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Energy-integrated reaction cross sections have been measured at energies ranging from 38 to 80 MeV/
nucleon for various exotic neutron-rich isotopes of Al, Si, P, S, CI, Ar, K, Ca, Sc, and Ti stopping in Si. An
experimental technique is employed where Si detectors are used for both particle identification and to serve as
the target material. The reduced strong absorption r%dsi're deduced and compared with other experimental
results. The radius dependence on the neutron number was studied and a trend of increasing reduced radius
with neutron excess was found. This behavior is similar to that seen in lighter systems, although less pro-
nounced than found there. The implications of this result on the conjectured existence of neutron halo or skin
nuclei is discussed S0556-28139)03609-3

PACS numbgs): 25.60.Dz, 24.10.Ht, 27.36t, 27.40+z

[. INTRODUCTION interaction cross sectiom, is defined as the total cross sec-
tion leading to a change of the nucleon number in the inci-
The availability of beams of radioactive nuclei has pro-dent nucleus, which is usually obtained by a transmission
vided the nuclear physics community with a powerful tool totechniqud 1]. At intermediate energies, ranging fromAL€
study the structure of nuclei far from stability. A consider- 100A MeV, the measurement af, is typically performed
able amount of both experimental and theoretical work hagising the associateg-method[7,8]. However, this tech-
been devoted to this subjeft—10. In particular, nuclear nique suffers a limitation by underestimating the reaction
matter radii and density distributions have been studiedross section in the case of reactions induced by neutron-rich
through measurements of total reaction cross sections. Thgclei where the contribution of breakup reactions that leave
knowledge of these radii is of fundamer;tal INterest since anyhe final nuclei in the ground state or at very low excitation
deviations observed from the expecit® dependence with energy become significant. To overcome these difficulties, a

nuclear mass in the case of neutron- or proton-rich nuclei Cafirect method has been proposed by Villatial. [9] which

be taken to suggest nuclear structure effects. The observatch('érmi,[S strong absorption radii to be obtained from reaction

i i Gofall 14

of unusu_ally Iarge_ interaction radii fof'Li and **Be ha§ cross section measurements. Making use of a similar tech-
been attributed to just such structure effects corresponding tr% ue. we have recently performed reaction cross section
the spatial distribution of the nucleons inside the nucleus. In que, y P

particular, these nuclei are thought to have a neutron haigiéasurements drp shell e>§ot|c negtron—nch nuclel_and ex-
[1,4]. More generally, Mittiget al. [7] have reported a sur- trac_ted the strqng absorption radlii0], thus extending the.
prising linear dependence of the reduced strong absorptioﬁva"able ex.penmental _datg. The present work has tW9 prin-
radius on the neutron-excess. This trend has been confirm&Pal objectives. The first is to extend the systematics of
for lighter nuclei[9], whereas the comparable behavior for Strong absorption radii based on reaction cross sections in
heavier nuclei is less pronouncg®10]. order to investigate the dependence of these radii on isospin.
At higher energies, typically between 480and The second is to verifya posteriori the reliability of the
900A MeV, interaction cross section measurements hav@arametrization which is commonly used to deduce the
been used to probe the radial extent of matter densities @ftrong absorption radii by performing measurements at dif-
exotic nuclei. In particular, the separability of the interactionferent primary-beam energies than used in the earlier mea-
radii into two components has been verified both experimensurements.
tally [1] and theoretically using the Glauber modi&#,15. The paper is organized as follows. After a description of
This separability is operationally expressed by an interactiothe experimental technique in Sec. Il, the experimental data
cross section that is related to the radii @as= #[R,(p) are presented in Sec. lll. These data are discussed in Sec. IV.
+R,(t)]%, whereR,(p) andR,(t) are the nuclear interaction A summary of the results and conclusions are presented in
radii of the projectile and the target nuclei, respectively. TheSec. V.
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FIG. 1. Identification matrix (AE; vs TOP obtained with the Energy (Channel)

90A MeV *Mn primary beam. ) )
FIG. 2. Typical total energy spectra for thé& isotope as ob-

tained with the 98 MeV %5Mn primary beam,a) unconditioned
spectrum,(b) coincidence spectrum with ther4y array. The total

The experiment presented in this work was performed agnergy was obtained by the sum of the energy losses in all Si
the National Superconducting Cyclotron Laboratg4sCL) ~ detectors.
at Michigan State University. The experimental details are
similar to those used in our earlier wdrkO]. The secondary tained at a 98 MeV primary beam-energy, is shown in
radioactive beams were produced through the projectile fragFig- 1. Among the various observed and identified isotopes
mentation of a 58 MeV (90A MeV) °*Mn primary beam on  >'Sc, *Sc, and*°Ca are indicated in this figure.
a 103 mg/crh (202 mg/cn) °Be target, situated at the target
position of the A1200 mass separator. Two position sensitive IIl. RESULTS
(X andY) parallel plate avalanche countegiBPAC’S, lo-
cated at the image points of the A1200, were utilized as The quantity measured with the technique described
beam monitors and provided position and angle measureabove is the mean energy-integrated reaction cross section
ments. These measurements also determined the trajectory@j! which is given by the expression
the observed particles for use in the time of flight analysis.
The PPAC data were also used in the off-line analysis to fE

II. EXPERIMENTAL PROCEDURE

reject those ions resulting from secondary scattering. The maxaR(E)(d R/dE)dE
detection system is based on the combination of a stack of
silicon detectors and a neardy detector array. The stack Rmax
was composed of five Si detectors of 75, 500, 500, 500, and J 0 dR
5000xm thickness. The choice of this total thickness was

dictated by the criterion of stopping completely all particles

0

OR=—

of interest £>12) with energies up to $0MeV. For en- __min(1-Pg) )
ergy calibration purposes, low intensity A@nd 9\ MeV NaRmax

>*Mn beams were sent directly to the scattering chanther

production target where m=28 is the molecular weight of SiNj is

The silicon stack was surrounded by an array of sevemwvogadro’s number, anR,,., the range of the incident par-
hexagonal Bafy-ray detectors with close tossolid angle ticles. The Ziegler tablegl1] were used to calculatR,,,
coverage. Each detector was 25cm in length. The largestith an associated uncertainty of about 5%. The quaftity
dimension of the front face was 6.5cm. Six detectors werés the reaction probability which is calculated for each iso-
arranged longitudinally around the Si stack while the seventhlope by taking the ratio of the number of reaction events
was placed behind it. The identification of incident particlesobserved in the gated total energy spectrum and the total
was done unambiguously by the energy loss in the first Shumber of events in the corresponding ungated one. Typical
detector AE;) and by the trajectory corrected time of flight energy spectra are shown in Fig. 2. In the evaluatioR @f
(TOF) between a scintillator detector, located approximatelydetection probability corrections for thg rays were taken
40 m upstream to the target/detector, and the first Si detectoihto account. This was achieved by evaluating the ratio,
A two-dimensional identification spectrugfAE; X TOF, ob-  channel by channel, of the spectra corresponding to gated
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and ungated events and excluding the quasielastic events. An TABLE I. The mean energy-integrated reaction cross section
average and constant detection probability of-8% was and associated radii for the various isotopes selected from the frag-
found. mentation at primary beam energy of AMeV. The quoted errors
The trends ofog in the energies under consideration in Were obtained by considering the statistical errors and those asso-
this work are well accounted for by the predictions of aciated to the range evaluation.
simple microscopic model based on individual nucleon- — — P P
nucleon collisions. Within this framework, Keet al.[12,13 A 2 EAMeVY) op (mb) Sog (mb) ro(fm?) org(fm9)
proposed a semiempirical parametrlzatlonacn‘ whlch_ re- g3 oo 4027 3344 257 1.544 0.118
produces well most of the experimental data at the intermez

. . . : 22 39.67 3644 408 1.670 0.187
diate and high energy domains, using only one free param; o1 41.08 4095 491 1.940 0233
eter related to the surface transparency. Under thi 21 40'57 3036 209 1'427 0.098
prescription, the parameter to be extracted from the expen-1 21 40'18 3081 208 1'436 0'097
mental data is the reduced strong absorption radjysde- : ' :
fined as follows: 52 21 39.51 2860 233 1.324 0.108

46 20 45.61 3433 422 1.645 0.202

or(E) = mr2H(E), (2) 47 20 4324 2807 198 1.338  0.095

48 20 40.59 2826 180 1.342 0.085

wheref(E) is given by 49 20  40.04 2800 193 1319  0.091

50 20 38.94 3024 339 1.415 0.159

1/3At1/3 2 44 19 45.16 2628 197 1.276 0.095

f(E)=| A3+ A%+ aAT'W"C(E)) 45 19 43.22 2551 162 1230  0.078

p t 46 19 41.00 2662 167 1.277 0.080

47 19 39.56 2721 204 1.297 0.097

x| 1— Vs ) (3) 48 19 38.16 3164 367 1.499 0.174

Ecm. 41 18 46.56 2427 215 1.204 0.107

42 18 44.48 2546 167 1.253 0.082

C(E)=0.31+0.014&/A, (4 43 18 4250 2510 157 1.227  0.076

44 18  40.58 2685 183 1.304 0.089

whereA, andA; are the projectile and target mass numbersgs 1g 38.79 2886 252 1.393 0.122

a=1.85 is a mass asymmetry parameter which is related tgg 17 45.82 2419 171 1.218 0.086

the volume overlap of the projectile and targé(E) is an 49 17 43.69 2414 151 1.206 0.076

energy dependent transparency, afydis the Coulomb bar- 47 17 4165 2531 161 1.255 0.080

rer. , , 42 17 39.74 2497 179 1230  0.088

From Egs.(1)—(4), the experimental reaction cross sec- 36 16 4617 2440 192 1.262 0.099

tions and the square of the strong absorption radii were ca 7 16 44.99 2260 143 1157 0.073

culated. The results obtained for all of the studied isotopes 16 42.83 2385 151 1.210 0077

both primary beam energies are presented in Tables | and I], 16 40'73 2466 167 1'242 0-084

In Fig. 3, the values obtained fof are plotted as a function 34 15 45'91 2175 145 1'144 0'076

of the mass number for the Si, P, S, CI, Ar, K, Ca, Sc 15 44'05 9946 140 1'170 0'073

isotopes. We included in the plots the results obtained in thg:;;)6 15 41'89 2308 146 1'191 0'075

present work at primary beam energies oAshd 9\ MeV 37 15 39'71 P 105 1'306 0'099
along with those obtained in the previous work aATdeV ' ' '

[10]. The large error bars observed for a few points are dug? 14 44.78 2136 134 1.146 0.072

to the low statistics associated with masses lying at extrem 14 42.73 2151 131 1.141 0.070

of the identification spectrum. This spectrum was optimize 14 40.81 2291 160 1.203 0.084

for a given magnetic field setting for masses in the middle. [0 13~ 43.40 2047 124 1121 0.068

general these is good agreement among the measurement3at 13~ 41.47 2145 135 1161 0073

the different energies. There is an exception, however, fo2 13 ~ 39.51 2400 166 1.285 0.089

the *'Ar isotope, where the experimental radius was found in
the previous worlf10] to be unexpectedly high despite a
small experimental uncertainty. In the newer measuremeniseam energies supports the reliability of the semiempirical

we obtain a different value that is in better agreement withparametrization of Koset al. [12,13 in the energy domain
the systematics. Although there is no clear explanation fofjnder consideration.

the discrepancy, it is possible that a systematic error was
made in the former analysis in obtaining the efficiency cor-
rection for isotopes lying at the limits of the magnetic field
conditions. The solid lines represent Glauber-type calcula- As indicated above, a convenient way of representing the
tions to be discussed in the next section. The good agreemeaf, data is to express it in terms of the reduced strong ab-
obtained for ther% values from the three different primary sorption radius ( [see formulg2)] assuming that the energy

IV. DISCUSSION
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TABLE Il. The mean energy-integrated reaction cross section ¢ S0AMeV = 90AMeV 4 Licotetal. (70A MeV)

and associated radii for the various isotopes selected from the frag

. . F Sc 5 Ca
mentation at primary beam energy of RMeV. The quoted errors o i o[
were obtained by consideri.ng the statistical errors and those assc r LJ—L !
ciated to the range evaluation. F . + ' :,LJW
A Z EA(MeV) o (mb Sog(mb ra(fm?) &rg(fm?) 5 j ‘%

| L | | | L 1 L 1 | 1 L

50 21 73.46 3107 211 1.420 0.097 ° 48 50 52 54 ° 48 48 50 52
51 21  71.32 3076 176 1.393 0.080 K [ Ar
52 21 69.43 3303 233 1.483 0.105 2r 2r s
47 20  75.24 2856 186 1.334  0.087 TR I
48 20 72.81 2841 158 1.314 0.073 1 1
49 20 70.69 3003 173 1.376 0.079 o L
50 20 68.84 3105 222 1.411 0.101 ‘:E ol 4‘4 . 4‘6 : 4‘3 : 50 040 4'2 4‘4 4'6
44 19 77.40 2758 190 1.320 0.091 =
45 19 7459 2771 151 1312 0.072 b b8
46 19 72.07 2849 153 1.335 0.071 r r
47 19 69.91 2891 161 1.342 0.075 P RS T R TSNP B P
48 19  67.89 3073 225 1413 0.103 ' T
41 18 79.91 2471 229 1.214 0.112 r r
42 18  76.80 2631 150 1277  0.073 S % m  m  m  w
43 18 73.89 2725 146 1.308 0.070 r P r si
44 18 71.21 2778 150 1.319 0.071 o[ s [
45 18 68.89 2881 170 1.354 0.080 B B
46 18  66.77 2893 237 1.347  0.110 B AN A N A
39 17 79.12 2451 162 1.223 0.081 L [
40 17  75.98 2596 142 1.280  0.070 ol v ol L
41 17 72.99 2641 141 1.286 0.068 34 36 38 40 32 34 36 38
42 17 70.20 2747 151 1.323 0.073 A
43 17 67.72 2772 170 1.321 0.081 FIG. 3. The reduced strong absorption ralﬁiias a function of
44 17 6547 2828 275 1.334  0.130  the mass number for various isotopes measured in this vfolk
37 16 78.09 2462 158 1.249 0.080  symbol3. The data represented by open triangles are taken from
38 16 74.92 2503 139 1.253 0.069 Ref. [10]. The solid lines represent Glauber-type calculations as
39 16 71.85 2632 146 1.301 0.072  described in the text.
40 16 68.99 2639 154 1.290 0.075
41 16 66.39 2781 214 1.344 0.103 tributions, has been used in order to compare the experimen-
35 15 76.80 2324 160 1.199 0.082 tal results to theoretical calculations.
36 15 73.56 2445 144 1.244 0.073 In Glauber theory the reaction cross section for projectile
37 15  70.48 2496 145 1254  0.073 Piswritten
38 15 67.57 2603 171 1.292 0.085 "
39 15 64.83 2677 233 1.313 0.114 or( p)zzﬂ.f db b[1—Tp(b)], (5)
33 14 75.24 2448 251 1.286 0.132 0
34 14 71.92 2374 159 1.229 0.082
35 14 68.81 2462 180 1.258 0.092 WhereTp(b), the squared modulus of the Glaut&matrix,
36 14 65.88 2480 212 1.250 0.107 is the transparency of the collision at impact parambtén
32 13 69.99 2462 232 1.298 0.123 the static density limit the transparency function is expressed
33 13 66.85 2376 198 1235 0103 &

Tp<b>=exr{—FNN f d*sp(Is)pP(Ib=3)|,  (®)
dependence aofg is well accounted for by the parametriza-

tion of Kox et al.[13]. In fact, however, the determination of — .
the matter radii and density distributions of nuclei far from Wneréown is the free nucleon-nucleorNN) cross section,
stability is not straightforward. Until now, model-dependent@! the relevant energy, appropriate for the projectile and tar-
approaches have been used to establish a link between tH8t With densitiegp andpr, and the

density distributions and cross sections. In our case, the op- .

tical limit of the Glauber mode[15], using the relativistic @(p :J dzo:(\b2+ 22 7
mean-field theoryRMF) [16] to determine the density dis- pi7(b) — pil ) )
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FIG. 4. Experimentaré values as a function of the neutron g_ VT _ EE— v T
excess for all the isotopes studied in the present work at both pri- N A S . g
mary beam-energiedull symbolg. The data represented by open L | | | L | | |
triangles are taken from Ref10]. The dotted line follow the pa- g T ' A=46 T ‘ Aa7
rametrization relatiorr3=(N—Z)/30+32/30. The dashed line is R Y . [ U —
the corresponding behavior observed in lighter systems. - + | | | | | |

O 1 L
oL A=48 N A=49
are thez-integrated nycleon-density distributions. o g_ ' — 'A='50' _ — I 'A=I51' I

The RMF theory is used to evaluate the projectile and D PR P
target density distributions of Eq6). The RMF is a phe- T L + |
nomenological many-body model, in which a spherical sym- 0% "3 4 5 s T 2 3 4 5 6
metry assumption is used in solving the self-consistent equa z

tions for nucleons and mesons interactions. Within this

formalism, all of the essential information related to nucleara” the isobars studied in the present work at both primary beam

structure, such as masses, radii, si_ngle_ pa_rticl_e energy Stat%?rergies(full symbols. The data represented by open triangles are
and lwave functionsthus th_e density d|§trlbutlom$an be taken from Ref[10]. All the dotted lines follow the equationf,
obtained from the effective Lagrangian containing the:TZ/15Jr 32/30.

nuclear interaction. The TMA parameter $&%], which has
been determined using experimental masses and charge radii

over a wide mass range, from light to superheavy, is adopteg function of N—Z is observed. As shown in the figure by
for the calculations presented in this work. After the evaluathe dotted lines, the average trend is successfully reproduced
tion of the density distributions, the reaction cross section iy the parametrization?=(N—Zz)/30+32/30 for Z>13.
obtained using Eq(5). However, in order to compare the Thjs js somewhat different from the steeper linear depen-
same quantities, the cross section is calculated for energiefce found for lighter nucldi7] (z<13), for which the
ranging from 10 MeV/nucleorithe value below which the average trend follows aS=0.06(N—Z)+1 dependence
reaction cross section was found to drop drasticgly to (dashed line in Fig. ¥ but the qualitative agreement is pre-

the incident energy in steps of 1 MeV/nucleon. A meangern ey |t therefore appears that there are two different re-
value of the reaction cross sectiof is then deduced. This gimes where the dependence of the strong absorption radii
latter quantity is used to obtain the strong-absorption nz{plii on the neutron excess is dependent on the mass number
following the same parametrization presented in the previouatomic number. For each regime there is a dependence only
section. The results of the calculations show a good agreesn N—Z and not directly on the atomic number. It should be
ment with the experimental results, as seen by the solid linesoted that a nearly constant trend was suggested by Saint-
in Fig. 3. Indeed, the agreement is quite remarkable consid-aurentet al. [8], where experimental considerations were
ering that these calculations are normally thought to be morehen invoked to explain the observed discrepancies. In Fig. 5,
suitable for higher energies~(400 MeV/nucleon) and that we present theg dependence on the isospip=(N—2Z)/2
many known corrections, such as Coulomb deflection, Paulior various measured isobars. It is interesting to note that the
blocking and Fermi motion effects, have not been includedglobal parametrization deduced above still works in a satis-
Looking at the dependence of the square of strongfactory manner when applied separately for each isobar. The
absorption radii§ on the neutron excedé—Z, as displayed nuclear radii dependence on the isospin was studied both at
by Fig. 4, we find a global trend similar to that previously intermediate and high energies for several light exotic nuclei
reported 9,10]. In particular, a slight linear increase lcé‘as [9,18,19. The global trend found is an increase of the

FIG. 5. Experimentaré values as a function of the isospin for
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strong-absorption radii3 with the isospin. This was cor- V. SUMMARY AND CONCLUSIONS

roborated by nonrelativistic Hartree-Fock calculations using In this work, reaction cross sections for a variety of exotic
;Iatlgongldelnftlty-d[%;]Jergjent Sk){trme mti‘;acﬁ?a] and by d neutron-rich nuclei at intermediate bombarding energies
calculations|>]. Lur results are nerefore in good .6 peen measured. The reduced strong-absorption radii
agreement with these experimental results and theoretlcﬂ(,ive been deduced for Al Si. P. S. Cl. Ar. K. Ca. Sc. and Ti
predictions. . . isotopes, using an appropriate parametrization. These data
Extend the previous systematics found for the strong-

structure, measured experimental cross sections at higher en- . . :
. . —__absorption radii. The obtaineq values from measurements
ergies have been compared with Glauber-type calculations . . )
three different energies are in generally good agreement.

using available isotope-shift data when possible, as has be ese results have been compared to the predictions of
done in Ref.[18] for A=17 isobars. The observed differ- . omp P
e?_Iauber-type calculations using RMF theory evaluated den-

ences between experimental and calculated values of the Sity distributions. Even though these calculations are gener-

fective root-mean-squarems) radii for large isospin is taken ally considered to be more suitable for higher energies, the

as evidence for a large tail component in the nuclear matte(ﬁuality of the agreement between the predictions and the

density. This tail component is missing in the model CalCu'experimental results is quite good. The radii show a similar

lations. Such an analys.|s has been 'gaken to sqggest the pr %ehavior in their dependence on the isospjras for lighter
ence of a neutron halo i/B. In a similar analysis proposed

in Ref. [20] for Na isotopes, the increasing difference be-r?UCIe" In particular, theg yalueg increase linearly as a_func-
tween “neutron” and “proton” radii, which were deter- tion of neutron-excess or isospin. The greater rate of increase
mined separately, was also attributed to the increase of th S Compafed to mpdel calculatlpns In some systgms suggests
neutron skin. In the present work, considering the simple e existence of thin neutron skins. This result might be con-

nature of our calculations, we can only expect to find Sup_|rmed by further measurements and analysis that explore the

porting evidence for the existence or absence of neutron Skiﬂlfference between proton and neutron rms radil.
s;ructures. In the previous qu[kLO], based on the greater_ ACKNOWLEDGMENTS
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