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Radiative capture and electromagnetic dissociation
involving loosely bound nuclei: The 8B example
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Electromagnetic processes in loosely bound nuclei are investigated using an analytical model. In particular,
electromagnetic dissociation 8B is studied and the results of our analytical model are compared to numerical
calculations based on a three-body picture oftBebound state. The calculation of energy spectra is shown to
be strongly model dependent. This is demonstrated by investigating the sensitivity to the rms intercluster
distance, the few-body behavior, and the effects of final state interaction. In contrast, the fraction of the energy
spectrum which can be attributed Ed transitions is found to be almost model independent at small relative
energies. This finding is of great importance for astrophysical applications as it provides us with a new tool to
extract theE1l component from measured energy spectra. An additional, and independent, method is also
proposed as it is demonstrated how two sets of experimental data, obtained with different beam energy and/or
minimum impact parameter, can be used to extractthecomponent.

DOI: 10.1103/PhysRevC.67.045801 PACS nuni$)er21.60.Gx, 25.60.Dz, 25.70.De, 27.20

[. INTRODUCTION terms, betweertl andE2 excitation amplitudes, will pro-
duce an asymmetry in these distributions. This method was,
The properties of loosely bound nuclei have been studieé.g., used in the analysis &8 EMD [3] where theE2
in nuclear physics for a number of years. In particular somexcitation amplitude, calculated within first-order perturba-
electromagnetic processes, such as certain charged partitclen theory, was renormalized in order to reproduce the
capture reactions, are very interesting in themselves as theysymmetry of the measure@Be longitudinal momentum
are of vital importance in astrophysical scenarios. Unfortu-distribution. However, as was already noted in Ré&i, the
nately, at stellar energies, the cross sections for these reaasymmetry due t&1-E2 interference strongly depends on
tions are very small due to the Coulomb barrier and directhe final state interactiofFSI) between the breakup frag-
measurements are therefore extremely difficult. Instead onments; or in other words, on the structure of the continuum
has to rely on theoretical extrapolations from experimentallyup to relatively large energies. Moreover, terms which con-
accessible energies down to stellar ones. An alternative, irtribute to the asymmetry do not contribute to the integrated
direct method to investigate radiative capture reactions, is tgross section from which the astrophysi@factor is ex-
study electromagnetic dissociatigEMD) on heavy targets tracted. Finally, for low beam energies, higher-order dynami-
[1]. This technique gives an enormous increase in yield dueal effects will lead to a reduction of the asymmef#].
to the huge amount of virtual photons produced by the highTherefore we conclude that, if we are interested in astro-
Z target, the more favorable phase space factor, and the poshysical applications of EMD experiments, it is desirable to
sibility to use thicker targets. In principle, it should thereforelook for more stable, and less model dependent, characteris-
be possible to measure the cross section at very low relativiics than the asymmetries of angular and momentum distri-
energies. There are, however, also disadvantages with thmitions. In this paper, we will present two novel methods to
indirect method; the most important being the admixture ofextract theE1/E2 ratio from EMD experiments.
v transitions with different multipolarities whereas the direct We will use an analytical approach based on a two-cluster
capture process, in most cases, should be completely donpicture of the nucleus, but the effects of many-body structure
nated byE1 transitions. Since the cross sections for radiativewill also be included. Our approach will be general in the
capture and photodissociation are related via detailed balansense that both neutron-rich and proton-rich systems can be
for each separate multipole, it is necessary to have knowlstudied. This model was first presented in Ré&] while
edge of the strengths of different multipole transitions in thesimilar approaches also exist for one-neutf6¥] and two-
EMD reaction. neutron[8—-10] halo nuclei. Although advanced numerical
The problem of extracting th&1 contribution from a investigations are readily performed utilizing present day
measured EMD energy spectrum remains a challenge to thmmputer power, an analytical approach might have an ad-
nuclear physics community. In R€f2], it was proposed to vantage when exploring general physics features, and the
study the angular or momentum distributions of the breakupsensitivity to different model assumptions.
fragments. The idea was to employ the fact that interference The physics case which will be investigated throughout
this paper is théB nucleus. The interest ifiB stems from
its key role in the production of high-energy solar neutrinos.

*Electronic address: c.forssen@fy.chalmers.se It is well known that the probability for the reaction
'Permanent address: The Kurchatov Institute, RU-123182'Be(p,7y)®B at solar energies strongly depends on the struc-
Moscow, Russia. ture of B and, in particular, on the asymptotics of the va-

0556-2813/2003/64)/04580110)/$20.00 67 045801-1 ©2003 The American Physical Society



C. FORSS;IEI, N. B. SHUL'GINA, AND M. V. ZHUKOV PHYSICAL REVIEW C 67, 045801 (2003

lence proton wave functiofWF). This reaction has been

studied indirectly through EMD, using a radioacti o (E)=
beam impinging on a heavy targed,11-13. Note that the

question ofE2 contributions to the experimental spectra waswhereJ; is the spin of particlé. Note that the probability for
addressed differently in all these investigations. We shouldjirect capture of charged particles is dramatically reduced at
also mention the recent progress in radiative capture medow energies due to the Coulomb barrier in thex channel.
surement$14], where the cross section has been measured athe cross section is therefore usually factorized into the

energies around 200 keV with an accuracy=0f5%. Nev-  Gamow penetration factor and tiSefactor
ertheless, in all cases theoretical models are needed to ex-

(E )2 2(2J,+1)

Y
(23c+1)(2J,+ 1)

7ok aME), (4

trapolate the measured cross sections down to solar energies. e~ 271k

Theoretical studies of the low-energy behavior of the astro- or(E)= TS(E)’ ®
physical S,; factor have been presented by many authors,

see, e.g., Ref§15-21]. where 7(k) =Z.Z,&%uc./ 1%k is the Sommerfeld parameter.

The structure of this paper is the following: Section Il The dominant part of the energy behavior is carried by the
contains a summary of the theoretical framework that will beGamow penetration factor while, e.g., nuclear structure in-
used in the calculations. In Sec. Il our analytical model WFsformation is incorporated into th® factor.
are presented and discussed in quite some detail. Finally, in Finally, we will consider the process of EMD on a high-
Sec. IV we discuss the model dependence of calculated EMRarget. Using first-order perturbation theory, and the method
energy spectra and propose two new methods to extract imf virtual quantdg 22,23, the energy spectrum can be written
formation from EMD experiments. as a sum over multipole®\) photodissociation cross sec-

tions multiplied by the corresponding spectra of virtual pho-

Il. THEORETICAL FRAMEWORK tonsn,(E,),

Our starting point for calculating electromagnetic cross daEMD_E nex(E,) g E nn(Ey)  un
sections will be the k strength function for a transition from dE & E, oy (B)+ w E, oy (B)
a bound statéotal spinJ,) to a continuum state with energy (6)
E

Note that, except in the vicinity of corresponding resonances,
dB(EMN) MA transitions are usually strongly suppres$2d]. There-

1 .
dE 2071 2 j drj|(j|[M(EN)|[0)[?8(E;—E), fore, we will not study them in this work.
1)

Ill. ANALYTICAL MODEL

where d7; is the phase space element for final states, A. Model wave functions
t/\h/le( Ec))\uﬁ()j : nt(;]?: Oerlsi%tlrjﬁ nr]n Stlgtiosl?not[r)wiri:aor& ea:ﬂoﬂ?h' ;ésaglstem.. A straightforward. calculatiop_ of the electric multipole ma-
We will consider loosely bound systems of two clusterstiX element for a direct transition between a loosely bound_
(c+x) and, in particular, we will study transitions to the state and a nonresonant continuum state ShO\.NS tha’; the_ ra_dlal
low-energy continuum in which excitations are manifested aéntegrand rises to a maximum value at a radius which is, in
relative motion between the clusteEs=72k2/2.,,, where most cases, many times the nuclear radius. Thus, these pro-
11, is the reduced mass of the two-body system. Introducin esses will mainly probe the surface structure of the nucleus.

the intercluster distance the corresponding cluste\Eop- urt_h«_armore, loosely bound |m_pI|e_s that the nucleus W'_”
) ; . . exhibit a large degree of clusterization and that the relative
erator(operating only on the relative motion of clusters

motion WF between the core and the valence nucleon will
. have an extended tail.
M(EN,m)=eZ(M)rMY, (1), i) The final, continuum state will contain both Coulomb and

nuclear distortions. For low continuum energies, and when

where we have also introduced the effective multipole charg¢he binding energy of the initial state is small, the nuclear

Z(N) = pbZ dmh+ (—1)MZ/md]. distortions can be neglected in a first approximation. There-

The strength function is the key to study several reactionsfore, we will only consider a pure Coulomb continuum in our
For example, the cross section for photodissociatioranalytical model, i.e., all nuclear phase shifts will be put

A(y,x)c is given by equal to zero. The effects of nuclear distortions’8 EMD
will be considered in Sec. IV A. Thus, a continuum state,
(2m)3(\+1) [E,\2"LdB(EN) with relative orbital momentunh between the clusters, will
cMNE)= ————— —7) , (3 be described by a normalized, regular Coulomb function
7 (2 + 1)1 ]2\ AC dE

— R PN T

where the photon enerdy, =E+E, is larger than the bind- dikr)= \/;kI IR (k.r), @)
ing energyE,. From this formula the inverse radiative cap-

ture reactionc(x,y)A can be studied using detailed balancewhere
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Fi(k,r)=C,(k)e™" (kr)'"1,F, However, we are searching for a completely analytical
) ) model which will also enable us to incorporate many-body
X (I+1+in(k);21+2;-2ikr), (8)  effects. Our model function has to be modified accordingly.

. . First, we note that the asymptotic form of the Whittaker
and gy is the Coulomb phasey(k) is the Sommerfeld pa-  ¢,nction asr— o is

rameter, 1F(a;b;z) is the confluent hypergeometric func-
tion [24], and W_ 0 1o+ 12 20T )

— ol a—mn(k)/2] +1+i + I, _
Cik=2'e” "R T(+1+in()l/(21+1). (9 e [ (no—lo)+(2—12) (1”

The reduced matrix element introduced in the definition (2Kqr)™ 2Kl
of the strength function, Eql), contains a radial integral.
With our approximation for the continuum state this integral
takes the form

(12

Second, for two-body systems in which the clusters have an
" internal structure, the centrifugal barrier is effectively larger
I'(k):f dre kel F) and the WF should behave a8 (wheren>I,+1) asr
0 —0.
Motivated by this, we put forward the following model

X (I1+1—in(k);21+2;2ikr)r*¢(0r). (10 function:

Here, #(0,r) is the two-body, relative motion WF describing B

the initial, bound state. At large with relative orbital mo- .(0r) = ie_w(l_e,,(lr)p 13
mentuml, between the clusters, this radial function should n IN, 170 ’
be proportional to the Whittaker function 7

W_ i +uA2kor), see, e.g., Ref[24], where 7,  \ith norm
=Z.Z,%ucylh?ky and Eq=%2k3/2ucy is the binding en-

ergy. 2 2p ,
In most studies on loosely bound systems, the Whittaker N,= 20 ( m (= 1D)™(2ko+mky)?70 T (1-217),
=

function has been used to describe the bound state for all
However, the Whittaker function behavesrage in the limit
r—0, and therefore this approximation is only motivated if where y denotes the parametefigy, k1, 75,p}, andp is an

the transition matrix element is dominated by contributions, ¢ ulfill ~'+1. Th tex- is defined b
from very larger. This is the case for reactions at very small integer fulfifing p=7o 1. 1he parameteko 1S delined by

energies; while for real experimental energie€ ( the binding energy and effective mass. By putting= 7o
=100 keV), the WF of the bound state should be conV& would ensure to reproduce the tail of the WF atvery large
structed in a more realistic way. Our idea is therefore td- However, the difference between an exact Whittaker func-
introduce a model function that describes the bound statiion and its asymptotic behavigfirst term of Eq.(12)] re-
(c+x) WF accurately for all distances. This can be achieved@ins important for <100 fm. Therefore,;, and «, are
by considering the behavior at small and largaVe have Uused as free parameters in a fit to the “exact” WH) in the
already pointed out that the WF should be described by #terval of interest. In this wayy, will be an effectiveSom-
Whittaker function at large. Furthermore, the expectad merfeld parameter while; will still mainly be connected
—0 behavior for a two-body system consisting of pointlike with the size. Note that ifjo>1,, then the second term in
particles isr'o™t. Both asymptotics are fulfilled using the Ed.(12) will be negative and consequently we will find that
following model function: o< mo. Finally, the integep is fixed by the smalt behav-

ior. For a pure two-body system we will uge=(7n{+l,

(14

coxact” 1 Croliin +1) (where(x) is the closest integer tg), while we can
¢y, (0r)= Nw—no,'oﬂﬂ(z"or)(l_e 1o, take many-body effects into account by puttipg=( 7
v +n).
(11)

With this model WF, it is possible to solve the integral

where N, is the normalization constant ang denotes the (10) exactly as follows:

parameterg kg, k1, 70}. The parameterg, and 7, are de- 0

fined by the binding energy, charges, and masses, while (k)= 1 D
can be fitted to give the correct distance between particles 7 \/N_ =0
andx (or the correct size of the systentsing this WF, and 7

p :
m)(—l)m(mxl+ Kko+ik)~(F2Fr=m0)

solving the integral 10 numerically, it is possible to get very
good estimates for the electromagnetic reaction cross sec-
tions. We should also mention that in the lirkit-0 we are _
actually able to solve the radial integral 10 analytically, ex- : ) i 2ik

S —in(k);21+2;—————
cept for the normalization constaNt, . Mkq+ ko tik

[+2+N—7i;1+1

. (15
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Many-body nuclear structure can further be taken into ac- TABLE I. Parameters of our model WFs used to describé’the
count by considering the possibility that the bound state WHRround state. Both models give the same intercluster distapge,

contains several different two-body components =4.57 fm. With E;=137 keV we getx,=0.076 fm* and 7,
=1.595. The excited core compondist row) hasE,=566 keV

giving k,=0.154 fmi'! and 7,=0.786. The relative orbital mo-
0r)= a or), 16 mentum for all components Ig=1 while | is the channel spin and
#(0r) 2. '¢7‘( ) (16 a® is the spectroscopic factor. Note that there is no dependence on
the particular value of the channel spin in the two-body case.

which can be seen as two-body projections of the many-body, o1 we 2

fm~1 o
WEF. Note that pure many-body components will not contrib- P_rl )70

configuration | a

ute to two-body breakup and, as a result, we will haveTwo-body [’Be(3/2)®p] 2 1.00 3 0.601 0.79
Eiai2<1. Note also that the threshold for two-body breakupThree-body ['Be(3/2°)®p] 2 0.65 5 0.702 0.87
will be higher for components where orter both of the ['Be(3/2)®p] 1 013 5 0.765 0.86
clusters is excited. Therefore, we define the continuum ['Be(1/2)®p] 1 0.16 5 0.753 1.43
strength function separately for each component. Finally, we
arrive at an analytical formula for the strength function of
component, N |
|(1~“’15)(k): 1 Hna+1+n)!
Iy (1n,1s) T
ABEN) | _Z(Npe 2 HL 5 s VN 21!
dE |, 2 2m? T ! !
X D (—1)M(Miy+ ko) "N F
X(1,0N0[10)2[1, . (K)|2. (17) =0 Lo 2t
[+2+X 1+3+x 3 | —k?
B. One-neutron hal t X ; =t :
ne-neutron nalo systems 2 2 2 (mK1+ K0)2
The special case whe®,=0, i.e., a one-neutron halo

system will lead to several simplifications. First of all we (22)
will have 7,=0 and the Whittaker function in Eq11) will
transform into a modified, spherical Bessel function C. Application to B

2 kol We will now apply our model to théB nucleus. The

Wojo+ 12 2k01) = \| ——Kj 12 o). (18 low-lying B continuum can, with relatively good precision,

be approximated as a pure Coulomb one. At least there are
no negative parity states at low excitation energs—27
Furthermore, the continuum solution will reduce from a Cou-gnd the electromagnetic processes are, in all cases we are
lomb function(7) to the corresponding component of a planeconsidering, dominated b1 transitions. However, we will
wave also show that the influence of a broad negative parity state
at high excitation energ26,27] is not negligible at interme-

2 diate (=0.4 MeV) continuum energies.
d;fln)(k,r): \ﬁ i'rj(kr), (29 In a first approximation the bound state 8B can be
& treated as a pure two-bodyRe+ p) system with binding
energyEq=137 keV and relative orbital momenturg=1.
wherej,(x) is a spherical Bessel function. In this case, theThe single free parametaf, in our “exact” model function
integral(10) can be solved exactly. Consider, e.g., a nodeles$l1) was then fitted to an rms intercluster distancer gf;
s state, for which our model WF would read =4.57 fm(extracted from Ref[28]). In order to get analyti-
cal results, we then introduced the model functi@B). We
put p=3 and fixedk, from the binding energy, while the

d)il”‘ls)(o,r): L e K0 (1—e 1), (20) remaining parameters, and 7 were fitted to the behavior
7 NS) of the “exact” model WF, see Table I. The resultirfgl
v strength function is shown as a dotted line in Fig. 1. This
_ analytical approximation agrees very well with numerical re-
with norm sults obtained keeping the “exact” model WF. The error is
less than 2% in the region of interest.
(1) Kz{ However, conce.rning the structure of tAB 'grqun.d state
N> = Dokt 2rg) (KiF rg) (21)  one should keep in mind that théBe core is in itself a

weakly bound system with an excited 1/3tate at 429 keV.
The common treatment &iB as a pure two-body system is
The radial integra(10) for this special case will be given by therefore questionable. We want to investigate what effect
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FIG. 1. TheEl strength function of’B. Although the total FIG. 2. The nuclear potentigtiotted ling corresponding to our

strengths are the same in these examples, the shapes are very dif§ “exact” WF. This potential is very well described by a Yukawa
ferent when treating th8B nucleus as a two-bodglotted ling or a potentialV,,,{r) = —114e~%%%/r (MeV) (dashed ling
three-body(solid line) system. The difference is mainly due to the

stronger _centnfugal barrier in the three-quy case_e, eg. Ref. ethod to extract information on radiative capture reactions.
[29]), which forces the WF to be narrower in coordinate space an

, . nfortunately, as for all reaction experiments, a lot of infor-
thus wider in momentum/energy space. The parameters of the .=~ . : - - L
X mation is contained in the experimental results and it is a

model WFs can be found in Table I. . . .

hard task to disentangle the desired part. The transition ma-
trix elements represent the probability for an initial state
wave function to end up in a specific final state after being
filtered through the reaction mechanism. Naturally, both the
tructure of the initial as well as the final state are important
or this quantity. In addition, further complications arise if
nFcIear induced breakup contributes to the measured cross
or ~. . ) X . .

Section, and/or if the interaction time is long enough for
higher-order transitions to become important. Therefore, in
order to minimize interference from higher-order dynamical
effects and from nuclear interactions, we will be interested in
ehigh-energy experiments in which events characterized by
large impact parameters have been selected.

the many-body structure diB might have on the strength
function. For this purpose we utilize a recent three-body (
+ 3He+p) calculation[28] where it was shown that, after
projection onto the two-body channels, there are three mai
componentgadding up to 94% of the total WF, see TabJe |
and that the rest are pure three-body channels. For each
the numerical two-body overlap functions we fit our param-
etersk, and n;. The binding energyE,= 137 keV deter-
minesk for the two first components arteh,= 566 keV for
the third, ‘Be excited state, component. The best fit to th
small r behavior is obtained witlp=5 which reflects the
effectively larger centrifugal barrier in the three-body case.

Thi ifugal barri o h the WE ; In this section we will demonstrate that the analysis of
Is centrifugal barrier will push the away from=0  evip energy spectra from loosely bound nuclei is highly
and will, thus, force it to become more narrow than the cor-

. model dependent. We will then discuss the important issue of
responding two-body WF. how to separate the contributions from specific multipoles; a
problem which is of great significance when extracting infor-

D. Studies of the corresponding potential mation on the inverse, radiative capture reaction.

Using the two-body WH11), which describes correctly
the binding energy and the geometry, we are able to restore
the corresponding two-body potential. Besides centrifugal ) ) o
barrier and Coulomb interaction, the potential also contains APPlying our analytical model to study EMD using first-
an attractive part which we find can be approximated with erder perturbation theory enables us to investigate the sensi-
high accuracy by one or two Yukawa-type potentials. Notefivity of the energy spectrum to some properties of the initial
that such potentials are widely used in few-body nucleaound state. At small relative energies the electromagnetic
physics. In Fig. 2, the nuclear part of the potential whichProcesses are highly peripheral, which means that the inter-
corresponds to outB “exact” two-body WF is plotted. Asis ~ action mainly probes the external part of the bound state WF.
shown in the figure, the potential can be very well described®S & consequence, the amplitude of the EMD cross section
by a Yukawa-type potential. In this connection we would Should depend crucially on the size of the nuclear system. A
also like to point out that for the special case whiye 0 larger size |mpI|_es a lower _C_oulomb barrier, which results in
andZ,=0, the WF can be described 160) and the corre- @ larger tgnnelmg probability, _z_ind cons_equently a Ia_rger
sponding potential reduces to a Hulthgotential which has ~Cross section. However, the radii of nuclei far from stability

A. Model dependence of energy spectrum analysis

exact solutions. are usually extracted from interaction cross section measure-
ments, and this procedure has unfortunately proven to be
IV. ELECTROMAGNETIC DISSOCIATION highly model dependent. A Glauber-type analysis, assuming

a uniform density distribution, results in a smaller radius as

The EMD of loosely bound nuclei, impinging on a high- compared to an analysis in which the few-body structure is
target, has been used in nuclear physics for many years bothken into account explicitly30]. Furthermore, the relevant

in order to investigate nuclear structure and as an indireqparameter for two-body breakup is in reality the intercluster
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FIG. 3. The total EMD cross section as a function of intercluster E (MeV)
distance. The parametet of our two-body model WF was varied . '
in order to change the rms distance betweenfe core and the FIG. 4. The®B _E“élD energy spectrum obtained at 82.7 MeV/
valence proton. A beam energy of 82.7 MeV/nucleon and a mininucleon on Pb with®B scattering angles)sz<1.77°. The data
mum impact parameter of 30 fm was used. points are from Ref{3]. The curves show our analytical two-body

(dotted ling and three-bodysolid line) results, and the numerical
distance rather than the total matter radius, and the relatiogalculations: without the FSlong dasheyj and with the FS[short
between these two quantities is also model dependent. In dasheil All theoretical curves have been corrected for experimental
pure two-body model one often assumes that the size of thesolution and acceptance.
core is equal to the size of the corresponding free nucleus. In
contrast, taking many-body structure into account will resulton Pb, including botliE1 andE2 transitions, to the experi-
in polarization effects. For example, it was found in Réfl] mental data from Davidst al. [3]. This experiment is very
that the average distance betwethte— « is approximately appealing since the selection of scattering angles
10% smaller inside®B (studied in a®He+a+p picture (#sg=<1.77°, which corresponds to a minimum impact pa-
than in a free’Be nucleus {He+ « picture. rameter ofb,,;=30 fm) minimizes the contribution from

We have investigated the sensitivity of the EMD crossnuclear scattering, and the relatively high beam ené8gy7
section to the rms intercluster distance by performing modeMeV/nucleon justifies the use of first-order perturbation
calculations with a®B-like system. A pure two-body system theory. Let us first compare our analytical two-badyptted
with 1,=1 relative motion(having unity spectroscopic fac- line) and three-body(solid line) results, see also Ref5].
tor) was assumed and a binding energy of 0.137 MeV wa£oncerning the shape of the energy spectrum we have an
used. The effective Sommerfeld parameter was fitted to thexcellent agreement between the experimental data and our
asymptotic behavior of Eql1), i.e., to the Whittaker tail. results obtained using the three-body model, while the pure
The size of our model WF13) was then a function of the two-body calculation gives a too narrow peak. As to the ab-
remaining free parameter;. By varying this parameter we solute values, the three-body energy spectrum=i80%
could investigate the sensitivity to the size and from Fig. 3 itabove the experimental data. However, the most important
is clear how strong it is. Just for illustration: a 15% uncer-lesson from this comparison is that for two different assump-
tainty in the rms intercluster distan€ahich, in our model, tions concerning the nuclear structure, but keeping the rms
would correspond to 5% uncertainty in tAB matter radius  intercluster distance fixed, we obtain very different shapes of
results in~50% ambiguity of the calculated total cross sec-the calculated energy spectra. Thus, one can conclude that
tion. the interpretation of energy spectra is highly model depen-

Let us now consider the difference between a two-bodydent. A final remark in connection to this observation is that,
and a three-body approach. As was mentioned in Sec. Ill Gn order to interpret experimental data correctly, it is very
the effectively larger centrifugal barrier in a three-body sys-important to fix the spectroscopic factors of different two-
tem will push the relative motion WF away from=0 and body and many-body components. Therefore, we want to
consequently force it to become more narrow than the correstress the usefulness of experiments where EMD is studied in
sponding two-body WF for a given radius. We therefore ex-complete kinematics. Examples of interesting channels in the
pect the distribution in momentum/energy space to be’B case is®B—'Be(1/2°)+p+y and ®B—>3He+a+p.
broader. This effect is clearly seen in Fig. 1 where $BeE1 Some progress has already been made in this direction. Re-
strength functions, obtained using our three-Hoaiyd two-  cently, 'Be fragments and/ rays were measured in coinci-
body analytical model WFs, are compared. This differencegdence after breakup on a light target by Cortina-€lilal.
seen in the strength function, should be even more probll], which resulted in a clear observation of the excited core
nounced in the energy spectrum since it will be magnified bycomponent of the WF.
the spectrum of virtual photons. We have also performed numerical calculations, based on

In Fig. 4 we compare different calculations 8 EMD first-order perturbation theory, where the numeri&B

bound state WF from Ref28] was used. In the first inves-
tigation we assumed a pure Coulomb continuum and the re-
INote that this is not strictly a three-body model, but rather thesults of this calculation are shown as a long-dashed line in
two-body projection of a three-body WF. However, in the following Fig. 4. We note that the obtained energy spectrum compares
we will consistently refer to it as three-body results. rather well with our analytical three-body model except for a
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15% difference in the peak height. Since our analytical

model has the correct asymptotic behavior for largand a 0.90

three-body behavior at small the main difference to the

numerical WF should be in the intermediate region, and this =)

is exactly the region which dominates the transition matrix g

elements for energies corresponding to the peak of the en-

ergy spectrum. This fact explains the observed discrepancy. 0.80}/."
In our second numerical investigation we studied the in- :

fluence of ‘Be+p FSI. As previously mentioned, the low- 0.75

energy continuum of®B is dominated by positive parity 0 0.1 0.2 0.3

states[25] which are only relevant foE2 (~10% of the E (MeV)

total cross sectionand M1 transitions. Note that the latter

only plays a role in the vicinity of the narrow*lresonance FIG. 5. Fraction of the calculated energy spectr(&MD of

at 0.64 MeV above threshold, and is therefore not included i82.7 MeV/nucleon®8 on Pb with scattering anglegsg <1.77°)

our calculations. However, the possible existence of a vergttributed toE1 transitions, see Eq23). The curves show two-

broad negative parity state at high excitation energy can stiﬁ;ody (dotted ling and three-body(solid ling) analytical results

have a strong influence on the energy spectrum. Effects dyhllc_e the dashed Ilne_shows results of numerical calculations in-

such a state were observed in a recent elastic proton scatt&[ding the FSI. The inset shows the same curves for a broader

ing experimen{27] from which the authors made a Xpin- ~ €N€rdy range.

pa_lrity assignmgnt _and, from @matrix analysis, they ob- =D of 8B (on a Pb target at 82.7 MeV/nucleon with,,
tained a best fit with the parametes=3.5£0.5 MeV and  _30 fm) as an example. Reusing the different model calcu-
['=8+4 MeV. We have included such a broad continuum|ations from Sec. IV A, we can investigate the sensitivity of
structure by adding an attractive potential in th&vave  the ratio to different model assumptions. First, in Fig. 5 we
channel. The effects of this are clearly seen in FigsHort-  can see that the difference between a two-body and a three-
dashed ||n£ the total cross section is reduced and the Con'body approach is less than 3% in the region of interest. This
tinuum strength is redistributed towards smaller energies. Weyy sensitivity can be explained by the fact that the [Bw-
conclude this comparison by stating that a broad negativgart of the spectrum mainly probes the largesymptotics of
parity structure in the high-energy continuum has a nonthe radial WF. Shown in Fig. 5 are also results from the
negligible influence on the EMD energy spectrum for enermymerical calculations introduced in Sec. IV A. It is clearly
gies=0.4 MeV and that the parameters of such a state argeen that the influence from the FSI is almost negligible at

0.85

still to be determined with greater accuracy. small relative energies where the numerical results and our
analytical three-body model seem to converge. Unfortu-

B. Extraction of E1 contribution using nately, the numerical accuracy of our calculations becomes

the low-E energy spectrum questionable at small energies and the calculated ratio is

As we have seen in the preceding section, the main modderefore only plotted down to 0.1 MeV. In this context we
uncertainties in the EMD analysis are the following: theWant to stress that in our analytical model we are able to
asymptotic normalization constant which depends(ipthe calculate the relevant transition matrix elements for all ener-
radius in combination withii) the spectroscopic factors of 9i€S, including the limitE—0. In contrast, the numerical
different two-body componentsiii) the underlying many- approac_hes will run into problems for small energies since
body structure, and finallyjv) the FSI. Despite the difficul- the contl_nuum WF will be extremely small at relevant inter-
ties connected with measuring the cross section at small rel&!Uster distances. o o
tive energies, we still suggest to focus on the [Bvpart of Furthermore, as can be seen in Fig. 6, the sensitivity of

the energy spectrum. In this way one can avoid uncertaintied'® Remp(E) ratio (23) to the intercluster distance is also
associated with the FSlunless there are resonances Veryvery small. This feature is also expected since the intercluster

close to thresholdand with the many-body behavior of the distance determines the asymptotic normalization of the WF

WF at small intercluster distances. The asymptotic normaIWhiCh' in turn, cancels when the ratio is calculated. However,
ization constant in combination with the spectroscopic facto@S can be Seen in t_he insets of F'g‘?" > and_ 6,_the res_:ults
will enter as an absolute normalization of the cross sectionPPt@ined using the different models diverge with increasing

However, since this normalization affects all multipole tran-€N€r9y- L . g
sitions equally it is possible to calculate the ratio of two  On€ final question is well founded: Since the transition

different multipoles with a very good precision. matrix elements for very small energies depend mainly on
We have investigated the ratio the tail of the bound state WF, is it still justified to use our

model WF(13) which has merely an approximate description
doegwp(E1)/dE of the Whittaker tail? The result of our numerical calculation
Remp(E)= : (23 (remember that the numerical bound state WF has the correct
asymptotics presented in Fig. 5 indicates that it is justified,
since it seems to converge with the analytical model for
and found that it is almost model independent at small relasmall E. Furthermore, in the limiE— 0 we are actually able
tive energies. To demonstrate this we will continue to use theéo solve the radial integrdlL0) exactly even for the “exact”
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FIG. 6. Fraction of the calculated energy spectr(EBMD of E (MeV)

82.7 MeV/nucleon®B on Pb with scattering anglegsg <1.77°)

attributed toE1 transitions, see Eq23). The curves show two-

FIG. 7. Ratio of photodissociation cross sections calculated

body results characterized by two different intercluster distancesyjithin our analytical three-body model, see E25).
rms=3.3 fm (dash dotted and r,,c=5.4 fm (dotted. The inset
shows the same curves for a broader energy range.

r(E)=

WF (11) which has a Whittaker tail. We find th&gyp(E
—0) calculated with the model WF and with the “exact”

WEF agree within 0.5%. This result gives an additional justi-
fication to the use of our model WF for calculating transition

matrix elements at smalt.

In summary we have found that the calculaig,p(E)
ratio of the energy spectrum is almost model independent at
small relative energies. In the first-order perturbation theory,

this ratio can be expressed as

dO'EMD(El)/dE
dUEMD(E1+ EZ)/dE

Remp(E)=

<0.5%

E2
o, (E)

= )= (—1.7290+ 3.4663°*F) x 107%,
g

Y
(26)

which describes the calculated curve with an accuracy of

in the region 8CE<0.3 MeV. From this formula it

is easy to obtaiRgyp(E) using Eq.(24).

C. Extraction of E1 contribution using two different

experimental conditions

One of the beauties with the method of virtual photons is

the separation of reaction kinematics and nuclear excitation
dynamics into the spectrum of virtual photons and the pho-
toabsorption cross section, respectively. This separation can

be used as an alternative method to extractBhecontribu-

tion from the measured cross section. The objective is to use
the fact that the cross section will depend on beam energy
and minimum impact parameter only through the spectra of
virtual photons. First, let us introduce the notation

nE)\( Ey rbmin ) Ebean)

E, '

:1/ (1+_nE2(E7) UEZ(E))

nel(E,) asl(E)
_, /

where we have introduced ti2/E1 ratio of photodissocia-
tion cross sections

ne2(E,)
nea(E,)

1+ (24)

ry<E>>,

Nen(E,)= (27)

where we have indicated that the spectra of virtual photons
are functions of the beam energy and minimum impact pa-
o rameter. In reality this dependence enters in the adiabaticity

E)
_ oy parameter

")

r (E (25

obpyin

YU

&= (28)

Naturally, the ratioRgyp(E) will depend on the experimen-

tal conditions such as beam energy and minimum impacfAssuming that the total cross section is dominatedt hyand
parameter. However, this dependence enters only in the speE2 transitions we find that the energy spectrum for given
tra of virtual photons which are easily calculated for anyexperimental conditiongb),, E{). .} is given by

experimental condition$bminEpeant (S€€, €.9., Eq4.7) of
Ref. [23]). In contrast, the ratio offB photodissociation
cross sections,(E) (25 does not depend on the experimen-
tal conditions. Therefore, we provide this ratio, calculated
within our analytical three-body model, in Fig. 7. The curve where we would like to remind the reader of the relatibn
shown in Fig. 7 can approximately be described by the for=E,—E,;. Now we can use the fact that the virtual photon
mula spectra depend differently oé for different multipoles to

=N(E,)oSHE)+NIY(E,)eSHE), (29
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extract the contribution from one of the multipoles. Let usdifferent many-body channels; while the shape of the energy
assume that we have two sets of experimental data from th&pectrum is very sensitive to the few-body structure. Finally,
same experimental setup; the only difference being the beame found that a broad negative parity state at high excitation
energy and/or the selected scattering angiemimum im-  energy will influence the energy spectrum for energies
pact parameter The E1 contribution to one of the measure- =0.4 MeV, and will lead to a reduction of the cross section.

ments can then be obtained with the formula However, the main purpose of this paper has been to in-
vestigate the problem of how to extract tB& contribution

dotp(EL) N(Ell)(Ey) from a measured EMD energy spectrum. This question is of

ENTEY) ) NO) (1) great significance for the gathering of information on astro-

dE Ner(ByNez(E,) ~ NET(E,)Ne2 (E,) physically interesting radiative capture reactions from EMD
dg(Ell\)ID dU(EZ,\}ID experimentgnote the relation between tit€l component of
x| NEX(E,) —-NE)(E,) the EMD energy spectrum and the astrophys®&#ictor via

dE dE

Egs.(4)—(6)]. The main method so far has been to study the
(30 asymmetries in angular or momentum distributions. How-

ever, this asymmetrywhich is due toE1-E2 interferenc
The advantage of this method is that information can b y w ¢

btained directly . Id Y it should epends strongly on details of the FSI which, in turn, are
obtained directly from experimental data. However, it should e, relatively unknown. Furthermore, tlel-E2 interfer-
be emphasized that the formula is only valid under the as

. t the fi q bation th d h ence terms do not themselves contribute to the integrated
sumptions of the first-order perturbation theory and straighte, ¢ sections to which th® factor is related. Instead, we

:lzn,\(ZDtratjec}o:_lesl. ':'hus, ;h's methoq canhonly be tuser(]:i forhave proposed two novel, and less model dependent, ap-
teri gbrelalvey arget eam ert1erg|r<1as wterg eveT stc darlfl yroaches to extract thE1l contribution from a measured
erized by large impact parameters have to be selected. D energy spectrum.

thermore, the experimental conditions must be chosen so that (i) First, we demonstrated that the ratio of EMD cross

i D JdE— do@ i ) , .
the dlfferencedoEMD/_dE doEMD/dE_ is observable and sectionsogyp(EL)/oevp(EL+E2) is almost model inde-
larger than the experimental uncertainty. pendent at small relative energies. We also provided an ana-

lytical formula to calculate this ratio for any experimental
V. CONCLUSION conditions. (i) Second, we demonstrated how two sets of
In this paper, we have studied electromagnetic procességPerimental data, obtained with differeBe,nand/orbyn,

involving loosely bound nuclei. To this aim we have devel-Can be used to extract il component. This method relies
oped an analytical model which is based on the use of radidln the fact that the strengths of different multipole compo-
model functions that give a realistic description of two-bodynents depend on Fhe beam energy and minimum !mpact pa-
WFs (or the two-body projections of many-body WHer all rameter, and in first-order perturbation theory this depen-
radii, see also Ref(5]. We have used this model to study 9€nce enters only in the virtual photon spectra.

EMD of 8B, but have also indicated how it can be applied to Since the proposed two methods are not directly con-
other reactions and other nuclei. For example, it should pro':‘ec'[ecj to each other, they can be used independently and the

vide an important tool to investigate the low-energy behavior esults can be cpmpared tq each other. I—_|owever, both meth-

of the astrophysica$ factor. ods, but in particular the first one, require that_the energy
We have also presented numerical calculations based ectrum 1Is measgred c_jown to very small relatlve_e_nergles

the three-body model ofB, developed in Refi28], and on 100-300 keV, which will probably prove to be a difficult

recent experimental information on a broad negative parit)?ha"enge'

state in the®B continuum. Combining the results of our ana-

lytical model,_ and _of these nume_ri_cal calculations, has al- ACKNOWLEDGMENTS
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