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Higher order effects in electromagnetic dissociation of neutron halo nuclei
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We investigate higher order effects in electromagnetic excitation of neutron halo nuclei using a zero-range
model for the neutron-core interaction. In the sudd@nGlaubey approximation all orders in the target-core
electromagnetic interaction are taken into account. Small deviations from the sudden approximation are readily
calculated. We obtain very simple analytical results and scaling laws for the next-to-leading order effects,
which have a simple physical interpretation. For intermediate energy electromagnetic dissociation, higher order
effects are generally small. We apply our model to Coulomb dissociatidfi®at 6 7A MeV and of 'Be at
72A MeV. The analytical results are compared to numerical results from the integration of the time-dependent
Schralinger equation. Good agreement is obtained. We conclude that higher order electromagnetic effects are
well under control.
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[. INTRODUCTION turbation from the target. Only the excitation of the projectile
is treated quantally. In contrast to that, the total system of
Electromagnetic excitation of high energy radioactivetarget, projectile, and fragments, respectively, can be de-
beams is a powerful method to study electromagnetic propscribed by suitable wave functions in a fully quantum me-
erties of loosely bound neutron rich nuclei. For example, theehanical approach. Each of these approaches has its merits,
low lying E1 strengths of one-neutron halo nuclei likdBe  but, at the same time, can limit the study of certain higher
and 1°C have been studied in this wag—3]. In a similar  order effects or make it difficult to extract them by a com-
way, two-neutron halo nuclei likEHe and*'Li were studied.  parison to a suitable first order calculation.
Such experiments are usually analyzed theoretically in first The breakup of the prototype of a loosely bound nucleus,
order electromagnetic perturbation theory or the equivalenthe deuteron, has for a long time been studied in the post-
photon method. In this way, the multipolespecially dipolg ~ form distorted-wave Born approximatioDWBA) theory.
strength distribution is obtained. Such an analysis dependsater, it was also applied to neutron hédlmore + neutron
on the dominance of first order excitations. Various methodsuclei like 1*Be. In this approach, the Coulomb interaction
have been developed in order to consider deviations fronbetween the target and the core is taken into account to all
first order perturbation theory with the usual multipole ex-orders. This is done by using full Coulomb wave functions in
pansion of the interaction. However, a consistent picture othe initial and final states. For a recent review with further
the importance of these approximations has still notreferences sept]. A so-called adiabatic breakup theory has
emerged. recently been developed [®]. This model is related to the
By “higher order effects” we mean only electromagneti- postform DWBA. It leads to a very similar formula; how-
cally induced effects on the relative momentum of the frag-ever, the physical interpretation is somewhat differght
ments. They can be studied in the semiclassical approximaA/ithout entering into the differences of the two approaches,
tion. In the widest sense all effects that give rise to ait is clear that in these theories higher order effects in the
deviation from the result of the traditional semiclassical firstCoulomb interaction are automatically included to all orders.
order perturbative calculation of Coulomb breakup can bdt is therefore very interesting to note that Tostej8hclaims
summarized under this expression. In the perturbative apo have found substantial higher order effects in the Coulomb
proach higher order effects can be described as the exchangeeakup of°C [3]. He compared his results from the adia-
of more than one photon between the target and the projectileatic approach to the one using semiclassical first order
system. “Postacceleration” is also a higher order effect. In aheory. In the zero-range limit for the neutron-core interac-
classical picture it can be understood as a different accelerdion both theories agree very well, suggesting that higher
tion of the fragments in the Coulomb field of the targetorder effects are small. Using a finite-range interaction where
which will change both the c.m. momentum and the relativethe neutron is in a bounds?;, state, both calculations still
momentum of the particles in the final state. In our calcula-give very similar relative energy spectra, but they differ by
tions we will not treat quantal effects like diffraction or con- about 35% in absolute magnitude. Therefore one might con-
tributions to the breakup from the nuclear interaction. clude that higher order effects are strongly dependent on the
There are mainly two different approaches for the inves-internal structure of the halo nucleus.
tigation of higher order effects. In the semiclassical descrip- It is the purpose of this paper to investigate higher order
tion the projecile moves on a classical trajectowhich is  effects in the electromagnetic excitation of neutron halo nu-
usually well justified and experiences a time-dependent perclei by comparing lowest order and higher order approxima-
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tions within thesamemaodel for the excitation process using E,=%27%%/2m with the reduced mass of the system
both a zero-range and a finite-range model for the hale=m,m./(m,+m.). The final continuum state is given by
nucleus. This is expected to give more reliable statements

about the importance of these effects than the comparison of (-)_ Lo 1 exp—iqr)
higher order calculations ione theory with first order cal- ¢q "=expiq- - n—iq r '
culations inanothertheory, where, e.g., the finite-range ef-

fects are treated in another way (@robably of less impor- where the wave numberis related to the relative energy by
tance in the present contgxhe semiclassical approximation E,,=%2g%/2m. With these wave functions the breakup prob-
is not applied. We will limit ourselves to the semiclassical ability can be calculated analytically in the sudden approxi-
description, considering only the Coulomb interaction, andmation (corresponding to the Glauber or frozen nucleus ap-
will not investigate nuclear induced effects. In our approachproximation of semiclassical Coulomb excitation theory
we use a classical trajectory to describe the relative motioincluding all orders in the exchange of photons between the
between the target and the projectile. It should be kept inarget and the projectile. But the time evolution of the system
mind that there is some ambiguity in the definition of this during the excitation is neglected and ofl§ transitions are
trajectory. The energy loss should be small compared to theaken into account. The first approximation corresponds to an
total kinetic energy of the projectile and some averaging proadiabaticity parametef of zero. This quantity is the ratio of
cedure can be used. We assume that the c.m. of the projectilge collision time to the nuclear interaction time and it is
moves on the classical trajectofgtraight line or Ruther- given by ¢é=(Ey+ E,.)b/Av. The multipole response of the
ford). It has been argued that the electromagnetic interactiogystem is characterized by effective charg&?f)

of the target affects only the charged core of the projectile= Z[m,/(m,+m)]*. They become very small for higher
therefore the c.m. of the core has been used for describing,tipolarities due to the small ratim,/(m,+m,). From a

the classical motion. However, for intermediate energy thigyerturbation expansion of the excitation amplitude it can be
effect was found to be quite small in numerical calculationsghown that the second orded-E1 amplitude is also much

in [7]. Actually, the result of a first orddf1 calculation does larger than the first orde#2 amplitude. The ratio is given by
not depend on this choice, since the dipole moment of thene Coulombior Sommerfeld parameteZ Z.e2/fv which is

system does not change. There is only a change of the quagsych larger than 1 for high charge numbgrsTherefore we
rupole moment but this has small effects since H#con-  ¢an safely neglecE2 excitation in the following(This is

tribution to the breakup is rather smédiee below. Since the qualitatively different for, e.g.p+core systems like®B

c.m. trajectory is fixed, only higher order effects in the rela- _, 7o+ p with much largerE2 effective chargesThis can
tive motion of the fragments can be handled in the semiclasyg ¢onsidered as a justification of the mode[®if

sical approach. Since the total momentum of the fragments is e expand the analytical results for the excitation prob-

much larger than the relative momentum between themypijivy of [8] for ¢=0 up to second order i1 excitation or

higher (?[rder effects have a much larger effect on the relativgqyivalently in the characteristic strength parameter which is
momentum.

2.2)

L given by
To some approximation the nuclear structure of neutron
halo nuclei can be described by rather simple wave func- 277De?
tions. Using these wave functions the reaction mechanism X= bRk (2.3

can be studied in a very transparent way and analytical re-
sults are obtained. In a later stage more refined descriptions e . -
of the nuclei can be introduced. We recall some results fron){"herek_ 7°+0q°. In leading orde(LO), the sudden limit

[8] and apply the model to the electromagnetic breakup on the first order result ofg] is obtained. Deviation for finite

19C and 'Be in comparison to more accurate descriptions.values ofé can be calculated according]. From Eq.(12)

In Sec. Il the theoretical framework is given; results andOf [8] one sees that the dependence of the amplitudes is

comparison to experimental resuf@ are presented in Sec. 9IVeN DY &Kq(€) or £Ko(¢) with modified Bessel functions,
lll. Conclusions are given in Sec. IV. respectively. FoE=0 this factor(for K;) is 1 and drops to

zero exponentially foé>1. The¢ correction in the next-to-

leading ordefNLO) varies essentially like the square of this,

so we can only overestimate the higher order effects in the
We follow very closely the approach ¢8]; see alsd9]. ~ Present procedure. o

In this straight-line semiclassical model a projectile with ~Instead of using the strength paramegere define in the

charge +Ze impinges on a neutroncore (+c) system following the slightly different parameters

with impact parameteb and velocityv. The ground state

Il. THEORETICAL FRAMEWORK

wave function of the bound+ ¢ system is given by a simple y:XE (2.4)
Yukawa type wave function n
7 exp— qr) (independent of)) and
=Nz (2.3
a r
X= 9 — E (2 5)
where the parametey is related to the binding enerds, by 7 Eo’ '
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After angular integration over the relative momentum be- d20 _dordPo m

tween the fragments the LO breakup probability is found to =— — (2.9
be[see Eq(37) of [8]] dEedQ  dQ dqg 42
qp 16 4 and similarly for the NLO approximation. In order to have a
Lo _ y2 X _ (2.6) quick estimate of higher order effects in the total breakup
dqg 377’ (1+x?)* Cross section we can integrate over the scattering angle and

the breakup relative energy,

[Note that for a correct normalization of the breakup prob- ) )

ability the results of8] have to be divided by (2)°.] The o j dE., f a0y s ((;Q o J dq f maxy pdPLo
rel Brmin

NLO contribution is proportional tg* and contains a piece dq ’

from the second ordeE1l amplitude and a piece from the (2.10
interference of first and third order amplitudes. Again, in ) o ) )
terms of the variables, X, andy one obtains where we have introduced minimum and maximum impact

parametersb,, and b, respectively. We useb.y
=hvl/(Ey+E,) corresponding to a cutoff at an adiabaticity
. (2.7 parameter off=1. The integration over the impact param-
dq 37y 15(1+x2)° eter b is now easily performed. Introducing the effective
strength parameter
The LO expression is directly proportional to the
B(E1)-strength with its characteristic shape in the zero- 2z27e?
range model. The NLO contribution will introduce a change Xett=Y 70 = xkb= " ho (2.13
of that shape. It is weighted most in collisions with the
smallest possible impact parametdrsand can easily be and the minimal adiabaticity parameter
evaluated. For 0.369x<1.367 the NLO contribution be-
comes negative with the largest reduction at a relative energy ~ Eobmin
close to the binding energy. This is essentially due to the mnT gy
interference of first and third order amplitudes. The second
order E1-E1 contribution is positive definite. Frof8] we  we finally obtain

dPyio 16 x*(5—55¢+28")

(2.12

find 5
™ [ Xeff
o, aLo=1—8(—) [1-6In(44mn)] (213
dPeigr 16 X°(5+5x“+16x") 2.8 Y
dq 37777y 15(1"‘X2)6 . . and
A reduction of the cross section at small relative energies is T [ Xeft 423 )
obtained only if third order contributions in the breakup am- INLO™ T 7gPmin n 4_0+18§min ' (2.14

plitude are considered, in either a perturbative treatrent
Figs. 2—4 in[10]) or a full dynamical calculatioficf. Figs. 5 i.e., a reduction of the first order result. The total cross sec-
and 7 in[11]). In our analytical results we can directly see tions can only be a rough guide because of the simple treat-
the dependence of higher order effects on the impact paranment of the cutoff. Modifications due to a more precise treat-
eterb, the projectile velocityy, and the binding energk, ment of the¢ dependence usually have to be introdufsek
characterized byp. For larger impact parameters the first below Eq.(3.1)]. However, the ratio gives a reasonable ap-
order E1 contribution will dominate more and morey ( proximation to the higher order effects. It is a simple func-
«b~1). Perhaps experimental accuracy will not be hightion depending on the characteristic parameters of the ex-
enough to see such a change of the shape of the breakgjied system and the experimental conditions.
bump. The scaling variablg also displays very clearly the In order to compare the results of the analytical model to
dependence on the binding energy, characterizedybgnd  a more realistic model we also perform fully dynamical cal-
the charge numbet. SinceZ./m, is approximately constant culations by solving the time-dependent Salinger equa-
for all nuclei, the breakup probabilities for heavier nucleition for the evolution of the projectile system in the semi-
(like the r-process nuclgiare expected to be of the same classical approach. Here we have used the methods described
order of magnitude as for the light onélike 'Be or 1°C).  in Ref.[13]. We refrain from a detailed presentation of the
This will be an interesting field for future rare isotope accel-numerical technique and only give information specific to
erator (RIA) facilities, where intensive beams of medium the actual calculation in this work. The wave function of the
energy neutron-rich nuclei will become available. This is ofneutron-core system is expanded in partial waves where we
special interest for the procesq12]. take into account orbital angular momental 0, ...,3. We
The breakup cross section can be obtained by multiplyingestrict ourselves t&1 contributions in the multipole expan-
the differential breakup probability by the Rutherford scat-sion of the perturbation potential as in the analytical model.
tering cross sectiodor/d() and the density of final states. The method of Ref[13] has the virtue that both first and
It is given for the LO approximation by higher order calculations can be performed within the same
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approach by simply switching on and off the corresponding 2000 . - . - -
coupling potentials between the different partial waves.
Within the method of Refl.7] for the time evolution it is not 1500
obvious how to perform a first order calculation. However,
we checked the correctness of the first order and fully dy- 1000
namical calculations by comparing them to independently
obtained results from the usual first order calculations and 500 ]
dynamical calculations using the technique| of.
The wave function of the neutron-core system is dis- 0.0 05 10 15 20 25 3.0
cretized on a radial grid with maximum radiuR,,y 600
=900 fm where the mesh poinks,=nAx are given in the
same way as in7] by the mappingr,=Rmalexp@x,)
—1][exp@)—1] with Ax=0.0025 andn=0,...400. The
parametera is chosen to give;=0.3 fm. We used a time
step of At=1 fm/c in the time evolution and hyperbolic
Coulomb trajectories. The distance between projectile ancu
target for the start and end points of the calculation was %
determined by the condition that the perturbation potential © o
was at least 200 times smaller than the value at closest ag
proach. Additionally, the potential was switched on smoothly
in order to avoid unphysical excitations. The final wave func-
tion is projected onto plane wave scattering stéaéer sub-
traction of contributions corresponding to bound staias
order to extract the excitation probabilities for a given c.m.
energy in the neutron-core system.

400

200

dE,dQ) [b/(MeV sr)]

[l. APPLICATION TO THE COULOMB BREAKUP
OF °C AND 'Be

In a recent experiment at RIKEN the breakup8€ into ) ) ) )
18- and a neutron scattered on a Pb target with a beam FIG 1. Double dn"ferentlagla cross section foor the Coulomp dis-
energy of 6 MeV was studied and the binding energy of sociation of 67 MeV/nucleort®C scattered ort%®Pb as a function
the neutron was determined to be 0.53 ME8J. We apply of the relative energy for three scattering angles. Analytical model

with finite ¢ correction: LO calculatiorisolid line), LO+NLO cal-

our model to this case since the high beam energy tOgem(i":lijlation (dashed ling Semiclassical calculationE1l first order

with the simple structure and Sma.” binding energy of the(dotted ling, E1 dynamical(dot-dashed ling E2 first order multi-
neutron are favorable for a comparison. lied by 1000(long-dashed ling

In the dynamical model the neutron in the bound state oP
1°C was assumed to be in @, state with a binding energy  zero rapidly foré>1. The factom accounts for finite-range
of 0.53 MeV as deduced by Nakamuetal. [3]. The wave  effects. The ground state wave function in the analytical
functic_)n was calculated a_\ssuming a Woods-Saxon potentighgdel is a By, state which has a different asymptotic nor-
of radiusr=3.3 fm and diffuseness parameter0.65 fm.  mgjization but the same slope as compared to the corre-
The depth is adjusted %= —39.77 MeV in order to getthe sponding wave function from the Woods-Saxon potential.
experimentally extracted binding energy. The ground statghe slope of the wave function is determined by the binding
wave function obtained has a node in contrast to the ZerGanergy[see Eq(2.1)] which is the same in both models. The
range model in the analytical calculation. ~ results of the dynamical calculatiddotted and dot-dashed

In Fig. 1 we show the double differential cross section agjnes) agree very well with thet-corrected cross section in
a function of the relative energy for three scattering anglesy,e analytical model(solid and dashed lingdor N=2.73.
We have chosen 0.3°, 0.9°, and 2.7°, which correspond tqhjs value is obtained by requiring the cross section in both
impact parameters of 109.7 fm, 36.6 fm, and 12.2 fm, remodels to be the same at the peak of the excitation function.
spectively. In order to compare the cross section in our anarhis normalization factor is close to the value = 2.55
lytical model with finite€ results of the first order semiclas- resulting from a comparison of the asymptotic normalization
sical calculation we multiply the analytical cross sectiongf the two bound state functions. The small difference of the

given in Eq.(2.9 by the shape function factors is caused by the different shapes of the wave func-
o2 5 tions inside the nuclear radius which give different contribu-
d(§)=&TKG(8) +K1(8)] (3.1 tions to the transition matrix element for finite relative ener-

gies in the continuum. There are noticeable differences
of the photon spectrum and a normalization fadibrThe  between the analytical model and the dynamical calculation
function ¢ (&) gives the correct dependence on the adiabaticenly for large relative energies and scattering angles. The
ity parameter in first order. We hav®0)=1 and it drops to first order E2 contribution (multiplied by 1000 is also
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FIG. 3. (a) Differential cross sections integrated over scattering
FIG. 2. Ratio of higher order to first order double differential angle from 0° to 3° for the Coulomb dissociation of 8KeV °C
cross sections for the Coulomb dissociation ofA@WleV 1°C scat-  scattered orf®Pb as a function of the relative energy. Analytical
tered on?%®Pb as a function of the relative energy for three scatter-model with finite ¢ correction: LO calculation(solid line),
ing angles. Analytical model with finité correction(solid line) and LO+NLO calculation(dashed ling Semiclassical calculatiorEl
semiclassical calculatio(dotted ling. first order (dotted ling, E1 dynamical(dot-dashed line Experi-
mental data froni3]. (b) Ratio of higher order to first order differ-
shown in Fig. 1(long-dashed ling It is at least 3 orders of ential cross sections for thecorrected analytical modébolid line)
magnitude smaller as compared to the first offlgérexcita-  and the dynamical modétiotted ling.
tion cross section and can safely be neglected. Furthermore,
we observe that the cross section decreases strongly withows that higher order effects increase essentially lwith
increasing scattering angle. For small scattering angles th&he discrepancy between the two models at higher relative
results of first and higher order calculations are almost idenenergy, where the exact form of the wave function for small
tical. With increasing scattering angle we notice a reductiorradii in the range of the nuclear potential becomes important,
of the cross section for small relative energies due to higheis not essential because the absolute cross sections are very
order electromagnetic effects. small. In contrast, at small relative energies, the models
In Fig. 2 we compare the ratio of higher ordge., all agree very well since the main contribution to the matrix
orders in the dynamical calculation or HONLO in the ana- elements is determined by the asymptotic form of the wave
lyical model, respectivelyto first order cross sections de- function.
pending on the relative energy for the same scattering angles Integrating the double differential cross sections over
as in Fig. 1. The solid line gives the result of the analyticalscattering angles between 0° and ®%,f~11 fm) leads to
model.[Notice that the ratio is independent ¢{£) andN.]  the energy-dependent cross sections in Fi@.3gain we
The dependence of the ratio on the relative energy againbserve that both the first order and higher order calculations
agrees well with the ratio in the full semiclassical modelin the ¢-corrected analytical model and the full semiclassical
(dotted ling. At small relative energies there is a reduction of model agree very well at the peak of the distribution. Here
the cross sectiofexcept for energies close to z¢mwhereas we find a reduction of the cross section of at most 10% at
at higher relative energies we find a small increase. Thismall relative energies as shown in FighB3 The spectral
behavior can be understood directly by inspecting E2%) shape is not severely distorted. Higher order Coulomb effects
and(2.7). Higher order effects are largest for large scatteringcannot explain the difference between first order theoretical
angles corresponding to impact parameters close to grazimgalculations and the experimental results with respect to the
scattering. A look at the breakup probabiliti€s6) and(2.7) absolute magnitude and the shape of the experimental data
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[3]. Although they lead to a decrease of the cross sectiona 25 ———/———————————— T
small energiegapart from the region just above threshold
and an increase at higher energies the slope of the theoretic:
results is much steeper as compared to the experiment. II 20 7
contrast, the position of the peak is well described since it is
determined by the binding energy of the neutron'fa. =
By integrating over relative energies the effects of higher2 1.5 |
order are washed out and become even smaller in the tots&.
cross sectiorr. We obtain 1.44 H1.39 b in the first order B I
(dynamical semiclassical calculation and 1.49h44 b in Q107
the LO (NL+NLO) analytical model withé correction, re-
spectively, for energies up to 3 MeV. Comparing to the ex-
perimental value ofr=1.34+0.12 b[3] one has to take into 0.5
account our simple nuclear model. In reality the ground state
of 1°C has a more complicated structure thansg,2single

i iplvi ' - 00 . . .
particle state. Multiplying the cross sections of our calcula 0.0 05 1o 15 20 25 3.0

EI’G

tion by a spectroscopic factor of 0.67 as given by Nakamura E, [MeV]
et al. [3] the total cross section would be smaller than in the
experiment but the peak region in Fig@Bwould be well FIG. 4. Differential cross sections integrated over scattering

described. At higher relative energies nuclear contributiongngle from 0° to 3° for the Coulomb dissociation of ARleV
could be present in the experimental data, increasing the totalBe scattered orf°®b as a function of the relative energy. Ana-
cross section again. Possible Coulomb-nuclear interferendgtical model with finite¢ correction: LO calculatior(solid line),
effects could also lead to a change of shape of the crodsO+NLO calculation(dashed ling Semiclassical calculatiorE1
section. Furthermore, the experimental data could contaifirst order (dotted ling, E1 dynamical(dot-dashed ling Experi-
contributions from final states with an excitation of the coreMental data fronj2].
18C. Our results correspond to a reduction of the total cross
section by higher order effects of 3.3% in the semiclassicafdiabatic approach in the finite-range case for the neutron-
model and of 3.2% in thé-corrected analytical model. From core interaction. On the other hand much smaller effects
Egs.(2.13 and(2.14 we predict a 2.9% reduction which is Wwere obtained with the zero-range mode[@j. It is difficult
close to the results of more refined models. From the comto assess how much of the reduction of the cross section is
parison we conclude that our simple analytical model withcaused essentially by higher order electromagnetic effects or
finite-¢ correction is quite realistic in the prediction of higher by differences between these models. However, in both
order effects and gives a reliable estimate of the reduction dfases, the total contribution of higher orders to the cross
the total cross section. Finite-range effects amount esse&€ection Is negative.
tially to a rescaling of th&(E1) matrix element and, corre-  Let us now consider the case of'Be breakup at
spondingly, the cross section. The smaller value of the reduct2A MeV where essentially the same considerations apply
tion obtained in the simpler fully analytical model can be as in the'°C case. In view of the simple scaling laws pre-
well understood. Without taking the adiabatic suppressiorfented in Sec. llsee especially Eq$2.4)—(2.7)] this is to be
correctly into account contributions to the total cross sectiorexpected. We assume that the neutron‘iBe is bound by
from higher relative energies and larger impact parameter$)-503 MeV[2]. The 2s,,, ground state wave function in the
where higher order effects are smaller, are not sufficientlyflynamical finite range model was calculated from a Woods-
reduced and lead to an underestimate. However, higher ord&axon potential ofV=-69.79 MeV with a radius ofr
effects in the triple differential cross section in the peak of=2.478 fm and a diffuseness parametemef0.5 fm. Ad-
the excitation function are well described by the simple anaditionally, we included a bound 4, state at 0.320 MeV,
lytical expressions. The influence of higher order effects orwhich  corresponds to a potential depth oW
the cross section seems to be rather independent of the inte=—37.52 MeV. The cross sections in the analytical zero-
rior wave function for then-core system. It is essentially range model were again corrected for finfteeffects and
determined by the asymptotic wave function for a halomultiplied by a normalization factor dfl=1.58. The differ-
nucleus. This can be well understood in a classical picturential cross sectionlo/dE, was calculated as in thé’C
where the interaction of the fragments with the target has &ase by an integration of the double differential cross section
stronger effect on the relative momentum the larger theiover the scattering angle up to 3° corresponding to a mini-
distance becomes. It is also reflected in perturbative calculanum impact parameter &=11.8 fm. In Fig. 4 we compare
tions of higher order effects by the appearance of transitiothe LO and NLO results in the analytical model with the first
operators that contain an* dependence wherg increases and higher order results in the dynamical model. We observe
with the order, leading to an emphasis on the asymptotithe same features as in tHeC case. The first order calcula-
wave function. tions and the higher order results in both models look very
Our results are in contrast to those[6ff where a much similar at the peak of the excitation function. In both cases
bigger effect of the order of 30 to 40 % was found by com-we obtain a reduction of the cross section in the peak region
paring a first order semiclassical result with the fully quantalby less than 10%. This agrees with the reduction of e
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breakup cross section by higher order effects found by thénterference effect and even has the opposite sign to what
authors of Ref[11] who employed a similar potential model one would have thought “intuitively.” Large values gfcor-
and dynamical approach. Integrating over the energy berespond to large values dfwhere the strength parameter is
tween 0 and 3 MeV the reduction of the total cross sectionsmall. Therefore, higher order effects are not so important.
by higher order effects is found to be 3.6% in the Indeed, in Ref.[15] no effects of postacceleration were
é-corrected analytic model and3.2% in the dynamical cal- found for the 1'Be system.
culation. The reduction of-4.1% deduced from Eq$2.13
and (2.14) is a little larger than the results from the more
refined calculations. Contrary to tHéC case the calculated
cross sections are lower than the experimental ftarhe We have studied the basic example for the Coulomb dis-
same result is obtained in the nonperturbative calculation ofociation of a neutron halo nucleus. From the simple zero-
Ref.[7]. The small difference in the overall normalization of range wave function of a loosely bound system it becomes
the calculated cross section is probably related to the slighlgirectly obvious that the low lyinde1 strength is an imme-
different nuclear model of'Be and the use of straight-line diate consequence of the halo structure. It is probably the
trajectories. The authors of R¢¥] compare their result only most beautiful manifestation of the halo nature. The reaction
to another partly nonperturbative, partly perturbative calcumechanism is now understood at such a quantitative level
lation [14] but not to a first order calculation with the same that it is possible to determine asymptotic normalization co-
nuclear model. As a consequence, they do not make statefficients with the Coulomb dissociation method to a high
ments about the size of electromagnetically induced highegccuracy. Higher order effects can be described by analytical
order effects in the strict sense. formulas. This allows a very transparent discussion of the
Finally, let us make some remarks about postacceleratiomffects. Our results can be easily applied to all neutron halo
A semiclassical model might suggest that the parallel moCoulomb dissociation experiments. They are a useful guide
mentum distribution of the core is shifted toward larger val-for the much more elaborate numerical solutions of the time-
ues due to an “extra Coulomb push,” see, €[§], However, dependent Schdinger equation. Our simple considerations
this turns out to be wrong. In the sudden approximation, theare corroborated by these more sophisticated approaches. We
core-neutron binding is negligible and also, on its way to-conclude that higher order electromagnetic effects are not a
ward the target, the core alorfand not the bound core- significant problem in medium energy Coulomb dissociation
neutron systemexperiences the Coulomb deceleration. For-experiments and can be kept under control.
mally, this is easily seen: In the sudden approximation, the
momentum transfer points exactly to the direction perpen-
dicular to the trajectory, the excitation amplitude depending

only onq-Ap (cf. [8]). This is symmetric with respect to the  The authors would like to thank R. Shyam, B. A. Brown,
plane perpendicular to the beam direction. Corrections of thiand P. G. Hansen for useful discussions and for helpful re-
simple result due to small values éfwere studied in8]. marks on the manuscript. We are grateful to T. Nakamura for
They were found to depend only on the phase shift of theproviding us with the experimental data. Support for this
neutrons wave. This phase shift is given in the analytical work was provided by the U.S. National Science Foundation
model by §,= —arctan{/#). It is a rather delicate quantal Grant Nos. PHY-0070911 and PHY-9528844.

IV. CONCLUSIONS

ACKNOWLEDGMENTS

[1] R. Anne et al, Phys. Lett. B304, 55 (1993; Nucl. Phys. [8] S. Typel and G. Baur, Nucl. PhyA573, 486 (1994).

A575, 125(1994. [9] G. Baur, C. A. Bertulani, and D. M. Kalassa, Nucl. Phys.
[2] T. Nakamuraet al, Phys. Lett. B331, 296 (1994). A550, 527 (1992.
[3] T. Nakamuraet al., Phys. Rev. Lett83, 1112(1999. [10] S. Typel, G. Baur, and H. H. Wolter, Nucl. Phy&613, 147

[4] G. Baur, K. Hencken, D. Trautmann, S. Typel, and H. Wolter, (1997.
in Spins in Nuclear and Hadronic ReactigrBroceedings of [11] H. Esbensen, G. F. Bertsch, and C. A. Bertulani, Nucl. Phys.

the RCNP-TMU Symposium, edited by H. Yabu, T. Suzuki, A581, 107 (1995.

and H. Toki(World Scientific, Singapore, 2000p. 119. [12] G. Baur, K. Hencken, D. Trautmann, S. Typel, and H. H.
[5] J. A. Tostevin, S. Rugmai, and R. C. Johnson, Phys. Ré&7,C Wolter, Radioactive Beams for Nuclear and Astrophysics, Pro-

3225(1998. ceedings of the International Workshop of Nuclear Physics,
[6] J. A. Tostevin, inSpectroscopy of Halo Nuclei From Reaction 22nd Course, Erice, Sicily, 20q®rog. Part. Nucl. Phys16,

MeasurementsProceedings of the Second International Con- 99 (200D)].

ference on Fission and Properties of Neutron-Rich Nuclei, St[13] S. Typel and H. H. Wolter, Z. Naturforsch., A: Phys. S&i,
Andrews, Scotland, 1999, edited by J. H. Hamilton, W. R. 63 (1999.
Phillips, and H. K. CartefWorld Scientific, Singapore, 2000 [14] T. Kido, K. Yabana, and Y. Suzuki, Phys. Rev. 53, 2296
p. 429. (1996.

[7] V. S. Melezhik and D. Baye, Phys. Rev.53, 3232(1999. [15] J. E. Bushet al, Phys. Rev. Lett81, 61 (1998.

024601-7



