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ABSTRACT 

Individual energy group gain hetors are computed for liqiiid nitrogen-15 arid 
liqiiid deuterium cold source moderators using simple one-dimensirtIial slab and 
spherical geometry calculational models. ‘The energy spectrum of the neutron source! 

is assurned to be that of a thermalized maxwellkn flux at 20°C. The slab geometry 
calculations indicate that the optimum thickness fur mii trori transmission through 
a slab given an isotmpic incident flux is for wavelengths above .G rim, approximately 
.20 m for liquid deuterium and between .28 and .32 m for liquid nitrogen-15. The 
ga,in factors at .8 Iirn corresponding to these thicknesses are 15.5 for liquid deuterium 
arid 3.50 for liquid nitrogen-15. The sp1ierica.l geometry analysis showed that the 
cold neutron current below 10 meV of 1.36 n/m2-s for the neutron component 
entering the cavity of a . 1 G  in thick liquid cleuterium spherical shell exceeds the 
neutron leakage current of 1 .Ot3 n/cm2-s frorn a .38 m diarnieter liquid deuterinm 
solid sphere. Hotvever, the cold neutron factors for the neutron entering the void 
region are considerably lower than for the solid sphere case. 
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1. INTRODUCTION 

The Advanced Neutron Source (ANS) Reactor is a pruposed research facility [l] 
designed to provide users with an intense steady state neutron source for neution 
scattering experiments. One of the niajor arcas of research to be carrictl out at the 
facility is that of cold neutron scattering. Cold neutrons are defined as neutrons that 
are in tlie wavelength band of "4 to 1.2 nni wliich corresponds approximrttely to the 
energy band .5 to 5 meV. For a research reactor operating at room temperaturc 
-293 IC and in which the neutrons have acliievecf a nearly rnaxwellisn energy 
distribution, the fraction of neutrons available within the wavelength hand of 
interest is approximately 1.7% of the total neutron population. This usually 
translates into a low intensity cold neutron bean1 available for experiments. To 
enhance the fraction of cold neutrons for experimental use within the wavclcxigth 
band of interest, a special neutron moderating devicc called a rold soiirce i i  
used to bring neutrons intv partial thermal equilibrium with the low tcmperature 
moderating material. A sketch of the reactor core and cold soiircc: positioned in a 
heavy water reflector tank extending approximately 1.5 rn from the active core is 
shown in Figure 1. The 1ic.avy water reflector tank is surrounded b y  a light water 
pool. 

The primary cold source moderating material considered for the AXS facility is 
liquid deuterium (LDZ), operating at, a t,einperatiire of approsimately 30 IC. Safety 
concerns related to tlie usc of liquid deuterium as tlic cold source Inoderator have 
led t o  tlie investigation of isotopic licpicl nitrogen -15 (LN2 j as it possillc alteriiativc 
moderator. Liquid nitrogen-15 has several desirable characteristics for i i  cold ~ULIL 'CC 

moderating material [2]: 

a. it is a molccular liquid, so rotational levels are availalJle for final tliermalizstion 

11. tlie first solid pliase is plastic, so that rotatioiial 1r:vcls would remain a\ail&le 

c. it has good refrigeration characteristics, 
d. it is noli-iiiflainmable; and 
e. it has a very low tlieriiial neutron capturc crosb scction cr, = 2.4 x 

at the low energy end of tlie spectruni; 

if a colcler solid moderator we: c pos4ljl(.; 

barns. 

Since the atonic  nmss a id  the temperature of the moderating material both 
influence the cold neutron energy spectrum, two unfavoraltlsle cliaracter-istics are: 

a. its atomic iiiass of 15  as coiiiparrcl to 2 for cleuteriuni; and 
13. the teiiilxxature of its liquid raiigc lxing 63- 77 I\: vcrsus 14-20 I< for dciiterium. 
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To investigate the performance of a possible liquid nitrogen 15 versus a liquid 
deuterium cold source, individual energy group gain factors are computed for 
each moderatoring material in simple one-dimensional slab and spherical geometry 
parametric calculations. The slab geometry calculations allows one to examine the 
degree of neutron transmission (optimal thickness for transmission) and reflection by 
placing an isotropic flux of neutrons directed into the slab oil one sidc and a vacuum 
boundary condition on the other. The ideal situation, that of a moderator immersed 
within an isotropic and spatially uniform dcnsity flux of neutrons is investigated by a 
spherical geometry model. Both solid and hollow spheres are considered. The energy 
spectrum of the ncutroii source is assiirned to  be a thermalized maxwellian flux at 
room temperature. These calculations represent an estimate of the cnhancement 
that can be achieved both by direct transmission and by a moderator surrounded 
by an isotropic flux. In rcgard to the AKS reactor cold soiirce, the results obtainctl 
are considered preliminary a s  the neutron sourcc and cold source geomctry used 
in the o~ie-cliIiie~i~ioiial calculations do not correspoild to the actual M I S  reactor 
neutron soiirce energy and spatial diitril>utions and cold souice geometry. 

A brief discussion of the cross-section data and generated libraries used in the 
transport calculations is given in Section 2. Section 3 contains a description of the 
transport codes and calciilational models used in the computations. A discussion 
of the gain factor results for the different gcornetries is also contained therein. ‘I’liis 
is followed by a brief suminary in Section 4. 

SHIELD 
WALL 

Figlire 1. i‘i slietcli of the reactor core and cold source positioned in a heas-y watcr 
reficctor tank. The reflector tank is cciitered in a light water pool, 



2. CROSS-SECTION DATA AND LIBRARIES 

The cold neutron cross-section data for dcxzteriimi was genemted iisit-ig the 
YK (Young and Koppel) theoretical model [3] and incorporated into the A4i%SL-V 
cross-section data library [1,4]. A comparison of the ORNL point-wise data a.nd the 
experimentally measured cleuteriiiiri total scattering cross-section data (GI? 19 Ii)[5] 
is shown in Figure 2, One notes that the ORKL data compares quite well nritli 
the experimental clata in the energy range 7 to 100 meV. Between 3 to 7 meV, tlic 
agreement is fair a,nd below 3 meV, the a,greernent is quite poor. This inacleqiiacy 
of the Uli; model to represent tlie scattering cross-section data a t  low energies hits 
been iiotecl by several authors [6,7,8]. A new neutron scattering model is under 
investigation to improve upon the ORNL cross-section da.ta below 7 meV. 

A 15 group Po deuterium thermal energy cross-section clata set was prepared 
from a 39 group ANSL-V data libra,ry for the gain factor thermalizat'ion calcul a t' ions. 
The thermal energy groups are flux weighted by  a masivellian distribution at, 
20 I< and contain neutron upscattering data. The energy boundaries of the 15 
group cross-section set are given in Table 1. A liquid cleuteriuin (LD2) density of 
0.1713 g./c11i3 and a 20% void fraction are used in the calculations. 

A preliminary 15 group Po nitrogen-15 cross-section set was generated from 
a theoretical estiniate of the double dift'erential scattering cross section [S,9] by 
using tlie cold neutron scat teririg model for liomonuclear cliatoiiiic liquids l3y 
V. F. Sears [ l O , l l ]  and the liquid nitrogen total structure rneasureimmts ljy 
A .  H. Narten et al. [12]. The nitrogen-15 group cross-section data set is flus 
weighted by a mastvelliaii dist'ribution at  65 I i  and includes neutron upscattering 
data. The nitrogewl5 clata set is quite prelirninary as the cross-section (:lata have 
not been espeririientally verified. A liquicl nitrogen---l5 (LN?) density of 0.922 g/cxn3 
is used in the calculations. 

.4n indication of the shape aiid inagnitucle of the nitrogen-lri total scattering 
cross section at  77 I< as calcula,ted by the &QR irioclel is given in Figure 3. Here, 
the computed values a.re compared to the esperirneiitally measured cleut,erium 
tot,al scatt'eririg cross-sectmion ~~al.iies (@ 19 IC). One riot,es from the figure t81ia,t 
the c.alcul:it,ecl nitrogen-15 values are quite siinilar in magnitude to the cleuterium 
va.lues. This qii:ditat.ively rcflects the treiicl t,liat m e  notes froin the ENDFIB-'I; 
cross-section data library for which tlie aTxorptio1.i ; ~ n d  total cross-sectioll va,l~.~e:< at 
25 niel' i r e  given in Talde '3. 
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Figure 2. A comparison of the ORNL point-wise and the experimentally mexiired 
total scattering cross section data for deuterium. 
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Figure 3. -4 plot of the experimental deuteriuill total cross section data and the 
calculated iiitrogex1-15 total cross section data. 
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Table 1 

Energy [mev] Wavelength [nm] 
Group High Low bf idpoint High Low Midpoint 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

215 
162 
104 
50 
30 
10 
4.45 
3.25 
2.60 
2.15 
1 3 0  
1.45 
1.15 
0.85 
0.55 

162 
104 
50 
30 
10 
4.45 
3.25 
2.60 
2.15 
1.80 
1.45 
1.15 
0.85 
0.55 
0.01 

188.5 
133 
77 
40 
20 
7.23 
3.85 
2.93 
2.38 
1.98 
1.63 
1.30 
1.00 
0.70 
0.2s 

0.071 
0.089 
0.128 
0.165 
0.286 
0.429 
0.502 
0.561 
0.617 
0.674 
0.751 
0344 
0.981 
1.220 
9.046 

0 I 062 
0.071 
0.089 
0.128 
0.165 
0.286 
0.429 
0.502 
0.561 
0.617 
0.674 
0.751 
0.844 
0.981 
1.220 

Table 2 

Deuterium and Ni trogen--l5 Absorption and 
Total Cross Section Values at  25 meV 

Ni trogen---l5 Deuterium 

Total (barns) 
Capture (barns) 

4.414 3.396 
2.4 x 10-5 5.06 x 

0.066 
0.080 
0.108 
0.147 
0.226 
0.358 
0.465 
0.531 
0.589 
0.646 
0.713 
0.797 

.912 
1.101 
5.133 





3, COLD SOURCE GAIN FACTOR ANALYSIS 

111 this section, cold neutron gain factor results are presented for liomogencous 
density liquid deutcrium (LD2) and liquid nitrogen-15 (Ln’2) cold source 
moderators. The temperature of the modertttors is assurncd to  he 20 I( for 
deuterium and 65 I( for ni trogcn-15. Slab, solid sphere, sild splicxical shell 
iiioderators are consitlcred. The encrgy spectrurn of the neutron source is assui-ned 
to be a thcrmalized inaxwellian at  20 C (203 IC). Tlw priinary quantities of interest 
in the calculations are the energy group leakage spectra at tlie boundaries of thc 
modcrator from which the inclividual group gain factors are coinputcd, The groiip 
gain factors are defined as 

ncutroii lealiagc in group g 
iiuinlxr of source Iieutroiis in group g 

Gain Factor (g) = * 

The calculations are ziorinalized to one incoming lieu tron and are perforriied iisiiig 
the ANISN [13] and DOT [14] transport codes. 

3.1. SLAB MODERATORS 

A simple one-dimensional (vxiation of t,lie flux in one spatial dinicxisioii) 
slab geometry calculatiorial model is cmployed for the liquid deuterium and liquid 
nitrogen-15 cold soiirce paraimtric transmission computations. Deuterium sla,lx 
having tliicknesses of .05, . lo,  .15, 20, and .25 m am1 nitrogeii--l5 slabs of . l G ,  
.20, .24, .2S, and .32 iri arc examined. The neut,ron source is assunled to be an 
isotropic flux of neutrons (for p > 0) ii-icident cm the slab from the left with a 
vacuum bounda,ry condition on tlie right,. 

Figures 4 a.nd 5 display the transmitted a.nd reflected liquid deuterium cold 
neutron gain factor results plotted according to their group midpoint waxelengths. 
For the transmitted results at  the longer wavelengt,hs (> .60 xirn), tlie maximum 
transmitted gain factor is achieved for a slab of thickness .20 m. Below .60 iin-i slabs 
with thicknesses of -15, .20, a,nd .25 m give simihr results. At .35 iiiii, the results 
are approximately eqi.ia.1 for all thicknesses. For the reflected results, tlie gain factor 
vdues  increase at all wavelengths i ~ s  tlie slab tliiclcness increases though the incrcttse 
is less for the same step increase in size. This is rcasonable as the slab lnegins to 
fuiictioii more as a. neutron reflector and thus the infinite medium albedo value 
is approached. The dmterium tra.iismitted and reflected neutron leakage current 
spect,ra for the various slab thicknesses are depicted in Figs. 6 and 7. Table 3 
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Figlire 5. Iteflected gain factors for liquid deut,eriuiii slab moderators of tliiclmess 
.OS, . lo ,  .15, .20, and .:?5 111. 
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Figure ti. Transmitted neutron leakage current spectra for liquid deuteriurn slab 
moderators of thickness .05, . l o ,  .15, .20, and .Xi ni. 
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Figure 7. Reflectcd ncutron leakage currcnt spectra for liquid clciitcrium slal, 
moderators of tliiclaess .05, . l o ;  .15, .20, a ~ l  .2Fj m. 
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presents the transmitted and reflected cold neiitron leakage currents belon7 10 rncV 
for tlie various s l a b  thicknesses. 

Figures 8 and 9 depict the transmitted and reflected liquid nitrogen-15 cold 
neutron gain factor resiilts. Above .SO nm, a slab having it thiclmess of .32 ni 
achicves the maximum gain factor value though the difference from the .28 1x1 slab 
value is small. Hetween .55 and .70 nm, slaLs with thickiiesses of .20, .24, .28, 
aiid .32 m give quite similar results. The liquid nitrogen-15 reflected gain factor 
results exhibit tlie same behavior as the liquid deuterium results; that is, the p i l i  
factor values increase at  all wavelengths as the slab tliickness increases. Figures 
10 aiid 11 depict the transrriitted and reflected neutron leakage current spectra for 
the various slab thicknesses. ‘rable 4 presents the transmitted and reflected cold 
neiitron leakage currents below 10 meV. 

Comparing the liquid deuterium and the liquid nitrogen 15 results, one notes 
that the nitrogcn 15 group gain factor results are considerably below tlie deuterium 
values. This difference in the gain factors is attributed to the difference in 
tlie teinperatiirc of the moderating materials (a colder moderator enhances the 
neutron fraction at longer wavelengths) and the difference in their atomic masses 
(neutron energy loss by elastic collisions is greater for lighter elements). Also, quite 
noticeable is that the reflected gain factors are larger than tlie transmitted values 
which is reasonaljle considering that neutron energy loss is gieater fur a neutron 
scattered in the backward direction. Rirtlierinore, as a slab thickness increases, 
the slabs fuiiction more as a neutron reflector thirs enhancing the reflected neutron 
component. 

ed leakage intensity 
spcctra approarll the energy spectrum of an ideal maxwcllian at the moderator 
temperature? Figures 12  and 13 present a comparison of a maxwellian to the 
tiansinitted and reflected liquid deuterium (slab of t1iicl;ness .20 1x1) lcdiage 
intensities and liquid nitmgen-15 (slab thickness of .SS m) lealiagc intensities, 
respectively. In both figires, the ideal maswellian curve has been iioriiializecl to 
the transmitted intensity. For energies below 10 mcV, the ti aiisiliitted spectriun 
curve:, are l~clow tlie ideal hlaxwellian ciiive. If tlie maxwellian spectrum ~ v o u l d  
have been norrndizal to the reflected intensity level, tlie reflected spectra curves 
woiilcl, for ciicrgies MOW 10 mcV, also LC lxdon- tlie idvd iiiiis\\.ellian C I U T  e. At 
tlie high energy end, tlic dcviatioii froin the ideal nia1.;wellian is quite laige. The 
cleviations fioiii tlic ideal maswclliari indicate the nssyriietiy of the iieution s o i i ~ ~ c c ~  

in ielatioii to the iiioclerator and a ~ c  due, in p i t ,  to tlie fiiiite size of tlic nioclcrator. 
Froin tlie oiic-diiiieiisional slab geometry aiialysis given ahovc, the optiiiiulll 

tliicltnc-ss for neutron transmission tlii oiigli R slab giveii an isotropic incident flus 
lixviiig a maswclliaii ioom temperature energy clistiibution is, for wavclengtlis above 
.GO 11111, appiosiniately .20 111 for liquid dciiteriiiin aiicl betwecii .28 aiid ,32 111 for 
liquid nitrogen-15. 

The question aiises. how well do the trarisiriittecl and refl 
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Figure 8. Transmitted gain factors for liquid 1iitrogeri--15 slab moderators of 
thickness .16, .20, .24, .28, and .32 m. 
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Figure 9. Iteflected gain factors fos liquid nitrogcn-15 slab moclerators of thiclxless 
. l G ,  .20, .24, .2S, and .32 1x1. 
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Figure 10. Transmitted neutron leakage current spectra for liquid nitrogen -15 slab 
moderators of tliicliness .16, .20, .24, .28, and .32 111. 

1 
I...... 

F'igiire 11. Reflected neutron leakage current spectra for liqiiicl nitrogen 15 slab 
moderators of tliicliness .16, . ?O,  .24, .2S, and .3'2 in. 
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Deuterium Leakage fntensities. 
Comparison to Ideal Yaxwellian. 

I . . .  . 3 I * I . " .  . 1 
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Figure 12. A comparison of the transmitted and reflected energy 1enli;ige I'iitcnsitir.; 
of a .20 m thick liquid dcxteriurn slab to a n  ideal maswellian encrgy 
distribiltion Ci! 20 I< (nornlalizcd to the transmitted intensity). 

ldeal Maxwellian. 
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Figure 13. A coniparisou of the tmrisinit tetl and reflected energy Icalcage intcrlsities 
of a .28 in thick liqiiicl nitrogen -15 slab to arl ideal mns.vvellian cllcrgy 
distribution 0 65 11; (normalized to the trailsmittccl intensity). 
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Table 3 

Cold Neutron 1,eakage Current /Source Neutron 
Below 10 meV from Deuterium Slabs 

Slab Thiclmess Transmitted Current Reflected Current 
[In1 [n/m2-s] [ ll/rn2- s] 

.05 

.10 

.15 

.20 

.25 

1.38x10--1 
1 . 8 4 ~ 1 0 ~ ~  
1.97x10-'  
1.91 x 1 0-1 
1.77x10-' 

1.5SxlO-' 
2.7ox 10-1 
3 . 4 6 ~  lo-' 
3 . 9 8 ~  lo-' 
4.34x lo-' 

Table 4 

Cold Neutron Le,al<agc Curreiit/Source Neutron 
13elow 10 iiieV fi-om Si trogen- 15 Slabs 

Slab Thicliness 'Transnii tted Current Reflected Current 

[1111 [ ii /m - S] [ 11 /m2- s]  

. 1 G  

.20 
3 1 
.26 
.32 

.A 

9.71 x 
9.8Ox 10- 
9.5s x 10V2 
9 . a x  
8.73x10-' 

1 .s9x lo -1  
1.81 x 10-1 
1.97xlO-- '  
2.10x10-1 
3.21. x 10-I 
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3.2. SOLID SPHERE MODERATORS 

The ideal situation of a moderator immersed within an isotropic and spatially 
uniform density flux of thermalized neutrons at room temperature is examined 
by a one-dimensional spherical geometry calculational model. For the parametric 
computations, solid spheres having diameters of .30, .34, .38, .42, .46, and .50 m 
are examined. A diameter of .38 m is currently being considered for the ANS cold 
source. 

Figures 14 and 15 display the cold neutron gain factor results plotted according 
to their group midpoint wavelengths for liquid deuterium and liquid nitrogen-15 
spherical moderators. For both moderators, the gain factors increase with sphere 
size. The increase is less for the same increase in step size indicating that there may 
be an optimum diameter which maximizes the gain factor for a given wavelength. 
As in the slab geometry computations, the liquid nitrogen-15 values are lower than 
the liquid deuterium values. The neutron leakage current spectra for the various 
diameter deuterium and nitrogen-15 spherical moderators are given in Figures 16 
and 17. Table 5 presents the cold neutron leakage currents below 10 meV. One 
notes that the current decreases with increasing sphere size. This indicates that 
there is an optimum thickness which maximizes the neutron leakage current for a 
given wavelength. 

The computed spherical geometry results are approximately a factor of 1.6 to 
2.2 (at 1.1 nm) larger than the slab geometry transmission results. This is to be 
expected as in spherical geometry the transmitted and reflected leakages combine 
to determine the overall leakage intensity. 

Cold Neutron Leakage Current /Source Neutron 
Below 10 meV from Deuterium and Nitrogen-15 Solid Spheres 

Diameter 

I 4  
.30 
.34 
.38 
.42 
.4G 
.50 

Deuterium 
[n/in2-s] 

1.58 
1.30 
1.08 

9.17x 16)-1 
7.65x 10-1 
6 . 7 9 ~  IO-’ 

Leakage Current 
Nitrogen- 15 

[ n/m2 - s] 

7 . 0 5 ~  10-1 
5 . 8 3 ~  10-l 
4.91 x 10-f 
4 . 1 9 ~  1O-I 
3 . 6 2 ~  10-1 
3 . 1 5 ~  10-1 
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Figure 14. Gain factors for liquid deuterium spheres having diameters of .30, .34, 
.38, .42, .46, and .50 rn. 
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Figure 15. Gain factors for liquid nitrogen -15 spheres having diameters of .30, .34, 
3 8 ,  .42, .46, and .50 ni. 



17 

Id I . . . . . . " I  1 . , . ...., , , , 

I " .  I I 1 . , . . .  I 9  

1.00 0.10 0.05 
Wavelength [nm] 

Figure 1 G .  Seutron leakage ciirrent spectra for liquid tlcuteriurn sphcrcs having 
diameters of .30, .34, .3S, .42, .46, and .50 ni. 
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Figure 17. Neutroll encrgy 1eal;agc current spectra for liquid ni trogcn-15 spl~cq,cs 
having diarncters of .30, .34, .35, .42, .46, and .50 111. 



3.3. SPHERICAL SHELL M DERATC)R,S 

In the previous subsection, cold neutron gain factor a,nd lealiage spectra results 
are reported for liquid deut,erium arid liquid nitrogen-15 solid sphere moderators. 
In this subsection, spherical shell moderators having an outer diameter equal to the 
currently coilsidered cold soiirce diameter of .3S l i l  are investigated to determine 
their performance relative to t,he .38 rn solid sphere ca.se. I(ceping the outer diameter 
fiscd, spherical shells having inner radii of .04, .Os, .12, arid . l G  ni are considered. 
As in the solid sphere calculations, the spherical shell moderators are immersed 
within a n  isotropic and spatial uniform density- flux of thermalized neutrons a t  
room temperature. Of particular interest are the g i n  factor and neutron current 
spectra results of the neutrons entering the void region as one hopes to ga.iii an 
understa.nding of the unusual shape of the cold source installed at the Institiit 
Laue-Langevin (ILL) in France [15]. 

To investigate the effect that a central void region within the spherical 
niodera,tors has on t,he gain factor and the neutron l e a l q e  current spectra resiiltk 
(neutron current into the void region a,nd from the sphere), two spherical slicll 
calculational models containing a central void region and a central l h c k  res' w i i  are 
considered. From the central void region case, we obtain the ovcrall gain factor 
ariJ neutron ciirrent spectra results for the splierica.1 shell; that is, the cornbined 
result of both the neutron componentJ that has transversed tlie void region (cithcr 
enter the void region directly as uncollided neutrons or a,re scattered into the 
void region) and the component that has not transversed the void region. In 
one-dimensional spherical. calculations, this is simula.ted by a reflective lmundary 
coiidition at' the inner surface of the shcll. The central blatcl; resiori ca.se allows 11s 
to obtain information on the neutron component tlmt is entering the void region. 
This is simulated by a vacuum boundary condition a t  the inner surfxe of the shell. 

Fig~irc 1s displays the liquid deuterium cold neutron gain factor results for the 
splierical shells containing a central void region. :is can l x  discerned, the ovcrall 
gain factor increnscs with increasing sliell tlricliiiess. The .12 I*I shell values a.re 
slightly lower tliaii the . 1 G  i n  valiies. If one wcrc to go with the .08 rn shell, then 
one would reduce the licpid deuterium inventory by approxirnately 19% from the 
solid sphere case with the gain fa,ctor valiie reduced from approximately 35 to 31.5 at, 
.9 nni. The liquid nitrogen-15 neutron gain factor resiilts are displayed in Fig. 19. 
Tlie liquid nitrogen-15 results are siinilar to t,he liquid deuterium results except 
for the lower gain factor values. 'Yahle 6 presents liotli the liquid deuterium aiicl 
liquid nitrogen-15 cold neutron leakage currents below 10 nieV for the various shell 
t hiclinesses. 

Figure 20 displays the liquid deuteriiim ga.in fact,or results for the neutron 
component that is entering the void region comput,ed fi-om the spherical shell 
calcula.tional ~xodel  conta.iniiig a central lhcl; region. In the figure, one notes that 
both tlie .OS and .12 ni curves cross over tlie .04 in ciirve. This is a spectrum eRwi 
a.11~1 is due to both the amount, of neutron modcrntion t.a.liing place prior to cntering 
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the void region and to the surface area of the void region (the surface area seen by 
the neutrons decreases with increa.sing shell thickness). The gain factors increase 
at longer wavelengths for a,n increase in the shell thickness from .04 to .08 m a r i d  
decrease as one goes to  .12 and then .16 m. This indicates that there is an optimum 
shell thiclcness for the gain factors at a given wavelength for neutron transmission 
into the void region and is consistent with early slab geometry calculations where 
an optiriiuin thickness for neiit,ron transmission was found. Due to curvaturc, the 
optimum thickness in spherical geometry will not necessarily be the sa.me as for the 
slab geometry case. The zicutrori current spectra for the neutron c.oiiiponent lealiing 
into the void region is giver1 in Fig. 21. 

Figure 22 displays the liquid nitrogen-15 gain factor result,s fur tlw neutron 
coriipoiient that is entering the void region. As opposed to the deuteriuin inner 
surface results, the ni trogew-15 curves clo not cross over; instead, the gain factor.; 
decrease with increasing shell thickness. The reason for not having a cross over is 
still being investigated, but i t  is believed that it may be related to the anount of 
energy 10s t on average per collision (a neutron scattered [elas tica.lly] from nitrogen--- 
15 does riot lose as much energy on the a,verage as (z neutron scattered from 
deuteriuin. The iiciitron 
current spectra for the neutron component lea.kiiig into the void region j s  given in. 
Fig. 23. 

Table 7 presents the liquid deuterium and liquid nitrogen-15 cold iieutron 
current spect,ra below 10 meV for the neutron compoiicnt that is entering the void 
region. From the values given, one notes that  the neutron current inzrease:i: as 
the void region decreases. The neutron current 1 x 1 0 ~  10 rrieV for i t  .16 m thick 
spherical shell is slight81y larger than t,liat, of the .38 m diameter solid spliere (sex 
Table 5 ) .  According to Figures 14, 15, 20, and 21, however, tlie gain factor valuc:; 
for the .38 111 solid sphere are substantidly larger than the .16 m thick spherical 
shell values. Thus, for the maxtvellian eriergy and spatially unifornily distributed 
isotropic flux used in the one-dimensional calculations, the solid spliere configurztjoll 
is preferred. However, for the actual ARS reactor and cold souxce c,onfiguratinn, 
this may not be the ca3e as the spatial distribution of the thermal neutron flux 
(source for the production of cold neutrons) has gradients in both the rac1ia.i 
and axial directions (which cannot be modeled in one-diniensional cslculat,ious). 
In addition, the flux spect rum is non-Inaxwellia,n, i.e., shifted to higher iic;utron 
encrgies. Tliese cliffereaces may lead to a different Ixderence for t,l-le ; ~ t u a l  AKS 
cold soiirce geometry. 

At illis point we ~ ~ d d  lilie to speculate on the reasoning for a cavity regioll 
and its effect on the neutron leakage and s treaiiiing down the bealii guide. Figlrre 
24a s h ~ w s  a scliemakic of tlie cold soiirce modc.rator (R,  = .19 In) a.ricl 21 l;eam 
guide (not drawn to scale). %a, one observes that the nurnber of 
neutrons entcring the beam guide is bot11 a function of the spherical s.urfacc arcii, 
seen by the beam guides and the neutron a~igulai: distrilmtion 0x1 the splierical 
surface. Hence, it is possible that an introductiun of a cavity region within the: 

This is due to the difference in their atomic masses). 

From Fig. 
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Table 6 

Cold Neutron Leakage Current/Source Neutron 
Below 10 meV from Spheres (Diameter .38 rn) 

Containing a Central Void Region 

I d c a g e  Current 
Shell Thickness Deuteriiim Nitrogen- 15 

.04 7.80 x 10-l 3 . 4 4 ~  lo-'  

.08 1.02 4.51 x 10-1 

.12 1.07 4.64x10-' 

.16 1.08 4.91 x lo-' 

[ n /in2 - s] [ n/ m2 - s]  [ml 

Table '3 

Cold n'eutron Leakage Current /Source Neutron 
Below 10 meV for Neutron Component Entering 

Void R,egion (Outer Sphere Diameter .3S ni) 

Leakage Current 
Shell Thickness Deuteriimi Nitrogen-15 

[ml 

-04 3 . 2 7 ~ 1 0 - ~  1.7ox lo-' 
.os 5.92x10-' 2.G2x lo-'  
.12 9.16xlO-l 3.85 x 10-1 
.16 1.36 5.51 x lo-' 

[ 11 / ni - s] [ 11 / *I12 -s] 
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I4 O 

Spherical Shells Contai 
a Central Void Region 
(Moderator Temperature 20 K). 

SHELL THICKNESS 

I t  12 0 3  0 4  0 5  0 8  0.7 0 8  O S  10 
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Figure 18. Gain factor results for liquid deuterium splierical shells containing a 
central void region for shells of thickness -04, .OS, .12, and .16 rn. 

2.0 1 
SHELL THICKNESS 

0 . E r n  * .16m 

*g 

0 0  ' 0 3  0 4  O S  0 8  07  0 8  0.0 1.0 I I  1 2  1 
Wavelength [nm] 

Figiire 19. Gain factor results for liquitl nitrogen 15 spllcrical shells cc)IltaiLiIlillg ;L 
central void region for shells of tliicl.;ness .04, .OS, .12, allcl .16 111. 
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Figure 20. Liquid deuterium gain factor results for the neutron component entering 
the void region for shells of thickness .04, .08, .12, and . 1 G  in. 
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Figure 21. Liquid deuterium neutron current spectra for the ncutroii compcmmt 
entering the void region for shells of thiclcness .04, .OS, .12, and . l G  111. 
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Figure 22. Liquid nitrogen-15 gain factor results for the neutron component entering 
the void region for shells of thickness .04, .05, .12, arid .1F m. 

Figure 23. Liqilid nitrogen-15 neutron current spectra for the neutron cornponr:nt 
entering tlie void region for shells of tlliclilless .04, .OS, .12: nncl . 1 G  1x1. 
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cold neutron source accompanied by a change in the angular distribution of the 
emitted neutrons preferentially in the forward direction (directed down the beam 
guide) arid additionally having the neutrons emitted in the selected energy range, 
could increase the neutron intensity at the end of the beam guide. Evidently, 
this has found success in the new French ILL Cold Source nioderator where they 
have reported a factor of 2.1 [15] increase in the cold flux intensity by inclusion of 
a cylindrically shaped cavity (see Fig. 24c). Additionally, according to the above 
simple spherical geometry analysis, it is possible to increase tlie cold neutron current 
by introduction of a cavity. 

Thc 
formulae for the surface area of the cavities is given ncxt to the shapes. The shape 
of the cavity is of importance as it effects the angular distribution of the emitted 
neutrons. To examine this effect one must resort to multidimensional transport 
calculations where additioxidly it is possible to model the flux spatial gradients in 
the radial and axial directions. 

Figures 24b through 24e depict various shapes of possible cavities. 

OUTWARD RADIAL DIRECTION 
RELATIVE ' f0  REACTOR CORE 

BEAM GTJTDES 
COLD SOURCE 

Figure 24a. Cold source moderator and beam guide arrangement. 
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Figure %l>. Case 1: Chnccntric spherical cavity, 

4 
HO 

T 

Figure 24c. Case '3: Cylinrlrical cax-ity. 



Figure 24d. Case 3: Conical cavity. 

Figure 24e. Case 4: Offset spherical cavity. 



4. SUMMARY 

Simple one-diinensional slab and spherical geometry parametric calculations 
have been performed to investigate the performance of a possible liquid mitrogcn- 
15 versus a liquid deuterium cold source moderator. The gain factors computed 
for the liquid nitrogen-15 cold source (@ 65 I<) are considerably below those 
computed for the much colder liquid deuterium cold soiirce (@ 20 K), as is 
reasonable considering the difference in moderator temperatures and atomic masses. 
Nevertheless, nitrogen-15 does represent a viable option should safety-related issues 
prohibit the use of deuterium as a moderating material. Liquid nitrogen-15 is also 
a viable candidate for a cool neutron source. 

The slab geometry calculations have indicated that the optimum thickness 
for neutron transmission through a slab given an isotropic incident flux having 
a maxwellian room temperature energy distribution is, for wavelengths above 
.60 nrn, approxiinately .20 m for liquid deuterium and between .28 and .32 ni for 
liquid nitrogen-15. Also, the reflection of neutrons was seen to be the dominant 
moderating mechanism, and hence a cold source design enhancing the reflection of 
neutrons should be considered. 

The ideal situation, that of a moderator immersed within an isotropic and. 
spatially uniform density flux of neutrons wits investigated by the solid sphere 
and spherical shell calculational models. For the spherical sizes considered in the 
analysis, the gain factors at a given wavelength increased with sphere size but the 
cold neutron current below 10 rneV decreased with increasing sphere size. This 
indicates that there is an optimum diameter which maximizes the neutron ledcage 
current for a given wavelength. 

The spherical shell calculations have indicated that the cold neutron current 
below 10 meV for the neutron component entering a cavity region can execed the 
neutron leakage current (below 10 meV) from the exterior of a solid sphere, In 
particular, ttie neutron current into the cavity region of a -16 m thick spherical shell 
(outer diameter 3 8  m) exceeds the neutron leakage current from the .38 ni diameter 
sphere currcntly being considered for the ANS reactor cold source. However, 
the cold neutron gain factors are considerably lower than for the solid sphere 
case, To assess properly the question, cavity or no cavity, multi-dimemionaJ 
transport calculations with xilore realistic spatial and energy source distributions 
as encomterecl in the ANS reactor are required. 
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