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Anharmonicities of giant dipole excitations
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The role of anharmonic effects on the excitation of the double giant dipole resonance is investigated in a
simple macroscopic model. Perturbation theory is used to find energies and wave functions of the anharmonic
oscillator. The cross sections for the electromagnetic excitation of the one- and two-phonon giant dipole
resonances in energetic heavy-ion collisions are then evaluated through a semiclassical coupled-channel cal-
culation. It is argued that the variations of the strength of the anharmonic potential should be combined with
appropriate changes in the oscillator frequency, in order to keep the giant dipole resonance energy consistent
with the experimental value. When this is taken into account, the effects of anharmonicities on the double giant
dipole resonance excitation probabilities are small and cannot account for the well-known discrepancy between
theory and experiment.

DOI: 10.1103/PhysRevC.64.064605 PACS nunier24.30.Cz, 21.60:n, 25.70-z, 25.75—q

The double giant dipole resonan@®@GDR) has attracted whereD is the mass parametet is the oscillator strength
considerable interest in the last decade. Several experimerasid,B is the strength of the anharmonicity. Here, we take the
to measure the DGDR cross section using relativistic heavynass parameter to be the reduced mass for the motion of the
ion beams have been performidd-6]. Comparison with the protons against the neutrons,
predictions of the harmonic oscillator model has clearly
demonstrated a systematic discrepancy. The experimental D= Em
values for the DGDR cross sections exceed the theoretical A
predictions by a considerable amount. One of the attempts to
explain these differences was made by Bortignon and Dassgherem is the average nucleon mass. The beam is assumed
[7], using a macroscopic anharmonic oscillator model. Thesto be parallel to thex axis and the coupling interactidf is
authors found that with a small anharmonic perturbation ofderived from the Lienard-Wiechert potent(dl0] in the pro-
the r* type one can reproduce both the experimentally obiectile frame
served DGDR excitation enerdyhich only marginally dif-
fers from that obtained in the harmonic approximatiand B(X.y.2,1)= Zrey 3)
the DGDR cross section for thé®%Pb+2%Pb collision at Y2 [y2(x—vt)2+ (y—b)2+22]¥2’
640A MeV. They reached a similar conclusion for the
136xe+2%%pp collision at 708 MeV, where a much greater wereZre is the charge of the targeh,is the impact param-
discrepancy from the harmonic model appdas The pur-  eter, andy is the Lorentz factory=1/\1— (v/c)?.
pose of this paper is to point out that this model does not lead To be specific, we study thé“®b+2%Pb collision at
to the enhancement found in RET], if proper renormaliza- 640A MeV. We first solve the Schdinger equation for the
tion of the oscillator frequency is performed in order to guar-intrinsic motion, described bif,. For this purpose it is con-
antee that the theoretical giant dipole resonai@bR) ex- venient to recast the intrinsic Hamiltonian into the following

citation energy is kept at the experimental value. equivalent form:
The model of Refd.7,8] is based on the following Hamil- L
tonian:
Ho=fo 5(772+p2)+ﬁp4}. (4
H=Ho+F(xy,z;t), (1) In the above, the commonly used variable transformations
whereH, is the anharmonic oscillator describing the intrin- Pi=\ /D_wri Com= bi , (5)
sic motion of the projectile, h VD w

have been made, whergandp; stand for the components of
the position and momentum operators, respectively. The os-

H =i( 2+ po+ 2)+E(x2+ 2+ 7%) . o
072D PPy TR TS y cillator frequency is given by

(X2+y?+7%)?, 2 ho=h \/g (6)
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The energy-weighted sum rule for transitions from the
ground state and from the GDR are satisfied to first order in
the parametep, using the above energies and reduced ma-
trix elements.

In order to maintairEgpgr(B) at the experimental value,
namely, Egpr(B8) =EZBg (13.4 MeV, in the present case
the oscillator frequency must be renormalized Asis
changed. The resulting renormalized frequency, from(&y.
is

E ' popr / 2 Egpp

EZbr
oosk 1 0.1 helB = Tis ey
-200 -100 0 100 200

B (MeV/in?)

11

Note that in theB range of Fig. 1, the dimensionless param-
FIG. 1. The raticEL e/ (2 Egpr) Vs the anharmonicity param-  €ter varies in the range-0.014<$<0.014 that yields

eterB, for 2°6Pb. The solid line is fot=2 and the dashed line for 1.08EZHs>%w(B)>0.93 EZE,. Whereas our oscillator fre-
I=0. The reduced mass for the oscillation of protons against neuguency is a function of the anharmonicity parameter, in Ref.

trons is used for the mass parameer [7] it is kept constant at the harmonic valukw(B8=0)
=EZBg. This difference does not affect the ratio
and the dimensionless strengghis related toB as Ebepr/ (2 Egpr) shown in Fig. 1, since the oscillator fre-
guency cancels out in this cajsee Eqs(8)—(10)]. When the
4(fiw)°D? renormalized frequency is used in both the GDR and DGDR
- s (@) energies and matrix elements, the sum rules for transitions

from the ground state and from the GDR are still satisfied.
However, use of the renormalized frequency substantially
changes the excitation probability of the DGDR, as will be
shown below.
The calculation of electromagnetic excitation probabilities
d cross sections is performed with the cadrEX [9],
based on the Winther and Alder thedy0]. With this code,
we perform a full coupled-channels calculation of the elec-
tromagnetic excitation of the GDR and DGDR. Similar re-
sults (about 10% largerwould be obtained when perturba-
=0 tion theory is used for the collision dynamigkl]. In Fig. 2,
Ebcpr(B)=2hw(1+7.58), (9 we show the enhancement of the DGDR excitation probabil-
ity relative to its harmonic value as a function Bf for
Ebcor(8)=2ha(1+6p). (100 the impact parameterb=30fm. We find that for
B~ —100 MeV/fnf (which in this case corresponds to
Figure 1 is equivalent to that shown in R¢%] and our g~ —0.7x10 ?) the overall enhancement is 6%. For pur-

In Fig. 1, we show the ratio€sr/ (2Egpr) and
Ebcor! (2Egpr) as a function ofB, in the same range as
chosen in Ref[7]. In this range, the anharmonicity can be
treated using first-order perturbation theory to great accuracy
(~2%). The GDR andGDR energies, to first order if,
are given by

Ecor(B)=Tw(1+5p8), 8

results are essentially identical to theirs. poses of comparison, we have also performed calculations
The reduced transition matrix elements can also be easilysing a constant frequency ¢ =13.4 MeV in this case We
calculated to first order in the paramejgrWe find then obtain an enhancement of 35%, as shown by the dashed

in line in Fig. 2, in agreement with R€f7] (see their Fig. 1
In Fig. 3@, we show the enhancement in the impact-
parameter integrated DGDR cross sectisalid line) vs B,
for the same system. In the cross section calculations, impact
s \¥2 2 parameters up to 200 fm are taken into account and a lower
(DGDR|I =0||E1||GDR>=e(ﬁ—> \/;(1—53), cutoff at 15 fm is used to eliminate nuclear effects. The full
@ line in Fig. @) represents the result of the present work, in
" which an enhancement of only 4% is obtained for
\E 1-35 B=—100 MeV/fnf". The dashed line, obtained using a fixed
3 ( 56B), value of the oscillator frequency, yields an enhancement of
the DGDR cross section of 22% for the same valuB.dfhe
wheree is the absolute value of the electron charge 8nis GDR cross section ratiargpr(B)/ogpr(B=0) obtained
given by the energy-weighted sum rule, with fixed GDR energy, shown as a solid line in Figbg is

Sl 1/2
(GDR||E1||GS)=e(% (1-258),

Sy
ho

(DGDR,|=2|E1|GDR)=¢
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FIG. 2. The enhancement in the excitation of the DGDR in the B
collision of 2°Pb+2%%Ph at 64@ MeV for the impact parameter s -0.01 -0.005 0 0005 001
b=230 fm. The solid line represents the results of the present calcu- NN
lation while the dashed line corresponds to a constant oscillator -\ L
frequency. [ D N (b) ]
close to one over the entire rangeB¥alues but is slightly f M \\ 4
less than one for large, negative anharmonicitiabout =) [ N N i
—0.5% atB=—100 MeV/fnf"). This small deviation is due 5 N .
to the increase in the population of the DGDR at these values °© 1 > N
of B and the correponding depopulation of the GDR. The = [ N ]
GDR cross section ratio obtained with fixed oscillator fre- E - \\ .
guency is shown as a dashed line in Fi¢h)31In this case, o 09 N ]
we find the GDR cross section to be enhanced by about 10% “F  — — — constant i N
at B=—100 MeV/fnf. The enhancement of 10% in the [ constant £, N
GDR cross section of Fig.(B) is clearly responsible for the L 3
large enhancement of 22% in the DGDR cross section of 0'8200 : lloo ' (|) l 1:)0 ' 200
Fig. 3(a) at B=—100 MeV/fnf. B (MeV/fm)
The above conclusions do not change noticeably when the
calculations are extended to other systems, such*&¢e FIG. 3. Enhancement factor of th@ DGDR and(b) GDR

+298pp at 708 MeV. The microscopic study of Ref12]  cross sections in the collision 6P%b+2°%b at 648\ MeV. The
established that the anharmonicity parameter scales as dashed lines correspond to the results obtained with fixed oscillator
with the mass number. Thus, B=— 100 MeV/fnf* repre- frequency, while the full lines correspond to a fixBdpg.
sents a reasonable value fé®Pb, then for'*Xe a corre-
sponding value would bB= —150 MeV/fnf. In Fig. 4, we  microscopic model§12—15 that aim to assess the impor-
display the results of calculations for this system as a functance of the anharmonic effects both on the spectrum and on
tion of the anharmonicity paramet& in Fig. 4. The solid the transition operator. Referenc®] finds, within the Lip-
line in the figure again shows the results of calculations irkin model, small effects on the spectrufwhich scale
which the oscillator frequency is varied to maintain the GDRroughly as 1A). Hamamoto finds, within nuclear field
energy constant, while the dashed line represents the resultseory, that the nonlinear effects in the one-phonon to two-
of calculations in which the oscillator frequency is main- phonon transition operator are also quite small and scale as
tained fixed. Similar to the previous case, we find the end/A [16]. As mentioned above, Ref12], through detailed
hancement of the DGDR cross section to be greatly reduceghicroscopic calculations, finds that the anharmonic effects
when the GDR resonance energy is maintained at a fixedre indeed small and scale a®\1The values of the param-
value. As can be seen in Fig. 4, Bt —150 MeV/fnf, the  eterB in both the Bortignon-Dasso and present calculations
DGDR cross section is enhanced by 62% when the oscillataare taken to be small enough to be in line with the micro-
frequency is maintained constant, but is enhanced by lesscopic findings but also with the experimentally observed
than 10% when the GDR energy is maintained at its physicaDGDR excitation energie@lthough the enhancement of the
value. DGDR cross section could be increased thorough an artifi-
Before ending we comment briefly on the connection be<ially large B, there is no choice for this parameter that
tween the Bortignon-Dasso model used in this paper andould simultaneously explain the observed cross section
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nor in the present calculation. The effect of the width of the
GDR on the excitation of the DGDR has been recently stud-
ied within a harmonic picturg€l7]. The overall effect of the
width, at the energies considered here is, to produce a slight
increase in the DGDR cross section, although not enough to
explain all the available data. It would certainly be of interest
to extend the present calculation within the anharmonic
model by coupling the oscillator to other degrees of freedom
(which would generate the damping wiglth

In conclusion, we have investigated the effect of anhar-
monicities in the excitation of the DGDR in relativistic
heavy-ion collisions, with the same macroscopic model used
by Bortignon and Dasspr]. We point out that variations of
the anharmonicity strength must be accompanied by a renor-
malization of the oscillator frequency, in order to maintain
the GDR energy at a value consistent with the experimental
one. We have found that this condition strongly reduces the

enhancement in the DGDR excitation probabilities and cor-

FIG. 4. Enhancement factor of the DGDR cross section in theresponding cross sections, so that they remain much below
collision of *Xe+2%%Ph at 708 MeV. The dashed line corre- the experimental results.
sponds to the results obtained with fixed oscillator frequency, while
the full line corresponds to a fixefgpr- This work was supported in part by DAAD/CAPES Co-

operative Agreement No. 415-bra-probral/bu, CNPq and the
enhancement and the only very small deviations of thdVICT/FINEP/CNPGPRONEX  under  Contract  No.
DGDR excitation energy from the harmonic ||m|t 41.96.0886.00. D~TP a.n(.j LF? aCkno,Wledg(f.' ’pa.rtlal Support
Another interesting point to mention is that the GDR hasfrom the Fundaao Universitaia Jose Bonifacio, and
a width, which is considered neither by Bortignon and Dassd.S.H. and B.V.C. acknowledge support from the FAPESP.

[1] See, e.g., H. Emling, Prog. Part. Nucl. Ph$8, 729 (1994);
Ph. Chomaz and N. Frascaria, Phys. R&§R2, 275(1995; T.
Aumann, P.F. Bortignon, and H. Emling, Annu. Rev. Nucl.
Part. Sci.48, 351(1998.

[2] R. Schmidtet al, Phys. Rev. Lett70, 1767(1993.

[3] T. Aumannet al, Phys. Rev. G47, 1728(1993.

[4] J.L. Ritman et al, Phys. Rev. Lett.70, 533 (1993; 70,
2659E) (1993.

[5] J.R. Beene, Nucl. Phys. B69, 163c(1993.

[6] K. Boretzkyet al,, Phys. Lett. B384, 30 (1996.

[7] P.F. Bortignon and C.H. Dasso, Phys. Re\b& 574 (1997).

[8] C. Volpe, F. Catara, Ph. Chomaz, M.V. Andreand E.G.
Lanza, Nucl. PhysA589, 521 (1995.

[9] C.A. Bertulani, Comput. Phys. Commuil6, 345 (1999.

[10] A. Winther and K. Alder, Nucl. PhysA319, 518 (1979.

[11] C.A. Bertulani, L.F. Canto, M.S. Hussein, and A.F.R. de To-
ledo Piza, Phys. Rev. 63, 334(1996.

[12] V.Yu. Ponomarev, P.F. Bortignon, R.A. Broglia, and V.V.
Voronov, Phys. Rev. Let85, 1400(2000.

[13] F. Catara, Ph. Chomaz, and N. Van Giai, Phys. Let238, 6
(1989.

[14] G.F. Bertsch and H. Feldmeier, Phys. Rev5€ 839 (1997).

[15] G.F. Bertsch, P.F. Bortignon, and K. Hagino, Nucl. Phys.
A657, 59 (1999.

[16] I. Hamamoto, Phys. Rev. 60, 054320(1999.

[17] C.A. Bertulani and V.Yu. Ponomarev, Phys. Re&21, 139
(1999.

064605-4



