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Total reaction cross sectionssR of (30– 60)A MeV 4,6,8He and 6,7,8,9,11Li on Pb, and 2n-removal cross
sectionss22n of 6,8He and11Li on Pb, were measured by injecting magnetically separated, focused, monoen-
ergetic, secondary beams of those projectiles into a telescope containing Pb targets separated by thin Si
detectors. All thesesR’s ~except4He!, ands22n for 6He and11Li, are underpredicted by microscopic model
calculations which include only nuclear forces. Better agreement is achieved by including electromagnetic
dissociation in the model, for those projectiles for which either the electric dipole response functions or the
dominant photodissociation cross sections were known. The cross sectionss24n for 8He, s2xn for 7,8,9Li, and
(s23n1s24n) for 11Li were found to be<0.7 b. All sR’s were measured to better than 5% accuracy, showing
that the method is usable for other target elements sandwiched into a Si telescope.

PACS number~s!: 25.60.Dz, 24.10.2i
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I. INTRODUCTION

During the last decade we measured total reaction c
sectionssR and one- or two-nucleon removal cross sectio
s2xN for many light projectiles (A52 – 17) incident upon
silicon detectors used as active targets. The projectiles
cluded the 2n-halo nuclei6He and11Li @1# and the proton-
halo candidates8B, 12N, and 17Ne @2#, at energies up to
about 60 MeV/nucleon. These measurements are intende
test nuclear models and get information about projectile m
ter distributions including, in some cases, their halo str
ture.

The best fits to our data were obtained from a microsco
~Glauber! model @3#, though strong absorption and conve
tional optical model fits~where parameters were availabl!
were also attempted. The microscopic model starts fr
known nucleon-nucleon interaction cross sectionssNN and
assumed matter distributions. It finds the reaction probab
in an elementary volume where projectile and target over
and integrates this probability over the nuclear volumes,
trajectory, and all impact parameters. At energies below
MeV/nucleon the model is relatively insensitive tosNN ; the
latter is so large that, on orbits with impact parameters l
than the strong interaction radius, reactions nearly alw
occur. Thus the model becomes particularly appropriate
testing nuclear matter distributions. While the model w
first applied to high-energy data@3#, it works surprisingly
well even for energies of a few MeV/nucleon for Si targe
@4#, on which most reactions are caused by nuclear ra
than Coulomb forces.

A remaining question is the model’s utility at low an
medium energies for heavy targets, for which electrom
netic dissociation~EMD! is a prominent effect. The existin
sR ands2xN data for11Li1Pb at energies below 100 MeV
0556-2813/2000/62~2!/024608~9!/$15.00 62 0246
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nucleon agree less well with the theory than do high
energy data@5–9#. Therefore we have now measuredsR and
s2xN for most bound He and Li isotopes on Pb, at energ
up to about 60 MeV/nucleon, and we compare them w
model predictions.

In previous measurements@1,2#, secondary beams of th
projectiles of interest were injected into, and stopped in
telescope containing only Si detectors. Total energy-dep
spectra were observed, and projectiles which had ene
losses other than those expected from ionization alone w
identified as reacting. Further, those with appropriate ene
deficits ~e.g., 2

11 of the incident energy for11Li ! could be
identified as 2n-removal reactions. The use of a series of
detectors provided measurements in different projectile
ergy ranges, giving information about the energy depende
of sR and s2xN . In the present measurements, Pb targ
were placed between the Si detectors in a telescope and
Si background, known from earlier measurements@1#, was
subtracted.

Section II of this paper describes the experimental pro
dure, including the identification of reactions. Unlike the e
lier measurements, there are large unmeasured energy lo
in the targets of interest, requiring new data analysis te
niques. These are described in Sec. III, where we show h
sR ands2xN are deduced from the reaction yields. Secti
IV presents microscopic model calculations, showing t
the data are reasonably well fitted by this model only in tho
cases where we can include EMD effects. Section V conta
our conclusions.

II. EXPERIMENTAL PROCEDURE

The projectiles were produced at the National Superc
ducting Cyclotron Laboratory by fragmentation of a prima
©2000 The American Physical Society08-1
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FIG. 1. Si detector and Pb tar
get telescope~not to scale! used in
this experiment.
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80A MeV 18O beam, up to 50 pnA in intensity, incident upo
a 0.75 gm/cm2 Be target at the entrance to theA1200 ana-
lyzing system. An achromatic Al wedge, placed in an int
mediate image plane, reduced their energy while preser
their momentum resolution. Finally, the system focused
secondary beams on the telescope shown in Fig. 1. The
ergies for 4He and 6Li were chosen so that they stoppe
halfway through detector 8; other beams stopped halfw
through detector 9.

As in the earlier work@1#, anomalous signals from the S
detectors identified those projectiles of interest which und
went reactions. Unlike those earlier experiments, the
tended targets were Pb sheets, 1.9 mm thick for the
beams and 1 mm thick for the Li beams, placed betw
detectors.

The first two ~position-sensitive! detectors selected
beam of 6 mm radius; their energy-loss signals rejected b
contaminants. Detector 1 was about 60 cm upstream f
detector 2. The remaining components were close pac
with detector 9 about 17 cm from detector 2.

The reactions were of two basic types, requiring sepa
identification methods. Those where the projectile chan
its atomic number in a given detector~‘‘ Z changing’’!, or in
the preceding Pb target, generally gave anomalous pulse
that detector. However, neutron-removal reactions produ
charged fragments which traversed one or two detectors
fore their signals could be distinguished from those of n
reacting projectiles.

Examples of fragment groups fromn-removal reactions
appear in Figs. 2 and 3, which are event plots of energy
in detector 7 vs the combined losses~E89! in detectors 8 and
9. Detector energy calibrations were obtained from dete
thicknesses and the ionizing powers@10# and pulse heights o
nonreacting projectiles. The fragments were identified us
the algorithm

R5aEp, ~1!

whereR and E are the range and energy, andp.1.78 em-
pirically gave optimum resolution of particle groups.

Figure 2 shows an intense group ofa particles from6He
dissociation. Nearly all nonreacting6He projectiles haveE7
'5.5 MeV andE89'140 MeV, but there are three addition
categories. Those below the main group, less than 1% of
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total, have channeled in detector 7; those to its right rep
sent pileup. Energy-degraded6He’s appear above and to th
left; their number can be explained by energy straggl
throughout the telescope but must include some inela
scattering events. Events in the band markedDE7 react in
detectors 8 or 9 after avoiding reactions in preceding e
ments; we call these events the ‘‘normal-DE7 band.’’ Reac-
tion products withZ51 appear near the origin. Many rea
tions ~not shown!, at the origin or on the vertical axis, hav
products which stop before or in detector 7.

Figure 3, for incident11Li, shows similar features. The
most intense reaction group, as expected, is9Li.
Multineutron removal to7,8Li, as well as particle groups
with Z51 ~near the origin! and Z52 are observed.11Li,
unlike 6He, shows a resolved low-energy group of nonrea
ing projectiles, making up about 0.1% of the beam. We ve
fied that their signals could not simulate reactions, but n
ertheless we rejected these events during analysis. No o
projectiles showed this apparent beam defect.

Energy spectra of identified4He from 6He dissociation,
and 9Li from 11Li dissociation, are shown in Figs. 4 and
respectively. In both cases, some fragments formed in

FIG. 2. Two-dimensional particle spectra from the last thr
detectors, with 64 MeV/nucleon6He incident upon the telescop
shown in Fig. 1.
8-2
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TOTAL REACTION AND NEUTRON-REMOVAL CROSS . . . PHYSICAL REVIEW C 62 024608
final Pb target entered detector 7 with ionizing powers si
lar to nonreacting projectiles, and were lost in the norm
DE7 band. All events in this band were rejected by softwa
gates; later we estimate, and correct for, the number of
jected 2n-removal events which should be counted.

Other reaction events, mainlyZ-changing except for som
n-removal events occurring early in the telescope, were id
tified in the one-dimensional energy spectra of detectors 3

FIG. 3. Similar to Fig. 2, for 56 MeV/nucleon incident11Li.

FIG. 4. ~a! Spectrum in detector 7 of identified4He with ener-
gies above theDE7 band ~see Fig. 2!, from incident 6He. The
histogram shows the model predictions described in text.~b! Model
predictions ofs22n , and spectrum of energies at which6He’s dis-
sociate producing the fragments detected in this experiment.
02460
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For example, Fig. 6~a! shows the total event spectrum o
detector 7 for incident9Li, after rejection ofn-removal and
pileup events by software gates. The peak near 10 MeV,
to nonreacting projectiles, has a low-energy shoulder du
channeling in this detector. To obtain the reaction yield sp
trum it was necessary to know the line shape from nonre
ing 9Li projectiles. Thus we first subtracted a spectrum
projectiles, knownnot to react, from the total spectrum
These nonreacting projectiles, including both those wh
channeled in detector 7 and those which did not, had nor
energy losses in detector 8 and were identified as9Li in
detectors 7–9. Tight gates on these parameters rejected
nonreaction events with large energy straggling, causing
small subsidiary peaks in the difference spectrum.

Except in the channeling region, the nonreaction yie
outside the vertical dashed lines of Fig. 6~a! is negligible.
Further, the difference spectrum in the channeling reg
connects smoothly with the reaction yield at lower a
higher energies. Thus all events in the difference spect
outside the dashed lines were counted as reactions, as
the interpolated events~under the solid line! beneath the
peak. The latter events typically make up 3–5 % of the to
reaction yield.

The events identified in spectra such as Fig. 6~a! were
added to then-removal events found by analyzing two
dimensional spectra, as described in Sec. III. The combi
reaction probabilityh7 , for reactions occurring in detector
and all detectors and lead targets which precede it, is
ratio of the combined reaction yield to the incident flux. Se
tion III D shows howsR is found fromh7 and other data.

One concern was that elastically scattered project

FIG. 5. ~a! Similar to Fig. 4~a!, for 9Li fragments from11Li. ~b!
Summed energies in last two detectors for events in theDE7 band
~Fig. 3! showing enhancement due to neutron-removal. Solid
dashed lines show deducedn-removal yield and its uncertainty.
8-3
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R. E. WARNERet al. PHYSICAL REVIEW C 62 024608
might simulate reaction events by leaving the telesco
since detectors 8 and 9 had smaller areas than the others
observed outscattering in spectra of detector 7,~where scat-
tered projectiles have their maximumdE/dx! in anticoinci-
dence with detector 8. A typical result is shown in Fig. 6~b!.
The outscattered events, for7Li and all other projectiles, are
inside the interpolation region and therefore cannot simu
reactions. The observed outscattering yield was 0.7% of
incident beam for6Li and less for other projectiles.

III. EXPERIMENTAL RESULTS

A. 2n removal from 11Li

The 2n-removal yield from11Li included two contribu-
tions. Events from most of the telescope are identifiedabove
the normal-DE7 band ~see Fig. 3!; their DE7 spectrum is
shown in Fig. 5~a!. Figure 5~b! shows theDE81DE9 energy
spectrum for all eventsin the band. The peak near 220 Me
includes some 2n-removal events from the last Pb target, a
a smaller number of 3n- and 4n-removal events. The de
duced events in this peak lie above the solid interpolat
line; dashed lines indicate the assigned uncertainty. A
subtracting the 3n- and 4n-removal contributions~Sec.
III C !, the deduced 2n yield makes up (2465)% of the total
2n-removal yield. 11Li1Si events, for whichs22n.0.4 b
@1#, are about 5% of the observed 2n-removal yield and,
after subtraction, contribute negligibly to the experimen
error.

FIG. 6. ~a! Energy-loss spectra of detector 7 with incident9Li
projectiles for all events, nonreaction events, and their differe
interpolated to find reaction yield under the nonreaction peak.
;104 events in a channel near zero energy are from reactions a
whose charged products stopped before detector 7.~b! Spectra for
incident7Li of all detector 7 events, and of those in anticoinciden
with detector 8, showing signal due to events scattering out of
tector 8.
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Events were lost if the9Li fragment itself reacted later, o
stopped before detector 8 due to its momentum transfe
the reaction. We estimated the detection efficiency by ca
lating theDE7 spectrum using thesR for 9Li1Pb measured
in this experiment ands22n obtained from Esbensen an
Bertsch@11#. The fragment momentum distribution was a
sumed to be Lorentzian@12#

N~p!dp5
2Gp2dp

p~G2/41p2!2 ~2!

with isotropic emission in the11Li c.m. system. We tookG to
be 45 MeV/c @13# and found the fragment detection effi
ciency to be 0.9460.03.

Interpolation and fragment-loss uncertainties were co
bined in quadrature to obtain as22n of 4.460.3 b averaged
over the projectile energies~27 to 55 MeV/nucleon! in all
four Pb targets. Figure 7 shows this and other known data
2n removal from11Li.

Uncertainties in extrapolation to determine the late fra
mentation yield~i.e., events in theDE7 band! affect both our
measureds2xn andsR data. Some fragments produced ea
in the telescope stop in detector 7 and therefore are not id
tified. However they are correctly counted insR since they
give anomalous signals in one or more singles spectra
cluding that of detector 7.

B. 2n removal from 6He and 8He

In contrast to11Li→9Li dissociation, only about half of
thea particles from6He dissociation reached detectors 7 a
8 for identification, due to their larger relative mass diffe
ence and the thicker Pb targets. Therefore, to finds22n , we
compared the expecteda yield in the region between the
normal-DE7 band and detector saturation~i.e.,Ea between 6
and 18 MeV! with the yield predicted by a calculation sim
lar to that described above for11Li.

e
e
of

e-

FIG. 7. sR ands22n for 11Li1Pb vs energy. Filled data point
are from this experiment and open data points are from Refs.@5–9#.
Curves show microscopic calculations by Esbensen@11#.
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TOTAL REACTION AND NEUTRON-REMOVAL CROSS . . . PHYSICAL REVIEW C 62 024608
The basis of ours22n prediction is described in Sec
IV A. A momentum distribution parameter,G5120 MeV/c,
has been reported@12,14# only for a C target at 0.4 GeV
nucleon. The distribution must be narrower at our ener
since many forward-emitted fragments would not conse
energy ifG5120 MeV/c. We therefore used a renormalize
distribution similar to Eq.~2!, cut off at the largest momen
tum which conserved energy for those fragments. Fo
nately the results are insensitive toG; when G was varied
from 40 to 120 MeV/c the predicted yield varied by only
3%. The ratio of observed to predicted events was 0
60.03, increasing to 1.0560.04 after correction for beam
attenuation before dissociation and fragment reactions a
wards. We thus obtaineds22n51.4660.06 b.

Figure 4~a! shows the observedDE7 spectrum and the fi
predicted with this calculation. Figure 4~b! shows the spec
trum of incident energies at which6He dissociates, predicte
for the events detected both in and above theDE7 band. The
mean dissociation energy for these events is 37 M
nucleon, with 80% of them lying between 28 and 52 Me
nucleon.

For the8He→6He analysis we again variedG from 40 to
120 MeV/c, since the fragment momentum distributio
from 8He and6He on light targets at high energies@15,16#
are similar. One source of uncertainty is that we have
predictions fors22n vs energy which include EMD. We
analyzed the data assuming~a! no energy dependence an
~b! the same dependence as for6He. The latter seems mor
realistic since the energy dependence in the microsc
model is mainly that of the nucleon-nucleon cross secti
Our result, s22n50.8960.08 b, is consistent with both
analyses; 80% of the events occur for incident energies
tween 26 and 45 MeV/nucleon.

C. Other neutron-removal reactions

We give only an estimate ofs24n for 8He→4He14n,
since the4He have only a short range in the Pb targets a

FIG. 8. MeasuredsR ~filled data points! and s22n ~open data
points! vs A for He isotopes on Pb, with microscopic predictio
including Coulomb dissociation~solid horizontal lines! and neglect-
ing it ~dashed lines!. The twosR predictions for4He are indistin-
guishable. Data are averaged over energy ranges given in Tab
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their momentum distributions are unknown. If we assu
that the charged fragments are spectators~i.e., no momentum
is transferred to them in the reaction!, then all 6He’s pro-
duced in the last two Pb targets are identified in detecto
through 9 whilea particles are collected from only the la
1.5 mm of the last target. From the ratios of the identifi
yields and of the target thicknesses contributing to th
yields, we founds24n'0.5 b. The 4n-removal cross section
for 8He1Si was also found, earlier, to be about half that f
2n removal@1#; that result too was approximate since it w
found by decomposing then-removal peak in the total en
ergy spectrum.

Othern-removal cross sections are approximate, for sim
lar reasons. All spectator8Li fragments produced from11Li
in the four Pb targets, and about 70% of the spectator7Li
fragments, are identifiable. Their observed yield contribu
0.55 b tosR , leading to a combined cross section of abo
0.7 b for removing 3 or 4 neutrons from11Li. Similarly, the
summedn-removal cross sections from both8Li and 9Li are
about 0.6 b and that from7Li is about 0.1 b.

D. Energy-averaged total reaction cross sections

The probabilityh3 of a reaction occuring in any of the
first 3 Si detectors is given by

12h35exp~2sR,SinSi!, ~3!

wheresR,Si is the energy-averaged total reaction cross s
tion on Si andnSi is the total nuclei per unit area in thos
detectors. Likewiseh7 , the probability of a reaction in or
before detector 7 is given by

12h75exp~2sR,PbnPb1sR,SinSi!, ~4!

where the exponential arguments include contributions fr
all Pb targets and the first seven detectors. Thus the t
cross section on Pb,sR,Pb, energy-averaged over all fou
targets, is

sR,PbnPb5 ln@~12h3!/~12h7!#2sR,SinSi . ~5!

wheresR,SinSi refers to only detectors 4–7. Values ofsR,Pb
obtained for all projectiles are given in Table I and shown
Figs. 8 and 9. The uncertainty innPb due to target nonuni-
formity was62%; that fornSi was negligible.

sR,Si was found by microscopic model calculations. T
calculatedsR,Si’s for all projectiles are plotted vs energy i
Figs. 3–5 of Ref.@1#. Predicted rather than measured valu
were used in Eq.~5!, since the original Si data of Ref.@1# are
at slightly different energies. Since these data could be fi
to an accuracy of610% by these calculations, we assign
10% uncertainty tosR,Si in Eq. ~5!.

h7 was found by adding the probability forn-removal
reactions identified in detectors 7–9 to that for other re
tions observed in the singles energy spectrum of detecto
The uncertainty in the singles yield was taken to be1

3 of the
interpolated counts~see Fig. 6!; that for then-removal reac-
tions included error estimates for setting identification ga
and interpolating into the normal-DE7 bands. This gave a

I.
8-5
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R. E. WARNERet al. PHYSICAL REVIEW C 62 024608
typical uncertainty of63% in the logarithmic term of Eq.~3!
and was the largest source of experimental uncertainty.

h3 , found by microscopic calculations, was also gen
ally consistent with theh3 measured from this detector’
singles spectrum. The uncertainty, taken to be the differe
between measurement and calculation, was included in
error analysis but was always less than that inh7 . Measure-
ments ofh2 , the reaction probability in detector 2, also we
consistent with microscopic calculations.

One uncorrected experimental error is our loss of inela
scattering events to low-lying states in Pb, with the projec
remaining in its ground state. The group to the first exci
state is generally the most prominent@17,18#. Integration of
the inelastic angular distribution for 60A MeV a particles to
this state in208Pb @19# gives a cross section of about 0.02
Similar values for 35A MeV 6Li on 12C, 28Si, and58Ni @18#
are about 0.03 b with little dependence on the target
These cross sections are smaller than our stated uncerta
in sR . Alternately, our data may be considered measu
ments of the interaction cross sections I , which includes all
events in whichA and/orZ of the projectile changes. Unce
tainties due to counting statistics were negligible.

E. sR„E… for 4He and 6,7Li

Total reaction cross sections for these three isotop
which have very smalln-removal cross sections, were foun
for the projectile energy ranges in individual Pb sheets b
method similar to that of the last subsection. For exampleh7
in Eqs.~4! and~5! was replaced byh4 to find sR for the first
Pb target. The results, shown in Fig. 10, have larger un
tainties than the four-target averages since theh’s in con-
secutive detectors have smaller differences. The results
a1Pb are in excellent agreement with those of Ingemars
et al. @20# at the energies where the data sets overlap.
lowest-energy6Li datum agrees with the optical-model pr
diction of Nadasenet al. @21#, which was obtained from pre
cision measurements of large-angle elastic scattering.

FIG. 9. MeasuredsR vs A for Li isotopes on Pb, with micro-
scopic predictions including Coulomb dissociation~solid horizontal
lines! and neglecting it~dashed lines!. Data are averaged over en
ergy ranges given in Table I.
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We report only the four-target averagesR’s for other pro-
jectiles, since theirn-removal cross sections are larger and
unknown energy dependence. Nevertheless these ave
seem adequate for testing theoretical models, since the
of Fig. 10 and the microscopic calculations for all isotop
show only a weak energy dependence forsR at these ener-
gies.

IV. MICROSCOPIC MODEL PREDICTIONS

Previous measurements@1,2# on Si targets were analyze
in the context of a microscopic model which relates nucl
matter distributions and nucleon-nucleon interaction cr
sections tosR ands22n data. Therefore, for comparison, w
interpret the present Pb data through similar calculations

A. Predictions of sÀ2n

s22n for 6He1Pb was calculated as before@22# except
that we avoid using an arbitrary cutoff radius for EMD. Th
probabilityxval(b) that the valence neutrons are not remov
by the nuclear force, when the impact parameter isb, is

xval~b!5expF2sNNE dsE E E rvalr tdVtG . ~6!

The valence neutron and target matter densities in ta
volumedVt arerval andr t . The nucleon-nucleon total cros

FIG. 10. MeasuredsR vs energy~filled data points! for 4He,
6Li, and 7Li on Pb. Solid~dashed! curves show microscopic predic
tions including ~neglecting! Coulomb dissociation. The diamon
shows an optical model prediction of Ref.@21# for 6Li, and open
data points show4He1Pb data from Ref.@20#. Note the zero offsets
of the vertical scales.
8-6
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TABLE I. Measurements and microscopic predictions~in b! of sR and s22n for He and Li isotopes
on Pb.

Predictions

Type
Energy

~MeV/nucleon!
Measurement

~b!
no EMD

~b!
with EMD

~b! Source

4He, sR 35–73 2.6960.08 2.56 2.57 this work
6He, sR 23–63 4.5160.10 3.33 4.06 this work
8He, sR 19–53 4.3860.11 3.62 this work
6Li, sR 33–66 3.6760.14 3.28 3.56 this work
7Li, sR 30–68 3.6760.12 3.19 3.80 this work
8Li, sR 30–64 3.9560.14 3.29 this work
8Li, sR 72–90 3.0161.85 3.17 Ref.@7#
9Li, sR 29–60 3.8760.14 3.46 this work
9Li, sR 66–95 3.6960.43 3.29 Ref.@7#
11Li, sR 27–55 8.7060.34 4.72 7.96 this work
6He, s22n 28–52 1.4660.06 0.56 1.39 this work
8He, s22n 26–45 0.8960.08 this work
11Li, s22n 27–55 4.460.3 1.4 3.95 this work
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sectionsNN is obtained from the Charagi-Gupta prescripti
@23#, andds is an element of the trajectory. The core surviv
probability xcore is found by replacingrval with rcore in Eq.
~6!. The 6He densitiesrcore and rval were taken to be two-
term harmonic oscillator form factors@24#, andr t for Pb was
a two-parameter Fermi~2pF! function @25#. The probability
Pnuc(b) that nuclear forces remove the valence neutron
impact parameterb without disrupting the core is then

Pnuc~b!5xcore~b!@12xval~b!#. ~7!

The probabilityPcoul(b) of EMD when nuclear forces affec
neither core nor valence nucleons is

Pcoul~b!5xcore~b!xval~b!~16p3/9\c!E N~e1 ;E,b!

3@dB~e1 ;E!/dE#dE, ~8!

where the electric dipole response functiondB(e1 ;E)/dE
@26# and the virtual photon densityN(e1 ;E,b) @22# are inte-
grated over all6He continuum energies. Finally we have

s22n52pE @Pnuc~b!1Pcoul~b!#bdb. ~9!

Our prediction fors22n vs energy appears in Fig. 4~b!.
The predicted cross section, averaged over the distribu
shown, is 1.39 b, in agreement with our measuremen
1.4660.06 b. The Coulomb cross section, i.e., the sec
term in Eq.~7!, accounts for 60% ofs22n . In this decom-
position, the nuclear cross section would equals22n if Cou-
lomb forces were ‘‘turned off.’’ To further test the metho
we calculateds22n for 6He1Pb at 800A MeV to be 0.79 b,
in agreement with the measurement of 0.8560.05 b@27#.
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The predictions of boths22n andsR for 11Li, shown in
Fig. 7, are by Esbensen from a microscopic model@11#
which includes the effect of spatial correlation between
two valence neutrons.

B. Predictions of sR

We first included only nuclear interactions in microscop
calculations ofsR for all projectiles, as in Ref.@1#, with
projectile densities taken from Ref.@1#. The results~Table I!
are too low for nearly all projectiles; that for11Li is too low
by a factor of 2. This conclusively demonstrates the need
include EMD effects for all projectiles except4He, which
was shown@28# to have an EMD cross section of less th
1% of sR . The previously cited 2pF form factor @25# was
used for the Pb target density. When instead the Pb den
functional form factors of Fayanset al. @29# were used, the
predictions changed by less than 1%.

Table I shows that similar calculations agree withsR
measurements for8,9Li1Pb at slightly higher energies@7#,
within the larger uncertainties of those data. Strong abso
tion ~SA! calculations using the formulas of Shenet al. @30#
gavesR’s 25% lower for11Li, and 5 to 10% lower for other
projectiles, than the microscopic calculations; thus, they
derpredict the11Li measurement by about 60%. Somewh
better SA results were obtained for the same projectiles o
@1#. For the Pb target we cannot expect good fits since the
model does not explicitly include EMD.

Microscopic predictions including EMD effects are give
in Table I for projectiles whose photodissociation cross s
tions or electric dipole response functions are known. F
6He, in analogy to Eq.~7!,

sR52pE @12xval~b!xcore~b!1Pcoul~b!# bdb. ~10!

Measured photodisintegration cross sections were used t
clude EMD for 6Li and 7Li, as described for4He in Ref.
8-7
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@29#. Since the virtual photon density falls rapidly with in
creasingEg , only photodissociation reactions which are pr
lific near the lowest threshold were needed; these are (g,xn)
for both 6,7Li @31# and (g,t) for 7Li @32#. Esbensen@11#
provided thesR for 11Li.

The measuredsR is at least as large for6He as for8He.
One explanation is thats22n is at least 50% larger for6He,
and 60% of the6He s22n comes from EMD, which must be
larger for 6He since the last two neutrons are less tigh
bound.

An intuitively appealing subtraction relationship fo
2n-halo nuclei, e.g.,

s22n~11Li !5sR~11Li !2sR~9Li !, ~11!

was proposed by Ogawaet al. @33# and found to agree with
high-energy data. The equality holds when reactions of
halo nucleus include only core reactions and 2n removal.
The sR data of Table I yield 4.8360.37 b for the right-hand
side of Eq. ~11!, agreeing with our measureme
s22n(11Li) 54.460.3 b. However, the9Li and 11Li cross
sections are measured for slightly different energy rang
We therefore adjusted the9Li sR by assuming that its energ
dependence follows the microscopic prediction; Eq.~9! then
yields s22n54.8160.37 b. For 6He, we predict s22n
51.8260.13 b from the original data and 1.8660.13 b with
the energy adjustment, exceeding our measurement of
60.06 b by more than 2 standard deviations. The discr
ancy may result from motion of the4He core relative to the
6He c.m., caused by the Fermi motion of the valence n
trons@34#. This would increase the effective size of the co
and, therefore, thesR of 6He. This effect is larger for6He
than for 11Li, owing to the greater mass and smaller bindi
energy of11Li.

V. CONCLUSIONS

Measurement ofsR by placing Pb target foils betwee
thin Si detectors seems capable of 5% accuracy, and th
fore can generate data adequate for testing theoretical m
m
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els. The success of the method shows that Si telescope
surements ofsR for other solid targets are also feasibl
Therefore, measurements on intermediate-mass tar
would now be useful for testing theZ dependence of EMD
cross sections, which is model dependent@9#. Studies on
light targets~Be or C! would give more sensitive measure
ments of the projectile rms radii. A further justification fo
sR measurements at energies below 60 MeV/nucleon is
the large nucleon-nucleon interaction cross section at th
energies increases the sensitivity ofsR to the matter density
in the halo region@2#.

We offer the following suggestions for related theoretic
studies. Electric dipole response functions for8He, 8Li, and
9Li are needed to resolve the discrepancies between m
sured and predicted microscopicsR’s for these nuclei. Al
Khalili et al. @35# showed that microscopic calculations u
ing static densities underestimate the radii of halo nuclei,
three-body correlations must be included for a correct tre
ment. Their method was applied to the high-energy data
adaptation to our energies would now be of interest. Fina
microscopic calculations in which nucleon-target optical p
tentials replace nucleon-nucleon cross sections, as perfor
by Henckenet al. @36# for the fragment momentum distribu
tions from 8B and 11Be, would be welcome.
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Jänecke, and R. E. Warner, Phys. Rev. C39, 536 ~1989!.

@22# R. E. Warner, Phys. Rev. C55, 298 ~1997!.
@23# S. K. Charagi and S. K. Gupta, Phys. Rev. C41, 1610~1990!.
@24# I. Tanihata, D. Hirata, T. Kobayashi, S. Shimoura, K. Su

imoto, and H. Toki, Phys. Lett. B289, 261 ~1992!.
@25# C. W. de Jager, H. de Vries, and C. de Vries, At. Data Nu

Data Tables14, 479 ~1974!.
@26# B. V. Danilin, I. J. Thompson, M. V. Zhukov, and J. S

Vaagen, Nucl. Phys.A632, 383 ~1998!; I. J. Thompson~pri-
vate communication!.

@27# I. Tanihata, Nucl. Phys.A522, 275c~1991!.
02460
.

.

.

-

.

@28# R. E. Warner, M. H. McKinnon, H. Thirumurthy, and A. Na
dasen, Phys. Rev. C59, 1215~1999!.

@29# S. A. Fayans, E. L. Trykov, and D. Zawischa, Nucl. Phy
A568, 523 ~1994!; S. Fayans~private communication!.

@30# W.-Q. Shen, B. Wang, J. Feng, W.-L. Zhan, Y.-T. Zhu, a
E.-P. Feng, Nucl. Phys.A491, 130 ~1989!.

@31# S. S. Dietrich and B. L. Berman, At. Data Nucl. Data Tabl
38, 199 ~1988!.

@32# D. M. Skopic, J. Asai, E. L. Tomusiak, and J. J. Murphy
Phys. Rev. C20, 2025~1979!.

@33# Y. Ogawa, K. Kabana, and Y. Suzuki, Nucl. Phys.A543, 722
~1992!.

@34# J. A. Tostevin, J. S. Al-Khalili, M. Zahar, M. Belbot, J. J
Kolata, K. Lamkin, D. J. Morrissey, B. M. Sherrill, M. Lewi-
towicz, and A. H. Wuosmaa, Phys. Rev. C56, R2929~1997!.

@35# J. S. Al-Khalili, J. A. Tostevin, and I. J. Thompson, Phys. Re
C 54, 1843~1996!.

@36# K. Hencken, G. F. Bertsch, and H. Esbensen, Phys. Rev. C54,
3043 ~1996!.
8-9


