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1 Introduction

Reflecting guide tubes [1, 2] for channelling of slow neutrons from a neu-
tron source to experimental installations are now common facilities in -
many laboratories (3]. The iransmittance of the neutron guides is deter-
mined by the reflecting properties of the guide surface: the probability
of neutron loss (neutron capture and inelastic scattering) and of non-
spccular reflection per neutron encounter with the reflecting walls. Non-
specular reflection, in the case of UCN transport in the neutron guides,
causes (besides the mentioned losses) a time delay in the neutron arrival
at the end cross section of the guide tube.

The effect of the imperfectness of the guide walls on the transmission
of thermal and cold neutrons through the neutron guides has been consid-
ered in different publications [2], [4-13]. In most, the approach, especially

for thermal neutrons, is rather stmplified: the neutron loss probability
per reflection is assumed to be independent of the neutron wave length
and glancing angle to the reflecting plane below the critical angle, The



exit intensity I in this case contains the product of reflectivitities after
each particular reflection: [ = [y R",'wherc Io is the neutron intensity at
the entrance to the nentron guide, R is the mean reflection probability,
and #i is the mean number of reflections along the neutron path. The
lust figure is ¢alculated from geomeiric considerations, For the calcula-
tion of /& in [6, 7, 9] a nore detailed and rigorous treatment of the effect,
of surface roughness on the angular distribution of imperfectly reflected
cold neutrons was presented,

'I'he spreading of UCN in neutron guides has some peculiarities, In
the case of non-specular reflection, the neutron with a probability very
near to unity survives in the neutron guide, but in some cases may re-
turn to the neutron source. The UCN transmission of neutron guides has
been measured in several works {14-17], and thcoretical analysis of the
problem was performed in [14], [18-20). Usually, the analysis was made
in the frame of one dimensional diffusion theory in the one-velocity ap-
proximation or in supposition that the reflected intensity is a sum of the
specular and diffuse components with corresponding weights. In [18-21]
the Monte Carlo computations were performed for the transmission of
UCN through neutron guides.

The nonstationary spreading of UCN in neutron guides was observed
in two experiments. Robson (22] measured the time decay of UCN in-
tensity at the end of a 5m neutron guide after a sharp shut down of the
reactor. From the decay time (~ 2sec) it was concluded that the prob-
ability of a diffuse reflection per encounter did not exceed 10%. In the
experiment [16] the time dependence of UCN intensity was measured at
the end of a stainless steel and glass neutron guides after the sharp open-
ing of the shutter located between the detector and the UCN source, The
qualitative interpretation of the experiment [16] was presented in {23] in
the frame of the one velocity diffusion approximation and on this ground,
the observed peak in the measured time distribution was explained. For
a more realistic quantitative description of the nonstationary transport
of UCN, this type of approximation is not valid.

Computer simulation of nonstationary transport may be interesting



from two points of view, First, analysis of the experimental arrival time
distributions, when short bunches of UCN are injected at the entrance of -
- the neutron guide, can help in extracting the parameters of the wall sur-
face (probabilities of specular and diffuse reflection and neutron loss per
collision, and possibly the characteristics of diffuse reflection) more un-
ambigously than from mere stationary transmission measurements. Sec-
ond, this analysis is useful for realizing the recently proposed method
[24] of UCN storage using low repetition pulse neutron sources for their
production.

2 Elastic scattering of UCN from rough
surfaces

The reflection of slow neutrons by rough surfaces has been studied the-
oretically and experimentally in the last two decades. It was conceded
that, in general, the reflected intensity consists of two parts: specular
and diffuse, the last component having an angular distributiou, depend-
ing on the surface properties. It is evident that the task of predictling
an exact reflection law without having complete information about the
roughness of the reflecting surface is impracticable, Therefore, usually
some approximations are made regarding the general character of surface
roughness, which describes the irregular deviations of the surface from
the ideal plane by the autocorrelation function:

-
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or by the function connected with it:

9(8) = ([¢() - €(W) = 2+ (€ (@) - F(B)). (2)
This correlation fum_:_t.ion represents the statistical characteristics of
the random function £(6)-deviation in the height of the surface at coor-
dinate 5 from the mean value ({(5)) = 0.
The most natural form of f(8) is: -

f(8) = 0* - exp(~82/T?), . (3)



wherc.o = (£2}'/? and T arc the mean squarc amplitude und the corre-
lation length, respectively. The lnat value characterizes the Inean square
slope of roughness: o = 2. ¢ /T,

Several authors have used this deacription of surface roughness for cal-
culating (in the simple or distorted wave Born approximations) the prob-
ability- of specular and diffuse reflections aud of the diffusively scattered
intensity as a function of the wave vector transfer (g,,g3). These results
(sec [25, 26] and references therein) arc applicable when: 1) q, > 2k,
where ks = (47 Nb)}/? is the boundary wave vector of the surface mate-
rial - the wave vector of the neutron for which the critical glancing angle
of total reflection is equal to 7 /2, and 2) the difference from unity of the
refractive index n of the reflecting medium: 1 — n = bN/2#k? is u very
small quantity, e.g., when the total reflection from the surface is weak.
Here k is the wave vector of the neutron, b ig the scattering lengih of
the atoms of the medium, and N is atomic density of the medium. The
formulns oblained.in these works are appropriate for interpreting typ-
ical reflectornetric experiments with therinal and cold neutrons, where
the information about surface characteristics is obtained from analysis
of specular reflectivity curves as a function of transferred momentum at
large ¢, and low reflectivity. They ere not appropriate for describing
UCN reflection, when the probability of reflection is near unity, Steyerl
(6] and Ignatovich [8] approached the problem of UCN reflection from a
rough surface using the Green function method. They oblained coinci-
dent results for the case of micro-roughness: ko0 € 1, which is interesting
for the reflection of UCN from high quality mirror surfaces. Their result
for the wave vector transfer dependence of diffuse reflection probabthty
has the form:

- - - 2 '
wqr {0, ) = k*cosby - cos?l - o% - T ezp(w(kﬂ kzu) Tz)’ (4)

where k is the wave vector of the incident (and reflected) neutron, Eﬂo

and E” are the parallel to the surface plane components of incident and
scattered wave vectors, respectively, so that

(E” - E“o)"’ = k*(8in%0y + 8in0 — 24inbf - sinby - cos($ — $o)).  (5)



flere 0y and 0, ¢y and ¢ arc the polar and szimuth angles of the incident to

the surface normal and reflected neutrons, respectively. This expression
has some important features: decreasing of the probability of diffuse
reflection with 8, — 7/2, a fulfilment of the requirement of the detailed
balance principle, expressed in the term cos?6 18, 28], and concentration
of the diffusively scatiered intensily around the specular solid angle (4, ¢).
Integrating (4) over €2 gives the total probability of diffuse reflection:

A= f war (o, R)d. (6)
For

A=2r/k=600 A (v=5m/s), o=254,
T=500A, 6,=7/4, A=01 (7)

Expression (4) was used to describe the transmission of cold neutrons
through a neutron guide in [7, 9] and of UCN in [19], and was experi-
mentally verified [10] by the measurement of the angular distribution of
cold neutrons emerging from straight neutron guides made of plexiglas
and glass panes ~ both with 0.2um evaporated Ni. ’

3 Method of simulating the transport and
storage of UCN

Expression (4) is applicable only for very smooth surfaces. No good
simple theory exists for a description of diffuse scattering from a rough
surface, when ko > 1, which is convenient for Monte Carlo simulation of
nonspecular reflection. It is known [27] that the probability of specular
reflaction from a rough surface is:

w(0) = ezp(—2k* - 0 - cos®fy) o, (8)

and is small except at very small glancing incident angles (6, =~ =/2). We
used a simple model of diffuse reflection for this case - isotropic diffuse
reflection - when the angular distribution has the form:



cdwg, = A ecosl - dQ, | (9)

and also a more realistic kind of diffuge reflection;

dwy,. = A - cosby - cosl - dS. (10)

The distribution (9) may approximately correspond to a macroscop-
ically very rough surface, when the reflection angle does not depend on
wave lengih nor incident angle of the neutron (except at small grazing
angles, when the reflected intenrity is not syimmetrical with respect to
the surface normal). The distribution (10) is Lhc limiting case of (4) when
(k” Foy)? - T?/4 < 1. In this case A = k* . 6% - T%/7.

Neither of these cases give the predommaut diffusively reflected in-
 tensity around the specular angle (which takes place in our example (7),
where the angular width of this angular distribution concentrated around -

the specular reflection is ~ 0.4). Therefore, we expect that the resulis of
the simulation of nonstationary transport for this choice of the angular
distribution of UCN after reflection will demonstrate larger time delays
and neutron losses than in the case (4) at the same values of total diffuse
scattering probability.

Two kinds of angular distribution of neutrons at the entrance apper-
ture of the nentron guide were chosen: isotropic

dw, ~ dQ, (1)

which corresponds to a thin (transparent to UCN) voluminous neutron
source with reflecting walls, and a more realistic cosine distribution

dw, ~ cosldQQ, (12)

which corresponds to a surface or thick voluminous UCN source.

With a neutron guide assumed to be horizontal and having a rectan-
gular cross section (6 X 8¢m), and a length L = 6m, the neutron spectrum
usually has the form A

f(v) =3 [(og, —~v3y), if v <o <vm,
Jw)=0, if v<wvp or v> V2. (13)



It corresponds to the beginning of the Maxwellian spectrum with a lower
boundary vy, and an upper boundary uy; vy = 320cn/a - for a possible
~ aluminium window membrane of the UCN source, vy, = 600cmn/4 - coin- .
cides with the boundary velocity v, of the neutron guide (e.g., stainless
stecl). The spreading through neutron guides of neutrons with velocities
greater than the boundary velocity of the guide’s surface is not consid-
ered in this paper. Our main interest here is the simulation of tmnsport
of UCN that can be stored in material hottles.

Losses of UCN due to capture and inelastic scattering are described
by the expression:

(v, 0) = 2,"0 . ma()/\/] _ (n . 0080)2. (14)
. Ub Ub .
Here 0 iy the incident angle to the ‘surface normal, 5 =
Im b/He b, Im b= (0. +0i)/2\, o.and o,, are the capture and the
inelastic cross sections, respectively, In caleulations we took 4 = 5-10™4,
I’his value is approximately twice as large as the theoretical  for nickel
or stainless steel,

The order of siinulation of the UCN trajectories was the following: at
the beginning, the point of the UCN emergence (at the moment ¢ = 0)
into the necutron guide was drawn .with equal probability on the entrance
cross section of the neutron guide, velocity accordingto (13) and angle of
emergence according to (11) or (12). At the next stage, the intersection

_plane was found and the angles of incidence, the intersection point coor-
dinates, the length of the free flight and time of flight, after which the
verification was performed of whether the neutron was captured accord-
ing to (14). If the neutron survived then verification was made about
the type of reflection: specular or diffuse. The corresponding angles of
diffuse scattering were drawn according to (4), (9) or (10) and the cycle
way repeated. T'he history of the neutron was set as finished if it was
captured or its trajectory intersected the entrance or exit cross section
of the neutron guide. The number of neutrons for each destiny variant
and the total tume of travel for every neuiron rea.chmb the exit apperture
were summed.

For the simulation of the storage of UCN in experimental volumes at
the end of the neutron guide (ﬁg 1), it was supposed that the life time of




the neuiron in the storage chumber can be writien as

T = 4V/ s, y (15)

where V is the volume of the storage chamber, & is the area of the entrance -
window and v is the ncutron velocity. [t was supposed that a neutron
leaving the storage volunie through the entrance window does not return
to the chamber from the neutron guide. This simplification leads to somne
underestimation of the quantity of stored nentrons.

4 Results of calculations

Three configurations of neutron guidos were used for the computer sim-
ulation: straight, 7/2 - bent and § - shaped (fig.2). The forms of the
bent neutron guides were chosen from practical demands: there are some
advantages in bending neutron guides to a small radius of curvature ~
the possibility of using short guides and moderate radiation shielding.

Some results of calculations are shown in figs.3-5. All the calculations
are based on not less than 1,000 histories for each case of calculation of
the arrival time distribution (up to 10,000 histories in some cases). The
curves show the integral arrival time distributions - quantity of neutrons,
normalized to one nentron emerging into the nevtron guide and arriving
at the end of the neutron guide before the moment .

For monochromatic and monodirectional incoming neutrons, the
change in the arrival time distribution is caused by the transformation of
the longitudinal componeut of the velocity into a transverse one (curves
1 and 2 in fig.3); in the S-shaped guide such mutual transformation takes
place twice. For the cosine incoining angular distribution, this difference
in the arrival time distribution is noticcable only at the beginning of
the curve, but in general, the eflect of the delay for the bent guides in
‘comparison to the straight ones is smoothed out. Even the very sharp
bending of the nentron guide when the internal (but not the external!)
radius of curvature is ry = 0, the effect of bending is not very significant.
At g > 30cm there is no difference in any of the arrival timne distributions
from the resulis for the straight neutron guide (for the cosine pnma.ry
angular distribution).



Inperfeciness of the neutron guide decreases the arrival rate as wellas
the overall quantity of the arrived neutrons (almost proportionally). The
considered roughness parameters o = 30A, T = 2504 or 5004 are quite
realistic (6, 7] for polished metal surfaces, Ropid progress in the surface
quality of nentron guides has been observed in recent years [3] and it is
possible to have neutron guides with better characteristics. Curve 4 in
figs.3 and 4 shows an cxample of a neutron guide with low quality: the
case when 10% of the surface is macroscopically rough: the reflection law
according to fornula (9), A = 0.1,

Values were also obtained for the probabilities of different neutron
destinies during spreading along the neutron guides: the neutron loss in
the wall  wy, the probability of the neutron returning o the source -
wp, and the probability of the neutron arriving at the ex1t of the neutron
guide - w,.

Figure 1 shows the principle of method [24] proposed for storing UCN
in experimental volumes using pulse neutron sources with well separated
pulses (aperiodic pulse neutron sources, e.g., TRIGA type reactors). Dur-
ing the neutron pulse a high density of UCN is formed in the UCN con-
verter (1). After spreading of the UCN bunch over the neutron guide
(2) and partial storage in the experimenial chamber (3), the shutter (4)
located near the entrance window of the chamber is closed, UCN being
locked in the chamber. :

Fig.6 shows the normalized to one emitted neutron quantity of neu-
trons stored in the chamber for volumes V = 20l and 50! and different
lengths of the neutron guides: 6,12 and 18m as s function.of the time
interval after the nentron source pulge. It is seen that a significant part
of the emergent UCN quantity may be storcd using high quality neutron
guides, especially when using sufficiently short ones. For guides with
worse surface parameters, the quantities of stored UCN are proportxon-
ate {0 the corresponding arrival time data.

In this method, there is an interesting additional possibility to delib-
erately choose the spectrum of UCN stored in the chamber by varing the
moment of closing the shutter. It can be performed due to the fact that
UCN with greater velocitly arrive at the chamber earlier, and according
to (15) also leave it earlier. This is illustrated in fig.7 where the spec-
{ra) results of the Monte Carlo simulation of UCN storage are shown for
different moments of closing of the shutter.

9



Fig.1 The principal scheme of storage of UCN at a pulsc source:
1. UCN source
2. neutron guide

3. storage volume

4. UCN shutter

5

Fig.2 Configurations of the. neutron guides used in the Monte Carlo
simulations: a-straight, b-7/2-bent, c-S-shaped.

. 10
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['ig.3 Integral arrival time distributions for an ideal neutron gide
with a length of 6m without Iossea: -~

1.. monochromatic neutrons with velocny 6m/s along the tube axis,
straight nentron guide,

2. the same for 90°-hent neutron guide, rp =0, - -

3. Maxwellian spectrum, eq.(13), with angular distribution at the en-
-trance, eq.(12), siraight neutron guide,
4. the same for S-shaped neutron guide, rg = 0.

1.00

0735

0.50

Fig.4 Integral arrival time distributions for the straight neutron guide
with a length of 6m, nevtron Spectrum ¢q.(13) and entrance angular
distribution eq.(12): ‘

1. n=5-10"0 =30A, T=2504; w; = 0.11, w, = 0.52, w, = 0.37.

" 2. the same, but T = 5004; w; = 0.11, wp, = 0.56, w, = 0.33. |
" 3. the same, but T = 504, coincides with simulation according to
€q.(10) with A = 0.0124; w; = 0.10, wp = 0.16, w, = 0.74.

4‘.4d1ﬂ'use reﬂectlon accordmg to. eq. (9) with A = 0.1; w = 0. 16

-
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Fig.5 ‘I'he same as in figA but for the S-shaped neatron ;,mdo with ».
length of 6m, 7y = 2cm. :

1wy = 0.10, wy, = 0.67, w, = 0.34,
2. wy = 0,12, wy, = 0.60, w, = 0.28.
3, w =016, w, =0.11, we =0.74,
4, wy = 0.15, wy = 0,75, w, = 0.10,

05
04
03f
ozf

Al o

v 2 e 8 8 thsec

Fig,6 The time dependence of filling the storage volume with UCN
through straight ncutron guides with diffuse reflection according to”
eq.(10) with A = 0.0124,9 = 5-10~* 1, 2, 3 -- storage volume 20/,
lengths of the neutron guides are 6, 12 and 18m respectively; 4, 5 and
6 - storage volume 50l, lengths of neutron guides are 6, 12 and 18m,
respectively.
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Fig.7 The stored UCN spectra afier closing the shutter at different
moments (sec) after the neutron pulse: guide length is 6m, storage vol-
ume 201, diffuse reflection according to eq. (10) with A = 0.0124,n =
5.107, :

5 Conclusion

The results of the Monte Carlo simulation of the nonstationary transport
of UCN show that for neutron guides with realistic surface roughness, the
transmission through guides of practical length is quite acceptable and
there is almost no dependence on the radius of bending curvature of the
guides even at very small values of the radius. The calculations also show
that the storage of UCN using aperiodic pulse neutron sources may be
performed effectively with realistic guides.
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Tapeesa I.Q., Myautuca An.10., Nokorunosckuit 10. H E3-95-106
Mone.nnponaunc meronoM Moure-Kapno ‘ '
HECTALMOHAPHOIO TPAHCIIOPTA B rOPU3CHTAIbHEX HeliTpoHOBOAAX

M HAKOMJIEHHS B JIOBYIIKAX YJIbTPAXOJOAHLIX HEHTPOHOB

[peacrasieHnl pe3ynbraThl MogenupoBanus Metonom Moure-Kapno ne-
CTALMOHAPHOTO TPAHCIIOPTA YALTPAXOAOAHKX HeliTponos (Y XH) B npamonu-
HEAHBIX M KPUBOTHHCAHBIX HEATPOHOBOAAX NMPAMOYIrOAbHOIO ceHenus. Pacue-
TH NPOBEAEHBI B PA3JTNYHBIX NPEATIONOXEHHIX OTHOCHTEIBHO NOTEPh HEHTPO-
HOB TIPH OTPAXKEHMAX OT CTEHOK HEHTPOHOBOIOB ¥ O BEPOSITHOCTH U XapakTepe
nudxpy3Horo paccessumg Ha crenkax. [IposeneHo MonenpoBaHne HAKOMJIEHUS
VXH B 9kcnepuMeHTanbHBIX KaMepax B Cyyae MpUMEHeHHUs IS reHepaluu
YXH uMnyabcHuX H'ei‘n-pOHHhxx HCTOUHHUKOB — ANEPUOANYECKUX WIH TEepH-
OAMYECKHMX C MAJION YACTOTOMN MOBTOPEHUS MMILYJILCOB,

Pa6ora smncanena r JTa€opa~opnu HeirponHoit ¢pusuku um.U.M.Ppanka
OUdgUn.

Mpenpunr OGveAUHCHHONO HHCTUTYTA SACPHBIX Meaienosanuii. Hy6ua, 1995

Gareeva G.F., Muzychka Al.Yu., Pokotilovski Yu.N. E3-95-106
Monte-Carlo Simulation of Nonstationary Transport

of Ultracold Neutrons in Horizontal Neutron Guides

and the Storage of Ultracold Neutrons

The results are presented of a Monte-Carlo simulation of nonstationary
transport of ultracold neutrons (UCN) in straight and curved neutron guides
of rectangular cross section for different suppositions about losses
and the character of diffuse neutron scattering by imperfectly smooth reflecting
surfaces. The storage of UCN in experimental chambers is modelled for the case
of a low periodic or aperiodic pulse neutron source for production of UCN.

The investigation has been performed at the Frank Laboratory of Neutron
Physics, JINR. :

Preprint of the Joint Institute for Nuclear Research. Dubna, 1995
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