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‘Monte' Carlo S|mulatlon of the Nonstatlonary Transport S
of Very Cold and Ultracold Neutrons i in Vert|cal Neutron Guldes L

and the Storage of Ultracold Neutrons A

z~The results are presented of a Monte Carlo s1mulatlon of the‘ transport of very
cold (VCN) and .ultracold neutrons (UCN). in stralght and curved vertlcal neutron
gurdes with .a rectangular cross - section ‘in : ithe - presence | of: neutron losses. due
‘to_neutron capture and dlffuse scatter1ng on. 1mperfectly smooth reflecting surface
“of - the guides wall.: The gravrtatlonal neutron deccelatlon and bending of neutron
tra]ectorles is taken into” account rlgorously The nonstatlonary storage of - UCN
in experrmental chambers is modelled for a low perlodlc or aperlodrc pulse neutron
Source. Ao e )"~ . . v R ) ’ 3 B

. ,‘The 1nvest1gat|on has been performed at the Frank Laboratory of Neutron
Physrcs .llNR“‘ B T i :
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Introductlon i

B In our prev1ous artlcle [1] we cons1dered the nonstat1onary UCN -
’ .transport in horizontal neutron gu1des Somet1mes the vertlcal;
arrangement of neutron gu1des for UCN extract1ng is ‘more con- , :
: venient or even poss1ble in'view of some pecul1ar1t1es of reactorl I [
“In the vertical _arrangement the energy of neu- = f:
" troms ex1tt1ng from the moderator is. h1gher than the1r energyf" e
. i‘;durmg storage in expenmental chamber _
itron transmission through membranes of the cooled moderatorfl o
- due to lower capture and scattermg cross sections, and permits
 touse the most prom1s1ng moderators for UCN product1on Wlthlﬁ" o
“high boundary energy, such as l1qu1d [2] or SOlld deutenum (8or =
; deutereuted methane Both UCN sources currently in operatlon
L ILL [4] and SPNPI (Gatchma) 5], have vertical neutron guides.
~On the other hand however the vert1cal arrangement of channels s
- for: UCN extractmg leads to larger neutron losses due to larger_l;]_,: £
L 'probablhtles of neutron dxﬁ'use scatterxng and capture at neutron e
L | eﬂect1on from the guide: walls In the: vert1cal arrangement thel DERE
. VCN transport in the. grav1tat1onal field has' different spectraljx”? 3 .
: }_'and t1me character1st1cs ‘of neutron arrlval d1str1but10n follow-;i B
. ing a reactor pulse from the hor1zontal case. D1ﬁ'erence in arrlval R
L time d1str1but10ns leads to dxﬁ'erent from the horlzontal case UCN;;' - i';: o
: 'Qustorage character1st1cs 1mportant for the’ realuat1on of the non-
':‘J‘v’;,statlonary UCN storage. through neutron gu1des us1ng a pulsed’i.
neutron: source with" pulses well: separated in time: [6] _
S ‘Carlo s1mulat1on of the nonstatlonary VCN and’ UCN transporty’::. 5
in straxght and curved vertical neutron guldes w1th reallstlc sur-
i face roughness reveals some. 1nterest1ng features of transrmss1on,

construct1on

It leads to better neu-

N

: 1The term UCN refers to neutrons stored in experlmental chambers and gt
o hav1ng energres below the boundary energy of the chamber, E';, ~ 200meV; oo
. 'VCN, starting from the moderator_and then durlng transport deCceleratlng' L

k ‘, 'to the UCN energy range have greater energres E

Monte:

of neutrons w1th d1ﬁ'erent energ1es and of nonstatlonary storage
and can be used to choose the best channel conﬁguratmn

2 Method of 51mulat1ng the trans-‘
port and storage of UCN

vae neutron guxde conﬁgurat1ons are shown in ﬁg 1. These con— o
& ﬁguratrons ‘were - chosen for'a prototype of the UCN source at
s the TRIGA type pulse reactor All gu1des have rectangular cross
sect1ons (6% 6em). L : sj«
i In all calculatrons the pr1mary VCN angular d1str1but1on has 5 ?,fl

. fdw(Q) ~c039 dQ

N 'where 9 is the VCN momentum polar angle relatlve to an ax1s
{_;normal to the entrance wmdow of the neutron guide. ;
The angular d1str1butxon of UCN elast1cally reﬂected from‘, he: -
guide 1nternal Surface is assumed to cons1st of two parts specular
andd1ffuse T A o e L B
, For the: case of a surface W1th Very low roughness the angular :
fd1str1butxon ‘of & dlﬁ'uswely reﬂected neutrons ‘Was: denved in [7], -
where the:neutron momentum transfer dependence of athe dlffuse :

’“' 'lswo)lz IS'(o')P F(n),, ,

: g-fOI’ 6082(0’) k/2 > kb i
o col0) K<,
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for the dlf’fuse neutron scattermg mto th? ‘wall( B UCN losses due to capture and 1nelast1c sca*termg are de-t_ﬁ-',

In these formulas . ‘ - } FE scrlbed by the e)rpressxon o i
e 20059 R e ey
() | coso+(cas29 kz/v)w’ S e u(k o)—znk 0/ \[ l c"“’. *"“:(10)‘:-."
E \ 26030' o l T - ,

S'( ) = = > L o T :;f ) Here 9 is the 1nc1dent angle to the surface normal loss coefﬁc1ent e
| o 1 cosG' + (cos 6+ k /k12)1/2 2 ARl e Im b/Re b, Im b= (o, +a,,,)/2A o and o5, aré the i
In these express1ons ks the wave vector of 1n01dent (and' LT if”"if"";f ture and the 1nelast1c cross sections, respectxvely In calculat1onsf' L
reﬁected away from the. Wall) neutrons, k' is the wave vector of “we take . =5-10"*. This value is apprommately twice as large
dn‘fuswely scattered neutron 1nsxde the wall characterlzed by the» as the theoretlcal value of n for n1ckel or sta1nless steel i
boundary ‘wave vector k. s : ’ Neutrons thh energles hxgher than the boundary energy of
: ' the 1nternal surface matenal of the gulde have the pos51b1l1ty to{j'rf-,; :
penetrate the’ bulk materxal - the main- phenomenon w1th;'},_
‘,’,: \ whlch the loss process works The neutron reﬂectlon proba— s
1 : , bxllty 1n thxs case has the form _' : ‘ S )

i F{n) £>02T2/27r e:z:p( n2T2/2)

2, . |0)2 el

| Heredyund 6;¢~“<£o‘féf§1_d?kﬁfé‘re:t'héf'bdllafgahd :azimu’th‘;ahglés,oif“m‘c? ,
\ dent to the surface normal and reﬂected neutrons, respect1vely, :
"o and Ti in, (6) are the surface roughness parameters for random{;_
dev1at10ns of the surface from the ideal plane geometry whlch are e

; descnbed by a.n autocorrelat10n funct1on el

" eep(~(5- p)z/zTZ)l

The con51dered in our s1mulatlons surface roughness paramev—‘
ters o= = 304; T= 2501& are quite reallstlc [7 8, 11] for pohshed ‘
metal and glass surfaces W1th a metal coatmg E B

ns I'l"he boundary energy of the 1ntemal surface of all gu1des con-k""fa
, sxdered in these. calculat1ons is Eb 207neV vy = 6 3m/s wh1chi
- ‘, corresponds to stalnless steel Npropert1es - the most practlcal ma—; S

ter1al SR e I I :

In all calculatxons grav1ty, whlch bends neutron tra_]ectones“
1n51de the guldes ‘was r1gorously taken into account. -
Express1ons (2) a.nd (3) were "used to descnbe the tra.nsrms— s
iy sion: of cold neutrons through a neutron gtude in [8 9] and- of -
?:UCN in [10] a.nd was simulated a.nd expenmenta]ly venﬁed [11] L
4 ’by the mea.surernent of the transrmssron and ang'ular d1str1but1on s
- of cold neutrons emerglng from straaght neutron guldes made of
T_T‘plenglas and glass panes - bofh covered wrth 0 2pm evaporated T

. 2These festrictions, written here as’ they were ‘done i in eq (21) of ref [7] are
not quite correct.  We used in .our 51mulat10ns dlfferent restrlctlons k’ 2> 05
S for upper eq (3) and Ic’2 < O for thelower ome.. - .




4 To 51mulate UCN storage in- experxmental chambers of ﬁmte SR
: d"’"‘volume the outgomg VCN Spectrum was assumed to be the nor-/ <= ‘
o 'mallzed maxwelhan spectrum in the 1nterval of the*startlng ve- . L-
loc1t1es of neutrons whlch can be stored (in. an 1nﬁn1te volume ' o
chamber) be1ng channeled through 1deal vertxcal neutron guxde 5
"'»,7mhe1ght T e S r;vu_p,;‘\_ o
: “Itis aIso assumed that the UCN llfe t1me 1n an experxmentaljj R
e storage chamber at the end of the neutron guxde (ﬁg 1) can- be;“;'.“ ;
u':‘*",‘wrltten ast -l v ,

.I{:stored neutrons ;

Egi where V 1s the volume of the storage chamber, s is the entranceff:‘f
:';fwlndow area and v'is the neutron velocxty It is, assumed ‘that
.. neutrons leavxng the storage volume through the entrance w1n-"". AT
i ‘t}dow do not return to the chamber from the neutron gulde Thls‘:' 3 - f_. :
e 51mp11ﬁcatlon leads to some underestlmatlon o ﬁthe quantlty of T

3 Resul*s of the calculatmn

iSome of the results of calculatxon are. 1llustrated in ﬁgs 2 7. Al
o lcalculatxons are based on at least 1, 000 histories for. each veloclty': : 1'/‘
G (up to 10,000 hxstorles for calculatng arrxval t1me and spectral
S d1str1but10ns) i Lo ¢ L s

“Figure 2 2 shows the VCN arrxval velocxty dependence of trans- S

o ‘mxssmn through ‘ideal’ guxdes “The- characterlstxc slant on the -
. transmission curve for curved vert1cal neutron guxdes at” lower_
velocxtxes fﬁgs 2 and 4)is due to the return of - very low’ veloc-'f
"?(';,“flty UCN in the gravxtatxonal ﬁeld follow1ng their. reﬂectxons from i
““the guxde walls in the curved top part ‘of the gu1de (1t does not",n, ‘
 take place in the horxzontal neutron gu1des [1]). A decrease in -
; :"‘_transmxss1on through curved guxdes at hexgher neutron veloc1t1es"

is the well known eﬂ'ect of in- wall losses of neutrons w1th velocx-v," 5

R s s T 10‘ 15, 2
P V(m/ll)

F lg 2 The arrxval veloc1ty dependence of neutron transm1ss1onf‘: :

i through 1deal vert1ca1 guxdes (in the- absense of neutron captureg.f"‘v
< and surface roughness) 1) conﬁguratxon "a” from fig.1, curve is -
normallzed to one neutron correspondxng to the 1nd1cated ar-
i frlval velocxty, 1ncom1ng at the guxde ‘entrance, thh the angular';’.‘l’
. distribution accordxng to" eq. (1), 2) conﬁguratxons ne ‘and.”d”; L
""3) conﬁguratlon ”b” the _upper ‘curves are normahzed to trans—ﬁ{‘f

\;‘L;vumxssxon through a straxght guxde of conﬁguratxon BT

n 7,




ot F 1g 3 The arnval veloc1ty dependence of neutron transrmss1on
X fjthrough the. stralght gulde in, ﬁg l(a) 1) Capture coefﬁc1ent,f—" V
‘”"7:".':77'_ 5-107% 2) n =5 10—3 3) n=2>5" 10 4 surface roughncss.‘f
""¢-f‘¢‘parameters a.=30 Al T.= 250 A. All curves are normalized to:
: transrnlssmn through 1deal stralght vertlcal guldekof ﬁg 1 Pa?.

Wy

Flg 4 vThe arr1val velocity. ‘dependencev of neutron transrmssmn
f,through ”reahstlc curved guldes in fig 1 (capture coeﬂlclent"-\;_,;f
:i77'= 5- 10 = surface roughness parameters o = 30- A T .= 250\_“‘;“ 2
A):1) ] horlzontal guide’ with configuration b the transrmssmn;; e
is’ normahzed to the ideal stralght hor1zontal gu1de 2)" vert1cal_»7,}-'i[ .
configuratlon ”b” 3) the same for conﬁguratlon ”ers 4) the same{
f’ﬁ:ﬁ-‘for conﬁguratmn » e The normahzatlonv in curves 2 4 1s as Am;,

i ﬁ_"tles hlgher than:crltlcal for the curved gulde vmt‘ —'. vb(R/ 2d)1/ 2,» :
where v is. the boundary veloclty of the gulde Wall ‘surface, R
is the radlus of curvature of the gulde and d is the w1dth of the'_:_‘
gulde L L : :
’ F1gure 3 demonstrates the 1nﬂuence of neutron capture and :
1mperfectness of the surface on the transrmss1on probab1l1ty ofk‘,.‘f' :

transm1ss1on through a horlzontal gulde w1th the configuratmn
»_”b” in fig.1 is: showu ngher “UCN losses for conﬁguratmn net
. Igu1de (curve 4) are due to a larger length of th1s glude W1th a‘f-”}
}f‘ﬁ,rad1us of curvature 7 m. P e L 3.

< Fi igure 5 1llustrates the eﬁ'ect of us1ng supemnrror,neutron‘__‘f’_‘
gu1des [12, 13; 14] on the VCN transrmssmn probablhty Tosim- "
ulate VCN: transport in superrm"ror gulde we used (approx1ma.te) .

exper1mental regular reﬂect1v1ty parameters of N1-T1 supermlr-

'yli;l;‘;'characterlstlc mlnlmum close to and above the- gu1de boundary S
. f:},veloc1ty Such a behav1our results from d1fferent factors at lower;‘f
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Flg 5 The arrlval veloc1ty dependence of neutron transrmssmn'* ol
through supermirror gu1des in ﬁg 1: 1) conﬁguratlon a7, 1deal ‘
\fsurface 2) conﬁguratlon 7b?; _1deal Surface, 3) conﬁguratmn RS e
: zrf;;»,.capture coeﬁic1ent N =5 1074, _surface roughness parameters*t i

Flg 6 The tlme dependence of ﬁlhng the storage volume thhyli: _’;:
‘UCN through the gulde of conﬁguratlon ”b” 77 = 5 10 4. surface“?" s

a =30 A T = 250 A 4) the same. W1thout the supermirror.” The'}f‘y',‘f"l : '»i" o

: f;normahzatlon as’ 1n ﬁg 3 was made to transmlssmn through 1deal‘5

-.Q_fgulde of conﬁguratlon ” a” L

_yf&fror Wlth 80 layers from ﬁg 2 of the paper [14] It was poss1ble tofj Y". g
forsee. that for stored UCN, no- ga1n in the transmlssmn for neu- .-
“tron gulde Wlth an mcreased reﬂectxvxty of neutrons w1th energles'
i 'k*above the’ boundary energy “of the storage chamber could be ex—,ﬁ} .;f ;

"fpected (regardless vertlcal or: ‘horizontal gulde is used). As can’vt\*f:"" R

o - be seen from fig.5 the gam in the transmlssmn is d1ssappo1nt1ngly R
low even. for h1gher neutron veloc1t1es up to 25m /s .Supermirror =
% neutron gu1des are eﬂ'ect1ve only for much' hlgher velomtles and"m' o

-a low number of reﬂect1ons during neutron transport

Fxgure 6 shows the (normahzed to storage in an- 1nﬁn1te vol—
ume through the 1deal stra1ght neutron gulde) number of neu—i"f

‘one can choose the spectrum of UCN stored in the cha.mber by_ﬁ‘;
fvanng the moment of shutterlng ThlS ca.n be performed becausei;g

: accordmg to (1§), a.lso leave 1t earher ThlS 1s 1llustrated in ﬁg a1
rwhere the spectral results of the Monte Carlo sxmulatlon of UCN




F 1g 7 The stored UCN spectra for dlfferent shutterxng rno—“;
; ments t after the neutron pulse, guxde configuratlon 2b”, surface’i‘”'— o

':""'~,:~_“roughness parameters 0-30 A T = 250 A 1) 1= 0 95.3 :

f;,.‘The efﬁcxency of such spectral ﬁlterxng is' hlgher - the vertlcal‘; oy

. case than in horizontal case [1]. . This is: due: to’a ‘more directed
;"angular dlstrlbutlon of neutrons durxng the1r transport through L
a vertical neutron gulde and therefore, better tlme and space_f" .

/"fseparatlon of neutrons w1th dxfferent velocxtles

fore

4 {; C onclusmn

~:I‘The results of the Monte Ca.rlo sxmulatlon of VCN transport m_
) . curved vertical neutron guldes show that for. neutron gu:des with-
s reahstxc surface roughness ‘the transmission through guldes of
»,‘f‘practlcal length is. qulte acceptable Calculatlons showed s1gmﬁ-‘f\f~
',’ cant dlfference in the spectral dependence of. transmlssxon proba—pf
f—*blhty between vertlcal and horlzontal cases and also; better UCNf

'f:'_.jj";storage charactenstxcs throuo‘h vertlcal neutron guldes as’ com—‘ o

; ""pared to the horlzontal guldes The superrmrror guldes do not ,‘,' v

7 show better resuits’ for’ VCN transmission and UCN. _storage as'_fj‘“

s 5 compared to ordxnary neutron guldes The reported results may = "
" “'be useful for possible 1eahzauon of- nonstatlonary UCN storage‘}‘ i

e :;:at the aperxodxc pulse reactorj S
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