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Nuclear forward glory, oz and fy (0°) in the scattering of ®He by carbon
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Using the generalized optical theorem for charged particles, the total reaction cross sectmad the
nuclear scattering amplitudi, at 0° have been determined model independently for the first time in the
6He+ 1°C system. A large fraction afg is accounted for byy(0°) — a manifestation of the nuclear forward
glory effect. A comparison with théLi +%C system supports the prediction that the high break-up probability
of ®He reduces the fraction of the total reaction cross section accounted for by the nuclear scattering amplitude
at 0°.[S0556-28139)03011-3

PACS numbegs): 25.60.Dz, 25.60.Bx, 25.60.Gc

[. INTRODUCTION necessary energy and angular resolution to detect this effect,
have been published to date. However, the advent of post-
The nuclear forward glory effect, which is a result of the accelerated nuclear beams at energies in the vicinity of the
interference of the forward nuclear and Coulomb scattering-oulomb barrier and with intensities greater thafi is/s
amplitudes, has already been observed in a measurétijent at Louvain-la-Neuve, Belgium, provides the opportunity to
at nonvanishing Coulomb parameteysin the scattering of ~Study the scattering ofHe in detail. _ _
12C by carbon. It manifests itself in an enhancement of the I the following, a measurement of the elastic scattering
nuclear scattering amplitudg,(0°), i.e f(0°) accounts for of °He by carbon, reaching into the forward glory angular

a large part of the total reaction cross sectign Both quan- domain, is described. The generalized optical theorem will

i, - . : ._then be used to determing; and fy(0°) for both ®He and
tit be det db th lized opt atg N
1ies can 0e ceermined by using e 9ensraizec opic Li scattering by carbon. In addition, the result of an optical

theorem(GOT) for charged particleg2], which relates them ; : . .
model independently to elastic scattering angular distripymedel fit to the scattering data will be used to determine the

tions. The knowledge of (0°) andog imposes additional glory angular momentum, which will be compared to the

- . . - .~ . grazing angular momentum obtained from the scattering data
restrictions on optical potentials describing the scattering ”ﬂsing a sharp cut-off model. Finally, the nuclear forward

the system under investigation. In the present paper we ey, ias in hoth systems will be compared to see whether the
port an experiment that applies the GOT to exotic nucleug,,,, break-up threshold ifHe with respect to°Li changes

scattering for the first time. the magnitude of the effect.
The interest in studying thé€He nucleus is connected to

the low binding energy of itg-shell neutrons, which leads to
peculiarities in their density distributio’He is regarded as
the “benchmark” nucleus for the theoretical understanding A post-accelerated seconda‘i‘yle beam of 5.9 MeV and
of these features, since its tightly boufitle core makes it 3x10° ions/s was scattered on gold and carbon targets of
an ideal test case for the study of so-called “Borromean”180 and 50 ug/cn?, respectively. In addition, a carbon plus
neutron-rich three-body clustef3]. gold target of 28-20 wg/cn? was used for normalization

In the present paper, we study whether the low neutropurposes. The energy resolution in the beam was 0.8% full
binding energy of only 975 keV fofHe reduces the nuclear width half maximum. The Coulomb parametet;
forward glory effect due to flux losses from the elastic chan-= Zprojecmeztargeezl(hv) is 1.9. The beam showed less than
nel related to its high break-up probability. To study the20 ppm contamination of?C ions, which had the same mag-
influence of neutron separation energy differences on the fometic rigidity as the®He beam due to their 2 charge state.
ward elastic scattering, one has to compare projectiles of th€he reaction products were simultaneously measured in two
same mass multiplet incident on the same target. To avoidEDA-type silicon strip detector arrays covering two differ-
the complication of different projectile nuclear charges, weent angular ranges from 6 to 14 deg with an angular resolu-
will compare the scattering diHe and®Li by carbon at the tion of less than 0.5 deg and from 23 to 65 deg in the labo-
same Coulomb parameter using data previously published ratory, respectively. The setup has been described elsewhere
by Poling et al. [4]. The effects that arise from the small [6]. Both the energy and the time of flight with respect to the
difference in mass of the two projectiles can be neglectedcyclotron frequency were recorded for each reaction product.
This comparison will allow us to show that the tail in the The energy resolution was 60 keV and was mainly due to the
density distribution of the valence neutrons®He not only  longitudinal emittance of the beam. The timing resolution of
enhances the total reaction cross sectigq, but also re- 4 ns was sufficient to discriminatéHe from other reaction
duces the fraction ofrg that is accounted for by the forward products, in particulafHe. This, in connection with the en-
nuclear scattering amplitudg(0°). ergy spectra, enabled us to identify the elastic scattering un-

No experimental data fofHe on carbon, having both the ambiguously. The beam quality has been monitored by

IIl. EXPERIMENT
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6., [deg] and[da/dQ(6)] for ®He+1%C at 5.9 MeV.

FIG. 1. Angular distribution of the measured differential elastic hanced, i.e., its value becomes comparable to the total reac-
cross section normalized to the Coulomb cross sectiorfflié  tion cross sectiow divided by 4m/k [5].
+12C at 5.9 MeV incident energy. Results of an optical model fit  Hence, the magnitude of nuclear forward glory effect can
(dashed-dotted lineare also shown. The dashed line represents arbe studied ifog and |fy(0°)| can be determined. Fortu-
angular distribution for the scattering ki +**C 13 MeV incident  nately, the GOT relatesg and|fy(0°)| to elastic scattering
energy(see text angular distributions model independently via the sum-of-

differences cross sectiomgop(®g), which has been intro-
switching between the gold and the carbon target in shorluced by Holdeman and ThalE8]:

time steps. The solid angles have been calibrated using the

scattering on the gold target, assuming pure Coulomb scat- m

tering. USOD(®O):27TJ [
Figure 1 shows the normalized angular distribution of the 9o 2

measured differential elastic cross section. The dashed-

dot_ted line represents an opticgl mo_del fit to the data. Th?|ere [do/dQ(6)], and[do/dQ(6)], denote the Coulomb
optical model parameters are given in Table I. The dashe nd the differential elastic cross sections, respectively. A

line shows the angular distribution for the scattering®bf L . .
obtained using the phase shifts published in Rdf. The lower cut-off angle®, is mtroduce_d to copoe with the diver
X . gence of the Coulomb cross section at 0°.
Coulomb parameter values for the two different scatterin . : . .
Since o5op(0g) is the result of an integration over the

systems differ only by 1%. . . .
yThe quarter poi);]t ;ngle obtained from thide+ 12C data angular range betwedf, and 7, one might think that it is
nlecessary to provide elastic angular distributions that reach

set is 84 deg. Figure 1 shows that both scattering syste v%ell into the backward hemisphere. This would introduce

show considerable absorption already for angles less than ]hu e experimental problems. even with stable beams. How-
deg. The Coulomb rainbow at around 50 deg is more pro- 9 P P ' '

nounced for the scattering &Li. However, this is not en- ever, the differences in the integrand of &) will become

tirely surprising, if the different Coulomb barrier heights are ﬁmﬁllgi gnda?t?;ﬁifrr c\i,\i/fl;grgzlznegiguc:tl_g;lan%?gﬁ -lt—)h%[huep\ezlrue
taken into account. p yg y

attained by the Coulomb cross section alone.
Figure 2 shows the difference betwdetr/dQ(0)]. and
ll. NUCLEAR FORWARD GLORY EFFECT [da/d€(6) ] for the measured data points. Figure 3 gives

AND THE GENERALIZED OPTICAL THEOREM the result of the Holdeman-Thaler integral for the measured
data points, given as triangles. The integration has been per-
formed assuming that the differences for cutoff andbes
greater than the largest angle of the measured data are given
by the Coulomb cross section. The error on the data points
has been calculated following the procedure suggested by
gMarty [2]. Both the statistical error in the measured cross
section and the precision in the determination of the scatter-
ing angle has been taken into account, as well as the approxi-
mation of the backward hemisphere differences by the Cou-
lomb cross section. The error is dominated by the backward
hemisphere approximation used. The error bars obtained in
8199 225 059 578 222 143 418 1.03 0.67this way are smaller than the symbols shown in Fig. 3. The
dashed dotted line shows the result of calculating(® )

do do ]
m(@) C— m(@) 3} sin6 de.

We recall that the nuclear forward glory effect manifests
itself in heavy ion scattering in having moduli of the nuclear
amplitude that follow a zero order Bessel function
Jollgsin@)] at forward angles®, where |, denotes the
glory angular momentum, which is essentially the grazin
angular momenturfi6,7]. Moreover,|f\(0°)| is largely en-

TABLE |. Optical model parameters.
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Fiq. 1 (d ’ hs?j-d ?t d line right-hand side of the GoTdash model fit (dashed-dotted lineand a zero order Bessel function fit
ig. 1 ( ashed-dotte ine rig and side ot the Tdashed following Eq. (4) given in fm (solid). The dashed line shows the
and modlflgd GOT .f't to thg maximum at 10.8 depe text .The ghase of the nuclear scattering amplituplg(® c\) in radians.
dotted straight horizontal line represents the total reaction cros

section value that has been determined using the GOT. C(®y). Moreover, following Marty’'s approacti2], both
Ifn(®0)| and éy(®,) have been replaced Hyy(0°)| and
using the cross section derived from the optical model fit¢y(0°), respectively, which have been calculated using the
mentioned above. One can clearly see, that — as expectedptical model fit to the measured data points. In addition, the
due to the assumption of 100% absorption in the backwartbtal reaction cross sectiong used to calculate the dashed
hemisphere — the measured data points lie slightly higheline is also taken from the optical model fit. Clearly for cut-
than the optical model data. However, at the maximum a@ff angles less than 10 deg this approximation falls almost on
10.8 deg, the difference between the measured values and tH of the optical model data generatedo(®,). Hence,
optical model predictions is of the order of the experimentafor such angles the correction te@{®,) can be neglected.
error bars. Hence, the error introduced by approximating thd his offers the possibility to deduce in a model-independent
backward hemisphere absorption to be 100% is not prohibi¥@y or, and the|fy(0°)| from elastic scattering data pro-

tive. vided that'the'experiment yields angular di_striputions, which
Equation(2) gives the generalized optical theoré®OT) are reaching into the glory angular domain, i.e., for angles
for charged particlef2]: less than® 4. A limit on ®4 can be deduced from the semi-

classical scattering theofy]:

4 X 377
O'SOD(®O):0'R_T|fN(®O)|Sm én(Bp) =209 ®9:ﬂ' (3
g
[ Og
+27In sm(7 +C(0y). (2 16001 A\ A "
1400 T l/ \\ ,"/ ‘;'\ II \\

The GOT relates the sum-of-differences cross section ! \ ¢ ' ,’ )
oson(©) to the total reaction cross sectiof, the forward 12001 | \ ,:-' A
nuclear scattering amplitudey(®,) in both modulus 2 1000 / \ : “ \ ,' ‘\
|fn(®g)| and phasepy, and a correction terr®(0,), that = \ P! A
vanishes a®, goes to zerd2]. Here, o, denotes the zero- @ 800t | \ [ \] !
order Coulomb phase. g eoo--/ \ / \ ) \

For angles less than a certain an@lg as defined in Eq. l v \\ N ‘\
(3), the correction tern€(0 ) in the GOT(2) becomes neg- 4001 \ / AN \
ligible [1]. Hence,ogop(® ) starts to oscillate arounglg for 200+ . \\,' N \\
angles less thaf, with an amplitude that depends only on \\
[fn(®0)|. To identify for which angular range the correction A0 1(’), 182
term C(®,) can be neglected, an angular distribution has 0. [deg]
been generated using the optical model fit to the measured °

data points, which has then in turn been used to calculate FIG. 5. ogoy(®,) for SLi+!%C at 13.0 MeV incident energy
oson(®) given by the dashed-dotted line in Fig. 3. obtained using the phase shift analysis result shown in Fig. 1

The dashed line in Fig. 3 shows the values attained by th@lashed-dotted lineright-hand side of the GOTdashed ling (see
right-hand side of the GOT neglecting the correction termtext).
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IV. DETERMINATION OF o AND |F(0°)] The phase of the forward nuclear scattering amplitude is

As can be seen from Fig. 3, the measured data point%hen given by

reach only just in the angular domain that is covered by the 3 O max
predictive power of the GOT neglecting the correction term ON(O ) = =T+ 205—27In| sin ) (6)
C(®,). As mentioned abovefy(0°)| and|fy(©,)| are re- 2 2
lated by[5] Using the next data point at a lower cut-off anle and
. applying the modified GOT, one finds
Tn(Ocm)| =|Tn(0°)[ X JgllgsiNO, )} (4 2PPYINI
4
in the glory angular domain. The dashed-dotted line in Fig. 4 osop®1)=0gr— T|fN(®l)|sin o (O,)— 20,
shows the behavior dff \(®.,)| obtained from the optical
model fit. The solid line shows the right-hand side of E. (6
However, the value attained Iy of 47 is twice the grazing +2ylnisin ==/ |1 +C(0y). )

angular momentum determined with the sharp cutoff model

using the quarter point angle. In addition, Fig. 4 shows the Neglecting the small changes fify| and ¢y going from

behavior of the phasey(®.,,) of the nuclear scattering © . t0 O, (cf. Fig. 4 and neglecting the differences in the

amplitude. correction term&(0 ,,,,) andC(0®,), the subtraction of Eq.
The solid line in Fig. 3 shows the result of a fit using Eq. (7) from Eq. (5) then yields

(2) to the maximum in the data points at 10.8 deg. It has been

obtained using the GOT following Marty’s approa¢hy, osonl O max) — oson( 1)

which allows the determination ofrz and |f\(0°)|. The 4o

correction term has been neglected. The way in which the fit = T|fN(®max)| 1+sir{ DN(O may) — 209

parameters can be calculated is described in the following.

At a maximum, the GOT simplifies to

]. (8

Kt
+27nIn{ sinl —
O Vot ST (O )]+ C(O 5 °
G'SOD( max)_U'R k | N( max)| ( max)- () USing Eq(4) one findS|fN(O°)|,

500l O may) — Tson(O1)

0, '
¢N(®max)—200+2nln[ sin<?> H]

k
fn(00)|=—
[N (0%)] 47T>< (€)

Jofl g SIN(O mag } X [1+ sin

This result and Eq(4) can then be used to determine ing of °Li by carbon. Again the maximum at the largest
|fn(®ma| provided the correction term can be neglected.cut-off angle has been used to dik and|fy(0°)]. The re-

Thus, using Eq(5), o can be calculated from sults are(i) the modulus of the nuclear scattering amplitude
4 at 0 deg calculated using E¢4) and | =4% [f\(0°)|: 7.5
T . (i ; ; .
o= Tson O ma) — T|fN(®max)|- (10) fm; (ii) the total reaction cross sectiorg: 880 mb.
In the following, Eq.(6) has been used to determine V. CONCLUSION
dn(Oma. 1N addition, Egs(4) and (9) have been used to
deduce|f (0 .)|. The total reaction cross sectiary has For the first time the nuclear forward glory effect has been
been inferred from Eq10). observed in the scattering of the exotic nuclétte by car-

The results of the fits to the maximum @,,,,=10.8 deg  bon, which manifests itself in a large value that is attained by
are as follows{i) The phase of the nuclear scattering ampli-the modulus of the nuclear scattering amplit{itjg at O deg.
tude ¢n(O may: 1.30 rad+0.01 rad.(ii) The modulus of the To determine this quantity, a model-independent analysis
nuclear scattering amplitudéy(© ,20: 5.10 fm=0.04 fm.  based on the generalized optical theorem for charged par-
(iii ) The modulus of the nuclear scattering amplitude at O degicles has been performed, which was possible though no
calculated using Eq(4) and |g=4# [f\(0°)|: 5.90 fm  backward hemisphere data could be obtained in this radioac-
+0.04 fm.(iv) The total reaction cross sectiory: 1840 mb  tive nuclear beam based experiment.
+20 mb. A comparison betweenrg and (4m/k) |f\(0°)| for the

In Fig. 5 the dashed-dotted line showso(® ma) Calcu-  scattering of°He by carbon shows that the scattering ampli-
lated using the phase shifts given in Ref] for the scatter- tude at 0 deg accounts for almost 50% of the total reaction
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