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ABSTRACT

The (e,n) cross section has been measured for
810, From threshold to 30 MeV. The results are compared with
the cross sections predicted by virtual photon,theory using

different corrections for nuclear size effects.

NUCLEAR REACTIONS: '©'Ta(e,n), E = 9- 20 MeV ; measured

G (B} ; virtual photon analysis:; deduced E2 strength

i_iresults

.'underestmated for all but the llghtest nucle:L._ ER

1. INTRODUCTION

idependence of hlgher multlpole cross sectlons and the fact that
'fln tbe electron scatterlng event the momentum transfer to the

' :nucleus can greatly exceed the energy transfer.' Experlmental

(3= 5) showed that these PWBA calculatlens were grossly -

b

were the flrst o calculate

nucleus.. These calculatlons showed that ‘the

n3enhancemen ofuhlgher multlpole v1rtual photon spectra, draﬁy*
'seen xn PWBA calculatlons, was greatly 1ncreased as the atomic

"number of “the nucleus increased.

The enhancement of the E2 relative to the E1 ‘DWBA

*v1rtual photon spectra has recently been exp101ted in several

':electrod151ntegrat10n experlments to study E2 absorptlon by




3.
nuclei {e.g. refs. 6—14) In these experlments the .relation-
Shlp between the: electrodlslntegratlon Cross sectlon_ cé XlEO)
A . .

and the-photpnuclearncross.sectzon-- v x(E) is used:

E -m . :
(% R |
. i

‘Here NAL(EO,E,Z)/E stands for the number of wvirtual photons
of: multlpolarlty AL exchanged.with.a nucleus of atomic number
Z‘ when an electron of energy E0 produces an. exc1tat10n of
'energy- E,-

. . Since the DWBA virtual photon'spectra dsed:in_
Eq. Ujﬁ'are'evaluated for. a point: nucleus,.it is assumed{that

_the an31t10n probabilities for'photodlslntegratlon and

1electrodlslntegratlon, BI(EL, E) and B(EL,q), are: equal " ‘Here

g is; the. momentum. transferred. te. the. nucleus in electrodls—

;at;on;] This asspmpt;on.lshexact-es; q-*E; but surely___”
ils for g >>E .
Several experimental checks of the DWBA virtual

(

'”enfipeptra;have been made 3-5) but the most_complete-and o

£e .0 these tests was. an- experlment performed at the

.:i‘o ground_state protons emltted by the 16.28'Mev ieobaric.
-*analog state in ~90Zr as a functlon of 1nc1dent electron enerqy

: {1n the range 17-105 MeV. The experlmental results reprcduce

7_Bethe~Max1mon bremsstrahlung cross .section

- tesult for:
;are"min mal

-rectlons of Dodge et ai. and of Durgapal and Onley

A

_-well ;the :DWBA spectra for a p01nt Zr. nucleus for electron
..ene:gles 1up toe 30 MeV. A radiator was used for ehxtron energles
:AOf 60-100 MeV to measure the photodlslntegratlon_crqss;eectlon

foruthe'TS'2B-MeV level. These:results-showed_that,theﬂDayies- '

(18) yielés the:ééme

an/r .ag the electrodlslntegratlon below 30 Mev,_
e;rectibns for the finite extent of the Zr nucleus .’

As E0 increases to 105 MeV the neeﬂ for such

.CDrreCtanS became manifest. It was shown that the 51ze cor-

(6) (1 } made

the electrodlSLntegratlon results compatlble w;th the photo—

-ﬂdlSlntegrat onaresults, for the-full range:of elect:gnqlncldent.

T The451ze correctlon of Dodge et al ( ) con51sts in:

multlplylng N {E E,Z)_ inside- the 1ntegral of Eq. (1) by.

| N

Mgr). = [E}L | (2)

arl-= g j.ERI{ .
: da=a, :

whefe "R is the fadiﬁs;of_the-nuclear ground- state and g is.

~the momentum transfer. The  rms values of . q. are'obtained__.

in PWBA as descrlbed in ref 6 This. size correctlon is- of

the same magnltude 3] the one proposed by Shotter(18){. also

.'based on ‘a PWBA calculatlon. For the electrlc dipcle tran31tlon '

at 16,28.Mev in the BDZr nuc;eus : (qR) ;s\p;SQmior.i

100 MeV electrons..and is negliegible for,e;ectronsﬁof.less'than:

30 Mev.®
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(17} take into account the size

Durgapél‘and Oﬁley
‘effects by evaluating the virtual photeon spectra in second
Qrder Born approximation (SOBA) using a model for the nuclear
charge and current density distributions. Their model reproduces
values of the charge and transition radii obtained from electron
' scattering experiments. The resulting spectra are slightly
.smaller’ than those obtained with the use of Eq. (2).

The results obtained in the NBS experimenf for

T ' are:
Y Po/

65.4 0.6 v from photodisintegration
66.1 0.3 ev from electrodisintegration using SOBA

63.8 +0.3 ev from electrodisintegration using Eq. (2}

Eventhough both size corrections yield acceptable
resuits, the result obtained with SOBA is closer to the photo-
disintegration result. The SOBA virtual photon calculation
takes into account not only the fact that {B(EL,E)/B{EL,q)] is
different from one, but also deviations from a point nuclear
‘Coulomb field. Thus, in principle, results obtained with SOBA
should be the most reliable.

However, SOEA cannot be used fbr heavy nuclei,
because these require a full DWBA calculation. Onley and

collaboraﬁors(19)

have recently developed a DWBA calculation
for the virtual photon spectra with size effects, using charge
and current density distributions given by the Tassie hydro=

dynamical model(zo}. The results of this calculation, which

61
are'iﬁ'agfeement ﬁiﬁh the results from SOBA for. Zr, ‘show that
for heavy.nuclei size effects are important éven at low élechmm
incident energies (<30 MeV).

_ Figs. 1 and 2 show E1 and E2 virtual photon spectra
for .EO =12, 22 and 30 MeV and 2 =73. In these figures the
solid lines represent the DWBA spectra for a point nucleus. The
dashed lines represent the DWBA spectra with size effects(tg).

For E1 the size effects decrease the spectra by -~ 10% and for

'E2 by =50% ...

' The size correction based on PWBA calculations and
given‘by.Eq.l(Z) decreases;phe;Ei-spegtra by 2% and the E2-
ééectrauby'T% for'_Ed;:BO.MeV andlﬁirtual_photons of .10-MeV.

The correction bécomes smaller for lower électron energies and

.also for higherivi:tu51 photon,ehergiés; These size corrections

are much smaller than those shown in Figs. 1 and 2.

. In order to test if the magnitude of the size cor-
rectiocns in the recent calculation of Onley and aﬂldeBUxE(?gh
which-we will designate by DWBA-SZ, are in agreement with
experimentél results we have measured the electrodisintegration

181T

of a.

2. IHE BXPERIMENT

. The 181Té(e,n).cross section was measured by

residual aétivity,.following the 93.3 KeV y-ray line that




=

results from the decay o 18OTa TG 180Hf, which has a half

life of 8.11 % 0.02 hours. We have used 7 targets obtained
from two foils which were -4 mg/cm2 and - 10 mg/cm2 thick.
The target .thicknesses, determined by weighing are listed in
Table I. The targets were activated in the electron beam of
the S&¢ Paulo Electron Linear Accelerator.  The linac current
was neasured using a Faraday cup.

The: measured. cross section was ceorrected for the
photodisintegration produced: by bremsstrahlung in the targets.
This correction.was between 1 .and 4% depending on the electron
incident energy and the target thickness. - For electron kinetic
energies: of 24, 27 and 30 MeV we: have also measured. the photo-
disintegration induced by. bremsstrahlung, using a 0.329 g/cm2
copper radiator, -placed. in tﬁe_elecﬁron beam just ahead of the
target. The linac current was measured using a secondary
emission monitor calibrated relative to the Faraday cup. The
measured yields were corrected for the energy loss of electrons
in the radiator and the electredisintegration produced in the
targets was subtracted.

The results obtained for the electrodisintegratioh
cross section are shown in Fig. 3. Each of the data points is
the weighted mean of several measurements with different
targets. The uncertainty in the absolute scale is 10 percent.
The results obtained for the photodisintegration yield are

given in Table II.

3. DISCUSSION

In order to compare our results witﬁ the predictions
of virtual photon theory .we have to discuss whiéh muiti§0135
should enter-in evaluating Eq. (1} . Besides the dominant E1,
in the energy range covered by this experiment, there are
several_elgdtric_multipoles: the isoscalar E2 at 63.A'%6_Mev,
the isoscalar E3 at 110 A~/ MeV and the isovector E2 at
130 111—'1"{a MeV. Table IITI gives the integrated photonuclear
cross sections corresponding to one energy weighted sum fof

each of -these resonances. We have made the approximation:

EL
o_ {E) dE
EL 2L-2 y \E
GY (B)AE = Ep ——555:5—— (3)

where Ep is.the peak position of the rescnance.

Fig. 4 - shows DWBA-SZ E1, E2 and E3 wvirtual photon
spectra for 30 MeV electrons. Because the photonuclgar créss
section corresponding to one E3 sum is so much smaller than
the E1 it makes neglegible contribkution to our measured cross
sgctioﬁ, eventhough the E2 spectrum is enhanced relatively to
£he E1. Since electrons of the energies used here cannot .

{21)

excite the monopole giant resonance we have to consider

only E1 and E2 electric multipoles in Eg. (1) .
The isoscalar E2 giant resonance in 181Ta has been

studied in (p,p') and (e,e’'} experiments. Table IV summarizes
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the available results and suggeésts that these results are not
in agreement as to the shape and strength. Fig. 5~a shows the
‘photonuclear E2 cross section corresponding to the parameters
given in Table IV. In Fig. 5-b the results of refs. {22} and
(23) are normalized to the peak height of ref. (24) and it
.shows clearly that the three experiments are in good agreement
as to the shape and pbéitioh of the isoscalar E2 resonance.
They disagree only in the strength, but this is a conseguence

of the different models used to extract it.

The isovector E2 was measured for 181

(23)

Ta by H.Miura

(24) and R.S5. Hicks et al.

et al. Fig. 6 shows the predicted
electreodisintegration yields for E1, isoscalar E2 and isovector
E2. The E1 component was evaluated ﬁsing the (v,n) data from

(23) in Eg. (1} . For the iscscalar E2Z we used a

Livermore
Lorentz line shape that reproduces the shape shown in Fig. 5-b
and exhausts cone sum. For the isovector E2 we used a Lorentz
line shape with Ep =23.2 MeV and T =7 MeV, in accordance
with ref. (23} with a strength corresponding tc cne sum to

. o N . E2
represent the E2Z absorption, Gabs'

However, since the isovector
E2 is in a region where the dominant decay channel is (v,2n)

we assumed that:

(4)

Since we are only interested in showing the relative magnitudes

10,00

~of the variocus multipoles. the yields shown in Fig. 6 were

.evaluatéd'using DWBA virtual photdn spectra for a point nucleus

to speed up compuﬁing;

Wé haﬁé_néw:ﬁo:discués the . contributions from
magnetic mﬁltipolesi :-SinCe.there is no éystematics:for Mi
and MZIabsorptiéngihxhea§y nuclei we assumed an M1 strength of
20 ug ﬁniformiyfdiéﬁxibﬁtéd between 7.6 and 8.6 MeV and for

26}
208Pb( . The pre-

M2 we assumed the strength c¢bserved for
dicted yields are also shown in Fig. 6. It is c¢lear that M2
can be neglected relatively to E1. The M1 can make a detectable

contributicon if a detailed measurement is performed in the

_threshold region. 1In the insert of Fig. 6 we illustrate the

expected increase in_the measured electrodisintegration cross
section due to an M1 strength of ZOug or to one E2 isoscalar
sum, plotting the ratio_of the predicted yields to a pure E1.
The ratios shoﬁn wére-evaluated using DWBA-SZ.

. Frﬁm,the above discussion we are led to take into
account in the analysis of our experiment contributions from
E1, E2 and M1.

(25}

The measured {v,n) cross section contains all

multipoles but does not distinguish them. We can write:
B E2 M1

Gy, n'B = Ty B + 9T ) e (B ' B

and
E2 M1

E1 _
Syn® = o B - o m) - o ) (6)
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Inserting (6) in (1) we write:

: E1 dE
ce’n(Eo) = k, { cy,n(E)N (B B, 2) & +
h
: B E
vk, j c??n_(E.)l [NE.z(EO,E,_Z) - 1(ED,E,Z)]% +
5 .
Eowm ) S
M1 M1 Ef1. |- €E - )
+ kg J cY'n(E) [N- {Ey,E/2) - N (EO,E,_Z):| = {(7)
0 L
where for g {E)} we use the measured (y,n). cross section(zs)

Y0

and ki are constants to be determinéd_frqm the- fit of Bg. {(7) -

to our data.

The censtant k1 allows for a difference between
ogur absolute scale_and;that of the  (y,n).cross section. This
constant can also be determined, independently, by comparing
our measured bremsstrahlung yield given in Table III with the

calculated values:

Edﬂn
- ae
OBr,n =N, J GY'n(E} K(EO,E,Z) = (8}
0
. . {25) s
where OY n 1S the photonuclear cross section , K 1is the
L3

Davies-Bethe-Maximon bremsstrahlung cross section‘16) and Nr

12,
is the number of'nuclei/Cm2 in our radiator. Using Eq. (8}, k1

is the ratio between measured and calculated yields. From our -

measurements we obtain k1 = 1.29+0.04 .

For c$2n isoscalar and isovectdr we have used- the .
r .

shapes previously discussed and used to.evaluate the yields of
Fig. 6 . Thus, by fitting Eg. (7} to our data, k2 will give

the fraction of the E2 isovector énd iéoscalar'sums.

. M1
. T G
For %.n

distributed between 7.6 and 8.6 MeV excitation energy, since

we assumed a strength of 1“3 uniformily

the M1, if it iS located above the (Y;n) threshold, will be
distributed. into many levels and our measurement is not sensitive
to the detailédﬁs;:uctpre. In Eg. (7) k3 .will‘give_the M1
strength in ﬁnits of ug.

We fitted our electrodisintegxatiqn data with.
Eg. (7) using the DWBA virtual photon‘spéctra c§:xeétéd,f6;
size effects ﬁith Eg. (2} and obtained a-—gooé:fit'with
k,I = 1.16 iQ.OZ A-an_EZ intensity. of (70 iids_pgrcent of the
E2Z sum angéns&}_intgnsity_of {17ﬂf5)ug: The guality of thg
fit qas,égda}§g¢;the results wonld seem guite reasonable.
However,ﬁé#ié_feéglt is unacceptable, since thé_value of ki
obtainedﬁfféﬁ ?ﬁg fit_is incompatible witﬁ_the.value-detefminéd.
from qux,phgt@diéintegration mgasuxementé.”This is an important:

point and‘dould explain why previous results of. electrofission

_measurementsl analized with DWBA virtual photon spectra for a

point_nucleﬁs.yiélded conflicting results. fSee for example

refs. 12-14). & measuremeht of the photodisintégrqtion yield;
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under the same experimental conditions as the electrodisinte-
gration, is a necessary constraint.

‘It is impossible to fit our electrodisintegration
data using k- = 1,29 £0.04 and the DWBA virtual photon spectra
for a point nucleus or corrected for size effects by Eg. (2) .
Fig. 7-a shows the ratlo of measured to calcu;ated electro-
disinteération Zor E1 only (k1 =1.29, k2==k3= 0} {using the
size corrections of Eg. (2)). Since the ratio becomes smaller
than one, it would require negative E2 and/or Mllstrength to
fit the data. The conclusion is that with this size correction
photo and electrodisintegration are ineompatible, (Fig. 7-b
shows the same ratio evaluated with DWBA-SE. “The fatio is
greater than cne indicating that other multipeles'contribute.

We fitted our data using DWBA-SZ for.the virtual
photon spectra in Eg. (7). Since it turned out that 'k3 was
compatible with zero, we fitted the data only in terms of E1
and E2. The solid curve in Fig, 3 is the result of this £it.
The results ebtained are: k1 = 1.31+0.02 and an E2 strength
of 140 37 percent of the isoscalar E2 sum and 31 # 8 percent
of the isovector E2-sum in the (y,n)} channel. Fig. 7-¢ shows
the ratio of measured to calculated vield. The agreeﬁent is
excellent.

The DWBA calculation for a finite nucleus from

(19}).

Onley and collaborators makes electro and photodisintegration

yields compatible since it yields the same value for k1 as

obtained, independently, from our photodisintegration measurements.

" for heavy nuclel

14

The 1soscalar E2 lntenSLty is con51etent with the sxstematlcs
(27 28). The'uncertalnty-ln the E2 -strength
could be decreased by extendlng the measurement to -higher
electron 1nc1dent energles.

The faet that the present measurement is consistent
with the:aﬂseﬁee_bf'a1 does not exclude the possibility of M1
strengtﬁ'near thfeshold.' Actually in the xatio shown in
Fig{?-c_the'firet:point is high as expected when there ie M.
In order to be more conclusive about the M1 component we would

need to measure several points from threshold to 9 MeV with

.gbod statistics,

CONCLUSIONS

our results’ indicate that the recent calculation of

DWBA virtual photon spectra for a finite necleus is in agreement

with experimental results. With these calculations photo and

_electrodisinte@ration results are compatible. For heavy nuclei

thendifﬁerence.between the spectra for a finite and point

:nucleus 1s large for the E2 spectra even for electron energies

around 10 MeV. 'ThlS invalidates the multipole decomposition

cbtalned in. several prev1ous experiments of electrodisintegration

and electroflss;on ln.heavy.nuclel.

Since the analysis of electrodisintegration experi-

ments in terms of virtual photon spectra involves, usually, a
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photcnuclear cross section measured in an independent experiment,
reliable results can only be obtained if the possibility of
differences between the absolute scales of the electrodisinte-
gration and photodisintegration cross sectlons are taken into
account.. .

The authors wish to acknowledge to D.S. Onley for
computing the DWBA. virtuwal photon spectra for a £inite nucleus
necessary. to the analysis of the present work and the financial
support from Fundag¢do: de Amparo & Pesguisa do Estado de Sdo
Paulo,. Conselho Nacional de Desenvolvimento Cientifico e Tecno-

logico e Financiadora de Estudos e Projetos.
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FIGURE CAPTIONS. ..

DWBA;Evai;tual_photon spectra for Eﬁ-= 12, 22 and

'30_Mev" for a point and. a finite nucleus.

12, 22 and

DWBA: E2 virtual photon spectra for'E0 =

- 30" MeV.- for a point and a finite nucleus.

Fig. 1 =
Fig. 2
Eig; 3~
Fig. 4 -
Fig. .5 -~
Fig. 6 -

Measured electrodisintegration cross section versus.
the electron kinetic energy. The uncertainty in the
absolute scale is 10 percent. Each data point is the
weighted:mean.of-several measurements. The solid .
éurve is.a fit of ﬁhe-data, with E1 and E2 components
in the (y,n) cross section, using DWBA‘v;rtual.pboton.

spectra for a finite nucleus.

E1, E2 and E3 DWBA virtual photon spectra for a finite

nucleus..

al Experimental results for the isoscalar E2 resonance

in 181Ta. b) The results shown in a} are nermalized

to the same peak height.

The contributions of various multipoles to the electro-
disintegration cross section (see text for details)._
The insert shows the ratio of calculated yields for

(E1+M1) and (E1+E2) +o pure E1.

.Fig. 7 '~ Ratio of measured to calculated electrodisintegration

cross section. a}. Using DWBA virtual photon spectra
corrected for size effects with Egq. (2) and assuming
that the {v,n) cross sectioﬁ.is pure E1. b) Using
DWBA.virtual photon spectra for a finite nucleus and
assuming that the {y,n) cross section is pure E1.

¢} Using  DWBA vir£ual photon spectra for a finite
nucleus~and aséuming that the (v,n) cross section

coptains. contributions from both E1 and E2.



TABLE I TABLE II

Target thickness Photodisintegration yield cbtained with a-0.329'g/cm2 radiator

Target Th1Cknif? : ) Number of . Electron e
tmg/om ) : ' measurements kinetic energy Br.n
1 3.82 % 0.12 _ BN : o o - (Mev) ' © {mb)
2 3.81 = 0.1t
) 24 2.74 * 0.06
3 3.84 + 0.12
o ' 4 5 B ' 2.61 % 0.06
4 16.19 = 0,30 S S _
5 10.23 + 0.31 6 C. 30 7 . ' o 3.01 = 0.06
6 - ©10.24 % 0.31

-7 10.34 = 0.31




TABLE IYXI -

___-:_Iri_t_egr_a_te_d,_p_hotonu_clea-r Cross. s_ec.tioné._

Isoscalar E2- resonance

TABLE IV

AL

- J GfL(E)dE
(MeV) (MeV . mb)
ET mo.ath 12613
E2 63.-_34"_1_/3 © 2%
B2 ' 130 A_‘l/%. 162
E3 110 AfﬁGJ ::Tﬁ

. Reaction EP I3 % EWSR Ref.
AMev) . - (MeV)-

Cpyp!)oo 11.2 % 0.2 3.9 428 22
S ' 9.54%0,20.  2.07%0.35 8+4

(e,e’) o ' : ; o .23
11.47%0,22 3,13 +£0.55 22:+.8
9.5 £ 0.2 1.8 t 0.6 295

(e,e') 11.3 + 0.2 2.2 % 0.7 63+ 8 24
12.6 + 0.2 1.3 ¢ 11+5
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