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The spatial intensity distribution of neutrons emerging from a curved guide is asymmetric, and straight

guide sections are sometimes appended to curved guides to make the intensity distribution more nearly

uniform. For idealized uniform illumination and in the perfect reflectivity approximation, the spatial-

angular acceptance at the exit of the combination can be made exactly uniform for a range of long

wavelengths by using a sufficiently long straight section, together with a curved guide whose outer wall

coating has a critical angle slightly greater than those of the other guide walls. We refer to this as a

‘‘phase space tailoring guide’’ where the coatings on the inner wall and straight section are used to

define the required divergence at the end of the guide. Increasing the critical angle of the outer wall of

the curved section reduces the characteristic wavelength of the curved guide as well as the wavelength

at which ideal uniformity can be obtained. The outer wall coating need only be of sufficiently high

critical angle to fill the transmittable phase space area of the straight guide uniformly to adequately

short wavelength.

Published by Elsevier B.V.
1. Introduction

Neutron guides are frequently used at both reactor and pulsed
neutron sources for transporting beams with little loss in intensity
to areas of lower background, and to enable greater space
between beam lines and instruments. In order to reduce the
background from fast neutrons and gammas, these guides are
usually either straight with a crystal filter, or curved such that the
beam is out of the line-of-sight of the source. (An alternative for
the curved–straight guide is to use a neutron optical filter,
traditionally a three section guide with no line of sight to the
source [1,2], which may produce symmetric spatial or angular
distributions under certain conditions.) Those neutrons that
emerge from the end of the curved guide have an asymmetric
spatial distribution, with more neutrons at the outer wall of the
guide especially at short wavelengths, and a non-uniform angular
distribution. Both the geometry and the reflective coating of the
walls of the curved guide determine these distributions.

The asymmetry and non-uniformity resulting from the
spatial–angular correlations introduced by the curved guide may
be ameliorated by the addition of a length of straight guide. Carlile
et al. [3] have shown for the curved–straight guide combination
that the spatial distribution acts as a transverse wave traveling
+1301975 5199.

ldner).
down the straight guide portion. Copley and Mildner [4] have
used ray-tracing techniques to analyze the properties of long
curved–straight guide systems in detail for the case when the
walls of both the curved and straight guides have the same
reflective coatings and have perfect reflectivity and the curved
section has no direct line of sight. They have shown that the first
moment of the spatial distribution of neutrons of a given
wavelength oscillates back and forth across the width of the
straight guide as a function of its length with decreasing
amplitude as the straight guide length increases and with a
characteristic length of the oscillation that decreases with
increasing wavelength. At certain lengths of straight guide the
spatial distribution of neutrons of a given wavelength is more
centered (as revealed by nodes in the first moment of the spatial
distribution) and more uniform (as revealed by minima in the
standard deviation of the distribution about the mean). On the
other hand, the variance of the angular distribution is indepen-
dent of the straight guide length. Despite these observations, the
spatial–angular distributions cannot be made perfectly uniform if
all coatings are identical because the magnitude of the allowed
divergence at the inner radius of the long curved section at its exit
will always be less than the critical angle, yc. Consequently, the
entrance of the straight section cannot be fully illuminated in the
range 7yc for any length.

However, if the critical angle of the outer wall of the curved
guide is increased above that of the inner wall with the critical
angle of the straight guide equal to or less than that of the inner
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wall, we find that the spatial and angular distributions may be
made ideally uniform at the exit of the straight guide (that is, the
allowed spatial–angular phase space area is rectangular) for a
range of wavelengths. This is further explained in the following.
2. Curved guide

Consider the two-dimensional phase space (z, c) acceptance
diagram for the curved guide [5] of width W that represents the
trajectories of neutrons crossing normal to the guide, where z is
the trajectory position relative to the guide centerline, and c is the
angle that the trajectory makes with the tangent to the curve at
that point (see Fig. 1). The equation defining a successful
trajectory in the guide normal frame is a parabola given by

c2
¼ w2 þ c2

c

z

W
�

1

2

� �
(1)

provided that the grazing angle, w, at the outer surface of the guide
is less than the critical angle of that surface for that particular
wavelength. This equation holds provided that the curved
guide is both uniformly and completely illuminated, and that
its length is at least as long as the line-of-sight given by
LLOS ¼

ffiffiffiffiffiffiffiffiffiffiffi
8Wr

p
¼ 4W=cc. The transmission properties of the

curved guide are determined by its characteristic angle
cc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2W=r

p
, which is dependent only on the dimensions of the

guide and not on the surface material, where r is the radius
of curvature of the guide. The characteristic wavelength lc ¼

cc=moutgc is related to the critical wave-vector transfer for the
outer wall, where gc is the critical angle per unit wavelength for
natural nickel taken as the reference material (with
gcE1.73 mrad Å�1), and mout is the ratio of the critical wave-
vector transfer of the outer (concave) surface with respect to that
of the reference material. We also refer to the analogous quantity
min for the inner (convex) surface of the curve. Eq. (1), together
with those for the outer and inner guide walls, z ¼ �W=2, define
the area in the spatial–angular space for neutrons of wavelength l
2= c
2
 out+ c
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Fig. 1. The acceptance area at the exit of the curved guide viewing an extended

source for a wavelength greater than the characteristic wavelength of the guide,

defined by the parabola c2
¼ y2

c out þ c2
c ðz=W � 1=2Þ and the guide walls z ¼7H/2,

where yc out is the critical angle of the curved guide outer wall, and cc is the

characteristic angle of the guide. The total acceptance area of the guide is

ð4=3ÞðW=c2
c Þ½y

3
c out � ðy

2
c out � c2

c Þ
3=2
�. When the inner wall has a critical angle yc in

that is less than
p
ðy2

c out � c2
c Þ, the parabola c2

¼ y2
c in þ c2

c ðz=W þ 1=2Þ defines the

transmission of the curved guide. Note that these parabolae have the same shape

but are shifted by Wðy2
c out � y2

c in � c2
c Þ=c

2
c in the z direction. The transmitted

phase space is now reduced to ð4=3ÞðW=c2
c Þ½ðy

2
c in þ c2

c Þ
3=2
� y3

c in�. With the

addition of the straight guide of length LXW/yc str that has a critical angle

yc strpyc in, the shaded region of area 2Wyc str defines the portion that is transmitted

through the entire system.
that propagate through the curved guide. The figure shows that
the spatial distribution of transmitted neutrons is asymmetric
with more neutrons at the outer wall, and that the angular
distribution of transmitted neutrons is non-uniform.

Throughout this paper, unless otherwise stated, we assume
(1) that the reflectivity of the coatings is unity for all wavelengths
up to a critical angle of reflection, yc, which is linearly related to
the wavelength, (2) that the inner guide wall has a coating with a
critical angle that is min times that for natural nickel, (3) that the
coating of the outer wall has a critical angle that is mout times that
for nickel, and (4) that the length of the curve is always greater
than LLOS. Garland reflections occur when the grazing angle w at
the outer wall is less than the characteristic angle cc of the guide.
The characteristic wavelength, lc, defines the wavelength below
which only garland reflections are allowed. For l4lc, because the
grazing angle at the inner wall is always less than that at the outer
wall, one may choose minomout with ideally no additional losses
at the inner wall up to a ‘‘transition wavelength’’ l0. The condition
for successful zigzag reflections to occur is not only that the
grazing angle at the outer wall is less than the critical angle of the
outer wall, moutgcl, but also that the grazing angle at the inner
wall is less than its critical angle, mingcl. Eq. (1) shows that a
trajectory with a grazing angle of w at the outer wall has a grazing
angle of

p
ðw2 � c2

c Þ at the inner wall. This means that the
condition for the cut-off of successful zigzag trajectories by the
inner wall for mout4min is

m2
out �m2

in

� �
g2

cl
24c2

c ¼
2W

r
(2)

The ‘‘transition wavelength’’ l0 ¼ lcmout=
p

m2
out �m2

in

� �
is the

wavelength above which the inner wall determines the transmis-
sion. Otherwise the outer wall determines the cut-off, and always
when the two walls have the same coating, as l0-N. This
property is exploited in polarizing benders [6] that have magnetic
reflecting surfaces with two values of critical angle depending on
the direction of the neutron spin relative to the magnetic
induction vector. This enables the device to transmit neutrons
with one spin state and not the other [7].

We take as an example a curved guide of width W ¼ 50 mm,
and radius of curvature r ¼ 1500 m. The outer wall has a 58Ni
coating (mout ¼ 1.18), and the inner wall has natural nickel
(min ¼ 1). The value of cc ¼ 8.16 mrad, and lc ¼ 4.0 Å. There will
be no transmission losses at the inner wall for wavelengths lpl0

( ¼ 7.53 Å). Above this wavelength there are some trajectories that
cannot be transmitted because the grazing angle at the inner wall
is greater than the critical angle. (A sharper bend in the curved
guide results in a longer wavelength for the onset of the
transmission loss.) As a result the acceptance area at the exit of
the curved guide for neutrons with wavelengths l47.53 Å is
reduced with respect to that for a guide whose inner wall coating
is mout.

The idealized intensity transmitted by the curved guide as a
function of wavelength is proportional to the acceptance area in
(z, c) space, assuming that the source phase space is constant.
This is given by

4
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or in terms of wavelength
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which is valid for minpmout, where yc in ¼ mingcl, yc out ¼ moutgcl, and
cc out ¼ moutgclc. Hence there is some loss in transmitted intensity
for l4l0 when minomout. The ratio of the transmitted intensity for
the curved guide with minomout relative to min ¼ mout for l4l0 is

IcðminomoutÞ

Icðmin ¼ moutÞ
¼

min

mout

� �3
f1þ 2W=rðmingclÞ

2
g3=2 � 1

1� f1� 2W=rðmoutgclÞ
2
g3=2

(5)

which reduces to unity at l ¼ l0, as expected.
We may define a transmission efficiency, T, for the curved

guide as the idealized transmitted intensity relative to the
equivalent straight guide that has a coating with mout on both
walls. This is obtained from the ratio of the acceptance area for
each guide, which for the straight guide is 2Wyc out. Then for the
curved guide with min ¼ mout

T ¼

2

3
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c
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2

3
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l2
c

1� 1�
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l
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2
4

3
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(6)

Consequently, for ycpcc, Tp2/3, and for yc4cc, 2/3oTo1.
Fig. 2. The transmission efficiency as a function of wavelength l for a curved guide o

(min ¼ 1) on the inner wall and 58Ni (mout ¼ 1.18) on the outer wall with respect to an eq

shows the behavior when min ¼ mout ¼ 1.18. Also shown are curves (using the forma

Rout ¼ Rin ¼ 0.99 (dot-dashed curve) and Rout ¼ Rin ¼ 0.98 (dot-dot-dashed curve).
However, when minomout the latter expression must account
for the additional losses, such that

T ¼
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(7)

This last equation has been given previously by de Haan et al. [8].
Fig. 2 shows the relative transmission for the above example

of a curved guide with min ¼ 1 (natural nickel) and mout ¼ 1.18
(58Ni), and lc ¼ 4 Å with respect to a straight guide with coatings
mout. For perfect reflectivity, the transmission efficiency is simply
the ratio of acceptance areas, which increases quadratically
with l and reaches 2/3 at lc ¼ 4 Å. If mout ¼ min the curve would
asymptotically approach unity at large l (see dashed curve).
However, losses caused by the restricted phase space commence
for l4l0 ( ¼ 7.53 Å), and the transmission efficiency is reduced,
asymptotically approaching a value of yc in/ycout ¼ min/mout ¼ 0.848
at large l. Also shown in Fig. 2 are curves (using the formalism
given in Ref. [9]) revealing the effect of imperfect reflectivity for the
cases Rout ¼ Rin ¼ 0.99 and Rout ¼ Rin ¼ 0.98.
3. Curved–straight guide combination

We now consider the straight guide of the same cross-section
and of length L that follows the curved guide and has wall
coatings with a critical angle that is mstr times that for natural
nickel. In general the spatial uniformity of the beam improves as
f width W ¼ 50 mm and a radius of curvature r ¼ 1500 m, that has natural nickel

uivalent straight guide with coatings mstr ¼ mout. For comparison, the dashed curve

lism given in Ref. [9]) revealing the effect of imperfect reflectivity for the cases
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Fig. 3. The relative transmitted intensity as a function of wavelength for a curved

guide of width 50 mm and radius of curvature 1500 m, with inner walls of natural

nickel (min ¼ 1) and outer of 58Ni (mout ¼ 1.18), caused by restricting the

transmission with a straight guide of length at least 3.84 m, and with the same

width and wall coatings also of natural nickel. For wavelengths greater than

cc½gc

p
ðm2

out �m2
inÞ�
�1, the transmitted intensity distribution is spatially uniform.

For lolc, the relative intensity is given by ð3m2
outmin �m3

inÞ=2m3
out. At very long

wavelengths the relative intensity approaches min/mout ¼ 0.848 asymptotically.

Table 1
The location in units of cc/c0 ¼ LO(2/rW) of the first minimum of the variance of

the oscillatory intensity distributions as a function of yc/cc ¼ l/l0 taken from Ref.

[4]

yc/cc cc/c0 l c0 (mrad) L (m)

0.8 1.39 3.2 5.9 8.5

1.0 0.77 4.0 10.6 4.7

1.2 0.54 4.8 15.1 3.3

The value of cc is taken as 8.16 mrad, corresponding to lc ¼ 4.0 Å. Approximate

lengths L of straight guide of width W ¼ 50 mm are estimated for the different

wavelengths l.
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the L is increased. For uniform spatial and angular distribution at a
given wavelength (4lc), the following two conditions must be
simultaneously fulfilled:

L4 W
yc str

yc strpMIN½yc in; ðy
2
c out � c2

c Þ
1=2
�

(8)

Fig. 1 shows an example of an acceptance diagrams for the
output of a curved guide, and therefore for the input to a straight
guide, for a wavelength where conditions (8) are satisfied for the
curved–straight combination. The spatial and angular distribu-
tions of the neutrons emerging from the straight guide would be
ideally uniform. The acceptance diagram for transmission through
the straight guide [10] is determined by the horizontal lines
z ¼7W/2, defining the width of the guide, and by the vertical
lines c ¼7yc str ¼7mstrgcl defining the limits on the angles of
reflection when the critical angle yc str exceeds the collimation
angle of the straight guide, c0 ¼W/L. The latter occurs for
l4W/(Lmstrgc). Consequently, for mstromout there are some
neutrons exiting from the curved guide that do not propagate
down the straight guide. These are the most divergent neutrons
exiting the curved guide whose angles exceed |yc str| in magnitude.

For our above example of a curved guide with 58Ni coatings on
the outer wall and natural Ni coatings on the inner wall, the
length of a straight nickel guide (i.e., with mstr ¼ min) would have
to be at least 3.84 m for neutrons with l4l0 ( ¼ 7.53 Å) to have a
uniform spatial distribution at the guide exit with a uniform
horizontal divergence between 7mingcl. [This range may be
extended to a lower wavelength ( ¼ 5.34 Å) by dividing the curved
guide portion into two equal channels of the same curvature, as in
a bender (see below), followed by a straight nickel guide of
minimum length 5.41 m.]

Fig. 3 shows the loss of intensity for this combination of
guides (with mstr ¼ min), with a value of 8.3% at l ¼ l0 ( ¼ 7.53 Å).
For neutrons within the wavelength range lcolol0 (i.e., 4.0 Åo-
lo7.53 Å), the loss varies from 3% to 8%, and for lolc (with only
garland reflections in the curved guide) the relative intensity is
simply that caused by straight guide, viz. ð3y3

c outyc in �

y3
c inÞ=2y3

c out ¼ ð3m3
outmin �m3

inÞ=2m3
out ¼ 0:967: However, these

neutrons under-illuminate the straight guide and have the
oscillating spatial distributions that never reach uniformity. Note
that the results of Copley and Mildner [4] indicate the oscillations
in the intensity distribution. Table 1 gives the estimated locations
of the first minima of the variance of the distributions. Increasing
the curvature of the guide causes the transmitted intensity to
decrease for all wavelengths. At long wavelengths, an increase in
curvature by a factor f results in a decrease in transmitted
intensity approximately by a factor Of.

It should be noted, however, that the intensity ‘‘loss’’ in the
curved–straight arrangement is usually quite deliberate. For
example, a typical case would be to choose mstr ¼ minomout to
control the required divergence at the exit of the straight guide by
mstr. Then mout is increased in order to decrease lc (and l0 if
minomout for the curved section) preferably, and if feasible, below
the minimum wavelength at which ideal phase space uniformity
is required. By arranging LXW/mstrgcl0, the phase space is ideally
l
lc

� �2

1�
m2

in

3m2
out

" #
lplc ðgarland on

T 0 ¼
l
lc

� �2

1�
1

3

m2
in

m2
out

þ 2
mout

min
1�

l2
c

l2

!3=2
8<
:

9=
;

2
4

3
5 lcolpl0 ðzigzag

1 l4l0 ðzigzag and
uniform for l 4l0 and the intensity ‘‘loss’’ is the rejection of the
most divergent asymmetric part of the phase space transmitted
by the curve that is not useful for the instrument. Consequently,
the loss is not really considered a loss at all. Such an arrangement
may be termed a ‘‘phase space tailoring guide’’. The fair intensity
comparison is then the ratio of the curved–straight combination
with respect to a straight guide with mstr ¼ min (not mout as for
the curved guide above). In this case, the expressions for the
transmission efficiency for perfect reflectivity become
ly; phase space not uniformÞ

and garland; phase space not uniformÞ

garland; phase space uniformÞ

(9)
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Fig. 4. The idealized transmission efficiency with respect to an equivalent straight

guide with coatings mstr ¼ min of a ‘‘phase space tailoring guide’’ as a function of

wavelength l. The curved section of the guide has width W ¼ 50 mm, radius of

curvature r ¼ 1500 m, length 4LLOS, with natural nickel (min ¼ 1) on the inner

wall and 58Ni (mout ¼ 1.18) on the outer wall, followed by a straight section of

length 43.84 m that has coatings with mstr ¼ min ¼ 1.

D.F.R. Mildner, J.C. Cook / Nuclear Instruments and Methods in Physics Research A 592 (2008) 414–419418
T0 for the guide example with W ¼ 5 cm, r ¼ 1500 m, mout ¼ 1.18,
min ¼ mstr ¼ 1.0 is shown in Fig. 4.

A similar system with mstrominomout could also be envisaged.
This would lead to an extended range of phase space uniformity
(within the range lcolol0) but with a reduced transmission at all
wavelengths, so such an arrangement is unlikely unless retro-
fitting an existing curved guide where l0 for the curved section is
not sufficiently low for the uniformity requirements of the
instrument.
z
c outc str– c out – c str

z=+3w/2+w

z=+(w+w )/2

z=–(w+w )/2

z=–3w/2–w

Fig. 5. The acceptance diagram at the exit of a three-channel bender and at the

entrance of the straight guide. Each channel of width w is defined by the same

parabola determined by the characteristic angle cc ¼ O(2w/r) and by the critical

angle yc out ¼ moutgcl of the bender. The straight guide is defined by its critical

yc str ¼ mstrgcl with
p
ðm2

out �m2
strÞgcl4cc. The thick lines correspond to the dead

space caused by the width w0 of each slat that defines the channels.
4. Beam bender

The curved guide enables the beam to be deflected from the
incident beam direction, provided that its length is greater than
the line-of-sight length. The beam may be deflected through
the same angle in a shorter distance by using a bender that has
numerous channels of equal width, each of which has the
same width-to-radius ratio as the curved guide, W/r. That is,
the deflection angle at the end of the line-of-sight ( ¼ O(8W/r)) is
the same as the curved guide. The characteristic wavelength
remains the same and the transmission properties of each channel
are similar to that of the curved guide, though the open area of the
bender modifies its overall transmission. Ignoring the width of the
individual slats between the channels, the length of the bender
with n channels required to deflect the beam through a given
angle is 1/n times the length of the curved guide.

Fig. 5 shows the acceptance diagram for a three-channel
bender with outer coatings giving a critical angle yc out ¼ moutgcl.
Superimposed is the acceptance for a straight guide having a
coating mstr slightly lower than the bender, such that its critical
angle yc str ¼ mstrgcl. The condition of Eq. (2) applies for ensuring
that the transmitted beam of the bender–straight guide combina-
tion has a uniform spatial distribution. However, the various slats
of the bender result in empty streaks in the acceptance diagram,
at the entrance of the straight guide. Copley has shown [11] by the
use of shearing of such diagrams that these streaks rotate within
the diagram as a function of guide length, and that the amount of
rotation depends on the length of the straight guide. Fig. 6
illustrates the acceptance at the exit of the guide, showing that
these streaks extend across the entire width of the guide. At
certain lengths of guide and for a given wavelength, the amount of
dead space in the diagram is uniform across the exit of the guide.
These lengths Lk are given by yc str ¼ mstrgcl ¼ kW/2Lk, where k is a
positive integer and W is the width of the straight guide. Between
these positions the lack of uniformity of the intensity distribution
diminishes with guide length. A similar result applies for certain
wavelengths for a given length of straight guide.

As an example, we consider a bender–straight guide [12] that
viewed the NCNR cold source and produced a polychromatic
beam. The first section of the guide of cross-section
30 mm�50 mm is straight with length 1.5 m, followed by a
curved section of length 2 m, and then followed by a straight
section of length 3 m. All internal surfaces of the system are
coated with m ¼ 2 nickel–titanium supermirror of critical angle
3.46 mrad Å�1. The 2 m neutron bender is composed of four
straight sections of length 0.5 m arranged as a polygonal
approximation to a curved section of radius of curvature
r ¼ 57 m. The bender has five vertical channels, each of width
w ¼ 5.2 mm, separated by 1 mm thick, supermirror-coated glass
plates, so that the open area is 86.7%. The line-of-sight length of
the bender is O(8wr) ¼ 1.54 m, so that the bender length of 2 m is
adequate. The characteristic angle cc ¼ O(2w/r) ¼ 13.5 mrad, and
the characteristic wavelength lc ¼ 3.9 Å.

The measured neutron spectrum transmitted through the
guide system peaks around 3 Å, with an average wavelength of
around 4 Å. Consequently measurements taken with an image
plate and a slit placed between the guide system and the detector
shows fringes that correspond to the individual slats of the curved
guide superimposed on a broad intensity profile. These are caused
by the spatial–angular correlations from the bender that persists
during the passage of the beam along the straight guide. Fig. 5
shows that if the walls of this final straight section had a lower
value of critical angle compared to the bender, the transmitted
beam would have a spatially uniform distribution for long
wavelengths. For example, a final straight natural nickel guide of
length 3.85 m would have resulted in a more uniform spatial
beam for l44.5 Å. Though the shadow of the four vertical slats at
the entrance of the straight section would continue to introduce
spatial–angular correlations, the polychromatic nature of the
beam would tend to diminish their effect.
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z=+W/2

z=–W/2

ψ

z
–θc str θc str

Fig. 6. The acceptance diagram at the exit of the three-channel bender–straight

guide combination, showing the streaks of empty space caused by the slats that

define the bender channels. At certain distances for a given wavelength (or at

certain wavelengths for a given distance) the amount of dead space in the

diagram is uniform across the exit of the guide. These guide lengths are given by

Lk ¼ kW/2yc ¼ kW/(2mstrgcl), where k is a positive integer and W is the width of

the straight guide. This figure corresponds to k ¼ 2.
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5. Conclusions

We have shown that the transmission properties of the curved
guide are enhanced when the outer wall has a coating with a
slightly larger critical angle than the inner wall by an amount that
depends on the geometric parameters of the guide. Moreover,
both the asymmetric spatial and non-uniform angular distribu-
tions at the end of the curved guide may be eliminated by
selecting a portion of the curved guide acceptance that is fully
illuminated, for instance by the addition of a straight guide of
sufficient length with the same coating as the inner wall of the
curved guide. This combination results in a small intensity loss
with respect to the curved guide because the phase space
acceptance of the straight guide is slightly smaller than that
delivered by the curved guide. However, this loss is the rejection
of the most divergent, asymmetric part of the transmitted phase
space, which corresponds to trajectories that are undesirable in
many applications. In fact, we have referred to a ‘‘phase space
tailoring guide’’ in which the inner wall and straight section
coatings define the required divergence at the end of the guide;
the outer wall coating of the curved section is of sufficiently high
critical angle to fill the transmittable phase space area of the
straight guide uniformly to adequately short wavelength. Note
that the transmitted intensity through a phase space tailoring
guide ideally cannot be lower than for a system with all wall
coatings having the same lower critical angle.

In a real phase space tailoring guide, the transmitted phase
space uniformity predicted for the idealized system may not be
achieved. Whilst the allowable phase space area at the end of the
straight guide may be rectangular, it may not be uniformly filled.
The common contributors to the non-uniformity are correlations
introduced by imperfect reflectivity and by non-uniform illumi-
nation of the guide entrance.

We also note that a curved guide feeding another curved guide
with a larger radius of curvature but with the same wall coating
and curved in the same direction, results in no loss in transmission;
the acceptance area of the second guide encompasses that of the
first. On the other hand, increasing the curvature of the guide
results in some loss, unless there is a compensating increase in the
critical angle. This conforms to the general principle of not reducing
the available phase space when changing parameters between
successive sections of guides. This might happen in various
ways: (1) reducing the critical angle of the guide, (2) reducing
the dimension of the guide, (3) reducing the convergence of the
guide, and (4) reducing the radius of the curved guide. Any one of
these changes in isolation results in a loss in transmission.

These results assume uniformly illuminated guides with
all surfaces perfectly reflecting up to the critical angle, with
zero reflectivity above. Non-uniform illumination and realistic
reflectivities will result in diminished transmission. This factor
depends on the number of reflections, and particularly affects
short wavelengths that have proportionately many more multiple
garland reflections. Furthermore, the polygonal approximation
to the curved guide also introduces slight deviations from the
ideal acceptance diagram. These show up as small spikes on
the parabola of the acceptance diagram (see for example Fig. 10 in
Ref. [11]). Though these also appear at angles greater than |yc in|,
the critical angle of the inner wall, they do not affect the outcome
of the curved–straight guide combination.

This simplified analysis of idealized curved–straight guides can
be useful in the early stages of guide design by giving considerable
insight into the transmission expectations before computer
simulations are performed. The formulism can assist the initial
determination of the coatings needed to approach the desired
instrument phase space and operating wavelength requirements.
Economies may be achieved by reducing the m value of the inner
wall relative to the outer wall with no effect on the transmitted
phase space distribution up to a given wavelength.
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