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Nuclear capture of antiprotons from atomic states is studied. Partial widths for single-nucleon capture events
leading to cold residual nuclei are calculated. Recent CERN experiments that compare the neutron and proton
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I. INTRODUCTION “cold” nuclei, following the absorption of antiprotons in
antiprotonic atoms, by radiochemical methods. By “cold”
Recent CERN experiments with antiprotonic atofi$  here we mean nuclear states of very low energy, less than the
have renewed interest in the question of the comparison afeutron emission threshold. Characterizing a nucleusl of
the proton and neutron density distributions in the surfaceneutrons and protons by {,Z) the reactions are
region of large nuclei. It has been known for years that had- (A) p+(N,Z)—(N,Z—1)+ mesons,
ronic, in particular kaonic, atoms provide a means by which  (B) p+(N,Z)—(N—1,Z) + mesons.
the extreme tail of the nuclear density distribution may be Thus (A) involves predominantly interactions of tipe
studied including the isospin structure and nuclear correlagjith protons and (B) similarly with neutrons. It is the pos-
tions[2]. Two methods have been usigi-9], each of which  gipjlity of distinguishing reactiongA) and (B) experimen-
gives information in the region roughly 2.0 fm beyond the )y which is the first advantage of the method of this paper
half de_nsny radius(1) observatlon of the x-ray cascade in using the experiments of RefL].
hadronic atoms and extraction from the resulting data of the The extreme surface nature of the process considered here

atomic level widths and shifts ari@) studies of the particles, arises first from the high orbital angular momentum of the

E:(rjt;gunlarly mesons, emitted following the capture of theEbut this is well known and was exploited in earlier experi-

Method (1) provides only very limited information since ments[3—'9]. The new circumstance, Wh.'Ch points to. an even
for most nuclei only one level width and shift can be meag.more peripheral character of the considered reaction, is the

sured. Method?) can in principle provide much more infor- detection of final nuclein spite of meson prodgction in
mation; particularly it can differentiate captures on protonstA) and (B). On the average there are four to five mesons
from those on neutrons. Unfortunately, it has proved difficultmitted and to leave a finZl—1 or N—1 nucleus they must
to obtain reliable information as a result of uncertainties con2ll avoid collision with it. This can happen only if the anni-
cerning both the initial capture states and the final state inbilation takes place at the far nuclear surface.
teractions. The basidNN interactions are needed for the study of this
The new experiments of Refl], involving antiprotons, paper. They are limited by several phenomenological param-
have two very strong advantages. First, they differentiate rezeters: the range of theN annihilation, absorptive parts of
sonably clearly between thegp and pn annihilations, thus the scattering amplitudes, pion production multiplicities, and
ensuring that the neutron and proton distributions can bg@ion momentum distributions. These are taken from other
separately estimated. Second, they involve antiproton atexperiments but the effects of the uncertainties must be
sorption which is more distant from the nuclear half-densityquantified. Once the final and initial states are understood
radius than the earlier experiments mentioned above. Wene can interpret the ratio of proces$As and(B) in terms
shall show that the absorption occurs in a region around 3.6f “neutron halos” or “neutron skins” and attribute quan-
fm beyond the half-density radius. titative meaning to these terms. Qualitatively, we shall see
The idea of the experiments of Reffl] is to detect that the analysis of the CERN experimefit$ shows a large
neutron excess at the nuclear surface of several heavy nuclei.
This result complements similar findings in the sub-Coulomb
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cold nuclei in the various final states corresponding to cap- 2
ture by protons and neutrons. Difficulties in the way are two- VP(R) = KN_tNWP(R). @

fold. First, theNN annihilation is a complicated process with

many degrees of freedom involved. Second, the initialwhereuyyis the reduced masp(R) is a nuclear density at
atomic state of the antiproton and the final states of the rea radiusR, andtyy is a complex scattering length. As the
sidual nuclei are not certain. Fortunately, the importance ofange of theNN interaction is finite the densitp(R) in-
the first difficulty is much reduced as a result of the largevolved in Eq.(1) is assumed not to be the “bare” nuclear
energy release in thp absorption. As a result, a closure densitypy(R) but a folded one:

approximation over nuclear final states together with high

energy approximations for the annihilation mesons may be

applied, yielding classical formulas for the absorption rates. P(R):f dupo(R—u)v(u), 2
The latter are expressed by integrals of nuclear densities L

weighted by a probability to find the antiproton inside thewherew is a form factor that represents theN force range.
nucleus and by a probability to find the final nucleus leftFor the absorptive part of°"* an annihilation range of 1 fm
undestroyed by the annihilation products. The last two probmight be expected from models of theN annihilation but
abilities are calculated on the basis of the antiproton and piog,e range in the real part is more uncertain.

optical _potentials._ Their _dependence on the initial atomic The lengtht,y in Eq. (1) is extracted from antiprotonic
state, final state interactions, and parameters ofptt@nd  atomic data. The most precise x-ray measurements have been
pionic nuclear optical potentials is studied in Sec. Il. done for the 8 and 4 states in the oxygen isotop§8,9],

In Sec. Ill, the experimental data of Réfl] is used to  gnq fits to these giveyy of about —1.5-i2.5 fm [11,17.
obtain information concerning neutron halos. It is necessantpis value yields a deep and strongly absorptive optical po-
to use detailed models for the nuclei involved and we conigntial. At the nuclear center M would be 200 MeV and
sider four such models. These are the Fermi gas, shell modghe related mean free path would be well below 1 fm. How-
Hartree-Fock, and Hartree-Fock-Bogolyubd#FB) mod-  eyer, it should be kept in mind that both the form and the
els. Comparison of the experimental data of Héf. with  gyength ofvoPt are tested only in the surface region of nu-

these models is described and the situation concerning thge; |n particular, InV°? is determined by the atomic level
neutron halo discussed. The advantages and limitations QfiqthsT via '

the method are indicated.

ko
F=4—Jmtmﬁf dRp(R)|TN(R)[%, 3
Il. NUCLEAR ABSORPTION OF ATOMIC ANTIPROTONS FANN

Antiprotons bound into atomic orbits cascade down thevhere ¥i(R) is the atomic wave function. Since only
atomic levels to be ultimately absorbed by the nucleus. Th@tomic states of high angular momertare available and
latter happens at the extreme nuclear surface and the absoffn~R', the absorption strength is peaked at the surface.
tion probability is significant even at distances as large as The nuclear absorption scenario is visualized in Fig) 1
twice the nuclear radiug3,8,9. Two effects create such a for the nucleus®®Ni which, as the simplest one to describe,
situation. First, the mean free path of antiprotons in nucleawill be our reference case. We show Relependence of the
matter is less than 1 fm, and second, the atomic cascadgtegrand in Eq.(3), W= p|W{{’R?. The surface nature of
tends to populate states of high angular momentuffihe  the p capture is seen there in more detail, confirming the
peripherality of capture allows the use of standard low dengualitative arguments just projected.
sity simplifications: quasifree scattering and a single-particle The capture of thep by the atom and the subsequent
picture of the nucleus. It also facilitates the description of thecascade through the atomic levels are a consequence of
final mesons, a vital point in understanding the absorptioProcesses which are difficult to describe in detail. The sim-
experiments of Ref.1]. On the other hand, the disadvantageplest description is that the cascade is entirely through the
and difficulty inherent in studies of the nuclear surface are'circular” orbits, i.e., those with principal quantum number
related to the sensitivity to range effects. n=/+1. This assumption is far too extreme in detail but is

This section presents a description of the antiproton absufficient for our purposes as the dominant feature we re-
sorption mechanism. First, a simple phenomenological picquire is the value of” for the p and not the value afi. The
ture based on the optical potential model is presented. Nextgason for this is that the atomic wave functions in the
two special questions—final state interactions and rangeegion of the nucleus are dominated by the value/of
effects—are discussed, again in a phenomenological way. Menceforth we consider only circular atomic orbits.
more detailed justification of the phenomenological ap- There are two special atomic states singled out in the
proach, including its basic assumptions and limitations, isapture process. One is the so-called “upper” level which
given in two consecutive subsections. These consist of asually is the last one that can be detected before the cascad-
rather technical discussion which may be omitted by readerig p is absorbed. One can learn the width of this upper state
more interested in the nuclear structure results. by measuring the intensity loss of the x-ray transitions. In

The tool to describe the antiprotonic atomic level shifts °®Ni, and in many other nuclei, the nuclear absorption is
and widths is an antiproton-nucleus optical potentdf.  most likely to happen from this level. The next circular state
The simplest one is usuallyg,9,11 assumed to have the below is called the “lower” one. Sometimes, one can mea-
form sure the shape of the x-ray lines feeding this lower state.
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TABLE I. Atomic results. Columns 2 and 3 contain the princi-

pal qguantum numben and the angular momentuim For the re- :(n: ' ' ' ' '
maining columns: c.p. is the nuclear capture probability calculated ‘E
under the assumption that the circular atomic stetenppet 1 is >
fully occupied,o,_;= '~ YT is the branching ratio for the cold .
capture, andr,,= I',/T' is the ratio of captures on neutrons to -e
protons. The AD model anR,,=0.63 were used. Q
Element n I c.p. Oa_1 Tnp _._>_;
SN 4 3 0 0095  0.69 =
5 4 0.16 0.097 0.69 ]
6 5 0.83 0.110 0.70 '8
7 6 0.01 0.150 0.71 8
8 7 0 0.220 0.71
9zr 6 5 0.24 0.106 4.67
7 6 0.72 0.128 5.30
130re 7 6 0.05 0.096 1.77
8 7 0.93 0.122 2.00
1445m 7 6 0.01 0.075 1.39
8 7 0.75 0.085 1.46
1545m 7 6 0.01 0.087 3.65
8 7 0.75 0.099 3.98 . . | X .
176yp 8 7 0.23 0.097 3.34 0 5 10
9 8 0.75 0.124 4.07
2327 7 6 0 0.073 3.94 R (fm)
8 7 0 0.091 4.64
9 8 0.31 0.098 5.00 FIG. 1. (8 The total antiproton absorption densities from the
10 9 0.69 0.127 6.20 “upper” n=6 , |=5 orbit in 5®Ni: W, for the NN annihilation
238 9 38 0.29 0.106 6.55 ranger,=1 fm andW; for the ranger=0.75 fm. The dot-dashed
10 9 071 0.138 8.24 line is a ratio of twoW, for subsequent circulan=5 andn=6

atomic statespg is a “bare” neutron density. Normalizations are
arbitrary. (b) The (A—1) “cold” antiproton absorption density on
Such measurements are possible only when the width of thg neutron fromn=6 circular orbit in ®Ni. A given by the inte-
lower state is in the range of a few keV and, additionally, thegrand of Eq(4) for the NN annihilation range ;=1 fm andA, for
rate of radiation from the upper state is comparable with thehe ranger ,=0.75 fm. p, is a “bare” neutron density. Normaliza-
absorption rate from that state. The capture probabilitie$ions are arbitrary. Missing probabilitie@eft scale: P, solid
from several circular states are given in Table I. The loweline, is due to phase space alone, @, dash-dotted line, is
state widths are usually larger than the upper state widths byaiculated with corrections for the experimental pion momentum

two orders of magnitude. That is due to the smaller orbitgistribution. The flat dashed curve Ry, from the HFB model.
radii and reduced centrifugal barriers. However, the absorp-

tion density profile is not changed dramatically as may be

seen from the ratio of these densities given in Fi¢p).1 Optical model calculations based on tNeN interaction
Hence the possibility of capture from the lower level is notpotentials[14,16—18 indicate that the lengthty required
expected to affect our subsequent conclusions. in such calculations bear no simple relation to the empirical

The localization of nuclear capture in the surface regions \yave NN scattering lengths. The latter give an optical po-
depends on the range of theN forces. One way to find this  tentjal with a repulsive real part while empirically it is attrac-
range is to usélN potential models. Another, perhaps more tive, The conclusion is that Rgy is of a complicated and
advantageous, is to fit the atomic and low energy scatteringncertain structure. At the extreme nuclear surface it reflects
data. An early choice was to use charge density profiles fog |ong attractive tail of the pion exchange forces, and about
the p [8,9,11. This is equivalent to folding a form factor ihe npyclear radius it may turn to repulsion due to repulsive
v(u) in Eq. (2) with a rms radius of 0.8 fm. More recently, scattering lengths and is rather uncertain at nuclear matter
Gaussian profile form factors exp(r/ro)’] with longer  gensities. On the other hand, the phenomenological best fit to
range have been usdd2,13. Typical best fit values are Imtyy represents the cumulative effect of ti® and
roi~1 fm (for ImV) andro~ 1.5 fm (for ReV). On the  p.wave absorptive amplitudes, and can be well understood
other hand, calculations based on &l potentials yield in terms of the free Iityy. The calculated optical potentials
average rangesy; of 0.75 fm up to 1.45 fm[14,15, the indicate a structure more complicated than that given by for-
differences being due to different handling of the off-shellmula (1), but cannot reproduce the data as accurately as the
extensions. An effect of the range is shown in Fi@1A  |atter with empirical best fit parameters. As a result, in this
longerNN absorption radius broadens the region of nuclearcalculation we use the phenomenological approach. The
absorption. The related effect on thép ratio is shown in level widths discussed so far reflect all modes of the nuclear
Fig. 1(b) and discussed later. absorption of antiprotons. The initial stage, an elementary
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NN annihilation, generates an energy of 2 GeV, of which 3/4absorptive cross section and, via the unitarity condition, the
is the kinetic energy taken by the final state mesons. Thabsorptive amplitude Ity For nuclear captures leading
mesons may excite the residual nucleus via inelastic scatte@nly to cold nuclei we limit the summation over final states
ing and absorption. To calculate the total widths one sum#o the states of elastic meson-nucleus scattering. This limited
over the unobserved nuclear excited states. The large energymmation generates an effectivet{ig again, but now it is
release and peripherality allow us to use closure over th&lded over nuclear factors due to the final state interaction
nuclear states. As a consequence, the effectitgyns close  of the mesons.

to the absorptive part of the fré¢N scattering amplitude.  (3) To simplify our considerations, effects related to the
That is no longer true when the final nuclear states are limfinite range of the reaction—propagation of the final mesonic
ited to some particular states, as is the case of the expefi€sonances, recoil effects,.nonlocalltles dug to external fields,
ments of Ref[1] in which radiochemical methods were used @nd the size of the mesonic source—are discussed at the end
to detect “cold” nuclei. In these experiments, final nuclei Of this section. _ _ _ _
excited up to the neutron separation threshold only can be Assume that an antiproton in an atomic state characterized
detected. Residual nuclei of higher excitations would decay quantum numbers collectively denoted ibyannihilates

by a neutron emission before being detected by the radic®" @ nucleon in a single-particle stateinto k mesons with
chemistry. In the next subsections, the spectrum of allowe@homentap;, i=1-k. In the impulse approximation, the
excited states is related to the rearrangement of the nucleoff&nsition amplitude for this process is

within the nucleus and to the interactions of the final state

mesons. _ . _ _— Ana= J T eRtaem (Y, O 1T en(pi,&.8),
Now, to explain our aim, we give a simplified result i
which will be proven and refined later. Let denote the )

guantum numbers of the annihilated nuclépautron or pro- ) )

ton), the antiproton atomic orbitah(!,j), and the final state WhereW\(x) is the atomic,en(y) the nuclear, angy the

of the residual nucleu@ny nucleus or cold nucleusie are ~ Mesonic wave functions. The latter describes scattering states
going to prove a simple expression for the partial absorptio@nd corresponds to the ingoing boundary condition. The final

width T's corresponding to the “cold” nucleus formation. In State of the nucleus is not specified; in the spirit of the im-
the limit of the zero-range force this reads pulse approximation it is the initial nucleus that is left with a

hole in the single-particle state. Additional nuclear excita-
T s 5 tions follow nonelastic interactions of the mesons. States
FS:A’mthW dR[WN(R)|“ps(R)P(R). (4) generated in this way are denoted by an ingei the me-
sonic wave functions.
In this expression, a functioRy is introduced to describe the The transition amplitudeyy_m(X,y,€) is not known in
formation of the required final states. It is a product of twodetail. What one needs for atomic studies is, basically, the

terms Ps=Ppjs< Pgn. The dominant factor irPs is Priss,  elastic Int}-extended to the off-shell region. The momen-

the probability that the mesons originating at pditlo not  tym extension is related to the range dependence, expressed
excite the residual nucleusnissing probability of Ref[1]). i, tarms of theNN relative coordinatec-y. As already dis-

The other final state factd?y, is related to the final nucleus cussed, this is fairly well known, contrary to the range de-
B&ndence in the mesonic coordinatesThe kinematic con-
ditions are special since both theandN are bound and the
pair energies fall below th&lN threshold. Even at these
energies, the nuclear momenta reach 1-2 frand the scat-

of these functions are given in Fig(t). The integrand in Eq.
(4), including theR? factor, is the absorption density for
those processes that lead to caf1) residual nuclei. It is
shown asA in Fig. 1(b). In comparison to the full absorption _ ) ) -
densityW given in Fig. 1a) it is shifted to the periphery by t€fing matrix should include at leaStand P waves with all
almost 1 fm. It is this shift which enhances the surface natur@0SSiPle spin states. The relevant partial cross sections or
of the process measured in RE] and makes it particularly partial absorptive amplitudes gy could be calculated from
interesting for studies of nuclear surfaces. potential models of thé&IN scattering. Such a procedure is
Now, we derive Eq(4), calculateP s, Pgn, and hence adopted in some optical potential calculatids},16—-19,
Ps, and study the effects of the finite rangeMR interac- ~ €ven though the partial wave analysis of &l scattering
tion. does not exist. Unfortunately, the problem discussed here is
more involved and uncertainties are larger. We aim, rather, at
a semiphenomenological “effective ti” as used in the
phenomenological optical potential.
__The aim of this section is to calculate the rate of nuclear To calculate the absorption widths, we take the square
N annihilations that lead to cold final nuclei. This is done inmodulus of the amplitude¢5), sum over the final pionic
several steps. L channels, and integrate over the phase space. We also sum
(1) An amplitude for theNN annihilation into mesons over the final nuclear states and in this way arrive at an
tynow is assumed and introduced into the nuclear transitioexpression for the partial absorption widthg,
amplitude in the impulse approximation.
(2) The meson emission probabilities are calculated and T @S S NI —a,
summed over the mesonic and nuclear final states. For an FS_4MJ TN eNY) PO XY WX eR(Y').
isolatedNN annihilation this procedure would produce the (6)

A. Nuclear NN_annihiIation and final state interactions
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S<p,§>=f:ds[ \/( p?— U

The functionS is calculated in a quasiclassical way by inte-
grating the local momentum over the straight line trajectory.
Because of nuclear excitations and pion absorption, this
) i o i i wave is damped with a rate described bySinThe latter is
Here, the mtegratlpmiL runs over pionic Lorentz—l_nvar!ant generated by the absorptive part of the pionic optical poten-
phase space restricted by the energy conservatiorkand a1 |muU©°Pt This damping follows the whole path of a pion
the pion multiplicity. For an isolateM N system, at or below  pyt the main effect comes from regions of large nuclear den-
the threshold)® in Eq. (7) is related by unitarity to the ab- sjties and not from the region around the place of creation,

where

&+ gs — p}. (10

IS=§ ; JdLJdéJ A&ty (XY, ) om(p. €. B)

e —

Xom(p.& Bty (€ Xy @)

sorptive part of the elastiflN scattering amplitude £. We assume that all functiorS(p,£) are related to the
central point of annihilatiofR which is theNN c.m. coordi-
|5=Imtzﬁ(x—y,x’—y’)a(R—R’), (8) nate. Effects of the source size are discussed later, jointly

with consequences of the propagation range of the heavy

whereR= (x+y)/2 is theNN center-of-mass coordinate mesons. The assumption that the emission of mesons occurs
. .from the central point substantially simplifies our calcula-

For an annihilation inside the nucleus this free space uni:. With th . f 4 hich E
tarity relation is not true since, in the external field, the iOns: With the mesonic wave functio®), which enter Eq.

propagation of the intermediate particles in Efj. changes. (7), the total momentum of the mesoRsseparates to give a

: L . plane wave form. Some additional dependencePdn still

IT E‘?' (8,) Is a good apprcSJX|mat|on., then tlhéophcal poten- there but, as we show later, it is rather weak. One conse-
tial is directly r(_alated ta Deta!led calculat.lon§14,16.— _quence is that theNN system c.m. “conservation”
19] show that, in the surface region, the optical potential ISS(R—R’), which arises in the free unitarity relatid8), is
indeed related tdzﬁ but it is not the case in the nuclear also a good approximation in the nuclear cé®e Now the
interior. As we are only interested in the surface region apfinal state pion interaction factors that enter Ef). may be
propriate closure approximations may still be made. The vicollected into a function
tal point is the restriction of possible processes to those leav-
ing the nucleus in a state of low excitation. First we discuss K
the chance that the mesons created in phannihilation PA(R)= H
would leave the residual nucleus in such a state. Another
excitation mode, the rearrangement, is discussed afterwardghich is a product of the eikonal factors within each multi-

The spectrum of mesons consists essentially of pions oflicity k. It has to be averaged over the multiplicities and the
which a sizable fraction is correlated inp and w reso-  pionic phase space weighted by some unknown momentum
nances. These heaVy mesons haVe SubStantial energy Wi(ﬂapendence generated by thmatrix for NN processes giv_
and after some 1 fm propagation range turn into pions. Thehng mesonstyy.y . The expectation is that the momentum
multiplicity of pions ranges from 2 to 8 with an average 4—5=dependence oPk is weak as compared to the momentum
and the average momentum is as large as _21anuclear dependence dfyy_ v since the former is determined by the
interactions of these pions may be absorptive, inelastic, ohyclear size and the latter by the size of annihilation region.
elastic. Those involving a pion absorption occur on two orThys one may expect the unitarity condition to hold approxi-
more nucleons and hence produge2) or lighter nuclei.  mately, provided the averages BF in Eq. (7) are factored

The inelastic processes end up with excited nuclei. Thesgyt, This averaging is now performed and in this way one
may be the A—1) nuclei of interest since the dominant gprives at

mechanisms involve single-nucleon excitation modesind

higher resonances. For medium and heavy nuclei, and pionic IS~ ImtS ~(x—y,x'—y") S(R—R")Pied R) (12)
energies around the energy of the the inelastic cross sec- NN ’ miss

tions reach 0.5 p20]. However, the main strength is located where the “missina probability” is given b

much higher than the neutron emission threshold. Below this gp y 9 y
threshold, cross sections are typically 1—10 fah]. On the
other hand, the elastic cross sections are very large and reachp . (R)= 2 w, [ dLf(p))

1 b [20]. Hence, the rate for production of cold nuclei is k

given essentially by the elastically scattered waves. We shall

see that this enables us to use an optical potential description. X H lexd — s(pi,R)]|2/2 wy [ dLf(p)).

In addition, in the bulk of the phase space, the pions are fast K

enough to allow an eikonal description. Following this, the (13
wave function for each pion is taken in the form

eXF[_S(piaR)] 2>! (11)

The integration extends over the restricted Lorentz phase
o\ (p&)=exdipé—iS(p,é)], (99  space weighted by an experimental multiplicity distribution
wy, for k from 2 to 8[22,23. In order to check the assump-
with S calculated in terms of the pion-nucleus optical poten-tions, factorsf(p;) have been introduced into E{.3), while
tial, pure phase space and constantnatrices correspond to
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f=1. This probability density selects those pionic interac-the nucleus, is th&IN center-of-mass motion with respect to
tions that do not excite the residual nucleus. the residual nucleus. It is given by the recoil energy, i.e., by
Calculations ofP,ssare performed in a Monte Carlo pro- a Fourier transform ofyn(E— P?/4M) overP, the c.m. mo-
cedure. The optical potential for pions must cover a widementum in theNN system. It is known in kaonic atonig,5]
momentum range from the threshold up to 0.9 GeV but thehat a narrow(30 MeV or les resonance close to the thresh-
phase space favors a region just aboveAhresonance. This old induces a propagation range as large as 1 fm and affects
potential is related to the pion-nucleon forward scatteringstrongly the peripherality of nuclear capture. Extensive ex-
amplitudes and in this way to the pion-nucleon cross secperimental efforts have given no clear evidence for narrow
tions. That method is well established around the24]. resonances in theN system, close to the threshold. There-
Here, this procedure is extended to cover also higher resdere we assume here that transition matritgg_\ are in-
nancesN’; and N}; which are described by Breit-Wigner dependent of energy. As a result, the annihilation is fast, the
amplitudes. The two-nucleon absorption mode is taken in & m. of theNN system may be considered fixed in the ab-
phenomenological forni25]. Performing these calculations sorption process, and the factéfR—R’) is justified in Eq.
one finds that1) high energy expansion of the square root in (12). On the other hand, an effect of the c.m.-motion arises
Eq. (10) is satisfactory(2) higher resonances cannot be ne-due to the dependence of the pionic functi&gp; ,R) on the
glected, and3) the black sphere limit is a good approxima- total mqmentum of mesori& It induces some nonlocality in
tion in dense regions. In particula®,{R) is changed by the varlabIeR—R_’ but t_he effect enters in the _second _order
less than 10% with an inclusion of the two-nucleon absorp®f @ small quantityP/(pion momentumh Numerical studies
tion. The latter, being of the? profile, operates in the region described earlier indicate a nonlocality of a 0.1 fm range,
where the black sphere limit is well fulfiled. An example of N€gligible in comparison to the 1 fm range involved in the
calculatedP,,s{R), given in Fig. 1b), is close to a purely relative coordinatex-y.
geometrical estimate that relates it to the solid angle sub-
tended by the nucleus, as viewed from the pd{22]. B. Range effects
Nevertheles;, the gray zone at the nuclear surfage makes the |, the limit of zero-range\lﬁinteractions, the formulés)
effectlve radius of an equivalent black sphere difficult to prey; the partial absorption width may be expressed in terms of
dict off-hand. o _ _ nuclear densities. For interactions with a finite range, the
~ The PisdR) calculated in this way is at best semiquan- gingle-particle wave functions involved may be reduced only
titative, but the proximity of the strong absorption limit {5 mixed densities. However, for simplicity and historical
ma}(eg the result falrl_y mdeper.]d'ent .of the details of the aNfeasons, one wants to have an approximate expression in
nihilation. One question remaining is that the phase spacgms of the true densities. At the nuclear surface, this can be
alone does not reproduce the experimental momentum distrione with good precision, at least for the absorption rates

bution of a single pior{26]. To remove this discrepancy, symmed over all nucleon states. The standard reld@h
additional factors (p;), which generate the correct distribu- tnat allows this is

tion, have been introduced into the averdd8&). The new

Pmisd{R) is shown in Fig. 1b). We see that it differs only — i .

slightly from the pure phase space result. As the correction Za e (Y e (M=pi(Njolke(Mly=y'll, (14
procedure is uncertain and the change is below experimental

uncertainties we follow the pure averaging procedure OVe{yhereY = (y+y')/2 , ke is an effective local Fermi momen-

phase space in the remainder of our calculations. tum which may be calculated in the shell model, arch or

In the surface region of interest, the missing probabilities, |4 a similar way, we express the angular averaged atomic
Pmiss rise linearly with the distanc®. That is a fortunate wave functionsPw by

result. It makes s rather insensitive to the size and struc-
ture of the annihilation region which is actually located in a

1 N
small sphere arounid. The same applies to the effects of the I—E w{r%(x')qf”ﬁ(x)%|xp%(x)|2{Dn(x_x')
p and o mesons. These may propagate some distance to a 21+ 17
point R’ and decay into pions there. Those events are ap- +O(X/nB,X'InB)} (15

proximately confined to within a sphere centeredradf a
radius roughly equal to the particle’s velocity multiplied by yhich is an expansion in the inverse Bohr radius of the orbit,
its lifetime, i.e.,~1 fm. Again, the linearity ofP{R’) 1/(nB).

makes an averaged pionic missing probability equal to Finally, to handle the\N interaction range, we assume a

PmisiR)- . . . ..
. ... .. _separable approximation for the scattering matrix in ,
Let us turn now to other corrections. The annihilation P PP 9 ®a)

_ _ 0 '
happens at the nuclear surface and is confined to a region b= ”_(X y’ro\/z)tNﬁU(X. y :VO\/E), where v arg the
a small diameter. Nevertheless, effects of the nucleus shoufgaussian form factors with the range parameterThis al-
be considered. These are & center-of-mass motion. ex- lows for a simple transformation to relative coordinates and
ternal field, and Pauli principle in the intermediate states. 1{/€duces Eq(6) into r? folded density expressi¢n4]. For the
the far surface region, most of these effects have been fourf@PtUre rates one has now
small in optical model calculations. Now we discuss briefly
their implications for reactions with a final “cold’A—1 FS:4L_|mthJ TR [20(Y = X, 1)
nucleus. The first elementary effect, due to the presence of NN
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chosen to obtain the rms radius eq(@llarger by 0.05-0.10

) (16) fm in the heaviest nucl€i29]) to the rms radius of proton
density. This model is expected to generate average level

wherefy is a factor that collects together a large part of thedensities. Shell effects and correlations are not properly

finite-range effects, taken care of. _
As a second method to determine neutron and proton den-

_ sities we have used a self-consistent Hartree-F@ddk)
fx=J duv(u,2ro)jolke(X)u]D(u). (17  theory with the effective two-body Skyrme-type interaction.

Since our aim in using the HF method was rather unusual,

The factorfy equals 1 in the limit of zero-range force, with I-€- 10 find nucleon densities at the extreme tails of the
a normalized form factow. For a typicalNN absorption nuclear matter distributiofat distances of 8—15 fm from the
range ofr,=1 fm, values offy in the range 0.5-0.6 are centej), a few remarks about its practical implementation

obtained. These are almost constant in the nuclear surfa‘ils em to be in order here. The necessary practical condition is
region of interest and may be taken out of the integral. A e use of a HF code not restricting in any way the asymp-

our analysis involves only ratios of the widths, the actualtotic form of Fhe S.p. wave fu_nctlon_s. This condmon excludes
values off, are unimportant, all codes using the harmonic oscillator basis. In the present

The summation in Eq.14) selects capture events that lead work we have applied the code solving the HF equations on

to single-hole nuclear states. These do not correspond to tﬁge spatial mesh, in which all fields and densities are ex-

experimental conditions which require cold final nuclei Or’pressed in the coordinate representation.

more precisely, nuclei either in the ground states or in states The most severe restriction of the results preser)ted_l_s the
excited below the neutron emission threshdld. To ac- imposed spherical symmetry. It allows enormous simplifica-

count for this point we limit the sum over the initial nucleon tion Of. solutiqn; in parFiC“'."’“' . HF. equaﬁon e form
states in Eq(10) to those that leave the final nucleus with of a differential equation in the radial vangble for each pair
excitation energies less than,+2 MeV, where 2 MeV is of the conseryed S-p. quantum r_lumblefmdj - We used 100
allowed for neutron kinetic energies. At the surface almos esh points in the radial coordlnat_g, in & boxof the size of
all single-particle(s.p) states of sizable overlap with the 5 fm, and_put as a boundary condition that the values of the
atomic antiprotons contribute to the sum. The experimenta\fvavﬁ funct|o_ns at the .far enq of the box be. equal tq ZEro.
cutoff that eliminates deeply bound nucleons becomes ? The density matrix is _obtamed by summing COHFI’IbL_I'[IOﬂS
(small correction, which we call a “deep hole” factor. It is rom the lowest s.p. orbits. If necessary, the contribution of

defined as the ratio of a limited sum of single nucleon dengne;aStrc?rggtf;glﬁuztii?] Inroﬂt])zgil:il;ngs?‘r?gﬁgi(lngof ; i;,eé's-
sities to the total SUMP4,(X)=32"9¢2/3  ©2 .When imple- pprop b P Y ’

mented into the partial width formula, it produces sociated with this orbit
P 1P The asymptotic form of the radial s.p. wave function for

larger corresponding to the s.p. energy eigenvadyg is

X+Y
pri(X)Prsnis<T

T

Fs(cold)=4lu—7lmtﬁ‘ﬁij' PN |20(Y =X, 1)
NN

Ranij(r)=w,

X4 %)exp(—xr)/r, (29

Xpi(X)Pdh(X)Pmiss(T (18

where k= \/(2m/ﬁ2)|en|j| andw, is a polynomial with the
This is our result and now we turn to practicaL mode]dominant term being a constant, so that the contribution to
calculations of the basic ingredients in this equation. the asymptotic density is proportional to exifxr)/r®. For
proton orbitals there is an additional exponential factor, com-
ing from the Coulomb barrier and modifying,, which is
very important for distances in question, i.e., between 7 and
For the first test we use an asymptotic dené#tlp) model 15 fm. Although at very large distances from the center the
for the nucleus. It follows, essentially, the Bethe-Siemensieutron-to-proton density ratio is proportional to
approach 28] but it also incorporates larger phenomenologi-exd 2(«,— x)r |, wherex, and«, are directly related to neu-
cal input, i.e., charge density distribution, neutron and protoriron and proton separation energies, respectively, at distances
separation energies, and the difference between the rms radiear thep absorption peak usually a few neutron and proton
of proton and neutron densities. At central densities a Fermirbitals contribute significantly to the density and a more
gas of independent protons and neutrons is assumed. Tlletailed analysis is necessary to evaluate the latter.
Fermi momenta are determined by the densities and the Single-particle binding energiggermi leveld important
Fermi energies are fixed by the separation energies. This the determination of nuclear density tails are not repro-
gives the depth of the potential well which, in the surfaceduced exactly with existing effective Skyrme forces. In ad-
region, is extrapolated by the Woods-Saxon form. The dendition, calculated spherically symmetric densities for de-
sities are given by the exponential damping of the nucleoriormed nuclei lack quadrupole correlations whiahpriori
wave functions due to the potential barriers. For protons anay for their own sake distort positions of the Fermi levels.
Coulomb barrier is added and potential parametbaf-  Therefore, calculated densities, especially for deformed nu-
density radiusc and the surface thicknes$ are fitted to  clei, must be treated as approximate, and possible sources of
reproduce the experimental charge density down to 5% oérror must be kept in mind. In particular, the true densities of
the central density. For neutrons the saneused whilecis  deformed nuclei may have longer tails since, roughly speak-

Ill. CALCULATIONS OF NUCLEAR DENSITIES
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ing, their elongated form has to be smeared over Euler angles TABLE Il. Comparison of nuclear models. Experimental and
in order to obtain spherically symmetric density in the labo-calculated results fora_; and o,,, are given. Calculations for
ratory frame. A more consistent calculation for deformedatomic orbitals weighted as in Table | are done viRf,=0.82.
even-even nuclei would require a projection of the deformed
HF wave function onto zero angular momentum subspace. Expt. [1] AD HF HFB
The projected wave function should then be used to calculate Oa-1 Onp  Op-1 Onp Oa-1 Onp Oa-1 Onp

the one-body density. Such a task is still very demanding;gNi 00988 0.91) 011 0.90 0.110 0.785 0.110 0.781
numerically and beyond the scope of the present study. o, 0i6](22) 2.6(3) 0'12 4'9 0'125 2'54 0'117 2'40
In spite of the approximate character of our nuclear den-g,GRu 0' 11317) 0'8(3) 0'10 1'7 0'099 0 '944 0'099 0 '955

sity calculations we used also HFB the$80,31 in orderto  ,
assess modifications introduced to HF results by the residquZ?n g'ﬁgg i‘l(()ll %t; 21'(; %‘tgi i‘?é %‘tz?; iﬁa

pairing interaction. In the present case it must be distin—1543
guished from the very often used HIBCS method, in mYm 012120 2.03 010 51 0.110 3.34 0106 2.96
which the pairing correlations are included using the BCS,, b 0.24%40 8.107) 012 4.8 0111 3.23 0.109 3.50
prescription to self-consistent orbitals. In the latter case, the23ZLrh 0.09§14) 5.4@® 012 7.6 0.087 3.80 0.109 4.65
partial occupation of orbitals above the Fermi level leadstoa ¥ 0.1149) 6.08) 013 10 0.092 4.09 0.100 4.31
nonzero, though usually minuscule, occupation of orbitals of

ositive energy(in the continuum Since such orbitals are . . _
P ¥ m —1)T'(A—1). The first oneg,_4, is a test for a description

not localized, this implies that they dominate the nuclear

density at large distances which is a completely unphysica‘i)f the z_mhproton absorptlon. In parfucular It Ch.eCkS th_e weak-
effect. est points: understanding of the final state interactions and

The applied HFB code also uses the coordinate represe#—mw'edge of the_ init_ial atqmic states of capt_ure. If quanti-
tation and the HFB equations are solved on a spatial mesllll"?j‘t've u.nderstandmg is achieved, one can claim contrlol over
The proper analysis of the asymptotic properties of two-he region of nuc_lear s_urface Where the neutron halo is mea-
component quasiparticle wave functions shg@2| that the sured. The halo itself is seen via thg, ratio.

HFB ground state wave function, even containing pairing .
correlations, is always localized if bound. The asymptotic A. -y ratios

form of the occupied negative-energy quasiparticle states is A typical antiproton absorption scenario is visualized in
as in Eq.(19), with « defined in terms of the suf,;—\,  Figs. 4a) and Xb), which contain some ingredients of for-
where Ey; is the quasiparticle energy andis the Fermi  mula (18) for the capture widths. The results given in Table
energy. | show o 5_ 4 calculated for some circular atomic orbits that
As the effective force we use the ten-parameter Skyrmeyre most likely to be the states of nuclear capture. The shapes
SkP interaction described in R¢82]. It has a virtue that the of (A—1) capture densities are determined by the angular
pairing matrix elements are determined by the force itselfmomentuml, strong nuclear absorption, am},ss and thus
contrary to other Skyrme-type interactions which define onlyare rather independent of the normalization of the atomic
the particle-hole channel. In the paired HFB ground state thguave functions, i.e., ofi. Thus, these ratios are typical to all
pairing gap is state dependent. As a simple pairing gap pay states. With the angular momentumincreased by one
rameter one can use the pairing potential average over thgit, in particular from the “lower” to the “upper” and
occupied states. _ _ ~ higherl states, ther,_; increases by about 20%. Thus, the
The “deep hole” correction factor in the HFB method is experimental data exclude a sizable fraction of higtap-
calculated using the additional conditiep<<\, wheree, are  tyres but seem less restrictive on the states widwer than
the expectation values of the self-consistent mean-field M&; .. Where the calculated,_, stabilizes. On the other
trix [not quasiparticlég.p) energie} _hand, cascade calculations done in kaonic, hyperonic, and
n the last method for the de;ermmanon of nuclear d‘?‘”s"antiprotonic atom$6,33] show that the nuclear capture from
ties, correct separation energies were assured. A singlgne [atter,| <y, is unlikely. Also, these calculations indi-
particle spherical well, including the central and spin-orbitcate an accumulation of the capture probability on two, or at
potentials for neutrons and protons, was assumed. Propgfost three, values of. This result is consistent with our
order of s.p. levels is guaranteed by the form of the potentialgaptyre probabilities, given in Table I, and calculated under
Potential parameters were adjusted slightly to obtain the exne extreme assumption that thel ..+ 1 circular level is

. . : " upper
perimental separation energies, charge rms radii, and, i)y occupied at some stage of the atomic cascade. On the

known, the neutron rms radii. other hand, calculations of Rdf7] allow a broader distribu-
tion with a 20% share of thig,,,e+ 1 and highet states and
V. RESULTS a 10% share of,,— 1 values. If that is the real situation,

our results foros—; ando,, would rise typically by a factor

In this section we discuss the partial antiproton absorptiorof 1.05. This is the likely uncertainty of the calculations in
widths I',(A—1) andI',(A—1) for captures on a neutron Tables | and Il due to poor knowledge of the capture orbits.
and proton, respectively, which produce cold—{1) final One hopes to clarify some of these points by experimental
nuclei. The sum of the two is denoted bBYA—1). Experi- measurements of the cascade intensities and absolute cascade
ments determine those partial widths relative to the total abintensities in the nuclei of interef34].
sorption widthI'™', The data collected in Table Il consist of  The o5_; calculated with the AD and other models are
two such ratios: oa_;=I'(A—1)/T"" and o,,=T,(A  consistent with most of the experimental data, shown in
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Table Il. This gives some confidence in the validity of the R,,=0.48(10) has been deduced from rather involved analy-
final and initial state description. However, there are twoses of the final state mesonic interactions in the three nucleon

outstanding discrepancies: Te and Yb. systemq 38].
In this work we fixR,, from the best fit to our simplest
1. Special cases of*Te and 17%vb nucleus®®Ni. Our nuclear models yield similar results in this

The first case is understood qualitatively, while the sec*@S€ t%nd dthe:[ f'ttemvn\? IS r:’ eﬁy Clofﬁ tlo ttthe value Obt?m?d
ond one presents a point of specific interest. It is knownfrorn € deuteron. We shall use ne fatter in our analysis.

experimentall35] that a strondE2 mixing, i.e., coupling of The results fowr,,, are collected in Table Il It is clear that

i . ' tpe crudest model of asymptotic density strongly overesti-
the atomic and nuclear rotations, occurs in the upper level Ol ates thep. /o ratios at large distances. This property has
the *Te atom. This stimulates absorption from the uppe @n!Pp g ' property

¢ . .
- : . b k Iready f th t k tudikg].
level as indicated in Table I, and induces an effect of align een known already from the neutron pickup studteg)

. L ) By the same effect, the AD model produces too lasge
ment of the nuclear and atomic spins in the states admixed t, y P o

\ X A the heaviest nuclei Th and U. The physics behind it is
the upper level. Thus the orbital antiproton stays closer to thg, ite transparent.
elongated part of the nucleus, as compared to states of (y) |t js vital to have correct separation energies but these
equally averaged orientations. Thus, the final pions have g,o ot the whole story.
better chance to miss the nucleus. Calculations yield some (2) The Coulomb barriers enhance e/ p, ratio anoma-
20% enhancement of the total absorption widths due to thig, )y 4t |arge distances. That effect has to be offset by shell
effect [35]. One expects similar enhancement of 18 1 effects(angular momentum barrigrand correlations.
rate. It is also likely that tha@/p ratio is higher at the poles (3) Proper setting of the neutron skin defined in terms of

of this nucleus. 476y _ mean squared radR{neutrons)- R,{protons) does not
The strongE2 mixing happens also in™Yb for high  jetermine the “neutron halos.” The latter are understood

atomic orbits withn=14. It is not clear as yet what are the pare in terms ofr,., i.e., ratios of high moments of density
consequences for the atomic cascade process between ¥i€iriputions. P
n=14 state and nuclear absorption. It is also not clear what \ynhat are the moments involved in the halos measured by
correlation of the atomic motion and nuclear orientation isine radiochemical experiment? For zero-range interactions
induced by this effect. Future experimental and theoretical,q P...=1 these are the “Barret moments,” i.e., [jzh
studies|34] will help to elucidate this point. moments due to centrifugal barriers corrected for the atomic
» Antiproton absorption in the heaviest elemeft&Th and  aye functions. Thé s and Py, increase the order of the
“U is accompanied by nuclear fission of the finAl{1)  noments approximately by two units. On the other hand, the
nuclei which, in principle, may affect the,, rate. How-  gppinilation range effects, i.e., the folding, introduce mo-
ever, in such nuclei, the radiative rates dominate the fissiofyents smaller by two, four, and more units. The joint effect
rates for excitations less than the neutron emission threshold pest estimated by the dominant 8ensity moment in-

[36]. In the even-odd nuclei of interest this domination isgved. As we see from Table Il these are very high mo-
even stronger. Thus, the fission channel is expected tgents ranging from 10 in Ni to 18 in U.

changeaA_,l only a little, and this is apparently borne outby  The HF method with the SkP force gives roughly the
the data in Table II. correct neutron separation energies(feearly spherical sys-
tems &Ni, °Zr, and 1*4Sm. It underbinds the last neutron in
%Ru by 1.3 MeV but generally underestimates proton sepa-
ration energies, e.g., by 1.1 MeV #*Sm and by 3 MeV in
The partial absorption widths are proportional to the ef-°8Ni. This statement is qualitatively true also for the other
fective absorptive amplitudes by for thepn andpp pairs.  deformed nuclei, with the one exception BfSm, where the
These are not well known, although some average valudast neutron is underbound by 2.9 MeV. As we have checked
follow from the optical potential phenomenology. The num-in a separate calculation, the Skyrme force SlII does not
ber required for neutron halo studies is a ratioimprove the description of the Fermi energies in the studied
Rnp=Imt(pn)/Imt(pp) which may be taken from other ex- nuclei.
periments. One valuR,,=0.63 has been obtained by Bugg Comparison of the data with the HF results shows clear
et al.[3], from measurements of charged pions emitted in thelisagreement for Yb and*‘Sm and a less pronounced dis-
p absorption in carbon. Difficulties arise since it includesagreement for Te, Th, and U nuclei. On the basis of a com-
effects of final state mesonic interactions and the inherenparison of calculated and experimental separation energies
uncertainties of the charge exchange reactions. This value @he can qualitatively expect corrections to the calculated
Rnp generates mild disagreement with the data of Rdffor ~ o4, and oy, ratios(remembering that like errors in proton
all the nuclei and all nuclear models used here. The resultand neutron Fermi energies tend to compensate each other
given in Table | should be compared to the experimental datéor the o,,). In all the cases presented, exceffsm and
in Table II; similar discrepancies are generated by other'’®Yb, they go in the right direction.
models. A different resulR,,,=0.81(3) follows from the In order to further understand the asymptotic HF densities
stopped antiproton absorption in deuterii7]. This value  one can look closer at how many orbitals contribute at large
is free from the pionic effects, but the deuteron kinematicdistances and test by means of the formil) the sensitiv-
conditions, in particular the binding energy, differ from thoseity of the p,/p, ratio to shifts in s.p. energies. IPPNi, at
met at the nuclear surface. Another valueRpf, obtained in  r=7 fm, two orbitals each give about 35% of the neutron
“He is smaller and energy dependent. At rest, a numbedensity while three others give about 10% each. For protons,

B. o, ratios
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there is one orbital contributing 56%he highest oneand
three other contributing about 12% each. At 15 fm, the Lk
last occupied orbitals contribute 89% and 91% to the neutron a
and proton densities, respectively. Of course, the heavier the o~
nucleus, the farther the asymptotic region and the more or- \:
bitals contribute to one-body densities in the range 8—15 fm. 14
In 144Sm, atr=7 fm, four states contribute more than 10% L
each to the neutron densifyhe highest percentage being .
24%); four others contribute more than 5% each. Even at 15 0 : b: 1(')
fm, there are still four neutron orbitals contributing signifi-

cantly to p,, (32%, 24%, 20%, and 16fothe reason being R (fm)

that their s.p. energies differ by not more than 4 MeV. In

238 at 15 fm, one must account for four neutron orbitals FIG. 2. The ratios of neutron and proton densities calculated
while only two proton orbitals contribute 79% and 15% to with sevgral nuclear models in tH_é“Sm nucleus_. Dqshed line, HF;
the pp- Cleal’ly, it is not Only the distance but also the dotted ||ne, S.p.; dot dashed |Ine, AD; solid |Ine, HFB. The

: . : (A—1) “cold” absorption density peaks at 8.6 fm marked with a
EZEB,[Sehe" structure which decides how many orbitals con dot while its bulk is located between 7.2 and 10.2 fm. The experi-

. . <0.4.
In order to estimate the effect of s.p. energies on the denrpentalanp 04

sity ratiop,/p, we have used the following procedure. Con- , - .
tributions to the density at=8 fm were used as data and the indicates again that it is not only the separation energy that

extension tor =15 fm was performed using E4L9), with rﬂatters for the nuclear tail. The experimental result in_
account for the Coulomb barrier. The resulting densities for “Sm is not understood and opens the case for more exotic
%7r are then larger than the exact HF densities roughly by &Peculations. . . . o
factor 7/4 and 9/7 for neutrons and protons, respectively, ©One obvious effect of inclusion of pair correlations is a
(The pn/p, ratio is then 161 instead of 135This error change in thepn/p_p ratio in the_ tail of the density follc_)wmg
comes from the influence of the polynomia| in Eq. (19) from the chgnge.m the Fermi energy. . Sma.”ef @stance;,
but we concentrate on the effect of changing s.p. energies dfPWeVer, this ratio may change in the opposite direction if
the calculatedb, /p, atr =15 fm. A decrease of the neutron levels other tha_ln the last one contrlpute to the denslty. It
energies by 1 MeV changes this ratio to 94, a decrease of tHYMs out that n _aII Fhe cases studied the change in the
proton energies by 1 MeV increases the ratio to 234, and th&n/Pp dué to pairing is small up to 14 fm. A much more
simultaneous decrease of both proton and neutron energi@sonounced pairing effect on both ratiag,, and oa_,

by 1 MeV slightly decreases the ratio to 137. This givescomes from th@q, factor which, e.g., if**Th changes from

some feeling as to the sensitivity of thg/p,, to the neutron 0.52(no pairing to 0.69(with pairing at the total absorption

and proton binding energies. peak atr = 8_fm. Thi§ _change more than balances a decrease
in pn/p, ratio, providing for larger values af,_,=0.109
1. Special case of®Ni ando,,=4.65(see Table ). The sameP, factor is respon-

sible for an increase of both ratios ##%U, to 0.100 and 4.31,

and Al ot catcultions produce Consisnt rasults, Wo aggSPECtyel. while the smallétq,leads to smaller 1 and
o n “°Zr (0.117 and 2.40, respectivelyPairing changes
R,.{(N) =3.734 fm andR,{p) = 3.710 fm[29], which in the "' ( pectivglyPairing chang

also o5_, for Sm to 0.106 ando,, for **Sm and
S.p. approach produae, ,=1.05 ando,,=0.88. These ra- 17 ; P -
tios are close to the HF and HFB results from Table II. The *Yb to 2.96 and 3.50, respectively. Changes due to pairing

are nearly zero for other nuclei.
latter two methods are not perfect: The HF method un- y

derbinds protons by 0.5 MeV and neutrons by 0.3 MeV.

These errors are of no significance, however, since the ab- V. CONCLUSIONS
sorption is spread over four neutron and four proton s.p. i i )
states. The radiochemical method, which detects the products of

nuclear capture of antiprotons, is a valuable source of infor-
mation on the relativ@eutron'proton density distribution
on the extreme tail of nuclear surface. The main features
This nucleus displays a proton halo. Qualitatively, it which we want to stress are the following.
might be due to the closed neutron shell. The separation (1) The nuclear regions tested are more peripheral than
energy of neutrons is largél0.6 MeV) compared with a those studied by the x-ray measurements in hadronic atoms.
small (6.2 MeV) one for the protons. However, this proton One measures essentially therBoments of the density dis-
halo effect is not reproduced in our calculations. Both resultdributions wherd is the angular momentum of “upper lev-
for oy, given in Table Il and plots of theeutrorproton  els.” These moments are as high as 18 in the heaviest nuclei.
density ratios given in Fig. 2 indicate a neutron excess at the (2) There are special cases of alignment of nuclear and
surface. The separation energies in our nuclear models aptomic angular momenta formed by tl? mixing which
either fitted to the experimentéAD or s.p) or well repro-  display highern/p ratios and higher rates of cold single-
duced for neutrons. For protons the HF model underestinucleon captures. These may test the composition of the pole
mates the experimental value by 0.9 MeV and that shouldegions in deformed nuclei. Further studies are recom-
even enhance the proton tail over the real one. This casmended.

2. Special case of*Sm
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(3) The uncertainty in the initial atomic state of capture is
kept under a fair control by the,_, rates. However, addi-
tional x-ray experiments would be helpful to clarify this
guestion.

(4) Strong neutron halos are observed in heavy deforme
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(6) Apart from the *4Sm case the nuclear models repro-
duce the qualitative features of the observed halos.
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nuclei. These are not determined by the binding energies and
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