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Total reaction cross sectionsg, of 20—6A MeV “5He, 5%, and %Be were measured by injecting
magnetically separated, focused, monoenergetic, identified secondary beams of those projectiles into a Si
detector telescope and measuring their energy-deposition spectra. dkisseaccurate to about 3%, were
compared with predictions of optical, strong absorption, and microscopic models. The latter gave the best
overall fit to the data, providing long-tailed matter densities were assumed. The best available optical potentials
generally overpredicted the data by about 10%. Strong absorption calculations, in which the isospin-dependent
term is quite important, were often unsuccessful, especially for projectiles with large neutron excess. Two-
neutron removal cross sections were measure@Hier and'Li; the 'Li data were slightly overpredicted by
a microscopic model which includes correlation effects forthé valence neutrons. Bothr2and 4n removal
from ®He were observed, in about a 2:1 ratio. Subtraction analysis of the data indicatéidéhata good core
within ®He and®He, as is°Li within 'Li. [S0556-28186)01810-9

PACS numbgs): 25.60.Dz, 25.70.Mn, 24.16., 27.20+n

I. INTRODUCTION [3] such as®He, Li, and 'Be.
Low-energyog measurements now seem to be a neces-

The total nuclear reaction cross sections;) of stable sary complement to the high-energy data, since the in-
nuclei have long been of interest since they tell us about therease of the nucleon-nucleon interaction cross section at low
radii and transparency of these nuclei and give clues to theignergies makesg more sensitive to the nuclear matter dis-
structure. Often this information is supplementary to that ob4ribution in the tail region of the nucleygl]. For instance,
tained through other measurements. For instance, accurateaction cross sections of the proton-halo candid&tshow
elastic-scattering measurements can determine the opticanhancement at40A MeV [4] though not at higher ener-
model potential parameters for a system, which in turn allongies[2]. Nuclear and Coulomb effecf§] also are more eas-
o to be deduced. On the other hand, measurgdralues ily separated at low energies.
can serve as important constraints in phenomenological Throughout these energy ranges20—80® MeV) there

optical-model analységdl]. are too few data, measured at different energies and on dif-
Measurements ofrg, however, assume new importance ferent targets, for the systematics @ to be well estab-
with the development of radioactive nuclear bedRBIB’s).  lished. Special, high-efficiency methods for measuidngs

The low intensities and poor collimation of such beams ofterof unstable nuclei are required by the low available RNB
preclude the large variety of sophisticated and detailed medhuxes. These include the -y method [6], absorbers
surements available with stable beams: elastic scattering witblaced in counter telescopgg|, and the use of Si and Csl
sharp angular resolution, inelastic scattering to well-resolvedietectors as active targd,8]. There appear to be normal-
excited states, studies of specific reactions, etc. Thus, #&ation problems in comparing measurements by different
present,og is one of the few measurable parameters of armethods. Therefore, to improve this data base, we have mea-
unstable nucleus. sured oy for all bound He and Li nuclei{except 3He) on
The first data for unstable nuclg€2] were high-energy "Sj, using a multidetector Si telescope. To complete the
measurementé800A MeV) of the interaction cross section systematics,'°Be measurements were included sintPele
oy, which includes only those reactions which destroy theand '°Li are unbound. The projectiles thus include both
projectile, but excludes target reactions which leave the prostable and radioactive nuclei, and normal and halo nuclei.
jectile intact. These mainly determined interaction radii andFor each projectile, measurements were made at several en-
in particular, revealed the existence of neutron-halo nuclegrgies between 20 and AMeV; thus our data provide tests
for several reaction theories, which predict substantial energy
dependence in this energy range. We also compare our mea-
*Permanent address: Oberlin College, Oberlin, OH 44074. surements with all other available data below AQ@eV.
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For the two-neutron-halo nucleinZzemoval is one of the
strongest reaction channdls,7,9. Both the magnitude and I‘ 60 cm
energy dependence of_,, are likely to give us information H

about the halo. In Sec. Il C, we report measurements of —

o_,, for ®He and*'Li, and of (o_,,+ o_,,) for ®He, and He, Li

compare them with similar reported data. These three nuclei (%,Y)

make an interesting set since thein-2eparation energies Dets.

range from 0.3 Me\(*'Li) to 2.1 MeV (®He). We show also 6 Si(Li) Dets.

that our method straightforwardly determines the normaliza-

tion of o_,, relative toog. - P, .
The microscopic(Glaubey theories[10—13 provide an melr—'ILG. 1. Silicon detector stactnot to scalg used in this experi

appealing physical picture in which reaction cross sections

result from individual nucleon-nucleon collisions in projec-

tile and target. We show that they adequately describe oUgctors provided the trigger for recording events on magnetic
tape. During data acquisition, pileup signals were recorded

o results, as well ag_,, for 1!Li, and are generally supe- i )

rior to the optical and strong absorption models in fitting '[hefrom .theAE and first two SiLi) dgtectqrs, but were not used

data. to reject events. During analysis, pileup was found to bg
Section Il of this paper describes our experimental proce[]egllglble at the data rates we employed, which were typi-

dure. Section Ill describes the data analysis procedure an(baIIy 200-400/s.

the results obtained; Sec. IV discusses these results and com-

pares them with the predictions of optical, strong absorption, IIl. DATA ANALYSIS AND RESULTS
and microscopic models. A brief summary and our conclu- _
sions are presented in Sec. V. A. General analysis procedure

We obtained projectile energy-deposition spectra such as
those shown in Fig. 2, where counts vs total energy depos-
ited in the telescope are shown féki, 8He, and*'Li. The

Our method of measuringg requires injecting a focused, off-scale peaks are produced by nonreacting projectiles,
monoenergetic, identified beam of the projectile of interestvhile events to the left of the vertical dashed lines near 60
(selected by magnetic analysis and position-sensitive deted4eV/nucleon were assumed to be reactions. Fhiespec-
tors) into a stack of Si detectof2!,8]. Each projectile’s en- trum (Fig. 2) typifies that of most projectiles studied, with
ergy deposition in each detector is measured to determine ithe reaction events forming a featureless continuum. These
which detector, if any, it undergoes a nuclear reaction. continua were arbitrarily but nicely fitted, except at the low-

The projectiles were produced at the National Superconest energies, by quadratic functiofdashed curves How-
ducting Cyclotron Laboratory by a primary 8MeV beam ever, 'Li showed a prominent two-neutron-removal peak
of 180, up to 50 pnA in intensity, bombarding an 0.8 or 1.2 above the continuum caused by core reactions, a<idi
glcn? Be target. The secondary beams were then transmitte®n average'Li breaks up after losing half its incident en-
through the A1200 analyzing systdrb3]; their energy dis- ergy; the two neutrons then carry off two-elevenths of the
persion was minimized with CHwedges[14]. Slits were  remaining kinetic energy. Thus thexZemoval group should
used which gave momentum resolution 0.89%VHM); con-  peak at ten-elevenths of the energy of the nonreacting par-
sequently, the energy resolution for particles losing energyicles, as is observed in Fig. 2. Finally, tAele spectraFig.
only through ionization was usually close to 1% FWHM. 2) showed structure due to botmzand 4 removal. Analy-
Injection energies ranged from A5MeV for ®He to 68\  sis of the neutron-removal data will be discussed in Sec.
MeV for %Be, and were usually chosen so that projectilesli C.
stopped near the middle of a detector. Each detector was calibrated in energy from the known

Figure 1(not to scale shows our detector stack. All de- energy losses of both the projectiles of interest and beam
tectors but the first position-sensitive detec(B®sSD were  contaminant groups. All analyzed events were required to
close packed with~1 cm center-to-center separation. pass tight energy gates, appropriate to the projectile of inter-

The PSD’s and\E detector had thicknesses 2@tn and  est, for both PSD’s and th&®E counter. Projectiles also were
1 mm, respectively. Each @i) counter(Li-drifted Si) was 5  required to pass within 6 mm of the center of the first PSD
mm thick, and was tested for energy resolution and fulland within 4 mm of the center of the second one. It was
depletion by« particles from a radioactive source, incident verified that these radius gates could be increased by 50%,
from both its front and back face. The first threéLsj's had  and the three\E gates similarly expanded, with negligible
23.9 mm diameter, and the final three had 43.0 mm diametegffect on our results.
to minimize event misidentification due to imperfect beam The energy-deposition spectra shown in Fig. 2 were ob-
alignment or outscattering from the first few counters. “Con-tained using only the five gatéthree energies, two raglifor
taminants” present in the detectors cause negligible systenthe PSD andAE counters. From them we obtain a nuclear
atic errors when all reactions are attributed #i, since  reaction probabilityy,, defined 4,8] as the ratio of reactions
model calculationd15] predict og’'s which differ by less to total events. The subscript “1” denotes that the reactions
than 0.5% for?®Si and "®Si, and the Li content is<0.01% took place in or beyond the first (i) detector.
throughout the detectors. Spectra were next obtained for projectiles knomot to

Fast mean-timed signals from tieE and first SfLi) de-  react in the first §Li) detector. The reaction probability,,

II. EXPERIMENTAL PROCEDURE
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gible. Data from different runs with the same projectile also

15000 y .
[ 1 were consistent to much better than our stated error.
10000 [ . B. Results for g
[ ] We relateop to the n,,’'s by consideringN projectiles of
5000 . energyE entering a slab of thicknegsx, in which there are
[ 1 p nuclei per unit volume, and leaving it with energy- AE.
- The fraction which reacts is
A I
§ 0 [ ] —(dN/N)=0R(E)p dx=[or(E)p dE]/(dE/dX). (1)
E 15000:_ E We integrate Eq(1) for the nth detector, which has thick-
O [ B nessT, and whichN; particles enter antl; leave with en-
a 10000 3 1 ergiesk; andE;, respectively, obtaining
[ 3 1 —
5 5000 ] IN(N;/Nf)=o0g p T, ®)
o - ] eyl
o ol ] where the energy-averaged reaction cross sectjpiis de-
8000 _ _ fined by
[ ] _ E,
4000 F 3 oRT= fEf[oR(E)dE]/(dE/dx). 3)
2000 _ _ Straightforward algebra produces
! ] (Ni/Np)=(1=7n42)/ (1= 7). 4
00 20 40 60 80 Stopping powersdE/dx) are taken from Biersack and Zie-
E/A (MeV/Nucleon) gler[16] and, by comparison with other range tall&g|, are

believed accurate to about 1%.
We present ouprg data in Figs. 3—5 and in Table | and
FIG. 2. Energy-deposition spectra &fi, ®°He, and"'Li projec-  compare them with the few similar existing data. The hori-
tiles in Si telescope, with structure due to 2emoval from llLi, zontal “error bars” disp|ay, for each detector, the interval
and both & and 4 removal from®He, indicated. Channel widths petween incident and exit energies for a nonreacting particle.
are approximately 0.4_1 _M_eV/nucIeon. Dash_ed vertical lines near 60rhese energies, like the stopping powers, are considered ac-
_I\/Ie\_//nucleon show division between reacting and nonreacting prograte to 1%. The plotted uncertaintiesdg are only those
Jectiles. systematic errors described earlier; statistical uncertainties
are negligible in comparison. The energy dependence of our
for reactions occurring in counter 2 or beyond, was found*He data is consistent with measurements made at two other
from spectra taken with an additionAE, energy gatdthe laboratories: one which injected a secondary beam tagged by
subscript toAE denotes SLi) detector 1 which excludes elastic-scattering coincidenckss] into an active Si detector;
particles reacting in detector 1. The difference betwegn and the other using the conventional_ transmission method
and 7, determines the likelihood for reactions to occur in[19]. However, our absolute's are higher than those of
detector 1, and thusp, for the interval between the energies [19]. The present results fdiHe and *'Li have higher pre-
at which nonreacting particles enter and leave that detectofiSion, and seem lower, than othersogf averaged from 0 to
Finally, the reaction probability;,, was found for each active 20Ut 23 gM,eVZ;JS'“g a single active Si detect{20]. One
counter by gating on energy losses in all preceding counterdatum for °Li+*‘Al, actually the result of two transmission
Two corrections were then made to the rawy's. (1) measur_emeni[_s?,Zl] exists at 86 MeV. Since all our mod_el
Some lowQ events fall under the off-scale peaks shown incalculatlons give less than 3% difference for Al and Si tar-

Fig. 2, and are therefore wrongly counted as stopping, noyets, we compare it with our data in Fig. 5, where it is seen

reacting, projectiles; reaction yields were therefore extrapot-0 be too low to be consistent with our data.

lated to the center of the peaks. Whether linear or quadratic
fits to the counts in nearby reaction channels were tried, the
differences {,— 7, 1) were generally small enough to de-  Yields in the Z-removal peaks for botd'Li and SHe
termine oz to =2%. (2) Some projectiles react just before were obtained by fitting a quadratic function, such as that
leaving thenth counter. Thus their signals satisfy th&E,  shown fitting the ®Li spectrum in Fig. 2, to the yield in
gate and they are wrongly counted as reacting in theegions on either side of the peak. ,, is then determined
(n+1)st counter. By analyzing with different gate widths by the difference in the peak areas for consecutive counters.
AE, and extrapolating to zero gate width, we concluded that Two systematic errors arise in the data analydisThere

this effect also contributes no more thar2% uncertainty to  is uncertainty in the fitting process, since the underlying con-
or. Thus we deduce a3% random error due to systematic tinuum spectra change shape from one detector to the next,
effects, compared to which statistical uncertainty is negli-as the projectile loses energi2) *!Li (for example disso-

C. Results for o_5,,
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G 3 & iid d , forS8e | FIG. 4. Similar to Fig. 3, for8~8Li. Two microscopic predic-
FIG. 3. Measuredrg, (solid data pointsvs energy fo em tions for 8Li use matter densities predicted by microscopic cluster

Si compared with predictions of microscopic, optical, and strong MC. [35]) and shell(S. [39]) models
absorption modelgsee text and data from three other laboratories. (MC, [35) (S, [39 '

Horizontal “error bars” show energy range in which projectiles can i, ynia) bark The latter value is quite accurate, since it is
:i?) "’r‘:;t :;i?,acgedbeéfcéc;?aﬁé?n;nz dTZst:gggsﬁfggcal'TOdetl predic-  yetermined entirely from the first counter's spectr(fiy. 2
g ' ’ parameters. rather than difference spectra; i.e., it requires no entrance or
exit corrections.

ciates into a’Li fragment which initially has about the same ~ We know of no other measurements @f ,, on Si for
velocity, and therefore the samdE/dx). Reactions occur- these projectiles. Later, we compare dtiri data with those
ring near the back of thath detector may allow that detec- available for other targets.
tor's signal to satisfy itsAE gate, so that the reaction is  For ®He, Fig. 6 shows the sum ef_,, ando_,, since
incorrectly placed in ther(+1)st detector. To estimate this the two peaks could not be accurately resolved in all spectra.
effect, energy-loss spectra were calculated for fragments dig>enerally it appeare¢rig. 2 thato_,,/0_4,=2 as is also
sociating throughout the detector, using known momentun@bserved24] at high energy foPHe+C. The dominance of
distributions for ®8He [22] and 'ILi [23]. The fractions of 2N over 4n removal is nontrivial, since shell-model calcula-
those spectra lying inside the energy gAte, determined an tions using the Cohen-Kurath 616-2BME interaction show
effective “dead-layer” thickness for that projectile and de- that ®He has only about 20% parentage from ftée ground
tector. The raw cross section for a detector was then corstate[25]. Production of any’He excited state is immedi-
rected by subtracting those reactions which occurred buately followed by its 21 decay to*He. It therefore follows
were not detected in the previous counter, and adding thogbat the®He fragments are mainly sequential decay products
lost in its own dead layer. This correction is relatively smallof the unstable nucleusHe, whose ground state can decay
for intermediate counters, since varying the assumed maenly to ®He+n. Production of this nucleus by single-
mentum distribution changes the entrance and exit corregiucleon removal should be prolific, since it has(32)~
tions by similar amounts; for these counters, we estimatground state andpg,)” is the dominant valence neutron
systematic errors of about10%. It is more serious for the configuration for®He.
first and last counters for which, considering the uncertainty
in the momentum distribution22,23, we estimate system-  |v. DISCUSSION AND COMPARISON WITH THEORY
atic errors of=15%.

Our results, shown in Fig. 6 and in Table II, includg
averaged for the energy ranges of individual detectdesa Optical-model calculations ofgz were made, using the
pointg and over the projectile’s entire energy rarfhatched codesNnooprysq for those projectiles for which potential pa-

A. Optical-model predictions
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TABLE |. Measuredoy for He, Li, and Be nuclei on Si, aver-

' aged between energies per nucléonandE,.
E E, E, oR
. Nucleus (MeV/nucleon (b)
] “He 29.7 445 1.080.03
3 “He 44.5 56.1 0.990.03
[ ] ®He 13.7 29.0 1.590.06
1.5 - ®He 29.0 39.5 1.620.06
: ] ®He 39.5 48.1 1.540.06
20 E He 48.1 55.6 1.670.10
18F 3 ®He 12.2 25.1 1.720.07
) i ] 8He 25.1 33.9 1.740.07
N’ i j
. 16F E ®He 33.9 41.2 1.730.07
5 b E 8He 41.2 47.6 1.640.07
T ] 8He 47.6 53.4 1.580.15
1.2 f—————+— :\I ——————+ . BLi 20.8 45.2 1.5&0.05
18k ] oLj 45.2 61.8 1.44:0.05
E Li 16.5 40.1 1.550.05
1.6F Li 40.1 55.6 1.44:0.05
145_ 8Li 25.3 43.0 1.58-0.05
“F —— MICROSCOPIC 3 8Li 43.0 56.2 1.52-0.05
1.2F = oLi 30.6 45.1 1.57-0.05
Lok STRONG ABS. Re_fﬁ%:i 9j 451 56.6 1.48:0.05
Jagy S T SR A i 22.7 37.1 2.55-0.10
0 20 40 60 80 1 37.1 47.9 2.370.10
E/A (MeV/Nucleon) - 1y | 47.9 57.1 1.97:0.10
10e 21.3 46.7 1.570.05
108e 46.7 63.9 1.530.05

FIG. 5. Similar to Fig. 3, for>4Li and %Be.

rameters are available fof®Si targets: “He [26-2§, and
67Li [29,30. The results are shown by dot-dashed curves in
Figs. 3 and 4. The simplest existing models for nuclear reactions are the
For “He, the dependence on lab enef)pf the real well ~ strong absorption models; they assume that reactions occur
depths was obtained using the prescription of Nadasen arghenever two nuclei, traveling on Coulomb trajectories,
Roos[31], i.e., make geometrical contact. These models differ mainly in
their parametrization of the interaction radius. The most re-
V=V~ B InE, (5 cent formulation is the model of She al.[15], which bet-
ter fits the data for many systems, at low to intermediate
with B chosen to mak&/=0 at 3.5 GeV. The bestHe fit  energies, than do earlier models. In Figs. 3—5, predictions of
(curve labeled T"”), which overpredicted our data by only the Shen modeldashed curvgsare compared with our nine
10%, was obtained with the Tatischeff-Brissaud potentialsiata sets. The isospin-dependent term in this model is impor-
[28] which were deduced from 41 MeV/nucleon elastic scattant for nuclei with large neutron excess. Thus, while the
tering data. Calculations with parameters deduced from the gredictions are rather good for projectiles wit~2Z, they
and 26 MeV/nucleon dat26,27 failed to predict the mag- far exceed the data fdtHe, °Li, and eveni®Be. However,
nitudes of our data and those of Aueeal.[19], but repro- ey give an excellent fit fof'Li. The lack of consistency in
duce thgr energy dependence. such a “broadbrush” model, which necessarily ignores such
T.h.e ‘L opUcaI potgntlal pargmeten[§9,3q were found important details asr?-separation energy and pairing effects,
by fitting precise elastic-scattering data covering a large anyg hardly surprising. Other calculatiort®ot shown were
gular range at 35 and BQMeV. Energy depend_ences of done with the Kox mode[32]. For all these projectiles it
these parameters, determined during the analysis, also ga&gve results which were very similar to, but lower than,

acceptable fits to low-energy elastic-scattering data. Hows
ever, they overpredict oufLi and ’Li results by about 10 those of the Shen modéy no more than 10%

and 5 %, respectively. We have not found a different set of
optical parameters which would lower the predictions while
preserving the fit to the elastic data. It appears that even The microscopic models10-12 attribute nucleus-

optical potentials which provide good fits to elastic scatteringnucleus reactions to the combined effects of collisions be-
data cannot predict reaction cross sections to better thameen pairs of nucleons in the target and projectile. Thus the
10%. three ingredients which enter the calculations are the

B. Strong-absorption models

C. Microscopic model
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TABLE II. Measured cross sections on Si fon 2emoval from

: I ! N ®He and!Li, and (2n+4n) removal from®He, averaged between
08 114 -] energies per nucleoB; andE,.
06 3 E E; E; T —xn
0.4 [t rrrrrr b ess I Nucleus (MeV/nucleon (b)
o2k 3 ®He 0.0 13.7 0.4%£0.10
B ] ®He 13.7 29.0 0.470.06
0.0 F+——————————+————}—+ SHe 29.0 39.5 0.4%0.05
F 8 ] SHe 39.5 48.1 0.480.04
08p B He E SHe 48.1 55.6 0.350.15
S 08 :_7_72%// Wiy /j// S E SHe 0.0 55.6 0.410.02
~ F ] ®He 0.0 12.2 0.5%0.10
& o4af L . 8He 12.2 25.1 0.780.06
5 .ok E e 25.1 33.9 0.630.06
“I ] ®He 33.9 41.2 0.630.06
0.0 F~+———+——+—+—+—+—f—+——+—+—}—+ 8He 41.2 47.6 0.410.04
] 6 ] ®He 47.6 53.4 0.380.15
08¢ He E 8He 0.0 53.4 0.5%0.03
0.6k E W 0.0 22.7 0.55-0.10
i : ] M 22.7 37.1 0.47-0.04
0.4 :ﬂ%”"”i”’”; = QE{E 3 W 37.1 47.9 0.39:0.04
o2k E M 47.9 57.1 0.38:0.06
e ] My 0.0 57.1 0.43-0.02
0.0 PR TS T R SO S R
0 20 40 60
E/A (MeV/Nucleon) p(r)=po{1+exi (r—Ro)/al} ®)

FIG. 6. Measured cross sectiofslid data pointson Sifor 1 \yhich reproduce the rms charge radii determined in electron

6 11 5 8
LeT?]V"’(‘]: ft:c’m_ He a?]d L, ?T‘dd_(mr‘m) removal ftr_om He. Thedf scattering[34]; the parameters are given in Table IV. The
alche ar In each panel Iindicates a Cross section average r s I’adiUS taken fOIlOBe iS that known fOI’lOB [34] For

zerq tol energy of |r.1C|dence on our. telescope; vertical thickness OF]uclei other than those listed in Table IV, Woods-Saxon
bar indicates experimental uncertainty.

(WS) form factors reproducing their rms radii usually gave

fits as good as those shown in Figs. 3—5. This was true, in

nucleon-nucleon total cross section and the matter densiti%s;a ; 8 6 -

. - . ; rticular, for°He, but for °He the fit was about 0.3 b lower
in the polll_dlng nuclei. We used the Charagl-G_ub%a] P& than that shown in Fig. He is a recognized halo nucleus
rametrization ofoyy, and for the target density used the ith 2n-separation energy of only 0.97 MeV and-Balo
three-parameter-Fermi form factor for the charge density o hickness 0f~0.8 fm [25,38, and evidently the WS form

28 . . . . .
Si as c_Jeterml_ned by electron scatterl_f@ﬁl]. PI’OjeCtI|e_ factor inadequately accounts for nuclear reactions in the tail
density distributions were taken from various sources, I'Ste%gion

in Table III.
The sensitivity of the calculations to various projectile
matter distributions was explored. Long-tailed form factors D. The 891 results: General comments

are r'equ'ired for microscopic calcylations since important  \,-vor densities fof ~°Li based on the microscopic clus-
E:r(r)\rsltstlbsl,]itr:OTes Lﬁ?n%%?;eofsrgirlralt?siﬁg)lT(?r?r(]:tfg?trggeﬁﬂién ter model[35], and for "®Li based on the shell modgB9],

to re[;rodgce the rms radii determined by electro,n scatteriné\:g;ee gg;ggﬁ?ez}t/ %%[T%rjtogghgﬁﬁvsﬁ l?r? rél gTT El;lgcgki\t/?h\:aery
[34], usually gave poor results since they underestimate theLi data. 8Li is of interest, ;imong other reasbn:s, in being the

matter content of the tail. For exampleg’s of only 1.0— : .
1.2 b were predicted fofLi and ’Li with HO form factors mirror nucleus of the proton halo candidat@ [4]. The

which reproduced their rms radii. However, f6fHe Tani-
hataet al. [36] found two-term HO functions, with separate
s- and p-orbital HO size parameters, which fitted the rms
radii of #®®%He deduced from high-energy, measurements;

TABLE Ill. Matter distributions used for projectiles in micro-
scopic calculations.

further, these givep(r)’'s nearly identical to those deter- Projectiles) Distribution Reference
mined from the microscopic cluster mod@&l7]. The fit they  “He, °Li, %Be Woods-Saxon [34]
gave was quite good fdtHe but not®He data, whoser we  ®8He Two-term harmonic oscillator ~ [24]
find to have a surprisingly weak energy dependence. 9 Microscopic cluster model [35]
Data for three nuclei were fitted with Woods-Saxon form11 Hartree-Fock [36]

factors
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TABLE IV. Woods-Saxon form-factor parameters for three nu-
clei; all distances in fm.

Nucleus Ro a l'ms

“He 15 0.308 1.63 i
8L 2.0 0.552 2.57

10Be 2.0 0.511 2.45

shell-model densities fofLi are nearly identical to those

which fitted our®B data[4], and consequently they predict
the samerg . The microscopic cluster model finds significant I ]
differences between these mirror nuclei, predicting rms radii 'l A Ref. 36 _
r,=2.58 fm for ®Li and r,=2.73 fm for ®B. Thus this
model provides no support for a neutron halo 8hi and

consequently predicts a lowery, thereby better fitting our I
data(see Fig. 4. ol v v 1

%Li is of some importance since three-body models of 0 20 40 60
'Li must treat °Li as an inert core; nevertheless, it must E/A (MeV/Nucleon)
have cluster structure as described by the microscopic cluster
model. Matter densities from this model overpredict our data . . . ) o
by only a small amount. We note also that the 80 Mev FIG. 7- " o data compared with microscopic predictions
9Li+Al datum (Fig. 5 lies well below our model predic- USind matter densities taken from four modi3§,40.
tions.

Three contemporary models dfLi (hyperspherical har- tions, particularly in the C data. The Si data, with their rela-
monic, coordinate space Faddeev, and the cluster orbitdively small uncertainties, lie below the predictions.
shell-model approximation, or COSMAare described in Tanihataet al. [24] demonstrated that the high-energy
some detail inf40]. Predictions using their matter densities data contain an important, intuitive relationship: e.g.,
are compared in Fig. 7 with our data and the prediction from SHe) — He) ~ o (4H 7
Fig. 5. In the energy range of our data they are similar, with 71(°He) =0 zn("HE)~ 0y ("He). 0

the data favoring the Faddeev L5D function. The valencq : . .
: n other words, the nuclear reactions in whifHe engages
neutron density for the COSMA model has the steepest X are just those which the bartHe core would havg, glus

ponent|all falloff. Conseque_ntly the other models prEd.'CIZn removal. They found a similar relationship to hold for
largerog's at very low energies where, as pointed out earliers g , .

[4], or has greatest sensitivity to the matter distribution in
the tail. Thus experiments at these very low energies, even
though technically difficult, would be quite interesting for
discriminating between these models.

There appear to be no otheg data for *'Li with Si data
so, to display their systematics, we present our regstibd

og (b)

Faddeev

o(BHe) — 0 _5n(BHE) — 0_4n(BHE)~ o (*He).  (8)

Thus, they deduced th4He is a good core for botfHe and
8He; the latter is consequential since five-body calculations
for 8He [45] assume am-particle core. Further, Tanihata

squareps with available o (or o)) data for C and Pb ' : AR ;
- ; . et al. find that a relationship similar to Eq7) fails to hold
[5,21,36,41in Fig. 8. There they are compared with predic- o 00n’ 9 removal from ®He and the ®@He interaction

tions of the microscopic theory of Esbensen and Bertscr(l:rOSS sections: thereforéHe is not a good core fofHe
[43], which has been successfully applied to the 800eV ' 9 '

data. The data, other than for C and Pb at 43 and 75 MeV/ O_ur mgasurem_ents provide an opportunity _to test these
: relationships—which clearly require that the intermediate
nucleon[41], are successfully fitted by the theory.

nuclei (>"He, 1°Li) be unstable against neutron emission—at
lower energies. We definecore to be the “core” cross
section for events underlying then2and 4h-removal peaks
Again, there seem be no other measurementsrofe2  in Fig. 2. Thus,ocore represents th€He and L reaction
moval from !Li by Si, so we compare our datésolid  cross sections with rremoval subtracted, and tHiHe re-
squarep in Fig. 9 with those available for C and Pb action cross section with bothn2 and 4-removal sub-
[5,21,42,43. There are no C data below 8MeV, so a Be tracted.(For *He, ocore=0r by definition) We can in fact
datum[44] is plotted with them. These data are also com-determineocqge With greater accuracy tham_»,,, since the
pared with predictions based on the microscopic model obnly systematic uncertainty arises from separating the con-
[43], which include contributions from both the nuclear- andtinuum andxn-removal peaks. There are no entrance and
Coulomb-induced breakup. We note that Coulomb dissociaexit corrections which, foo_,,,, require redistribution of the
tion plays a significant role for the Si target; at/3®8eV it peak events between detectors.
is responsible for about 150 mb, while nuclear breakup gives Our data are presented in Fig. 10. They show that, even at
380 mb for a total of 530 mb. These data confirm the prethese lower energies;-ore is Nearly independent of projec-
dicted energy dependence though with some large fluctudile type. This outcome is perhaps surprising, since effects

E. 2n and 4n removal: Theory and discussion
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FIG. 8. Total reactior{or interaction cross sections fot'Li on
C, Si, and Pb vs energy, compared with microscopic model predic-
tions [43]. Present Si data are solid squares; open circles represent

C and Pb data frorf5,21,36,41 FIG. 10. ocore Vs energy for®!lLi data, and for*®*He data;

subtraction analysis is described in Sec. IV E of text. THe point
which might prevent it may be stronger at low energy. Onds taken from[18].
such effect is transfer reactions between valence neutrons
and the target. Another is possible shielding of the core from
the target by the valence neutrons; from the microscopic
model, these interact more strongly with the target at lowalso holds decisively, as it does at high energy; 6@He
energy, so that a bareparticle could have a better chance of oy’s differ by ~0.1 b, whileo_,,~0.4 b.
interacting with the target than one insidele. Further, the
theoretical basis of Eq(7) was proposed46] for high-
energy data. Thus, we too find th&te is a good core for
both ®He, and also thaflLi is a good core forlLi. The

or(°HE) = 0 5n(°He) # or(°*He) €)

V. SUMMARY AND CONCLUSIONS

inequality

10.0

5.0F

2.0

1.0

O_zn (b)

Pb

0.1
10

FIG. 9. Measuredr_,,, vs energy for'lLi on C, Si, and Pb,
compared with microscopic predictiod3]. Present Si data are
solid squares; open circles show C and Pb data ff6y21,42,44.

650 100 200

500 1000

Tiap (MeV/Nucleon)

We have measuredg on Si for nine light nuclei includ-
ing the recognized @-halo nuclei ®He and Li. Each
nucleus was measured at several energies between about 20
and 6\ MeV, with an accuracy of about 3%. The magni-
tudes and energy dependencescept for®He) of the mea-
surements are all described reasonably well by the optical,
strong absorption, and microscopic models, but perhaps best
by the last.

Of these nuclei,®He seems most anomalous in that its
lack of energy dependence contradicts all theoretical predic-
tions. Takigaweet al.[47] have concluded that Glaubéni-
croscopi¢ calculations seriously overestimateg for a
nucleus with an extended neutron halo. However, the
problem is one of the energy dependencergf not its mag-
rIiltude, while the microscopic theory gives both correctly for

Li.

Two-neutron removal was shown to be prolific for the
three-halo nuclei. Moreovekr_,,~0.50_,, was observed
for 8He as is also true at 880MeV. Thus, at our bombard-
ing energieso_,, has about the same value, 0.4 b, for
®He, 8He, and 'Li, despite their quite different -
separation energies: 1.0, 2.1, and 0.3 MeV, respectively. For
8He, having four valence neutrons may compensate for a
higher S,,,. Curiously, the curvature of the energy depen-
dence does seem correlated with the separation erieegy

One Be data poirf44] is plotted for comparison with the C predic- Fig. 6).

tion.

As is true at higher energies, », is about 20% ot for
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1§, Further, o_,, is predicted reasonably well by the *’Ne—0+2p will be prominent and its signature unmis-

Esbensen-Bertsch microscopic thep4] including valence takable.

nucleon correlations, even though that theory was intended

for use at high energy. In this context we recall that micro-

scopic calculations ofrg, originally applied[11] to high- We thank Professor B. A. Brown, Dr. I. Tanihata, Dr. I.

energy data, also were found to work very well at low ener-Thompson, and Dr. K. Varga for tabulated matter distribu-

gies[12]. tions. used in our microscopic calculations; Professor S. M.
A subtraction analysi§comparison ofor—o_,, for ~ Austin, Professor P. G. Hansen, and Dr. D. J. Millener for

SHe with or(*He), etc] like that applied to the high-energy their interest and helpful advice; and Dr. Jack Walton for

data by Tanihatat al. [24] supports the same conclusions as'iormation about SLi) detectors. We also thank the NSCL
theirs: *He is a good core within botfiHe and®He, as is operations staff for providing excellen; beams, and.the fql-
oL i Wi.thin 1 | ' lowing undergraduate students for their assistance in setting

up and running the experiment: Brendan Field, Ryan
Our telescope method, now shown to be useful for meayc|eod, Linda Nieman, Aaron Seibel, Dan Sisan, Erik
suringo _»,, should measure_,, at least as effectively for Tryggestad, and Jim Young. This work was supported by the
reactions producing two protons and a fragment with lowNational Science Foundation under basic research Grants
relative velocities. For example!’Ne fragmentation must PHY-9314783(IUCF), 9402761 (ND), 9214992 (NSCL),
produce at least two protorighe intermediary®F is un- 9122067 and 942365@berlin), 9312428(UM-Dearborn,
bound and the products®0 and *H have ranges in Si of and 9208468 and 9512104JM-Ann Arbor), and REU
about 4 and 17 mm, compared with 3 mm fdNe. Zhukov ~ Grants PHY-930001IND) and 942414@MSU), and by the
and Thompsor{48] suggest that'’Ne may have a two- Department of Energy under Contract W-31-109-ENG-38 to
proton halo structure. If it does, the fragmentation reactiomArgonne National Laboratory.
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