downing, Proc. Intl. Symp. Neutron Optics, March 1996, Kumatori, Japan, J. Phys.
Soc. Japan, in press (1997).

70


