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The reaction cross section fé8 and "Be and the breakup cross section B on silicon have been
measured for incident energies between 10 and 40 MeV/nucleon with a stack of silicon detectors. Secondary
8B and "Be beams were obtained by use of the LISE spectrometer at GANIL. The stack of silicon detectors
had the multiple purpose of slowing down the incident secondary beams, identifying the reaction products, and
measuring their energy. The separate contributions of diffraction dissociation and absorption to the breakup
have been determined. The parallel momentum distributiofBef resulting from the breakup &B has also
been determined. The data are compared to theoretical calculd&iE56-281®6)06009-9

PACS numbsgs): 21.10.Ft, 25.60-t, 26.65:+t, 27.20:+n

[. INTRODUCTION cross section could be explained by using a density with a
radius of 2.7 fm.
The existence of a proton halo #B is a rather contro- These experiments have to be compared with the older

versial question. While the one neutron halo'iBe and two  result of Tanihatat al. [5] who obtained a modest increase
neutron halo in*'Li are well established by experiment, the gf the interaction cross section dfB as compared with
evidence for the proton halo is somewhat contradictory. Re-Be, the presumable core &B. Our previous experiment

cent experiments suggest either a large proton halo or a vafif] concerning the quasielastic scattering’se and®B on a
ishing one. 12C target at 40 MeV/nucleon suggests also that the increase

For example, Minamisonet al. [1] found an electric ©f the optical model reaction cross section is rather consis-

quadrupole moment much larger than the shell model would€nt ‘{‘/’;th a normal dependence of the interaction radius
predict and this was interpreted as a strong evidence in th@~A - However, the measured angular range for quasielas-
favor of proton halo. The experimental quadrupole momenfi¢ Scattering was too small to draw definite _conclusmns
could be explained using single particle wave functionsabout the existence of the proton halo. In particular, as the

(s.p.w.f) which correspond to a matter density with a radiusmeasurgd quasielastic [Cross s.ection. does not make a clear
of 2.7 fm, i.e., much larger than the prediction of any Self_separatlon of the elastic and inelastic components, the de-

consistent calculation. From a measurement of the lon itudi(-juced reaction cross section is model dependent. Further-
o g more, the sensitivity of the data with respect to the choice of
nal momentum distribution ofBe after the breakup ofB

X optical potential has not been studied.
(1471 MeV/nucleon on different targets at GSI, Schwab * gjmitaneously with the quasielastic scattering’Bfand

et al.[2] drew conclusions about a large spatial extension ofrg, [6], the excitation function for the breakup reaction
the loosely bound proton ifiB. Indeed, the momentum dis- 85 28gj _,7Be+ X was measured. It is believed that such a
tribution had a FWHM of 81 MeV/c which implied a radius measurement, due to the very loosely bound nature of the
of 2.78 fm. Similar measurements have been performed quitgrojectile, will provide further information on the proton
recently at MSU[3] at lower energies; the widths of the wave function. The total reaction cross section for
distributions were also small but they show a dependence oPB + 285 has also been measured for several energies in the
the targetZ. Recently, Warneet al.[4] measured the reac- range of 10—40 MeV/nucleon. Complementary measure-
tion cross section foB+28Si in the range 30-60 MeV/ ments of the reaction cross section @e on silicon have
nucleon, obtaining values around 1.9 b. Again, such largéeen performed in order to have a clear comparison of the
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TABLE I. In the second column are given detector thicknessasnm the third and fifth columns contain the mean and the variance, in
MeV/nucleon, for the distribution of the reaction energies inside the corresponding detector considered asgtédetal reaction cross
section on silicon. The one proton breakup cross sectiotBofo,,) and the separate contributions of diffraction dissociation mechanism
(o9 and absorbtion mechanismo§,) are given in the last three columns. All the cross sections are in mb.

Det no. thick. Elee s gl o Tbu ol of,
1 300 38.46:0.56 149184 37.96:0.76 164275 222+15 112+8 1109
2 300 36.4&0.58 147656 35.23:0.82 169870 225+15 13G+8 97+8
3 1000 31.86¢2.15 1597 56 28.34+3.23 186167 244+ 15 14G+8 1049
4 1000 23.462.76 160348 15.28-4.88 1946-97

5 50

6 50

7 150

8 150

9 300 9.36-1.70 1575-68

10 300

11 1000

core with the presumed halo nucleus. The experimental setufpn sensitive and the second was used for the time of flight
further permitted a determination of the parallel momentum(TOF) start signal(the stop signal being provided by the
distribution of "Be resulting from thé’B breakup. All these cyclotron radiofrequengyand for triggering the data acqui-
data taken together impose severe constraints on the theoresition. The incident energy of thBB secondary beam was
cal interpretation. 320 MeV; after the carbon target the energy was degraded to
The paper is organized as follows: Section |l briefly de-314 MeV. At this energy, the corresponding range®Bfin
scribes the experimental setup. Section Il presents the maiilicon is 2556um. Therefore the beam was stopped at the
features of data reduction: simulations, event identificationend of the fourth detecto(see Table )l This detector is
cross section and momentum distribution evaluation, tofollowed by a succession of thin detectors in order to enable
gether with the results obtained. Section 1V is a discussion ofhe identification of’'Be coming from breakup reactions in-
the results including a presentation of the main ingredients ofide the first four detectors. Because tfige produced in
the theoretical calculations. The conclusions are summarizelsreakup has almost the same velocity 88 but lower
in the last section. charge, it has a longer range in the detector stack than the
beam and therefore can be identified in bidimensional plots
of energy loss versus residual energy in two successive de-
tectors placed after the fourth ogiea which the beam stops

The general setup and the primary beam characteristics EXteénsive simulations have been performed for compari-
have been described in a previous publication which preSon with, and comprehension of, recorded breakup events.
sented the results on the quasielastic scatteringBof6]. ~ The simulations accounted for the telescope geometry and
Here, only a brief description will be given. A primary beam intrinsic resolution of detectors, energy and angular strag-
of 13C (60 MeV/nucleon with an intensity of 1.4euA de- gling, energy and angu_lar dlstrlbut_lon of the breakup prod-
livered by the GANIL cyclotrons impingednoa 2 mmthick ~ UCts gnd @ffgren_t reaction mec_hamsm's. The momentum and
9Be production target. The LISE3 spectrometer was set t§Osition distributions of the inciderftB ions as determined
select successivel§B and "Be produced by fragmentation from the experiment were used as initial conditions for the
and to form them as secondary beams with an energy of 48mulated events.

MeV/nucleon. The most important contaminants wéBe

and®B respectively; they amounted to about 1% of the main lll. DATA REDUCTION

beam. All other(lighter) contaminants taken together con-
Lr(l)tauntteedr s(llf’eSZQt Zaer:ve% 1t?de;l;r\1/\;oth26}(r)%llglptizﬁt§n ?ﬁ:ﬁnﬂ%e reaction cross sec_tior)s, t_he breakup cross sections and the
beam spot had a diameter of 7 mm. After the 'second P’PACparaIIeI momentum distributions ofBe resulting from the

. One-proton breakup ofB. The procedures are built as fol-
a_lcarbon t.arget of 18.5 mg/Chwas placed for the quasielas- lows: one of the detectors is considered as target and then,
tic scattering measurements.

The device that served for measuring the breaku an%ﬂe succeeding ones serve to analyze the reaction products
. : ; 9 up us generated. The cross sections obtained are therefore av-
reaction cross section followed the ideas expoundé@]int

consisted of a stack of 11 Si detectors which served as targef;ra(‘:]e values over the range of beam energies inside that
, . ® detector.
degrader of beam energy and detecting media for reaction
events.
The thicknesses of these detectors are given in Table I.
Their frames were 10 mm thick so that the ensemble had a The method used for selecting the reaction events is based
length of about 11 cm. The first detector wasindy posi-  on the observation that in the detector in which one of the

Il. EXPERIMENTAL SETUP

In this section we describe the procedures used to obtain

A. Reaction cross sections
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reactions’Be+ 28Si or 8B+ 28Si took place, the energy de-
posit is significantly different from that of the beam particles
(nonreacted eventsTherefore a gate around the typical en-
ergy loss of the beam particles in a given detector is suffi-
cient to determine the number of reaction events in that de-
tector and to eliminate them from the flux impinging upon
the next onés).

In the following, the most important factors that can affect
the above simple procedure are presented for®Bebeam
and for the most affected detector: the first one.

Selections on the position signals have been used to elimi-

nate the eccentric trajectories and consequently, most of the .
interactions(including diffusion and slowing downof 2B BTV S =T BT R vy R v e~ R N
ions in the materials preceding of the telescope. A gate in EE,; (MeV)
TOF corresponding to goodB values eliminated all the 225
beam contaminants. However, a small number of fragments
coming from reactions in thé’C target was still present in ‘
telescope. They were identified and eliminated using small  175F
area cuts in the bidimensional plots of energy losses in the 1505
first two detectors.

The events fulfilling the above conditions are plotted
in Fig. 1(a). Ey is the total energy deposit inside the tele-
scope ancE;,; is the incident energy as deduced from TOF.
FD1 is the difference between the recorded energy in the first
detector and the calculated energy deposit 8Baf incident :
energyE;,;. The usefulness of such a representation, as com- 25}
pared with the more commo&l vs E,,; one, is that it o: . e
eliminates the incident energy distribution effects. In this fig- T2 miveyy, 0 2 2 ¥
ure, the vertical line below the spot of the stopped beam is
due to the events channeled in the first detector. The black
horizontal strip contains the events passing through the FIG. 1. Experimental spectra used for the determination of the
first detector without reacting. The thin lines show the selectotal reaction cross section corresponding to first detector of the
tion criteria for the reaction events in the first detector:telescopeB bean). E, is the total energy loss, i.e., the sum of the
Eior—Eini<—4.7 MeV and|FD1>1.5 MeV. energy losses in all touched detectdgs, is the incident energy

Of these two conditions, the first one clearly select reaceomputed using TOF. FD1E1 E1°a'C is the difference between
tions in the telescope, but may leave outside some of thewe experimental energy loss in first detectéi) and the calcu-
reactions having a smaQ value. The second one is intended |ated energy Ioss&lcalc) obtained by forward propagation through
to select only the reactions in first detector. The effect ofhe telescope of 8B of E,, incident energy(a) Scatter plot of
channeling, and to a small extent straggling and intrinsicapout 5¢<10° incident 88 particles.(b) The histograms of reaction
resolution, may place outside the horizontal band some 0Oévents after channeling correctiéthick line) and elimination(thin
the events passing through first detector without reactionine) of the events corresponding to tAB+ 28Si—’Be+X breakup
falsely assigning them to the class of reaction events in thehannel.
first detector. However, these events will react in the next
detectors as they fulfill the first condition. Their distribution accompanied by light particle emission. Of these particles,
along the vertical axis is identical to that of nonreactingsome are emitted in the backward direction. If such a particle
events E—Ei,>—4.7 MeV). Based on these arguments, leaves the reaction detector and penetrates the previous
they were subtracted from the number of reactions in the firsoneg(s) it will add a supplementary energy to the energy loss
detector and added to the next ones. Figufie) presents of 8B. In Fig. 1, these kind of events occur typically in the
(thick line) the histogram of reaction events in first detectorinterval 0< FD1 < 7 MeV, producing the observed asym-
obtained after these corrections. metry. These events were therefore attributed to other suc-

In order to obtain the reaction cross section from thisceeding detectors and the interpolation over the gate was
histogram one has to interpolate over the gate region. Thdone as shown with the dashed line. Support for this inter-
asymmetric, rather peculiar shape of this histogram inducegretation of the spectrum comes from the fact that the histo-
as to make a more detailed analysis. To simplify the intergrams obtained for other detectors, and also Be beam,
pretation of the histogram in Fig. 1, we eliminated andare very similar. When the backward emitted particle is a
treated separately an important class of events situated mgstoton, it can penetrate more than one detector. Such events
probably close to the gate: the events corresponding to theere clearly identified and counted as a reaction in the cor-
8B— "Be+p breakup channel, described in next section. Theect detector.
histogram obtained is plotted in the figure as thin line. The As mentioned above, in the regi@h,— Ej,,>—4.7 MeV
shape of this distribution can be readily understood if oneone can still find reaction events. The events in this region
takes into account the fact that many reaction events areere analyzed in bidimensional plots of energy losses in two
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successive detectors. Only a small number of reaction events
was found, all of them corresponding to thBe+p breakup Baananane 9 R
channel. This analysis, however, cannot be performed for the 20
detector in which the beam stops. Indeed, the reaction prod- I
ucts in this case do not have enough energy to pass throughs
the next detector. Therefore, for this detector alone, an ex- 5
trapolation procedure has been applied. I
Thus, the number of the reaction evems in the ith of
detector is determined additively: I

Experiment

10k

FD1

Ni:Niraw+Nichann+N::)ack+N:nterp+N$xtrap @ 710_;}:7‘:"::A::'i;::1'::::'1;::"1:1:':1{:'::s:’:‘

20k Simulation ]

where the first four terms of the sum stand for rawcor- Diffraction Dissociation Mechanism

rected reaction number, the corrections due to channeling,

backward emitted particles and interpolation inside the gate,

respectively. The last one is nonzero, as discussed above,
only for the last detector of the beam range.

The resulting reaction cross sections are given in Table |
and plotted in Fig. 5: full circles for th€B beam and open I ]
circles for the ‘Be beam. Since the uncertainties associated _qgf- ]
with the last three terms in the above relation do not have a AR AR SRR AR AR RN AL AR
statistical origin, the errors on the number of reactions were 20| Simulation .
compute d from : Absorption Mechanism

10F .

FD1 (MeV)

oF

N
o
T

SN, = SN[+ SN2 SNFYaP4 NP4 SNFXP,

FD1 (MeV)

The first two terms were determined from statistical consid- 0
erations and their contribution to the error represents about o
1.5% of the measured cross section, while the total error i 0]
represents_, typically, 5% T.he'values of the other terms were B R T R T B R Ty e
set according to the limits indicated by different procedures BD2+BD3 (MeV)
of interpolation and extrapolation.

. One notes that the inelastic chaqnel and the r.‘e“tm” emis- FIG. 2. Experimentala) and simulatedb),(c) diagrams used
sion channgls do not lead to a sensitive change in energy Io§(§r breakup cross section evaluation. BEE2—E2% s dif-
in the reaction detector and therefore are beyond the sensI- ) L
tivity of the present method. However, the cross section fo erence between the experimental engrgy Ios_s in the first detector
neutron emission channels alofwéthout other charged par- (E2) and the calculated energy IOSEZiBD obtained by backward
ticles or fragmentsis almost negligible at the involved en- propagation through the telescope of Be from the last touched

ergies and the estimated inelastic cross sectamin Ref. detector(and its energy signalill the first one.(a) Scatter plot of
[6]) is only 20 mb. about 2<10° events identified a$Be in last two detectors of the

trajectory.(b) Simulated events corresponding to diffraction disso-
ciation breakup mechanisrtr) Simulated events corresponding to
absorption breakup mechanism.

In this section, a breakup event is defined as one in which

. . 8 .
an incident®B ion propagates through the telescope up 0 &oming from a reaction in the first detector. A negative de-

given depth, after which it turns into &Be ion that will  \iaiion occurs when dBe fragment is channeled and a posi-

continue propagating up to the end of its range. However, Mive deviation when &Be is accompanied by another reac-

. . 7 .
order to identify the'Be, it must penetrate through at Ieas@ tion product. The other events lie on the vertical stapthe

two detectors before reaching the end of its range. Only Meft of the vertical ling whose width is determined only by

this case can it be identified in thAE, E.9 plot built for . S : .
the last two detectors before it stopped. Therefore mangeieséisgsgl'ng and the intrinsic resolution of second and third

breakup events occurring in the fourth detector were no ™ i the left-b f the i
identified and the breakup cross section was determined onI)(1 e spot in the left-bottom corner of the higure represents

for the first three detectors. the "Be produced in breakup reactions in front of the tele-
About a quarter of the total number of the selectedScoPe. Their number is large because, from the selections
breakup events are plotted in FigaR The vertical axis has mentioned in the beginning of the Sec. Ill A, we kept only
the same meaning as in the plots used for total reaction croge TOF gate in the selection criteria. But they are well sepa-
section. The®B particles passing through the first detectorrated from the breakup events inside the telescope and are
without reaction are located on the horizontal strip arounceven better separated in a slightly changed representation in
FD1=0 MeV. The horizontal axigsee captiongives the which the FD1 axis is replaced by BD1.
deviation of the measured sum of energy losses in the second Figure 2b) presents some simulations done assuming that
and third detectors from the expected energy loss 6Ba  the two breakup fragmentdBe and the proton, were for-

B. Proton breakup cross sections
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wardly emitted with a certain velocity distribution in the cen- the cross sections for the following breakup channels could
ter of mass of®B. Consequently, the energy loss in the de-be determined?Be— 3He+ *He: 242 mb,’Be—5Li +p: 168
tector in which the reaction took place decreased compareahb, 2B— 3He+ *He+p: 178 mb and®B—°Li+p+p: 154

to a noninteractingB, and the proton energy loss has thenmb.

been added to the energy loss @e in next detectors. We The values obtained are rather lower limits because the
associate these events to tiéfraction dissociatiorbreakup ~ Situations in which the He or Li ion was accompanied by a

mechanism. The experimental events situated at the left dieavy target fragment, lead to an extra energy deposit in
the vertical line[Fig. 2@] have, however, a different behav- detectors 3 and/or 4, thus excluding them from the transmis-

ior: a large excess in their energy loss is recorded and th&/on patterns.

‘Be fragment propagates alone in next detectors. These Trt:e :argz dcross Srﬁt'?r][i for the HS blre?k:thrch?nPelsf
events correspond to thebsorptionbreakup mechanism in seems 1o add support Tor the Supposed cluster structure o

- o :
which the valence proton ofB suffers a strong interaction Be [8]. However, the striking feature of these results is the

: : . important decrease of the cross section for the He breakup
with the target while the’Be core continues to move along channel when passing frofBe to ®B. This fact indicates a

the telescope. ifferent behavior of the’Be when it is considered as the
In order to simulate also the breakup events correspon “ore of 8B

ing to the absorption mechanism, we supposed that the inter-

action between the proton and the target nucleus is a fusion-

evaporation reaction. Therefore an evaporation code has

been included. The excitation energy of tA#% compound The momentum distribution of théBe fragments has

nucleus has been calculated from momentum and enerdyeen determined for the first detector taken as target, i.e., for

conservation. Its spin was set to different values, in an ata mean incident®B energy of 38 MeV/nucleon. For the

tempt to reproduce the distribution of energy losses in thevents selected in the first detector as absorption breakup

reaction detector and the number of events in which thdaccording to the description in Sec. Il) Bthe distribution

evaporated particles pass from one detector to the other. Ttaf the sum of energies left in all subsequent detectors was

result of such a simulation is plotted in Figic2 One may made; it is showr(full squareg in Fig. 3.

observe that the sum of the two simulatidgis., absorption In the laboratory system the momentum and the energy of

plus diffraction dissociation breakup mechanignpsesented 'Be can be written

in Figs. 4b) and Zc), qualitatively reproduce the experimen- 1

tal distribution in Fig. 2a). However, the energy excess Slab_ > 2 lab_ = (22, 5> 2 22

found in these simulations was smaller than the observed P7=PotP. E 2m7(p0+2pop+p )

experimental one and the number of evaporated particles as .

given by the simulations was larger than the real one. Thisvherep is the ‘Be momentum in the center of mass 8

suggests that other mechanisms are also important in thend p, corresponds to the c.m. velocit§b=m7/m85'§‘b.

proton target interaction. At a fixed reaction energy, the variance of the energy
The total breakup cross sections and the cross sectioRfistribution of the ’Be fragments, irrespective of the mo-

corresponding to the two breakup components were obtainegentum distribution is given by

after the evaluation of the correction terms contained in the

expressior(1). The results are given in Table | and are plot- 2 (

D. Momentum distributions

ted in Fig. 6. The contribution of statistics to the error barsis g™
even smaller than in the case of total reaction cross section.

A speci;al simulation was done in order to evaluate thg, \yhich the z direction is taken along,. The last term
number of ‘Be which may have escaped from the telescopeyanishes for isotropical distributions; the second term is very
The Coulomb deviation was determined for a distribution ofg compared to the first one sinogis about 1800 Me\{

the impact parameters leading to breakup obtained from g the reactions in first detector. Therefore, the width of the
theoretical calculatiofisee below A Lorentzian distribution  easyred energy distribution is sensitive only to the parallel
with I'=93 MeVic has been considered for the momentumy,omentum distribution of Be in the center of mass SB.

of "Be resulting from breakufsee Sec. lll D. The incident To reproduce the experimental pattern in Fig. 3, events

energy and momentum distribution 88 were those from \ere simulated(as described previouslyusing tridimen-
the experiment. The resulting number of escapes was less

than 0.7% of the total number of generated events and thertfs_lonal r_nomentum dlzstrlbu_tlonsp_][ of both Gaussian and
. S ) i orentzian forms. Ay“ test is defined as the sum of squares
fore this correction is considered as a negligible one.

of differences between the bin content of experimental and
simulated histograms. The best fit is obtained for a Lorentz-
ian distribution withl’=93+ 7 MeV/c and the corresponding
The telescope used in the present experiment has not bebrstogram is given by the thick line in Fig. 3. The thin line
designed to stop lowet products £=2,3). However, using histogram in Fig. 3 is the result of a simulation whétds
the second detector as target and the two following ones a&et to zero and shows the contribution of the incident energy
transmission detectors, Li and He ions can be identified bylistribution, the intrinsic resolution as well as that of strag-
their characteristic energy losses in these two detectors. Thgling and of the wide range of reaction energies to the total
accompanying protons that lose little amounts of energy ddlistribution. The above result is consistent with that of
not alter this transmission identification pattern. Therefore Schwabet al.[2], obtained at a much higher incident energy.

1 \? -
2—m7) [4p5o5.+ oot 4po(PP?— P2,

C. Other breakup channels
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100 good approximation, the difference between the reaction
. cross sections ofB and that of'Be:

o_p=0r(°B)—or("Be), (2
2oor i.e., the B nucleus has the same separability property ob-
served for typical halo nuclei liké'Li and 'Be.

1 | This property imposes severe constraints on the theoreti-
T cal models used to explain the data. Qualitatively, the last

2001 : feature in the above list can be understood using simple geo-
- metrical arguments. The impact parameter introduced by the
> relation:
=L
g |
E 150 OR™ ng )
S
; defines an interaction region, inside of which nearly all col-
| + lisions will lead to reaction events. Due to the very small one
[ proton separation energy, only the outermost impact param-

1001 + eters in the interaction region will lead to the proton breakup,

while for smaller impact parameters, and implicitly for more

! violent collisions, other channels will dominate the reaction

I cross section. Therefore, the proton breakup cross section is
5oL essentially determined by impact parameters in a thin layer
Ab centered around the critical vallg and

Ab
L , 1 m.,?'@ ) o_,=2m bc——2 Ab (4)
930 T30 740 250 260 270 280 290 . 300
Erg, (MeV)

which has the same meaning as Ef). Using Egs.(3)

_ _ o and (4) and our reaction and breakup cross sections at
FIG. 3. The points represent the experimental distribution of the3s  pMev/nucleon one obtaind.=7.50+0.14 fm and
energy of the’Be breakup fragment at the exit from the reaction Ab=0.51+0.07 fm. Forcompa(;ison we have extracted
detector(the sum of energy losses in next deteckoiEhe histo- from the data of Fukudat al. [9] for 11I§e+ 27p (33 MeV/

grams represent the same distribution for simulations using a . ho—
Lorentzian distribution of the¢Be momentum in the c.m. ofB hucleon the following valuesh;=8.50+0.09 fm andAb

with T=93 MeVi (thick line) andT' =0 MeVi/c (thin line). =1.32%0.66 fm. Thelarge difference imb shows clearly
that the proton breakup cross section f& is dominated by
contributions coming from a small range of impact param-

This .determ|nat|on refers to the absor_pt|on. bre"?‘k“peters and that the valence proton wave funcfiwtf.) has a
mechanism. To apply the procedure to the diffraction disso-

S ' maller spatial extension as compared to, e.g.tBe case.
ciation component is hazardous because the energy added %y P b g

: In the following we describe briefly the procedure to ob-
the accompanying proton may alter the results. However, in the w.f. and densities fofBe. 8B. and 28Si. which are

c_Iose exz;mmatlor) showed that the stopplng length d'St”buhecessary in order to interpret the experimental data.
tions of ‘Be coming from the two mechanism are almost

identical. These distributions are not affected by the accom- .
panying proton, but are enlarged by straggling. The strag- A. Model wave functions
gling contribution can be evaluated from that of the incident  The target £8Si) and the core {Be) densities were ob-

’Be beam, and is much smaller that the contribution of th&ained in a standard spherical Hartree-Féillf) calculation
parallel momentum distribution. The resemblance of the tWQsing the Skyrme Il parametrization of the effective interac-
stopping length distributions is therefore a strong argumenfion. For "Be the calculation was constrained to reproduce
for the |.dent|ty of the momentum distributions of the two ine experimental binding energy by a renormalization proce-
mechanisms. dure of the effective interaction.
For B, calculations with microscopic cluster models
V. DISCUSSION [10,17) suggest that theBe+p configuratiqn has a large
overlap with the total w.f. of théB and the tail of the proton
Perhaps the most striking features of the present experidensity is dominated by the slow decrease of fiBe+p
mental data are the following: large reaction cross sectiongelative w.f. Though this large overlap may be taken as an
for 8B and 'Be, as expected for loosely bound nuclei; almostargument for a mean field calculati¢e.g., HF with Skyrme
equal contributions to the one proton breakup cross sectiotype effective interactionthe total binding energies thus ob-
of 8B coming from diffraction dissociation and from absorp- tained disagree by 1 to 5 MeV with respect to the experi-
tion; the one proton breakup cross section3Brequals, to a ment. Therefore such models cannot be used without a con-
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TABLE Il. Values of proton, neutron, and matter radii
(rpsrn,rm) and proton skini(,—ry) in fm.
Nucleus 1, [ m Ip—rn Model
"Be 2.369 2.155 2.280 0.214 HF Skl
B 2.754 2267 2582 0.487 HF SKIBM
2.759 2.155 2.549 0.604 HF Skll mean field
€1p,,= —0.137 MeV
2.790 2.247 2.600 0.543 W®H=0.6
274 225 257 0.49 RGN1LO]
2.88 247 273 0.41 GCNu1]
2gj 3.061 3.025 3.043 HF Sk

straint on the binding energy. Also, configuration mixing

plays an important role. In order to fulfill these requirements

for 8B, a self-consistent calculation of single particle wave
functions has been performed using shell md&) occu-

pation probabilities and a constraint on the total binding en-

ergy. This procedure is essentially the metlibgdescribed
by Hoshino, Sagawa, and Arima in their Appendix MP].

The SM occupation probabilities were obtained as describe

previously[6] and the HFSK Il w.f. were used to construct
the one body densities in the configuration space.

In order to get more flexibility for the valence proton w.f.,
we have used the well deptlor Sturm-Liouville method
that successfully explains the reaction cross section of th

88 PROTON HALO VIA REACTION AND BREAKUP . ..

1793

Density (fm's)

LU AL AL U ALY | AL

T

T

Pp

URRLLL L

Pu’ “Ppcore Lo(B=06)
RSN DUTR TN ANSNE I AN AL RIS AR A

8 14 16 18 20
R (fm)

I

12

—
<

d FIG. 4. Radial dependence of tf® one body densities. The
valence density(short-dashedis obtained with the well depth
method using the HF Skil mean fie{ohcluding the Coulomb terin

as a reference potential alagipgl2 —0.137 MeV. The core neutron
(dash-dotte and proton(dotted densities are obtained with HF
Skil and a constraint on the total binding energy. The total proton
Sensity is obtained from core and valence components. The de-

halo nuclei[13]. As a reference potential we have taken thes  med ws (3=0.6) proton density is also show(tong dashej

HF Skll mean field potentigincluding the Coulomb barrigr
and the proton valence binding energy fixed ap, =

—0.137 MeV. Then, the totafB density was obtained by
adding the valence density

1 2
Pval(r) = p wlps/z(r)

We have obtained the following values=3.97 fm for the

HF density andx=1.986 fm for the deformed density. We
shall see below that the experimental data clearly distinguish
between the two densities, favoring the HF one.

B. Reaction and breakup cross section

to the density of the core. It should be noted that the angular The measurement of the reaction and breakup cross sec-

part is dropped since, as shown in Rdf4], the reaction and

tions provide useful information about the size of unstable

breakup cross sections depend weakly on the angular part aliclei. Especially the breakup cross section should be in
the valence density. Table Il presents the radii obtained fromprinciple sensitive to the asymptotic behavior of the wave

the densities described above.
The large experimental value of tf#8 quadrupole mo-

function for nuclei with small nucleon separation energy.
The geometrical character of the cross section is revealed by

ment[1] suggests that the deformation may be rather importhe impact parameter representation of the scattering ampli-
tant. Therefore, an adequate calculation has been performegde:

as described if15], assuming axial symmetry and a single
particle Hamiltonian with Woods-Saxon form factors. In or-
der to obtain a r.m.s. radius comparable to the precedin
calculations a deformatiof3=0.6 had to be chosen. The

results are displayed in Table Il and Fig. 4. The r.m.s. radiiAt intermediate and high energies, the phase shift function

are similar with the results of microscopic RGMO] and
GCM [11] calculations. To a good approximation, the well
depth method reproduces the RGM results. However, th
pattern of this density in the asymptotic region differs sub
stantially from that produced by the large deformation.

For further analysis, at this point it is useful to define the
decay length &) of the wave function in the asymptotic
region by the use of a simple Yukawa form factor:

h
, o oa=1\/ .
2 1 Seff

1 efr/a

2Ta

©)

r

O'R:J' d5[1—exp(—2 Imy(b))]. (6)

g

x(b) can be calculated in the Glauber mod#6]. At low
energies, medium effects become important and we have to

Beal with effective forces. In principle, coupling to the ex-

cited states should be also included. The problem of extend-
ing the Glauber calculations at low energies has been con-
sidered in a number of papdis7-19. It was shown that the
eikonal approximation can still be used, provided proper cor-
rections are applied. More specifically, for the total and re-
action cross section it was demonstratéd] that the eikonal
expansion that includes corrections up to the second order
converges rapidly toward the full quantum mechanical result.
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As in a previous papefi6] we suppose that, in the eikonal tron removal cross section for the halo nucletiBe. The
approximation, the phase shift functigeikonal phasecan  model uses only the asymptotic part of the intruder state
be generated by an optical potential Sy, taken in Yukawa form(5). For the ®B case, the model
can be naturally extended by allowing the effective separa-
(b= Xap(), a,=proton, neutron, tion energy to include Coulomb and centrifugal effects:
ap

Seff: Ep3/2+ BC"F B| y

i Lo I
w(h)==0, fdb dbspq,(by) b,)f(b;+b—b,), ) )
Xep 2P 1802010(P1)p25(b2)F(by ? whereB. andB, are the Coulomb and centrifugal energies at
™) the top of s-wave mean field potential. This is consistent

where p; g are the profile density functions and the free With the result of Lassaut and Lombai2] obtained in the

nucleon-nucleon interaction cross sectigfy; are used at an inverse scattering theory.
appropriate energy. The smearing functibraccounts for
finite range(f.r.) and medium effects which are the most C. Comparison with experimental data

important corrections at low energies. According 18] this The experimental data and theoretical calculations are dis-
function is taken in a gaussian form with a rartge=1 fm.  515veq in Figs. 5 and 6. It is to be noted that, for a given
The zero rangéz.r) approximation, widely used at high en- (556t density, théBe reaction cross section depends essen-
ergies, is obtained in the limibo—0. We neglect for the 51y only on the core density, while th#B reaction and one
moment the refractive effects arising from the real part of thé,4ton breakup cross sections involve also the valence den-
optical potential, therefore the eikonal phases are purelgjy, Fyrthermore, the diffraction dissociation and absorption

Imaginary. components of the breakup cross section are very sensitive to

To describe the one proton breakup process we follow thg,g asymptotic behavior of the valence wave function. There-
prescription of Bertsctet al. [20]. The projectile one body ¢qre only a consistent description of all data allows the ex-

density is decomposed into the core and valence cOMPQaction of a meaningful information about the size of the
nents, and the eikonal phases are calculated using appropeg n,cleus.

ate kinematics. Since all excited sta.tes_etB are particle As can be seen in the figures, the optical model calcula-
unstable, we assume that any excitation of the valencgon accounts very well for both the magnitude and the en-
nucleon will contribute to the breakup channel. In this ap-grqy dependence of the cross sections. In the Glauber model,
proximation, the breakup is considered as a direct procesge ‘cross sections are scaled by the r.m.s. radius of the eiko-

and multistep effects such as resonant breakup are ignored5| phase and this explains the large difference between the
With the above approximations, the one nucleon breakup ang the z.r. calculation. Therefore, the z.r. approximation

probability is written as should be used with caution in the low energy region, when
size information is to be inferred from the reaction cross
P-p(b) =[1=exp(=2 Imyya(D))]eXp(=2 IMxcod b)), section alone. At high energies, the cross section is domi-
nated by NN collisions and medium and finite size effects
the first factor representing the probability for excitation of are less important.
the valence nucleon to a continuum state, and the second one The extended Serber model accounts well for the magni-
is nothing but the survival probability of the core after the tude of the breakup cross section, while the energy depen-
interaction with the target. This last term must be presentdence is slightly underestimated. In this model the energy
since in an inclusive experiment the core is detected in alependence comes from the diffraction dissociation compo-
particle stable state. The total cross section is obtained bgent alone. Although we have not enough evidence, the data
integrating over the impact parameter. seem to suggest a slight decrease with energy of the absorp-
A significant improvement in the agreement with the datation breakup cross section. However, more experimental in-
can be obtained by refining the above calculations, such as formation is needed to clarify this point.
take into account the refractive and the density dependence We have used the above models to determine the sensi-
effects. This can be achieved by performing a full quantuntivity of the cross section to the size parameters. A series of
optical model calculation for the cross section. The opticalvalence densities were generated with the well depth method
potentials were generated using the complex density and ety fixing the single particle energy in the range fren® to
ergy dependent effective interaction of Jeukenne, Lejeund) MeV. Then the total breakup cross section was calculated
and Mahaux(JLM) [21]. The double folding form factors as above, using JLM and Glauber zero range formula. The
were renormalized by a unique couple of multiplicative con-patterns thus obtained are presented in Fig. 7. In the region
stantsN,=0.65 andN,,=0.80 obtained by fitting elastic of interest, a weak model dependence of the cross section is
scattering datéLi + 28Si in the range 1553 MeV/nucleon found. This allows us to extract an r.m.s. radius for the va-
[22]. lence density of 3.9¥0.12 fm as determined by one stan-
Our data provided unique information about the diffrac-dard deviation in the experimental data. Combining this
tion dissociation and absorption contributions to the totalvalue with the core radii from Table I, we obtaiR=2.76
breakup cross section. The optical model does not allow art 0.08 fm andr,,=2.55+0.08 fm.
easy evaluation of these components. Therefore, the ex- A similar analysis was performed within the Serber model
tended Serber model as formulated[28] has been used. using the decay length (or, equivalently, the effective sepa-
Originally, the model was designed to describe the one neuration energyS.) as a control parameter. Thé test based
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FIG. 5. The energy dependence of experimental reaction cross
section of’'Be and®B+ 28Si are compared with zero rangeotted
line) and finite range(continuous ling Glauber model and with
JLM optical model(dashed ling All calculations are done using
the proton valence and the core densities shown in Fig. 4.

FIG. 7. The total breakup cross section as a function of the
proton valence r.m.s. density radius. The lines joining the points are
obtained usinglp3/2 from —5 to 0 MeV in the well depth method.
The JLM optical modelfull circles) and the Glauber modébpen
circles are used for cross sections.

on all breakup daté&he insert in Fig. 8shows a high selec- In Figs. 9 and 10 the experimental data of R¢#4,5]

tivity on the control parameter and provides the following have been summarized and compared with a Glauber model
values:«=4.13+0.15 fm andS,;=1.38+ 0.1 MeV. These calculation. The z.r. approximation accounts well for both
results are in excellent agreement with the HF w.f. andreaction and breakup cross sections measured by Schwab
clearly invalidate the asymptotic pattern of a deformed denet al. at 1.4 GeV/nucleon, but slightly overestimatey 7%)

sity. The Lorentzian momentum distribution derived from the data at 0.8 GeV/nucleon of Tanihatiaal. [5]. We have

the Yukawa w.f.(5) with the above decay length has then aalso recalculated the elastic scattering of Be,
width I'=95 MeV[, close to the experimentally measured 8B + 2C at 40 MeV/nucleon using the present w.f. The
value.

—_~ 450 3 ¢
E ; g e B+ %5i —> "Be+ X
g - B +B5i —> "Be+X = w0l uf
= 400 - g . o 35 MeV/nucleon
-g L ——  Glauber b, =0 fm 5 400 - o Serber model
13} r 2 F e
3 350 2 r E
N E Serber [ i
% C g 3s0f E
g 300l = S T
Q - 300 [ 38 4 42 X
o N =3 N Decay Length (fm)
= 250 S -
.&l r —"é 250
B C o n
200 |- u
2 - R 200 |-
150 |- N E
- . § g, Diffraction 1501
100 [ —o— o ¥ ol
r < Absorption 100 F -
[ [ Absorption
501 50 P
I o B vl b b
% 10 20 " 0 0 P 25 275 3 325 35 375 4 425 45 475 5
E (MeV/nucleon) Decay Length (fm)
FIG. 6. The experimental total breakup cross secti¢id FIG. 8. The total breakup cross section, and the diffraction and

circles and the diffractiontriangles and absorptiorfopen circley absorption components as a function of the decay length of the
components are compared with Glauber, Serber, and JLM opticglroton valence w.f(obtained as for Fig. ¥ The insert shows the
model. sensitivity of they? upon the control parameter.
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FIG. 9. Summary of the existing reaction and breakup cross ¢.m.

sections on &°Si target. Data of Warneet al. [4] are shown by
triangles. The interaction cross sections of Tanilettal.[5] on an

FIG. 11. The quasielastic scattering data of Peeinal.[6] are

Al target are shown by stars. Data are compared with a finite rangeompared with a JLM optical model calculation.

(full line) and zero rangédotted ling Glauber model calculation.

data: 93 MeVE. In our experiment, the longitudinal momen-

results displayed in Fig. 11 show little difference with re- tum distribution has been determined by measuring’Be
spect to the previous calculation, confirming the relative in-momentum after the breakugBe is itself a rather loosely
sensitivity of the elastic scattering data to the choice of thebound nucleus and one expects that the measured distribu-

w.f.

tion scans mostly the surface region as suggested by the

The width of the longitudinal momentum distribution ob- models of Friedmaf25], Hufner and Neme§26], and Hus-
tained from the Fourier transform of the proton valence w.f.sein and McVoy[27]. The separability property, Eq2),
is about 150 MeW, i.e., much larger than the experimental well verified by the data, indicates that essentially impact
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parameters around 7.5 fm contribute to the breakup. How-
ever, the relationship between the impact parameter and the
cutoff radius is not straightforward. A cutoff radiug,=5

fm leads to an excellent agreement with the measured width
of the momentum distribution. The physical meaning of the
cutoff procedure resides in the relative independence of the
cross sections on the,,: for r.=5 fm the breakup cross
section diminishes by 25%, the reaction cross section by
only 3% while the norm of the valence proton density drops
by 82%. This clearly shows that only the tail of the valence
w.f. is important for the breakup process and that 5 fm is a
reasonable value far,.

D. Astrophysical aspects

The structure ofB is very important in connection with
the astrophysical problem of solar neutrinos. The good
agreement with the experimental data of the present optical
model calculations give us confidence in the obtained w.f.
Recently, Brown, Cs0, and Sherf28], deduced a theoreti-
cal relation between the absolute normalization of the proton
valence densityi.e., the density value at=10 fm) and the
astrophysicab, ; factor for the "Be(p, y) reaction:

FIG. 10. The same as in Fig. 9 fdfC target. Data of Schwab
et al.[2] (full square$, Pecinaet al.[6] (open squane and of Tani-
hataet al.[5] (starg are compared with Glauber model. The results
of a JLM optical model calculatioftircles at 40 MeV/nucleon are Where S is the spectroscopic factor. Using our value
also shown(see also Fig. 11 p(r=10 fm)=5x10"° fm 3 and the spectroscopic factor

S;A20 keV)=2.99x 10fp(10 fm)S,
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calculated by Browret al. [28] one obtainsS;;=17.2 eV b. formation of a weakly developed proton halGpigmy
This is identical with the recent value obtained by Barker inhalo™) or equivalently to a substantial proton skin. A large

an R-matrix approach29]. deformation could also play a key role in understanding the
structure of®B. However, a crude estimation of this effect
V. CONCLUSIONS based on a rather uncertain Woods Saxon deformed potential

) leads to a proton valence w.f. which decreases too steeply in

Knowledge abou’B nucleus is valuable both for astro- the asymptotic region and does not fit well the present ex-
physical reasons and for clarifying the question of the existperimental data. The astrophysical fackf amounts to 17.2
ence of proton halo. An efficient experimental setup permitey b and thus is consistent with other theoretical estimates,
ted us to obtain simultaneously a large amount ofpyt is lower by 20% than the weighted average of previous
information: reaction and breakup cross sections at sever@ynerimental datg30].
energies and longitudinal momentum distributions. In addi- Though a by-product of the present measurements, the
tion, the diffraction dissociation and absorption component$mportant variation in the relative weight of the breakup

of the breakup cross section have been determined. All thesgannels with®He/*He production when passing frofBe
data impose severe constraints on theoretical models ang 8g geserves further study.

only a consistent description of the whole body of data al-

lows the extraction of a meaningful information on the size

parameters of thé€B nucleus. The ensemble of data can be ACKNOWLEDGMENTS
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