
PHYSICAL REVIEW C, VOLUME 60, 064603
Nuclear forward glory, sR and f N „0°… in the scattering of 6He by carbon
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Using the generalized optical theorem for charged particles, the total reaction cross sectionsR and the
nuclear scattering amplitudef N at 0° have been determined model independently for the first time in the
6He112C system. A large fraction ofsR is accounted for byf N(0°) — a manifestation of the nuclear forward
glory effect. A comparison with the6Li112C system supports the prediction that the high break-up probability
of 6He reduces the fraction of the total reaction cross section accounted for by the nuclear scattering amplitude
at 0°. @S0556-2813~99!03011-3#

PACS number~s!: 25.60.Dz, 25.60.Bx, 25.60.Gc
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I. INTRODUCTION

The nuclear forward glory effect, which is a result of th
interference of the forward nuclear and Coulomb scatter
amplitudes, has already been observed in a measureme@1#
at nonvanishing Coulomb parametersh in the scattering of
12C by carbon. It manifests itself in an enhancement of
nuclear scattering amplitudef N(0°), i.e f N(0°) accounts for
a large part of the total reaction cross sectionsR . Both quan-
tities can be determined by using the generalized opt
theorem~GOT! for charged particles@2#, which relates them
model independently to elastic scattering angular distri
tions. The knowledge off N(0°) andsR imposes additiona
restrictions on optical potentials describing the scattering
the system under investigation. In the present paper we
port an experiment that applies the GOT to exotic nucl
scattering for the first time.

The interest in studying the6He nucleus is connected t
the low binding energy of itsp-shell neutrons, which leads t
peculiarities in their density distribution.6He is regarded as
the ‘‘benchmark’’ nucleus for the theoretical understand
of these features, since its tightly bound4He core makes it
an ideal test case for the study of so-called ‘‘Borromea
neutron-rich three-body clusters@3#.

In the present paper, we study whether the low neut
binding energy of only 975 keV for6He reduces the nuclea
forward glory effect due to flux losses from the elastic cha
nel related to its high break-up probability. To study t
influence of neutron separation energy differences on the
ward elastic scattering, one has to compare projectiles of
same mass multiplet incident on the same target. To av
the complication of different projectile nuclear charges,
will compare the scattering of6He and6Li by carbon at the
same Coulomb parameterh, using data previously publishe
by Poling et al. @4#. The effects that arise from the sma
difference in mass of the two projectiles can be neglec
This comparison will allow us to show that the tail in th
density distribution of the valence neutrons in6He not only
enhances the total reaction cross sectionsR , but also re-
duces the fraction ofsR that is accounted for by the forwar
nuclear scattering amplitudef N(0°).

No experimental data for6He on carbon, having both th
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necessary energy and angular resolution to detect this ef
have been published to date. However, the advent of p
accelerated nuclear beams at energies in the vicinity of
Coulomb barrier and with intensities greater than 106 ions/s
at Louvain-la-Neuve, Belgium, provides the opportunity
study the scattering of6He in detail.

In the following, a measurement of the elastic scatter
of 6He by carbon, reaching into the forward glory angu
domain, is described. The generalized optical theorem
then be used to determinesR and f N(0°) for both 6He and
6Li scattering by carbon. In addition, the result of an optic
model fit to the scattering data will be used to determine
glory angular momentum, which will be compared to t
grazing angular momentum obtained from the scattering d
using a sharp cut-off model. Finally, the nuclear forwa
glories in both systems will be compared to see whether
low break-up threshold in6He with respect to6Li changes
the magnitude of the effect.

II. EXPERIMENT

A post-accelerated secondary6He beam of 5.9 MeV and
33106 ions/s was scattered on gold and carbon targets
180 and 50mg/cm2, respectively. In addition, a carbon plu
gold target of 20120 mg/cm2 was used for normalization
purposes. The energy resolution in the beam was 0.8%
width half maximum. The Coulomb parameterh
5ZprojectileZtargete

2/(\v) is 1.9. The beam showed less tha
20 ppm contamination of12C ions, which had the same mag
netic rigidity as the6He beam due to their 21 charge state.
The reaction products were simultaneously measured in
LEDA-type silicon strip detector arrays covering two diffe
ent angular ranges from 6 to 14 deg with an angular res
tion of less than 0.5 deg and from 23 to 65 deg in the la
ratory, respectively. The setup has been described elsew
@6#. Both the energy and the time of flight with respect to t
cyclotron frequency were recorded for each reaction prod
The energy resolution was 60 keV and was mainly due to
longitudinal emittance of the beam. The timing resolution
4 ns was sufficient to discriminate6He from other reaction
products, in particular4He. This, in connection with the en
ergy spectra, enabled us to identify the elastic scattering
ambiguously. The beam quality has been monitored
©1999 The American Physical Society03-1
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switching between the gold and the carbon target in sh
time steps. The solid angles have been calibrated using
scattering on the gold target, assuming pure Coulomb s
tering.

Figure 1 shows the normalized angular distribution of
measured differential elastic cross section. The dash
dotted line represents an optical model fit to the data. T
optical model parameters are given in Table I. The das
line shows the angular distribution for the scattering of6Li
obtained using the phase shifts published in Ref.@4#. The
Coulomb parameter values for the two different scatter
systems differ only by 1%.

The quarter point angle obtained from the6He112C data
set is 84 deg. Figure 1 shows that both scattering syst
show considerable absorption already for angles less tha
deg. The Coulomb rainbow at around 50 deg is more p
nounced for the scattering of6Li. However, this is not en-
tirely surprising, if the different Coulomb barrier heights a
taken into account.

III. NUCLEAR FORWARD GLORY EFFECT
AND THE GENERALIZED OPTICAL THEOREM

We recall that the nuclear forward glory effect manife
itself in heavy ion scattering in having moduli of the nucle
amplitude that follow a zero order Bessel functio
J0@ l g sin(Q)# at forward anglesQ, where l g denotes the
glory angular momentum, which is essentially the graz
angular momentum@6,7#. Moreover,u f N(0°)u is largely en-

FIG. 1. Angular distribution of the measured differential elas
cross section normalized to the Coulomb cross section of6He
112C at 5.9 MeV incident energy. Results of an optical model
~dashed-dotted line! are also shown. The dashed line represents
angular distribution for the scattering of6Li112C 13 MeV incident
energy~see text!.

TABLE I. Optical model parameters.

Vr Rr Ar Wv Rv Av Wd Rd Ad

81.99 2.25 0.59 5.78 2.22 1.43 4.18 1.03 0.
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hanced, i.e., its value becomes comparable to the total r
tion cross sectionsR divided by 4p/k @5#.

Hence, the magnitude of nuclear forward glory effect c
be studied ifsR and u f N(0°)u can be determined. Fortu
nately, the GOT relatessR andu f N(0°)u to elastic scattering
angular distributions model independently via the sum-
differences cross sectionsSOD(Q0), which has been intro-
duced by Holdeman and Thaler@8#:

sSOD~Q0!52pE
Q0

p H F ds

dV
~u!G

c

2F ds

dV
~u!G

el
J sinu du.

~1!

Here,@ds/dV(u)#c and@ds/dV(u)#el denote the Coulomb
and the differential elastic cross sections, respectively
lower cut-off angleQ0 is introduced to cope with the diver
gence of the Coulomb cross section at 0°.

Since sSOD(Q0) is the result of an integration over th
angular range betweenQ0 andp, one might think that it is
necessary to provide elastic angular distributions that re
well into the backward hemisphere. This would introdu
huge experimental problems, even with stable beams. H
ever, the differences in the integrand of Eq.~1! will become
smaller and smaller with rising cut-off angleQ0. The upper
limit for a particular difference is clearly given by the valu
attained by the Coulomb cross section alone.

Figure 2 shows the difference between@ds/dV(u)#c and
@ds/dV(u)#el for the measured data points. Figure 3 giv
the result of the Holdeman-Thaler integral for the measu
data points, given as triangles. The integration has been
formed assuming that the differences for cutoff anglesQ0
greater than the largest angle of the measured data are g
by the Coulomb cross section. The error on the data po
has been calculated following the procedure suggested
Marty @2#. Both the statistical error in the measured cro
section and the precision in the determination of the scat
ing angle has been taken into account, as well as the app
mation of the backward hemisphere differences by the C
lomb cross section. The error is dominated by the backw
hemisphere approximation used. The error bars obtaine
this way are smaller than the symbols shown in Fig. 3. T
dashed dotted line shows the result of calculatingsSOD(Q0)

t
n

FIG. 2. Angular distribution of the differences of@ds/dV(u)#c

and @ds/dV(u)#el for 6He112C at 5.9 MeV.
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using the cross section derived from the optical model
mentioned above. One can clearly see, that — as expe
due to the assumption of 100% absorption in the backw
hemisphere — the measured data points lie slightly hig
than the optical model data. However, at the maximum
10.8 deg, the difference between the measured values an
optical model predictions is of the order of the experimen
error bars. Hence, the error introduced by approximating
backward hemisphere absorption to be 100% is not proh
tive.

Equation~2! gives the generalized optical theorem~GOT!
for charged particles@2#:

sSOD~Q0!5sR2
4p

k
u f N~Q0!usinH fN~Q0!22s0

12h lnFsinS Q0

2 D G J 1C~Q0!. ~2!

The GOT relates the sum-of-differences cross sec
sSOD(Q0) to the total reaction cross sectionsR , the forward
nuclear scattering amplitude fN(Q0) in both modulus
u f N(Q0)u and phasefN , and a correction termC(Q0), that
vanishes asQ0 goes to zero@2#. Here,s0 denotes the zero
order Coulomb phase.

For angles less than a certain angleQg as defined in Eq.
~3!, the correction termC(Q0) in the GOT~2! becomes neg-
ligible @1#. Hence,sSOD(Q0) starts to oscillate aroundsR for
angles less thanQg with an amplitude that depends only o
u f N(Q0)u. To identify for which angular range the correctio
term C(Q0) can be neglected, an angular distribution h
been generated using the optical model fit to the meas
data points, which has then in turn been used to calcu
sSOD(Q0) given by the dashed-dotted line in Fig. 3.

The dashed line in Fig. 3 shows the values attained by
right-hand side of the GOT neglecting the correction te

FIG. 3. Holdeman-Thaler integral for6He112C at 5.9 MeV
~triangles!, sSOD(Q0) obtained using the optical model fit shown
Fig. 1 ~dashed-dotted line!, right-hand side of the GOT~dashed!,
and modified GOT fit to the maximum at 10.8 deg~see text!. The
dotted straight horizontal line represents the total reaction c
section value that has been determined using the GOT.
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C(Q0). Moreover, following Marty’s approach@2#, both
u f N(Q0)u and fN(Q0) have been replaced byu f N(0°)u and
fN(0°), respectively, which have been calculated using
optical model fit to the measured data points. In addition,
total reaction cross sectionsR used to calculate the dashe
line is also taken from the optical model fit. Clearly for cu
off angles less than 10 deg this approximation falls almost
top of the optical model data generatedsSOD(Q0). Hence,
for such angles the correction termC(Q0) can be neglected
This offers the possibility to deduce in a model-independ
way sR , and theu f N(0°)u from elastic scattering data pro
vided that the experiment yields angular distributions, wh
are reaching into the glory angular domain, i.e., for ang
less thanQg . A limit on Qg can be deduced from the sem
classical scattering theory@7#:

Qg5
3p

4l g
. ~3!

FIG. 4. Comparison ofu f N(Qc.m.)u obtained from the optical
model fit ~dashed-dotted line! and a zero order Bessel function fi
following Eq. ~4! given in fm ~solid!. The dashed line shows th
phase of the nuclear scattering amplitudefN(QCM) in radians.

FIG. 5. sSOD(Q0) for 6Li112C at 13.0 MeV incident energy
obtained using the phase shift analysis result shown in Fig
~dashed-dotted line!, right-hand side of the GOT~dashed line! ~see
text!.
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IV. DETERMINATION OF sR AND zF N„0°…z

As can be seen from Fig. 3, the measured data po
reach only just in the angular domain that is covered by
predictive power of the GOT neglecting the correction te
C(Q0). As mentioned above,u f N(0°)u and u f N(Q0)u are re-
lated by@5#

u f N~Qc.m.!u5u f N~0°!u3J0$ l g sin~Qc.m.!% ~4!

in the glory angular domain. The dashed-dotted line in Fig
shows the behavior ofu f N(Qc.m.)u obtained from the optica
model fit. The solid line shows the right-hand side of Eq.~4!.
However, the value attained byl g of 4\ is twice the grazing
angular momentum determined with the sharp cutoff mo
using the quarter point angle. In addition, Fig. 4 shows
behavior of the phasefN(Qc.m.) of the nuclear scattering
amplitude.

The solid line in Fig. 3 shows the result of a fit using E
~2! to the maximum in the data points at 10.8 deg. It has b
obtained using the GOT following Marty’s approach@2#,
which allows the determination ofsR and u f N(0°)u. The
correction term has been neglected. The way in which th
parameters can be calculated is described in the follow
At a maximum, the GOT simplifies to

sSOD~Qmax!5sR1
4p

k
u f N~Qmax!u1C~Qmax!. ~5!
e
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The phase of the forward nuclear scattering amplitude
then given by

fN~Qmax!5
3

2
p12s022h lnFsinS Qmax

2
D G . ~6!

Using the next data point at a lower cut-off angleQ1 and
applying the modified GOT, one finds

sSOD~Q1!5sR2
4p

k
u f N~Q1!usinH fN~Q1!22s0

12h lnFsinS Q1

2 D G J 1C~Q1!. ~7!

Neglecting the small changes inu f Nu andfN going from
Qmax to Q1 ~cf. Fig. 4! and neglecting the differences in th
correction termsC(Qmax) andC(Q1), the subtraction of Eq.
~7! from Eq. ~5! then yields

sSOD~Qmax!2sSOD~Q1!

>
4p

k
u f N~Qmax!uH11sinFfN~Qmax!22s0

12h lnH sinS Q1

2 D J GJ. ~8!

Using Eq.~4! one findsu f N(0°)u,
u f N~0o!u>
k

4p
3

sSOD~Qmax!2sSOD~Q1!

J0$ l g sin~Qmax!%3H11sinFfN~Qmax!22s012h lnH sinS Q1

2
D J GJ . ~9!
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This result and Eq.~4! can then be used to determin
u f N(Qmax)u provided the correction term can be neglecte
Thus, using Eq.~5!, sR can be calculated from

sR>sSOD~Qmax!2
4p

k
u f N~Qmax!u. ~10!

In the following, Eq. ~6! has been used to determin
fN(Qmax). In addition, Eqs.~4! and ~9! have been used to
deduceu f N(Qmax)u. The total reaction cross sectionsR has
been inferred from Eq.~10!.

The results of the fits to the maximum atQmax510.8 deg
are as follows:~i! The phase of the nuclear scattering amp
tudefN(Qmax): 1.30 rad60.01 rad.~ii ! The modulus of the
nuclear scattering amplitudeu f N(Qmax)u: 5.10 fm60.04 fm.
~iii ! The modulus of the nuclear scattering amplitude at 0
calculated using Eq.~4! and l g54\ u f N(0°)u: 5.90 fm
60.04 fm.~iv! The total reaction cross sectionsR : 1840 mb
620 mb.

In Fig. 5 the dashed-dotted line showssSOD(Qmax) calcu-
lated using the phase shifts given in Ref.@4# for the scatter-
.

-

g

ing of 6Li by carbon. Again the maximum at the large
cut-off angle has been used to fitsR and u f N(0°)u. The re-
sults are~i! the modulus of the nuclear scattering amplitu
at 0 deg calculated using Eq.~4! and l g54\ u f N(0°)u: 7.5
fm; ~ii ! the total reaction cross sectionsR : 880 mb.

V. CONCLUSION

For the first time the nuclear forward glory effect has be
observed in the scattering of the exotic nucleus6He by car-
bon, which manifests itself in a large value that is attained
the modulus of the nuclear scattering amplitudeu f Nu at 0 deg.
To determine this quantity, a model-independent analy
based on the generalized optical theorem for charged
ticles has been performed, which was possible though
backward hemisphere data could be obtained in this radio
tive nuclear beam based experiment.

A comparison betweensR and (4p/k) u f N(0°)u for the
scattering of6He by carbon shows that the scattering amp
tude at 0 deg accounts for almost 50% of the total reac
3-4
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cross section in the6He induced scattering. In the6Li case,
however, almost 75% ofsR is accounted for. This sugges
that the low binding energy of the valence neutrons in6He
leads to a reduced nuclear forward glory effect.

From our results we may conclude that the low break
threshold in 6He leads to a loss of flux from the elast
channel that reaches well into the glory angular domain,
large impact parameters. This is also reflected in the t
reaction cross section, which has been determined for
first time for 6He112C. sR is twice as high as for6Li
112C at the same Coulomb parameter value.
.
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