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ABSTRACT

The fission cross section for 237NP from
a b o u t  1  eV to  about  5  keV r e l a t i v e  t o  t h a t
for 235U was measured with back–to–back

type double fission chambers using an elec–
tron linear accelerator (linac)  driven lead
slowing–down neutron spectrometer (lead
spectrometer) . Although the shape of the
present energy dependent cross section
agrees with those of JENDL–3  (below 120 eV)
and ENDF/B–VI, their absolute values are
from 3 to 4 times smaller than the present
data.

The thermal  neut ron  capture  and resonance
n e u t r o n  c a p t u r e  i n t e g r a l  f o r ‘37Np were
measured  by  the  ac t iva t ion  method in  a
s tandard  thermal  neut ron  f ie ld  and in  a
s t a n d a r d  l / E  n e u t r o n  f i e l d ,  r e s p e c t i v e l y .
T h e  p r e s e n t  r e s u l t  f o r  t h e  f o r m e r ,  154.7f
2.9  b ,  i s  about  17% smal ler  than those  in
JENDL–3 and  ENDF/B–VI,  but the preliminary
d a t a  f o r  t h e  l a t t e r ,  6 4 6  b  r e a s o n a b l y
a g r e e s  w i t h  t h o s e  i n  b o t h  f i l e s .

INTRODUCTION

In order to design any transmutation
sys tems of  long hal f– l ived  waste  nuclides
to  much shor ter  ones ,  prec ise  nuclear  da ta
a r e  r e q u i r e d . Although modern evaluated
n u c l e a r  d a t a  f i l e s  s u c h  a s  JENDL–3  a n d
ENDF/B-VI  conta in  most  of  the  long  half-
l i v e d  w a s t e  nuclides, bo th  h igher  actinoids
a n d  f i s s i o n  p r o d u c t s ,  t h e  p r e c i s i o n  a n d
r e l i a b i l i t y  o f  t h e i r  n u c l e a r  d a t a  a r e  o f t e n
i n s u f f i c i e n t  f o r  d e s i g n i n g  t h e i r  transmu–
tation systems. Therefore , i t  i s  k e e n l y
reques ted  to  car ry  out  more  exper imenta l
works  to  obta in  more  prec ise  and re l iable
n u c l e a r  d a t a  f o r  t h e s e  nuclides.
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Among severa l  h igher  ac t inoids  or  mi–
nor transuranium  nuclides  produced by power
r e a c t o r s , ~37Np  is t h o u g h t  t o  b e  o n e  o f  t h e

most  burdensome ones ,  because  of  i t s  la rge
product ion ra te  in  a  reactor ,  very  long
h a l f – l i f e  (2.14X106Y)  a n d  a l p h a  a c t i v i t i e s
in  i t s  decay chain . In  order  to  t ransmute
~s7NP to nuclides  w i t h  m u c h  s h o r t e r  half–

l i v e s , i t  i s  p r o p o s e d  t o  u s e  i t s  f i s s i o n  a n d
c a p t u r e  r e a c t i o n s , 237Np(n,  f )  a n d ‘31Np(n,

7) 238NP. We started to measure these reac–
tions as precise as possible by making use

of a few standard neutron fields which we
had developed and characterized for long
time.

FISSION CROSS SECTION MEASUREMENT
FOR NP-237

Severa l  groups  measured  neut ron  cross
sect ions  in  the  in termedia te  and resonance
regions  wi th  lead  spect rometers  wi th  a  con-
vent ional  pulsed  neut ron  source’  - 5. More
r e c e n t l y ,  Slovacek, e t  a l .  u t i l i z e d  a n
e l e c t r o n  linac for  a  lead spectrometer  and
succeeded in  measur ing very  smal l  c ross
sections6 such as  the  subthreshold  f iss ion
of 238U and the crOsS s e c t i o n s  f o r  higher

actinoids of which sample mass was extreme–
ly sma117.

We ins ta l led  a  lead spectrometer  be–
side  an  e lec t ron linac o f  t h e  R e s e a r c h
Reactor  Ins t i tu te ,  Kyoto  Univers i ty  and
named it Kyoto University Lead Spectrometer
(KuLS). The size and the weight of KULS
are  1.5m cubic  and  about  38  tons ,  respec–
tively. The pur i ty  of  the  lead  b locks
composing KULS is 99.9Z. We covered KULS
by cadmium sheets  0.5mm thick and put it on
a movable  s tee l  table . An air–cooled
tanta lum photoneut ron  ta rge ts  was  p laced a t
t h e  c e n t e r  o f  KULS. We made 11 experimental
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holes in it. One of these holes was covered
with a bismuth layer 10-15cm thick to
suppress the high energy gamma rays from the
n e u t r o n  c a p t u r e  o f  leadx. The cross  sec–
tional view of KULS is shown in Figure 1.
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Figure 1 Cross  sect ional  v iew of  Kyoto
Univers i ty  Lead Spect rometer ,  KULS.

The characteristics of KULS were
obtained with a BF3 counter and an argon–
filled proportional counter with and with–
out several resonance filters. The energy
resolution at 27.5 eV shows 39il%. The
details of the characterization of KULS is
given elsewhere’ 10.

The fission chambers in this work have
two identical parallel type ionization
chambers as shown in Figure 2. The cham–
hers were made of aluminum and filled with
a mixed gas of 97% argon and 3% nitrogen at
the pressure of 1 atm. The distance bet–
ween two electrodes was 8mm and the applied
voltage was 400V.

Neptunium oxide NP02 of about 2mg was
dissolved in hydrochloric acid of
O.1 ml of this solution was mixed
propanol of 5 ml. Therewith we e

posited N P0 2 on a stainless steel
28mm in diameter and 0.2 mm thick
diameter  of  the  deposi t  was  2cm.
enriched (99.91%) uranium dioxide
s i m i l a r l y  e l e c t r o d e p o s i t e d  o n  t h e

0.2N and
i n t o  2–
ectrode–
p l a t e

The
Highly
UOZ was
stain–

less steel plate. A f t e r  electrodeposition,
each plate was sintered with a gas burner.
The numbers of atoms in the sample deposit
(Z37NP) a n d  i n  t h e  r e f e r e n c e  o n e  (Z35U)
were  de termined by the  a lpha  ray  spectro–
metry with a silicon surface barrier detec–
tor in vacuum, and are (1 .99f0.02)f1017 and
(4. 12f0.09)X10’7,  respectively. In the
sample deposit, we found ‘38Pu and ‘39Pu to
be 0.320i0.003ppm  and 1.10iO.13ppm,  respec-
tively. The alpha rays from 234U was
counted  for  the  reference  deposi t ,  and the
c o n t e n t s  o f Z34U became 464?5ppm.
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Figure 2 Cross sectional view of the
back–to–back type fission chambers.

Two identical electronic circuits were
prepared for the slowing–down time analysis.
The start signal for timing was takn from
the electron linac. Since we used quite
t h i n  s a m p l e  a n d  r e f e r e n c e  d e p o s i t s ,  f i s s i o n
pulses  were c lear ly  discr iminated f rom
background ones.

Measurement  of  the  f i ss ion ra t io  of
2 3 7N p  t o Z3SU was carried o u t  i n  t h e  bis–
muth-covered  exper imenta l  hole . Background
run was done with the chambers wi thout
sample  and reference  deposi t s ,  and we ob-
served few background counts.Details  about
t h e  c o r r e c t i o n s  a n d  t h e  e r r o r  e s t i m a t i o n
are given elsewhere’ ‘.

In  F igure  3 , t h e  p r e s e n t  r e s u l t  i s
compared wi th  the  evaluated values  in
JENDL–3’2  a n d  ENDF/B–VI’3. Since  the  ener–
gy resolu t ion  of  the i r  da ta  i s  much h igher
than tha t  of  the  present  exper iment ,  we
processed the  eveluated data  values  by
m u l t i p l y i n g  a  r e s o l u t i o n  f u n c t i o n  o f  a
G a u s s i a n  w i t h  40Z of  i t s  fu l l  width  a t  ha l f
maximum. In  th is  f igure ,  shown are  the
p r o c e s s e d  v a l u e s  o f  b o t h  f i l e s . From this
f i g u r e ,  i t  c a n  b e  s e e n  t h a t  ( 1 )  t h e  evalu–
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ated values in both JENDL–3 and ENDF/B–VI
are from 3 to 4 times smaller than the
p r e s e n t  r e s u l t . (2) The gross shape of the
p r e s e n t  r e s u l t  i s  v e r y  s i m i l a r  t o  t h a t  o f
ENDF/B–VI in all range and to that of
JENDL-3 be low 120eV. Above 120eV, the cross
s e c t i o n  i n  JENDL–3  i s  f l a t  a n d  d i f f e r s
f rom the  present  resul t  due  to  the  neglec–
t ion of  resonance  t rea tment  in  the  evalua–
tion.
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water thermal neutron facility of Kyoto
University Reactor (KUR).  The configura-
tion of this facility is shown in Figure 4.
The thermal neutron spectrum at this facil–
ity was measured with a chopper and was
shown to have a pure Maxwellian shape14.
This facility is regarded as one of the best
standard thermal neutron spectrum fields in
the world.

Sh,,ld

F i g u r e  3  E x p e r i m e n t a l l y  o b t a i n e d  c r o s s F i g u r e  4  S t a n d a r d  t h e r m a l  n e u t r o n  f i l e d  a t
237NP(n, f) reactionsection of the the heavy water facility of Kyoto University

compared with those in evaluated data files. Reactor, KUR.

Reevalua t ion  of  the 237Np(n,  f )  c r o s s The neptunium samples were prepared by
s e c t i o n  i n  JENDL–3  and  ENDF/B–VI  i n  t h e that  we dropped a  drople t  of  the  solu t ion
intermedia te  and resonance  regions  i s of ~s7NP02 i n  hydrochloric a c i d  o n  a  filter

recommended. I f  t h i s  c r o s s  s e c t i o n  in– p a p e r  a n d  d r i e d  i t . The gamma rays from
c r e a s e s  f a c t o r  3 ,  t h e  e f f i c i e n c y  o f  t h e ZS3pa and ~SaNp in an irradiated SamPle

23TNP  by the f i s s i o n  ‘ nt ransmuta t ion  of were simultaneously measured with a cali–
these regions would improve almost the same brated  HPGe detec tor . S i n c e  ‘33Pa is in
f a c t o r . r a d i o a c t i v e  e q u i l i b r i u m  t o 237Np, the  mass

Obvious ly  the  ef fec t iveness  of  the of ZSTNP in a sample c a n  b e  o b t a i n e d  f r o m

f i s s i o n  i n  t h e  f a s t  r e g i o n  i s  s u p e r i o r  t o t h e  r a d i o a c t i v i t y  o f  ‘33Pa.
that  in  the  in termedia te  and resonance Thermal neutron flux was monitored
r e g i o n s  f o r  t h e  t r a n s m u t a t i o n  o f  2 3 7N P , with a gold foil of 3mm in diameter and
however precise data of its fission cross 50vm thick and with a wire segment of
sec t ion  in  these  regions  and in  the  thermal aluminum–gold alloy (gold: 0.0314% in
region  i s  requi red  to  des ign  any  trasmuta– w e i g h t )  0.5mm in  diameter . The gamma rays
t ion  sys tems of 237NP. We are now trying f r o m  198Au were measured  wi th  the  HpGe
to  measure  the  thermal  f i ss ion cross  sec– d e t e c t o r . As the  cross  sec t ion  for  the
tion for ~s7Np With  t h e  s a m e  c h a m b e r s  and 197Au(n, 7 ) 198Au  r e a c t i o n  a t  2 2 0 0 m / s  o f
the  s tandard  thermal  neut ron f ie ld  de– n e u t r o n  v e l o c i t y ,  w e  r e f e r r e d  t h e  d a t a ,
scr ibed  be low. 98.65f0.09b,  f r o m  t h e  Mughabghab’s  book]5.

The experiment was independently re–
THERMAL NEUTRON CAPTURE CROSS
SECTION MEASUREMENT FOR NP-237

peated  s ix  t imes  for  n ine  samples  and the
resul ts  are  summarized in  Table  1 .
The present  value  is  about  17% smal ler  than

The thermal  neut ron  cross  sec t ion  for
t h e  237Np(n,  ‘j’ )

t h o s e  i n  JENDL-3 a n d  ENDF/B-VI.  Reevalua–
238NP reaction w a s  mea– tion of the thermal neutron cross section

sured by the activation method in a stan– for the 231Np(n, 7 ) reaction is recommend-
dard thermal  neutron f ie ld  a t  the  heavy ed.
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Table 1 Thermal neutron capture cross
section for ‘37NP,  ff,(2200m/s)

P r e s e n t  v a l u e 154.7t2.9  b
JENDL-3 18.1.0
ENDF/B-VI 181.0
Mughabghab 175.9i2.9

RESONANCE NEUTRON CAPTURE INTEGRAL
MEASUREMENT FOR NP-237

The resonance  in tegra l  for  the  ‘37Np
(n, ‘Y)Z38NP react ion  was  measured by the
act ivat ion method in  a  s tandard  l /E neutron
f i e l d  a t  t h e  c e n t r a l  c a v i t y  i n  t h e  i n t e r n a l
graphi te  ref lec tor  between the  two divided
cores  of  Kinki  Univers i ty  Reactor  (UTR–
KINK1)  . T h e  c o n f i g u r a t i o n  o f  t h i s  r e a c t o r
i s  i l l u s t r a t e d  i n  F i g u r e  5 . By unfolding
m u l t i – f o i l  a c t i v a t i o n  d a t a  a n d  b y  t h e  sand–
with  fo i l  method, we demonst ra ted  tha t  the
neutron spect rum at  the  cent ra l  cavi ty  of
UTR.-~INKI  was  c lose  to  l /E  f rom leV to a ~ hb8&J

fewTkev’6,
,

as  seen  in  Figure  6 . By making
use  of  th is  posi t ion,  we have measured
r e s o n a n c e  i n t e g r a l s  f o r  s e v e r a l  r e a c t i o n s
s o  far17.

The  prepara t ion  of  the  neptunium sam–
pies and the method of the gamma ray mea–
surement are  as  same as  to  those  in  the
thermal  cross  sect ion measurement . A gold
foil of 12.7mm  in  deameter  and 50pm thick
was  covered by a  cadmium f i l te r  0.5mm  thick
and was  i r radia ted  wi th  the  neptunium sam–
p l e  i n  t h e  centrl c a v i t y  o f  UTR-KINKI. The
c o r r e c t i o n  f a c t o r s  f o r  t h e  s e l f – s h i e l d i n g
of  the  neut ron  resonance  in  the  gold  fo i l
was derived by the Monte Carlo code VIM18.
As the  resonance  in tegra l  for  the *g7Au(n,
7 ) lgxAu reaction, w e  r e f e r r e d  t h e  d a t a
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C e n t r a l  grophile  slrrngef

[ measured  poslion  1

Figure 5 Standard l /E neutron f ie ld  in
Kinki  Univers i ty  Reactor  UTR-KINKI.
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Figure 6 Measured and calcula ted neutron
spectrum at  the  s tandard l /E neutron f ie ld
i n  UTR–KINKI.

ODAP: Measured by the sandwich foil
method.

~ : Measured  by  the  mul t i–fo i l
unfolding method.
Calcula ted  by  SRAC.

1550i28  b  f r o m  t h e  Mughabghab’s  book15.
The present  resul t ,  which  i s  not  the

f ina l  da ta  ye t ,  i s  shown in  Table  2 . The
error  i s  es t imated  about  60  b . The pre–
s e n t  v a l u e  i s  c l o s e  t o  t h a t  g i v e n  i n  t h e
Mughabghab’s  book and agrees  wi th  those  in
JENDL-3 and  ENDF/B–VI  i n  t h e  e s t i m a t e d
e r r o r .

Table  2  Resonance  neut ron  capture  in tegra l
f o r  237NP

P r e s e n t  v a l u e 646 ~ 55
JENDL-3 663
ENDF/B-VI 655
Mughabghab 640f50

CONCLUSION

Three  impor tant  cross  sec t ions  for
~s’iNP, t h e  f i s s i o n  c r o s s  s e c t i o n  i n  t h e

in termedia te  and resonance  region,  the
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thermal  neutron capture  cross  sect ion and
t h e  r e s o n a n c e  n e u t r o n  c a p t u r e  i n t e g r a l ,
were measured by making use of three stan–
d a r d  o r  r e f e r e n c e  n e u t r o n  f i e l d s . The
a b s o l u t e  v a l u e s  o f  t h e  f i s s i o n  c r o s s  sec–
t ion  are  la rger  by  f rom 3  to  4  t imes
l a r g e r  t h a n  t h e  e v a l u a t e d  d a t a  i n  JENDL-3
and  ENDF/B–VI. The  thermal  neut ron  capture
c r o s s  s e c t i o n  b e c a m e  154.7f2.9 b and is
about  17% smal ler  than  those  in  both  f i les .
The pre l iminary  data  for  the  resonance  neu–
tron c a p t u r e  i n t e g r a l ,  6 4 6  b  r e a s o n a b l y
a g r e e s  w i t h  t h o s e  i n  b o t h  f i l e s .

We are now trying to measure other
c r o s s  s e c t i o n s  f o r  h i g h e r  actinoids or mi–
n o r  transuranium  nuclides  a s  p r e c i s e  a s
poss ib le  by  making  use  of  s tandard  or  ref–
e r e n c e  n e u t r o n  f i e l d s  a n d  r a t h e r  c l a s s i c a l
d e t e c t o r s , to  supply  more  re l iable  nuclear
data  for  des igning t ransmuta t ion  sys tems.
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