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Gold fragmentation induced by stopped antiprotons
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A natural gold target was irradiated with the antiproton beam from the low-energy antiproton ring at CERN.
Antiprotons of 200 MeVé momentum were stopped in a thick target, products of their annihilations on Au
nuclei were detected using the off-lineray spectroscopy method. In total, yields for 114 residual nuclei were
determined, providing a dataset to deduce the complete mass and charge distribution of all produsts with
=20 from a fitting procedure. The contribution of evaporation and fission decay modes to the total reaction
cross section as well as the mean mass loss were estimated. The fission probability for Au absorbing antipro-
tons at rest was determined to be equal to £3&)%, in good agreement with an estimation derived using
other techniques. The mass-charge yield distribution was compared with the results obtained for proton and
pion induced gold fragmentation. On average, the energy releasp_edrinihilation is similar to that introduced
by ~1 GeV protons. However, compared to proton bombardment products, the yield distribution of antiproton
absorption residues in thid-Z plane is clearly distinct. The data for antiprotons exhibit also a substantial
influence of odd-even and shell effects.
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|. INTRODUCTION Yield distributions of residual nuclei were studied as soon

The large energy of almost 2 GeV released in nucleonas more intens@ beams were provided by LEAR. Many
antinucleon annihilation has brightened hopes to observgyrgets were irradiated with antiprotons, mainly at rest en-

some unique nuclear reactions induced in this way. Espeérgy, but only few of them were examined in detdf‘Cu
cially energetic antiprotons were presumed to reach the degg 4 92990 [11], %Mo [12], "Ag [15], "¥Ba[13], ¥**Ho

|ri1:ierr|10rtof therEuciIeu:‘,. FX(:rt]IC prr]c()jce).:,sles,ivsugh as pr]latlﬁett;]a 12], and *®Ta [16]. Average quantities such as the mean
siions fo quark-gilon plasma anc explosive decay of tha ass removed from the target as well as individual yield

system had been expected to ocEu2], but were not veri- . . : . )

A . -~ . _features, e.g., isomeric ratios, were investigated. Clear odd-
fied in experiments performed shortly after the commission- ffects in th d ch ield distributi
ing of the low-energy antiproton ringLEAR) at CERN even eflects in thé mass and charge yield distribution were

[3.4]. Nevertheless, the character of the reactions startin@bserved' Theorgtical calculations, based on intranuclear cas-
with antiproton absorption in nuclei is quite unique in com- ade+ evaporation mpdels, were able to reproduce only the
parison with reactions induced by protons or heavy ions9roSS features and failed to predict yield dependence on the
Whereas the excitation energy carried in by postannihilatiorfletailedN and Z [13]. The odd-even phenomenon, although
mesons is quite large, the linear and angular momenturROstulated to be present and used to model the yield distri-
transfer as well as the matter compression are reduced, pdtution for yearq20,21 and sometimes reaching very large
ticularly in the stopped antiproton case that is preceded byalues[22], still seems to be almost unexplored theoretically
the exotic atom phase. Hence, one may investigate a cleét a more quantitative way.
thermal reaction aspect with suppressed collective motion One of the most distinct features observed in reactions
complications. with stopped antiprotons is the large probability@.1) of
Such phenomena were intensively studied during thevery small energy transfer, when the target nucleus loses
LEAR era for stopped and energetic antiprotons. The spectranly one nucleon in annihilation and is left excited below the
for neutrons and light charged particlgs—10], mass yield nucleon separation energy. Nuclear spectroscopy studies of
distributions[11-16, and characteristics of the fission frag- the relative yield of both types of these residud 1)
ments[17-19 were measured for a wide range of targets.nuclei (a neutron or a proton lost in such soft antiproton
The mean excitation energy derived from these studiesabsorptions were used to establish a new and powerful
~150 MeV and ~300 MeV for heavy nuclei absorbing method of probing the nuclear periphery compositigB8—
stopped and 1.2 GeV antiprotons, respectively, comparez6].
well with the average values obtained for protons that have The irradiation of the heavy, gold target gave us a chance
about 1 GeV larger energies, i.e. approximately the nucleoro study the competition between evaporation and fission in-
rest mass. duced by antiproton absorption. The yield distribution of
heavy residual nuclei complements the results obtained from
on-line measurements of neutron and charged particle spec-
*Electronic address: piotr@camk.edu.pl tra[8]. Since gold is a commonly used target, there was also
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the opportunity to compare these data with a rich set of inThe independent yields represent the total number of nuclei,
formation gathered from irradiations with energetic protonssummed over all isomers. Cumulative yields include also the
or pions. In particular, the yield distribution after the reactionyields of all 3-decay precursors of a given isotope. Besides
of 1 GeV protons with Au has been extensively studied inthat, we present partial yields for some isomers not repre-
older and recenty-ray spectroscopy measuremef?y,28  senting the whole production for a giveA,Z) pair as well
and also with a new method using the mass-charge spectroras some production limits for Hg nuclei. Mercury may be

etl’y f0r inVerse kineEatiC reaCtiOfﬁgg,Bq. Our preliminary produced from go'd aftelgabsorption in a Charge exchange
data of the reactiop+Au at rest have already been pub- reaction, when one of the annihilation™,#° pions ex-
lished[31]; this work presents the complete results obtainecthanges charge with a target neutron. Such a phenomenon
after fitting theY(A,Z) yield distribution. was observed for some targets irradiated with stopped anti-
The paper is organized as follows. In Sec. Il we brieflyprotons[12,13,15,18 where nuclei of target charge plus one

present some details of the experiment; in Sec. Il data analyyere produced at a level ranging from 0.5 to 5 per 1_000
sis is described tOgether with the y|e|d f|tt|ng method. EX'On the other hand1 for some other targetS, studied in the
perimental results are presented and initially discussed iReutron halo project, rather low upper limi3.5—2% were
Sec. IV. In Sec. V we compare the results of this experimenbiven [35]. Our data obtained for Au, except for tH&Hg
with those obtained with other projectiles impinging on Aujsomers with lowy intensity, indicate that such an effect
and with data coming from studies of antiproton absorptiorshould occur very rarely.
in various targets. Finally, our main conclusions are pre- |njtjally, the distribution of the activity induced in indi-
sented in Sec. VI. vidual target foils was estimated several hours after the irra-
diation with the use of the measurement of tfi8r(g) yield
in each foil. Five inner foils(30, 30, 2, 30, 30 mg/chm
Il. EXPERIMENT gathered about 90% of the total activity and only these foils
were monitored later. This reduced theay self-absorption
tiproton beam of 200 Me\& momentum from LEAR facil- effect. The_ distribution of the target aptivity was determined
ity. The target of the total thickness of 549 mg/énas more precisely afterwards on the basis of yields obtained for

composed of ten foils of 80, 30, 30, 30, 2, 30, 30, 37, 80, and ' Evaporation residues™r, **4r, *0s, 1¥iRe, Dy,

15 ; i i
200 mg/cm, starting from the beam side. The initial energy and *Dy. On average, five inner foils stopped (89.7

of the antiprotons, equal to about 21 MeV, was reduced irf:z‘l)o/0 of the whole number of antiprotons. These data,

H 6 192
the scintillation counteffrom pilot B) and in some addi- togetther\;vlt?hthe_requltf fcjg Alijag‘d Au,dwere usetq also ith
tional moderatorgmylar, silicon to about 6.5 MeV at the 0 estimate the yield introduced by secondary reactions wi

target surface. Such an arrangement assured that the majorﬁyrtlcles(mamly pions and neutronproduced after antipro-

of antiprotons were stopped in few central Au foils. The veryihn annlgllatn}n on targe} UUCIG(;' It v(\j/as d(f)n.?tg.y kcomparm_{q
central and extremely thin foil of 2 mg/éhwas applied to € numdefr othglven nuc ?' .Fro %’tﬁe p_er_|0| 'Cltneéts .un'd
monitor the x-ray activity, while the last and thickest one dveraged for three€ inner foris, with a similar resuft obtaine

200 len? d to check th d fi gor th_e last, th_ickest foil._The upper limit for_th_e secondary
I(evel mg/ent) was used to check the secondary reaction reactions leading td%Au is equal to 3%, the limit fot®?Au

Two scintillation countersS1 andS2, were used to con- is about 2.6% and for the rest of quoted isotopes it does not

trol beam intensity and transverse dispersion. The first antigxceed 2%, €., N ‘f.’I" cases it is below the yield uncertain-
counterS1 had a hole of 10 mm diameter and the active ared ©> The ne_ghg|ble_ _mfluence Of the secondary reactions on
of counterS2 was a disc of the same diameter. Consequentl pur re_sults_ 'S addltlonalllgs confirmed by very small upper

the signalS1S2 indicated particles going towards the target. imit given in Table I for ~Au, a (n,y) reaction product.

The irradiation lasted 15 min with the total number of anti-
protons equal to (9.250.35)x 10° (S1S2 numbey.

Monitoring of the target activity started 13 min after irra-
diation and continued at CERN for one week; afterwards the The method based on Off_“n@z_ray spectroscopy has
spectra were collected in Warsaw, the last one was take§ome limitations. The most important is the necessity to use
more than a year after target activation. Two HPGe detectorsome phenomenological model to reconstruct the yields of
were used at CERN, &-ray counter of 15% relative effi- unobservable produc@2,20,21'36'3]z In similar experi-
ciency for all foils and an x-ray counter for the thinest one.ments with other projectiles the data are sparsely spread over
In Warsaw two more efficieny-ray detectors were applied, the N-Z plane. In this case less detailed models may be ap-
of 20% and of 60% relative efficiency, and a third Xx-ray plied and the results obtained are only a first-order approxi-
detector for the thin foil. mation of the true yield distributiol (A,Z), even when cu-

All collected spectra were analyzed with the programmylative cross sections are involved in the fitting procedure.
ACTIV [32,33. Gamma-ray lines were identified by their en- Moreover, the precision of tabulated absolgteay intensi-
ergies, half-lives, and intensity ratios. The decay data wer@es sometimes leaves much to be desired and, finally, the
taken from the eighth edition of the Table of Isotop8é].  gecomposition of spectra with a few hundreds of lines, as

Experimental yields for all detected residual nuclei, nor-they are measured for heavier targets, becomes a challenge
malized to 100 stopped in the target, are listed in Table I. for the persistence of the evaluator.

A thick target of natural gold was irradiated with the an-

IIl. DATA ANALYSIS
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TABLE |. Experimental and fitted yields of residual nuclei from gold fragmentation induced by stopped
antiprotons. Yield typel: independentC: cumulative, in brackets: total yield fitted for isotopes for which
only one isomeric state was observed.

Nuclide T, Experiment  Fit  Type Nuclide Half-life  Experiment Fit Type

[N/1000p ] [N/1000p ]|
198 A8 27d <0.6 I 165Tm 30.1h 14.4%+0.8 142 C
196 A g2 97h 1.52+0.18 I 163Tm 1.81h 10.1+0.6 10.1 C
196 Aq 62d 75.0+3.4 I 1o1Tm 33.0min @~ 8.6*1.1 8.6 C
195 gm 41.6h <3.1 I 161gy 32h 2.69+0.67 273 I
195Hge 99 h <11.7 I 160y 26.6 h 9.8+0.8 9.9 C
195 A0 186 d 38.7x3.1 I 9Er  36.0 min 8.2+0.8 8.2 C
194 A0 38.0h 11.8+0.6 I BTpy 82h 8.0+0.4 7.9 C
1931gm 11.8h <0.5 I 155Dy 99h 6.2+0.3 6.2 C
193 g8 3.8h <2.8 I 1557 53d 027+0.09 030 I
190 17.7h 9.9+22 I %Het  11.8 min  2.93+0.20 (3.16) C
92 49 h <13 I 153Tp 23d 477024 478 Cc
19240 49h 8.5+0.6 8.37 I 133Gd 242 d 0.13x0.04  0.12 I
19212 73.8 d 1.61+0.07 26 I 152nyy 24h 3.60+0.11  3.60 Cc
YIHg™  51.0 min <1.7 I 1521 175h  0.67+0.13  0.67 I
1%Hge  49.0 min <2.8 I 5T 176 h  355+020  3.55 Cc
¥lay 32h 6.7+0.4 6.8 I 151Gd 124 d 027008 024 I
191p¢ 29d 79+0.8 8.6 I 0py  72min @ 1.95+034  1.95 C
190pg 20.0 min <22 I 1508 35h 2.85+027 (2.9) Cc
190A4 428 min  5.0*x04 5.0 I 9Gd 9.3d 3.12+020  3.13 c
190q,m2 33h 2.04:0.15} 40 I 1498718 1.0h 1.13+0.16  (1.73) C
1907, 11.8d 1.95+0.10 ‘ I 147Gd 38.1h 2.9+0.2 2.9 c
189p¢ 109 h 125+11 122 C 147Ey 24.1d 044020  0.51 I
1897y 13.2d 5.1+0.8 4.8 I 146Gd 483 d 224+0.13  2.23 C
188py 102 d 132+04 106 C 146py 4.6d 0.73x0.08  0.71 C
1887y 4151 5.6+04 5.8 I 195Ey 59d 2.15£034  2.19 c
187py 24h 98*1.5 102 C 193pm 265 d 2.0+04 1.9 C
1877y 10.5h 73+1.0 6.8 I 139¢ 138 d 1.2+0.1 1.2 C
186py 20h 104+1.8 8.8 C 133Ce 177 h 0.81x021  0.78 C
186p,m 20h <4.0 I 1321 5 48h 032008 034 I
18672 16.6 h 7.8%0.8 } 78 I 131Ba 11.54d 063024  0.62 C
1857y 144 h 16.3*+1.1 165 C e 32.1h 0.60£0.20  0.56 I
1805 93.6 d 5.2+0.8 4.1 I 127X e 364 d 0.51x0.05 052 C
184p¢ 17.3 min 8.2+0.8 9.0 c 124 424 0.160.07  0.15 I
1841y 3.1h 8.3+0.5 9.6 C 121 16.8 d 0.39*0.11  0.38 c
1837, 580 min  142*23 164 C 103Ry 393d 048+0.07  0.48 C
1830gm 99h 114*0.8 } 230 C Te 43d 023+0.05 023 I
1830)g8 13.0h 9.7+0.6 ‘ C SNb 350d 0.65x0.07  0.65 I
1#3Re 70.0 d 222+054 223 I S7r 64.0 d 0.16x0.03  0.16 C
182 150 min  11.8+06  14.8 C PMo™ 6.9h 0.23x0.04 (0.23) I
1820y 22.1h 9.8+1.0 9.9 I 897r 33d 0.58x0.05  0.59 c
18IRe 199 h 249+14 255 C 87r 83.4d 030004  0.30 C
1800s 21.7 min 19908 199 c 8y 107 d 0.81x0.11  0.83 I
17Re 195 min  20.8+20 203 C 87y 33d 0.75x0.04 074 C
178Re 132min  155*24 157 C 8oy 147h  038+0.04 039 C
17w 23h 208+12 212 C 858y 64.8 d 0.81+0.11  0.83 C
77Ty 56.6 h 34+1.1 2.1 I 84Rb 328d 0.78=x0.12  0.81 I
176y 8.1h 26520 264 C 8Rb 86.2 d 0.890.16  0.85 c
17T 10.5h 212*15 216 C 82Rp™ 6.5h 040=0.11  (0.43) I
1751 70.0 d 2.3+0.6 1.6 I 8By 353h 031008  0.30 I
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TABLE I. (Continued)

Nuclide Tyo Experiment  Fit  Type Nuclide Half-life Experiment Fit Type

[N/1000p] [N/1000p]
17313 3.1h 16.+2.7 155 C 5Se 112 d 0.360.05 036 C
1734 23.6 h 5.8-0.7 5.7 I "ps 17.8d 0.5%0.08 051 I
173 y 137y 054013 1.3 I ?ps 260h 022007 022 I
72T 36.8 min 8.%+0.7 8.1 C ’Ga 14.1h  0.2%0.07 0.27 I
172t 1.9y 125-1.4 123 | 65zpm 13.8h  0.340.04 (0.32 I
Y3 u 6.7d 134020 136 | 5%Fe 445 d 0.36:0.07 0.38 C
7y 8.24 d 20810 209 C 48y 16.0d 0.19-0.03 019 C
1704f 16.0 h 16.1+1.4 161 C 465¢ 83.8d  0.240.07 0.24 I
79y 2.0d 3.8:0.7 3.9 I AAr 1.8 h 0.2260.05 022 C
169 y 34.1h 16.206 160 C %Na 15.0 h 0.2#0.07 0.27 C
16%yp 320d 215067 218 | 2Na 26y <27 031 C
166y 56.7 h 15508 155 C Be 53.3d <35 C

Targets irradiated with antiproton beams, much less inponent, containing the sum of yields of the decay predeces-
tense than the proton beams, have a rather low activity levetors of the givenA4,Z) isotope, was added here
In particular, yields obtained for the fission fragments were
close to our detection limit. Keeping in mind one of our (24 ckZ.) W22
goals, the estimation of the probability for antiproton in- YZP:I;O Fp(Z+ck,N-cke P )
duced fission, the data analysis needed special care and some
feedback. A primary set of yield results obtained from theyyhere the term withk=0 corresponds to the independent
spectrum analysis served as an input for the model distribuy , (A 7) vyield and the terms wittk=1-5 stand for the
tion fitting at its early stage, when the best approach Wagyrecursors contributions. The upper limit of the sum oker
searched for. This relates to the choice of the final formula ag;as set to 5, because the charge distribution for giés

well as to the division of the data to subsets assuring thesiher narrow and neglecting=5 did not change the sum by
lowest totaly?. Afterwards, a modeling procedure was ap- more than 1%.

plied to check, confirm or eliminate some doubtful experi-  The most probable charge pally and the charge distri-
mental yields. For some mass regions it appeared necessafyition width were expressed as third-order polynomials of

to apply an additional or separate evaluation, and we deA’ with parametersi,— as anda;o—a,s, respectively,
scribe it at the end of this section.

5

Z,=ag+a;A+agh’+agh’, (4)

A. Fitting procedure ) 3

. . . oc=ajgtajAta +a . 5
The formula, used to describe the yield distribution was 107 < 1A 1 ©
rather complex in order to be as universal as possible and to The value of the factoc in the sum of the yield cumula-

test various models. This complexity mainly arose from thetjon for a givenA depended on the side of the stability valley
aim of taking into account cumulative yields and from intro- on which the given isotope lies,

ducing the (,Z) evenness corrections. The general formula

was factorized into two components, mass and charge distri- 1, EC,8" decay(neutron-deficient nuclg;
butions, Y, and Y;p, respectively, c= -1, B decay(neutron-rich nuclei
Y(A,Z)=YaYzp. (1) (6)

o o The power indexw in the exponent argument in E(B)
The distribution over the mas&he main distribution was allowed to be different faf>Z. andZ<2Z
ridge) was modeled with the exponential of a fourth-order P P
polynomial with parametera; —as, as, Z>Z,
W:{a z<z @)
Ya= glartagA+ agAZ+a,AS+ a5A4)' ) 17 ~“p
wherea;g was always set to 2 ana;;=2 or a;;=1.5 was
This was useful for testing the fit in broader mass regionsused in order to test the asymmetric charge distribution in the
where the ridge shape may change more rapidly. latter case.
The form of the second factor in E€L), Y;p, was much Finally, the odd-even correction was assumed to be a
more complex: the charge distribution was multiplied by thesimple factor depending on tiand N evenness combina-
odd-even correctionBp . When needed, an additional com- tion
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FIG. 1. The path of the most probable atomic
numberZ, corresponding to the best fit values for
the parametersg—ag in seven mass regions
(solid lineg. Positions of nuclei, for which a cu-
mulative or an independent yield was determined,
are denoted by circles and triangles, respectively.
Dashed line - valley of stability approximated by
the relation Z,=A/(1.98+0.01552%%) [38].
Open square indicates the target nucleus, vertical
and horizontal dotted crosses are plotted for the
magicN=282 and the closed shefl=64 and for
the magicN=50 and the closed shefl=40.

than those listed in Table Il, resulted in at least one order of
magnitude largey? values, mainly due to rapid changes in
the Z, course atA=162 andA=150. For three separate
regions of the lighter products witA=121-139, 82-103,
and 24-75 the limits were defined by the grouping of the
experimental data.

A division of the wholeA-Z plane into subregions may be ~ AS can be seen from Table Il, presenting the final param-
treated as yet another model parameter. To have control ov&fers, sometimes the best fit is obtained when the number of
it, we have plotted positions of all detected nuclei ind&  Parameters exceeds the number of data. This was done by
plane; this appeared to be very helpful for a preliminary defixing some parameters when the others were fitted, and vice
termination of theZ, path, especially for regions with many versa. Various combinations and order of fixi(@ releas-
data. The final mass region division is illustrated in Fig. 1 bying) of parameters as well as their total number were tested.
the solid lines showing , fitted for seven data regions. Mass The shape of the mass ridge could be parametrized with a
range limits were fixed to get the smallest toggl for the  maximum of four parameters, the most probablpath was
whole data range and to possibly simplify the model for theapproximated via a parabola except for two cases and the
course of theZ, path. We have tested many alternative divi- charge distribution width was constant or changed linearly
sions, especially for the region of the heavy evaporation resiwith mass. Odd-even corrections were applied only for three

1, Z—evenN—even,
Z—oddN—even,
Z—evenN—odd,
Z—o0ddN—odd.

e ®

ais,

a14a15,

dues (143<A<183). The fitting applied to broadérranges

heaviest mass regions, where a larger number of points and

TABLE Il. Best fit parameters obtained for the yield distribution model applied to six mass regions.

Parameter Mass range
163-182 150-161 143-149 121-139 82-103 24-75
Ya ag —93.982) —90.633) —479.21) 18.139) —30.915) —2.07111
a, 1.09511) 1.060(2) 6.4861) —0.2011) 0.69Q1) —0.005918)
az —0.0031@1) -—0.003022) —0.021923) -—0.0007065) —0.0039@6) 0.0002%3)
ay —0.32)E-7 0.884(4E-5
Z, ag 96.264) 136.61) —3.0609) -7.23) —142.11) 0.7710
as —0.66812) —1.2011) 0.50516) 0.5253) 4.8861) 0.4562)
ag 0.0030811) 0.0048%5) —0.00032%4) —0.000292) —0.04561) —0.0003292)
ag 0.8(14)E-7 0.0001581)
o A -0.822) 1.174) 1.128) 0.91(9) 1.154) 2.1211)
ag; 0.010%2) —0.0132)
Frp ap 0.673) 0.825) 0.597) 1 1 1
as 0.743) 0.91(6) 0.908) 1 1 1
W a6 2 2 2 2 2 2
a7 15 15 15 15 2 2
X2INDF 0.045 0.006 0.164 0.131 0.082 0.020
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FIG. 2. NormalizedZ distributions for six mass ranges. The

fitted function(line) is the exponent exp{(|(Z—Z,)/a{"), wherew is
the charge distribution power indez,, is the most probablZ, and
o is the Z distribution width. Experimental valuesX - indepen-

dent, @ - cumulative are normalized as described in the text. All

distributions have the same normalized width equal to urityte
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Here, the mass distributio¥i(A) is as in Eq.(1), the odd-
even correctiorFp(N,Z) follows Eq. (8), and the factoff,
corresponds to the independent yield fraction in the case of
the cumulative yield

Z+05 Wi 2
Fp(z,N)f e~ (7 Zp)"20°q,
Z-0.5

== Z+ck+0.5 w1
> |Fp(Z+ckN—ck) e (zrok=2p)"20%q,
k=0 Z+ck—0.5

(10

Sometimes charge distributions are normalized to unity inte-
gral overZ to get the total yield for a giveA equal directly

to Y, [36,39. However, when odd-even corrections are
used, the distribution of the total yield cannot be described
by a simple continuous function as in E&). Also the gen-
eralization of the charge distribution shape with the two-
valued (or releaseflindex w leads to problems in obtaining
an analytical form of the normalization factor for this func-
tion. Hence our distributions for six mass regions are nor-
malized only to the same widthh=1, not to the same inte-
gral.

B. Treatment of the heaviest residues

It is a well known fact that no simple phenomenological
model can properly describe the charge distribution of yields
for isotopes lying near the target nuclifzl,36. The main
reason for this is the asymmetric, non-Gaussian shape of the
charge distribution, with the most probaldeand width rap-
idly changing with mass. Such a phenomenon is clearly seen
when one uses a longer section of HEA,Z) yield, along
constantZ value instead of constark. Figure 3 presents
isotopic Y A(A) distributions obtained in this experiment for
elements ranging from Au to Lu. Also isotopic distributions
obtained for the heaviest element after stopped antiproton
absorption on'’%b, “&Nd, and *°Te targetg35] exhibit
such a behavior: a steep and narrow distribution for the target
element,Zy, a flat and broad distribution for thé;-1 ele-

the asymmetric shapes for four distributions of heavier isotopesl€nt and deformed quasi-Gaussian shapes for some smaller

with different slope for both sides

Z, with the deformation on the heavy mass side decreasing
with increasing distance frod; . Even though the low mass

smaller relative errors of the experimental data allowed ongide for all elements b may be described with the same
to get a reliable fit. The shape of the charge distributions waslope, the slope at the higher mass side changes rapidly and
modeled better by using an asymmetric form for the evapoeannot be fitted well with a fixed isotopic distribution asym-

ration residues, lying further from the stability vallé¢gee

metry, i.e. with the unique, constaat; parameter. As a con-

Fig. 1). For lighter, fission products th&, path goes closely sequence, the heaviest elements should be excluded from the
along the valley of stability and here a symmetric Gaussiamylobal fit and theirY ,(A) yields have to be fitted separately

shape was more adequate.

for a givenZ.

The normalized charge distributions for six mass intervals The method of the yield completion for the heaviest ele-
are plotted in Fig. 2 against the normalized charge differencenents is recursive: at the beginning we estimate the lacking
(Z—2,)/o. This reduces the distributions to the same widthyields of the lighter Au isotopes. With the use of these re-
in the case where is not constant in the given region. The sults, cumulative, experimental yields for Pt are converted to

fited function is the simple exponent exp(Z—Z,)/a1"),
then, for comparison, experimental datdA,Z)g are nor-
malized with three factors coming from the fit

Y(A,Z)e

ZTY(A)Fp(N,2)T, ©)

independent ones and the isotopic distribution for this ele-
ment is evaluated. Then, a similar procedure is applied for Ir,
Os, and so on. The method was applied down to Ta and Hf
elements, where the yields fé&x=175 were corrected. Fi-
nally, the summed’'(A) yields for A=175 presented with a
line in Fig. 4 are the combination of results of both evalua-
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FIG. 4. Mass distribution of residual nuclei produced by the
reaction of stoppeg with Au. The cumulative sum of experimen-
tally observed yields for a given mass is shown with crosses, the
corresponding fitte& (A) yield for all input data(averaged over
el 3 for given A) is represented by full circles. The line shows the sum
' 3 of fitted yields completed with interpolated yields for mass intervals

X ]

g

! not fitted. For the heaviest isotopes=175) an additional correc-
! \ tion of the mass yield data was performed, as described in Sec. Ill.
! i i ]
...... 1t W I AL W P P P B T
160 170 180 160 170 180 160 170 180 of this approach using the lightest mass data points of these
A isotopes in an additional test )fitAt last, on the basis of
FIG. 3. Isotopic yield distributions for the nine heaviest residualobserved changes of Pt yield for odd and eiisotopes an
elements produced in the fragmentation of gold with stopped antiappropriate correction was applied.
protons. Dashed lines show yields obtained from the fit applied to
the region 163<A<182; triangles, open circles, and dots represent
the experimental yields: cumulative, cumulative transformed to in-

dependent, and independent, respectively. Solid lines illustrate the ) ) ) )
corrections of the isotopic yield distribution for the heaviest iso- ~ There is a narrow bump @t= 147 in the mass yield dis-

topes of the elements from Pt to Hf, and for the lightest Au isotopedribution, a feature observed for A27,28 and Ta[16,4Q
(see Sec. Il for discussion target fragmentation after reactions with protons, heavy ions
and stopped antiprotons. The enhancement of the cross sec-
tions: the 163<A<182 region global fit and the procedure tion in this region was suggested to be the resulw afecay
described above. of nuclei above thé&l =82 shell[27], but the authors did not
The platinum distribution was the most laborious case€stimate quantitatively this effect due to the lack of charge
due to the lack of radioactive isotopes above mass 191 ar@spersion curves that could not be fitted for limited experi-
owing to the strong odd-eveN effect (up to 30%, observed mental data. We have done such an estimation for our data
for this evenzZ element produced after low-energy absorp-performing a preliminary fit for isotopes not affected by
tion of antiprotons. The overall shape of the isotopic distri-decay, i.e., for 154 A<161, adding'®*®Dy with an indepen-
bution was assumed to be similar to that observed for Tndent yield. Taking into account a charge dispersion yield
residues after Yb fragmentation with antiprotdi®], with  Y(A,Z) obtained in this way, we have calculated appropriate
an increasing enhancement of yields for three heaviest nutecay corrections for experimentally measured yields of
clei, which for Pt are those with the mass numbers 194, 1951531 (+2.9% correctiohy, 153Gd (+2.8%), 5Dy (+7.29%),
and 196. The number for'®°Pt obtained in this way 1521 (+6.09%, 5MTb (+14.8%, °}Gd (+13.6%, °°Tb
(16/100() was compared with the result of another estima-(+32.5%, %Gd (+5.5%), *Gd (—13.7%), *'Eu
tion, based on the so-called halo factor dependence on sepa-12.1%) and*%Gd (—23.7%). The experimental results
ration energys, of the neutron from target nucleli25]. For  listed in Table | are the corrected ones and were used for
heavy nuclei withS,, close to 8 MeV, the halo factor is of the fitting in two mass ranges affected by this effect. As can be
order of 4-5, hence, usind’®Au yield the Y(*%Pt) should seen from Fig. 4 the corrections obtained are too small to
be between 14 and 23 per 1@00These two estimations are remove the local yield maximum &= 147 (crosses show
consistent. For the lightest Pt isotopes, we assumed that thke yield before correction, circles after thatherefore,a
steep slope coming from the 18&A=<182 region fit is a decay alone cannot explain fully such a feature and the ob-
good approximation. This assumption was used also for corserved yield enhancement in this region should be partially
secutive, loweZ elementgwe have checked the justification ascribed to the closed =82 shell influence.

C. Region of the a-decay
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IV. RESULTS :;I—Ip,ISG'eVI'III'III'I'I
The experimental data are presented in Table I, togethel ;oo 777 & [ o< | 100

with the fit results for isotopes representing full yield for a
given pair of A and Z. Results are normalized to yield per

10000 with the total number of antiprotons stopped in the
target (9.25 10°). The final mass yield distribution is pre-
sented in Fig. 4. The cumulative sum of all yields observed
for a given mass numbeXk is here compared with the total
yield Y(A) obtained from the fit via summation of all fitted
Y(A,Z) values overZ, or from the interpolation between
fitted mass regions. The global curve of the fittgdd\) yield, . o
when compared with the summed experimental yields, forms L
its exact skyline in almost the whole region of the evapora- ~ © 20 40 60 80 100 120 140 160 180 200
tion residues. A deviation from this rule is observed for three
mass ranges: the heaviest, wkb-176, a few mass numbers FIG. 5. Comparison of the mass yield distribution obtained for
aroundA=147 and all fission fragmentsA& 120). Except protons(right axig and stopped antiprotorieft axis). Curves for
for the second regiofaffected by thew decay, this is the Protons at0.49 Gev, 1.0 GeV, and 3.0 GeV adopted from [24,
result of prevailing accumulation of the isobaric yield by for the inverse kln.ematlc.reactlon. of Au on H at 800 MeV f.rom
nondetectable isotopes. The depression of the observed yi '?gecizr[i?’fg';he yield axis for antiprotons was normalized with a
of the heaviest evaporation residues is narrow but deep, wit T
a maximum decrease to about 40% of the fit¥d\) for V. DISCUSSION
A~192, and comes mainly from the stable Pt isotopes pro-
duced. For fission products, where g path goes over the
stability valley, the observed yield is strongly suppressed and The properties of reactions induced by stopped antiproton
its outline reaches only about 20-50 % of the fitted yield. absorption can be investigated by comparison with yield dis-
Leaving out two heaviest masses, the maxii@) yield  tributions obtained for other, more “classical” projectiles.
is reached at mass 180 but the largest individvigh,z) ~ We have confined this comparison to the gold target as the
production is fitted for”8. The small yield peaks observed literature is quite rich her¢27,28,36,39,43—-45 The two
for some even masseA & 180,176170, . .. ) are due to the Other popular neighbor-mass targets, Pb and Ta, represent
strongest odd-even effect for some e2ilying almost on rather different decay scenarios, with, respectively, more and

the Z, path. On the other hand, the global mass yield mini—Iess pronounced fission channel.
mum appears betweek= 105 andA=120. As numerouy

lines of strongly populated heavier nuclei covered this re- o ) .
gion, no valuable production limits can be given for this First, we present a rather qualitative comparison with the
region and we have to stick to the interpolated curve. yield curve shapes extracted for protons. Figure 5 shows the

After evaluation of the mass yield curve it is possible toSummed isobaric/(A) yield obtained for stopped antipro-

estimate the relative yields for different reaction channels!©ns Plotted together with yield distributions resulting from

e - fragmentation by 0.49, 0.8, 1.0, and 3.0 GeV protons
The fission fragments mass range should be treated wi u ) . ;
some care as their multiplicity is equal to 2 or greater Wheﬁzzg’gq' Since the yields for stopped antiprotons and pro-

. . . ons are measured in different units, we have normalized our
one takes into account any multifragmentation process. As-

. . ’ . S ield axis with bit fact | to 1.75, idi
suming that all residues with 40A<120 are binary fission yrl]e axis V(;" anbar rary acdoi ec;qu\zli © pro;/l |.ng
products(i.e. two heavy residues per antiproj@nd neglect- the concordance betwegns an eV protons results in

ing the lightestA<40 masses, we have obtained the summeéhe 150-170 mass range. It §hou|d .be stgted here that the
yield curve presented for fission residues in the case of 1

fission yield. Comparing this number with the tofté(A) dGeV protons was fitted with only 5 mass poifies].

integral in the mass limits from 40 to 196, we have extracte The most striking differences between the curves shown
the probability of gold fission induced by stopped antipro-j, ig 5 are seen for the fission region. The fission probabil-

tons to be (3.80.5)%. The lighter mass regioME10 iy for gold excited by protons, estimated as in Sec. IV, is
—40), not taken into account in fission due to possible mul-aqual to~6.5%, ~3.7%, and~3.3% for 1 GeV, 0.8 GeV,
tiplicity >2 and/or the not fully negligible chance to have aand 0.49 GeV protons, respectively. Then, 800 MeV protons
fission partner in thé\>120 region, constitutes additionally seem to correspond to stopped antiprotons, but fission takes
less than 0.9% of the total yielthe error quoted above takes only a small part of the total yield and the comparison of
this into account Our result compares well with the fission distribution shapes in the evaporation region is much more
probability of 3.13)% obtained in an experiment where fis- adequate. Such inspection leads to the conclusion that
sion fragment yields were measured with PIN dio@4%] stopped antiprotons match protons at 1 GeV.

and is substantially larger than the value of 1.5% derived Besides the level and width of the fission hump, a major
from another experiment using also on-line technift@. feature distinguishing the mass yield shapes observed for

Attt Au + p, 0.8 GeV

—
o

Yield [1.75nuclei/10005]
=y
T
Yield [mb]

—_
T

A. Antiprotons versus other projectiles

1. Mass yield curve
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TABLE Ill. Characteristics of the mass yield distribution after 40 v — ——
the reaction of different projectiles with gold nuclei.
Projectile Energy AA Reference — 30" } { 4
(GeV) B {
g
at 0.0 7.2¢1.1 [48] 3 [i
e 0.1 8.7-1.0 [44] @ 20F lﬂlﬂﬂlﬂf-g?f y
I 0.18 10.4:1.2 [44] E‘
ot~ 0.3 12.2+1.3 [44] < g
D 0.2 8.6-1.1 [27] Tor 5 ¥ :
P 0.49 14.9-1.8 [27] 7
p 0.8 17.0+1.4 [45]
p 0.76 17.8:2.3 [28] %.1 * — ; * — ‘1'0
p 0.8 18.0:2.3 [28] Energy [GeV]
p 1.0 20.7-2.8 [27]
p 1.2 23.2:3.2 [28] FIG. 6. Average mass removal from the Au targets irradiated
p 1.6 26.5-3.4 [28] with V - pions, @ - protons (references cited in Table )lland
p 2.6 30.1+1.9 [36] stopped antiproton@ion data are shifted right by the rest maspg
p 3.0 30.6-4.3 [27] The hatched band shown for antiproton data reflects the erdoAin
p 115 30.3-4.2 [43] and a possible range of energy deposition for stogpadnihilation
p 800.0 26.1 3.7 [39] with one of the target nucleons.
p 0.0 17.3£13 (37] A quantitative comparison between antiprotons and other
P 0.0 20.0-0.8 this work projectiles is presented in Table Il and Fig. 6. For this pur-

pose we have calculated the average mass removed from the
target,AA, defined as

dnverse kinematic reaction.
bFit for generalized formula.
AI‘T'I X

, , o “Y(A)AdA
stopped antiprotons and protons is the distribution for the .
heaviest masses close to the target. Here the experimental AA=AT— Amax '
situation is much better than in the fission case: more reliable f Y(A)dA

. . . Ami

nuclear spectroscopy data is additionally confirmed by the min
results of inverse kinematic measurements. The yield distriwhere A7 equalsA; for protons and pions oAr—1 for
bution for protons is rather unchanged in energy range fromantiprotonsAy, is the lower integration limit adjusted to get
0.5 to 1 GeV and forms a plateau betweks 175 andA  all single heavy residues amy,, is equal toA; for protons
~194. On the contrary, for antiprotons in this mass rangeand pions or toAr—2 for antiprotons. The residual mass
not only for the gold targeff15,16,39, the yield slowly de- A;—1 is ignored in the integration of the reaction yields for
creases fromA~ (Ar—20) toA~(A;—3) and then strongly  antiprotons since it attests no reacti@oft p absorptioi.
rises, reaching an absolute maximumAat (Ar—1). The To get consistent and comparable results, for each data set
enhancement of yield for few masses closest to the targehken from the literature we have applied a uniform method
may be explained by two mechanisms. The first one is théo determineAA. Only experimental data representing the
soft antiproton absorption, where almost all annihilationhighest (approximately the whojecumulative yield for a
pions miss the rest of the target nucleus. Thgn-1 nuclei  given A were used to construct the mass yield distribution
are left with very low excitation energy. Only after antipro- curve. The absolute errors of the quantities presented in
ton absorption on nucleons occupying a deeper sfa@és Table lll were estimated to be of the order of 10-20%, but
rearrangement of nucleon configurations results in a madée relative errors should be smaller. In addition to proton
loss of one or two additional units. The probability of the data, results for pions absorbed by the gold target are pre-
production of A;—1 nuclei is quite large, about 10% for sented; their energy range is limited as compared to the rest
targets used in our nuclear periphery stud#s,26 and the of data but coincides with the kinetic energy of pions emitted
results obtained for gold are also of this order of magnitudén antiproton annihilation. The average mass removal from
(cf. Table ). The second mechanism leading to low excita-the target nucleus smoothly correlates with the projectile en-
tion energies is the class of all processes where the annihil&rgy. As can be seen from Table Il and Fig. 6, the average
tion pions escape unabsorbed by the target nucleus, but dueass removed from the gold target by stopped antiprotons is
to the sizable totalw-nucleus cross section excite this only slightly lower thanAA obtained for 1 GeV protons.
nucleus enough to emit few nucleons. The probability of
such a kind of quasielastic meson escapes may be quite large
when the nuclear diffuseness and partial opacity are consid- The information on the reaction mechanism, obtained
ered[47]. from the investigation of mass vyield distributions, may be

Amin

11)

2. Charge distribution
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[ T T T T ] prisingly, Z,, derived for the inverse reaction at smaller en-
| ===- Au+p, 08 Gev ] ergy extends further towards the neutron-deficient nuclei for
er__ ¢ X saturetion it heavy products. In the fission region the situation is reversed
[ ——— p + Au, 3 & 6 GeV except for the lightest products. The curve plotted for 3 and
[ = p + Au, 1 GeV 6 GeV protons lies closer to the valley of stability, for 1 GeV
g o p : f Sttppedd protons only the fission region is represented as there are no
cH S fit parameters given in Ref27].
© o WhenY(A,Z) models are applied to shorter mass ranges
2l Py a rather noncontinuous behavior with segments of rapidly
[l changing position and orientation is observed. This happens
AN f - :_,/’" both for protong39] and heavy iong50-52 investigated
0l — =T TN with y-ray spectroscopy technique and for heavy ion reac-
- tions on Au studied with the inverse kinematic technique
S S e S s B p [49]. Obviously, this situation cannot be ascribed merely to
- 1 the uncertainties in the experimental data, even in the worst
L2 - ] cases. In our case, the experimental data distribution in the
o | /~" '.::___”;;,:,w-\--;.\. ----- ] N-Z plane shovyn in Fig. 1. strlongly favors the segmentation
0.8 - ST = e e T T of the evaporation region in f|tt|ng_. _
[ /’_//’ —_—— T v Generally, Iower-energy_ reactions lead H, running
Ly c_Iose( to the yal!ey of stability, wnh passages to the neutron-
04 ™ 20 60 B0 100 120 140 160 180 200 rich side for fission fragments. Antiproton data show a pecu-
A liar tendency: althougi, lies quite away from the valley of

) ) stability for evaporation residues, it does not reach such a
FIG. 7. (Upper part Distance of the fitted most proballffrom ¢ 1ron-deficient region as the energetic protons. Such a be-
the beta stability line: protonkor heavy ions compilation at satu- 4 ior may be partially explained by the influence of shell
ration limit [36], antiprotons at rest energy compilatit7], Au at effects observed in antiproton distribution fdfZ crossings
800 MeV on H[29,30, protons at 11.5 and 300 G€¥3], protons .
o at (106,76, (82,64, and(50,40. The Y(A,Z) yield reaches
at 3 and 6 GeV\[27], and fission for protons at 1 G€\27]. (Lower | ] in th . h bakl
Joca maxima in these regions, the most pro goes

par) Charge distribution widths as functions of residue mass. Th ds th A deficient lei and the ch i
results of the same evaluations as in the upper part are presentfgfvards the more neutron-deficient nuclei and the charge dis-
becomes broader, as can be seen from

(with unchanged notatignexcept for protons at 1 GeV and at 3 and p(_arsion

6 GeV, for which the width parameter is equal to that obtained forH19- 7. . o
11.5 and 300 GeV27]. The width of theZ distribution, o, was found to decrease

smoothly with decreasing when a generalized approach is

enriched by examining other features of tféA,Z) yield used for protong36] or antiprotons[37]. On the contrary,
topography. Two such properties were compared for resultggsults of fitting within shorter mass regions are again incon-
of gold fragmentation by antiprotons and other projectiles:sistent with compilations using broad mass regions, with
the course of the fitte&, path and the charge dispersion quite small widths for evaporation residues and with a large
width. Figure 7 illustrates such an inspection for some casescatter ofo for fission fragment$39,51,52. For antiprotons
quoted in Table II. To bring differences into prominence, westopped in Au the charge width is rather small in the evapo-
have recalculated,(A) to its distanceds,;, from the line  ration region, especially in comparison with 800 MeV/
modeling the beta stability valle¥; (defined as in the cap- nucleon Au on H data. On the other hand, products of fission
tion to Fig. 1. Such a presentation was earlier applied toinduced by stopped antiprotons are distributed quite broadly,
study the distribution of products of gold projectile fragmen-similarly to the proton reaction products.
tation on C and Al targetg49]. To compare with our results ~ From a methodological point of view, results @p(A)
we presentd,,, obtained for the inverse kinematic Au p ~ ando(A) fitted in different ways are not consistent, even for
reaction at 800 MeV[29,30] and for energetic protons protons at similar energies. TR&A,Z) modeling applied
[27,43. Besides this, we have also plotted curves derived fofor wide mass regions may be reasonable for limited experi-
the Au target from a general formula describing HigA) mental data and for generalization purposes; however, this
path for products of various medium and heavy target fragapproach washes out any possible feature of more discrete
mentations induced with protons at the fragmentation limithature. Hence, the division of input data to sofeubre-
[36] and with stopped antiprotori87]. The lower part of gions should work better in detailed studies, especially for
Fig. 7 shows the dependence of the charge distribution widtlpwer excitation reactions.
on the product mass.

As can be seen from Fig. 7, the relative cours& gfand
Zz for stopped antiprotons changes now much more dramati-
cally than in Fig. 1. Theds,y, calculated for more general There were many other targets irradiated with low-energy
Y(A,Z) models[36,37] are smooth due to the bro#adrange  antiprotons from LEAR[12-16,35. A review of some re-
fitting. Z fitted for 11.5 and 300 GeV protond3] lies very  sults of these experiments will allow us to look closely at
close to these curves in the evaporation residues region. Suentiproton induced reactions. Mass-charge yield models were

B. Antiprotons stopped in various targets
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TABLE V. Characteristics of mass yield distribution after anti- [5,6,8] gives 5.4 nucleons ejected in the cascade
proton stopping in different targets. +preequilibrium stages through, p, d, t, *He, and *He
ejectiles. Hence we have, on average, 14.6 evaporated nucle-

Target AA Reference ons and assuming 8 MeV separation energy and 3 MeV ki-
naicy 13.9-1.8 [14] netic energy per nucledl] leads to 16323 MeV stored in
9RY 15.8-1.9 [35] the thermalized system. Such a result compares nicely with
967 16.2+2.0 [35] the value of 18321 MeV derived from the measurements
%\l 16.2+2.1 [12] of the spectra of neutrons and of light charged partif8ds
106¢cq 16.4-2.3 [35]
nata g 17.7+1.8 [15] C. Odd-even effects
i:;re 13: ;i [ig] Data on odd-even and shell effects observed in the
14483 17-&1-9 [35] Y(A,Z) yielq distribution are rather raye[y discussed in the
148Nm = [35] y!eld n_10de_I|_ng contexl[ZO,Zl_,SZ. Their |r_1fluence on the_
. d 19.4:2.0 (35] yields is difficult to observe if the experimental dataset is
Gd 19.2:2.2 [35] limited and errors are of the order of the possible odd-even
®Ho 21.7+25 [12] correction. The conclusion of Rudstai0], looking for a
78yp 21.1+2.0 [35] general formula predicting cross sections for p andn-
"Ta 22.4£2.2 [16] duced reactions, was that there is no need to introduce such a
Ay 20.0+0.8 This work correction as the experiment to model yield ratios for various

N andZ combinations do not show any clear correlation with
the nucleon number evenness. Later, Silberberg and Tsao
fitted only for a part of these targets; the parameters of thg21] found a moderate effect, modeled with factors equal to
mass yield distributions for the rest were evaluated on the 25 0.9, 1.0 and 0.85 for even-even, ddd-oddZ, and
basis of summed direct experimentglA) yields. However, odd-odd (N,Z) pairs, respectively.
either for the former or the latter results, the yields for the Since off-line nuclear spectroscopy was applied to study
heaviest nuclei, close to the target, are underestimated singge Y(A,Z) distribution, the odd-even effect was observed in
a significant part of the total(A) is hidden in nondetectable reactions induced with stopped antiprotdi®,13. Results
isotopes. To take this effect into account, we recalculatdd for lighter targets {%°°>%Mo, "Ba) are consistent, with a
values obtained for other targets in the way as it was done forg—26% correction for od@- nuclei and a 32—34% correc-
Au (see Sec. V A The results are listed in Table IV. The tion for oddN nuclei (and the sum of these values in the
removed mass increases with increasing target mass, as illugdd-odd case Corresponding values fitted fol®*Ho [12]
trated in Flg 8. Such a behavior is consistent with the Simpl%re not so evident, the y|e|d of oddl-nuclei is Strong|y re-
geometrical picture of an excitation energy proportional togyced(by ~66%) whereas there is no need to correct the
the number of participating nucleofi8], hence to the vol-  oddz results. Because these fits were made simultaneously
ume of the nuclei bombarded with annihilation mesons. for the whole heavy residue region’ no dependence on the
Using theAA value obtained for the Au target we may emitted number of nucleonhence excitationwas studied,
estimate the mean thermal excitation energy of the decaying|so no indication for any She” effects was reported_
system. The compilation of the measured particle emission ysing the heavy and fissionable gold nuclei to absorb an-
tiprotons, we have the opportunity to investigate the odd-
o ] even and shell effects in a wide evaporation and fission prod-
ucts mass range. In Fig. 9 we present three fitted yield
_er ] distributions, as functions of mass, charge, and neutron num-
ber of the products. Corrections fitted for olldand oddZ
yield were shown in Table Il with parameteas, anda;s,
{ } } ] respectively. They seem to be the largest for the medivn

20 -

AA

region (16K A<182), since amongst the heavier residues
6l only the oddN Pt isotopes exhibit a clear yield reduction of
about 30%. A small oddi effect (<=10%) seems also to
{ 1 appear for the other heavy evé&nproducts. Lighter evapo-
ration residues are produced more uniformly over changing
nucleon numbers evenness, although for products close to
: 5'0 E— ‘1(')0' — '15')0' '260' : the closed\N =82 shell (143<A<149) the everN isotopes
A are strongly favored. We have not been able to study odd-
T even effects for the lightest evaporation and all fission prod-
FIG. 8. Average mass removed from different targets afteructs because of their small cross sections with Iarge relative
stopped antiproton absorption. Results from earlier experimentgncertainties and because of scarcity of experimental data. It
studying mass yield curvgd2—-16,35 are recalculated after yield should be stated that the correction for odd-odd nuclei used

correction for the heaviest products. here slightly differs from that applied before for stopped an-

12 b
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A the data coming from experiments with stopped antiprotons.
100 ¢ E Its strength, more pronounced than in the corresponding en-
. ] ergetic proton data at 800 Mef\29,30, is one of the most
1ok 4 distinct features of the antiproton absorption induced reac-
; ] tions.

VI. CONCLUSIONS

Yield [nuclei/1000%]

o 20 40 80 B0 100 120 140 160 180 200 The independent and/or cumulative yields for 114 iso-
A topes produced after absorption of stopped antiprotons in
Fr T T oo Ty gold were measured by using the off-lieray spectroscopy
100 ¢ 3 technique. On this basis, with the help of a phenomenologi-
r 1 cal model, the whole yield distribution was extracted for
10k - residues ranging from the target mass minus one down to the
i ] light fission products with masz20. The fission probabil-
ity was estimated to be (3#80.5)%, in agreement with the
results of measurements using on-line techniques.
T An average thermal excitation energy, gained by the Au

. o 1 51y | L L L
0 10 =20 30 40 50 60 70 80 90 100 110120 nucleus aftep annihilation, was shown to be quite similar to
— — : ,N : — — that of 1 GeV protons, although the fission probability for
100 & - such protons is almost twice as large. Moreover, the inspec-
(o) tion of the yield distribution over thé-Z plane indicates a
1 fairly peculiar character of the reaction induced by low-
energy antiprotons. The most probaBleourse is quite dif-
ferent, lying closer to the stability line and exhibiting a more
complex shape. Furthermore, the charge dispersion dver
] does not compare with that observed for 0.8 GeV protons,
(; : 1'0 : 2'0 : 3‘0 : 4'0 : 5‘0 : 6'0 : 7‘0 : alo- being almost twice as narrow. .
7 The average mass removal observed for various targets
reacting with stopped antiprotons rises linearly with increas-

FIG. 9. Yield of residues after gold fragmentation by stoppeding target mass. This behavior is consistent with in-beam
antiprotons{a) as a function of the atomic mass (b) as a function  studies of the light particle emissioAA derived from mass
of the neutron numbeN, and (c) as a function of the atomic yield data helps to complete such measurements, unable to
numberZ. detect charged particles of the lowest energy.

A clear odd-even and some shell effects distinguish evi-
dently the reaction with stopped antiproton from those in-
duced by energetic protons. The dependence of this phenom-
.enon on the residue mass was studied for the first time. The
I§trength of such effects seems to diminish with the excitation
energy, although for long evaporation chains and fission

roducts it may be unobserved due to scarce and uncertain
ata.

Yield [nuclei/1000%]

—_
o
T
|

—_
LRI,
|

Yield [nuclei/1000%]

tiprotons[12,13 as we use the multiplicative forfieq. (3)]
instead of a correction factor equal te-P,— P, whereP,,
and P, are parameters fitted for odd-and oddZ nuclei,
respectively. Since we observe that the odd-even effect
stronger when bothN andZ are odd or even, the multiplica-
tion is more adequate.

The use of odd-even corrections for stopped antiproto
reactions strongly improves the fit, with? reduction by
more than one order of magnitude. Thus it cannot be treated
as a triviaI_ improveme_nt via aglding ano_ther parameter. ACKNOWLEDGMENTS
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