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.· ·1 Introduction 
f' ,,,. 

·Reflecting guide t~be~ [1, 2]:for channelling of slow neutrons from,a.neu-' 
'. tron· source to experimental installations ar~ now common facilities in. ·0 ~: 

Illa_ny_lab~rat?ries [3]~ The\transmittarice ~f the; ~eutron, guides is deter-. , 
mined by the reflecting proper~ies of the guide; surface:· th~ pr6bability 
of neutron loss (neutron capture a;nd inelastic scattering) and ·of non- . I· 
sp~cular reflection p~r,neutron encounter with the reflecting walls. No~-

;specul~ reflection/in the case pf UCN transport, in1tlie neutron guid~, 
.cause~ (besides the~ mentioned losses) a time delay· in. the· ne~tron arrival 
at the end cross section· of the guide' tube; · . ' ·, · .· · · · · 

The effect of the' iniperf~ctness ~f the guide ~alls on. the. transmission 
bf the~ina.l and cold neutrons through .the neutron' guides has been c~nsid- .. 

. · ·· ered in differ~nt p~blica.ti~ns [2], [4-13). In inost, the apprQach, especially __ ·· . 
I ', I ,' ,'. /" : ,/ .. ,' '\' '_' •• '. •• • • .'. ' -"_,,, __ ;:. .,< .. •,'' ·/ y .' •'; \ , : ;~ :· • J' 
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for thermal neutrons, is rather simplified: the neutron loss probability · 
... per' reflection .is. assumed t~ . be independ~nt. of the ne~tron ·-wave ·1~gth 

1t!}d glancing angle. to the. reflecting· plane below the critical angle. The 
' . . ; - ., ' ' ' ' ., 



'·· 

exit intensity· 1 in· this c'ase· contains the ,product of reflecti~ititi~s ·after . 
. , . ' • • . . I - . . . ·• • ' 

each particular reflection: J. = I0 •Rn, where Io is the neutron intensity at • 
.the ~ntr~nce to the neutron gui?~, ff is the mean reflection probability, 

. and n is the mean number of reflections along the peutron path .. The 
i. ·. ,, · · r . : 

last ;figure is .calculated from geometric considerations'. , For the c_alcula-
• tion of fl in [6; 7, 9] a more detailed and rig~rous ,treatment of the effect . 

. ·. , of ,surface roughness on the-'ang1Jlar distribution:of impe~ectly ~eflected 
cold neutrons was presented. , .. 

. : . The spreading of uqN: in neutron guid:S ·has some p~c.uliariiies. In 
the case of non-specular reflection; the neutron with ~ pr~bability- very 

·. near to unity, survives in ,the neutron guide, but~in.some cases may re-
; turn to 'theneutroii S()Urce: The PCN transmission-of neutronguidesbas 
'been me~ured ~n sev~ral works [14-17L ·and theoretical anaiysi'3 of the' 
.pr~blem was perfo:nned in [14], [18-20]. Usually, the analysis was JI1ad~ · 
in the frame of on~ dimensional diffusion theoi-y i~ the ~ne-velocity ap- , .. · . 
proxmi:~tion or in supposition that the refl~cted ~ntensity is a ~u~ of the > . 

specular 'and· diffuse .components. with C()rresponding,\Veights'. In· [18~21] . , 
'the Monte. Carh com,putations were ~erformel:for the: transmi~ion of. ' 
UCN through neutron guides.',. . . . . ... . . .· . , . . . . , 

· · The noristationary sp;eading ()fUCN jn ne,uiron guides ~as observed 
. jn .two experiments., ,flobson· [22] measured ,the ~ime decaf ofU<JN in~ 

tensity at,the end ofa 5m neutron guide •aftei a sharp shut down ()f the 
.. i-eactor. Frnm the d~cay ti~e.(~ ,2aec) it was ~oncl~ded that th~'.prC>~i 
• 'ability. of ·a difl'llse reflection 'pe{ ~nc~µnter.did rot exceed' 10%: In t~e 
,, experiment [16] thf time dep~ndence of. PCNin~ensity/W88 IDeasured iit 

. ·.:. t~e end of~ stainl$S steela~d-glas~ 11,eutrong~i~es after. the'sh~JtOpen:.' 
. , ing of the shutter locat~d between ,t~e ~etecfor and the UpN source. Th~ \ 

• qualitative inte:rpretation of the'experiment [1'6] \Yas pr~~~1,1ted in [23] in ... 
the frame of.the one velocity diffusion approximation and oii this gi-ourtd;. 
the ~bserved peak in th~ ·~easured time distribution. ~i3s e~~lained> For 

\ , ,',, "'. '' ', . .'' , .. ', ·, , .' . •', '. ••, ,. I·• 'I • 

a more realistic 'quantitative description ofthe nonstationary transport· 
of UCN, }h.is type of~pproxilllation is not valid> ::' i.:: . :, . ·. ,· ; ' , .. 

. , Domputer simulation 'of nonstati6nary transport may be int'erestirig 
I , ;• • • ,' ' • ':• .C 1-' ', ' ' ' • ' ~ ; \ •• ,\ t' ' •• • ; ~ : • 

I 
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from two points of view.;First, analysis.of the exper~ent~l,arr.ival. time 
cdistributioris; when.short btinches of UCN are injected at the entrance of· 
the neutron guide, can help in extracting the p~rameters of t}ie'w~l SU~

', face (probabilities of specular and. diffuse reflection and.· neutron ·10s~ per 
. coBision, and p~ssibly the.characteristics of diffuse reflection) more un- '. 
· ambigously .·than from mere stationa:ry -transmission ~e~ui-ements: Sec., · · 
ond, this .analysis· i; useful ·for realizing the recently proposed ·rnethod · 
[24] of UCN ~torag~ using low repetition pulse neutron· so~rces for their 
prod'u·ction. - . . 

2 

,. 
'' 

:E\a~t~clsca_ttering_of, 1/CN1
· ffqm roµgh,, 

surface~ ·,_ . ,. ' -<· ,•' 
. ' ' - . . . ' 

. . -. •., . <. ! --,. ,-· • • •• , "' '_'1 I ·. a"•' ·1 . . - '. • 

' . The,reflection.ofslow neutrons by rough 'surfaces.has .been studied the- ; 
oretically ~nd experimentally ,in· the last two decades. 'It :was c~nceded \ 

· that,· iri geriera:1, the reflected i~tensity ~~nsi~ts of ·twC>,parts: ·· sp~c~la/ 
. . . . . . :. ,,. •· . ',·, . ' ' - ·. ''j . 

.and diffuse,· the last component having an anguJar distribution, depend.: 
ing on the :s~:rf~e properties/ It )s evident th~t the t~k of predi~ting 
, an. ~~act: reflection· law, without/ having complete informati~n about ~lie 
·r~ughness. of.the.' reflectingisurface, is· impr~ticable~ ';r',hei-~fore,··usually · 

' , some approximations are ma.de rega,;di~g the general character. of ~urface 
.rnugliness, ~hich ;describ~ the. irregular .. de.viaticms.of th~•surface.from , . 
tlie)de~lplane.by th~ a:~toc'o~relation functi(?~: I .. · ... ,:, ·., I . , .. , ', ,. 

or.'by.th·e 'runciio~:c~nnected with it: 

:, 1(s>'~Je(1> •• ~(p'.')) ~}~·~Le(() • e(il~,l)~ il'. · 
·, 
,\ ·-

I ..... ·,,<: ~ , ,-. .•. _r, ,. / < 1 , '. • ·, 1 .' ·_., 

· n(s> = ([e(J1f:;- e<J1')]2> = 2. [(e2(n) :-' J(s)J. (2) 
:, • •/: o•:, 1( • ' \• / '~•, > • ':,:. \ •, • • \ • ',. / • 

This correlation· function represents the statistical characteristics of · ·· · 
• ,· 1~ . ' - . ~ , . ' . . . ... .' '.' • ' ·,, ' ·-. . ,,. . ' 

the random function {(S)-deviation in the height of the surface at coor-. 
1dinate 'pfrom_the me~yalu~ ({(p)} ==~0. . 1 . . . . ., . . _ /' , · 

The mos~ naturalform of /(8) is: . .. ; 
' ' . ,., ,'. 

/(S) =u2 
• ezp(2s7·/~), 
'' -

..:, ,.._ 

' 
\ 
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. wh~re · u =· (e)lff ~d T ·are the mean' squar~ amplitude and the ~or;e- · 
}a.tion.length, respectively. The lBBt. v.alue characteriz~s. the me~n squ~re 

, , , • · I 1 • ~ , • • / • • • 

slope'of roughness: _a= 2 · <1/T. _ . . _ . J ., 

' ·. Sever~l auth'ars have used this d,escriptionof su'rface rough~kss for cal
. culating (inthe simple or:distortedw~ve Boni approximation~) the .prob

ability o(specular and diffuse reflections and of the diffu~ively scattered 
• i r 

. - . '·. - , . . '1 .. · 
· intensity as a function of the.wave vector. transfer (qz, qp)• These results· 

. I'. • . . . . ., . ' . . . 

(see.[25; 26] and refere1;1ces therein) are:applicable':when: 1) Qz ?.: 2kb; 
,l\.'here kb= (41rNb)l/2 is the boundary wave-vector of the surface mate
rial:. the ~~~e vector of the neutrnufor which.the critical glancing ~ngle · 
~f total reflection is•equal to 1r /2, and. 2) .the difference from imity ofthe. 

, ref~activ~· index n :or the 'refl~cting 'medium:: 1.~ Ji,~.· bN/2~k2 i;, a ;very -
·. small quantity; e.g., · J.. hen . the· total ·reflecti~n from the. srirface is weak. 

• ·1
1

, ,; \ , ,\, '. · • , · I ,, .. ' . ,. \ • , ., .·, , ·, 

He~e k i~. the wave vector of the neutron, bis the scattering length <>f 
<,the atoms'of the'-m~dium,·and N ·is atomic density ~f themediurn. Th~ -
' for~ulas obtained in these works ~re appropriate .for interpreting 'ty~ 

- . ! ' . ·.,, < \ '• ,.: ,·','. ; ' ·• .' ' ' . ' ",' ,.. - , ''... 1, -, - .. . • 

.· 1cal reflectometn~ experiments ~1t,h' thermal .and cold neutrons1 where · 
. the information .about' surface characteristics i~ obtained from 'ari~ly~is 
' of specular reflectivity curves M ~fundtion bf:transferred:momentlini at 

large 'qz' and , low.: reflectivity.'' They a'.re n~t appr~priate. for; describing 
UCN ieflection', wh~n 'the probability. of refl~.ction is' n~~r ~nity: Steyerl. 
[6]. andfgnatovich ;[8).apprClached.the,proble~ of UCRrefl~dion from a 
rough surface using .the. Green function method. They obtained coiil~i- _ii, 

dent results for the c'ase of mi~ro-ro'ughne~s:' kz,{~ 1, which is i;teresiing, , 
. foi 'the reflection of· U CN fro in· high. qua:lity. ~ir;or s~rfaces. ,Their result , · 

' •• "'· ,.,.. ,, ' .-· ••• '., : » ' - j , .. ·,. ', ''',· f\ .•' 

for the.wave vector.transfer dependence of diffuse refle'ctioll probability •, 
has the•forin: · · , · · · · · ' · · · · · , · .· · 

, : : . " ," ', , • : , , , ' ,, e; . !. ' ' ", i _'' }, \ • ' • ,_. \ ' , , .:. ~' ..... \ •, ' / • 

. I . ·(·~.·n)' :._ .!_k\· ... :o··: . . ,·. 29.·· ·2 .. •T··2,' ·.·.·(_0(ku·.'7kou)2·~)· .. (4) 
,Wd,r. Ho 1 H - .COB ,0 COB <T . e;cp , . , .· . . 1 .. •. , ·. 

' •,. ·1r. . . . ' '., ': .. ·. ' ' ··: ,.' .... 4· : -
'.-~• ', I /•' ,: ~.._,·\ -~••, ~' • ,' './_, '; • •• ' '· :,•:,•· ' •;,,,,.., ' 

' ,t·1·. 

'' 

•· .. '[ .. · . 
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He;e f o a1id 0,. <po a~d ef, ar~ the polar and azimuth a~1gles of the incident to 

' the surface normal anc!' rtflected neutrons, 'n;spe~tively. 'This expression 
has. some i111portant .features: de~reasing of the probability of diffuse 
reflection w~th 00 '--+ 1r /2, a fulfilment of the require~e~t of the' detaHe~ 
balance p~inciple, expr~ssed in the term COB

2 0 [1s; 28],_and concentration· 
of the diffusively scatter~d intensity.around.the specular.solid angle (0, tf,). 

/ ..•.. ]nteg;ating ,( ,i) over' n gives the total'probability of diffuse reflection: 
< • ;, •• -.- f - -" • - ,. ' '·. , _,, i :··, • .. ,,__. ·; .. ' ' ,-" ~ 

For' 

. -~ =.f -w~.r_.(Oo;H)dO. · . ;' (6) 
. -:;" -- . - ' ·~ , . 

..; 
,,, 

i=21r/k~soo°A(v~5m/B)1 • q.~2-sA; 
.. , T ~ 500-.A, :.00 ~ 1r/4, , -~ ~-0.1. 

·-
(7) 

Exp~es~ion (4). w~ .used t~ des~ribe the tr~s!Ili~ion of cold neutfons 
through a neutron guide- in [71 9] and of UCN _in [19], and w~ experi-: 
~en tally yerified · [io] by the measurement•, of t~i angular <!istribution of·. 

· cold neutrons emerging from:straight·neutron guides.made ofple:riglas 
• .. -· • ·.. . I . , . . . . . ' . 

<..and glass-panes ~· both with 0.2µm evaporated Ni. ; . - ' , .•. · · 
,, . , ;. 1, ·.' 

• ' , : < .... • ' 

: '- - -,: . . . • I , ·. ·•. ,. . 1· , • , 

- 3' ... Me~hod of sirinilating the transport. ~nd 
,.. ·- . : . .' ' •. - ... \' _. ' ., . . . ··•., ·_ - . ; . . -

_storage of.U:CN- · 
,.- \ 

Expressio~. ( 4) is appli~~ble only 'for , very·~~~oth: s~faces. N <> 'good 
C simple theo~y exists fora: description of diffuse scattering'fro~ a ro~gh - -
, surface, when k<1 ~ 1, which is convenient for Monte C~lo simulation of. 
.nonspecularreflectioll. It is kno~u [27], that the probability of specular 
~ :reflection fr~in a rough ·surface is: ' · · · 

·". 

where k isthewave vector,of the incident'(and reflected) ne~tron, kuo 
an_d 'kn ai:e the parallel to. the surface' plan~ ~om~on~nts of incident and 

· sca.ttered:wav~ vectors, respectiv~ly;·so that · .. . ·' 
·.i· :- . 

,1 

w(Oo}= e:cp(-2k2 
• ~

2
: cos~00 ) . ' (8): 

-· :a11d is small except at very .small glancing incident angles (00 ~ i/2).: We 
~sed-a simple modelof diffuse reflection for this case_ - isotropic diffuse . ' ' ' '/,' ' 

'\, .·1 

_,. , ( _,. ·, ". ; r, • '', ·:: • _' :, • ' .\ .· .. .• , : , , • ,' ; ... ·, 

_ (k11 ,.;. .ku0)2 = k2 (Bfo200 +Bifi20-:-: 2~·inO \'BinOo· ~oB(tf, -tf,o)). '; ·· (5). 
, ,, ,-_ f ' • ' ~'' • ' • • '· \ ·, ! ' • , • 

\ 

reflection.:..:, when.the a~g,ilar distribution has the form: . •· 
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_., dwd.r; .; i!!. · cosO · dO, (9) 
and also a ~ore realistic kind of diffuse_refl~~tion,: 

dwd.;. = d : cos00 • cos~O · dO. - (lo) 

- / The"clistribution (9) may a.pproxi1~a.t,cly. corrc~po11d to a ma~ro~t~Op-' . 
" ically very -ro~gh s1iiface, when. the r~ffoction !),ngle does not, dcpe~d ~HI- . 

wave leiigth nor_ inciclent ~ngle onhe neutron -( except at _small gra;ing - . 
~ngles; when the.';reflected intensity is not syi11metrical wit1~·respectto 

.- the surface normal). The oistributiou (10) it:!the.}imiting_caseof (4) when. 
(k11-ko11)2·'!2/4<._Lin this_caseLi=k

40 ·u2 -'I'1-/~; · · >. . -- _ 
Neithei- of these cases give the predominant diffusively reflected -in

tensity ~ou·nd the specular angle ( which ·takes place in our example (7); 
, where the angular w1dth 9f this angular distribution concentrat~d-arnund: < 

- the specular reflection is ~ 004); Therefore, we expect th'atthe result.a of 
the siinulation of n~~sta.tfonary hanspo;t for. this choice -of· the. angular • 
distribution ~f UQN after reflection will de1uonstrate larger tinie delays 

< ~ ~nd neutro11losses·than_ in the case (4) at the s·a~neyalues Of tc>l~l-diffus~ 
scattering probability~ - ·- _ __ ___ · '· - _- _ 

--- -Tw~ kincis ~f angula/distribution· of {ie~ti-ons at the ·entrancc·apper-
-ture _of the neutrpn guide _were .ch.os~n: isotropic . -. - - , - . . -

·dw. ~_dO, • _ · ._ (1,1) ,_ -

.. whf~h correspo~ds Jo a [bin (transpare~t 'to. UCij)voluminous 1ieut~on. 
C souice wi~h re-fleeting walls,>and a _m~rerealistic'.cosme di~tribution .. 

div. ~ Joi0dn, '1"' , (12) 

whic]i corresponds f,() a ~urface or thick voluminous UCN source. .;.c_ 

. -· · With ~ neutron guid~ a.ssumed -to be horizontal and having a'.·rectan
gular cross sectio~ -(6_ x 8cm), and a length L = 6m, th~ ~etitron spectruin -
usuallyh~ th~-form· - - -· -- - ' -- -- · 

. , ' - . -~ 

/(~) ~- 3v2 /( v~b - 1vfb), . -if . !'lb ~ v <:v-ii; 
·!(~) =O, "~iC:v<v;i, or-':'.'~-> v.ii,: 

...-

---

-~: .. (13) 

I -

-_t,_' r 
'I -

_,, 

,. 1 
I, 

/, ·1 

,/--;~ 

I 

--... 

It corresponds t.o•t,he hegiirning c1f the Maxwellian spectrum·with a lower 
hou~1daryv;1, and an upper_bo~ndary V2bj vii>'=:==' 320cm/s -)or a'possible 
aluminium wind.ow membrane of the _U ON ·source, 112b = 600cm/ s.'-. coin:-; 
.ciclcs with the boundary velocity ·vb ofthe ileutron guide -(~.g.,.~tainl~ss · 
s'tcd)::.The sprc~ing through neutron guides of neutro~s'withvclocities 
greater than the bou{1dary -velocity qf ih~- guid;'s su~face is not~consid.:. 
~.red in tl~is papt<)r.: dur 11,1ain interest here is the simulation of t·iai1sport 
of lJON th'at. can· be stored in materi~l bottles.. . . - -· - . 

.- Losses ofUCN. due to capt.ui-e a::nd inelasti~ scatt:ering are described_ 
by the e~rr;ssion: -- - . - , -

• ~ '' '-,- < 

j _'µ( v, Of::=2'!v: :;·~o/✓l-~{ v ·-:~s0) 2 •. (14) 

Jlc~e'. 0 is _ the, -i~~ident ~-ngl~. to -- the .· surfo~e .I norin;l, 11 

-- Im b/He h; ·Im b = (u~ + d;,.)/2>.,· a.:, and U,n are the captiir~' aud'the 
I_-_· iHelasti(\ cross sect:iom;,. rcspedively.· In cak~latioi1s WC t~ok.:17 ~-5 . 10-4

; 

i 
I· 
1 

.. 7rhis vainc is approximately twice a.s la~gc\ ~ the theoretical 11 for nickel 
·or st~inless steel. . . . ' - --- . ~- • . , , , , _ _ - > - - '. . 

\' 

.I 
. I 

.. ··~1-
-. 

l _ -. 
I 
I 

1'he orde~ of S
0

imulatihn i>f the. ucN trajectories was the fol16w1ni;? ·at 
. .. - ,. . - I - ·- -- •· -·-. . - --

-. the:begiiming, the point oftne UCN,emergence (at,'the.moment t =-0) 
in_to th~ neutron guid~ was dfawnwith equal probability· on• tlie entrance 

. cr~s8 section of the neutron guide, velocity ~~ordipg to ( 13) a_nd angle oL - . 
e1i1ergence a<.'.C,O;ding t~ (11) or(l2f At the next st.age,. the intersection . 

--plane wasJound -and thea11gles of. incidence, the intersection ·point cooi:- -
dinates; the length of th~ 'free flight_ and -ti111e of fligl1t, after wlii~h the 
verification was perform~d of whether 'the neutron was, captur~cl''accord.:. 

- .irig to (14) .. If the neutron ~urvived then\ve~1ficati<?n-~as:mll.de about 
. the type of reflection: specular, or diffuse, The -correspondin'g angles of '. 
diffuse s~attcring wer~ drawn a~rording 'toc(4), (9) or (10) arid the ;ycl~ C 

'~as repeated. 'l'he history of_ the neutroi1 w~ set ·aij finished' if it \_YBS 

captured or its trij,j~ctory -intersected the entrance or exit crosf section 
of the n~utron guide.' The riumb~r of neutrori·s for- e~h destiny' variant . 
· a~d t.he·total tinie of t~avel for every neutron reaching t-h~ exit appert~{~ 

'. - . .· '· ·,""-,. \· . _,_ . ··- . ',· '"- / were summed.- . ·,- - :_ :· . - -- \., - - ' -. 

' For -the simulation_ of the _s.for~.ge· of. UC~ in. ex~eriment~l _volumes at:.' 
the end of the neutron.guide (fig.1 ), it was supposed that. the life time of· . 

• • • ·• 1 ' ",.. • , ( 

-, 
•,:_ ,, . 

_7 
'· 

,, 



·' -~ 

_·th~ neutr~n.in thc•storage chamber-can _be•writ!~1i_&i 

r =-4V/sv, .· (15) 

: where Vis the volm~e·of tl1e storage cham·b-~r, sis ~he areaof the e1itrance 
window and-v is the neutron velocity. It was suppos·ed that a neutron·· . 
leaving the storage vol~me through the _entr~~ce· window does {10t ret~m 

· to the chamberfron~ the neutr6n guide. tfhis simplification leads to some. 
~nderest11natio~1 of the qu~ntity of stored neutrons .. · · · 

, ~ . ' ' 

, /·• 

4 . · Results of _calculations 

Three ·configurations of ~e'utron guides. were used for the co~puter ~im.:: 
. ulation: straight~ 1r/2 _-. ben(and S -· shaped: (fig.2). T~e. f~rms of the 

.. benfr.neutron' guides were choJen from practical deniands: the~e aresou'-ie 
. adva~tages in- bending neutron guides 'to a small radius. ~f curvature :c-·, 
th~ possibility 6f usin'g short guid~s and I~oderafo radi~tion shielding., ... 

"> Saine ~esults ~f calculations are shown in figs.3-5.· An the calculatiomL . 
· a~;. b~e_d on ~ot less _than ·1,oooh!.stories for e~h case of cai~ulation-of · 
··the arriva:l-timedistribution. (up tol0,000 h_is!ories_in soine cases): The, 
curv~sshow j.h~ iutegrala'.rrival time distributions:-. quantity of lle\Itrons, 
~o~malized to_one neutron,em~rgi~g·i11t~'thc_i1eutron guide arid arriving 

" at the end of the i1~utron g~1ide before the ri10ment t. 
-. For mo~ocltrouiati2, aud -mouodirectiQnal in corning· ne_utrons, · .the'
change 1"n the arriv,altirne distrib11ti01ds ca1ised by th~ tra1;sforinat.i~~ of 
the longitur!!na.l compc'ment of the :velocity into at.rans~~rs/one ( curves 
1 a~d 2 iii fig.3); i1~ the S-~haped guide sti£h 1~mtual tra1isformati01;~takes 

· .place i.~i~e. ·For the cosine incoming angulardistribtitiori,.this differe!1c'e 
in the arri,val time di~tributi~n i~ _noticeable only at "the bcginui~g of 
the c'ur;e, b~t in genernl, the effec(of the delay for the beiit guides in 

. ~ comparisgn to th~ straight o-nes is smo~lied ou_t.' E_ven' the very sharp 
- bending.of the neutron guide,when .the internal (but n~Ctht{external!) 

radius of c:urvatu~e is r0 = o, the ~ffe~t ?f bending _is 11ot-~ery significant. 
. At r0 > .30~m thJre is nooiff~encein any of the-a:i-rivai time distributions .. 
from the res~lts for ,the Str~ight neutio11 guide (for the-cosin~ primary · 

· 'angu,lar distri!>ution ): -:- . . . - - . . .. - .. \ '. .... ·:c;, 

;,/ ,I/ 

\I\' 

- IJ. 
' 

J, 
_; J( 

l 
. I t. 
<I 

Imperfectness of tlie neutro11 guide de~re-ases the arrival rate-~ well as, . 
the overall quanti_ty,of.the arrived neutrnns (~lmost proportionaily)~_The 
considered roughness paiam~t~rs a. = 30A, T =-·250A or sooA :_are quite 
realistic [6; 7]. for polished met~l surfa:ces> Rapid progress in the-surface 

: quality'of 1~eutrnn' g~ides· has been· obs_erv·ed in recent years [3] and.it is -
. possibl~ to have neutron guides ~ith better characteristics. Curve 4 jn ' 
figs .. 3 and 4;shows· a~1/exa~ple of~ neutr~ri guide with lo~ quality: the ... 
. case wheri • 10% of the SU rf ~ce is macroscopically rough: the reflection· 1~w · . 
. ~.ccording to formula (9), A= 0.1. ·.· · · · · ·. ' · . : .. .. • . · ' ~ ·· ' -

.Values w~ie alilo obtained for the probabilities of different· neutron 
. . :destinies dufing. spr~ading:afongth~ neutro~ guid~s: theneutron loss i~ 

the w~ll- _ w1, the' probability of the neutron returning to the source-:: 
tlJb, and'the probability Mtheneuti-on afriving at the exit ofthe neutron 

guide c- Ula, . . . . .. . •· .,. . . . . .. •. . .. 

· . ". ~- · Figure 1 _ Hliows .the, 'principle of method [24] proposed for .f3toring UCN 
: in experimental volu~es u~ing pulse neutron sources wit.h .weU separated ' 
puises (a.periodi~ puls~ ~-eutronsources; e.g.;TRIGA type reactors), 'Dur'." . 

. irig the ne.utr01i pul;e a high d·ensity of UCN is formed in the~'UCN;cori.: ,, ' 
verter'.(1): After 'spreading '.ofJhe ·UCN .·bu~ch ·_o;er the" rieu~ron -guide· 
. ( 2) ~nd 'partial ;torage in, th_e experi~entaI, _chamber (3 ), . the 'shli tter (4) 

/ focatcd near• ~heie11trance wi_ndow of the chamber. is. ~los~, UCN being 
locked -in the chamber: ' . . . . -~ '.. . ' . < . . . . -

· Fig.6 shows the ~-ormalized to" one"emitted ii"eutron· qli~~tity of 'neii- . 
·tro~s.stor~cl i~ the chamb~r for .volumes V = 201 and 501.and-•different 
· lengths ~f the.neut~on. guides: 6, 12 and 18~ :as a f~nction of theJime 

-~ interval after the neutr~:m· source p~lst It is seen ·thaJ a significan( part· · 
- _of _the emergent· UCNqua.ntity may'be stored. using·high"'quality neutron 

• guides, ,~~pedally when, usi'ug suffici~ntly · short 9~e~'. ·. For guides with 
_ · '.'.~-worse surfact: pai~meters, thequantities ofstored U:CN are.proport.ion-
.... ate to the ~orrespo~d,ing ar~ival time data. . . . . . . .. ._ 

! -,, 
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, ' 
'd 

\t 
I 

·_.·Inthis'meth~d, ih~re is ·an_inteiesting additional· possibility to delio-
.. erately choose-the spectruin of UCN stored in the chamber by "varinftlie 
. moment of closing- the~ shutter., It c~n be ·perfornied · due to the fact that.· 

/ . . . . . ", . .. . •,.. . . " . . . . .. •'. . ~.. . _.,. 
:···_.UCN,with greater veJocity-.arrive·at the chamber.earlier, and_ according .. 
. 'to (15) also .leave it earlier. ~Thi~ 'is~illusti'ated 'in ·fig:7 where th~ ;sp~C-: :· 

tral results ·of}he 'Morit~ _Carlo simulation .~fUCN _storage are shO\'Vn fo?·.,
different. IDO_m~nts of closing of !he shutter. . . . 
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_Fig.1 The principal schc~e-of storag~ of UCN.~t-~- p1ilsc spurcc~ 

L ,UCN source · 

2: neut~on guide -: 

3;. sto~age volume . 

_-4_ UCN shutter 
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Fig.2. Config~rati~ns
1

6f the· neutron.· guide~ used in tl~; Monte Carlo 
simulation~: _a~traight,_i;?r/2~bent, c-S~shaped .. 
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Fig.3 Integrar arrivalti,~e~ di~tributions for/ an 'ideal 1ieutron guide 
with_ a.:lei1g~h · of 6,:,, ,withouUosscs: / 

1. mono~luomatic neutr'ons ~ith velocity 6~/ s '~l~~g-the tube axis, 

,. 

straight, neut:r~>Ii' guide: . . - . . . . . 

2. the sa1ne foi_90°,-bent· neutron guid~, r0 = 0,. 
,· . \ - ' ··- , . . - '" . .. . ' ' . ~ - - .' ;_ :, _. - - ' 

· 3: Maxwelli~nspedrum, eq;(l3), with angular distriliution at the en-
_trance, eq.(12); straight neutronguide,. . . 

. 4. thb same for S-shaped neutron guide, roi:== 0.' 
' ,. ' . . .- -

- . F . 
1.00 _:._·_.:.;...~_;,,_,.----•_..,...,~_-_,....,I---, 

i 

:..~-----:-I -~~::---~-~----! £--·--~ - . r . ] t(s) : 
1.0 . ·2.0 :· 4.0 . 6.0 :. . 8.0 ,10.0 . 

- FigA Integral arri~al tii~e- distributionsf~r tbestr~ight neutron guide,, 
with a-length ~f-~m, neutronsp~ctrurn _cq.(13) and\enfrance angular · 
distribution eg.(12): . · 

·. · 1. ·,,= 5 ~- 10~\ u ~ :ioA,· T =•;50X; wr == o.11;wb .=. 0.52, wi·~ 0.37. 

·2-:--.the same, but T.·= 500A; Wj ~ o..u: Wb = o:ss,: w~ = 0.33: . ·. 
·3. the same,. but t -~ 50A, . coiiicides with simul~tion according to'. 

eq'.(10) with a·~ 0.0124; wr ~ 0:10,~~~ = o:16: ~a =0.74:_ 
' . ~ ' , . . . . 

· · 4. diffuse'. reflectio_n · according - with a = o:i; 
-~ wb ~ 0:13; w~ ~ o: n. 
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. Fig.fi:l'l;e s'h1~c ~;, in fig.4 but. fo/thc.s.:;~hapcd 11cutron guide with a 
length of f>m, r0 ;:::: 2cm. · · · , : ./ 

,. . / ' 

1. W/ = ().10, tllb = 0.5J, tUa ::::: 0;!~!( 
'., 

! , ' - . 

2 . . W/ = 0.12, tub= 0.60; Wa = 0~28: 
i' 

3. wi= 0.16; tl!b = 0.11, w~'.:::: 0'.73. 

4. w1::;; 0.15, tub= o.ii,~~~ = o~io. 
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Fig.6 The • time dependence of filling. th~ storage .vohinie with, U CN : .. 
. _through ~traight ueu tron : guides with diffuse. reflection accmdiug to 
eq.(10) with ~ = 0.0124, 1J .=:d. 5 :,19::.4:,i, 2, 3 '-·storage vohime 201,_ 

· __ lengths.of the·n~utron guides are 6, ··12 and 18m respectively;4, 5 a!J.d 
6 :- . sto~age volume 501, lengths of neut;~n guides are 6,' 12. and 18m, 
r_;spe~tively. -- . . .. . . . 
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Fig. 7 The sto~ed UCN spectra· after closing ,the· shutter\at ·· different 
. monients .. (sec) after the·neutron p~lse: guide length is ~m, 1:1torag~ vol.: 

um~ ~0l, 'diffuse reflectfouaccording to eq., (10) with ~ ~ 0.0124, ,j = 1 
5'.;\10-\.',, ,•' . . • I ', . ' . ' 
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./.,5 Co:nclu~ion 
) 

,The results of the Mo~te>Cado si~ulation of th~ non,;~ati~nary transport. 
·of UpN s~~~ that, for, ~e~ tron guides with fealistic surface roughness, the 

, _ ,t,ra~~missio~ ~hrorigh, guides of practical length is qu~te acceptable and , · 
t.he~e·is almost no dependence ori thC radiu~ of herding curvature of the•· 
guides ~ven at very smJII values of the radius; The calculations _also show : 
th~t. the storage of UON usiiig ~aperiodic pulse neutron sourc~ may be' 

·:-perfo~med effectiv~ly.with.realistic guides: , . ·.. . -~· . . . · .•. 
. ' ' . , ', I,.\. 
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