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Aostract:

Transmission specira were measured wita time-of-flignt tecaricue

at the Duona pulsed reactor for samples of metallic U, J0O,, U-U

and ’JO3 enriched in 235U, and were compared ion the regions ol nine
low-energy resonances to observe chemically induced shifts. ilter
elimination of contributions caused by different Doppler broade-
ninzs, the shifts are interpreted as changes of the mean-square
charge radius for nuclei capivuring neutrons. The <r2) oI the com-
poundAnucleus states show on the average a weak diminution compared

with the ground state value.

Submitted to "Nuclear Physics"

anprret

e



1. Introduction

seutron resonances of a nuclide inserted in diflerent chexical
compounds are very slightly shifted in dependence on tae elcciric

nyperfine interaction energy between the nucleus and ihe surrouu-

<t

Ging electrons. For two samples, I and II, the positicns of a con-

sidered resorance differ approximatly by:

‘

4= =°2 Z 49.(0) A<r2) ()
o = Eg, Qe ’

— - —

[
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withdge(O) = ‘geI(O) - 'geIIw) being the difference o the o

tron densities in the nucleus region; Z is the proton nuxver of tihe

[)]

nucleus, and[](r%} is the change of its mean-square charge radiu

due to neutron capture.

In ref.’), the 6.67 eV resonance of °2°U aas been studied iz

or tais eifect precicica

H,

several uranium compounds vo search

i s D

y Ignatovich et al.2) in analogy to the iiOssbauer isomer siiiv.

ol

g

From the experimentally found resonaace shif‘bs,é <r2) nas bveeo
derived using eleciron density differences at the nucleus de
nined from other experimental data on chemical X-ray sikiftis iz
uranlum compounds and on Liossbauer isomer shifts in isovalent
neptunium compounds, combined wita computations in the freame or toe
free~ion model. The ground states of the nuclei are well investi-
gated ((rg) = 34 fn® for 2385) so that withA <r2> , the mean-
square radius of the 23% compound nucleus state could be estina-
ted. Other experiuental information on (:%) at fthe relavively nign
excitation energy around the neutron binding energy is not

available.
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A theoretical approacih to estinmate <fr%} bes beeﬁ periorned by
Buratian 3) with a statistical model including strong particle-
nole and particle-particle interactions. He has found tiat in tae
actinide region at temperatures correspoanding to the neutron
binding energy,(fr2>,is diminished by the order of 0.1 fm2
parison to its ground state volue. In addition he has sinown that
the reduction is connected with tne release of the pair correla-
tion, wanereas at higher nuclear temperatures,<fr2> increases more
anG nore as generally expccted for higher excited fermion systens.

Tiis tendency of a diminution is in accordance with tne experi-

3!

menval value Found for 239U, but the amounts are differcni by oune

Fll
(@)
H,

crder of magnitude. However, the result of a statistical nocsl

represents the mean behaviour averaged over many compound nucleus
states, and should not be compared with a single resonance value
only. | _

To extend the measurementé over more neighbouring states, 235U

is a suitable candidate witn almost 10 low-energy resonances
sufficlently separated. iloreover, samples enricned in

234U which gives the advanvage to study togetiaer wizin

oiten some
the resonances of the even-odd target nucleus an additvional r2s50-

235 compound nucleus

nance of an even-even nucleus. Some of the
states have large fission widths; at the others the gamma wid

is dominating, or both decay modes are in competition.

Unfortunately, the resonance shift wvalues extracted from the measured

spectra (AEe ) are composed of two components - the wanted cheni-

xp
cally induced shift (4E,), and a falsifying contribution arising

from different Doppler broadenings in the compared polycrystalline
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saiples. This reqguires a careful analysis of the differcnces in
the rcsonance shapes. Applying the same method as used ifor wie

Inif 238U in several compounds 1), the U rCcs0-

.07 eV resonance O
nances offer the possibility o vary by about one order the majai-
tude of parameters which determine the Doppler broadenin’ sud-

stantially; nanely the recoll energy and the total resonance wWidia.

I

n this sense, a ¢onsistent description of all observed dilierences
is a prooi oi tac used model too.

in the following, the experiment and the determination ol =
arc described. Afver that, the different resonance shapes are ana-

lysed, followed by a compilation of results and their discussion.

2. ixperinent

Transzission specira were observed with the tine-of-Ilisnt tcchinigae

at the Dubna fast pulsed reacior IBR-30 operated in booster nmodle

1]

P2

with the linac LUE~40 4). Witn a flight path of avbout 60 m and o

o

time resolution of %Afs, the energy resolution lay vevween z eaund
80 m=eV in the energy region of interest from 1 to 12 eV. The used
somples of metallic U, UOE’ UBOB’ and UO3 were enricined in
about 90 %. They had 0.48, 0.51, and 1.,10 x 1022 nuclei 2353 per cm
The UO3 was produced from a pervion of the U02. It showecd the
typical colour of theef-modificatilon. During the ﬁeasuromcnts, the
samples were at room temperzture.
Searching for differences, two or tnree samples were measured guasi-
sinultaneously by dividing the time of about 400 h necessary for
sufficient statistical accuracy, in short-time ruans of about Iive

ninutes with automatic sample alternation.
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The minicomputer Qperated spectromever 1) allowed élso to incpoece
after each short-time run the obtained spectirum and data from a
neutron-veam monitor, a timer, and a reactor-pulse counter. Unly
those specira were accumulated, of which the experimental condi-
tions were equal within a few per cent compared with the preccding
runs. A tantslum foil of about 0.1 mm thicXness was permaucutly

placed in the ncecutron beam in addition to the uranium sauples. "he

-

Ta resonances observed in the transmission spectra of the diffcrcnt
uranium compounds, were analysed in the same way as the U resonan-
ces, so tiaat they reveal all eventual shifts and other differences
between the measured specitra, with the exception of those attribuied
to the uranium samples. A typical spectrum is shown in fig. 1.

-

3. Determination of

ot

ne resonance shifts

As in the preceding paper, the spectra of two samples (NI(t),
NII(t)) neasured in the same period are compared for given charznel
ranges (ti,tj) located syummetrically with respect to the resonarnce
dips,with the aid of chi-square Iits wilh variavion of the resounauce

positions 4%

Bbexps A, and NB in NII relatively to NI'

NiI(t) = A [ Nyp(t + dteyp) + NB] (2a)

minimizing

% R
5 - [hl(t) - Tp(1) ) 2
X =/ N(t) + Np(t)

(2b)
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Tne parameters A and NB take into account arny minor dilifcrences in
tho transmitted beam and background intensities, respectiively.

To eliminate contributions in.Ate arising from differcnt rcso-

. &xp
nance shapes caused first of all by different Doppler broadenin:s,

a hypothetical pair of transmission spectra, CI(t) and CII(t), is

defined having the same shape differences as NI and NII butv wivihout

chcnical resonance. shift. Thea, the fit of egs. (2a and b) carricd

ouv with C; and Ciro yields a shift.Atlv which, together witu Atevo,

gives the wanted chemically induced energy shifty

4T, = - 2.77 x 1072 Eo3/z(£texp - 441,) /L, (3)

with thne resonance energy E, and 4 in eV, the flight path L in m,
and 4% in/u,s.

The spectra C; and Crp are calculated with equal I, and with ihe
conéitions that, within the statistical uncertainties of NI and

N

I hold:

c1(t) = Ny(%), (4a)

aad ' ' ;

ct

The calculation of Doppler broadened resonance shapes will be dezal

with in {the next section.,.

4, Anelysis of the different Doppler broadeningss

The effective cross sec‘c:‘.ons’LS as a function of the neutron kinciic

energy En in trhe lavoratory system is & convolution of the nuclear

cross section @ with the function S, describing the energy exchange
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vetween the incident neutron and the crystal lattiice viorations

of the sample avonms,
sz = § 525 G5, - 1) a5, . ()

For the present purpose where differences beitween trancuissicn
spectra of the same nuclel inserted in different chemical compounds
are analysed, tane energy dependence of.§_’ may be rformulaved as a
summation over Breit-iigner terms‘Swa of all resonances contribu—
ting in the considered range with inclusion of interference vetween
povenvial and resonance scattering. Owing to thne small resonance
spacing and sometimes appreciaple fission widths of 235U resonances,
the interference between resonances must be taken into account too.
As shown by Takano and Ishiguro 5), this may be done wita an addi-
tional term'giint..Finally, by adding the potential scatviering

G;pot’ the total (removal) cross section_ﬁz can be written as:

J — —— Sr—
with
6. (E) = @h2/2n ) g /e, -0/ 2l /8,1 e ) (2 ) 203
.—B’.*/ (E - Eo>2+1/4( r\ >2
- (6v)
b2 x u L+ w3 - 50) i |
< E) = - i A
§.Ln"t ( ) 2mn E1/2 (E - Eo>2 + % (£)2 (OC)
2 <2
§P°t =4 ER (6d)

where,r; and | are the neutron and total widths, respectively, R is
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tihe potential scattering radius, o is the neutron mass, [ is vid
statistical factor, and u and v are interference paraumeicrs.

The cnergy transfer function S is expressed for the used poly-
crystalline samples in terms of the normalized distribution of t:e
vibravional frequencies ©, 7). Takking into account the very ciile-

rent masses of the uranium and the ligand avoms, the normcl-noic

spectrun car be approximated by two terms 7),
W) = a; § (v -hw;) + a, §ay - hw), (72)
with

The index U at W) indicates thatv the weighted spectrum must be used,
not the total as observed for example in inelastic neutron scatte-
ring, because only the uranium atoms capture the considered reso-

8, 9y,

nance neutrons and excite vibration modes

To evaluate the three independent parameters of egs. (7a and b),
1
one has at hand the measured spectral differences NI(t) - NIT(t),

waere metallic uranium with ay = 0 and hVﬁ =11 neV 7) Lay be used

o]
H

as a reference. A more datailed description and illustratvions
this approach to the interpretation of resonance shape differecces
are given in ref.q). It nas been shown too, that the amplitudes of
the difference curve are'mainly determined by the combination ol the
parameters to <€>U’ the average energy per vibrational degree of

frecdon in the sample,

(€ = % f,hv- Gy(hy) coth (h¥/2KT) d(aW), (8)
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wierecas relatively crude approximations are sufficient Jor tae
independent paraneters (hga, v, , aﬁ).

So, pzh may be estimated by fitting the speciiic heat data of the

samplc in the temperature region T £ 100 K where @!2 - modes are
practically not excited and assumiang that all hv% vibravions are

related to the uraniun atoms. In the next step, tne mocel difleren-

ces, CI(t) - CII(t), are adjusted to the measured with variation of
_ - e ; N = ~ - Y » — m L t -L:_

£<E>U = <9U.L (é}u_u an\lfnz-z bvyp = h¥pppe To test tho

lity of the model, these fits are carried out for each resonaunce

eliabi-

rs

range,all measured sample combinations, and the several used saxmple
tnicknesses independently. The‘x2-values of the 90 fivs in consi-
deration yielded a total of 100. The obtainéd Qgé-values are plovted
in fig. 2 versus the neutron resonance energy. The averages ol h!é
Tor tne used samples are presented in table 1 together witn tae
esvimated h\,%i. Finally, the_A(_g}LL-values received with vaesc viora-
tion mode energies are shown in fig. 3 for the different resonzn-
ces; the averages of <E>U for the samples are included in tavle 1.
Keeping in nind that the total widths of the considered rescnaaces
vary oy a factor of about four, the recoil energies which also in-

~

fluence the Doppler broadening, increase by a factor of ten aun

£

thel:n which determine itogether with the sample thicknesses the
part of the cross section differences displayed in the traasmission
spectra, differ by two orders of magnitude, the consistency oi tae
obtairned values for ithe model parameters seems to be sulficieut.

So far as available, comparisons with works of other authors on
weighted frequency spectra calculated for U0, 1O) and experiuean-
tally studied for U308 7), and on total phonon spectra measured by

infrared spectroscopy 12) for all bompounds, are qualitatively

in accordance.



5., Results and discussion

The deduced values of AﬂEetp and ,AElv corresponding to At.._ and

Aﬂtlv respectively, and the resulting chemical shifts .Aé: a:;
é;ﬁpiled in table 2 for all studied resonances and sample comoli-
nations. Tne errors include the statistical uuncertainties oi Tic
measured spectra, the phonon spectira and resonance paraicter GLCCT=
talnties, and other quantities influencing the shifts (ior cxample
sanple thicxkness differences).
The given 45 .
- c— eJC'p
ranges around the resonances., In each case, they have been deter-

and AL, result from the largest analysed chanuel

mined for three or Tfour smaller ranges too. The obtained¢ﬂEo agree
within the error intervals wihat 1s expected if the spectral diffe-~

rences are accurately described.

in prianciple, the resonance shifts may be affected also by hyper-
fine erflects of higher nultipolarity than the electric monopole
interaction. The guadrupole interaction leads at 235U to a sample
dependent splitting of the levels. But an estimate reveals taat tae
resonance centre of area is shifted not more than 1fpev in any case,
and the magnetic dipole splitting is symmetrical around the orizi-
ral state for unpolarized tarzet and neutron beam. Thus,'they nay

e neglected.

To determine the nuclear mean-square radius change 4<{r<) from the
chemical shifts {Eo’ the electron density dﬁferen;sfge(o) nus’t
be known. Values’ofﬁAS?(O) are evaluated in ref.q) for all used
compounds, with the_;xception of U308' U308 is assumed to be a

mixed oxide consisting for 1/3 of the uranium in the valence state
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4% and to 2/3 with oxidation number 6 13). Under this assuwnntion
‘er(O> of U308 could vpe estimatec. Tae obtained“AQe(O) vaiuaes of
[§ AN

the reasured sample combinations are presented in table 3.

According to eg. (1), the next step is a plot for each

by
©
49}
O
o1
[
[
O
¢}

@)

<<:

©

&

¥
I

witih all determined AEO values versus 438(0) followed :
square it of a strézéht line througn %EEE points and the oxrizin.
Palfing into account the weak radius-dependence of‘dge(r) witiiin tae
nucleus by a factor of 0.9 q), the line slope represernts 0.9‘4.(r%>.

The so obtained values ofA<r2> are given in table 4 ,

For comparisons wivth thneoretical calculations on the change of tae
mean-sguare cnarge radlus with the excitation for a particular
nuclide n Qd<r2>n), the experimental‘d<r2) nust be reduceld by tze
differences of the mean-sguarc charge radius between the ground
states of the neighbouring isotopes @g<r2> i). These have Dpeen

deduced from optical isotope shifts '°) and amount to (+0.05
234U 2

0.02)

A
fm“ woen adding a neuiron to and (+0.10 + 0.03) fm“ in the case

nn

of the 235U target nucleus. At first, the mean benaviour of<:r on
at excitations corresponding to the neutron binding encrgy saould
be regarded. The mean-square radius of the 236U ground stave is
about 33.8 fm2 16). The average of the eight values of table 4

for 236U compound nucleus states results in

A<®y = APy - AP = (=0.18  0.10) fu?,

in agreement with the statistical model predictions of Sunatian 3)

in sign as well as in the order of magnitude. Also the fluciuation
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of the mean-square radius between the resonance staves J uoy bz

ol interestv, that is

j‘
32, =‘1<<r2>;j -

Py
0
~7

Tine alspersion of the experimental data compared with tneir

L, L s
(7

statistical uncertainties (after elimination of systematicel

contributions to the given errors) yields a crude estiizate of
(\ * +Oo2 2
{r )n = (+0.1 -O.1> fnc.

A weaxk correlation of the mean-square radius change with tie

236U p g%

ission widta seems to be apparent. For the states wita

L

v
M-S
o4 |

v

o]
i (B—u 35 meV) for exauple, the average .'l.s.f,é(r‘f)lﬁk =
(=0.02 + 0.12) £ whereas for those witnjfﬁ %}- ,é<rd>mz is

fournd to be (=0.38 + 0.14) fmz. The quoted uncertainties incluade

2

a systemarvical contribution of avout 0.06 fm“~ in both cases. I

principle such a tendency could ve expected: The fission probabi-

lity is nigher if‘<r%}n is larger. 3But in comparison to the /= Yo

change during the fission pictured as crossing of a double-iuzved
A~ : 17 b / 2 3 .y L4 4 <43

parrier ) Wnere,A\\rx>n is at deformations corresponding o the
second well, +4 to +5 £m® (acsuming a rotational ellipsoid with

~ 2 D) 8 ) N 3.1° . :

~ 0.6 or using the data of ref.q )) and at the outer saddie point

2

in the order of +10 fm~, the deduced.{r?}n of the compound nucleu

0

states are very close to the ground-state value.

For even-even U targets bombarded witn neutrons, intermediate
structures are observed in vae fission cross-section waich are
icterpreted in terms of the double-humped fission barrier as
coupling between the states of the two potential wells 12, 19—21)

where the class 2 configurations are very different from those
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o class 1 and arc dominating in the fission chaananel. I for ial
236

e . . v - ~ . - O-~
nisher excived and therefore stronger mixed U compound nucleus

states the wave functions are partitioned in these groups ol coin-

. . N . o 3 o
figuratvions, &‘ =°(;]]:}f,l +052)¥2, and the admixture 0C2 ‘{2 would oe

determining for tne Iission probability, the differcace vetirecen

thoA~<r2)n - average of tne resonances witia Ffl%rt and that of

—— Pal
the resonaances with Ffé—al—rﬁresults in

2 2
ALy A e, B Wigey ~alay) KD =425 ), (i0)

vinere mixed terms as-(lif'1 }rgﬂi{z) are neglected. Using in rela-

tion (10) the mean-square radius differeace between second and
+C S
2 24 An 1 ),

first well states of (5.1 + 0.2) fun“ as found for tae
admizture difference may be estimated to be (062?:) -g€2§£ ) =

& 0.07 + 0.04. T -

Tne even—even target resonance states of 23/“"U and 238y with
energics lower thnan the fission barrier and therefore weakxer coup-
iing through the barrier reveal < r2>n which are apparently smalier
than the 2-°°U values (fig. 4).

A plot of theA<r2>n of all studied 235U resonances versas lnfj
and approxima;d by a straight line is followed also by the two
investigated 234"0’ ana 238U resonances.

Thoupi the precision of the presented experimental data on < 32)11
is not sufficient for a detailed analysis, a weak dependeace ol thne
fission widths of the discussed compound nucleus states on their

mean-square radil is suggested to be significant.
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Fig. 1: ZIZxperimental time-o0f-flight spectrum obtained with

22 nuclei 235U per cmz.

a sample thickness of 0.57 x 10
The widths of the time channels t are 2/4.13 for 14256

and 4/us for t=256, respectively,
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Parameter values for the weighted normal-mode vibratioun

6]
HJ

@

¢
Hy

Sanple h\r’l _h.\fZ_ <8>U/y v
[mev]) | meV | at T =203 X
U 11, + 2 1.016
UO2 12 + 3 46 + 4 1.037 + 0.003
U30g 10 + 3 45 + 4 1.051 + 0,003
U0, 10 + 3 €9 + 5 1,066 + 0,003




s for the resoaance

Jesonance Szmpies - "Bc-}:p _ Elv_ i} g

I II eV ] VeV e
Vo, U0 0y ~156 + 31 -76 + 112 —70 + 115
5.2 eV U053 U 2y -332 + 52 -346 + 81 -36 + 96
U305 U0, ©) -299 + 31 -254 + 41 -45 4 57
234y vo, U0, -239 = 33 -81 + 93 -158 £ 99
vo, o, ) ~447 + 30 —418 + 111 —23 = 145
1.1 eV U U0, —42 + 36 -55 + 26 13 + 4%
U0, U50g Dy -398 + 34 ~404 + 59 6 + 53
235y U0 U 163 + 56 226 + 61 ~G3 + 83
U0y U0, ) 282 + 34 283 + 57 -1+ 66
v, o, ) —120 + 34 -121 x 44 1+ 56
U U0, 263 x 22 274 + 19 ~11 = 29
2.0 eV U0, U50q Dy -65 + 47 -5 + 77 10+ &7
U0 U ) ~444 = 53 -338 = 70 ~103 = 88
235y U;05 U0, Dy -132 + 41 —74 + 40 ~5G = 53
vo; U —452 + 36 -472 + 68 10 = 77
vo,  UO, —208 + 34 —228 + 68 20+ 76
W, 1o, °) —197 + 41 -184 + 80 -5 + 90
U U0, 112 + 53 135 + 68 —23 + 86
3.1 eV oy U0, Dy -253 £ 101 ~195 + 193 ~55 + 218
U0 U 2y -89 + 166 313 + 154 -402 + 225
232y U;0g U0, ©) 81 + 103 ~41 + 90 122 + 136
v, U -250 + 75 -113 + 132 -137 + 152
v, U0, -180 + 72 89 + 153 —265 + 169
vo, U0, oy -175 + 102 -237 + 250 62 + 270



Resonance

Samples

1 m et ] eV T
U U0, 376 + 25 304 & 51 72+ 57
4.8 eV U0, Us0g Dy ~223 + 38 -203 + 87 —20 & Gh
U0 U —572 + 77 =453 £ 109 =279 & 133
235y U0y U0, Dy -131 £ 37 -145 + 106 14 3 142
vo, U 701 + 36 ~514 + 74 —1E7 = 82
voy O, -304 + 34 ~166 + 49 ~135 + 80
Wy U0, %) =357 & 37 415 x 88 56 x5
| U w0, -201 = 102 52 + 340 -253 + 355
3.8 oV S0, U0 Dy ~160 + 49 -130 + 60 ~30 + 78
U;05 U 2y 370 + 101 192 + 67 178 + 122
2355 U;05 U0, oy 245 + 48 258 &+ 42 -13 + 83
v, U 774 + 89 456 + 209 315 + 227
U0 uo, 539 % 100 521 + 227 18 x 248
vo, U0, °) 136 + 48 128 + 56 5+ 74
U U0, =414 + Sk =405 + 114 =% + 126
1.7 eV U0, U0 D)y =75 + 59 7+ 84 =52 + 103
U0y U ) 194 + 120 242 + 35 -43 £ 126
235y U;05 U0, by 9% + 57 92 + 30 Lo: Bl
U03 U 1513 £ 77 1454 + 154 55 + 2029
v, U0, 898 + 74 927 + 175 ~29 + 190
vo,  UO, by 21 & 57 139 + 94 ~118 + 110
U U0, =384 + 63 -513 + 126 129 = 141
i2. eV U0,  U;0q D)y 420 + 60 313 + 74 107 & 95
U0 U 2y 311 + 123 288 + 88 23 + 151
235y U,0,  UO,. °) 163 + 58 133 + 92 30 + 409



Ilectron density differences

- Szmples 4 96(0) _

I I 10%° cn =3
U U0, 2.8 + 2.5
vo, U0g 3.1 £ 1.2
U,0g U 3.5 + 2.2
U,0g U0, 6.3 + 1.6
Uo3 U 6.6 + 3.0
U0 uo, 9.4 + 2.0
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Reisults for

the mean-square radius change

Target E, . 4y 4 { £ 4 \/I’2>
nuclide [eV? ‘F meV ] [ fm2] r fm2]n
234y 5,16 0.02 12) =0.41 # 0.25 ~0.46 x 0.25
235y 1.4 107 +0,01 + 0.22 -0.09 + J.22
235y 2,03 11 ~0.13 + 0.21 -0.23 + C.2%
232y 315 103 +0.20 + 0.48 +0.10 + 0.485
235y 3.61 53 +0.02 + 0.25 -0.08 + 0.25
2355 4.85 4 -o.5é + 0.25 -0.62 + 0.25
235U 8.77 98 +0.09 + 0.26 ~0.07 + C.20
232y 11.67 6 -0.24 + 0.29 =0.34 + 0.29
2357 12.39 23 +0.25 + 0.31 +0.15 £ 0.31




