PHYSICAL REVIEW C, VOLUME 62, 024608

Total reaction and neutron-removal cross sections 0€30—60)A MeV He and Li isotopes on Pb

R. E. Warnert M. H. McKinnon! N. C. Shanef,F. D. Becchett? A. Nadaseri,D. A. Roberts’ J. A. Brown?
A. Galonsky® J. J. Kolaté R. M. Ronninger?, M. Steiner’ and K. Subotié
'Oberlin College, Oberlin, Ohio 44074
2University of Michigan, Ann Arbor, Michigan 48109
SUniversity of Michigan, Dearborn, Michigan 48128
Millikin University, Decatur, lllinois 62522
SNational Superconducting Cyclotron Laboratory, East Lansing, Michigan 48824
SUniversity of Notre Dame, Notre Dame, Indiana 46556
"Institute of Nuclear Sciences, VINCA, Belgrade 11001, Yugoslavia
(Received 19 January 2000; revised manuscript received 20 March 2000; published 19 July 2000

Total reaction cross sectionsg of (30—60)A MeV *88e and®78%ti on Pb, and &-removal cross
sectionso_,, of ®®He and!Li 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 theserg's (except*He), ando_ 5, for ®He and*'Li, 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 sactigngor 8He, o_,,, for 784, and
(0 _3n+ 0 _4y) for Y1Li were found to be<0.7 b. All ox’s were measured to better than 5% accuracy, showing
that the method is usable for other target elements sandwiched into a Si telescope.

PACS numbegps): 25.60.Dz, 24.10-i

[. INTRODUCTION nucleon agree less well with the theory than do higher-
energy datd5-9]. Therefore we have now measuregd and

During the last decade we measured total reaction cross_yy for most bound He and Li isotopes on Pb, at energies
sectionsog and one- or two-nucleon removal cross sectionsup to about 60 MeV/nucleon, and we compare them with
o_n for many light projectiles A=2-17) incident upon model predictions.
silicon detectors used as active targets. The projectiles in- In previous measuremenit$,2], secondary beams of the
cluded the 2-halo nuclei®He and*'Li [1] and the proton-  projectiles of interest were injected into, and stopped in, a
halo candidate$B, '°N, and Ne [2], at energies up to telescope containing only Si detectors. Total energy-deposit
about 60 MeV/nucleon. These measurements are intended $pectra were observed, and projectiles which had energy
test nuclear models and get information about projectile matlosses other than those expected from ionization alone were
ter distributions including, in some cases, their halo strucidentified as reacting. Further, those with appropriate energy
ture. deficits (e.g., & of the incident energy fotlLi) could be

The best fits to our data were obtained from a microscopiddentified as 2-removal reactions. The use of a series of Si
(Glaubey model[3], though strong absorption and conven- detectors provided measurements in different projectile en-
tional optical model fitswhere parameters were available ergy ranges, giving information about the energy dependence
were also attempted. The microscopic model starts fronof or and o_y. In the present measurements, Pb targets
known nucleon-nucleon interaction cross sectiong, and  were placed between the Si detectors in a telescope and the
assumed matter distributions. It finds the reaction probabilitysi background, known from earlier measuremerits was
in an elementary volume where projectile and target overlapsubtracted.
and integrates this probability over the nuclear volumes, the Section Il of this paper describes the experimental proce-
trajectory, and all impact parameters. At energies below 100lure, including the identification of reactions. Unlike the ear-
MeV/nucleon the model is relatively insensitivedgy ; the  lier measurements, there are large unmeasured energy losses
latter is so large that, on orbits with impact parameters les# the targets of interest, requiring new data analysis tech-
than the strong interaction radius, reactions nearly alwaysiques. These are described in Sec. Ill, where we show how
occur. Thus the model becomes particularly appropriate forg ando_,y are deduced from the reaction yields. Section
testing nuclear matter distributions. While the model wadV presents microscopic model calculations, showing that
first applied to high-energy datf@], it works surprisingly the data are reasonably well fitted by this model only in those
well even for energies of a few MeV/nucleon for Si targetscases where we can include EMD effects. Section V contains
[4], on which most reactions are caused by nuclear rathepur conclusions.
than Coulomb forces.

A remaining question is the model’'s utility at low and
medium energies for heavy targets, for which electromag-
netic dissociatiofEMD) is a prominent effect. The existing The projectiles were produced at the National Supercon-
or ando_, data for'!Li+Pb at energies below 100 MeV/ ducting Cyclotron Laboratory by fragmentation of a primary

Il. EXPERIMENTAL PROCEDURE
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80A MeV *0 beam, up to 50 pnA in intensity, incident upon total, have channeled in detector 7; those to its right repre-
a 0.75 gm/crh Be target at the entrance to tA€.200 ana-  sent pileup. Energy-degradéHe’s appear above and to the
lyzing system. An achromatic Al wedge, placed in an inter-left; their number can be explained by energy straggling
mediate image plane, reduced their energy while preserviniroughout the telescope but must include some inelastic
their momentum resolution. Finally, the system focused thécattering events. Events in the band markes; react in
secondary beams on the telescope shown in Fig. 1. The efletectors 8 or 9 after avoiding reactions in preceding ele-
ergies for“He and®Li were chosen so that they stopped ments; we call these events the “norml; band.” Reac-
halfway through detector 8; other beams stopped halfwayion products withZ=1 appear near the origin. Many reac-
through detector 9. tions (not shown, at the origin or on the vertical axis, have
As in the earlier wor{1], anomalous signals from the Si products which stop before or in detector 7.
detectors identified those projectiles of interest which under- Figure 3, for incident''Li, shows similar features. The
went reactions. Unlike those earlier experiments, the inmost intense reaction group, as expected, 9si.
tended targets were Pb sheets, 1.9 mm thick for the HMultineutron removal to”®i, as well as particle groups
beams and 1 mm thick for the Li beams, placed betweemwith Z=1 (near the origih and Z=2 are observed'Li,
detectors. unlike ®He, shows a resolved low-energy group of nonreact-
The first two (position-sensitive detectors selected a ing projectiles, making up about 0.1% of the beam. We veri-
beam of 6 mm radius; their energy-loss signals rejected beafiied that their signals could not simulate reactions, but nev-
contaminants. Detector 1 was about 60 cm upstream frorartheless we rejected these events during analysis. No other
detector 2. The remaining components were close packegyojectiles showed this apparent beam defect.
with detector 9 about 17 cm from detector 2. Energy spectra of identifiedHe from ®He dissociation,
The reactions were of two basic types, requiring separatand °Li from !!Li dissociation, are shown in Figs. 4 and 5,
identification methods. Those where the projectile changedespectively. In both cases, some fragments formed in the
its atomic number in a given detect@rZ changing’), or in

the preceding Pb target, generally gave anomalous pulses in 1o L :

that detector. However, neutron-removal reactions produced i ‘He

charged fragments which traversed one or two detectors be- r _Low Energy °He
fore their signals could be distinguished from those of non- 10 [

reacting projectiles. [

Examples of fragment groups fromremoval reactions 8 Lo , _
appear in Figs. 2 and 3, which are event plots of energy loss = 0 ' /“O”_‘reac“ons
in detector 7 vs the combined los<&89) in detectors 8 and g . pileup
9. Detector energy calibrations were obtained from detector & : 5
thicknesses and the ionizing powgtd] and pulse heights of
nonreacting projectiles. The fragments were identified using 4
the algorithm

2
R=akEP, (1)
0 ,
whereR and E are the range and energy, ape1.78 em- 0 100 200

pirically gave optimum resolution of particle groups.

Figure 2 shows an intense group @farticles from®He
dissociation. Nearly all nonreactirftie projectiles havé, FIG. 2. Two-dimensional particle spectra from the last three
~5.5MeV andEgy~140 MeV, but there are three additional detectors, with 64 MeV/nucleofHe incident upon the telescope
categories. Those below the main group, less than 1% of thghown in Fig. 1.

E89 (MeV)
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FIG. 3. Similar to Fig. 2, for 56 MeV/nucleon incidehtLi. 0 100 200 300
E8+E9 (MeV)
final Pb target entered detector 7 with ionizing powers simi- - . . .
lar to nonreacting projectiles, and were lost in the normal- FIG. 5. (3 S|_m||a_1r to Fig. 4g), for °Li fragments fr_omllLl. ()
AE; band. All events in this band were rejected b softwaresqmmed energies in last two detectors for events inifig band
7= . J y (Fig. 3) showing enhancement due to neutron-removal. Solid and
gates, later we estimate, an_d correct for, the number of redashed lines show deducedemoval yield and its uncertainty.
jected h-removal events which should be counted.
Other reaction events, mainkrchanging except for some .
n-removal events occurring early in the telescope, were idenEOr example, Fig. @ shows the total event spectrum of
tified in the one-dimensional energy spectra of detectors 3—Tetector 7 for incidenfLi, after rejection ofn-removal and
pileup events by software gates. The peak near 10 MeV, due

to nonreacting projectiles, has a low-energy shoulder due to

PARNE B T ]
[ R " channeling in this detector. To obtain the reaction yield spec-
(2) He » "He + 2n . .
103 3 trum it was necessary to know the line shape from nonreact-
: ing °Li projectiles. Thus we first subtracted a spectrum of
o | projectiles, knownnot to react, from the total spectrum.
0% F E These nonreacting projectiles, including both those which
% channeled in detector 7 and those which did not, had normal
z 1L _ energy losses in detector 8 and were identified®lasin
5 10 E . .
e E detectors 7-9. Tight gates on these parameters rejected some
nonreaction events with large energy straggling, causing the
100 : 5 " o small subsidiary peaks in the difference spectrum.
0 E7 (MeV) Except in the channeling region, the nonreaction yield
© outside the vertical dashed lines of Figapis negligible.
30 : : : Further, the difference spectrum in the channeling region
connects smoothly with the reaction yield at lower and
—~ 25F o . 3 ) ; : ;
& Lk ® He -» *He + 2n ] higher energies. Thus all events in the difference spectrum
PR - E outside the dashed lines were counted as reactions, as were
R T E the interpolated eventéunder the solid ling beneath the
L0 N@EL) E peak.. The. latter events typically make up 3—5 % of the total
05F E reaction yield.
0.0 . L ' . The events identified in spectra such as Fip) Gvere
0 20 40 60 80

added to then-removal events found by analyzing two-
dimensional spectra, as described in Sec. lll. The combined
FIG. 4. (a) Spectrum in detector 7 of identifictHe with ener- ~ reaction probabilityr;, for reactions occurring in detector 7
gies above theAE, band (see Fig. 2, from incident®He. The and all detectors and lead targets which precede it, is the
histogram shows the model predictions described in textModel  ratio of the combined reaction yield to the incident flux. Sec-
predictions ofo_,,, and spectrum of energies at whitiHe’s dis-  tion Ill D shows howoy is found from 7, and other data.
sociate producing the fragments detected in this experiment. One concern was that elastically scattered projectiles

E;,. (MeV/nucleon)

024608-3



R. E. WARNERet al. PHYSICAL REVIEW C 62 024608

108 T N ™3 20 T T T T
¢ Total ot E 3 s
104 F ¢ o Nonreact : . (a) -; : Ll + Pb
03 b .: Difference a, : i + Pb ﬂ 10k -
102 |3 & :’s . 7E E
. | e oma. o e ] 3 Ir 3
101 - ° | % Wﬁm /E 5; =
0 [ B ] ~ 3 E
10Y [ Interpolate ad <o @ b E ]
10} E 3r T_on 7
B ] | [ | | t
=z T I A_ 1 I b
5 10% | Je (b) 2k % .
o . *Total .
4| .« s _
10 *NoE8 ¢ | Li + Pb
108 | \/\/ '. Outscattering 1 ! ! 1 1 1
"’A\”N [ 10 20 50 100 200 500 1000
102 |- SRAY ]
R, o o,
(R M o E MeV/Nucleon
101 — | :, A M’M&%ﬁfi lab ( / )
107 - Interpolates| s FIG. 7. g ando_,, for *1Li+Pb vs energy. Filled data points
L L L. L. 1 are from this experiment and open data points are from Ref9).
0 5 10 15 =0 Curves show microscopic calculations by Esberiddn.
E7 (MeV)
FIG. 6. (8) Energy-loss spectra of detector 7 with incidéht Events were lost if théLi fragment itself reacted later, or

projectiles for all events, nonreaction events, and their differencstopped before detector 8 due to its momentum transfer in
interpolated to find reaction yield under the nonreaction peak. Théhe reaction. We estimated the detection efficiency by calcu-
~10* events in a channel near zero energy are from reactions all dating the A E; spectrum using the for °Li +Pb measured
whose charged products stopped before detecttn) Spectra for  in this experiment andr_,,, obtained from Esbensen and
incident’Li of all detector 7 events, and of those in anticoincidenceBertsch[11]. The fragment momentum distribution was as-
with detector 8, showing signal due to events scattering out of desymed to be Lorentzia.2]
tector 8.

2I'p2dp
might simulate reaction events by leaving the telescope, N(p)dp= m(I'%14+ p?)?
since detectors 8 and 9 had smaller areas than the others. We

observed outscattering in spectra of detectofwhere scat- L . ision in thalL i
tered projectiles have their maximudE/dx) in anticoinci- ~ With isotropic emission in the'Li c.m. system. We took' to

dence with detector 8. A typical result is shown in Figog P& 45MeVk [13] and found the fragment detection effi-
The outscattered events, féri and all other projectiles, are Ci€Ncy to be 0.940.03. o

inside the interpolation region and therefore cannot simulate Ntérpolation and fragment-loss uncertainties were com-
reactions. The observed outscattering yield was 0.7% of thBined in quadrature to obtaina. ,, of 4.4x0.3b averaged

incident beam fofLi and less for other projectiles. over the projectile energie7 to 55 MeV/nucleohin all
four Pb targets. Figure 7 shows this and other known data for

2n removal from*Li.

ll. EXPERIMENTAL RESULTS Uncertainties in extrapolation to determine the late frag-
mentation yieldi.e., events in th& E; band affect both our
measuredr_,, andoy data. Some fragments produced early

The 2n-removal yield fromLi included two contribu- in the telescope stop in detector 7 and therefore are not iden-
tions. Events from most of the telescope are identifibdve tified. However they are correctly counted dty since they
the normalAE, band (see Fig. 3, their AE; spectrum is give anomalous signals in one or more singles spectra in-
shown in Fig. %a). Figure §b) shows theAEg+ AEg energy  cluding that of detector 7.
spectrum for all events the band. The peak near 220 MeV
includes some 2-removal events from the last Pb target, and
a smaller number of 8 and 4h-removal events. The de-
duced events in this peak lie above the solid interpolation In contrast to'Li—°Li dissociation, only about half of
line; dashed lines indicate the assigned uncertainty. Aftethe o particles from®He dissociation reached detectors 7 and
subtracting the 8- and 4n-removal contributions(Sec. 8 for identification, due to their larger relative mass differ-
11 C), the deduced 2 yield makes up (24 5)% of the total ence and the thicker Pb targets. Therefore, to find,,, we
2n-removal yield. '1Li+Si events, for whicho_,,=0.4b  compared the expected yield in the region between the
[1], are about 5% of the observech-2emoval yield and, normalAE; band and detector saturati¢ire., E,, between 6
after subtraction, contribute negligibly to the experimentaland 18 MeV with the yield predicted by a calculation simi-
error. lar to that described above fotLi.

2

A. 2n removal from Li

B. 2n removal from ®He and 8He
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00~ T their momentum distributions are unknown. If we assume
Oave for He+Pb ] that the charged fragments are spectafioes, no momentum
is transferred to them in the reactjprihen all ®He’s pro-

>0 - i C:R duced in the last two Pb targets are identified in detectors 7
- - - through 9 whilea particles are collected from only the last
. 1.5 mm of the last target. From the ratios of the identified
S 2or ] yields and of the target thicknesses contributing to those
2 —— O-2n yields, we foundr_,,~0.5b. The 4-removal cross section
b

1o 3 » for 8He+Si was also found, earlier, to be about half that for
2n removal[1]; that result too was approximate since it was
- - = found by decomposing the-removal peak in the total en-

8! ] ergy spectrum.
Othern-removal cross sections are approximate, for simi-
0n | L lar reasons. All spectatdiLi fragments produced from'Li
2 4 6 8 10 in the four Pb targets, and about 70% of the spectétor
A fragments, are identifiable. Their observed yield contributes

0.55 b toog, leading to a combined cross section of about
FIG. 8. Measuredrp, (filled data points and o _,, (open data 0.7 b for removing 3 or 4 neutrons froMLi. Similarly, the
points vs A for He isotopes on Pb, with microscopic predictions summedn-removal cross sections from bothi and °Li are

including Coulomb dissociatiofsolid horizontal linesand neglect-  ghout 0.6 b and that frorfLi is about 0.1 b.
ing it (dashed lings The two o predictions for*He are indistin-

guishable. Data are averaged over energy ranges given in Table I. D. Energy-averaged total reaction cross sections

The basis of ouro_,, prediction is described in Sec.  The probability 73 of a reaction occuring in any of the
IVA. A momentum distribution parameteF,=120MeV/c,  first 3 Sj detectors is given by

has been reportefl2,14] only for a C target at 0.4 GeV/

nucleon. The distribution must be narrower at our energy, 1—n3=exp(—ogr sns), 3)
since many forward-emitted fragments would not conserve

energy ifI'=120 MeV/c. We therefore used a renormalized where oy, g; is the energy-averaged total reaction cross sec-
distribution similar to Eq(2), cut off at the largest momen- tion on Si andng; is the total nuclei per unit area in those

tum which conserved energy for those fragments. Fortugetectors. Likewisey,, the probability of a reaction in or
nately the results are insensitive Iy whenI" was varied  pefore detector 7 is given by

from 40 to 120 MeVt the predicted yield varied by only
3%. The ratio of observed to predicted events was 0.97 1— mo=exy — + Ne 4
+0.03, increasing to 1.050.04 after correction for beam 77~ X~ TR plevt Or sMs), @

attenuation before dissociation and fragment reactions afte{yhere the exponential arguments include contributions from

wards. We thus obtainegl_,,=1.46+0.06 b. _all Pb targets and the first seven detectors. Thus the total
Figure 4a) shows the observedE; spectrum and the fit oo section on Phyg ey, energy-averaged over all four
predicted with this calculation. Figurgl®) shows the spec- targets, is :

trum of incident energies at whicte dissociates, predicted
for the events detected both in and aboveAlte, band. The
mean dissociation energy for these events is 37 MeV/
nucleon, with 80% of them lying between 28 and 52 MeV/
nucleon.

For the®He—®He analysis we again varidd from 40 to
120 MeV/c, since the fragment momentum distributions

. or- . g
from 8He and®He on light targets at high energig$5,16 form|ty_v\\llvas 1}2 /(r>],dtt2)at ::irr:s' wasi n?“g'tile' lculations. Th
are similar. One source of uncertainty is that we have no IR si Was fou y MICTOSCOPIC MOdel carculations. 1he

o S calculatedog s for all projectiles are plotted vs energy in
predictions foro_,, vs energy which include EMD. We ° R.Si .
analyzed the data assumifi@ no energy dependence and Figs. 3-5 of Ref[1]. Predicted rather than measured values

(b) the same dependence as fefe. The latter seems more were used in Eq5), since the original Si data of Refl] are

realistic since the energy dependence in the microscopi?,t slightly different energies. Since these data could be fitted

o . .
model is mainly that of the nucleon-nucleon cross SeCtionloo‘;nuiccceur;:?r?t OEO/? iEyEthe(SS? calculations, we assigned
our result, o_,,=0.89+0.08b, is consistent with both - Y R si N =G 19).

o e . _ n7 was found by adding the probability for-removal
f\l,:;:g]s;sé' ;Br? dA) 4gf|\tﬂheevtlar:/§3;sor?ccur for incident energies bereactions identified in detectors 7—9 to that for other reac-

tions observed in the singles energy spectrum of detector 7.
The uncertainty in the singles yield was taken toibef the
interpolated countgsee Fig. &; that for then-removal reac-
We give only an estimate of_,, for 8He—*He+4n, tions included error estimates for setting identification gates
since the*He have only a short range in the Pb targets andand interpolating into the normalE,; bands. This gave a

orpdlpo=IN[(1— 73)/(1— 77)]— or sNs;- 5

whereog ging; refers to only detectors 4—7. Values @f py,
obtained for all projectiles are given in Table | and shown in
Figs. 8 and 9. The uncertainty ims, due to target nonuni-

C. Other neutron-removal reactions
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FIG. 9. Measuredrg vs A for Li isotopes on Pb, with micro- 3
scopic predictions including Coulomb dissociatisolid horizontal 25F I ST e o B
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ergy ranges given in Table I. gop T
. . . . . 0 20 40 60 80
typical uncertainty oft3% in the logarithmic term of E(3) Epp (MeV/Nucleon)
al

and was the largest source of experimental uncertainty.

73, found by microscopic calculations, was also gener- FIG. 10. Measuredrg vs energy(filled data points for “He,
ally consistent with thep; measured from this detector’s ©Li, and’Li on Pb. Solid(dashed curves show microscopic predic-
singles spectrum. The uncertainty, taken to be the differenctons including (neglecting Coulomb dissociation. The diamond
between measurement and calculation, was included in owhows an optical model prediction of R¢R1] for ®Li, and open
error analysis but was always less than thagpin Measure- data points shoiHe+Pb data from Refl20]. Note the zero offsets
ments of7,, the reaction probability in detector 2, also were of the vertical scales.
consistent with microscopic calculations.

One uncorrected experimental error is our loss of inelastic \We report only the four-target average’s for other pro-
scattering events to low-lying states in Pb, with the projectilgectiles, since thein-removal cross sections are larger and of
remaining in its ground state. The group to the first excitedunknown energy dependence. Nevertheless these averages
state is generally the most promindd®,18. Integration of  seem adequate for testing theoretical models, since the data
the inelastic angular distribution for B0MeV « particles to  of Fig. 10 and the microscopic calculations for all isotopes
this state i"°Pb[19] gives a cross section of about 0.02 b. show only a weak energy dependence dgr at these ener-
Similar values for 38 MeV °Li on *2C, ?8Sj, and®®Ni [18]  gies.
are about 0.03 b with little dependence on the target A.

These cross sections are smaller than our stated uncertainties IV. MICROSCOPIC MODEL PREDICTIONS
in og. Alternately, our data may be considered measure-

ments of the interaction cross section, which includes all Previous measuremerits,2] on Si targets were analyzed
events in whichA and/orZ of the projectile changes. Uncer- in the context of a microscopic model which relates nuclear
tainties due to counting statistics were negligible. matter distributions and nucleon-nucleon interaction cross

sections targ ando _,,, data. Therefore, for comparison, we

E. o(E) for “He and 57Li interpret the present Pb data through similar calculations.

Total reaction cross sections for these three isotopes,
which have very smalh-removal cross sections, were found A. Predictions of o_5,
for the projectile energy ranges in individual Pb sheets by a
method similar to that of the last subsection. For exampje,
in Egs.(4) and(5) was replaced by, to find o for the first
Pb target. The results, shown in Fig. 10, have larger unce
tainties than the four-target averages since #fgin con-
secutive detectors have smaller differences. The results for
a+Pb are in excellent agreement with those of Ingemarsson Xval(b)zeXF{ _UNNJ de f f pvalptdvt}- (6)
et al. [20] at the energies where the data sets overlap. The
lowest-energyPLi datum agrees with the optical-model pre-
diction of Nadasert al.[21], which was obtained from pre- The valence neutron and target matter densities in target
cision measurements of large-angle elastic scattering. volumedV,; arep,, andp,. The nucleon-nucleon total cross

o_,p, for ®He+Pb was calculated as befof22] except
that we avoid using an arbitrary cutoff radius for EMD. The
Iprobability Xval(b) that the valence neutrons are not removed
by the nuclear force, when the impact parametds, is

024608-6
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TABLE |. Measurements and microscopic predictiqits b) of og and o_,,, for He and Li isotopes

on Pb.
Predictions
Energy Measurement  no EMD with EMD
Type (MeV/nucleon (b) (b) (b) Source

‘He, oy 35-73 2.690.08 2.56 2.57 this work
He, og 23-63 4.510.10 3.33 4.06 this work
8He, og 19-53 4.380.11 3.62 this work
8Li, o 33-66 3.67-0.14 3.28 3.56 this work
Li, oy 30-68 3.670.12 3.19 3.80 this work
8Li, og 30-64 3.950.14 3.29 this work
8Li, og 72-90 3.0 1.85 3.17 Ref[7]
oLi, og 29-60 3.8%0.14 3.46 this work
Li, og 66—95 3.690.43 3.29 Ref[7]
Wi, og 27-55 8.76:0.34 4.72 7.96 this work
®He, o, 28-52 1.46-0.06 0.56 1.39 this work
8He, oy, 26-45 0.8%0.08 this work
M, o_pp, 27-55 4.4-0.3 1.4 3.95 this work

sectionoyy is obtained from the Charagi-Gupta prescription ~ The predictions of botlr_,,, and o for Li, shown in
[23], anddsis an element of the trajectory. The core survival Fig. 7, are by Esbensen from a microscopic mofEl]
probability xore iS found by replacing,, with p.oein Eq.  which includes the effect of spatial correlation between the
(6). The ®He densitiespore and py, Were taken to be two- two valence neutrons.

term harmonic oscillator form factofg4], andp; for Pb was

a two-parameter FernfRpP function[25]. The probability B. Predictions of o

P.u.db) that nuclear forces remove the valence neutrons at

impact parameteb without disrupting the core is then We first included only nuclear interactions in microscopic

calculations ofog for all projectiles, as in Ref[1], with
projectile densities taken from Réfl]. The resultgTable |)
Prud0) = Xcord D)[1 = Xval(b) . (1) are too low for nearly all projectiles; that fdtLi is too low
by a factor of 2. This conclusively demonstrates the need to
The probabilityP.,(b) of EMD when nuclear forces affect include EMD effects for all projectiles excefHe, which
neither core nor valence nucleons is was showr[28] to have an EMD cross section of less than
1% of or. The previously cited @F form factor[25] was
used for the Pb target density. When instead the Pb density-

Pcoul(b):Xcore(b)Xval(b)(lﬁﬂ-?’/gﬁc)J N(e;;E,b) funct_io_nal form factors of Fayanst al. [29] were used, the
predictions changed by less than 1%.
X[dB( e, :E)/dE]dE @®) Table | shows that similar calculations agree witly

measurements fot*Li+Pb at slightly higher energigg],
o . within the larger uncertainties of those data. Strong absorp-
where the electric dipole response functidB(e1;E)/dE o (SA) calculations using the formulas of Shehal. [30]
[26] and the virtual photon densityi(e;;E,b) [22] are inte-  gaveqsy's 25% lower forLi, and 5 to 10% lower for other
grated over alfHe continuum energies. Finally we have projectiles, than the microscopic calculations; thus, they un-
derpredict the!'Li measurement by about 60%. Somewhat
better SA results were obtained for the same projectiles on Si
0 _on= 27TJ’ [Prud b) + Peoub) Jbdb. (9 [1]. For the Pb target we cannot expect good fits since the SA
model does not explicitly include EMD.
Microscopic predictions including EMD effects are given

ThOur pdr_edltéuon fom*Z“.VS energy a!japears 'r? F('jg(b?b . in Table | for projectiles whose photodissociation cross sec-
he Pre |ct1e39crk;)s§ section, averagﬁ over the distri Ut'Og'ons or electric dipole response functions are known. For
shown, is 1. , in agreement with our measurement o He, in analogy to Eq(7),

1.46+0.06 b. The Coulomb cross section, i.e., the second
term in Eq.(7), accounts for 60% o&_,,,. In this decom-
position, the nuclear cross section would equab,, if Cou- URZZWJ [1— Xvaib)Xcord D) + Peou(b)] bdb.  (10)

lomb forces were “turned off.” To further test the method,

we calculatedr_,,, for ®°He+Pb at 808 MeV to be 0.79 b, Measured photodisintegration cross sections were used to in-
in agreement with the measurement of 8505 b[27]. clude EMD for ®Li and “Li, as described fofHe in Ref.
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[29]. Since the virtual photon density falls rapidly with in- els. The success of the method shows that Si telescope mea-
creasinge,, , only photodissociation reactions which are pro-surements ofor for other solid targets are also feasible.
lific near the lowest threshold were needed; these anen) Therefore, measurements on intermediate-mass targets
for both ®7Li [31] and (y,t) for “Li [32]. Esbenserf11]  would now be useful for testing th& dependence of EMD
provided theog for Li. cross sections, which is model dependgdt Studies on

The measuredp is at least as large fdiHe as for®He. light targets(Be or O would give more sensitive measure-
One explanation is that_,, is at least 50% larger fotHe, = ments of the projectile rms radii. A further justification for
and 60% of théHe o_,, comes from EMD, which must be o measurements at energies below 60 MeV/nucleon is that
larger for ®He since the last two neutrons are less tightlythe large nucleon-nucleon interaction cross section at these

bound. energies increases the sensitivityof to the matter density
An intuitively appealing subtraction relationship for in the halo regiorf2].
2n-halo nuclei, e.g., We offer the following suggestions for related theoretical
studies. Electric dipole response functions %ste, &Li, and
o _on(MLi) = or(*Li) — or(°Li), (1) °Li are needed to resolve the discrepancies between mea-

sured and predicted microscopicg’s for these nuclei. Al
Khalili et al. [35] showed that microscopic calculations us-
?ng static densities underestimate the radii of halo nuclei, and
three-body correlations must be included for a correct treat-
ment. Their method was applied to the high-energy data; an
. ) ) adaptation to our energies would now be of interest. Finally,
o _2n(*'Li) =4.4+0.3b. However, the’lLi and *Li cross microscopic calculations in which nucleon-target optical po-

sections are measured for slightly different energy rang€3entials replace nucleon-nucleon cross sections, as performed

We therefore adjusted ttfei o by assuming that its energy by Henckenet al.[36] for the fragment momentum distribu-
dependence follows the microscopic prediction; E).then tions from 8B and }'Be. would be welcome.

yields o_,,=4.81+0.37b. For ®He, we predict o_,,
=1.82+0.13 b from the original data and 1.8®.13 b with ACKNOWLEDGMENTS

the energy adjustment, exceeding our measurement of 1.46

+0.06 b by more than 2 standard deviations. The discrep- We thank Henning Esbensen, Sergei Fayans, Peter
ancy may result from motion of th#He core relative to the Schwandt, lan Thompson, and Dave Youngblood for their

®He c.m., caused by the Fermi motion of the valence neuadvice and interest, and for sending us results of their calcu-

trons[34]. This would increase the effective size of the corelations and measurements. We also thank Mu-Young Lee,
and, therefore, the of ®He. This effect is larger fofHe ~ Tom O’Donnell, K. A. G. Rao, Dan Sisan, and Bill Yuhasz

than for'!Li, owing to the greater mass and smaller bindingfor their help in setting up and running the experiment. The
energy of'lLi. Howard Hughes Medical Institute and the McGregor-
Oresman Fund supported the work of Megan McKinnon and
V. CONCLUSIONS Nathan Shaner. The work was also supported by the National
Science Foundation under Grants No. PHY-9722604 and
Measurement ofrg by placing Pb target foils between PHY-9804869 (UM-Ann Arbor), PHY-9602869 (UM-
thin Si detectors seems capable of 5% accuracy, and ther®earborn, PHY-9528844 (NSCL), PHY-9401761 (Notre
fore can generate data adequate for testing theoretical moame, and PHY-942365%0berlin).

was proposed by Ogawet al. [33] and found to agree with
high-energy data. The equality holds when reactions of th
halo nucleus include only core reactions and Zmoval.
The o data of Table | yield 4.83 0.37 b for the right-hand
side of Eq. (11), agreeing with our measurement
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