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Abstract
Proton-rich isotopes of Ga, Ge, As, Se and Br had their total reaction cross seetjgns (
measured. Root-mean-squared matter radii were determined from Glauber model calculations, which
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reproduced the experimenta values. For all isotopic series a decrease ofrthg with increasing
neutron number was observed.
0 2004 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most exciting recent results in nuclear physics was the discovery of extended
neutron distributions in light, neutron-rich nuclei, as, e)4Li and !Be, also called
neutron halo [1]. The existence of the halo is a result of the barrier penetration of weakly
bound, mainlys- or p-state { = 0 or 1) valence neutron or pair of neutrons. The advent
of facilities that produce radaxtive ion beams made possible to search for experimental
evidences of neutron halos or neutron skins. This phenomenon was first observed in
the interaction radii obtained from reactioross section measurements by Tanihata and
collaborators [2] followed by the measurement of the transverse momentum distributions
of break-up products of the halo nuclei [3].

Very precise methods, as laser-spectroscopy, were used to study the evolution with
isotopic and isospin numbers of the charge radii of many unstable nuclei [4]. However
other methods have to be used for the determination of the matter radii of unstable nuclei.
The interaction cross-sections of many light, neutron-rich nuclei ofptlead s—d shell
were measured and the effective root-mean-seflimatter radii could be deduced in recent
studies. The evidence of neutron skin, exxekneutrons at the nuclear surface, was found
for 68He [5,6] and for?®N. The existence of neutron skin increasing with isospin was
shown by Suzuki and collaborators for the Matopic chain [7]. A recent paper reviews
the main topics of nuclear sizes and gives experital and theoretical references on the
subject [8].

Proton halos are expected to be less pronounced due to the Coulomb barrier. Proton
halo was first observed for th#8 proton drip-line nucleus, deduced from the narrow
width of the longitudinal momentum distribution éBe fragments from th&B break-
up reactions on light and heavy targets [9-12]. The tail oflthel odd proton orbital
in 8B has an important role in the proton capture reactior/Be, with contribution to
the solar neutrino problem [13,14]. Recent mgaments [15] indicate proton halos in the
ground state of%27-28p, where the valence proton in the ground-state has orbital angular
momentuni = 0. Recent studies [16] indiaathat the ground state of théNe nucleus is
a two proton halo state. Proton skin was observed in recent days #Ahésotope, and
the proton skin thickness increases monotonically with decreasing neutron number for the
Ar isotopic chain [17].
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In this paper we report on the first measurements of root-mean-squared matter radii of
proton-rich isotopes of Ga, Ge, As, Se and Br, involved inthgrocess of explosive
nucleosynthesis. The question is whether any of these proton-rich isotopes present
anomalies in the radius. The radii were obtained from the reaction cross-segfions
measured at intermediate energies (50—60 M) where the reaction cross-section is
higher and thus more sensitive to surface phenomena as skin or halo.

2. Experimental method

The radioactive ions were produced at the iakr&ccélérateur National d'lons Lourds
(GANIL), Caen, France, through the fimentation of a 73 AMeV primary beam GiKr,
hitting a 90 mgcn? thick "N target, located between the two superconductor solenoids
of the SISSI device [18]. Details of the expeent were described in recent papers [19,20].
The experimental setup is shown on the left panel of Fig. 1. After the selection of the
reaction products [19,21] by the-shaped spectrometer, they were driven to the high-
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Fig. 1. Left panel: schematic plot of the experimentalipeRight panel: (a) the spectrum of the energy deposited
in the whole target/detector systeWE, + AEyy + EsjLi) gated by the identification and by the restriction;

(b) the coincidence spectrum between the detector teleseaBg, AE .y, Esj(Li)) and theE, which detects the
light particles; (c) the energy spectrum of thé&, detector gated by the reaction events detected in the Si detector

telescope.
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resolution energy-loss magnetic spectrometer SPEG [22]. They were detected in the focal
plane of SPEG by a cooled silicon telescope formed by three transmission detectors with
thickness of 508 E1), 150(A E2), 163(AEy,) um, followed by a thick Si(Li) detector of
4500 pum, where all ions of interest were stopped. Behind the four Si detectors was located
another thick silicon detectof, 4000 um) used to detect the light charged partictes!(

«, 3He etc.) produced by reactions in the previous detectors.

Particle identification was obtained by combining the energy-loss measurement in
the first Si detector A E1) with the time-of-flight information obtained between a fast
micro-channel plate (MCP) dettor located at the exit of the-spectrometer and the Si
detectorA E5. By restricting events to the central region in the position sensitive element
of the telescop&\ E,, ions scattered from the supports of the preceding detectors were
eliminated and the energy resttn was considerably improved.

A purification method based on the stripping of secondary ions (fgere Z — 1
to g2 = Z) in a thin mylar foil located between the two sectors of dipoles of dhe
spectrometer was used to eliminate light ions without interest. We had a cocktail of
secondary beams with about a dozen different nuclides with two differgatues for each
Bp settings. The reaction target was the whole Si telescope behind th& Himetector
(used for particle identification). We used two methods in our measurement; one based
only on reactions in the thinn Eo detector at a well defined enerdj, thus allowing the
determination of the reaction cross-section at this energy. The other is based on reactions
in the whole target/telescope systemK>, AEy,, EsjLi)) until the complete stopping
in the Si(Li) detector. In this case the eneligiegrated average re@an cross-section is
determined.

In Fig. 1(a) we show the spectrum of the energy deposited in the target/detector system
(AE2 4+ AExy + EsjLi)) gated by the identification and by the restriction. Events in
the low energy tail are due to nuclear reactions with energy Igss. Q) in any of the
three Si target/detectors, while events in the large peak have not undergone any nuclear
reaction. The cut-off, used to separate pleak from the tail, is also shown on the figure,
and it is typically atQ = —150 MeV. Events corresponding to reactions wi?hvalues
smaller than the energy resolution are contained in the peak and cannot be determined from
this spectrum. However, most of the reactions of the proton-rich radioactive projectiles on
Silicon are accompanied by light, charged particle emissions, which are detecteddin the
detector. The coincidence spectrum between the sum energy signal of the Si telescope and
the E detector enables to reveal the reaction events hidden under the elastic peak and take
them into account after correcting for the efficiency of thealetector. The coincidence
spectrum is shown in Fig. 1(b), with reaction events clos@ te 0 under the elastic peak
and with the low-energy tail somewhat lower than in Fig. 1(a). The efficiency is determined
by calculating the ratio of the number of counts in the tail beyond the cutoff (between the
0 = —150 MeV andQ = —450 MeV) in the gated coincidence (Fig. 1(b)) and ungated
(Fig. 1(a)) spectra. The efficiency is lower than 1 and depends on the atomic number of
the projectile, its values are 0.720(15), 0.678(10), 0.643(13), 0.625(23) and 0.617(43),
respectively, for the Ga, Ge, As, Se and Br isotopes. The number of reaction events is
given by the sum of the taild < —150 MeV) of the ungated spectrum (Fig. 1(a)) with the
number of coincidences under the elastic pgak(—150 MeV) (Fig. 1(b)), divided by the
efficiency. The number of reaction events calculated in this way is quite independent of the
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position of the cut-off. The efficiency lower than one is due mainly to geometrical effects
and due to reaction events with solely neutron ang/@mission, not detected iA. The
neutron emission withQ| < 100 MeV was calculated using the CASCADE evaporation
code and the contribution for tf8Ge was~ 2—3%.

We have also measuredrays emitted from the reactions using two high efficiency
(60%) Ge detectors located perpendicular to the beam direction on opposite sides of the
Si-telescope vacuum chamb@&he absolute efficiencies(1.4% at E, = 1.33 MeV)
including the geometry, were determined using a calibré?&8u source. No prominent
y-rays were detected for most of the nuclides, the only ones were from known isomeric
states of beam nuclei 85%9Ge,%%71Se, as described in details in a previous work [20]. No
low lying excited states of the secondary beam particles were detected. Thus, the inelastic
cross-section was low, of the order of the uncertainty and we could assume that interaction
and reaction cross-sections are the sames o;.

In Fig. 1(c) we show the energy spectrum of th&, detector gated by the reaction
events detected in the target/detector system. The tail corresponds to events which have
undergone nuclear reactions in theé , detector. The peak corresponds to events without
reactions inAE», which have undergone reactions eitherArE,, and mainly in the
thick Si(Li) detector. The reaction events with smaller than the energy resolution and
contained in the elastic peak, were taken into account by the inclusion of the triangular
area also indicated in Fig. 1(c), in dogy with the coincidence spectrum.

3. Dataanalysis
3.1. Extraction of reaction cross-sections and reduced strong absorption radii

The reaction probabilityr is defined as the ratio between the number of reaction events
and the total number of nuclides incident on the target/detector system. Due to the intrinsic
efficiency of Si detectors being unity, the total number of events incident and counted in
the Si detectors will be considered the same.

For theA E> detector, thePg will be calculated as the ratio between the sum of reaction
events (e.g., the tail plus the triangular area in Fig. 1(c)) by the total number of events
(e.g., the whole spectrum in Fig. 1(a)). Due to the small thickness of the deteEtgithe
reaction probabilityPr can be related ter at a well defined energ¥ by the equation
below:

mIn(1— Pg)
or(Eo) = NAAR 1)
wherem is the atomic mass of Si,4 is the Avogadro numben R is the thickness of the
target/detectoA E», Ep is the incident energy on th&e E, detector.

For the ions stopping in the whole target/detector syst&i{+ AE,, + EsjLi), the
sum of reaction events is given by the number of events in the tail of the ungated spectrum
(Fig. 1(a)) summed with the number of coincidences under the elastic peak (Fig. 1(b))
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corrected by the above mentioned coiraride efficiency. The relation betwe®p and the
energy integrated average réan cross-section is given by

o2 or(E)AE/dR)"YdE  mIn(1— Pg)
N foRmade B N4 Rmax

(2)

whered E /d R is the stopping power anlimay is the range of the ion of interest in Si [23].

The reaction cross sectiong (Eg) and the energy integrated reaction cross-sections
og measured in this work are presented in Table 1. They were obtained from the reaction
probabilities Pz through Egs. (1) and (2). The uncenty in the reaction cross-sections
comes mainly from the statistical errorsdafrom the uncertainty in the coincidence
efficiency with E detector. Thus the uncertainty of the energy integrated reaction cross-
sectionsog is smaller due to the better statistics.

A phenomenological formula was developed by Kox et al. [24], which relates the
reaction cross-sectiong with a reduced strong absorption radiksin the following
manner:

1/3 ,1/3 2
13, ,1/3 Ap A Vce
oR(E)znr2<A A ~|—a7—C(E)> (1—— : 3
0 P t A},/3+A3'/3 EcMm ( )

whereA, and A; are the projectile and target mass numbers; 1.85 is an asymmetry
parameterC (E) = 0.314-0.014E /A, is an energy dependent transparency term,Vadid

is the Coulomb barrier [25]. Using the Kox formula a reduced strong absorption nadius

can be deduced, which is independent of the target system and of the projectile energies.
For stable nuclei the formula gives a good description of a wide variety of target and
projectile systems at different energies with a constant valug ef 1.1 fm [24]. The
formula was also applied to unstable nuclei and the trend of increasing reducechradii
with neutron excess was found [26].

We have deduced the reduced strong absorptionsgfiidom our reaction cross-sections
or(Ep) measured in the thin\ E2 detector, using the Kox formula (Eq. (3)). As the Kox
formula assumes an energy dependence for the reaction cross-section, it can be integrated
over the range in the detector/target system (see Eg. (2)), and yields an independent
measurement of the reduced strong absorption ragdiushen compared with the energy
integrated reaction cross-sectidp. The uncertainties in bothy values were calculated
by error propagation from the uncertaintiesig.

The reduced strong absorption ragi obtained, respectively, fromig(Eg) or from
og using Egs. (1)—(3), are also presented in Table 1 under columifa E2) and rg
(integrated), respectively. They are also presented on Fig. 2 as a functdordfor the
five isotopic series studied, G& = 31), Ge (Z = 32), As (Z = 33), Se (Z = 34) and
Br (Z = 35). The agreement between thgvalues obtained from both methods is good
within the uncertainties. This means that the Kox formula for the energy dependence of
oy is adequate for these radioactive nuclei. A slightly decreasing trend is verified for all
isotopic chains with increasiny — Z, important feature which will be discussed below
in more detail. We have calculatddp), the weighted average of boify values, also
presented in Table 1. The uncertaintiesgf were calculated by error propagation from
the uncertainties in botty values.



Table 1

Compilation of results of this work on reaction smsections and reduced strong absorption radiThe (rg) is the weighted average of thg (AE>) andrg
(integrated) values. The reaction cross-sectgg(Eg)) is calculated fromrg) using the Kox formula. See text for details

Isotope Eo/A oRr(Ep) (mb) og (mb) ro (fm) ro (fm) (ro) (fm) (or(Ep)) (Mb)
(MeV /nucleon) (AEp) integrated (AE») integrated average average

63Ga 58.6 - 2504(170) - .043(35) 1.043(35) 2620(175)
64Ga 56.8 2441(168) 2406(69) D738 1.01913) 1.017(12) 2514(60)
65Ga 55.1 2591(112) 2373(50) .an925) 1.0098) 1.0108) 2505(38)
66Ga 53.4 2547(105) 2324(49) Q724 0.996(8) 0.9987) 2471(36)
67Ga 51.8 2231(170) 2309(73) 9B7(40) 0.991(14) 0.98513) 2430(65)
68Ga 50.3 2476(750) 2304(178) 9%(15) 0.987(38) 0.987(36) 2460(180)
65Ge 58.6 2510(610) 2450(160) 01(12) 1.016(26) 1.016(25) 2511(123)
66Ge 56.9 2814(260) 2554(57) .Qr(5) 1.040(10) 1.041(9) 2668(49)
67Ge 55.2 2476(161) 2437(42) AD6(32) 1.0186) 1.017(6) 2569(31)
68Ge 53.6 2511(172) 2401(43) aDY34) 1.010(7) 1.010(7) 2558(33)
69Ge 52.0 2294(275) 2312(61) .95(6) 0.987(12) 0.985(11) 2456(56)
OGe 50.5 2389(760) 2453(156) 9B5(15) 1.01532 1.013(31) 2620(161)
67as 58.7 - 2535(150) - 02533 1.026(32) 2586(154)
68As 56.9 2864(414) 2553(65) ars) 1.02013) 1.022(14) 2586(58)
69As 55.3 2379(238) 2444(46) 9(5) 1.01977) 1.0187) 2600(36)
7Ops 53.7 2531(272) 2422(49) .ao(s) 1.007(8) 1.007(8) 2569(41)
s 52.2 2466(461) 2358(74) 9B(9) 0.992(14) 0.992(14) 2514(71)
72ps 50.7 - 2430(190) - 013639 1.013639) 2647(203)
69se 58.7 2634(741) 2700(284) 0B(14) 1.067(64) 1.06(6) 2804(306)
70se 57.0 2795(297) 2700(88) .062(56) 1.05919) 1.05818) 2811(95)
"1se 55.4 2787(200) 2585(60) OB637) 1.036(11) 1.037(10) 2725(53)
725 53.9 2829(490) 2440(64) .0B(9) 1.006(12) 1.007(12) 2593(62)
73se 52.4 3156(524) 2445(114) 10(9) 1.022(24) 1.02823) 2725(121)
72gy 57.1 2906(462) 2727(176) .a68(85) 1.06934) 1.07(3) 2893(168)
73Br 55.5 2630(272) 2600(111) 1152 1.04021) 1.036(18) 2748(95)
74Br 54.0 2863(284) 2557(111) .a66(52) 1.033(21) 1.038(20) 2781(107)
75r 52.5 2900(446) 2407(165) .a6381) 1.00033) 1.00532 2630(167)
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Fig. 2. The reduced strong absorption ragjiobtained respectively fromz(Eq) or from 6z are presented

as a function ofN — Z for the five isotopic series studied. Thg (AE>) andrg (integrated), respectively, are

represented by full dots and circles. The agreement between, traues obtained from both methods is good
within the uncertainties.

None of the matter radii of nuclides of the isotopic series studied here were measured
previously. Only some of the heaviest, stable nuclides have their charge radii measured
by electron scattering and/or muonic atomic X-ray experiments. Unfortunately, the stable
nuclides were observed with very low statistics in this experiment. This is due partly to
the production cross sections and partly to the charge-state-ratio purification method used.
For some heavier nuclides of Ga, Ge and As, the statistics of reaction eventsAiEghe
detector were too low to allow for the determinationrf(A E2) and thus only theyg
(integrated) could be obtained.

In order to obtain reaction cross-sections for all nuclides studied in this work, with the
best possible accuracy, we inverted the problem and used the Kox formula of Eq. (3) at the
energyEp, to obtain reaction cross-sectiofigg (Ep)) from the weighted average values
of reduced strong absorption radip). The uncertainties ofog(Ep)) were calculated
by error propagation from the uncertainties(ig). They are presented as last column in
Table 1. The agreement beten the directly measureck (Ep) values and those deduced
from (rp) is shown on Fig. 3.
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Fig. 3. The reaction cross-sectioag (full dots) and(og (Eg)) (circles) were obtained respectively from direct
measurement i\ Eo detector and from the weighted average values of reduced strong absorptiofrgiabii
inverting the problem and using the Kox formula of Eq. (3) [24].

3.2. Glauber model calculations

The reduced strong absorption radjiobtained in the previous section are not easy to
interpret. Our aim is to obtain matter density distributions or at least root-mean-squared
(r.m.s.) matter radiifgms = (r2)1/2), which can be compareditlu theoretical calculations
or r.m.s. charge radii. We used the Glauber theory to deduce r.m.s. matter radii from the
measuredor (Ep)) reaction cross-sections. In Glauber theory [27] the reaction cross-
section is written as

o0

oR =21 / b[1—T(b)]db, (4)
0

where T(b), the squared modulus of the Glauber S-matrix, is the transmission, or
transparency of the collision at impact paramétedne of the simplest approximations to
calculate the transparen@y(b) is the optical limit, where th&/—N cross-section is folded
over the static proton and neutron density distributions of the projectile and target nuclei,
whose geometric overlap determines the reaction cross-sectiom.gTtalculated in this

way for stable nuclei using static density distributions determined by electron scattering,
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Fig. 4. The experimental reaction cross-sections folf@+ 12C system (full squares) compared to our Glauber
model calculations [30] using parametersuf tvell-known charge density distribution of théC nucleus (solid
line). A good agreement is \iied, mainly in the energy region of our interest 50-60 Me\/nucleon).

have shown reasonable agreement with data at energies above 2Mhidd6on [24,28,

29]. We have used a Glauber model code [30] and parameters of the well-known charge
density distribution of thé2C nucleus to calculate the reaction cross-section of4Ge+

12¢C system at energies from 9 to 2100 MgMicleon, to compare with existing data. The
comparison is shown on Fig. 4. The calculations underestimate13#o the cross-section

at energies below 30 MeMucleon and around 200 Me¥ucleon. The agreement is very
good between 40 and 100 M¢Rucleon, which is the energy region of our experimental
data.

Recent calculations of Al-Khalili and Tostevin [32] have proved that Glauber theoretical
calculations using the static density distribution, or optical limit approximation, underpre-
dict the nuclear matter radii for light, loosely bound halo nuclei. For halo nuclei the granu-
larity of the projectile implies strong spatial correlation between the valence nucleons and
core and the collision will appear more transparent. In their adiabatic model they freeze the
position co-ordinates for the few-body praiige constituents and obtain larger radii from
the same reaction cross-sections.

In our calculations we have assumed that the nuclei are not loosely bound and used the
optical limit of the Glauber model, taking the elementaryN cross-sections from the lit-
erature and the two-parameter Fermi type density distributions for protons and neutrons, as

p0
1+ exp(r — Ry)/ak ’

ok (r) = (5)
where the parametea®; is the half-density radiusy is the surface diffuseness and sub-
scriptk indicates protons or neutrons. In order to perform the Glauber model calculations
we need the proton and neutron distributions of the projectile and target nuclei.
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Proton distributions are not directly measured, but they can be deduced from measured
charge distributions. The charge distributiag, is the folding of the point proton
distribution p, with the intrinsic charge distribution of the proton in free spagg,.

The parameters of the point proton distribution can be calculated by deconvoluting the
charge distribution or by using the formula [(7]3) = (rgh) — 0.64. Recently published [33]
systematics for stable nuclei were used for the relation between the charge and proton
distribution diffusenesses, andach: a, = ach — 0.03 fm. Assuming the two-parameter
Fermi distribution, we can determine the proton half-density radtipigrom the proton

mean squared radiys?) and the diffuseness,. For stableN = Z nuclei (the?Si target
nucleus) we can assume that the proton and neutron distributions are equal, taus,

anda, = a,. For the proton-rich radioactive projectiles of this work, we have to make
several assumptions to infer the proton and neutron distributions. This assumptions are
discussed in detail for eachoi®pic series in the following.

3.2.1. Proton and neutron distributions of the 285 target

The charge distribution of th#Si target nucleus was measured by electron scattering
experiments [34] and more recently by muonioraic transition energies [35]. Using a
two-parameter Fermi distribution, the paraerstwere determined respectively as: root-
mean-squared charge rad'(mcgh)l/2 = 3.15(4) fm and 3.123 fm, half-density charge radius
Rcn = 3.14(6) and 3.1544(7) fm and charge diffuseneggs = 0.537(32) and 0.523 fm.
These results are also quoted in Table 2. The r.m.s. charge radii of the two measurements
agree well and the precision of the latteeasurement is much better, for this reason we
adopted the more recent values measured bgnit atoms. The parameters of the point
proton distribution were calculated by using the form(ur%) = (rgh) — 0.64, which yields

(r,z,)l/2 = 3.019 fm for the root-mean-squared proton radius. The above formulae yielded
(r2)¥? =3.0191) fm, a, = 0.493 fm andR,, = 3.047(6) fm for 23Si. We assumed that
the proton and neutron distributions were equal for the stalbte Z = 14 nucleug®Si.

3.2.2. Proton and neutron distributions of the proton-rich radioactive projectiles of this

work

3.2.2.1. Geisotopes The only stable nucleus observed in our experiment with measured
charge distribution is thé%Ge. The recent results of eleatrscattering experiments on
OGe are quoted in the compilation of Fricke et al. [35], and the results are respectively:
r.m.s. charge radii(rgh)l/2 = 4.0558) and 4.043(2) fm, using two-parameter Fermi
distribution in the first and Fourier—Bessel analysis in the second one. The values of
the half-density radius and diffuseness, when using two-parameter Fermi distribution are
respectivelyRcn = 4.430(8) fm andacn = 0.580730) fm. The compilation of Fricke [35]

also quotes results for nuclear charge iréidim muonic atomic transition energies and
they yield for the’%Ge the r.m.s. charge radius 0f;)1/? = 4.039 fm and a half-density
radius of Rch = 4.56872) fm with a surface diffuseness atn, = 0.523 fm, using the

two parameter Fermi distribution. Using all available data up to now for r.m.s. charge
radii, Angeli [36] proposes the average valu-én)l/2 = 4.041412) fm. Thus the r.m.s.
charge radius is well determined, while an ambiguity persists in the half-density radius and
diffuseness of the charge distribution. Using the formulae above explained and adopting



Table 2

Compilation of previously measured charge distributions where index ¢h)t@nrefers to electron scattering data in Refs. [34,35], (c) to Ref, [@B]to
muonic X-ray data in Ref. [35] and (e) to compilations of Ref. [36], respegtividhe charge distribution diffuseness in (d) is 0.523 fm in all caske.pFoton
distributions were obtained umj formulae quoted in the text

Isotope Rch (fm) ach (fm) (rZ) (fm)  Rep ()@ /2 (m)@ /(3 (fm)® R, (fm)  ap (fm) (r2) (fm)
28gj 3.14(6)@ 0.537(32)@ 3.15(4)@ 3.1544 3123 3122324) 3.047 0493 3019
OGe 44308)® 0.580730)®  4.0558)® 4.56872) 4.039 4041412) 4.42 055 400
2Ge 44468)® 0.592(3)® 4.0888)® 4.5926(2) 4.055 40577(12) - - -
3Ge - - - 460152) 4.061 4063414) - - -
T4Ge 44548)® 0.6083)® 4.126(8)® 4.61852) 4.072 4074412 - - -
76Ge 4547(8)® 0.5783)® 4.1278)® 4.62941) 4.080 4081212 - - -
69Ga - - - 45066(1) 3.996 3997317 4.45 050 392
1Ga - - - 452791) 4011 4011818 4.46 050 393
Sas - - 4102(9)© 4.6527(1) 4.096 4096919) 459 050 402
7456 438722®  0.60787)® 4.07(2)® - - 407(2) 450 0578 397
763e 447111)® 0620839 ® 416210 4.71621) 4.139 41397(16) - - -
77se - - - 471631) 4.139 4139717) - - -
783e 458118)® 0572941 ® 413814 ® 4.71841) 4.140 41407(17) - - -
805e 4667(100®  0533942®  4.12410® 4.71781) 4.140 4139916) - - -
82g¢ 47181)® 0510249 ® 411811 ® 4.71791) 4.140 4139918 - - -

98y - - - 47519 4163 4163021) 467 050 4085
8lg, - - - 47474 4160 4159921) - -

V1€

82€—€0€ (¥002) SEL V SOISAUd JeajonN / "[e 1o el 4D
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the (r3)Y? = 4.041412) fm and ach = 0.580730) fm we calculated the following
parameters{r2)1/2 = 4.00 fm,a, = 0.55 fm andR,, = 4.42 fm for the proton distribution

of 7%Ge. These values are included in Table 2.

Thus, our measured quantities are the reaction cross-sections and the r.m.s. proton radius
of the 7%Ge. We cannot expect to determine unambiguously the four paramagfgrs,(

R, anda,) of both, proton and neutron distribatis, from our two parameters. In recent
works on radioactive Na and Mg isotopes, Suzuki and collaborators [7,37] have proposed
a procedure to obtain the r.m.s. matter radii from the reaction cross-sections in a rather
unambiguous way. In this procedure some dtods are assumed between the parameters

to allow the extraction of the density distributions. Two extreme conditions were applied
to see the sensitivity of the final results to the assumptions:

(a) The half-density proton radii for all Ge isotopes were consﬂap([mGe) =
R,,(AGe) = 4.42 fm. The half-density neutron radii increase wikt/® and theT, = 0 or
1/2 nuclei had the same neutron and proton half-density r&gii’°Ge) = R,(®°Ge) =
R, (%5Ge) = ro, NV/3 (T. = 1/2 for the®5Ge), thusrg, (Ge) = 1.378 fm. The half-density
neutron radii for the Ge isotopes will be given &y (AGe) = 1.378N1/3 = 1.3784 —

32)%/3, and the half-density proton radii 0§, (4 Ge) = 4.42 fm. After fixing these criteria

for the half-density proton and neutron radii, the proton and neutron diffusenesses
anda, were free parameters, in order to reproduce the measured reaction cross-sections
through the Glauber model calculations.

(b) We fixed as equal the diffusenesses of the proton and neutron distributions, using the
systematics or the measurement of stable isotopes, and \Byiedd R, independently,
in order to reproduce the reaction cross-sections. In the case of Ge isotopes we supposed
a,(AGe = a,(*Ge) = 0.55 fm (the value obtained fdFGe).

In assumption (a) the densities change from one nuclide to another because of changes
in the diffuseness and th&1/3 dependence oR,, while in assumption (b) the densities
change because the half-density radii viye reality should be somewhere in-between.

We included our Glauber theory calculation into a search routine, where the parameters
were varied between given limits and the ré@t cross-section was calculated for every
ensemble of parameters. We have performed many searches and we could reproduce
the reaction cross-sections with several, fairly different proton or neutron distributions.
However, the r.m.s. matter radii, which were calculated from these different distributions
using a simple averaging formula [7]

na )

were very similar. We calculated the average of all r.m.s. matter radii obtained in many
searches for each projectile nucleus. The uncertainties in the r.m.s. matter radii were scaled
by the uncertainties of the total reaction cross-sections, adopting the same relative errors
for both quantities. In Table 3 the r.m.s. matter radii obtained using both assumptions (a)
and (b) are presented. The results are faitbse, the difference is always less than the
uncertainties. The last column of Table 3 brings the average between both values, which
we adopted as our result for r.m.s. matter radii. The uncertainties adopted were again scaled
by the uncertainties of the total reaction cross-sections, adopting the same relative errors
for both quantities.
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3.2.2.2. Ga isotopes The charge radii of th®®7'Ga nuclides were studied through
the measurement of the muonip 2> 1s transition energies. The results were, respec-
tively, [35] Reh = 4.5066(1), 4.5279(1) fm andr3)Y/2 = 3.996, 4.011 fm with a surface
diffuseness ofich = 0.523 fm using the two parameter Fermi distribution. Using the above
criteria the parameters of the proton distribution we adopted were respediyehy.45,
4.46 fm and(r3)*/? = 3.92, 3.93 fm with a surface diffusenessaf=0.50 fm.

Using assumption (ak,(°°Ga) = R, (*Ga) = 4.45 fm andR,(*°Ga) = R,(®3Ga) =
R, (83Ga) = ro, N1/3 (T, = 1/2 for the®3Ga), thusrp,(Ga) = 1.401 fm. The half-density
neutron radii for the Ga isotopes will be given & (*Ga) = 1.401N/3 = 1.401(A —
31)%/3, and the half-density proton radii 0§, (4 Ga) = 4.45 fm. After fixing these criteria
for the half-density proton and neutron radii, the proton and neutron diffusengsaesl
a, were free parameters, in order to reproduce the reaction cross-sections.

In assumption (b) we assumeg = a, = 0.50 fm and varied?,, andR, independently,
in order to reproduce the reaction cross-sewi The r.m.s. matter radii were calculated
using Eq. (6) and were fairly similar. In Table 3 the r.m.s. matter radii obtained using both
assumptions (a) and (b) are presented, together with the average of both.

3.2.2.3. As isotopes The charge radius of théAs nuclide was studied through the
measurement of the muonigp2— 1s transition energy. The results were [3B}n =
4.6527(1) fm and(r3)Y/? = 4.096 fm with a surface diffuseness @ = 0.523 fm using
the two parameter Fermi distribution. Wesolowski [38] untéﬁ)l/z =4.102(9) fm and
Angeli [36] 4.0969(19) fm. Using the above criteria and adoptifg /2 = 4.096919) fm
andach = 0.523 fm the parameters of the protdistribution were respectivelyﬁ)l/ 2=
4.02 fm with a surface diffuseness @f = 0.50 fm, yielding half-density proton radius of
R, =4.59 fm.

Using assumption (aR,("°As) = R, (4As) = 4.59 fm andR,,("°As) = R,(®'As) =
R, (87As) = ro, NY/3 (T. = 1/2 for the®”As), thusrg, (As) = 1.417 fm. The half-density
neutron radii for the As isotopes will be given Ry, (“As) = 1.417NY/3 = 1.417(A —
33)1/3, and the half-density proton radii (o7 (AAs) = 4.59 fm. After fixing these criteria
for the half-density proton and neutron radii, the proton and neutron diffusengsaesl
a, were free parameters, in order to reproduce the reaction cross-sections.

In assumption (b) we assumeg = a, = 0.50 fm and varied?, andR,, independently,
in order to reproduce the reaction cross-sewi The r.m.s. matter radii were calculated
using Eq. (6) and were fairly similar. In Table 3 the r.m.s. matter radii obtained using both
assumptions (a) and (b) are presented, together with the average of both.

3.2.2.4. Se isotopes The charge radii of the47677.7880825e nyclides were studied
through the measurement of electron scattering and mugnie-2s transition energies.
The results of both methods are quoted in the compilation of Fricke et al. [35] and presented
on Table 2.

The results of electron scattering experiments yield fdf 880825e the r.m.s. charge
radii (r3)Y2 = 4.07(2), 4.162(10), 4.138(14), 4.124(10) and 4.118(11) fm, using the
two parameter Fermi distribution. For th&Se the diffuseness is 0.6078(7) and the half-
density charge radius 4.387(22) fm. The r.nelsarge radii from muonic atomic transition



G.F. Limaet al. / Nuclear Physics A 735 (2004) 303-328 317

energies fof®77.7880825e nyclides ar¢r3)1/? = 4.139, 4.139, 4.140, 4.140 and 4.140 fm
respectively with a surface diffusenessagf = 0.523 fm, using the two parameter Fermi
distribution. Using all available data up to now for r.m.s. charge radii, Angeli [36] proposes
(r3)Y? = 4.07(2), 4.1397(16), 4.1397(16), 4.1407(17), 4.1399(16) and 4.1399(18) fm,
respectively. Thus the r.m.s. charge radii are fairly well determined. We adopted the
measured parameters for the charge distributior“8fe and obtained the following
parametersir3)t/2 = 3.97 fm,a, = 0.578 fmandr,, = 4.50 fm for the proton distribution

of 7Se, using the same criteria above explained. These values are included in Table 2.

Using assumption (aR,("*Se = R,("Se = 4.50 fm andR,("*Se = R,(®°Se =
R, (59Se = 1o, N1/3 (T. = 1/2 for the®9Se), thus-o,(Se = 1.370 fm. The half-density
neutron radii for the Se isotopes will be given &y (4Se) = 1.370N/3 = 1.370(A —
34)Y/3, and the half-density proton radii b, (*Se) = 4.50 fm.

After fixing these criteria for the half-density proton and neutron radii, the proton and
neutron diffusenesses, anda, were free parameters, in order to reproduce the reaction
cross-sections.

In assumption (b) we assumeg = a, = 0.578 fm and varied®?, and R, indepen-
dently, in order to reproduce the reaction cross-sections. The r.m.s. matter radii were cal-
culated using Eq. (6) and were fairly similar. In Table 3 the r.m.s. matter radii obtained
using both assumptions (a) and (b) are presented, together with the average of both.

3.2.25. Br isotopes The charge radii of thé>81Br nuclides were studied through the
measurement of the muonigp2~> 1s transition energy. The results were respectively
Reh = 4.75191), 4.7474(1) fm and(r3)Y/? = 4.163 and 4.160 fm with a surface
diffuseness ofucn = 0.523 fm using the two parameter Fermi distribution [35]. Using
the above criteria the parameters of the proton distributiof®Bf were respectively
R, =4.67 fm and(r2)*/2 = 4.085 fm with a surface diffuseness@f = 0.50 fm.

Using assumption (aR,("°Br) = R,(“Br) = 4.67 fm andR,("°Br) = R,("?Br) =
R, ("Br) = ro,N¥/3 (T, = 1 for the 72Br), thus ro,(Br) = 1.370 fm. The half-density
neutron radii for the Br isotopes will be given ¥, (4Br) = 1.370NY/3 = 1.370(4 —
3513, and the half-density proton radii U?/,,(A Br) = 4.67 fm. After fixing these criteria
for the half-density proton and neutron radii, the proton and neutron diffusengsaesl
a, were free parameters, in order to reprodineereaction cross-sections and the measured
charge radii.

In assumption (b) we assumeg = a, = 0.50 fm and varied?,, andR, independently,
in order to reproduce the reaction cross-sewi The r.m.s. matter radii were calculated
using Eq. (6) and were fairly similar. In Table 3 the r.m.s. matter radii obtained using both
assumptions (a) and (b) are presented, together with the average of both.

4. Discussion of results

4.1. Variation of the radius with the neutron excess N — Z

Using assumptions (a) and (b) describedha preceding section and varying the free
parameters in the Glauber model calculations the reaction cross-sections were fitted. From



318 G.F.Limaet al. / Nuclear Physics A 735 (2004) 303-328

Table 3

Compilation of results of Glauber calculations using assumptions (a) and (b) to obtain r.m.s. matter radii. The last
column contains the average of preceding columns and represents the final r.m.s. matter radii of this work. See
text for details on parameters used

Isotope Eo/A (oR (EQ)) (mb) (r2)1/2 (r2)1/2 (r2)1/2
(MeV) average (a) (b) average
63Ga 58.6 2620(175) .80(26) 3.91526) 3.91(26)
64Ga 56.8 2514(60) 38(10) 3.71(10) 3.75(10)
65Ga 55.1 2505(38) 38(8) 3.67(8) 3.73(8)
66Ga 53.4 2471(36) 348) 3.60(8) 3.68(8)
67Ga 51.8 2430(65) B8(10) 3.56(10) 3.62(10)
68Ga 50.3 2460(182) 32027 3.58(27) 3.65(27)
65Ge 58.6 2511(120) .B6(17) 3.54(17) 3.60(17)
66Ge 56.9 2668(49) 837(7) 3.747) 3.80(7)
67Ge 55.2 2569(31) 32(5) 3.62(5) 3.67(5)
68Ge 53.6 2558(33) B86(5) 3.54(5) 3.61(5)
69Ge 52.0 2456(56) 37(10) 3.43(10) 3.50(10)
70Ge 50.5 2619(161) .35(20) 3.61(22) 3.68(22)
67as 58.7 2586(153) B5(22) 3.82(22 3.84(22)
68ag 56.9 2586(58) B1®) 3.80(8) 3.81(8)
695 55.3 2600(36) BAG5) 3.82(5) 3.83(5)
YN 53.7 2570(41) B1(6) 3.74(6) 3.78(6)
Tas 52.2 2514(71) F6(11) 3.67(12) 3.72(11)
2ps 50.7 2647(203) B4(30) 3.86(30) 3.85(30)
693¢ 58.7 2804(306) .@6(40) 4.11(40) 4.08(40)
705e 57.0 2811(95) 04(12) 4.06(12) 4.05(12)
71ge 55.4 2725(53) 87(8) 3.97(8) 3.97(8)
723¢ 53.9 2593(62) .82(9) 3.7909) 3.81(9)
733e 52.4 2725(121) .93(17) 3.90(17) 3.92(17)
2By 57.1 3893(168) 45(24) 4.30(24) 4.22(24)
73gr 55.5 2747(95) D1(14) 4.06(14) 4.04(14)
4By 54.0 2781(107) 03315 4.08(15) 4.06(15)
75y 52.5 2630(167) 30(25) 3.80(25) 3.85(25)

the best-fit parameters we calculated the r.m.s. matter radii presented in Table 3. The r.m.s.
matter radii obtained by the two assumptions were similar, in most cases the difference
between them was much smaller than their uncertainty. The last column of Table 3 brings
the average of both values, which we adopted as our result for r.m.s. matter radius. These
radii are presented as a function 8f— Z on Fig. 5, using full dots to represent them.
A decreasing tendency of the radii with increasing neutron nurivberZ can be observed
for most of isotopic chains. We also show on this figure, presented by dotted lines, the
values of the nuclear radius given ly= 0.9541/3, supposing a constant reduced radius
ro = 0.95 fm and the usual mass dependené€. The purpose is to compare the expected
behaviour with increasingy (and A) with the observed behaviour, which is inverse.

We also include in Fig. 5 the r.m.s. charge radii of the Kr isotopic chain, using hollow
circles to represent them. They were measured at ISOLDE by laser spectroscopy [39].
They present an increasing feature for increa®ding Z between 0 and 4 and a decreasing
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Fig. 5. The r.m.s. matter radii (full dots) obtainedrfraGlauber model calculations for Ga, Ge, As, Se and Br
isotopes from reaction cross-sections determined in this work (see text). The r.m.s. charge radii of Kr are also
indicated for comparison by circles [39]. Thestiad lines indicate the nuclear radius suppoging 0.9541/3,

which means a constant reduced radigis= 0.95 fm.

behaviour forN — Z increasing from 4 to 14. The radial variation of the Kr r.m.s. charge
radii with neutron number is much slower then the variation we observe (observe the scale
of the figures). Fov — Z > 14 (N > 50) the Kr radii again increase. The variations of
the Kr r.m.s. charge radii were completely explained by deformation effects in the middle
shell nuclides, and also reproduced by relativistic mean field calculations [40]. However
the increase in radius fav — Z > 14 (N > 50) can be fully accounted by the mass
effect.

We try also to clarify if the variation in our matter radii is due to deformation effects, to
shell effects (angular momentum of the valence nucleons) or separation energy effects.
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Fig. 6. Upper panel: the r.m.s. matter radii for constahtas a function of the atomic numbet, obtained

for radioactive proton-rich nuclei in this measuremérite dashed line indicates the nuclear radius supposing
R = 0.9541/3, which means a constant reduced radigis= 0.95 fm. Lower panel: the r.m.s. charge radii for
constantnN, as a function of the atomic numbg&r, measured by electron scattering on stable nuclei, obtained
from tables of Refs. [34-36] (see text). The dabliee indicates the nuclear radius supposig: 0.96641/3.

4.2. Variation of the radius with the atomic number Z

The correlation of the nuclear radius with atomic numBewas also considered. In
Fig. 6 we present the r.m.s. matter radii as a functioi dér the radioactive proton-rich
nuclei we studied at fixed neutron numbe¥s= 35, 36, 37 and 38. We also indicate with a
dotted line the mass effect, plottil)= 0.9541/3. The matter radii increase more strongly
with Z then theAl/3 effect, the same tendency is observed forMlvalues. If we plot
the r.m.s. charge radii of the stable Zn, Ga, Ge, As, Se and Kr isotopes as a fundipn of
for fixed neutron numberd = 40, 42 the result is a much slower increase vithfairly
well reproduced by 0.966'/3. This result is shown in lower panel of Fig. 6. Thus for the
unstable, proton rich nuclides an anomalous increase of the r.m.s. matter radiugsisith

verified.
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Fig. 7. Lower panels: the r.m.s. matter radii (fujumres) of the Ga, Ge and As isotopes as a function of
neutron numbeV. We also show on these figures, presentechdow circles and solid lines, the values of
the nuclear matter radius obtained from relativisticrttiée—Bogoliubov calculations [42]. Upper panels: the
excitation energies of firstRor J = Jgs + 2 state as a function a¥ [41].

4.3. Variation of the radius with the deformation

In order to clarify if the variation in our matter radii is due to deformation effects,
we compare theV dependence of the radius with thedependence of the deformation.
Instead of using deformation parameters or quadrupole moments, not known for all
isotopes of interest, we will compare with the excitation energy of the firsstate for
even—even nuclei, or with the excitation energy of the first excited statewvith/,, 4 2
for odd—even nuclei [41]. It is well known that, the higher this excitation energy, the less
collective or the less deformed is the nucldad-igs. 7 and 8 we present three panels each,
respectively the Ga, Ge and As isotopic series on Fig. 7 and the Se, Br and Kr on Fig. 8:
on the lower part of the panels ti(lf;%)l/z r.m.s. matter radii are shown, as a function of
the neutron numbey.

We also show on these figures, presentedh@ow circles and solid lines, the values
of the nuclear matter radius obtained fromatelistic Hartree—Bogoliubov calculations.
The calculations were performed using the Aldarameterization of the mean field and a
zero-range relativistic pairing interaction with no cutoff [42]. The strength of the pairing
interaction was adjusted to reproduce the average trend of the pairing in the region.
Blocking was included in the cases of odd meatand/or proton number. The experimental
binding energies were reproduced to about 1 MeV by the calculations. Axially symmetric
deformation was permitted in the calculatipnsich furnished a quadrupole deformation,
either oblate or prolate, of about 0.2, in all cases. The calculations predict that these
neutron-deficient nuclei are deformed, while the excitation energy of the firstae is
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Fig. 8. Lower panels: the r.m.s. matter radii (full sces) of the Se, Br isotopes as a function of neutron nunvoer
For the Kr isotopes the r.m.s. charge radii were plott#mts) for comparison [39]. Note the difference in scale.
We also show on these figures, presented by hollow ciestéissolid lines, the values of the nuclear matter radius
obtained from relativistic Hartree—Bogoliubov caldidas [42]. Upper panels: the excitation energies of fifst 2
or J = Jgs + 2 state as a function a¥ [41].

more compatible with spherical shapes. Thegkited matter radii do not present neither
the dependence witN nor the strong Z-dependence.

For the Kr isotopes we plot the r.m.s. charge radii presented by dots. On the top, the
excitation energies of the first2state for the even—evenGe, 34Se andsgKr nuclides, or
the excitation energy of the first = J,; + 2 state of the odd—eveiGa, 33As andssBr
nuclides are presented as a functiomafOn Fig. 7 the excitation energies of Ga and Ge
have a similar pattern, a peakZt= 38, corresponding to spherical character®fa and
0Ge. The magic numbeY = 40 corresponds to fairly high excitation energy foe= 31,
32. For decreasing neutron numbeys= 36, 34, 32, the excitation energies of Ga and Ge
decrease very little, indicating that close to thie= Z line these nuclides are still fairly
spherical. These facts indicate that the Ga and Ge nuclides, which present an increase in the
radial extension with decreasing neutron number very probably still have spherical shapes
and the increase is not due to deformation.

For the As chain no excitation energies are available Nok 38. For decreasing
N =42, 40, 38 the excitation energies increase, suggesting again spherical form in the
region close to th&V = Z line.

In Fig. 8 the excitation energies of the Se isotopes have a similar behaviour but shifted
in N, the peak (spherical shape) is arouwsid= 36 and the minimum (deformed shape)
at N = 42. Thus with decreasiny between 42 and 36, the Se isotopes become more
spherical and any increase in the radial extension should not be credited to deformation
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effects. For the Br isotopes, no excitation energies are availabl¥ far40. For the Kr
isotopes, the Fig. 8 is very revealing. First of all, fsr> 50 the charge radii increase
in the same rate ad1/3, suggesting that the increase in the r.m.s. radii in this region
can be explained by the mass increase. Thesr.oharge radii present a minimum at the
magic numbelN = 50, where the excitation energy presents a strong peak. The increase in
radius with decreasiny betweenV = 50 and 40 is correlated with the deformation effect,
the excitation energies decrease while the radii increase, the maximum of deformation
occurring forN = 40. ForN < 40 the excitation energies increase and the radii decrease
again, but again it can be explained by the mass effect.

Thus we can conclude that for the Ga, Ge, As, Se and Br isotopes the observed increase
in radial extension with decreasimgis not correlated with an increase in deformation, the
increase in their radii occurs while the nuclei remain spherical.

4.4. Variation of the radius with the separation energy

The correlation of the nuclear radius with binding energy or separation energy is also
an important issue. A strong correlation was observed between the difference in proton
and neutron separation enerdy — S, and the difference between r.m.s. proton and
neutron radii(-2)*/2 — (r2)1/2 for some neutron-rich and proton rich isotopic chains. This
correlation indicates an increasing neutron skin for the neutron-rich Na isotopes and also
for some light neutron-rich nuclei and a proton skin for #ar, with the skin thickness
decreasing with increasing separation energies for the Ar isotopes [17,31,37,43]. This
correlation suggests that the driving force floe formation of skin phenomenon is mainly
the difference between the proton and neutron Fermi-energies.

In our case we have the r.m.s. matter radii, but not the proton and neutron radii
separately, thus we cannot calculate any parameter related to the skin. We plot on Fig. 9
the matter radii as a function of the proton separation energy. This plot shows no clear
correlation between the sepdion energy and the radii, probably because it is the total
matter radius which is plotted.

4.5. Variation of the radius with shell effects

The Ga isotopesZ = 31) have three protons outside the= 28 closed shell. The
ground state spins of the odd—even Ga isotopes/&re- 3/27, indicating that the last
valence proton for th&3~"1Ga isotopes is in the &/, shell. The number of neutrons
varies fromN = 32 to 37, thus they are mainly filling thefd,» shell. The centrifugal
barrier is thus larger for the neutrons than for the protons. By increasing the number of
neutrons the protons become more tightly bound and have their radius decreased, while
the neutron radius does not seem to increase much may be due to the stronger centrifugal
barrier, to which the fs,2 neutrons are submitted. This could explain the reduction of the
total matter radius with the increase of neutron nunber

For the odd—even Ge isotopes we can gedrimiation on the neutron filling: the ground-
state of th€°Ge (N = 33) is J™ = 3/2~, and of thé’Ge (N = 35) J™ = 1/2", indicating
that their valence neutrons still are in the 2hell instead of the f shell, thus having
smaller centrifugal barrier. For tt¥8Ge (N = 37) the ground state spin ig8~, indicating
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Fig. 9. The r.m.s. matter radii of the Ga, Ge, As, Se and Br isotopes measured in this work are presented as a
function of the proton separation energy [41].

the 1f shell. Again the protons are in thepZhell and adding neutrons just makes the
proton radius get reduced, while the neutron radius can even decrease, when we go from
p-shell valence neutrons to-shell.

For the odd—even As isotopes all ground state spins/&e Suggesting that the valence
proton is in the ¥5/> shell. The decrease of the r.m.s. matter radius with increasing neutron
number is less pronounced for the As isotopes than the Ga and Ge isotopes, may be due to
appurtenance to thle= 3 shell for the protons.

For the odd—even Se isotopes we can getrmiation on the neutron filling: the ground-
state of thé°Se(N = 35) is J* = 1/2-, 3/2, indicating that the valence neutron is still
in the 2p shell, thus having smaller centrifugal barrier. For fh8e (N = 37) and’3Se
(N = 39) the ground state spins ar¢5 and ¥2*, indicating appurtenance to thef 1
and g shell.

The correlation of the total matter radius with shell-effects suggests that the centrifugal
barrier of the valence protons and neutrons can be responsible for the radial extension.

4.6. Q-value dependence of the reaction cross-section

In our method, contrarily to the transmission method, the energy spectrum of the
projectile is measured, allowing to determine t@evalue dependence of the reaction
cross-section. We present on Fig. 10, the smargy spectra (dotted line) for 4 nuclides,
the $467Ga and’%73Se, representing, respectively, a low and a higheystem, with a
proton-rich and a close to stability nucleus. The coincidence spectra are superimposed and
the cutoff atQ = —150 MeV is also indicated by a vertical line. In the lower panel we
show the coincidence spectra on a more expanded scale. The area under the elastic peak in
the coincidence spectr@(> —150 MeV) depend strongly oN — Z and also or¥Z, they
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Fig. 11. The ratio of the reaction cross-section leading to final states@vith-150 MeV over the total reaction
cross-section is presented as a functioof Z for the different isotopic series of this work.

are quite small for the close to stability line nucl®{@a and’3Se), and they are large for
the more exotic nucleffGa and’°Se). We calculated the reaction cross-section summed
over final states withD > —150 MeV and also the total reaction cross-section, summed
over all final states. The ratio of these two quantities measures the contribution of lower
lying final states to the total cross-section.

We plot on Fig. 11 this ratio for all nuclides studied in our work, as a functia¥ ef Z,
using different symbols for each isotopic series. We can verify a strong correlation with
N — Z and also withZ. This ratio presents a maximum arouNd— Z = 2, decreasing
strongly (from 0.6 to 0.2) when we approaitie stability line. Theatio increases witlz,
being around 0.3 as maximum value for Ga and Ge and increasing to 0.6 for Se and Br. May
be the higher contribution of lowp-value states indicates soraahanced collectiveness
for the most exotic species whenmpared to more stable species.

5. Conclusion

In summary, we have measured the reaction cross-seetjps proton-rich nuclides
of the Ga, Ge, As, Se and Br isotopic chains at intermediate energies. The target/detector
system was the Si telescope, where the radioactive ions were stopped. We obtained the
reaction cross-section from reactions in a thiff detector and the energy integrated cross-
section in the whole telescope. The inelastigssrsection, measured in Ge detectors, was
fairly low, allowing to neglect it and assurag = o;. We used Glauber model calculations
to obtain rms matter radii from the measuredction cross-sections. A clear correlation
of the total r.m.s. matter radii with neutron numb¥érand with proton numbegZ was
verified. The radii écrease with increasiny, and increase strongly with increasiég
None of the isotopic series studied pFasan increase in rawb with increasingV. The
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change in radius is not due to deformations. No clear correlation of the total r.m.s. matter
radius with proton separation energy was verified in our data.

For all nuclides studied in this worK > Z and due to fairly larg& values the Coulomb
barrier is also high. The existence of proton skin is very unlikely in this context. However
the observed features of decreasmatter radii with increasingy, and strong increase in
the radii with increasind are difficult to explain supposing a larger neutron radius than
proton radius.

One possible explanation for the radial véioa is the difference in centrifugal barriers
due to the different orbital angular momentat protons and neutrons, filling respectively
mainly the 2 shell or the ¥ shell.
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