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Electrofission of 2%Pu in the energy range 712 MeV
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The electrofission cross section ofPu(e, f) is measured between 7 and 12 MeV. The data are analyzed by
means of the virtual photon formalism, assuming afE2 (T=0), andM 1 transitions are involved. Using
known estimates for th&1 andE2 (T=0) fission strengths, it is deduced &hl fission strength of 19
i4,uﬁ, concentrated near the fission barribetween 5.4 and 5.8 MeVThe levels of the***®Pu transition
nucleus are theoretically obtained; a bunch of positive-parity levels shows up between 5.5 and 5.9 MeV, which
might well be associated with the deduckdl strength, since th&2 strength is negligible in this energy
interval. [S0556-281®7)04005-3

PACS numbgs): 25.30.Rw, 25.85.Jg, 24.30.Cz, 21.10.Ma

I. INTRODUCTION Weber and collaboratorgl] succeeded in the separation of
E1l from E2 and/orEO by means of an original analysis of

The electrofission of actinide nuclei has been intensively(e,e’f) data. However, it was not possible either to disen-
studied in the past two decades since the seminal works déngleE2 from EO, or to sample ani 1 strength(details in
Kneiss| at Giessefil,2] and Shotter at Glasgoy8] where,  Ref.[4]).
for the first time, attempts were made to deduceBfeand On the other hand, an inclusives,f) measurement is
E2 strengths. On the other hand, the investigation of thelominated by events near tploton point because forward
nuclear fission process, induced by réahotofissiopn and  momentum transfers prevail—thus longitudinal components
virtual (electrofission electromagnetic radiation, has ben- like EO arenaturally suppressed. This peculiarity is explored
efited from the advent of the high-duty factor, continuousin this work. Actually, the complementary character of the
wave, electron accelerators. In particular, exclusieg/(f) (e,f) to the kinematically completee(e’ f) data was pointed
experiments carried out at the Mainz Microtron facility with out by one of us elsewherg’]. More recently, however,
actinide nuclei have proved to be very convenient to disenWeberet al. [4,8] estimated the fission barriers 82U as-
tangle the fission multipolar componenisiostly E1, E3,  sociated with six fission channels:JT,K)=(0",0),

E2 and/orEOQ) associated with the primary excitation pro- (17,0), (17,1), (27,0), (2*,1), and (2 ,2), from exclusive
cess[4]. (e,e’f) angular correlation measurements. There is good

However, the investigation of near- and sub-barrier fissioragreement with the results ford{,K)=(1",0), (1,1),
by means of ¢,e’'f) or tagged photony,f) experiments is (2*,0), and (2',1), obtained from the analysis of inclusive
very difficult, particularly at energie®s<6 MeV. In fact, the  (e,f) angular distribution data previously taken at this labo-
very low cross sections, verified in this energy region, avoidratory [9].
the obtention of reasonable count rate statistics. Thus, most Among odd actinides?*®u has the smallest spirlJ
of the low energy data so far obtained come from inclusive=1/2"): thus, its transition nucleus is expected to exhibit not
bremsstrahlung- and electron-induced fission measurement®o many levels near the barrier, enhancing, thus, the selec-
In particular, the potentialities of inclusivee,f) experi- tivity of the multipolar components. As discussed below, this
ments, for the study of multihumped fission barriers, haveract would provide a better evaluation Bf. strengths con-
been recently demonstratés]. centrated near the fission barrier, as, eMyl.

For oddN and/or oddZ nuclei there is, however, an ad- A quite complete and recent review on low-energy
ditional difficulty: photo- and electrofission angular distri- electro- and photofission of actinides could be found in Ref.
butions are expected to be isotropic or near isotropic at er10], to which the reader is referred.
ergies somewhat above the barfiét. Thus, a separation of
all the multipolar componentémostly M1, E1, E2, and/or A. Low energy photofission
EO) cannot be achieved unambiguously at low energies near

the fission barrier. We note, in this regard, that forU For photon energies =40 MeV, photoabsorption takes

place by means of the excitation of nuclear collective modes
(the well known giant multipole resonanges$n addition,
pre-equilibrium emission is negligibl@s discussed ifil1])
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tion with excitation energ¥, , andP; is its fission probabil- C. Low energy E2 (T=0) fission strength
ity. Moreover, in this energy region the following approxi-

. ) From the theoretical point of view we note that detailed
mations are valid11]:

statistical model calculations have been successful in de-
scribing the fission decay of even-even actinides following
ocy=o07 and E,= w, (2 excitation of EX giant multipole resonancdg43]. Realistic

level densities and the levels of the transition state nucleus

where o7 is the total photoabsorption cross section. Theres '€ used in an exemplifying calculation f6tU and it was

g ) found that the GQR fission decay probability is as large as
fore, the photofissilityo, /o is equal to the compound : .
nucleus fission probabilitp; . that of the GDR at energias=8 MeV. At energies close to

The photofissility of actinide nuclei fow=20 MeV, the fission barrier, the GQR fission probability was found to

which is mostly associated with the fission decay of the gianpfa appreciably larger than that of the GDR, while e

: ) iant resonance fission probability followed closely that of
dipole resonancéGDR), has been systematically measuredg o ., NS
with monochromatic photons. A few MeV above the fissionthe GQR(details in Ref[13]). This is an indication thata)

barrier (w=8 MeV) P, , in general, is a somewhat flat func- the densities qf levels, populatfad By andE2 transitions at
. o the saddle point, are different; and th) the same would
tion of w up to the second-chance fission threshdij{, : .

) ; . . ! occur with the levels of the residual nucle(fermed after
while for o>B,; P; is a moderately increasing function of

w. Thus, the shape of the experimentally obtainedf) gggtig(ra]utron emissioraltering, thus, the 1,1)/(.n) com-
cross section is nearly proportionaldg [12]. Given the fact ' ) i —
that the properties of the GDR are well known, further In fact, photo- and electrofission-fragment angular distri

hotofission studies in this energy region are not stimulatin bution data, systematically taken for even-even actinides,
P . 'S energy reg ! Yhave demonstrated the existence of substaRlfission
At energies near the fission barriap£8 MeV), the fis-

. . : ; . strength at energies just above the fission barrier. A detailed
sion probability reveals aspects associated with the bame&iscussion on this issue is found in Ref,16]. Regarding

f?a?/r;rgitr?srist(ili 22'%\2’”1'2] psrst:;:u:t)r ag(; '\\’A\'g?/ tg?]enrlﬁ?lehir odd actinides, low energy data are less abundant and more
: AN ’ '9 difficult to analyze, due to the lack of fission angular distri-

expect to find only the low energy tail of the giant reso- butions. Moreover, even for?®%u, where low-energy

ni{]ecfgégs;ﬁiléggyéh?netﬁ? fgsethtﬁésrgfsocraela:hgéan;gtgzg_r%y,f) angular distributions have been measured for three de-
P ' ' ' P cades[17,18, it was not possible to obtain information on

sion cross section behavior with reflects that oPs. multipolar transitions because, for odd nuclei, the anisotro-
pies are sensitive only ti (the angular momentum projec-
B. Level distribution at the saddle point tion on the nuclear symmetry axjsegardless of any par-

. ticular J™ [6]; this issue is retaken in Sec. Il E. However,
The level sequence at the saddle point of even-even A% ectrofission studies carried out f87U. 22U, and 231N

tinides is the same as tha_t built over the.ground state, but thF?ave indicated the presence of substantial fractions of GQR
level spacing is slightly different and it is a function of the strength near the fission barrig9—21

nuclear deformationisee, e.g., Ref$6] and[14]). Thus, for
electromagnetic excitations near the fission barrier, where
E1 andE2 transitions are dominant, fission takes place only
through a few {7,K) channels: (1,0), (1,1), and In the past decade, the study of magnetic dipole excita-
(27,0), mostly. In?3&U, for example, only a single (".,1) tions of nuclei attracted much interest in low energy nuclear
level shows up near the barrif8]; this level with positive  physics. Indeed, with the work of Bohle and collaborators
parity could be populated only by meansMfl excitations. [22], (e,e’) and later(y,y’) and (p,p’) experiments[23]
However, the situation is different for odd-mass-numberproved to be powerful tools for the investigation of the
nuclei, since their levels at the saddle pdidentified as the nuclear orbital and spin magnetic dipole response in nuclei.
Nilsson states of a deformed potentislre much more In particular, a clear picture concerning the features of the
“densely” distributed; also, the level sequence is differentmagnetic dipole response in rare earth nuclei could be
from that near the ground staté,14). drawn. However, the study of thkl1l giant resonance in
239y is a particularly interesting nucleus to study since actinide nuclei has been restricted to few cqd248.
up to~0.4 MeV above the ground state, all levels have posi- Indeed, the issue of the existence of a giant magnetic
tive parity (1/2",3/2",5/2%, ...) while from ~0.4 MeV to  dipole resonancéGMDR) has been the subject of much ex-
~0.5 MeV the majority of levels has negative parf}s].  perimental and theoretical worfan excellent and compre-
There has been no experimental or theoretical evidence dfensive review on this issue is presented in R28]). In
the existence of positive- and/or negative-parity bunches ofact, it seems that only foM1 transitions inA=<60 nuclei
levels near the saddle point. Positive-parity levels of the tranone can see any semblance of a GMDR. Thus, with the prob-
sition nucleus are populated B2 and/orM1 photoexcita- able exception oM 1 transitions in heavy nuclei, magnetic
tion. Thus the experimental observation B2 and/orM1  transitions do not manifest obvious resonances of the type
concentration of strength, in the vicinity of the saddle point,exhibited by giant electric modes. We note, in this regard,
would be compelling evidence supporting the existence ofhat (n,y) [26] and resonance fluorescenk®7] measure-
positive-parity bunches of levels. In addition, it would be ments appear to have succeeded in identifying compact giant
quite useful to perform complete calculations for the low-M1 resonances iR°®b and in other heavy closed-shell nu-
lying levels of the transition nucleusee Sec. IlI D. clei.

D. M1 strength near the fission barrier
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TABLE I. M1 strength for heavy nuclei. 0°

Nucleus  Strength(units of,uﬁ) Peak(MeV) Reference E

234 5.8+1.8 6.4-0.3 [51] = |
23 e
U 4.0+1.2 5.8-0.2 [51] £

2y 41+1.8 6.5-0.3 [51] Z i

23y 18+5 6.3:0.3 [19] 5 ol

235 16+ 4 6.0+0.4 [20] & F

BNp 18+4 6.2+0.3 [24] @

O fr

2y 18.5 6.5 [52] & |

208pp 15.6 Fragmented [27]
From the experimental point of view, however, it is very L S T E— R T SR S

10 " 12

|
difficult to obtain reliable information o1 transitions in E. (MeV)

heavy nuclei from, e.g., single-arm,g’) experiments, even
at backward scattering angld28]. The main difficulty FIG. 1. Data points: electrofission cross section for

) . L : ,
comes rf]r?m the fact that are(,j(eg measure|r11§nt sz;mhple}s the 2395, a5 a function of the incident electron energy. The uncertain-
strength function ag>w, an _t e eXtr‘_”‘po an_n of the form ties for the data points are of the order of 5%. The solid curve was
factor back to the photon poing€ ) is a tedious and un-  gpained by integrating the measured photofission cross section

certain enterprise. . ' o _ from Ref.[12] with the E1 virtual-photon spectrum of Zamani-
On the other hand, an inclusive,f) reaction is domi-  Noor and Onley[31].

nated by small-momentum-transfer events; thus electrofis-

sion measurements correspond to measurements near ttigecked through their comparison with photofission angular
photon point. We have been exploring this peculiarity in adistributions of23%u found in the literature.

systematic investigation df11 strength concentrations near

the fission barrier of several actinide nucleee Table )l Il. EXPERIMENT AND RESULTS
These have been the only experimental information so far o . ”3
obtained forM 1 transitions in the actinide region. The absolute electrofission cross sectiqq} of **%Pu was

From the results shown in Table | we note that themeasured, for the first time, at the Univefsity ofoJaaulo

energy centroidsw, of the M1 transition strengths lie Electron Linear Accelerator for electron energigsranging
within the range 35-48 Y*MeV [25,26, which from 7 to 12 MeV, in small steps of 0.25 MeV. Mica foils
for 23%u corresponds to 5.6—-6.5 MeV with a wid#l—1.5  Were used as fission detect¢i90% efficiency. For irradia-
MeV] (=0.2w.). Also quite interesting is the fact that the tions in the interval 7-9 MeV, 12 mica foils (22 cn)
M1 strengths observed in odd actinides are about four time§€re positioned around the target, 20 cm from its center,
more intense than those observed in even actinigeg COVering the angular range 10°—100° with respect to the in-
Table |); this could be due to the existence of severalcident beam direction. No statistically significant anisotropy
positive-parity levels bunched near the fission barrier of oddvas observed. The beam was monitored, before hitting the
actinides, while for even actinides only one*(1) level at target, by a ferrite core toroid and, simultaneously, by a Far-
equilibrium has been reporté®ef. [6], p. 42. Such a pos- aday cup after hitting the target. The thickness of f#i®u

sibility is checked in the present work f6?%Pu, both experi- target (=650ug/cn?) was measured by a conventional
mentally and theoretically. alpha-counting method. There was negligibleay contami-

nation of the electron beam. Other background sources, re-
sulting from room-returned thermal neutrons and gammas
and scattered electrons, were experimentally shown to be
The general aim of the present work is to measure, for th@egligible. In particular, the significance of fission induced
first time, the electrofission cross section?fPu at low and by neutron background was checked using the same proce-
near-barrier energies. dure described in the appendix of REBO]; it corresponds
More specifically, a data analysis will be carried out infor 23%y to less than 0.5% of the total electrofission yield.
order to deduce a possible concentratiofdf strength near  Details of the accelerator, reaction chamber, monitoring de-
the fission barrier of*%Pu. To this end, it is used as input of vices, detection techniques and procedures can be found in
the calculations: (a) the well-knownE1 photofission cross Refs.[9] and[30].
section of #%u [12]; (b) the parameters of the GQR  Figure 1 shows our results for the electrofission cross sec-
(T=0) taken from the literaturg29]—actually, only an es- tion of 23%u, which can be expressed by
timate of the GQR T=0) low energy tail is necessary; and g
(c) fission probabilities obtained from the statistical model Ee (0]
for the fissi%n process. (’evf(Ee):g fo 70N (Ee,0) o )
In order to check the consistency of the results, we work
out a detailed calculation of th&%Pu transition nucleus lev- whereN*-(E,,w) is the virtual photon spectrum calculated
els (37,K). The reliability of these calculations will also be in the DWBA with nuclear size effect correctioh31], AL

E. Aim of the present work
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indicates the multipolar character of the transition, and ' ' ' ' ' l
o)i(w) is the partial\ L-photofission cross section; thus the 10F
total photofission cross section is

08 -

ol b1} i : 1
We would like to stress that the disentangling of tie I % T
strengths cannot be performed unambiguously in an inclu- o4} .

sive (e,f) experiment. However, if among two or thraé
components just one of them is unknown, as in near-barrier

ay,f<w>=§ (). (4) o«

data, it is possible to take advantage of different energy dis- - 7 8 g 1‘1 72 13

5
tributions and thresholds of thel strengths in order to ob- Ee(MeV)
tain a reasonable separation, as shown below.

The kinematics of this experiment allow us to assume that FIG. 2. Ratio of theE1l electrofission cross section to the total
the main components in the 7—12 MeV range certainly arélectrofission cross section fé#%Pu as a function of the electron
El,E2 (T=0), andM1 (see discussion aboyehus, from  €Nergy.

Eqg. (3) we have that

Ee E1 dw
Ee O'e,f(Ee):f O'y,f(w)N (Eeyw) ? 9
Te(Ee)= JO [055(0)NEYEe, @) + 055 (0)NFA(Ee, 0) 0

do In addition, the magnitude df (for pure E1 processes
+a’;"f1(w)NM1(Ee,w)] —, (5) would be the consequence of normalization differences be-
’ w tween the Sa Paulo data ¢.;) and the Livermore data
(0,,1). However, the strong dependence RfE.) on E,,

and, from Eq.(4), particularly at low energiegsee Fig. 2, led us to the con-
1 Eo M1 clusion that sizeable multipolar components other tEdn
oy t(w)=0(w)+o i)+ o) (). (6) must be contributing to the photofission process, in all like-
lihood E2 andM 1.
Combining Eqgs(5) and(6) we obtain Regarding to normalization differences betweeno Sa

Paulo and Livermore, they were checked f%Pu and for all
the actinides so far investigated at this Laboratory, using the
procedures described at length in Rdf32] and[33]. The
g mean normalization factor iss2%, and was already taken
(B g ) into account for the quantities shown in Fig. 1. As discussed
- JO ‘Ty,f(“’)[NEZ(EE’“’)_NEl(Ee"”)] "o below, however, this is a minor source of uncertainties as
regarding the main conclusions of this work.
M1 We reproduce in Fig. 3 the restricted 7—9 MeV interval of
+ Jo ‘Tv,f(“’)[NMl(Ee'“’) Fig. 1, using a linear scale, where the physical meaning of
Ao.¢ can be better appraisetsee also Fig. )/ Since
Aoy is the difference between the totad,{) cross section
and the correspondingl component, this quantity is com-
posed of theM1 andE2 (T=0) components only; there is
The full curve in Fig. 1 represents the term No other possible interpretation. Therefore, the least we can
fgea.yf(w)NEl(Ee,w)(dw/w) appearing in Eq(7), which state Hp to thi§ point is that a substantial “non-electric-
was obtained by numerical integration of the,(w) mea- dipole” electrofission component has been detected. Fortu-

sured at Livermore by Berman and collaboratftg] with nmailt?:%/,wlltltlarstulre '?d('jcﬁtesr :Eatﬁa ipzszlti:ﬁlr%e?ﬁ)on(ance
the E1 virtual photon spectrum. 9 €ll be localed near the fission barrie uisee

A mere visual inspection of Fig. 1 does not allow to drawsec' 1D, that is, in the region corresponding to the low

any conclusions about the statistical and physical meaning‘asnergy tail of the GQRT=0) which, as a consequence,

of the electrofission cross section differerice, ¢ in Eq. (7). erjt?]ble us to %%rform the deduction of thel component
In this regard, Fig. 2 shows the ratio with some confidence.

E

e d
Ao-e.f(Ee)Ea'e,f(Ee)_f O'y,f(w)NEl(Eerw) Kw

0

do
—~NEY(E,,0)] — (7)

E Ill. DATA ANALYSIS AND INTERPRETATION

e dw
o (@INH(Ee,0) —

) The key quantity for our data analysis and interpretation
is the electrofission cross section differenke ; [Eq. (7)
and Figs. 3(inse) and 7], particularly forE,<8 MeV (see

We note thatR(E.) =K (cons} only for a pureE1l pro- below). By a simple visual inspection of the cross sections
cess since, in this case, ratio R(E.) shown in Fig. 2, we get

R(Ee)= oo r(Eo)
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L L B B the A L-fission probabilities, but this issue is not crucial for

or N % ] the final purposes of this work.
20 ' §_ |
- ::5L 16 ) 5 - 1 A. Calculation of fission probabilities
oL %%l ] Considering highz nuclei and excitation energiés, be-
5 ‘.r____,_lzs—ﬁ @ )/ low the second-chance fission threshold 12 MeV), the
i ol % K //+ fission probability is simply given by

£ (MeV) S Y
1 flEx

PO B T, E 2

o
T

| whereI'; andT",, are the widths for fission and emission of

- neutrons, respectively.

- With respect to the above mentiongd-fission probabil-

] ity P} [Eq. (12)], it is necessary to add a few more basic
comments. Possiblenemory effectselated to the entrance

| channel are unlikely. In fact, the amplitude of the giant reso-
- nances is not sufficiently large to strongly drive the fission
] process(to induce a noticeable direct fission width, for ex-

ample. The energy of motion of the two oscillating nuclear
fluids (protons and neutronsnust be damped into the com-

CROSS SECTION (10°mb)

o] I T ST R B pound nucleus and reappear as deformation energy before
7 73 8 8.5 9 fission can take place. Therefore, possible marked differ-
Ee(MeV) ences among the’s could only be found near the barrier,

as shown in the work of Diast al. [13].

FIG. 3. Data points: linear plot of the electrofission cross sec- We performed calculations & [Eq. (12)] using the sta- .
tion for 2%u (Fig. 1) in the energy region between 7 and 9 MeV. tistical model apprpach developed by Vandenbos_ch ar_1d Hui-
Solid curve: same as in Fig. @the dashed lines represent the Z€Nga 6], where it is assumed that the level dengif§,) is
uncertainty of the calculationinset: electrofission cross section given by the so-called Fermi gas expression,
difference Ao (data points and the E2 contribution (solid

eunve. f(Eo= 1—@ a VE Mexd2(aE) ™), (13
Aoe~0.4 10 0.7er, E.=8 MeV. (10 where a is the level density parameter. In this case, after
dropping some small terms and expressing the nuclear radius
Thus, even if we double the uncertainties associated witlhyy R=1.2A%3 (fm) we obtain, for?*®Pu, the expression
the determination of thE1 componentfull curve in Fig. 3,
we still obtain a sizeabld o, ;. We cannot find, either from In_ 10.7(Ex—By)
theE1 estimate or from the experiment itself, any reasonable Ty~ 2(ra,)YAE,—B)¥?—1
source of uncertainties able to account for the cross section N o N
difference Ag, ;. Therefore, this is a significant quantity x exp2ay 1 (Ex—By) Y*~ A E,—B)"]],
representing &,f) components other thail. (14)
The second point we want to stress, once again, is that
only M1 and E2 (T=0) transitions are associated with wherer=a;/a, is the ratio of the level-density parameter at
Aog ;. From them, we show below that on 1 is signifi- the fission saddle point to that of the residual nucleus after
cant at lower energies, since only the low-energy tail of theheutron evaporatior,, is the neutron binding energy and
GQR (T=0) is contributing to the whole process. Thus, Bs is the fission barrier. The fission barrier deduced from a
even a crude estimate of the GQR=0) strength, and of its  (.f) experiment mostly corresponds to the barrier for fis-
fission decay probability, do not alter our main conclusionssion following E1 excitation. For **%Pu, B;=5.8 MeV
about theM1 component, as demonstrated by the calculal6,12] which, in fact, represents the “effective barrier.”
tions shown in the following sessions. The level spacing parameter, was obtained from an
Since, in general, expression proposed by lljinogt al. [34], which incorpo-
rates corrections due to excitation energy and shell effects.
For the parameter=a;/a,, however, we know that both
their values and energy dependence are not well defined in
the literature; thus we decided to obtain it from a fitting
where cr#L is the AL-photoabsorption cross section, procedure, as described below.
and P?L is the corresponding fission decay probability, only The fission probability obtained fromy(f) measure-
a fraction of the\L strength is observed in the fission chan-ments can be interpreted as Bd-related quantity RF%),
nel, particularly at energies near the fission barfighere  which is shown in Fig. 4 fo”*%Pu. We fitted the expression
P?L< 1). Thus, it would be useful to perform estimates of [see Eq(12)]

(@)=} ()P (), (11)
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FIG. 4. Data points: experimental photofission probability ob-
tained from Ref[12]. The solid curves labeleB1 andE2 repre-
sent, respectively, the dipolef and the quadrupol®£? fission
probabilities obtained theoreticalljor more details see text

FIG. 5. Ratio of the level density parametar=(a;/a,) for
239y (present work, and for2*%Pu[6] at the fission saddle point to
the level density parameter of the residual nucleus after neutron
evaporation as a function of excitation eneigy.

/T,

(15 where o2 is the E2 (T=0) photoabsorption cross section.
1TIT,

The E2 (T=0) fission probabilityPF? is shown in Fig. 4.
We know from the long-wavelength approximation that
[35,36

PF(w)=

to the experimental datéig. 4), usingr =r(w) as the fitting
parameter; ' /T, is given by Eq. (14 with E,=w,
B,=5.65 MeV [12], and B;=5.8 MeV. The best fit was
achieved forr (w) =1.48-0.0238v, which is a moderate de-
creasing function of the energy. This result f6t%Pu is
shown in Fig. 5 with that foP*®Pu[6].

In order to es’[imatePfE2 we assumed that(w) is the

dB(E2:w)

a?@@zsowqﬂ*w&—7ﬂr—wmm, (17)

where w is in MeV. The E2 strength functiordB/dw (in
same as that one obtained fBf'. Regarding the fission fm%MeV) is well described by a Breit-Wigner curj&6]
barrier for the E2 fission decay we put, tentativelyg;  With the following parameterf20]: (a) peak at 9 MeV{(b)
=5.5 MeV, which corresponds to the lowest positive-paritywidth of 4 MeV; and(c) area equal to 100% of orie2 (T
level we calculated foP*Pu (see Sec. Il . The results are  =0) EWSR unit for**Pu. As discussed below, the deduc-
also shown in Fig. 4. tion of theM 1 strength near the fission barrier relies on a fair

We note that assuming the sam(@), for the calculation estimate of the GQR low-energy tailv7 MeV). In this
of PF! andPF?, is equivalent to assume that the densities offegard, we show in Fig. Ginsed the result of our calculation
positive- and negative-parity levels are approximately thdor o5 [Eq. (17)] using the GQR parameters mentioned
same, which is reasonable for odd actinides. Thus the pec@bove (solid line), and a calculation fors? using theE2
liarities of the energy dependence Bf* and P2 are dic-  strength functiondB/dw obtained from a QRPA approach
tated only by their corresponding fission barriers. The situafor U [54]. The agreement between the two results in the
tion is different for even-even actinides, where the levelrange 5—7 MeV is reasonable.
densities also play a significant rolsee discussion in Ref. The result of our calculation foar';zf is shown in Fig. 6,
[13)). and its integration with the kernel[NF2(E,,w)
—NEL(E,, )] gave us theE2 labeled curve of Fig. Tsee
also Eq.(7)].

For a better appraisal of the relative importance of the
E2 component in the low-energge(f) process, we refer the
reader to the inset shown in Fig. 3. Quite revealing is the fact
that the E2 component is nearlpne order of magnitude
smaller thanAoe;. Even by drastically changing the

B. Estimate of the E2 (T =0) fission strength
TheE2 (T=0) photofission cross section is given [see
Eq. (11)]

05 (w) =05 (0)PF(w), (16)

Y
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T T T 1 T T T ] where

dow

' 1] AUZE(Ee)=foEecr“y”,%(w)[NMl(Ee,m—NEl(Ee,wﬂ;,
- 13 (19

f' e s 7 )a s ] and theE2 contribution,Ac53, calculated in the way de-

1 scribed in Sec. Il B, is shown in Fig. (dotted curveand in
1 the inset of Fig. 3. The calculations show the#S% is very
E2 small for E,<8MeV; thus, in this energy range,
AO'e,f(Ee)%A‘T('}:‘/,lfl(Ee)-
A mere visual inspection of Fig. 7 shows that th&l
] contribution to the ¢,f) processA o, must be a flat func-
167 | L | | | | tion of E. in the interval 7-12 MeV, in order to fit the
7 8 9 10 1 2 13 experimental data. Given the integral nature of this quantity
w(MeV) [Eq. (19)], such a flat behavior is reproduced only by means

FIG. 6. CalculatedM 1 andE2 photofission cross sections as a of a narrow M1 phOtOf'ss'O_n_ Cross sectlon';/',% located
function of photon energy» (MeV). See text for details. Data Mostly below 6 MeV. In addition, this low-energy and nar-
points: total photofission cross section $fPu measured by de row concentration oM1 strength maked\ob{ sensitive
Moraes and Cesdb3] (full circle) and Bermanet al. [12] (full only to the area ofr';"’fl, for Ec=7 MeV. Thus, it is reason-
diamonds. The dotted curve labeleBi1 is only to guide the eyes. able to describer)'; as a flat function ofv, like a histogram

Inset: totalE2 photoabsorption cross section§” for *Pu(solid A MeV wide and with a height equal to™*=const. This

) . ) . f
line; this work and **4 (histogran; the latter was obtained from histogram was fitted to the experimentayl data through the
QRPA calculations for th&2 strength[54].

integral cross sectionagf'fl [Eq. (19)], producing the curve
GQR (T:o) parameter@eak and W|dthand theE2 fission labeledM1 in Flg 7. The best fit was achieved f@f{;l%

probability P2, this one order magnitude difference does = /-5 1.1 mb andA =0.40+0.05 MeV in the interval 5.4~
not change appreciably. 5.8 MeV. ) ) o

Therefore, we came easily to the conclusion that, besides In our approximation, theM1-fission strength, repre-
E1 andE2, another multipolar component, with nearly all of sented by{BT(M l)]P?"l, is proportional to theM 1 cross
its strength concentrated near the barrier, is contributing tgection areana"y"fl_ By assuming thaP}''~PF? (since
the electrofission process. The kinematics of this experimenhe barriers are sirhiléavwe deduced
place theM1 transition as the only possible candidate.

O AN w A

-
OO

T
[~

CROSS SECTION (mb)

|

BI((ML)| =
C. The M1 fission strength 2 19+ 4, (20)
Equation(7) can be rewritten in the following way: whereuy is the nuclear magneton, aid (M1) is the inte-

gratedM 1 strength functiomB1/dw [37]. In the hypotheti-
cal possibility whereP}''<PF?, the M1 strength given by
Eq. (20) would represent a lower limit.

Also, we would like to add a final comment on the issue
related both to thd=2 strength, calculated in this work for
w=7 MeV, and the determination of thd1 strength. We
note, in this sense, that the calculate® strength does not
play a significant role. In fact, by repeating our calculations
with anE2 strengththree times largethan that obtained in
the first place(see the inset of Fig.)6we deduced a1
— = a2 H strength ~22% smaller, that isB7T(M 1)%15,4&,, which
would not change appreciably our main conclusiee be-
low).

It is important to stress that we are by no means saying
that this is the onlyM1 strength contributing to thee(f)
| | | I process up to 12 MeV. We are just saying that this is the
9 10 1 12 . i .

E. (MeV) Ml_ strength concentrated near th(_a fission barne?%’u_,_
which might well be associated with a bunch of positive-

FIG. 7. Data points: electrofission cross section difference_palrlty levels in the saddle point 6f*Pu[as discussed below
Ao, :(Ee) betweeno,; and the solid curve shown in Fig. 1. The in Sec. Il D]. Because of the fast On_set &1 _and I_EZ
dotted and dashed curves were calculated assuming that the tran§-—0) for Ec=7 MeV, our data analysis technique is not
tions having multipolarity other thaf1 are purelyE2 andM1, ~ Sensitive in sampling/ 1 strengths at higher energies where
respectively. The full curve corresponds to the calculaii  these transitions dominate.
strength with the addition of the! 1 strength. The dot-dashed curve  The result of~19u% for 2*%u is compatible with those
represents the calculat@&® strength(assuming thaPF?=1) plus  obtained for several odd actinides and a theoretical estimate
the M1 strength. for 23U (Table ). However, theM1+E2 strength is insuf-

Aoe(Ee)=A05i(Ee) ATy (Ee), (18)
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ficient to explain the cross section difference between 11 antb the levels close to the Fermi energy. Therefore, an accu-
12 MeV, even when anaximum B strength is assumed rate calculation of the single particle states is necessary.
(dash-dotted curve in Fig.)7The maximum attainabl&2 Due to difficulties in calculating the single particle spec-
strength is obtained by assuming th#t>=1. Although the trum for strongly deformed shapes, previous studies have
M1+E2 (maximum) strength is substantially enhanced generally taken methods appropriate to small deformations
above 11 MeV, it still cannot match the experimental resultsand applied them to larger deformations. Very recently, Gar-
Moreover, the overall agreement below 11 MeV is worsenedote et al. [42] developed a more convenient approach to
by such a procedure. Contributions to the electrofission procalculate the single particle states for strongly deformed
cess coming from higher order multipolar componeftitee ~ nuclear shapes. According to this cotassini codg the

E3), or from the onset of second-chance fissiondeforming shapéup to and beyond its separation into two
(threshold>12 MeV), are unlikely up to 12 MeV. It seems fragments is described by the Cassinian ovals proposed by
to us thatA o, is overestimated between 11 and 12 MeV PashkevicH43]. The Cassini code uses an axially deformed
because our¥,f) input [see Eq.(7)] is underestimated in average Woods-Saxon potential which has been successfully
this energy region. In fact, we note in Fig. 4 that the experi-applied to reproduce a number of single particle effects in
mental photofission probability #%Pu is substantially low- strongly deformed nucleiRef. [44] and references thergin
ered from~11 MeV till the (y,2n) threshold. On the other ~In this work, the single particle spectra were obtained by
hand, by recalculating o, ; between 11 and 12 MeV using Mmeans of the Cassini code using the Chepurnov parameters
a photofission cross section generated from the fledis- for the nuclear potentid¥5]. These parameters describe sat-

sion probability(E1 curve in Fig. 4, an agreement with the isfactorily both neutron and proton single particle states.
M1+E2 strength is dramatically achieved. Single particle spectra were calculated at the deformation

region corresponding to the first saddle point of the fission
barrier (e=0.394, a,= —0.030 as well as in the region of
D. Calculation of the transition nucleus levels for%Pu the second welle=0.505, a,=0.01). The extreme points

1. The semimicroscopic combined method were calculated using the Struntinsky methptb] with

- Pashkevich parametrization of the nuclear shtsd. Fur-
In order to calculate the transition levels f8Pu, we  thermore, the pairing strengths were taken to Gg

used the. so-called semimicroscopic cqm.bined method- 54 5n—1 MeV and Gp=27.5A"! MeV, respectively, for
[38,39. This methoq uses the qqantum sta_ttlstlcal model prog)| the extreme points of the fission path.
posed by Decowslet al.[40], which takes into account the
shell and pairing effects calculated in the framework of the
BCS model. However, this model does not give an adequate
description of the level densities at low energies due to the The identification of single particle spectra in the second
discrete structure of the spectrum. Therefore, at low excitaminimum is extremely important in order to test the single
tion energy, the level density calculation is carried out usingParticle models at large deformations. Experimentally, the
a combinatorial method described in RF8]. In both cases, first results of spectroscopic investigations of fission isomers
realistic single particle spectra and phenomenological collecwas reported in 1972 by Specét al. [47], who identified a
tive enhancement of the level densities in deformed nuclefotational band built on the 3.8 ns fission isomeric state in
are used. Since these calculations are carried out within th&'®Pu. Such rotational excitations have been latter identified
same mode{BCS), and make use of the same single particle(by conversion electron spectroscoggr several other nu-
and pairing strengths parameters, a smooth joining of thelei, including ***Pu ([48] and references thergirTherefore,
discrete and continuous parts of the level densities is natuthe reliability of our method at large deformations was
rally achieved. checked by calculating single particle spectra at the deforma-
To check the applicability of the semimicroscopic com-tion of the second well of the double-humped fission barrier
bined method, the calculations were compared with experiand by comparing them with experimental res{#s].
mental data for23924Pu and?4124Am in the excitation en- As we can see in Fig. 8, the agreement between the the-
ergy range 0-10 MeV[39]. At the energy region oretical and experimental results is excellent, showing that
corresponding to equilibrium deformation, the total levelthe semimicroscopic combined method proposed in this
density of these nuclei was fully reproduced by these methwork can be successfully used to calculate the single particle
ods. At higher excitation energigslose to the neutron bind- states at any deformation. In our calculations a rotational
ing energy the calculated level spacing is in good agreemenband with spin 5/2 built on the 2.6 ns isomeric state in
with that from experimenf41], showing that this method 2*®Pu was obtained using the rotational constaht
can successfully be applied to describe level densities in & 3.36 keV given in Ref[49]. As mentioned before, the
wide energy range. Moreover, the comparison of the experideformation of the second well corresponds ete 0.505,
mental *%u and?*!Am o(n,f) cross sections with the the- «,=0.01.
oretical calculations showed that the combined method can More detailed results on the issue of spectroscopy of the
describe also adequately the level density as a function of theecond well for?**Pu, as well as for some other odd ac-
nuclear deformatiofi39]. tinides, will appear in a forthcoming publicati¢B0].

3. Spectroscopy of the second well: A stringent test

2. Calculation of the single particle spectra 4. Results and the issue of M1 strength F#%Pu

The semimicroscopic combined method described above From all calculated levels of the transition nucleus of
is very sensitive to the single particle spectrum; in particular,”%Pu, we show in Table Il only those which could be ex-
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negligible below 7 MeV[see Fig. 3(insed and Fig. §. We
Pu observe a distinct bunch of three positive-parity levels at
250 s . N 5.5<w<5.9 MeV (Fig. 8 which, as discussed above, could
pectroscopy of the 27 minimum be associated only withl 1 transitions. Our deduction of the

TJ E Ly E M1 fission strength irf*%Pu (Sec. Il O indicates a concen-
20092 203 “9)? ——tgy tration in the w-interval of (5.4G-0.05)—(5.80
+0.05) MeV, which is in good agreement with our theoret-
ical findings. This agreement reinforces the fact that most of
150 _ the strength responsible faro, s [Eq. (18), Fig. 3 (insed,
and Fig. 7is M1.

The levels of the second welFig. 8) are not included in
our data analysis because of the extremely low isomeric fis-
sion cross section at energies above the fission bd&ler

239

Energy (keV)

| +9/2

56.2 +92 555 | IV. (9,f) ANGULAR DISTRIBUTIONS

OF 2Py REVISITED

50

28.5

+7/2 . o
+72 23 The photofission angular distributions $%Pu were mea-

ol +5/2 0 +5/2 0 sured with Bremsstrahlung at energies as low as 5.4 MeV
Experiment Theory fthis work) [17,18; these results are shown in Fig. 9.

FIG. 8. Levels of the second minimum in the fission barrier of ~ 1he angular distribution functionﬁlf\,,'K(G) of oddA nu-
239y, Experimental results are from R¢f9]. See text for the clei for all the possible transition nucleus levelE'(K), and
details of our theoretical calculations. for all possible combinations af, K, andM, can be put in

the form[6]

cited byE1, M1, andE2 transitions, and that are at the top
of the higher inner barriefe=0.394, a,= —0.030.

We assigned to the lowest levelJTK)=(3".3), the
photon excitation energw=>5.35 MeV, after a suggestion
made by Vandenbosch and Huizeri§in their successful | he notation aboveM is the projection of the angular
attempt to fit the experimental photofission angular distribu+,omentum on the laboratory axis, which coincides with
tig’“% of 2Pu. In fact, the best fit was achieved by assumingpe peam direction, and is the angle between the fission
(57.5) as the lowest level at the first saddle, and as be'”gragment trajectory and the beam direction.
excited by absorption of photons wit=5.35 MeV. Our Theoretical calculations fof*®Pu (37=1/2") show that
results, plus the energy scaling mentioned abdat w [6]
=5.35 MeV), are qualitatively checked by means of a com-
parison with experimental angular distributioGsext sec-

WJK(a):% Wy () =a+b sir?(0). (21)

tion) (8 b<0, for (J,K)=(3/2,1/2,
Figure 9 presents the transition levels associated only with
E1 andM1 transitions, forw<6.3 MeV. TheE2 strength is (b) b>0, for (J,K)=(3/2,3/2,

(©) b=0, for (J,K)=(1/2,1/2.

1 7 The angular distributions do not differentiate positive-
] from negative-parity levels, since we are considering nonpo-
larized photon beams. However, the excitation of different
K bands can be observed by the sign changes of the so-called
“anisotropy,” b/a (a is always positive

In this regard, we compare the results of our calculations
for the transition levelsJ™,K) of 23%Pu with the experimen-
tal results forb/a [shown in Fig. 9(inseb]. SinceE2 exci-
tations are hardly observed with real photons, we assume
E1 and/orM1 excitations, only. In this casé>%Pu decays
; y y by fission through the transition levels: (1/4/2),

w (Mev) (3/27,1/2), (3/2",3/2), and the same set of levels as before,

FIG. 9. Levels of the®®®Pu transition nucleus calculated in the PUt With negative parity. Thus the following conclusions can
present work. Only those levels associated véith andM1 tran- P& drawn from Fig. 9:(1) A strong positive anisotropy
sitions are presented. The dashed curves are pictorial represenfd/@>0) at Ena=5.4 MeV could be mostly attributed to
tions of the Bremsstrahlung spectra, used in the experiment for thée lowestK =3/2 transition level, excited bf1; it is im-
(y,f) anisotropies 0f2%Pu [17] shown in the insetE,, is the  portant to note that the levels close to the ti,G,) of the
energy of the Bremsstrahlung spectrum).tip Bremsstrahlung spectrum do not contribute appreciably to

N® (arb, units)

S B!
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TABLE II. Levels of the 2°%Pu transition nucleus, as calculated in the present work.

EMevV)| J° | K| M |w(MeV)

2001 |3/2-[3/2]| E1 5.35
002 [1/2-]1/2] E1
0.06 |3/2-|1/2| El 540 |

0.21 | 1/27 | 1/2 | M1/E2
0.24 | 5/27 |5/2| E2

0.25 |5/2t[1/2] E2 M1- excitation®
X025 |3/2t|1/2| M1/E2
0.5 |[3/27[3/2|M1/E2| 585 | |

2058 |5/2t]3/2| E2
X086 |3/2-13/2| E1 6.20
093 |1/27[1/2] El
097 |5/2*[5/2] E2
0973 [5/2t|5/2] E2
0974 |5/2*|1/2] E2
0975 |3/27 [1/2 | MI/E2| = 6.30
0978 |1/2-[1/2] E1

*E2 strength=0, for 0<7 MeV [see Fig. 3(insed].

the observed anisotropy2) For E,,,,—=5.65 MeV the anisot- Was found to be~50% of the total ¢,f) cross section for
ropy falls abruptly to a negative value, which could be ex-E.=8 MeV. Such a substantial fraction of the totad, {)
plained by the two K=1/2 levels (1/2,1/2) and process cannot be attributed to experimental and/or calcula-
(3/27,1/2), nearo~5.4 MeV and, to a lesser extent, to the tional uncertainties(5) it was shown that the contribution of
levels (1/2°,1/2) and (3/2,1/2) near the tip3) b/a in-  E2 (T=0) to Ao, is less than 10% foE,<8 MeV, since
creases only a little bit & ,,—=5.9 MeV, due to the pres- only the low-energy tail of the GQRI(=0) is present in this
ence of the level (3/2,3/2) near the tip(4) finally, towards  region; this fact greatly reduces most of the ambiguities gen-
Enax=6.4 MeV, b/a approaches to zero quickly because,erally associated with the analysis of inclusive dd&;by
now, the levels withK =3/2, (3/2",3/2), and (3/2,3/2) are  considering that the M1 electrofission strength is
being intensively populated, plus the level (1/22) which  ~0.9A0 ¢, we deduced aM 1 strength of 1& 4,u§| below
contributes tdb=0. The level (3/2,1/2) is too close to the 6 MeV; (7) the transition nucleus levels f%Pu were theo-
tip. retically obtained; these results were favorably compared
For Emac>6.4 MeV the number of levels with different with photofission angular distributions from the literature;
K’s are numerous enough to keep the anisotropy aroungB) also, these calculations showed a bunch of positive-parity
zero. levels in between=5.5—-5.9 MeV, which certainly explains
Although qualitative, the comparison with the,f) an-  the concentration oM 1 strength deduced in this work.
gular distributions shows that the transition levels we ob- As final remarks, we note that the deduction of &
tained theoretically are, quite probably, at the right energytrength in 22%Pu was feasible due to some special condi-
positions, and that the correspondiifgandK were properly  tions, particularly the concentration of the strength in the
assigned. region corresponding to the low-energy tails of the GDR and
the GQR T=0). Also, the fact thahNM>NE! is respon-
V. SUMMARY AND EINAL REMARKS sible for a substantialg;f ) M1 strength belqw 7 MeV., like
more than 40% of the totak(f ) cross section experimen-
The results, data analysis and conclusions of this work arelly obtained. Finally, we stress that no attempt was made
summarized agl) the electrofission cross section 67%Pu  toward the decomposition of three multipoles. Actually, one
was measured in detaisteps of 0.25 MeVYin the interval  of them was taken from the literaturde{); another one,
7-12 MeV; (2) kinematics considerations assured us that2 (T=0), was found to be smaflbelow 8 Me\) affecting,
only the multipolar transitiong&1, E2 (T=0), andM1 are thus, very little the data analysis; and only the remaining
contributing to the é,f) process;(3) from the well-known one,M1, was deduced.
(7.f) cross section of?*%Pu (taken from literaturg the All these special conditions of the experiment and data
(e,f) E1 component was calculated and subtracted from thanalysis “attenuate,” to a great extent, the most significant
total (e,f) cross sectiorfexperimental dajagenerating thus shortcoming of this work, namely, thel1 character is in-
the (e,f) cross section differencAo, ; (4) the cross sec- ferred only from the magnitude of the electrofission cross
tion Ao ¢, corresponding t&2 (T=0) andM 1 transitions, section, requiring thus a comparison with photofission data.
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