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ABSTRACT : A new evaluation of 22U inelastic seatiering crogs sections has
been made. A coupled-channels model is adopted for caleulation of direct
inelastic scatfering cross sections to the excited levels which belong to the
vibrational bands of 2811, as well as the ground state rotational band. The
members of 2 certain vibrational band ave coupled to the 0F-2%-4% triad of the
ground state rotational band levels. A band coupling strength 8 is determined
from the expermenta] inelastic scattering data below 3 MeV, Experimental
double differential cross sections (DDX) are abso taken into account in the 2
determination. The caleulated leve] excitation cross sections and the caleulated
DDX reproduce consistently the experimenial §<§a§:a.

1. INTRODUCTION |

Reliable neutron inelastic scattering cross sact%m for ***U are demanded for reac-
tor design. However, determination of the **Uln, n') cross sections is dificult because
of seattered experimental data, and oo cnmp}}cateé nuclear structure fo calowlate with
nuclear models, and there are considerable cizscrepemczes among the svaloated nuclear
data libraries.

Discrete levels of ***U at low excitation energies ave classified into s ground state
rofational band zud 2 quadrupole, an octupole vibiationei bands. & coupled channels
(CC) model ealenlativn of the direct inelastie xcattermg crogs sections to the ground
state rotational band levels (0F,2%,4%,...) has been successfully applied to auslyze
the experimontal datall, While the excitation wross sections of the vibrativnal band
members are usually evaluated with a DWBA (Ref.2, for example). This method, how-
ever, may bring some uncertainties into the evaluation, becawse the DWBA culoulations
are nopualized to the exporhmentsl data, and there 15 s discrepancy betweon the v-ray
and veutron detected mensurements for these iﬁw:}s} Hecently the CC wodel was alse
adopted for the vibrational states by University of Lowell group!®49, and the excitation
eross sections of the levels were caleulated up to 3 MeV. We adopt the CC caleulstion
for the evaluation of the vibrational states, and determine a band coupl ing streugth
independent of the Lowsll group. The 8 is determined from the experimental inelustic
srattering date belnw 3 MeV. Experimental double differential cross sections {(DDX) a
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1.2, 2.03, 4.25, 6.1, and 14 MeV are also included in the 8 determination.
The evaluated nuclear data library JENDL-3.2 contains the result of the present

svaluation.
2. DISCRETE LEVEL ASSIGNMENT

In order to evaluate the inelastic scattaréng? cross sections for 23000 5 level scheme
of thiv mucleus has to be decomposed iuto czsiectixfe band familiss, Figure 1 is the
decotnpased band level scheme which was given according to assignment in Ref.3, and
the excitation energies and J™ of the levels were vorrected ace vding to Ref8. The
crcited levels with small J value are taken into sccount, since the inclastic scattering
cross sections to these levels are ewpecied to be large. There are some levels that
cannut be rlasmﬁed mbo the collective band ‘mhes. We take 1058.3(3%), 1118.6(1~},
1224.3(2% ), 1278.5(17), and 1285.8(8 ) levels into competition in the calenlution of the
mmgmma process. Abnve 1280 keV, the am,zte:i levels sre assumed to be overlappad.

3. GROUND STaTE RoTaTional Banp

The cvalustion of the inelastic scattering cross sections for 2% and 2% levols is
conducted by the CC calculation with a zieturmed optical potential parameter ast for
BY emplaying the 0H-3%.4% lovel coupling scheme proposed by Bruyéres-le-Chatel
groupll. Contribution of the compound process for these levels is significant in the
energy range e, S En £ 3 MeV. The cross sections are given by Engslbrockt-
Weidvmniiier transformation™ which is an e&tmaon of the Hauser-Feshbarch theory
when qun%.’; absorption channels exist. The competition of o radiative capture channe]
tuken inte account since the influence camnot be ignorsd near threshold cner oy of
44.91 keV{2%) level. The caleulation of the cross Sﬁatmn of direct and compound process
iy carried wut with BEOISaslsl :

The caleulated radiative capture cross sectiafn is somewhat different from the oval-
nation of JENDL-3. Io addition,  fission channel must be tazken ints account. The
componund inelastic scattering cross s&cdems are normalized 50 a3 to conserve s wom-
pound formation cross section oon(= o3¥" ~ 3¢ s?“”’“‘ tevely when the capture and the
fission cross sectivus in JENDL-3 are ﬁozzsme"e&

Comparisons of the calculated inelastic scdtermg sregs sections for the 2%, 4% and
8% lovels with the sxperimontal datal?? 10101238 are shown In Fig, 2. The evaluated
nuclear data lbraries — JENDL-3, ENDF/B-VI, 83.02‘4 -2, and CENDL-2 -~ are also
depicted in this figure. The differences among the evaluated data seem to be small for
the 2%, 4% levnls, and they zre consistent with the sxperimental data. There is abvious
difference among the evaluations of 6% level. However, only one measurement(] with




rclatively large uncerfainty is available and thm the discrepancy cannot be solved from
the data.

4. VIBRATIONAL BANDS

The direct inelastic scattering cross %ecziénz for the vibrational bands are also
evaluated witlothe OC oalodntion. The mmms o e s fmBrribratiosal banng ave
coupled to the 07-2%-47 triad of the ground state rotational band levels. The coupling
betwesn the different vibrational bands s ngmred since the strength of the coupling is
expected to be weaak, :

The compound process comtribution for the &ibxaiionai levels is calevlated using the
Hauger-Feshbach theory with width fuctuation correction by Moldaner, The optical-
statistical model code CoB3¥ is used for the c:aiczzlamm of compuund inelastic scattering
crass sections with a spherical optical potential parameter by Madland and Younglt®,
The compound inelastic scattering cross sez:tmm are alen adjusted as described in the
PEOVIOUS sertion. :

The band coupling strength # for each vibrational bands is estimated on the basis
of the experimental love] excitation cross ses zxms The available data are, Smishi™®
Varotnikov, «f o3 Olsen, £t 2LBY, Shao, =t al. 1o and Kazjula, ¢ 2L, Opece the
band coupling st mg;ti}. 8 is obtained, the divect zm}a.si'c scatiering crosg sections for all
levels in the band can be caleulated mmultmmus Then the 2 has to be determined
sz a5 to be ronsistent with the sxperimental éata for the considering band. Because
the compound inglastic scattering cross section .,3 dominant below F, = 2 MeV, it is
difficuls to determine the § in this enecgy rmmm shezx the 4 is estimated in the encrgy
range T < £, £3.

The caleulated cross sections for the oc‘mpoie K = 07 band lovels — 6801 keV{1™),
7319 keV(37), and 826.7 keV(§7) ~ ave show:g m Fig. 3. As seen in Fig. 3, the CC
caleulation results in lower values in the energy range 2 < E, < 5 MeV thun the
experimerntal data which was obtained with the Afiray wmessurementst®l. It is Bl to
reprodure ronsistently thexe y-ray detected data for these levals with the CC caleulation.
Then the noutron detzeted measurements are aciﬁpteci to determing the 8.

Comparisons of the caledlated inelastic scat;vemlg eross sections to 850.2 keV{2™,
Ostupole K = 17 band), 967.3 keV(2¥, 2¢ band), and 1037.3 keV{(2*, 4 band) levels
with rhe experimental data and the other evaiuatmna sre shown in Fig. 4. The present
evaluations well represent the neutron detecied expemmenta;. data denoted with the
symbiol o

Figure & displays the total inelastic scaﬁteriéng cross sections {(heavy solid curve),
the partial eacitation cruss seetions for all levels {light curves), and comtinuum inelastic
scattering croas sections (hesvy dotted curve). Tize same piclure for JENDIL-3 and




JEF-2 is also shown in Fig. 5. The total me}astm scattering cross section in the prescnt
evaluation and that in JENDL-8 are almost the same exzept fov the cnergy range 45 keV

< En £ 400 keV. The present evaluation gives iawer values than that in JENDL-3. The
m}mr obvious differences are the level %matw;a crogs sections of above 880 keV levals,
The cross sections in JENDL-3 (light solid curves in Fig. 5) J are larger than the present
evaluations in the energy range 3 ~ 20 MeV. ’l’ge magnitude of the continuwm inelastic
cross section is defined as the difference ‘betweén the non-elastic cross section and the
wther partial cross sections that are inelastic &cat:xzemxg to the dicerats lewels 00 o

capture, (n,2n}, and {n,3n).
5. DouBLE DIPFERENTIAL CRrOSS SECTION

The €C calculativns are extrapolated upé‘c 20 MeV| and s double differential
cross zection (DDX) s caleulated and the comparison with the experimental data sre
ruade, in order to confirm an amount of the inelastic scattering sross sections. The
DODX is cadedated using PLDDXR, The fission cross ssctions, v, and the energy
spectra ar taken from JENDL-3, The ememm*zztai DDX data were measured by Baba,
et ol ar B, = 1.2, 2,03, 4.25, 6.1, and 14 MeV. 4.25 and 8.1 MeV data are Importunt
sinee contribution of the vibrational band }eve;.s at the excifation energies ~1 MaV ig
separated from the slastic group (07-2+-41) ami the ecperimental lavel excitation cross
sections at these cnergies are not accessible.

The crmparisons of caicmaie-:? DDX and mez experimental data st 6,1 MeV and
¢ = 307 are shrn jo- Fig & Mote thab S clustio ocodioring crtes soubiun was 1ot
inclided in the DDYX caledlation. As seen in t?;.zs figure the present evalustion which
15 based on the CC culowlation gives ressonshle 5agreém&m with the DDX data around
{} = ~1 MeV whers the inelastic scattering crcss szctions to the vibrational levels ars
dominant. -

6. CONCLUSION

The new evaluation of the %Y inelastic scattering cross sections %ad done. The
direct process for the vibrational states was evaluated with the coupled-channels model.
The raleulated double differantial cross sectinns ’&vzth the present evaluation agree with

thie experimental data.
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Figure Captions

Fig.l Decomposition of the collective band Emei scheme of 2387

Fig.2 Comparisons of the caleulated and the experimental inslastic scattering cross
sections to the ground state rotational ’aamd levals,

Fig.3 Comparisons of the calculated and the ;e:cg}emmamai inelastic scattering cross
sections to the octupole & = 07 band levels,

Fig.4 Comparison of the caleulated and the ie:cpszimcma}. inelastic scattering crvoss
sections to 950.2keV{27) {the ae:‘upn?é & = 17 hend}, W7 BV ‘5, {*ho
guadrupole 2y band), snd 1087.3keV{2%) {the quadrupsle ;3 band) levels.

Fig.s Total, partial, aad continuurm inelastic s;:atmxmg cross suotions.

Fig.@ Comparison of the caleulated and the exyﬁnmmtal DDX at By =6.1MeV and
& = 30°.




Ground State

Rotational
Band  Quadrupole Bands Cctupole Bands
6+ 12692 & 12326
4+ 11680 .
ersinntd ; - 1104
4 R : -
e © 11803 T 1iet
+ 4 2+ 10603 .
M?&» 2% 10373 4+ 195&;5 G S T,
0% 953 Demd 7. seg3 3 9975 K=T
It 3473

1 = 2o 9503
; TE 987 Bl
“"“E‘”} 5308
o5 8N8.7 g
S?;:u! o &
3- 7315 K=1"
W+ 7789 i~ 6833
3+ 5183 - R=
S+ 30721
44 143.41
2% 449}
S ' 40
Exvitation Brergy in keV




(n,n' ) [b]

in,n') [b]

“Bla,n') [b]

2 e 4 Y NBaE? T— T Q L.g.ﬁag;him
1 r z 1 & P.Guenther
- 44.8%kaV {24} 19 BT
. e REORD-3 45,0 iy g.s.sigﬁ
, 5;, 5 ] wwee COHDE-Z 44,9 12 G, Baouat
¥ i oo ENDE/B-VT 44.9 7 & B.E.Yorotnikev
; e JENBL~S 44,899 ]
] e Present 44,51 ;
11 3
0,5 ..... S ."M;'é—""fﬂ«-q_,“‘ MMMMMMM “:
0 R . ; -
g 3 2 3 4 5
G.a B < s SR s % O Logvgggﬁiw
: i & P Guenther
0.7L 148.41keV {4¢} § v AB.Smith
s BRONB-Z 1488 1 @ H.Haoust
0.5 - T ~emw CENDL-2 1484 & P Vorginikov
. ; ~nn e ENDR/B-V] 148.4 .
1 & e e JENDL-R 148.4 ‘
0.55 h ke e Prosent  14BAL -
0.4k . T -
F e T
0.3k | o 8 { -
N/ . b\
- j A e e 3 wi‘w i B
o1k /4 i 2 g “@ e —
G P 2 i 5 P g3 N
g ] 2 3 4 §
¥ E S 3 7 3 M L3 A qu‘tﬁgr
T 307.21ksY (34) 1
| _ —ew~ CONDL-E  307.0
¢.1+ - v ENDE/B-VT 308 .
o FERNL-Z 0 307.2
; e Present  307.21
865+
g
g £ 5
E [MeY]
big

&




B
=
v O3
% S o4
FEEE
G445
b o) cotem 3
£ WG M 03 2R
IR e R
Y ' ¥ R
m1
i “
?
N mew
[ oacH oo 3
| BEBEZ Lo |
o Lol
O X e
SoRsE o |
e 3
5 &
.......................... mw ¢ 8 w
% $
(3%
.al)t..i(.it
3 "~ X 3 i
o2 - = e -
] &2 el < o

[a] ( wwp,,

w«mnﬁn!zﬂ.ﬂ
£~y gt
i ag
R R e < # ) w2
3 g
!
s HOH
=0y oo |
- BEREe Wxﬁ
boan) o
}2@4%t WWL dd
dgatal V=T
?%m m 3 !
..... %scm | S "
$ 83
“ M RN M T ¥
2111 t I
' 'y

¢ 7,
t4 ?
i (i A
As\ § 2
4 £ \\
*g.\ ”
. wl....z.!a ....... e .ﬁma
- ®
g m....}\.‘lwia o) e
= xR 7/
0...
~ R g
{ ~ ~ =TI i _
41
<3
3

£
{i¢
»
o~
'
b
B
a
£
©3
o3
&2
L) *




W

4.2

0.15 -

8.1

[a] (o,

0.5 -

i
L o
iRl
v b ¥ § Y ﬂ m.ﬂzmimt pIe
]
$ b
o~ Mmum
3o
Hmeeo :
nhﬁ.ﬁ?wa Tw...r 5 RV
-w: !
BLEE2 |
nded & it ;
P o m% .................................... M‘. .......... & ﬁ ........

7
03
o
»ﬁwm
4
i
.A&
35555
AT
........... $ ok, o
§
1
x 2dn o Pend oot *
o
203 o4 ol e 3 =
g TN TR
< < ® <

[a] (@),

89
=4
nuﬁ ©
b
[0 300 3
1o
e ¥ : prmggee g ooy KAD
§
4
bl
Sanw k
- EBRE TET e
fion. 2t oo 2 00 X 203 m
¢
LRy ;
22 d | bt
............. o mmx s i ;
mm &3 t i3
- £ §-3 a3
< ¥ w § 3
wwmwm .
81 A
- -4 O
an T3 ]
gl .
&
x PR Y PR 3 Sondonss. st 3
gETE Y
& < <

R

E [HeV]




L
T
W

AN

P

. [a%] ¥
[ASH] uodgnay AJepuodayg | ol oo
By . .
I3 g § 4 £ & X ¢ J ,
b} ] ¥ H i ¥ (4 H 1 ] ¥ ¥ b} MIO” £ .M
§ 3
|
13
0667 Bqef o i
" & v on s BB
08=0 “ASHI 9=} ;
......................... Mﬁ
ABHHIGE € meme
A S
=2 A - 1 , -
:vm,. aaet ey
B 0
WW“ ¥ PPy i m.;mw
xﬂm E
ooooset
i .8 nw
S nw P 1 W.WA
» ; 18 R
H 3 nw R u 3. m i1 3. £ h i “ ] ™~y
A G52F8 wmemw E .
A%401°089 - -
1012460~ 1
APV - - o ]
AR RY ~-m- o

" EI TIPS PP N Aottt et bomremond
ke HOSRAE O




