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Abstract

As part of a comprehensive study of uranium fragmentation at relativistic
energies at the GSI projectile fragment separator, FRS, inclusive neutron-
removal cross sections have been measured for several zn channels at projec-
tile energies of 600 and 950 A MeV using targets of Al, Cu and Pb. The
variation of the experimental cross sections with target nuclear charge is used
to disentangle nuclear and electromagnetic contributions. The electromag-
netic cross sections agree surprisingly well with a simple harmonic oscillator
calculation of giant dipole resonances based on measured photonuclear cross
sections and do not require an extra enhancement of the two-phonon giant
dipole excitation as concluded from similar measurements with '®7Au.

PACS: 24.30.Cz; 25.75.+r



1 Introduction

The study of multi-phonon giant resonances in nuclei is a topic of current interest
both for experimentalists and theorists [1]. The interest is partly related to the fact
that large-amplitude vibrations of the neutrons and protons against each other may
lead to a considerable instantaneous separation of the proton and neutron densities
that could result in the formation of very exotic nuclei when such states decay. The
most exciting results can be expected in collisions between the heaviest nuclei at
incident energies around 1 A GeV since al these energies the contribution of two-
phonon excitations is enhanced relative to single-phonon excitations [2]. Though
detailed information on the resonance parameters of multi-phonon giant resonances
can only be obtained from exclusive measurements like e.g. those performed at GSI
for 36Xe and 28Pb with the LAND neutron detector [3] and for ***Pb with the
TAPS ~ detector [1], inclusive measurements of few-neutron-removal cross sections
can provide complementary information on the cross sections of such resonances and
provide constraints for the resonance parameters. First measurements of 1n and 2n
cross sections of target-like ' Au fragments have been published by Hill et al. [5].
Following the same approach, Aumann et al. (6, 7] have shown that the 2n and
in particular the 3n cross sections are very sensitive to the strength of the double
giant dipole resonance (DGDR). Recently, fission of 238U at 120 A MeV has been
studied [8], but DGDR excitation was not considered by the authors when trying to
reproduce the electromagnetic part of the fission cross sections.

The present article reports on In- up to 5n- removal cross sections for ***U
projectiles with energies of 600 and 950 A MeV impinging on #’Al, "*Cu, and 208pt,
targets. The data result from a first comprehensive study of 28 fragmentation
performed at the GSI projectile fragment separator FRS [9, 10, 11, 12]. They are
complementary to results from an experiment studying target-like fission of B8y
induced by 2°Pb beams of energies between 100 and 1000 A MeV [13]. We will
show below that all our measured zn cross sections can be interpreted consistently
under the assumption of a simple harmonic oscillator model of giant resonances, in
contrast to the studv of neutron-removal from 197 Ay, where we had to invoke an

increased DGDR excitation probability to reproduce the experimental cross sections

(6, 7).

2 Experimental Procedure and Results

Beams of 238U accelerated to cnergies of 600 and 950 A MeV by the GSI heavy-ion
synchrotron SIS were directed onto targets of 27Al, " Cu, and ?°®Pb with thicknesses
of 377, 205, and 1256 mg/cm?, respectively. Beam pulses with a spill length of
typically 2 s and containing about 5- 10® jons hit the target approximately every 10
s. Projectile fragments leaving the targets with nearly beam velocity were separated
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spatially and identified with respect to nuclear charge and mass, Z and A, with the
GSI projectile fragment separator FRS [14]. Since the separation properties of the
FRS for uranium fragments have been described in detail in a recent publication

(9], we refer the reader to that article and reproduce here only the most pertinent
results.

2.1 Separation and identification of neutron-removal prod-
ucts from 23U

A schematic view of the FRS and the associated detectors used to identify the
projectile fragments is shown in Fig. 1. Briefly, one- to five-neutron-removal products
from the primary 2*®U beam were identified by measuring their positions in the
horizontal plane both in the central (dispersive) and final (achromatic) focal plane
of the FRS. As can be scen from Fig.2, where the zn channels up to 23U are
visible, this is sufficient to resolve the different zn channels which emerge from the
energy degrader in the central focal plane either fully stripped or after picking up

one electron. Two different Bp settings were sufficient to cover the zn channels up
to 23U,

Beam Target Position measurement
monitor
\ / F4
F1 F2
238
(Bo), Degrader (Bo),

Figure 1: Schematic drawing of the FRS [14]. The fragments were separated and
identified according to the Bp — AFE — Bp separation method [14] by analyzing the
magnetic rigidity (Bp); and the atomic energy loss in the degrader with the second
dipole stage ((Bp)2). Two plastic scintillators were used to measure the horizontal
positions of the fragments in the central (F2) and final (I'4) focal plane of the FRS.

2.2 Calculation of production cross sections

Several corrections have to be applied to calculate formation cross sections for the
isotopes 2337237(] from the number of counts observed behind the FRS. The first one
is related to the absorption of both projectile and product nuclei in the production

target (and in the degrader for the latter). The second correction takes into account
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Figure 2: Position distribution of the fragments from a 950 A MeV 238U beam
impinging on a ?*®Pb target, recorded at the central (F2) and final (F4) focal plane
of the FRS. The 1n- to 4n-removal products are visible either fully stripped (right
row) or with charge state ¢ = 911 (left row) after the degrader. A small fraction of
the primary beam that was not completely removed by the slits after the first dipole
is also visible.

the population of charge states g other than ¢ = 92+. Note that losses due to
different charge states occur both in the production targets and, at a lower average
velocity, in the Al degrader and other material in the central plane of the FRS. The
charge-state yields behind the targets were measured with the primary beam at the
first focal plane F'1 [9, 15]. The product of the correction factors describing the
losses in the degrader due to reactions and different charge states was measured by
transmitting the primary U beam through the FRS. A third correction is necessary
due to the finite ion-optical transmission of the FRS, which has been calculated with
the Monte-Carlo code MOCADI [16]. The beam intensity has been measured with
a secondary-electron-emission detector (SEETRAM, Ref.[17]). For one case, namely
the formation of *37U at 950 A MeV, the product of the correction factors described
above and the SEETRAM calibration factor could be measured since the 1n cross
section is so large that **7U could be observed in the final focal plane of the FRS
when the primary beam was transmitted for calibration purposes. By comparing to
the measurement at higher beam intensity, where the primary beam was cut down
by introducing slits behind the first magnet, calibration factors for the beam monitor



were determined. The two values obtained in this way with Cu and Pb targets were
found to be in good agreement with each other and were averaged. The resulting
SEETRAM calibration factor agree within 10 % with the value obtained by calibrating
against a scintillation counter at low intensities [10]. For the measurements at 600
A MeV, the SEETRAM calibration factor was scaled according to the calculated
energy loss differences, all other correction factors were derived from data measured
with the primary beam.

The resulting experimental cross sections for the formation of the 1n to 5n prod-
ucts B7-23( are listed in Col.3 of Table I for an incident energy of 950 A MeV.
Table II lists the 1n- to 4n-removal cross sections for an incident energy of 600
A MeV. The same data are visualized in Figs. 3 and 4 for the respective incident
energies. For the Pb target the numbers listed have been corrected for multiple
reactions in the relatively thick production target, a correction which amounts e.g.
to 6 % for the 3n cross section.

2.3 Determination of the electromagnetic part of the cross
sections

Since at relativistic energies the experimental determination of the impact parameter
is difficult, if not impossible, the electromagnetic-dissociation (ED) contribution to
the measured zn cross sections can only be obtained by empirically subtracting an
estimated nuclear contribution. We estimate nuclear 1n cross sections for 23U by
starting from the experimental values for the formation of target-like *’U in the
reactions of 400 and 1000 A MeV 2C+ 238U, and 1000 A MeV '2Ne+ 22U [18].
Due to the low projectile charge, these cross sections have only a small contribution
from ED processes (which has been taken into account, however, in our estimate).
The 1n cross sections for heavier reaction partners are obtained assuming the same
A'/3-dependence as in Ref. [6].

For the 2n to 5n nuclear cross sections, where no other experimental data are
available, we base our estimates on our measured total cross sections for the low-Z
target 2Al and correct these data for the ED contribution using calculated values.
This correction amounts to 60 % and 15% for the 2n an 3n channels, respectively,
whereas the 4n and 5n channels are calculated to be of purely nuclear origin. For the
2n and 3n cases, the A'/3-dependence is assumed to be the same as in Ref. [6]. For
the 4n and 5n cases, we assume simply that the ratios of the nuclear cross sections
for Pb and Al targets are the same as for the 3n channel.

The resulting nuclear cross sections for the different targets are compiled in Col. 5
of Tables I and Il and indicated in Figs. 3 and 4 by the long-dashed curves. It is
obvious that for the Pb target the 1n and 2n channels have a nuclear contribution

that is of similar size as the experimental error of the data and can therefore be



Table 1: Cross sections for the formation of 1n- to 5n-removal products from 238U pro-
jectiles at 950 A MeV energy incident on Al, Cu, and Pb targets. The theoretical cross
sections are calculated at the average energies in the respective targets.

Experimental Calculated cross sections (mb)

Target  cross section (mb) total nuclear GDR DGDR GQR ED
In Al 258420 262 145 106 0 12 117
2n Al 101+8%) 101 43 54 0 4 59
3n Al 25+3%) 25 22 2 0 2 4
dn Al 114£29) 11 11 0 0 0 0
5n Al 4.5+0.8%) 5 5 0 0 0 0
In Cu 731451 676 172 457 0 46 503
2n  Cu 288+20 292 47 227 3 15 245
3n Cu 1641 46 29 6 4 7 17
in  Cu 1642 17 15 1 | 1 2
In Pb 2873+20] 3029 227 2534 8 260 2802
2n  Pb 1122479 1367 29 1142 88 82 1312
3n Pb 18015 204 44 26 101 33 160
i4n  Pb 5047 16 22 3 19 3 24
5n Pb 1242 10 9 0 1 0 1

%) Cross sections were used to determine nuclear contribution.

Table 2: Same as Table I for In to 4n channels at an incident energy of 600 A MeV.

Iixperimental Calculated cross sections (mb)

Target  cross section (mb) total nuclear GDR DGDR GQR ED
In Al 261428 253 145 96 0 13 109
2n Al 103£11 92 43 45 0 4 49
3n Al 29-+4 25 22 ! 0 2 3
dn Al 1342 11 11 0 0 0 0
In Cu 646168 626 172 401 0 52 454
2n Cu 237425 215 47 180 3 15 198
3n  Cu 43+5 13 29 4 4 6 14
4n  Cu 15+3 16 15 0 L 0 1
In Pb 27214337 2607 227 2082 9 289 2380
2n Pb 932+116 1036 55 820 85 7% 981
3n Pb 177427 166 44 14 82 25 122
4n  Pb 59411 37 22 1 13 2 15
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Figure 3: Cross sections for the formation of the In- to 5n-removal products #37-233(
from 238U projectiles at about 950 A MeV incident on targets with Z;argee. The full
curves indicate our theoretical calculations described in the text. They represent the sum
of the nuclear contribution (long-dashed curve), and the electromagnetic contributions
due to excitation of the GDR (short-dashed curve), GQR (dotted curve), and DGDR
(dot-dashed curve). For the 4n channel the dotted curve coincides with the short-dashed
one. The triangles and the thin long-dashed curve in the rightmost frame refer to the 5n
channel.
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Figure 4: Same as Fig. | for 1n- to 4n-removal channels, measured at an

of 600 A MeV of the 238U projectiles.

incident energy




neglected in our discussion. The 3n channel has a 25% contribution from nuclear
processes; for the in channel the 50 % ED contribution is small but visible. It is only

the 5n channel that is almost exclusively of nuclear origin within our experimental
accuracy.

3 Comparison with semi-classical calculations

In the following, we will try to reproduce the ED part of the cross sections of
Tables I and II with a semiclassical calculation using empirical parametrizations
of the giant dipole (GDR) and giant quadrupole (GQR) resonances. Double-GDR
(DGDR) excitations are taken into account using a simple harmonic oscillator model
of multiple giant resonances [19, 2]. As elaborated in detail by Aumann et al.
[7], this model describes with good accuracy the Z,;-dependence of 1n-removal
cross sections from '®7Au targets, but underestimates 3n-removal from 7Au for
Au and Bi projectiles by about 20-30%. In Ref.[7] it has been shown that the
competition between nuclear and electromagnetic processes in near-grazing collisions
can be treated properly if one calculates the nuclear transparency with a Glauber-
type ansatz using realistic (droplet-model) neutron and proton density distributions.
However, calculations with the “sharp-cutoff” approximation (that assumes purely
nuclear processes for impact parameters b < by,;, and purely electromagnetic ones
for b > bpin) have produced almost identical results, if the “BCV” parametrization
of bmin (Ref.[20]) was used. Thus we feel free to apply the “sharp-cutoff” folding
model [7] also in the present study.

The upper part of Fig.5 shows for 950 A MeV incident energy the differential
electromagnetic excitation cross sections for GDR, GQR, and DGDR excitations
as calculated with the Lorentzian parameters listed in Table III for the different
multipolarities, and by assuming a harmonic model for the DGDR. It should be
noted that the Lorentzian parameters for the GDR in 238U determined by the ex-
periments with real photons {21, 22, 23] differ among each other. We have chosen
to use the parameters of the most recent experiment (Ref. [23]), but will discuss the
consequences of another choice below.

To obtain the final neutron-evaporation cross sections, the neutron-emission
probabilities feeding the different zn channels have to be known. Other than in
our previous study of **7Au, a calculation of the ED of *»®U involves a proper treat-
ment also of the fission deexcitation channel in addition to the neutron-removal
channels. Experimentally, photonuclear (v,n) and (v, f) cross sections have been
measured with real photons up to about 18 MeV excitation energy (21, 23]. How-
ever, for our calculations, we need these cross sections up to about 45 MeV, so that
a model description is required to calculate them.

For the case of Au, we have used the standard evaporation code Hivap [27]
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Figure 5: Top: Differential cross sections of GDR (dashed curve), GQR (dotted
curve), and DGDR (dot-dashed curve) excitations in 238U as calculated from the
equivalent photon spectrum representing a 2°8Pb nucleus at 920 A MeV, and from
parametrizations of the giant resonances in 23®U as given in Table III. For the GDR,
the Lorentzian parameters of Caldwell et al. [23] have been used. The full line is
obtained by summing-up the different contributions. Bottom: Deexcitation prob-
abilities for excited 238U nuclei as a function of excitation energy. The dashed
(dotted) curves represent fission (neutron) decay. Filled and open symbols denote
measured data for these processes, obtained by dividing the respective partial cross
sections from Ref.[23] by the total photoabsorption cross section represented by the
Lorentzian parametrization.



Table 3: Parameters of the Lorentzian curves to describe
the giant resonances in 2*U. For the GDR, two alternative
parameter sets by Veyssiere et al. [21] and by Caldwell et al.
[23] are given.

Resonance Energy Width Strength Ref.
(MeV)  (MeV) (% Sum Rule)
, 10.96 2.90 41
D
GDR 1104 153 78 21]
10.77 2.37 34
sD1
GDR 13.80 5.13 109 123]
GQR(IS) 9.9 3.0 100 [24, 25]
GQR(IV) 21.6 5.0 70 [26]

to calculate the 3n-emission probability. For the case of 23U, however, we could
not reproduce the measured 1',,/1'j-values (see Table IV) with reasonable choices
of the model parameters of Hivar. We therefore decided to use a schematic model
developed by Jackson [28] for a reproduction of (p,zn) cross sections that contains
the measured I',, /I'-values as parameters. In analogy with this prescription, we
write for the total fission probability of a ?*®U nucleus with excitation energy F

1 ] 6 —E"(k)/TZk_S E'(k) "
pr(ls) = f(E)piy + > pes |1 —ce = 5l (1)
k=2 1=0 T b

In this equation, pxs denotes the (differential) probability of k** chance fission, which
has been measured up to k& = 6 and is listed in Col.4 of Table IV. E’(k) is the
excitation energy above the threshold for k** chance fission, FE'(k) = F — Eu.(k),
where Ey, (k) is the sum of the neutron binding energies of the (k — 1) intermediate

nuclei and the fission barrier of the nucleus 285410 ie. Ep (k) = f;ll Bn(z) +
By (k). The respective values for these quantities are listed in Cols. 6-8 of Table IV.
The parameter T in Eq. ! is the temperature, T = %, with a = 22 ML—V, whereas

f(E) is an exponential function that describes the strong increase of first-chance
fission at the barrier, By(1) = 5.7 MeV, in 28U. We use f(E) = 1/(1 + exp((B; —
E)/c)) with ¢ = 0.6/27 MeV.

In a similar way, the probability to emit exactly z neutrons, pyn(F), can be
written as the difference between the probabilities to emit a minimum of z and z + 1
neutrons, respectively, (wr,,([’]) - w(IH)H(E)), multiplied by the probability not to
undergo fission, (1 — ps(F)), i.e.

Pan(E) = (wan(E) = wiariya(E)) (1 = ps(E)). (2)

10



Table 4: Parameters used for the calculation of neutron-emission and fission probabilities
as described in the text.

k In/Ty Pkf Py By By Einr
(MeV) (MeV) (MeV)
1 B8y 3.8%) 0.21 0.21 6.15% 5.7 5.7
2 By 2.8% 0.21 0.42 5.13% 6.1 12.3
3 B8y 2.19 0.19 0.61 6.55% 5.6 16.9
4 WY 1.49 0.17 0.78 5.30% 5.9°) 23.7
5 24y 0.999 0.12 0.90 6.84%) 5.6°) 28.7
6 23U 0.499 0.08 0.98 5.76%) 5.7°) 35.7

9)Ref.[23]; Y Ref.[29]; 9 Ref.[30]; D Ref.[31]; @ Ref.[32].

The probabilities w.,(F) arc given by the Jackson formula,

o 203 (i, : 1
wen(B) = 1= e S (EE) 0 )
1=0 '

for > 2, with E”(z) now being the excitation energy above the z-neutron-emission
threshold, £ = E — Y%, B.(i). (Note that w;, = 1 above the In-threshold in this
description).

In the lower part of Fig.5 we show the results of these calculations, plotted as
a function of the excitation energy of the 28U nucleus. The dotted curves indicate
the different zn-evaporation probabilities, Eq. 2, whereas the dashed curve represents
the total fission probability, Eq. 1. The agreement with measured (v, zn) and (v, f)
probabilities from an experiment with real photons [23] is very good below about 15
MeV excitation energy. (A comparison with the results of Ref. [21] shows similar
agreement, but is less significant, since this data set does not extend far enough
towards low energies). In both cases, however, a marked deviation between measured
and calculated p;, values can be noted above 12-15 MeV. This excess cross section
has been interpreted as evidence for a direct (non-statistical) In-emission process
[21], which is definitely not contained in our statistical neutron-evaporation model.
In principle, the proper remedy would be to use directly the measured (1, IN)-Cross
sections, which is precluded, however, by the limited statistical accuracy of the
high-energy part of the data and by the limited energy range covered. We therefore
have to keep in mind that our calculation might overestimate the 2n channel by
a few percent. The In and 2n channels remain almost unchanged since in case of
the 1n channel the contribution from direct decay in the excitation-energy region
15-20 MeV is small because of the strongly decreasing photon spectrum. The loss
in the 3n channel should also be small since the direct decay branch decreases with
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increasing energy [33]. Such an uncertainty is tolerable, however, in view of the
statistical errors of our data and the uncertainty in the total GDR strength as will
be discussed below.

The final inclusive zn-ED cross sections are obtained by multiplying, for each
energy interval, the differential excitation cross sections from the upper part of Fig. 5
with the calculated deexcitation probabilities from the lower part and by integrating
over excitation energy. The results for the different targets are included in Figs. 3
and 4 (plotted separately for the GDR, GQR, and DGDR contributions). The full
curves are obtained by adding up all the ED contributions and the nuclear parts
that were calculated as described in Subsection 2.3.

4 Discussion

In our previous study of ncutron-removal from '"Au targets (where fission decay
after ED could be completely neglected) we could show that the In-removal cross
sections could be almost quantitatively reproduced even for large-Z projectiles [6, 7].
For these calculations, we assumed a harmonic oscillator model of the GDR and a
minimum impact parameter, by,;,,, according to the BCV parametrization [20].

As can be seen from the left hand parts of Figs. 3 and 4, for the fissile projectile
2380, the same good agreement for the ln channel can be found at both incident
energies of 950 and 600 A MeV, respectively. This indicates that the additional
degree of freedom of the fission decay channel, which is absent in the ED of %7 Au,
is correctly taken into account for ***U. An independent corroboration of this fact
comes from a direct experimental study of the fission process (which is complemen-
tary to neutron emission) by Polikanov et al. [13]. Using 2*®*Pb projectiles of 100,
500, and 1000 A MeV, these authors have determined the ED part of U (target)
fission. By applying the same parametrization of fission decay after ED as discussed
in the present paper, good agreement with the observed ED-fission cross sections
has been found [13].

Because of the lower 2n threshold for 223U compared to *”Au also the 2n cross
sections are dominated by single GDR excitation, as can be seen from the middle
part of Figs. 3 and 1, and also from Fig.5. With the exception of the Pb data
point taken at 950 A MeV, which is overestimated by about 20 %, also the 2n cross
sections are well reproduced by the calculation.

[t is clear that the agreement between theory and experiment is influenced by the
particular choice of the Lorentzian parameters for the GDR in 23U as they are listed
in Table III. In particular, it is striking that Caldwell et al. [23] find an integrated
GDR strength of 143 % of the energy-weighted sum rule, whereas Veyssiere et al. [21]
and Gurevich et al. [22] find only 119% and 123 %, respectively. The latter values

seem to be closer to the average percentage found for heavy nuclei [34], nevertheless,



only a comparison with experiment allows to decide which parametrization is more
appropriate. For this purpose, we present in Fig.6 the measured In to 3n cross
sections together with calculations performed with the GDR strength from Ref. [23]
(full curve) and from Ref. [21] (dashed curve). The figure shows that both parameter
sets yield similar agreement with the data; the 600 A MeV data are somewhat closer
to the full curve, whereas the 950 A MeV data are better reproduced by the dashed
curve. We conclude that only a renewed measurement of the photonuclear cross

sections could remove this source of uncertainty in the semiclassical calculations.

3+ J
2 600 AMeV 1 950 AMeV |
e 1In e In
100 L 4 2n A 2n
7; ¢ 3n
. 5}
.g L
— 3 e
s
S 2
10?
3
2

VA Target ZTarget

Figure 6: Measured total zn cross sections (including the nuclear part) in com-
parison with our model calculations using two different experimental values for the
integrated GDR strength. The full curve has been drawn with the GDR parame-
ters taken from Caldwell et al. [23], the dashed curve has been obtained using the
parameter set from Veyssiere et al. [21] (see Table III).

From the decomposition of the individual contributions to the zn cross sections
it is obvious that the dominant contribution to the 3n cross section for the Pb target
is the DGDR. All other processes increase much too slowly with target charge to
come even close to the measured data point for the Pb target. The same conclusion
can be drawn from the dot-dashed curve in the upper part of I'ig.5, indicating
that the DGDR is the dominant process in the excitation energy range between

13



20 and 30 MeV. where 3n emission occurs. When we compare our experimental
3n cross sections with the results of our simple calculations, we find that also the
3n channels show a similarly good agreement between experiment and theory as
the (GDR-dominated) In and 2n channels. This is in contrast with our previous
investigation of 3n removal from *7Au [6, 7], where we encountered e.g. an excess
of about 30 % for the system 2°°Bi + '®"Au [6]. Here, only for the lower energy of
600 A MeV, and only for the GDR parametrization of Veyssiere et al., we find an
excess of the measured cross section of about 18 % (see left panel in Fig. 6), whereas
at 950 A MeV the measured data point coincides exactly with the same calculation.
As a further confirmation of our interpretation of measured zn cross sections we
note the reasonable agreement also for the 4n channel (where the excess from ED
comes exclusively from the DGDR, as indicated by the dot-dashed curve) and the
absence of any noticeable excess over the nuclear part in the 5n channel, as shown
by the triangle in the rightmost frame of Fig. 3.

Our calculation of the DGDR cross section involves a folding of the DGDR
with itsell, implying that the DGDR has exactly twice the energy of the GDR and
twice the width. Exclusive measurements have found evidence that the position
of the DGDR is rather about 1.9 times the energy of the GDR, and about 20%
narrower than this simple estimate [1]. When we perform our calculation with these
modifications, it turns out that they cancel each other almost quantitatively. Taken
separately, a shift of the centroid by -1.2 MeV reduces the 3n cross section by about
9 mb, whereas a reduction of the width by 20% alone increases it by about 13 mb.

Thus, we conclude that our simple model used to calculate the DGDR excitation
probability is appropriate in the case of 22U, whereas a twice as large DGDR ex-
citation probability was required to reproduce the measured 3n cross section in the
case of "TAu. We cannot rule out, however, the possibility of an accidental com-
pensation of a larger DGDR excitation probability and a larger fission probability of
the same states that are fed by DGDR excitation. (It should be noted that e.g. 3n
emission occurs only in about one third of all cases with excitation energies in that
range, whereas in the other two thirds the nucleus undergoes fission). The direct
measurements of the fission cross sections by Polikanov et al. [13] cannot rule out
such a possibility since they are sensitive only to the total fission cross section and
not to the distribution between different multiphonon excitations: a larger DGDR
fission cross section would be more or less compensated by a smaller GDR. fission
cross section, without producing a net effect that is larger than the uncertainties in
their data of about 300 mb.
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5 Summary and Conclusions

By measuring formation cross sections of individually resolved isotopes of 2377233
at the GSI projectile-fragment separator, FRS, the electromagnetic dissociation of
28] could be studied as a function of target nuclear charge and bombarding energy.
As in a previous study undertaken with *"Au, the 1n channel has been found to
be mainly sensitive to the GDR excitation, whereas the 3n and 4n channels are a
sensitive probe of the DGDR excitation. In contrast to the '®“Au case, we find no
indication that a simple harmonic oscillator model of GDR excitation underestimates
the 3n cross section by any significant amount. [t cannot be ruled out, however,
that a larger-than-calculated DGDR cross section manifests itself only in the fission
channel. The global trend, however, of electromagnetic neutron-emission and fission
cross sections can be well described by our model.

The authors wish to thank the technical stafl of the FRS (K.-H. Behr, A. Brinle,
K. Burkhard) for their continuous support. We are indebted to H. Folger and the
stafl of the GSI target laboratory for careful preparation of targets and degraders
and to the GSI accelerator crew for providing intense and stable uranium beams.
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