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Dilepton decay from excited states in28Si populated via different isospin entrance channels

A. Buda, J. C. Bacelar, A. Bałanda,* A. Krasznahorkay,† H. van der Ploeg, Z. Sujkowski,‡ and A. van der Woude
Kernfysisch Versneller Instituut, 9747AA Groningen, The Netherlands

~Received 14 July 1995!

Nuclear states in28Si, with an initial excitation energyE*550 MeV, were populated via the isospinT50
reaction4He124Mg and the mixed-isospin3He125Mg reaction. In both reactions the dilepton (e1e2) and
photon decay yields were measured concurrently, up to transition energies of 30 MeV. Both the dilepton and
the photon yields are well described by a modified version of the statistical decay model, which includes both
the photon and dilepton decays of giant resonances built on excited nuclear states. An excess of counts in the
e1e2 spectrum, over the converted photon yield, is observed in the energy region 17–22 MeV in the3He
induced reaction, possibly indicating an entrance channel effect.

PACS number~s!: 24.30.Cz, 23.20.Ra, 25.55.2e, 27.30.1t
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I. INTRODUCTION

The electromagnetic decay of excited states of a nucl
proceeds either by direct photon emission or by one of s
eral internal conversion modes. Internal-pair creation (ap

5Pe1e2 /Pg) increases with the transition energy and
largest for low multipolarities@1#, while internalK-electron
conversion (aK5Pe2 /Pg) decreases with energy and i
largest for high multipolarity. On the other hand, the depe
dence upon the nuclear charge (Z) of pair emission@1# is
rather weak forZ,137, whereas it is strong for electron
conversion@2#. In case of anE1 transitionap/aK.1 for
energies above 2 MeV. At about 10 MeV,ap(E1)'331023

and it is three~Z'20! to one~Z'100! order of magnitude
greater thanaK .

Internal conversion modes are important particularly f
the measurements of electric monopole (E0) transitions@3#.
A very special feature ofE0 transitions is the absence o
single-photon emission, because a photon must carry at l
one unit of angular momentum. Therefore, electromagne
monopole transitions predominantly occur by bound-sta
electron conversion or by internal positron-electron pair cr
ation. Thee1e2 dominance can be striking for high-energ
transitions:Pe1e2 /PeK

is as large as 2.63104 for the E0
transition from the 6.05 MeV 01 state to the ground state in
16O. This makes internal pair creation a suitable tool to me
sure electromagnetic 01→01 decays. It has in the past bee
successfully applied to search for excited 01 states@3#.

E0 transitions are extremely sensitive to changes in t
nuclear charge distribution. Actually they correspond to t
expansion and compression of the charge distribution wh
does not affect the electromagnetic field outside the nucl
volume since there the monopole moment is constant. T
shows that the measurement of dilepton decay is interes
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to investigate properties of giant monopole resonanc
~GMR!. Of course, one has to be aware of the fact that t
expected relative decay probability fore1e2 is only of the
order of 1026 compared to particle decay@4#, therefore re-
quiring very careful exclusive measurements.

The existence of the isoscalar giant monopole resonan
~ISGMR!, the so-called breathing mode, has been well esta
lished already for many years@5#. The ISGMR is of particu-
lar interest due to its bearing with the compressibility o
nuclei @6,7# and hence to the compressibility of nuclear ma
ter @8,9#. The latter quantity is one of the key ingredients
like the saturation density and the binding energy p
nucleon, of the equation of state~EOS! of nuclear matter.

The most commonly used probe in ISGMR studies is in
elastic scattering at 0°@5,8–12#. This and other methods
used so far to excite the ISGMR constrains such studies
ground-state excitations. The hypotheses of Brink@13#, that a
giant resonance can be built upon each excited nuclear s
with properties that would be largely independent of the d
tailed microscopic structure of this excited state, allows o
to study the nuclear temperature dependence of the G
strength distribution. The Brink hypothesis has been test
extensively for the isovector giant dipole resonanc
~IVGDR! @14,15#.

It is therefore interesting to extend the experimental stu
ies of the properties of the ISGMR to~hot! nuclear excited
states in the hope to deduce the dependence of the nuc
compressibility on temperature. Recent calculations@16# pre-
dict only a small temperature dependence of the compre
ibility, which decreases by about 10% from 0 to 4 MeV
temperature. Similarly to the studies of the IVGDR, th
ISGMR in hot nuclei can be populated in compound fusio
reactions@17–19#. The studies of the statistical decay of th
ISGMR built on excited nuclear states call for a novel an
sensitive detection method. The measurement of thee1e2

pair-decay yield coupled to specific reaction channels, is t
method suggested in this work and the results of the fi
experiments are discussed. Preliminary reports are given
@20,21#.

The experimental data on dilepton decay presented h
were obtained by measuring the decay of28Si formed in
fusion-evaporation reactions. Section II describes a modifi
version of the statistical-model codeCASCADE @22# which
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158 53A. BUDA et al.
includes e1e2 yields resulting from the internal-pair-
creation ~IPC! processes. A novel positron-electron pa
spectroscopy instrument~PEPSI!, which has been designed
for studying the emission of positron-electron pairs in th
energy range 10–40 MeV, is described briefly in Sec. III.
detailed description of this spectrometer can be found el
where@23#. The results of the first measurement of the inte
nal pair conversion coefficient for the sharp 15.1 MeVM1
transition in12C are also given. In Sec. IV the dilepton- an
photon-yield measurements following the4He124Mg reac-
tion ~atEa548 MeV! with an entrance channel isospinT50
and the3He125Mg reaction~atE3He531 MeV! with a mixed
T50 andT51 for the populated compound states are d
cussed. Both reactions populate initial states in the co
pound nucleus28Si at an excitation energy of about 50 MeV
Dilepton and photon yields from the two reactions are com
pared in order to look for the weak isoscalarE0 strength,
which should be relatively enhanced over the IVGDR in th
case of the isospinT50 compound-fusion entrance channe
Finally a summary is presented in Sec. V.

II. GIANT RESONANCES IN THE STATISTICAL MODEL

A. Modified CASCADE code description

1. Inclusion of isospin

The compound system can decay statistically not only
evaporation of particles~predominantly neutrons! but also by
emission ofg rays. Theg-decay rate is given by@14#

RgdEg5
1

\
Gg~Eg!5

r f~Ef ,Jf ,p f !

2p\r i~Ei ,Ji ,p i !
(
L

Fg
L~Eg!dEg ,

~1!

Fg
L~Eg!dEg52p\Pg

L~Eg!, ~2!

whereL denotes the multipolarity of theg ray, F g
L(Eg) are

energy-dependent strength functions, andP g
L(Eg) are

g-emission probabilities. The nuclear level densities, at sp
cific excitation energy (E), spin (J), and parity ~p!, are
given by the functionsr~E,J,p!.

Although electromagnetic transitions cannot chan
Tz5(N2Z)/2, they can proceed with a change of isospinT.
Therefore, isospin plays an important role in decay yields
giant resonances built on excited states, as was experim
tally shown for the isovector giant dipole resonance@24#.
The isovector decay will vanish forDT50 transitions in case
of Tz50 nuclei. Therefore, isospin Clebsch-Gordan coef
cients^TfT z

f ttzuT
iT z

i &, whereT i andT f are the isospin of the
initial and final states, respectively, andt is the isospin of the
decay channel, are introduced into the calculation of bo
particle andg-ray decay widths. In this modified version o
the CASCADE code@24# the level density for a given excita-
tion energy, in addition to the pairing and rotational energ
is further shifted back by an amount equal to the energy
the isobaric analogue state, for states withT5Tz11.

To account for the isospin mixing,T,5uTzu and
T.5uTz11u, level densities of the initial states of the com
pound nucleus are modified according to
ir
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r̃~T,!5~12b2!r~T,!1b2r~T.!,

r̃~T.!5~12b2!r~T.!1b2r~T,!, ~3!

wherer̃ andr are the mixed and pure level densities, respe
tively. b2 is the isospin mixing parameter@24#.

The strength functionsF g
L(Eg) used in Eqs.~1! and ~2!

are related to the classical energy weighted sum ru
~EWSR’s! of specific operators. The EWSR for differen
multipolarities in the isospin-dependent form are given b
@25#

S~ IS E0!5
2\2

mN

Z2

A
^r 2&, ~4!

S~ IV E1!5
9\2

8pmN

NZ

A
~11k!, ~5!

S~ IS EL!5
L~2L11!2\2

8pmN

Z2

A
^r 2L22&, ~6!

S~ IV EL!5
L~2L11!2\2

8pmN

NZ

A
^r 2L22&~11kL!, ~7!

whereL>2, r is the radius of the nucleus andmN is the
nucleon mass. IS and IV stand for the isoscalar and the
ovector transitions, respectively. An extra factor~11kL! for
the isovector transitions stems from the charge-exchan
terms in the nucleon-nucleon interaction@26#. This factor is
neglected in the present calculations. Assuming that t
energy-weighted transition strength for a multipoleL is dis-
tributed over the compound states with a Lorentzian dist
bution, then

EuM ~EL!u2r~E!dE5C~L !
E2G

~E0
22E2!21E2G2 dE, ~8!

whereE0 andG are the resonance energy and width, respe
tively ~following the formalism described in@17#!. The nor-
malization constantC(L) is obtained by integrating both
sides of Eq.~8! over all transition energies from zero to
infinity. Combination of Eqs.~2!, ~5!, and ~8! yields the
strength function for the isovector GDR~i.e., L51!,

F IVGDR~Eg!5
8a

3mNc
2

NZ

A

Eg
4G IVGDR

~EIVGDR
2 2Eg

2!21Eg
2G IVGDR

2 ,

~9!

where a is the fine-structure constant. In the case of th
isoscalar giant quadrupole resonance~ISGQR! we get

F ISGQR~Eg!5
4a

15~\c!2
Z2

A

Eg
6G ISGQR

~EISGQR
2 2Eg

2!21Eg
2G ISGQR

2 .

~10!

The IVGQR strength function is obtained by substitutin
NZ/A for Z2/A.

2. Inclusion of dilepton decays

As well asg-ray decay, positron-electron pairs can also b
emitted. For transition multipolaritiesL>1, the strength
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functions for pair emission are simply the respecti
g-strength functions multiplied by the energy- an
multipolarity-dependent internal pair conversion coefficien
~ap!.

Neglecting penetration effects, i.e., the overlap betwe
ve
d
ts

en

the electronic wave function and the nuclear charge den
within the nuclear radius, and in the Born approximation~Z
small or large transition energyv!, the doubly differential
pair conversion coefficient@1#, for an electric transition with
multipolarity L>1 is given by
d2ap
Born~EL!

dE1d cosu
5

2a

p~L11!

p1p2

q

S qv D 2L21

~v22q2!2 H ~2L11!SE1E2112
1

3
p1p2 cosu D

1LF S q2v2D22G~E1E2211p1p2 cosu!

1
1

3
~L21!p1p2F S 3q2D ~p21p1 cosu!„~p11p2 cosu!2cosu…G J , ~11!
or
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where the transition energyv5(Ef2Ei)/mec
2, u is the

opening-angle between the positron and electron,
q¢5p¢11p¢2 . The indices1 and2 are used to label observ
ables for positrons and electrons, respectively.

For the special case ofE0 transitions, theE0 matrix ele-
ment includes only scalar parts and therefore has a sim
form @1#

Ui f
el~L50!52aE

0

`

dtnE
0

tn
dtern~r n!re~r e!F 1r n2 1

r e
G .
~12!

This expression shows that theE0 conversion takes place
only by penetration effects: i.e., only that part of the electr
density which is contained inside the nucleus contributes
the integral. In other words, the characteristic feature of
E0 transition is that the interaction between the protons a
the lepton pair takes place inside the nuclear volume, an
is therefore sensitive to the nuclear charge distribution.

The doubly differential pair-creation probability was ca
culated recently by Hofmannet al. @27#. Again in the Born
approximation~valid for low Z nuclei! it leads to

d2Pe1e2
Born

dE1d cosu
~E0!5

a2

9p
uM u2p1p2~E1E221

1p1p2 cosu!. ~13!

Following the same procedure as discussed forL>1 we
get for the isoscalarE0 strength function with 100% of the
EWSR:

F ISGMR~Ee1e2!5
8a2

135p~\c!2
Z2

A

^r 2&
mNc

2

3
Ee1e2
6 G ISGMR

~EISGMR
2 2Ee1e2

2
!21Ee1e2

2 G ISGMR
2 .

~14!
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The IVGMR strength function is obtained by substituting
Z2/A by NZ/A.

The above strength functions for thee1e2 decay of the
compound nucleus@Eq. ~14! for E0 strength, and Eqs.~9!
and ~10!, multiplied by Eq. ~11! for E1 andE2 strength,
respectively# were included in the modified version of the
CASCADE code which treats isospin explicitly.

As an example of the dilepton phase-space distribution f
different multipolarities, the doubly differentiale1e2 prob-
abilities forE0 andE1 transitions of 15.1 MeV are shown in
Fig. 1. Since the influence of the Coulomb field is neglecte
in the Born approximation, the two distributions are symme
ric around the line of equal energy sharing (E15E2). The
striking feature of all distributions withL>1 ~for which the
E1 is a good example! is the large probability of parallel
emission of positron and electron~i.e., with ane1e2 open-
ing angle close to 0°! in comparison with the flatterE0 dis-
tribution. In case of anE0 transition an emission of particles
with equal energies is preferred, whereas the distributions f
multipolaritiesL>1 are rather uniform~see also Fig. 2!. The
differences in the energy and opening-angle distributions b
tween, on the one hand,E0 and, on the other hand, higher-
order transitions~illustrated by theL51 case! can in prin-
ciple be used as a way to experimentally select monopo
decays.

B. Calculations of dilepton yields from 28Si*

The positron-electron pair decay of excited states in28Si* ,
with an initial excitation energy ofE*550 MeV, populated
by 3He125Mg and4He124Mg compound-nucleus reactions,
was studied. The entrance channel isospin is different for t
two reactions:T50 for the4He-induced reaction, andT50,1
for the 3He reaction.

The parameters defining the Lorentzian strength distrib
tions of the different giant resonances are given in Table
For the IVGDR and the ISGQR, the parameters reported b
Harakehet al. @24# were used. These were obtained from
g-ray emission studies from28Si formed at a somewhat
lower excitation energy. The isospin mixing parameter@b2 in
Eq. ~3!# was 4.7%@28#. The parameters for the IVGMR were



e

R

tra

-

ed

e

05

t
f
of

to
-
ec-
e

re
ies
-

c-

w

o-
el

160 53A. BUDA et al.
taken from systematics@5# based on the results of charge
exchange~p6,p0! experiments@29,30#. In light nuclei, the
ISGMR and other resonances built on the ground state
very fragmented. Therefore, there are large ambiguities

FIG. 1. Energy sharing and opening angle distributions forE0
~top! andE1 ~bottom! transitions of 15.1 MeV, decaying bye1e2,
calculated in the Born approximation. The contour lines are dra
at intervals representing 5% changes in the probability distributi

FIG. 2. Energy sharing between the positron and the electron
a transition of 15 MeV, calculated in the Born approximation f
different multipolarities.
-

are
in

determining the GMR parameters. Luiet al. @11# measured
the excitation of the ISGMR built on the ground state of28Si
by inelastic alpha scattering at 0°. They identified 66% of th
E0 EWSR with a width ~GISGMR! of 4.8 MeV centered
~EISGMR! at 17.9 MeV. Coincidence measurements@31# of
charged-particle~proton and alpha! decay of the ISGMR in
28Si are consistent with this result. Systematics of the GM
centroid energy@5# predict for 28Si a centroid energy of
EISGMR;22 MeV.

Figure 3 presents the calculated dilepton energy spec
for electric transitions of different multipolarities for the
3He125Mg→28Si* reaction @Fig. 3~a!# and for the
4He124Mg→28Si* reaction@Fig. 3~b!#. The entrance channel
isospin effect is clearly visible in theE1 ~IVGDR! strength
depicted in this figure. The main contribution to the mono
pole decay yield comes fromDT50 transitions~ISGMR!, so
there is almost no difference in theE0 strength distribution
between the two reactions. The same applies for theE2
~ISGQR! strength. Even when theE1 contribution is sup-
pressed~in the 4He124Mg reaction!, it exceeds theE0
strength by at least two orders of magnitude. The calculat
cross section integrated between 15 and 25 MeV for theE0
strength iss~E0!50.2 nb, with the chosen parameters of th
monopole strength function given in Table I. It is interesting
to note the very strong peak due to the decay of the 6.
MeV 01 state in16O, which is populated by three successive
a-particle decays.

III. POSITRON-ELECTRON PAIR SPECTROSCOPY
INSTRUMENT

The positron-electron pair spectroscopy instrumen
~PEPSI! has been designed for studying the emission o
positron-electron pairs in the total transition energy range
about 10–40 MeV@23#. Since the cross sections are only in
the order of nanobarns~see Sec. II B!, excellent background
reduction and a large solid angle are imperative. In order
distinguish different multipolarities it is necessary to mea
sure the angular opening between the positron and the el
tron, as well as their individual momenta. Based on thes
considerations we have built a novel 4p magnetic filter con-
sisting of strong permanent magnets. This compact structu
selects and focuses electrons and positrons with energ
above 5 MeV into a multidetector system of 32 plastic scin
tillators: 12 for e1 and 20 fore2. For each detector the
magnetic filter resembles an individual miniorange spe
trometer @32–34#. The complete spectrometer is shown in
Fig. 4.

The magnetic filter of PEPSI was constructed from a ne

wn
on.

for
or

TABLE I. The parameters of the Lorentzian-shaped giant res
nance strength distributions used in the modified statistical mod
calculations for the decay of28Si compound nucleus.

Resonance
type

Centroid
energy~MeV!

Width
~MeV!

Fraction of
EWSR

ISGMR 22.0 4.8 1.0
IVGMR 34.0 7.0 1.0
IVGDR 20.2 8.8 1.0
ISGQR 17.0 10.0 1.0
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FIG. 3. Dilepton yields calculated with a
modified version ofCASCADE ~see text!, for the
decay of 28Si populated at an initial excitation
energy of 50 MeV, for two different reactions.
The solid line represents theE0 yields, the
dashed line theE1 yields and the dotted line the
E2 yield.
SI,

lso
e

type of ferromagnetic material, Nd2Fe14B, which has a high
remnant magnetic inductionBr of 1.1 to 1.3 T. The magnetic
field strength in each magnetic gap ranges between 0.3
0.5 T. There are 32~20112! cylindrical ~s” 30360 mm! ab-
sorbers made of heavy metal~mainly tungsten! for efficient
shielding ofg rays emitted from the target. The 4p magnetic
filter ~Fig. 4! has an outer diameter of approximately 40 cm
The magnetic filter and the detectors are kept under vacu

The design and transmission characteristics of PEPSI
extensively discussed elsewhere@23#. The e1 and e2 par-
ticles emitted from the target, placed at the geometrical c
ter of PEPSI, are transmitted through a magnetic gap ont
specific detector, where their individual energies are me
sured. The novel and essential feature of PEPSI is that e
miniorange filter of a specific charge~i.e., e1! is surrounded
by the opposite charged~e2! minioranges. With PEPSI the
two leptons can be detected with opening angles rang
from 0° ~both particles entering the same magnetic gap! up
to 180°. Nearest-neighbor detectors, all at a relative angle
37.4° include detection of 0° pairs. Other~average! detection
angles are found at 79.2°, 100.8°, and 142.6°~which also
includes 180° detection!, respectively. The angular resolution
is determined by the acceptance of each magnetic gap
therefore each particular pair of detectors reflects a cert
angular range. The absolute efficiency of PEPSI for isotro
cally emitted electrons~positrons! deduced from our mea-
surements@23# peaks at 20%~30%! around 6–7 MeV per
particle and decreases to one-third of the peak value at
MeV ~see Fig. 5!.

The12C~p,p8!12C* reaction at an incident beam energy o
20 MeV was used at the beginning and end of the28Si*
experiment in order to calibrate the energy and efficiency
both thee1e2 and theg-ray spectrometers used. This rea
tion populates strongly the 15.1 MeVJp511, T51 state in
12C, which then decays to the ground state by anM1 transi-
tion with a measured cross section for photon emission
sg58.2 mb@35#. The dominant electromagnetic decay cha
nel is the photon decay; at this energy the calculated bran
ing ratio for decay by internal pair conversion in the Bor
approximation is@1# ap~15.1 MeV, M1!53.031023. The
pair decay of the 15.1 MeV level of12C was studied before
@36#, but no experimentalap value was reported. Typical
proton beam currents of 40 particle nA were used to bo
bard a 2 mg/cm2 thick target. Thee1e2 decay and the
and
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FIG. 4. Schematic drawing of the dilepton spectrometer PEP
and its vacuum chamber. Two~of the 12! flanges of the vacuum
chamber showing how the detectors are held in place, are a
drawn. The 4p magnetic filter can be seen in the center of th
vacuum chamber.



b-

s
ct

e

e
n.

ig.

e
e
a-
rgy
eV
-
es
on
e

of

wn

162 53A. BUDA et al.
photon-decay processes were measured simultaneousl
PEPSI and a large NaI~Tl! spectrometer with a known effi
ciency @37#. The latter was positioned at an angle of 10
with respect to the beam direction~at this angle the suppres

FIG. 6. Two-dimensional spectrum of electron vs positron e
ergy for the decay of the 15.1 MeV,Jp511 state in12C, populated
via the 12C~p,p8!12C* reaction atEp520 MeV. Contour lines are
separated by 40 counts.

FIG. 5. Efficiency of PEPSI for isotropically emitted positron
and electrons. The experimentally measured points were obta
using electrons from an electron accelerator~see@23#!. The dashed
line represents the Geant calculated response.
y by
-
8°
- sion ofg rays by all material of PEPSI is minimal! and at a
distance of 152 cm from the target position, where it su
tended a solid angle of 4.1 msr. The NaI~Tl! crystal was
surrounded by a plastic-scintillator shield. This shield wa
used in anticoincidence with the central crystal to reje
cosmic-ray events and compton scattered events.

The final background subtractede1e2 energy matrix for
0°,ue1e2,60° is shown in Fig. 6. In this figure one can
clearly see the characteristic ‘‘ridge’’ perpendicular to th
diagonal ~i.e., representing events with a constantEe1

1Ee2! and corresponding to the full energy deposit in th
positron and electron detectors for the 15.1 MeV transitio
The e1e2 total-energy (Ee11Ee212mec

2) spectrum to-
gether with the measured photon spectrum is shown in F
7. With the known efficiency of the NaI~Tl! spectrometer
@37# and of PEPSI@23#, it was possible to determine the
experimental value ofap~15.1 MeV,M1!5~3.260.2!1023,
which is in good agreement with the calculated value in th
Born approximation. The experimental error quoted includ
both statistical and systematic errors. The Born approxim
tion gives as well a good description of the measured ene
sharing between the positron and electron for the 15.1 M
transition, as shown in Fig. 8. In order to eliminate system
atic errors from the final uncertainties for the in-beam studi
of 28Si* , the ratio between the measured dilepton and phot
yields for the 15.1 MeV transition is taken to represent th
calculated value ofap~15.1 MeV,M1!53.031023.

n-

s
ined

FIG. 7. Measured dilepton and photon spectra for the decay
the 15.1 MeV,Jp511 state in12C. Simulations for the response of
PEPSI to 15 and 12 MeV transitions via dilepton decays are sho
as dashed and dotted lines, respectively.
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IV. EXPERIMENTAL DILEPTON YIELD FROM 28Si*

Two consecutive experiments were performed at the K
using theK5160 AVF cyclotron. In the first one, a24Mg
target was bombarded by4He ions with an energy of 48
MeV, whereas in the second one a 31 MeV3He beam bom-
barded a25Mg target. The projectile energies were chosen
such a way that both reactions formed the28Si compound
nucleus at an excitation energy of 50 MeV in the middle
the target. The targets were 99.5% enriched and had th
nesses of 15.5 mg/cm2 and 18.5 mg/cm2, respectively. The
measurements were performed with beam currents of ab
10 pnA. Under such experimental conditions PEPSI with
high selectivity fore1e2 events is essential since other ra
diation processes produced at the target have a much la
yield.

In each of the two experiments, both thee1e2 pairs and
theg rays were measured simultaneously by PEPSI~see Sec.
III ! and by a large NaI~Tl! spectrometer@37#, respectively.

The count rate above an energy threshold of 0.5 MeV
the plastic-scintillator detectors of PEPSI was 10–20 kH
per detector. The energy thresholds for the data acquisit
trigger were set at 2.5–3 MeV, which resulted in a count ra
of about 1 kHz per detector. This corresponded to 300
coincidence rate between all~12! positron and all~20! elec-
tron detectors. The NaI~Tl! detector with a low threshold
~Eg>1 MeV! was counting at the rate of 70 kHz and with
high threshold~Eg>8 MeV! at 300 Hz.

The measured photon spectrum for the3He125Mg and the
4He124Mg reactions are shown in Fig. 9. Absoluteg-ray
cross sections were determined from the detected numbe
photons, making use of the known target thicknesses, ac
mulated charge~corrected for losses between the target a
the Faraday cup!, solid angle of the NaI~Tl! crystal andg-ray
detection efficiency. This procedure allowed for a determin
tion of the absolute cross sections with an accuracy of ab
20%. The absoluteg-ray cross section for the3He125Mg
reaction is about five times larger than that observed for
4He124Mg reaction~see Fig. 9!, for Eg>12 MeV.

The measuredg-ray yields are compared with those ob
tained by calculations using theCASCADEcode~solid lines in
Fig. 9!. The parameters used in these calculations were d
cussed in Sec. II. TheCASCADEcalculations reproduce rathe
well the measured spectra up to an energy of about 22 M

FIG. 8. Energy sharing between the positron and the electr
for the decay of the 15.1 MeV,Jp511 state in12C. The dashed
curves represent the measuredg-ray yield at 15.1 MeV, ‘‘con-
verted’’ into e1e2 yields in the Born approximation.
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even in absolute values. The extra strength measured
Eg.22 MeV, indicates that in these experiments nonstatis
cal processes, such as preequilibrium excitations
proton-neutron bremsstrahlung, are playing a dominant ro
@28,38#.

Figure 10 illustrates the analyses of thee1e2 data per-
formed for the4He124Mg reaction. In this figure four two-
dimensional~2D! matrices ofEe1 versusEe2 are shown for
the data set with the smallest positron-electron opening ang
ue1e2,60°. To exclude any influence from, e.g., forward-
angle-scattered beam particles, only the data set correspo
ing to the backward hemisphere with respect to the bea
direction was considered in the results presented here. Mo
over, detectors which might be in particular exposed to di
ferent kinds of background~e.g., those positioned closest to
the beam entrance of PEPSI! were not included in the data
analysis.

The four matrices shown in Fig. 10 were obtained fo
different conditions in the event time structure. Random co
incidences@Fig. 10~b!#, and cosmic-ray contributions@Fig.
10~c!# are shown as well as the prompt coincidence da
@Fig. 10~a!#. The random and cosmic-ray background sub
tracted data set are shown in the panel labeled ‘‘true’’@Fig.
10~d!#. Positron-electron energy matrices for largerue1e2

ranges, and from the reaction3He125Mg have analogous
structure.

A detailed examination of the background-subtracte
positron-electron energy matrices revealed that a significa
contribution to the dilepton yield for a total energy above 2

on,

FIG. 9. Measured photon spectra for28Si, populated at an initial
excitation energy ofE*550 MeV, in both reactions studied. The
solid line representsCASCADE calculations discussed in the text.
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MeV was associated with a low~4–6 MeV! energy deposit
in the electron detector. This region is indicated in Fig. 10~d!
by a rectangle. No transition of the types under considerat
~e.g.,E0, E1, E2, orM1! gives this kind of response in our
detection system. This feature, although not understo
seems to have about the same intensity~within statistical
errors! in the two reactions and was found to have a flatt
opening-angle (ue1e2) distribution. As its origin is not clear,
it was decided to exclude this region in the further da
analysis by applying a two-dimensional gateuEe12Ee2u
<10 MeV @solid lines parallel to the main diagonal in Fig
10~d!# on the measurede1e2 energy matrices. The same
gate was applied to thee1e2 energy matrices calculated
from the measuredg spectra. This cut is justified since th
energy sharing of the dileptons is otherwise well understo
Figure 11 shows energy sharing spectra for our data at t
different total energies for both reactions studied. As it c
be seen the expected energy sharing~dashed lines in the
figure! as calculated from the IPC of the measuredg-ray
yields in the Born approximation, describe the data rath
well within the chosen ‘‘corridor,’’uEe12Ee2u<10 MeV.

The total-energy (Ee11Ee212mec
2) spectra corre-

sponding to the matrices shown in Fig. 10 are presented
Fig. 12. One can clearly see the importance of the ba
ground subtraction. AtEe1e2'20 MeV, the ratio of prompt
to random events is about two.

The background subtracted total-energye1e2 spectra ob-
tained from our analyses are shown in Fig. 13 for both rea
tions. The measured photon yields ‘‘converted’’ intoe1e2

yields using the sameuEe12Ee2u<10 MeV energy gate are
also shown in this figure as solid lines. The good agreem
between the measured and convertede1e2 yield reflects the

FIG. 10. Two-dimensional spectra of positron vs electron ener
for different conditions on the event time structure, for th
4He124Mg data set, for the smallest dilepton opening-angle ran
(ue1e2,60°). Thesolid lines parallel to the diagonal in~d! repre-
sent a corridor ofuEe12Ee2u,10 MeV.
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fact that by far most of the measured dilepton strength ste
from the internal-pair-conversion process of the photo
decay channel indeed. Thus, the Born approximation whi
was used to fold the measuredg-ray strength with the re-
sponse of PEPSI provides, within the accuracy of the pres
experiment, a good description of the energy sharing~see
Fig. 11!, the different opening-angle ranges studied~see Fig.
13! and of the absolute value of the internal-pair-conversio
coefficient. It is worth stressing that there has been no ren
malization between the measurede1e2 yield and the solid
lines in Fig. 13. The conversion of measuredg rays into
e1e2 yields is fixed by the 15.1 MeV measurement and th
energy dependence of the IPC coefficientap(Eg) is given by
the Born approximation.

An interesting question is whether, within the accuracy
the present data, there is any additional dilepton streng
i.e., an excess of dilepton strength over the one estima
from the measuredg rays. Figure 14 presents the difference
between the measured and the ‘‘converted’’e1e2 spectra for
the four data sets shown in Fig. 13. Any excess strength h
to originate from a process which does not give a signatu
in the photon yield, the most natural ‘‘candidate’’ being th
monopole decay. An analysis was performed whereby anE0
component was assumed to exist with a strength to be de
mined by the statistical accuracy of the measured exc
data. The data from Fig. 14 can be converted into absol

gy
e
ge

FIG. 11. Measured energy sharing between the positron and
electron for two transition energy ranges in both reactions studie
The dashed curves represent the measuredg-ray yield ‘‘converted’’
into e1e2 yields in the Born approximation.
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cross sections by unfolding the response of PEPSI for t
transitions ofE0 type. The following procedure was applied
for each of the four data sets. First, the best curve through t
data points has been determined. Here, the best curve me
a strength distribution which obeys two conditions:~i! it
gives the minimum value of chi square~xmin

2 ! and ~ii ! it is
greater than or equal to zero at all energies, therefore rep
senting real ‘‘physical’’ strength. In the next step, a Mont
Carlo method has been used to probe all possible curv
which give x2<xmin

2 11 and fulfill condition ~ii !. The ex-
tracted experimental limits for the cross section of a possib
E0 dilepton strength, integrated over the energy range 17–
MeV, are presented in Table II. TheE0 e1e2 yield calcu-
lated byCASCADE for the decay of excited nuclear states in
28Si atE*550 MeV, integrated over the same energy rang
is about 0.2 nb~see Fig. 3!. It is practically equal for the two
reactions as the main contribution to it comes from th
ISGMR ~see Sec. II B!. Such a low cross section for mono-
pole pair emission falls within the experimentally determine
limits for the two data sets of the4He induced reaction. In
fact, because of the relatively low statistical accuracy of th
experimental4He124Mg data, one can only estimate a 1s
upper limit of 3 nb~see Table II!. The data for the3He125Mg
reaction for the largestue1e2 range, are consistent with this
upper limit. However, the data set for 0°,ue1e2,60° in
the 3He125Mg reaction shows, in the energy range 17–3
MeV, a statistically significant excess of counts. This exces
which implies a large cross section ofs(E0)5286290

1100 nb as

FIG. 12. Total projections of the two-dimensional matrice
shown in Fig. 10, onto an axis representing the total transition e
ergy,Ee11Ee212mec

2 in MeV. The solid, dashed, and dotted his-
tograms are the projections, with the conditionuEe12Ee2u,10
MeV, of the prompt-, random-, and cosmic-ray 2D spectra, respe
tively. The spectrum shown in the lower panel represents the pr
jection of the ‘‘true’’ 2D spectra, i.e., background subtracted data
he

he
ans

re-
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e
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given in Table II, is not consistent with the one estimated
from the data for larger opening angles@s(E0),14 nb# or
with the data for the4He induced reaction@s(E0),3 nb#. It
cannot be explained within the framework of the Hauser

s
n-

c-
o-
.

FIG. 13. The dilepton yields for two ranges of opening angles
between the electron and positron for28Si measured in both reac-
tions. The lines represent the measured photon yields, convert
into dilepton yields, using the response function of the spectrom
eters and the Born approximation for the energy dependence of t
IPC coefficientap~Eg!.

FIG. 14. The difference between the dilepton data and the con
verted photon yields shown in Fig. 13.
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166 53A. BUDA et al.
Feshbach statistical model. This puzzling observation i
plies either that the excess of dilepton strength observed
the 3He induced reaction results from some yet unknow
experimental problem or that it is a manifestation of a stro
entrance-channel effect.

The physical interpretation of the observed excess yie
are restricted to phenomena which would not give any s
nificant contribution to the measured photon yield but wou
give the extrae1e2 strength observed in particular for the
3He125Mg reaction. Assuming the excess to have a dipo
character, the following point should be noted: theg-ray de-
tector was positioned at an angle 108° with respect to
beam direction and the photon yield was ‘‘converted’’ int
the dilepton yield assuming an isotropicE1 photon distribu-
tion. This means that an anisotropy of theg-ray emission at
this energy range~19–25 MeV! could, in principle, explain
the observed excess of dilepton strength with respect to
measured g-ray yield. A simple estimate using
W~u!5A@11a2P2~cosu!# for the anisotropy ofg emission
with respect to the beam direction, givesa2510.9. This un-
usually large value of the anisotropy is in disagreement w
the measurements for the same reaction performed by Ste
wald et al. @39# and Behret al. @28#, where an almost isotro-
pic g-ray distribution was reported for thisg-ray energy re-
gion.

Another scenario is to consider an entrance-channel eff
in the 3He125Mg reaction which could lead to an extraE0
e1e2 strength, although one should note that the measu
excess strength~see Table II! is not consistent with anE0
opening angle distribution. For instance, one neutron pick
by 3He could populate the 20.1 MeV 01 state in4He. The
subsequent decay of this state to the 01 ground state by an
E0 transition would result in emission ofe1e2 pairs. Note
that the experimentally determined cross section to exc
this 01 state in the24Mg~a,a* ! reaction is very smalls,5
mb @40#. The calculated distorted wave Born approximatio
~DWBA! cross section for the25Mg~3He,a* ! reaction popu-
lating the 01 first excited state in4He, for 3He energies
around 30 MeV is 0.45 mb@40–42#. The 01 state is particle
unstable and has a total line width of about 270–500 k
@43,44#. Therefore, from the measuredse1e2(E0)
5286290

1100 nb ~see Table II! one can deduce the partial deca
width via e1e2 decay for the 01~20.1 MeV!→01~g.s.! in
4He ofGe1e25172254

160 eV. We note that this value is at leas
2 orders of magnitude larger than the one expected from
classical EWSR, assuming all strength to be concentrated
this 01 state. Furthermore, this excess strength has been a

TABLE II. Limits of the excess dilepton cross sections calcu
lated from the data shown in Fig. 14 forE0 transition type, inte-
grated over the transition energy region of 17–30 MeV.

Reaction
sE0 ~nb!

0°,ue1e2,60°
sE0 ~nb!

60°,ue1e2,140°

4He124Mg 121
115 020

13

3He125Mg 286290
1100 121

113
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lyzed assuming a pureE0 transition which is not in agree-
ment with the measured dilepton opening angle distributio

V. SUMMARY

Two reactions were used to study the dilepton decay
giant resonances built on excited nuclear states of28Si. In the
isoscalar reaction4He124Mg→28Si* , the isospin of the ini-
tial state is constrained toT50. In the other reaction
3He125Mg→28Si* , states in28Si with bothT50 and 1 are
equally populated. With a beam energy of 48 MeV for4He
and 31 MeV for3He, these two reactions populate states
28Si at the same initial excitation energy of 50 MeV. In eac
of the two experiments, two measurements were perform
simultaneously:e1e2 pairs, using the spectrometer PEPS
andg rays by a large NaI~Tl! spectrometer.

The measured photon spectra showed the expected s
pression ofE1 yield in case of theT50, 4He124Mg reac-
tion. The statistical Hauser-Feshbach calculations reprodu
theg spectra for the two reactions up to an energy of abo
22 MeV. A large nonstatistical yield was observed above th
energy. This extra contribution is probably due to preequili
rium excitations and/or proton-neutron bremsstrahlung. A
the photon yield carries information about all strength b
E0, it was used to estimate the contribution to the observ
dilepton yield due to the internal-pair-conversion process.

The resulting dilepton spectra show an overall goo
agreement with the photon spectra ‘‘converted’’ intoe1e2

yields. This agreement reflects the fact that by far most of t
measured dilepton strength stems from the internal-pa
conversion process indeed. The Born approximation whi
was used to fold the measuredg-ray strength with the re-
sponse of PEPSI, gives a good description of this process
should be noted that the nonstatistical contribution observ
in theg spectra was found in the dilepton yield as well.

The results of these first experiments aimed at a measu
ment of the GMR strength built on excited nuclear states,
not show an unequivocal signature ofE0 yield. Because of
low statistical accuracy of the present data, in particular f
the 4He124Mg reaction, one can only set an upper limit fo
the observedE0 yield of 3 nb, which has to be compared to
a calculated yield of 0.2 nb.

A large excess of dilepton strength was observed for t
data set for small opening angles in the3He125Mg reaction,
which could indicate a strong entrance-channel effect. A po
sible scenario which involves a neutron pickup followed b
the 01~20.1 MeV!→01~g.s.! deexcitation of4He implies a
largee1e2 partial decay width for the 01, 20.1 MeV excited
state in thea particle. Further experiments should improv
the statistical accuracy of the present data and attempt
resolve the ‘‘puzzle’’ about the small dilepton opening-ang
data from the3He induced reaction.
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