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ABSTRACT

Eléctrofission~fragment angular distributions for

234U, 236U, and 238U

s in the energy range from 5 to 7 MeV,
are analyzed in the framework of virtual-photon formalism,
which allows the separation of the multipolar components in the

fission channel. Strong evidence for a substantial concentration

of Mt strength in the fission decay of these nuclei is found.
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I. INTRODUCTION

Magnetic excitations have attracted attention with
respect ta the existence of magnetic multipole giant resonances,
spin-spin and spin-isospin forces, quenching of the magnetic
moment, core polarization, and mesonic effects (Kniipfer et al
1978, Sagawa et al 1979, Richter 1981). The guestion of the
exisﬁence of a giant magnetic dipole resonance (GMDR) has been
the subject of much experimental and theqretical work {(in this
regard, we refer the reader to the excellent survey of ground-
—~state mégnetic dipoié strength by Horen (1979}). However,
the experimental evidence supporting the existence of the GMDR
.for heavy nuclei is not compelling when compared to the giant
dipole resonance. (GDR), the giant quadrupole resonance (GOR} ,
and the giant monopole resonance (GMR). For example, the subject

of the 17 states. in Zoan is a long standing problem. Several

states in 208Pb have been proposed to be 7 ; but at present
the only ones which remain unchallenged.ﬁre some weak states
which were located by neutron—induced_:eactions at a few hundred
keV above the neutron threshold (Horen 197%, Horen et al 1977,
Laszewski et al 1977). The fact that substantial Mi strength
was not observed in heavy nuclei has been a. puzzle for a long
time. ‘However, recent experiments (Richter 1981, Horen et al
1980, Meuer et.al 1980, Anéntaraman et al 1981) have revealed
both the-éxistence-of,gianf Magnetic-excitations and the
quenching phenomenor to be common in heavier nuclei. In any
case, it is believed that the GMDR is lécated in the energy
range between - 35 A'Va MeV (for light nuclei} and ~ 45 AVSMEV;
* that the sum-rule strength is nearly exhausted in a number of
light nuclei; and that the width is Fx E] 0.2wx {where w, is

the excitation energy) {Hanna 1969, 1977).
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Recently, experimental evidence for same concentration
of M1 strength in 238U ang 236U was obtained (Arruda-Neto
et al 1978, 1980a, 1980b, 1981) by the aralysis of electro-
fission-fragment angular distributions. More recently, we
performed detailed measurements of electrofission angular
distributions for 234U {Arruda-Neto et al 1982), using an
electyon beam from the University of Sic Paulo Lingar Accelerator
(details in Arruda-Neto et ail (1980b) and Arruda-Neto et al (1982)).
In the present wdrk we analyze these éngular-distribution data
for 234U s using the virtual-photon formalism {Arruda-Neto et
al 1978}, in an attempt to find a concentration of M7 strength
in the energy région qut above the fission barrier., 1In so
doing, we had'in.mind two motivations: (1) to establish a
Systémaéics for thé occurrence of M1 strength in: the fission
decay of abtiniae_nuclei, because of the controversial nature
of thé resﬁlts reported to dape related to the detection of. M1
strength in heévy nuélei; and (2) as a stringent test of our
technique and of our érevious results for 236U and-238U.

. As painted out recently by Hicks et al (1982), it
is very difficult to obtain reliable information on M1 transitiens
in heayf_nuc;ei from single-arm (e,e'}) eXperiments, even at
backward scattaring angles. According to the predicted
qudependence_df the'MT form factor in an (e,e') experimeﬁt,
the currént mea$uréments barely reach (from the high-g side)
the first diffraction maximum, and their interpretation is
sensitive to model uncerﬁainties.

On the other hand, an inclusive (e,x) cross section,
as for the (e,f) reaction investigated in the present work, is

domintated by small-momentum—transfer {low-g) events, for which

the longitudinal component is negligible with respect to the -
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transverse one (Arruda-Neto et al 1980b, 1982). Thus, electro-
fission measurements correspond nearly to measurements at the
photon point (g=w). BAn {(e,e') measurement samples the strength
function.at a>»w, and the extfaﬁolatiop of the form factor
back to the photon peoint is a tedious and uncertain enterprise.
Also, the interpretation of {(e,x) data is model-independent,
an&.this.édvantage can compensate for the drawback of dealing
with iﬁtégral Cross sections. Finally, the-angular distribution
of fission frégments induced by viftual photons has proved to
be eminently suitable for the study.bf the low-lying levels in
the fiSSion'spectrum (at the saddle point} {Arruda-Neto et al
1980a, 1982}. As shown in Fig. 1, the collective band structures
for an even-even trénsition‘nucleus {with a'stable.quadrupole
deformation};{Albertson and'Forkman.TQGE, Vandeﬁbosch and
Huizenga 19&3) exhibit an .In'=1*'_level at the massfasymmetry/
bending bahd, loqated appfoxiﬁately.o.s MeV above the fission
barrier. Such a level can be populated by M1 photoabsorétion;
therefore, the study of near—barrier eilectrofission angular
distributions offers a uniqge;éppbrtunity'to éample the M1
strengthq:aS“déscribgd at length in Arruda-Neto gﬁ_gl {19804}

and Arruda-Neto et al (JQBQ@).

II. METHOD .OF --ANALYSIS

fhe'teéhniqﬁe.ﬂsed here'(and.descfibed in Afruda-
-Neto. et al (1980b)) for obtaining the. M1 component in the
photofission channel requires detailed electrofission angular-
~distribution data near the fission barrier as well as accurate

photofission cross sections measured with real photons. The
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combined analysis of electrofission and photofission cross
sections, using the virtual-photon formalism {(Arruda—Neto et al
1978, 1980k), allows the determination of the cross section
oAdd {which represents the contributions of the _"additional

multipoles," 4i.e., those other than Ef):

B2

Ay B2 < e.> M iy S e
T sy o

where the GAL .¥epre§ent thé partial photofission cxosé.saﬂjbﬁs_
for the transitions AL'(A identifies the eleétric'pr magﬁéﬁié-
character of the transiﬁion,and L its multipélarity), and NAL
is the virtual-photon spectrum calculated in DWBA (Soto Vargas
et al 1977). The neglect of.Eb _and.E3 contributions_to the
photofission process is justified in Arruda-Neto et al (1980b).
The disentanglement of the E2 and M1 components iﬁ oAl :is
accomplished by the use of the electrofission-fragment angﬁiar

distributions. The electrofission differential cross section

for L=1 and 2 (X=E and/or M) is given by (Arruda-Neto et al

(1980a}))
dg_(E_,8.) : _ '
R =R 2 Cein? ap
-Eﬁ; = A(Ee) + B(Ee} sin Bf + C(Eé) sin Zﬂf (2}
where E_ is the incident electron energy.and By is the

angle of the fission fragment with réspeét-tg that of the
incident electron beam. The coefficient C contains only -E2
contributions; for excitation. energies mnear the-fission: barrier

we get (Arruda~Neto et al (1980a))
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The cross sections « {wn} for the even-even

ﬁraniﬁm igotopes as well as the chfficients C were determined
ai this Laboratory from electrofission experiments (Arruda-Neto
et al 1978, 1980a, 1980b, 1981, 1982). Only for 2°°U have we
performed a detailed search for a concentration of M1 strength
{Arruda-Neto et al 1980b). The method of data analysig for the

delineation of the E2/Mt components near the fission barrier

is: (1) we combine egns. (1} and (3) to get

N (B 1' ' '

e M1 ]FZ - dw

CE,) = 321? [ I:gAdd(m) - ——_mNE_Z(w - )> Y (m):| B == 5 (4)
e

(2} we represent GMT(N) by a Breit-Wigner curve, and its
parameters are obtained from a least-squares fit of the expression
in egn. {4) to the experimentally determined coefficients C
(see section IV). (We note that theory says nothing about the
way in which the Mt strength might spread into the threshold.
region).

- Some important points about the ingredients of this
method of ahqusis should-be stressed here:

(1) The coefficient C is a well established experimental

quantity, especially for 238U-

238

the electrofission angular
distributions foér
et al 1979%) agree very well with our own results (see, e.g.,

Fig. 2 of Aschenbach et al (1979])}.

(2) DWBA calculations for the virtual-photon spectra at

U measured by the Giessen group ({Aschenbach '

.8.

low excitation energies (5-7 MeV), where nuclear finite-size
effects are negligible, were tested (at the 20% level) for
high~Z nuclei and E2-spectra {Arruda-Neto et al 1980c}. Other
tests for El virtual-photon ca%culations {(at the 10% level) can
be found in the literature (Nascimento et al 1975, Dodge et gi.
1983). However, nco experimental test for calculations of M1
virtual-photon spectra has been performed; and in the light of
these limitations of the calculated spectra, the ahsoiute
uncertainties given below are large. Their relative vélues,

on the other hand, are determined much rore precisely.

3) Finally, the cross section cAdd also playé an important
role in the delineation of the M1 component for actinide nuclei.

: . Add R .
To obtain o we need accurate electrofission cross sections.

For 238U there is disagreement among the absolute electro-
fission cross-section results from several laboratoriés {see, .
for example, Arruda-Netoc and Berman (1980)). However, below

- 10 MeV' (the energy region under investigation in the present

work) the existing data agree reasonably well (Arruda—Neto et

al 1878, Aschenbach et al 1979, Stroher et al 1981)

III. RELEVANT THEORY

The cross section for the absorption of-photons by

a single isolated level (w ;I }., where w_ is the level energy

and In its spin, is'(HayWard 1964}

2
(mrn)

(“.Jfl.-w.z)z.f-(;iu rn)z_. ' -
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where Vi is the ground-state radiation width; Pn is the total
width of the state (mn:ln) . that is, the sum of the partial

widths associated with its decay to all lower states; w 1is the
2I_+1

incident photon energy: g = ST 47 is the statistical factor;
o

n

and

x = Rc
w

n
n

The cross section integrated over the absorption

line is given by

[ o (oydw = 21x2g 2B [1or ) o (ux )2 (6)-
j n e = n 9 Fn nj n 95 Yn -t

resonance

The physical quantity of interest which is a
property of the nuclear levels involved in the transition, to
be extracted from the experiment, is the well known reduced

transition probability B(AL;wn) or, rigorously speaking,

Bf(AL;mn) ; because in our case we have a photoabsorption
process. In the long-wave length limit, B+(AL;mn) is simply
related to the integrated cross section {(Eisenberg and Greiner

1970, Bartholomew et al 1973, Uberall 1971):

o wde = (2mPe D w2 BH(ALsu ) . (7)
; LI(25+1) 1]
resonarnce

For M1 transiticons in particular, we have

A -2 Bt (M1 )
i cn(m)dw = 4.45x 10 mn'[}___if_“h] (MeV mb) (8)
J My
Yesanance
where g is the nuclear magneton, and (Shapiro and Emery

1969)

10.
B+ {MT;0 )
n _ .3 - 2
: = 57 M.{K [<InMnIM(M1,:<)|IOM0>§
N n’
A .
where M{M1,K) =_j£1 [gz(jzﬁx(j) + g (d)s (3)1 .

The M1 strength is-often expressed in terms of the

so called-“reduded width" defined as (Shapiro and Emery.f969)

) Yn(MT) ) -
@ T | -' ®
where D and w are in MeV and 'yn_'is in eV; D is the aver%gé
spacing in the ;egion:of the final state of leﬁelé of the;saﬁe.
spin and parity, The terminology appearing in the literature
is somewhatICOnfusing. For example; if we define Y in MeV in

M1
fyy + that is (Bartholomew et al 1973)

egqn. {9), the "new" k 'is now called the "strength function"

: ‘ -7 M1
. 2.6x 1077 o1 (mb) 3

Ky (0} = T Mev™3) . (10)

fM1(w) = 10

After somé,algebra_it'is-Straightforwardfto.showz;

that

B (M1;u ) L _ R ' : e
—u'z—“-—-—-— = 86.5 gn . kM1 {w} dw . 1)
N resonarce

In the present study, o,

represents the photo-
absorption cross section for the excitation of an even-even
nucleus from its ground state (Ig =0%) toa state I"=1" in

the continuum. However, what we observe is the fission decay
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mode near the barrier.  In this sense, the low-lying saddle-
-point lewvels act like-a filter; that is, the fission decay

proceeds only—:hrpugh the level‘(I“;K): (1+

.1} of the K=1
rotational band’ (Albertson. and Forkman.1365, Vandenbosch and

Huizenge 1973} of.the transition.nucleus:(saddle—point).

Therefore, the CTrOss section. GMJ{m}; appearing in_eqp. (4)

can be wrltten as

iw) . {12}

where %5 {Ti;m}' is the branching ratio for the (y,f) reaction
proceeding.through.the iow-lying'fission level 1. [Because
of the fact;that,'rf/F 21, the M1 -strength deduced from the
photof;ssioﬁycroee-sec;ion;.a%j(m)' represents cnly a lower

limit.]

IV. RESULTS

Figures 2{(a),. (b}, and (¢} show the experimentally

deternined coefficient. C. of. the electrofission angular
' ' 238, - 236 238

distributions for 7T, U, and """U, respectively (Arruda

-Neto gz'girlgﬁﬂg, 13802, 1982). -The experimental details and
data-handling. procedures are described at Iength in Arruda-Neto
et gi (19809)_and_Arrﬁda¥Neto et al t1982). The dashed eurves
in Fig. 2.were.6btained by the numericai integration of the
experimentally determined' cAdd(e) (AfrudaPNeto et al 1978,
1980p, 1981) in the kernel of the inﬁegral defined by egn. (4),

assuming no M1 strehgth [that is, o' () = 0]. Assuming a

Breit-Wigner shape for qM1(m} + as discussed before, and

12,

repeating the integration (egn. (4)) in the energy range of
S-T_Mev_we obtain the solid curves in Pig. 2 which are in good
agreement with the experimental points in this energy range.
The best Bréit&Wiqner parameters cbtained from this fitting
procedu;e-a;e given in Table 1. ‘All of the solid curves agree
with the'dat&_ugfto -7 MeV; at this energy the opening of the
K=1 fission chahﬁel acts to reduce C (Arruda-Netc et al
1980a), 50 that the fact that the data points shown in Fig. 2
fall below the solid curves above this energy is expected. We
note here:that in the present study we analyzed the 234U
angula:-aistribution data using an improved version of the
analyticél;exéréeéién-for the M1 viftual—photon spectrum,
obteiﬁed-from'the routine VIRFO (Soto Vargas et al 1977, Soto

Vargas 1979) We reanalyzed the 236U and 238U data as well;

for tha 236U.we deduced slightly different M1 parameters from
those_obtained previously (Arruda-Neto et al 1980b).
The M1 reduced transition’ probablllty {in units of

B(M1) f(1 )
2

pé) qohcent:ated in the fission channel - — ™ vere

- u
calcﬁleﬁed frqm the'area of 0M1(w} ~using tﬂe definitions
presented.in eeceion III. [We note again that the lack of eny
exﬁerimental tesi of- the calculated M1 virtual-photon spectra
makes 1t lm90551b1e to place a quantitative overall systematlc
uncertainty on these values-of B(M1} or Yo 1 In th;e
analysish we assumed the excitation of a single 1% state of

the trangition nucleus. It is worth remembering that at energies

above  ~ 7 Mev {above the pairing gap), the level densities in

kY:} .
2 U are high enough that one would expect more than one 1t

state to be excited. However, below 7 MeV {(the energy region
under investigation here), M1 photoexcitation occurs through

;he overlap betweep the virtual-photon energy and. the 17 level
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energy, and thus the ﬁncertaiﬁt? introduced into the derived
M1 strength by the assumption of a Breit-Wigher lineshape is
minimizea.

Also given in Table 1 is the theoretical result for
B(M1)/u§r that we derived from magnetie dipole gamma-ray
stréngth function (more specifically, the average reduced width)
computed by Shapiro and Emery (71969) for the reaction 238Uuhy)239U,
on the basis of the Nilsson model, pairing, and a residual spin-
—-spin interaction. They found that the M1 strength functions
for some strongly deformed heavy nuclei show peaks (see Fig. 2
of Shapiro and Eﬁergy (1969)). The reason to present these
theoretical results, which refér to the M1 gamma-ray decay for
239U, together with those of the present work, is to provide a
vardstick for our own results. ﬁowever, when the ground-state
" is not 0+., then even in lowest order we do not expect the
M1 strength to be concentfated in one excited state but rather
to be distributed over several states, such as is permitted by
angular-momentum coupling. The total transition strength to
these final states, however, should be approximately egual to
the strength of the 0% +1" transition.

Our results for the M1 strength should be interpreted

234U and 236U

as lower limits, because Pf(1+)/P S For
the M1 strength peaks.below Bn i therefore, it is reasonable
to consider an extreme assumption for the fission probability,
namely Tf(1+}/F =1, On the other.hand, the M1 fission
decay of 238U_ competes with neutron emission; therefore, for
this nucleus it is reasonable to assume that Ff(1+)/F = 0.25,
the value .for the fission decay of the GDR {Caldwell et al

1980). The above assumptions for Pf(1+)/r are somewhat

speculative; however, even the lower limit shows that the
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concentration of M1 strength is substantial, especially for

238U. Such a cohcentration of M? strength does not ‘indicate;

necessarily, the'p:oximity of ‘a giant M1 resonande, but our
results suggest this pOSSibility. in this regard, we would
like to call atfention to two mean guantities we derived from
our results (with ﬁa’e diséersion from the mean): <@, Al/’> = 38 2 MeV,
and <I‘X/m}'c> = 0.2320.071, -to.be canpared with the values given by
Hanna [(1977) for the GMDR {See Section I} and with the theoretical
results from Shapiro and Emery -t1969) {see Table 1).

. As a by-product of our determination of the M1
photofission cross sections we obtain the ‘E2 photofission cross

?34'236’2383'(see egn. (1}).. In Table 2 the E2

sections for
results are given, expressed in terms of the reduced transition
probability B(E2);, .in the;énerqy region 5-7 MeV, plus those
deduced froﬁ the photpfissioh angular-distribution experiments
performed at Lund iLindgren et al 1978). There is reasonable
agreement, within the'expe;imental.uncertainties, between the
two sets of valueé,-and good agreement between. their average

values. This comparison with the photofission angular dis-

tributions is a stringent test of our technique and results.

V. CONCLUSION

Prior.to the present measurements, no M1 states had
been reported for actinide nuclei, either from hadron or from
electron experiments. The evidence presented here on the Mi
strength for the even-even uranium iscotopes shows a substantial
concentration in the fission channel just above the fission

barrier. However, the details of the experimental situation
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for these heavy nuclei need clarification, both as to the

question of the existence of a general giant M1

and to its guenching.

resonance,
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TABLE 1 TABLE 2

M1 strength parameters. E2 reduced transition probability, in the energy region 5-7 MeV,

for the (2%,0) fission channel.

(a) . + +, . (D)
B Feak ) wadth | gy Te) /BTN Bran)
bucieus | . ! 2 T T 2 "
CMew) | V) | (Mew) e The Te2) 4
Nucleus B(E2) . —_—T {(fm™)
8
2344 6.8 |6.4:0.3 [1.420.2| s.8+1.8< < 1 >6 (a) (b)
234y 1200 * 240 1920 + 360
236y 6.5 |5.820.2 [1.320.2 | 4.0%1.2% <1 >4
236, 1440 £ 220 890 * 220
238, 6.15 |6.5:0.3 |[1.520.2 | 4.121.2'Y ~0.25 - 16
238y 710 * 120 830 + 120
{c} :
2390 - 6.2 2.0 - - 18.5
(a} Present work.
_ (b} Derived from the cross sections published in
{a) Meutron binding energy (from Caldwell et al (1980)). : Lindgren et al (1978),

(b} See discussion in the text.
(c} From theory (Shapiro and Emery (1969})).

_ (d) The uncertainties Quoted here include no systematic
uncertainty in the calculated M1 virtual-photon spectra.
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