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ABSTRACT 

The dependence of e f f e c t i v e c ro s s s e c t i o n s of gold and uranium fo r neutron 

spectrum in Rikkyo University Reactor ( TRIGA Mark- E , RUR ) fuel c e l l was studied 

u s i n g computer c a l c u l a t i o n s . The dependence of the rmal neut ron spectrum with 

temperature was a l s o inves t iga ted . The e f f ec t ive c ross sect ion of gold in water of 

the fuel c e l l a t 32 °C was 90.3 barn and the f iss ion cross section of U-235, 483 barn. 

These two values a re s imi lar t o the cross sect ions for neutron energy of 0.034 eV. 

INTRODUCTION 

The TRIGA fuel of RUR cons is t s of a homogeneous mixture of uranium and zirconium 

hydride. The atomic r a t i o of zirconium t o hydrogen in the zirconium hydride i s 1 t o 

1.6. The hydrogen atoms in t h e meat a r e t he main neutron moderator and i s q u i t e 

strongly bound in the zirconium hydride l a t t i c e . The movement of the hydrogen atoms in 

t h e zirconium hydride l a t t i c e can be described by the broaden Eins te in o s c i l l a t o r 

model t n . According to th i s model, the oscil lat ion of hydrogen atoms can be 

described by a combination of the standard Einstein ( optical ) mode and the acoustic 

mode. 

Binding of the hydrogen atoms has given rise to a unique moderating properties as 

- 5<M -

Ji¥ E I~ I ¥1 ~J2 02H 

4. Effective Cross Sections of U-235 and Au 
in a TRIGA-Type Reactor Core 

s. Harasa阻 and Gui Ah Auu • 

Institute for Atanic Fnergy， Rikkyo University 

2-5-1，尚伊国国， Yo~α到回， 240-01 J司四

・ Kan田sState University， U.S.A. 

ABSTRAcr 

官ledependence of effective cross sections of gold and uranium for neutron 

S伊ヨctrumin Rikkyo University Reactor (由工GAMark-II， RUR ) fuel偲 11w，出 studi剖

using computer calculations. The dependence of thermal neutron spectrum with 

temperat山モ国salso invl田 tigated.官leeffective cross s回目onof goldお1陥 terof 

せlefuel 但 IIat 32 .C岨 S 切.3凶mandせJ.ef担sioncross SE氾tionof U-235，岨3凶m.

官也記七叩 valu田直ち S泊ilartoせJ.ecro，出 sectionsfor neutron回er芭yof 0.034 eV. 

B田mJCI'IC別

官宜主叩工血 n氾1of RUR∞出is包 ofa ho低沼臼砲O盟国ixtu児 ofuraniu血釦dzirconi咽

hy，也・ide.官leatomic ra.tio of zirconiUID to hydro酔nin the zirconium hylむideis 1 to 

1.6.官lehydrogen a句由 inthe田 atare the阻 inneutron moderator却 dis quite 

strongly加四百::Iin世lezirconiUID hydride 18七七i偲.官le1OOver:目ltofせlehy;企む炉1a・tansin 

the zirconiUID hydride lattice can be de田 ribedby the broaden Einstein oscillator 

model (1) . According to this model，ぜleoscillation of hydrogen atoms can be 

dぉcribEョヨ byaα粗tbir泊.tionof廿les凶ndarせEむE也お1( opti但 1)殴xieand廿leal氾ustic

m対e.

Binding ofせlehy;也勺伊1aなE 凶sgi ven rise to a unique限xiera.tingproperties笛
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followings : 

(1) Under the optical vibration mode, the hydrogen atoms can only occupy certain 

discrete energy levels of ( n + 1/2) ha>. Since the product hcu ( n is a positive 

integer, h is Plank's constant and co the lowest frequency of the vibration model 

) is about 0.14 eV, the hydrogen atoms in zirconium hydride can slow down 

neutrons in the steps of 0.14 eV but can not slow down neutrons having energy 

lower than 0.14 eV. 

(2) On the other hand, neutrons with energy lower than 0.14 eV can receive energy 

after colliding with hydrogen atoms, resulting in up-scattering of thermal 

neutrons. Up-scattering of thermal neutrons in TRIGA reactor is greater than 

light water moderated reactor, because the hydrogen atoms in water are only weakly 

bound and able to slow down neutrons to the energy lower than 0.14 eV. 

(3) In the acoustic vibration mode, the collective motion of hydrogen and zirconium 

atoms can be represented by a nuclide having a heavy effective mass. This provides 

the zirconium hydride lattice behaves in a less effective way in slowing down the 

neutrons to the energies below 0.14 eV . 

Based on the above characteristics, the LIBP and THERMOS computer code 2' 3 1 were 

used to calculate the thermal neutron spectrum in a TRIGA fuel cell. Thermal neutrons 

were divided into 30 groups. Thermal neutron energy structure in THERMOS is shown in 

Table 1. 

The moderating properties affects the thermal neutron spectrum in the reactor 

core. The main objective of the present study is to investigate the effect of thermal 

neutron spectrum to obtain effective cross sections in the reactor core of RUR. 

RUR FUEL CELL 
RUR reactor uses aluminium cladded fuel rods containing 8.5 w/o ( weight percent ) 

uranium and with a fuel section length of 34.56 cm ( 14 inch ). The dimension and 
composition of the fuel cell of RUR are shown in Table 2. 
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fo11owings 

(1) Under the optical vibration配対e，the hydr唱enatoms can on1y∞cupy白 rtain

discre也 ener官 1evelsof ( n + 1/2) hω.Sin回世Jepr凶 uct hω( n is a戸国tive

h也ger，h is Plank's∞n武an七皿dω せJe10ほヨstfr明 U四cyof出evibration !l凶.e1

is about 0.14 eV， the hydrogen atoms in zirconium hydride can s10w down 

neutr勺nsin the steps of 0.14 eV but can not slow down neutrons having energy 

lαoler廿J.aIl0.14 eV. 

(2)伽 theother hand， neutrons wi th ene内野 10肥 r廿1aJ10.14 eV伺 nr百 eiveenergy 

after c011iding with hydrogen atoms， rモsu1tingin up-scattering of therma1 

neutrons. Up-scattering of therma1 neutrons in TRIGA 問 actoris greater than 

1igh七回也r皿対era.tE対 reac句町民間U民社Jehyl也ugenatoms in阻:terare only田 akly

bound and ab1e to slow dα町田utr可コ，nsto廿百三田町宮 10砲 r世田 0.1勾eV.

(3) In廿官邸O国 ticvibration庇x:l.e，せ1eco11田 tive IOOtion of hYl企可知血dzirconium 

atoms但 nbe問pr芭到1tEョヨ by a nuc1ide having a heavy effective mass.百吐sprovid回

the zirconium hydride latti偲出haVI自白1a 1ess eff，配tiveway in slo回ngdαm廿Ie

neutrons to廿1eer恐喝1田 be1ω0.14eV • 

Bas凶 onせ1ea加，vecharacteristics， the LIBP and 古田lC)cαnputer c凶e2131 開問

u忠誠 tocalculate廿百三世間'IlBlneutron speヨ:trumin a TRIGA fue1回 U.官1er'1lBlneutrons 

鴎陀 divid凶 into却 groups.官官r'IlBlneutron田町宮ystructure in 'I'HERrCS is shωn泊

Tab1e 1. 

官1e即 deratingpro戸rti田 aff，民tsthe therma1 neutron spe氾trumin出ereactor‘ 

∞児.官1e阻お10bj包 tiveof廿18pre泡entstudy is to inv白山~te せ!e effl配 tofせ18r'llBl

neutron spe出:trumto obtain effi田tivecross妥当:tionsin出er四 ctor∞児 ofRUR. 

RUR F1lEL白LL

RUR陀 ac'句ru田 saluminium c1added fuel r叫 s∞nta担ing8.5 w/o (肥ightperc四七)

uranium and with a fuel section length of 34.56 cm ( 14 inch ). The dimension and 

composition of the fuel田 11of RUR arモ shownin Table 2. 
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Upper boundary Mid point Mesh width 
Group 

Energy(eV) Velocity Energy(eV) Velocity Velocity 
Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

0.00057 
0.00158 
0.00310 
0.00512 
0.00765 
0.01069 
0.01423 
0.01828 
0.02283 
0.02789 
0.03346 
0.03953 
0.04611 

0.15 
0.25 
0.35 
0.45 
0.55 
0.65 
0.75 
0.85 
0.95 
1.05 
1.15 
1.25 
1.35 

0.00023 
0.00101 
0.00228 
0.00405 
0.00632 
0.00911 
0.01240 
0.01619 
0.02049 
0.02530 
0.03061 
0.03643 
0.04276 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1,3 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

1 

14 
15 
16 
17 
18 
19 

0.05319 
0.06078 
0.07384 
0.08970 
0.10896 
0.13236 

1.45 
1.55 
1.7084 
1.8829 
2.0752 
2.2873 

0.04959 
0.05692 
0.06699 
0.08138 
0.09886 
0.12009 

1.4 
1.5 
1.6273 
1.7935 
1.9767 
2.1787 

0.1 
0.1 
0.15835 
0.17453 
0.19236 
0.21201 

2 

20 
21 
22 
23 
24 
25 

0.16078 
0.19531 
0.23726 
0.28821 
0.35011 
0.42530 

2.5209 
2.7785 
3.0623 
3.3752 
3.7252 
4.1000 

0.14688 
0.17721 
0.21527 
0.26150 
0.31776 
0.38588 

2.4013 
2.6466 
2.9169 
3.2150 
3.5434 
3.9054 

0.23367 
0.25754 
0.28386 
0.31285 
0.34482 
0.38004 

3 

26 
27 
28 
29 
30 

0.51664 
0.62759 
0.76238 
0.92611 
1.12500 

4.5189 
4.9806 
5.4894 
6.0502 
6.6683 

0.46875 
0.56942 
0.69171 
0.84026 
1.02070 

4.3044 
4.7441 
5.2288 
5.7630 
6.3517 

0.41887 
0.46166 
0.50883 
0.56081 
0.61810 

4 

Table 1. Neutron Energy Structure in THERMOS 

Region Radius 
(cm) 

Volume 
fraction 

Nuclide Atomic density 
( x102*atoms/cm3) 

Fuel 
meet 

1.7985 0.6082 
U-235 
U-238 
Zr 
H(ZrH) 

2.5665 x 10"4 

1.0258 x 10-3 

3.7171 x 10-2 
5.9474 x 10-2 

Clad 1.8745 0.0525 Al 6.0200 x 10-2 

Water 2.3062 0.3393 H 
0 

6.7000 x 10-2 

3.3500 x TO-2 

Table 2. RUR Fuel Cell 
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Up戸r凶m由ry MidI=悶訂lt 持姐1width 
住'Oup

Fne.弓~(eV) Vel，∞ity Fner官 (eV) Ve1∞ity Vell∞ity 

O.α泊57 0.15 O.αXl23 0.1 0.1 
2 O.∞158 0.25 O.∞101 0.2 0.1 
3 O.∞310 0.35 O.∞228 0.3 0.1 
持 O.∞512 O.斗5 O.∞国5 0.4 0.1 
5 O.∞765 0.55 O.α1632 0.5 0.1 
6 0.01069 0.65 O.∞911 0.6 0.1 
7 0.01423 0.75 0.01240 0.7 0.1 
8 0.01828 0.85 0.01619 0.8 0.1 
9 0.02283 0.95 O.O~αゅ 0.9 0.1 
10 0.02789 1.侶 O.但530 1.0 0.1 
11 0.0:担16 1.15 0.03061 1 .1 0.1 
12 0.03953 1.25 0.0宝山3 1.2 0.1 
13 O.α1611 1.35 0.04276 1.3 O. 1 

1斗 0.05319 1.与5 O.叫959 1.4 0.1 
15 O.凶(Jf8 1.55 O.巴692 1.5 0.1 
16 O.町諸島 1.7α見 O.回699 1.62'乃 0.15835 2 
17 0.08ヲ70 1.8829 O.伺138 1. 7935 0.17453 
18 0.1叩96 2.0'市2 0.0袋獅 1.9767 0.19236 
19 0.13包6 2.2873 0.12C氾9 2.17町 0.21201 

20 0.16(Jf8 2.5209 0.1嶋田 2.4013 0.2お67
21 0.19531 2.7785 0.17721 2.61め6 0.257ヲ4
22 0.23726 3.回目 0.21527 2.9169 0.283l泌 3 
包 0.2，回21 3.3752 0.26150 3.2150 0.31285 
2与 0.35011 3.7252 0.31776 3.日34 0.3-1山82
25 O.与25却 4.HX氾 0.38明 3.9Cち与 O.京支氾4

26 0.5166年 与.5189 O.桶875 持.却以4 0.41887 
27 0.62'市9 札妨06 0.56942 4.7以↓1 O.垢166
28 0.76包8 5.!J894 0.69171 5.22田 0.5α犯3 持

29 0.92611 6.(1.氾2 0.8!の26 5.7630 0.5氏泡1
却 1.12日xl 6.氏渇3 1 .但σ70 6.3517 0.61810 

」ー

T油le1. Neutron Ð閣を~ StnlcttJre in 'IlIElME 

恥gi.onRadius Voll.lla Nuclide A飲酒icdensity 
(cm) f四 β，tion ( x102 ・aなXf13~叩3)

u-包5 2.日訓55X 10-4 
Fuel 1.7985 0.6凶2 U-238 1.位58X 10-3 
Bヨet zr 3.7171 X 10-2 

H(Zr也) 5.947.与X10-2 

Clad 1.8745 0.0525 Al 6.0200 X 10-2 

wa匂r 2.3062 0.3393 H 6.71αxl X 10-2 
O 3.3日xlX 10-2 

Table 2. RUR Fuel 白且
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RESULTS AND DISCUSSION 
Figure 1 shows the thermal neutron flux distributions of four energy groups in the 

fuel cell. In the table, 30 thermal neutron groups were put into four broad groups. The 
four groups were : 

Group 1 : 0.0006 eV ~ 0.046 eV 
Group 2 : 0.046 eV ~ 0.132 eV 
Group 3 : 0.132 eV ~ 0.425 eV 
Group 4 : 0.425 eV ~ 1.125 eV 
The thermal neutron flux distributions in the TRIGA fuel cell vary sensitively with 

temperature. Neutron distribution with respect to temperature is also shown in Figure 1. 
The neutron spectra at three positions in the fuel cell are shown in Figure 2, and 

compared with a Maxwell distribution with the peak energy of 0.025 eV. The three positions 
were : 

1 : Center of the fuel cell r=0.00 cm 
2 : mid point of the clad r= 1.8365m 
3 : mid point of the water r=2.0903m 

The neutron spectrum in a TRIGA fuel cell differs from the one in a reactor core 
which gives the neutron flux of the Maxwell distribution. The peak energy of the neutron 
spectrum shifts towards higher energy and the neutron flux of very low energy is more 
intense than the Maxwell distribution. 

The effective cross sections of gold and uranium in a RUR fuel cell were 
calculated using the obtained neutron spectrum. The results are shown in Table 3. 

irradiation 
point 

center in 
the meet 

in the clad water Maxwell 
distribut. 

total cross section 
gold, ( barn ) 72.5 84.0 90.3 105 
fission cross section, 
U-235.C barn ) 366 442 505 700 

energy corresponding 
cross section ( eV ) 0.055 0.040 0.032 0.025 

Table 3. Effective Cross Section of gold and Uranium 
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RESUL TS AND DISCUSSION 
F培山モ 1shows the thermal neutron flux distributions of four energy groups in the 

fuel cell. Inせletable， 30 thermal neutron grou戸肥陀 putin旬 fourbroad groups.官】e
four grou戸田rモ:
Group 1 0.(削J6eV "'"' O.α↓6 eV 
住'Oup2 O.αl6 eV "- 0.132 eV 
Grot早 3 0.132 eV "'"' 0.425 eV 
Group 4 O.与25 eV "'"' 1 • 125 eV 
官E 廿lermalneutron flux distribu七ionsin the 'I'RIGA fuel四 11vary民主lSiti vely wi由

te時四百tu!'e.1地=utrondistribution with陀 spe犯tto te:耳leraturモ isalso shown in Figure 1. 
官官三 neutron暗記traat three戸'sitionsin the fuel cell are shown in Figure 2，出d

C四!PeU'剖回世1a地ぉe11d包位、ibutionwi廿1廿tepe成田e弓r;yof 0.025 eV.官E三世官官 positio出
』距笠モ : 

α宝lterof廿百三 fuelcell 
2 : mid point of世teclad 
3 : mid point ofせte鴎民r

r=O.∞佃
r=1.8365m 
r=2.。如'3m

官leneutron spectrum in a TRIGA fuel cell differs from the one in a rモactor、co陀
油ichgivesthe neutron 江田 ofせteMaxwell distribution.官】epeak eneη5y of the neutron 
spectrum shifts towar也 higherener官yand the neutron flux of verγlow energy is rno陀
担恒nse 泣JaIlせle 地潟~ll d詰廿ibution.

官leeffecti ve cross sections of gold釦 durani咽お1a RUR fuel白江田陀
calc凶ated阻む窓口1eO比aiI凶 r阻比四n可JeCtrum.官Jeresults arモshownin Table 3. 

irτ'8diation αヨlterin h せteclad ωater 出潟ell
point 廿Jeslヨ巴七 d担廿ibt沈.

匂凶 crossSEヨ~tion
gold， (回m) 72.5 84.0 切.3 1田

fission c民話SSIぉtion，
U...:包5.(凶m) 話6 以~2 5侶 7∞ 
包阻窓Y∞πち可xmdお宅
CI'(思臨tion (eV) o.田5 o.αω 0.032 0.025 

Table 3. Effecti ve白'ossSection of gold ar討 Uranium
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1) G. W.白π・ive泡iU.Sお司sleDiffl自司~ntialcross SEヨ~tion of Zirconium Hydride， 

GA-8345 ， 1967 

2) A官官a.lizationTran勾x>rt官邸Iryα対efor Reac句rLa七til白白lculations，

国司L→)826.

3) T. Ise， Y.防虫滋賀ヨ， M. iIltim:l切， J紐斑-M5"市0，19向
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F l u x 

0 . 5 0 

0 . 4 S 

0 . 4 0 

0 . 3 0 

Fuel~mea t" n 

!a) '. 23 "°C 875 w/6 

c=^Wat'er" 

0 0 . 2 0 . 4 0 . 6 0 . 8 1.0 1.2 1.4 1 .6 1 .8 2 . 0 2 . 2 2 . 4 

Radius (cm) 

0 . 5 0 

Flux o - 4 5 

0 . 4 0 

0 . 3 5 

0 . 30 

0 . 2 5 

0 . 2 0 

0 . 1 5 

0 . 1 0 

0 . 0 5 

b)~200°C' ,8.5-w/o 

0 0 . 2 0 . 4 0 . 6 0 . 8 1 .0 1.2 1.4 1 .6 1 .8 2 . 0 2 . 2 2 . 4 

Figure 1. Neutron distribution in the fuel cell at various fuel meat temperatures. 
The numbers on the graphs correspond to the neutron groups. 

548 

o . 50 

o ， 4 5 

Fi ux 0.40 

0.J5 

o . J 0 

o .25 

0.20 

o . 15 

o . I 0 

o .05 

。
。

0.5Q 

Flux o .45 

o .40 

o . :35 

o . 30 

o .25 

Q .20 

O. 15 

o • 10 

o .05 

。
。

F培ぽ'e1.

J.¥ El~ 1 ¥1 U2 02H 

ペー;初ー 23片山「!-2f-

一=/レノ! IlL 
:ぷrと士三三一-一一;-ELI--L--j-

o . 2 o . 4 o . 6 o • 8 1 . 0 

!し〉 -~Oベ
iLJ  
ト γ.

1 .2 1 • 4 1 • 6 1 . 8 

Radius(cm) 

，8.5-ω・/0

中性-r
o .2 o . 4 o .6 o . 8 1 . 0 1.2 

. . 
2 

1 • 4 1.6 1 . 8 

2.0 2.2 

とf

2.0 2.2 

2. 4 

2. 4 

Neutron distribution in甘百三 fuel偲 11at vario田 fuelraat tE理JperaturモS.
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Figure 1 Continued 
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E eV 
0.000912 000248 0.00674 0.0183 0.029 0.135 0.368 

In E 

Figure 2. Neutron spectra at three positions in the fuel cell 

and the Maxwell distribution 
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