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tober 24, 2006Abstra
t - The spallation residues produ
ed in the bombardment of 56Fe at 1.5, 1.0, 0.75, 0.5 and 0.3 A GeVon a liquid-hydrogen target have been measured using the reverse kinemati
s te
hnique and the FragmentSeparator at GSI (Darmstadt). This te
hnique has permitted the full identi�
ation in 
harge and mass ofall isotopes produ
ed with 
ross-se
tions larger than 10�2 mb down to Z = 8. Their individual produ
tion
ross-se
tions and re
oil velo
ities at the �ve energies are presented. Produ
tion 
ross-se
tions are 
omparedto previously existing data and to empiri
al parametri
 formulas, often used in 
osmi
-ray astrophysi
s.The experimental data are also extensively 
ompared to di�erent 
ombinations of intra-nu
lear 
as
ade andde-ex
itation models. It is shown that the yields of the lightest isotopes 
annot be a

ounted for by standardevaporation models. The GEMINI model, whi
h in
ludes an asymmetri
 �ssion de
ay mode, gives an overallgood agreement with the data. These experimental data 
an be dire
tly used for the estimation of 
ompositionmodi�
ations and damages in materials 
ontaining iron in spallation sour
es. They are also useful for improvinghigh pre
ision 
osmi
-ray measurements. I. INTRODUCTIONThe spallation 
ross-se
tions of nu
lides su
h as Fe have been histori
ally studied to understand the propa-gation of 
osmi
-ray ions in the Galaxy, and to determine the 
omposition of the Gala
ti
 Cosmi
 Ray (GCR)sour
e [1℄- [9℄. Gala
ti
 
osmi
 rays 
onstitute a superthermal gas that is partially 
on�ned in the Galaxy byinterstellar magneti
 �elds with some leakage into the intergala
ti
 medium. While propagating in the Galaxy,
osmi
 rays pass through the interstellar medium and some primary 
osmi
 ray nu
lei spallate into se
ondary
osmi
 ray nu
lei. As measured by instruments in the solar system, the 
omposition in
ludes both primary
osmi
 rays whose abundan
e is depleted by spallation, and se
ondary 
osmi
 rays produ
ed by spallation. Asa result of spallation during propagation, 
ertain elements in the GCRs are far more abundant (often by ordersof magnitude) than in solar system material. Examples of these "se
ondary elements" in
lude Li, Be, B whi
hare mainly spallation produ
ts of C and O, and S
, Ti, V and Cr whi
h are mainly spallation produ
ts of[1℄ Present address : IRSN, BP 17, 92262 Fontenay-aux-Roses Cedex, Fran
e[2℄ Present address : GANIL, BP 55027, 14076 Caen Cedex 05, Fran
e[3℄ Present address : CIEMAT, Avda.Complutense,22. 28040 MADRID[4℄ Present address : National Super
ondu
ting Cy
lotron Laboratory, MSU, USA



2Fe. Conversely, those elements where the abundan
e of heavier elements is mu
h smaller, and hen
e have verysmall se
ondary 
ontributions are "primary elements." Prominent examples in
lude C and O and Fe. Providedthe spallation 
ross-se
tions are known, the abundan
e of se
ondary elements relative to primary elements area measure of the amount of material 
osmi
 rays traverse in the Galaxy. This in turn 
onstrains astrophys-i
al models of 
osmi
 rays in the Galaxy. It is possible to 
orre
t abundan
e measurements for propagationba
k to the "sour
e," that is, to determine the 
omposition of the material that be
ame the 
osmi
 rays. These
ondary-to-primary ratios 
ombined with the 
ross-se
tions determine the amount of material traversed dur-ing propagation in the Galaxy; the amount of material traversed, again with the 
ross-se
tions, is then used to
orre
t the measured abundan
es to the sour
e abundan
es. Thus, un
ertainties in the 
ross-se
tions are moresigni�
ant than any details of the astrophysi
al models. (The ex
eption to this generalization are the unstablese
ondaries.) In re
ent years, new high resolution elemental and isotopi
 measurements have be
ome available(i.e. the ACE [10℄ and Ulysses [11℄ spa
e missions), in
luding measurements in the iron region. The main sour
eof un
ertainties in determining both 
osmi
-ray se
ondary produ
tion and sour
e 
omposition using these dataare un
ertainties in the nu
lear 
ross-se
tions. The interstellar medium is 
omposed � 90% by number of Hatoms and ions. Most high resolution measurements are of 
osmi
 rays with energies per nu
leon in the inter-stellar medium of � 0:5 to � 1:5 GeV. The 
ross se
tions reported here are thus dire
tly appli
able to improvedinterpretation of high-pre
ision 
osmi
-ray measurements.Spallation rea
tions have also gained a renewed interest with the re
ent proje
ts of spallation neutron sour
esand a

elerator-driven sub-
riti
al rea
tors systems 
onsidered for the transmutation of nu
lear waste (A

eler-ator Driven Systems (ADS)). In these systems, a high-intensity proton beam of energy around 1 GeV is guidedon a spallation target made of a high-mass material. In ADS, neutrons produ
ed in the spallation target areused to maintain the rea
tivity in the sub-
riti
al rea
tor where nu
lear waste 
an be transmuted. The protonbeam under va
uum in the a

elerator has generally to 
ross a window before entering the spallation target.As it is 
ontinuously submitted to the proton beam irradiation, it is one of the most sensitive parts in ADS orspallation-neutron-sour
e design. Among the problems 
reated by the proton irradiation are the 
hanges in the
hemi
al 
omposition of the window material and embrittlement 
reated by gas produ
tion and atomi
 displa
e-ments (DPA) in the 
rystal latti
e. A large range of materials have been studied for this window and, in mostof the proje
ts, martensiti
 steels 
omposed at 90 % of Iron (with also substantial quantities of Chromium andMolibdenium) have been retained due to their resistan
e to thermal 
onstraints and radiation e�e
ts. Therefore,it is important to have a good knowledge of the produ
tion 
ross-se
tions of spallation residues in Iron and oftheir re
oil velo
ity.In re
ent years, an important e�ort has been undertaken, mainly under the framework of the HINDASEuropean proje
t [12℄, to 
olle
t a 
omprehensive set of high-quality spallation data regarding the produ
tionof neutrons [13, 14℄, light 
harged parti
les [15℄ and residual nu
lei. The general goal is to better understandthe rea
tion me
hanisms in order to improve the models that are then implemented into high-energy transport
odes. These 
odes, validated on experimental data, 
an afterwards be used to reliably predi
t all quantitiesneeded for the design of ADS or spallation sour
es as neutron produ
tion, a
tivation or damages.As 
on
erns residue produ
tion, up to now the emphasis was put on spallation rea
tions on heavy nu
lei.Isotopi
 
ross-se
tions of residues produ
ed in the rea
tions 197Au + p [16, 17℄ at 800 A MeV , 208Pb + pat 1 A GeV and 500 A MeV [18{21℄, 238U + p at 1 A GeV [22, 23℄, 238U + d at 1 A GeV [24, 25℄ havealready been measured using the reverse-kinemati
s method at GSI (Darmstadt). In this paper we presentnew experimental results 
on
erning the isotopi
 produ
tion 
ross-se
tions and re
oil velo
ities of spallationresidues in the rea
tion 56Fe + p for �ve energies of the iron beam (0.3, 0.5, 0.75, 1.0 and 1.5 A GeV). Thismeasurement is the �rst 
onsistent set of data on isotopi
ally identi�ed residues on a large energy domain andfor a light nu
leus of pra
ti
al interest. The 
omparison of the obtained data with various models, some of thembeing quite su

essful for heavy systems, allows testing their predi
ting 
apabilities for light nu
lei and theirdependen
e on beam energy. II. EXPERIMENTAL METHODA. Experimental set-upIn O
tober 2000, an experiment was performed using the reverse kinemati
s at GSI in Darmstadt, Germany.A primary beam of 56Fe was delivered by the heavy-ion syn
hrotron SIS at energies of 0.3, 0.5, 0.75, 1.0 and1.5 A GeV and dire
ted onto a liquid-hydrogen target designed and built in the Laboratoire National Saturne(Sa
lay, Fran
e) [26℄.The liquid-hydrogen thi
kness was 87:3mg=
m2 
ontained by titanium windows of 20�m ea
h. Two additionalTi foils were used to isolate the va
uum around the target from the va
uum of the beam pipe for se
urity reasons



3so that a total of 36mg=
m2 of Ti 
ontributes to the empty-target 
ounting. Measurements were repeated withan identi
al empty target in order to subtra
t the produ
tion on the titanium 
ontainer from the measuredyields of residual nu
lei. The 
ontribution of these walls to the 
ounting rates was below 10 % for the main partof the residues and below 20 % for the lightest ones.The time stru
ture of the primary beam was a pulse of 6 s every 12 s, and the intensity was limited to 107part/spill. This beam intensity was measured using a se
ondary-ele
tron emission monitor (SEETRAM) [27℄
alibrated at the beginning and at the end of ea
h set of measurements at a given beam energy. This was doneat low 
ounting rates with a plasti
 s
intillator as absolute referen
e.Residual nu
lei produ
ed in the rea
tion with the target were fo
used in the beam dire
tion and analyzed withthe FRS (Fragment Separator) [28℄ operated as an a
hromati
 magneti
 spe
trometer. Fig. 1 is a s
hemati
diagram of the experimental setup showing the four large dipole magnets and the essential dete
tor equipment.
SEETRAM

Liquid H2
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FIG. 1: S
hemati
 layout of the FRS fragment spe
trometer. Fragments are analyzed by the four large dipole magnets.S
intillators at S2 and S4 measure the time of 
ight over the se
ond half of the spe
trometer as well as the horizontalpositions in the dispersive fo
al planes at S2 and at S4. The MUSIC dete
tor (ionization 
hamber) gives informationabout the energy loss of the fragment. Multi-Wire Proportional Chambers (MWPC) are used for beam tuning andremoved for produ
tion measurements.Due to their relativisti
 energies, the fragments produ
ed in this experiment are fully stripped. The horizontalpositions of these ions and a time of 
ight (ToF) were measured with two plasti
 s
intillators, one lo
ated inthe intermediate dispersive plane S2 and the other one installed at the �nal a
hromati
 fo
al plane S4. Thesignal from the s
intillator at S4 was used as the trigger for the a
quisition of all dete
tors. The nu
lear 
hargeZ was determined using a multiple-sampling ionization 
hamber (MUSIC). The energy loss in the gas produ
esa signal proportional to Z2�2 , allowing the determination of Z with a resolution of �Z = 0:3 (FWHM) 
hargeunits.The knowledge of the horizontal positions of the ions determines pre
isely the radii �1 and �2 of theirtraje
tories in the two magneti
 se
tions of the spe
trometer. An absolute 
alibration is obtained with the ironbeam dete
ted in spe
i�
 measurements at low intensity. Together with the magneti
 �eld strengths in thedipoles measured with Hall-e�e
t probes, the magneti
 rigidities B�1 and B�2 
an be determined for ea
h ion.Therefore, a total identi�
ation of the nature of the ions 
ould be performed from the relation :AZ = eB�mu
�
 (1)where mu was the atomi
 mass unit and � 
 were dedu
ed from the experimental time of 
ight. Note thatin this formula we have repla
ed the mass of the (A;Z) ion by A:mu whi
h means negle
ting binding energies
ompare to nu
leon masses.The FRagment Separator has a momentum a

eptan
e of �1:5%. Therefore, about 18-20 di�erent settingsof the FRS were needed to 
over the 
omplete velo
ity distribution of all the ions. Figure 2 shows the 
ompletefragment 
overage in the Z vs. A/Z plane for 1 GeV per nu
leon 56Fe on the hydrogen target. The plot wasmade by adding histograms from individual settings, ea
h one normalized to the dose of the primary beam.Fragments are well resolved and easily identi�able in this plot down to lithium. However, for the lightestelements the transmission of the spe
trometer is very low, ne
essiting a dedi
ated method of analysis. This hasbeen done only at 1 GeV per nu
leon and reported in a separate paper [29℄. Therefore, we show in this paperresults of the produ
tion 
ross se
tion and re
oil velo
ity only down to Z=8-10, depending on the beam energy
onsidered.
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FIG. 2: Complete isotope 
overage in Z vs. A/Q (a
tually identi
al to A/Z) for 1 A GeV 56Fe on the liquid-hydrogentarget. The plot is built from data of overlapping settings, normalized to the primary beam intensity and superimposed.B. Data analysisThe fragments are �rst identi�ed in Z using the ionization 
hamber, taking into a

ount the position andvelo
ity dependen
e of the energy-loss signal. The velo
ity distribution of the fragments is obtained with highpre
ision using the time-of-
ight and magneti
-rigidity measurements. The experimental time-of-
ight betweenthe intermediate and the �nal fo
al plane is pre
ise enough for an unambiguous identi�
ation of the fragmentmass. After identi�
ation of the isotope, a more a

urate value of the longitudinal velo
ity 
an be dedu
ed fromthe magneti
 rigidity in the �rst part of the spe
trometer using relation 1.Assuming that the rea
tion takes pla
e at the 
enter of the target, the fragment velo
ity is 
orre
ted for theenergy loss in the target and transformed into the referen
e frame of the proje
tile at rest. A measurement ofthe re
oil velo
ity of the fragments is thus obtained in that frame. To obtain the produ
tion 
ross-se
tion of agiven isotope, it is ne
essary to re
onstru
t the full velo
ity distribution by adding the partial ones measuredin di�erent settings, with the proper normalization. An example of the velo
ity distribution for 38K is shownin Fig. 3. For this isotope, �ve di�erent settings of the FRS were needed in order to re
onstru
t the 
ompletevelo
ity distribution.Due to potential damages in the dete
tors, isotopes having a magneti
 rigidity too 
lose to the beam one 
ouldnot be measured. This is why the dete
tion of 54Mn was not possible in this experiment. For the same reason,some settings of other isotopes 
ould not be obtained, leading to trun
ated measured velo
ity distributions. Inthat 
ase a �t by a Gaussian fun
tion ex
luding the trun
ated zones was used to re
onstru
t the full distributionand then determine the total 
ross-se
tion, the mean value of the velo
ity and its varian
e. In the 
ase of atrun
ated zone in the velo
ity distribution too large to have a 
onverging �t, the parameters of the Gaussianwere 
onstrained using the neighboring isotopes. The re
onstru
tion pro
edure leads to an un
ertainty on boththe velo
ity determination and the isotope produ
tion 
ross-se
tion. These un
ertainties have been estimatedby taking into a

ount the 
u
tuation of the rea
tion point in the target and by doing reasonable variations ofthe �tted parameters for several groups of isotopes.
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FIG. 3: Longitudinal velo
ity distribution of 38K dete
ted as a residual nu
leus at 1 A GeV and expressed in the restframe of the iron beam. Five di�erent settings of the FRS were needed to re
onstru
t the 
omplete distribution. Theyield (here in arbitrary units) dete
ted in ea
h setting is normalised by the number of in
ident iron nu
lei and 
orre
tedfor the a
quisition dead time. C. Corre
tions and un
ertaintiesThe isotopi
 produ
tion 
ross-se
tion of ea
h spallation residue �(Z;A) was obtained from the di�eren
ebetween the yield measured with the hydrogen target (YH(Z;A)) and the yield measured with the empty target(Ye(Z;A)), ea
h of them 
orre
ted for their dead time (
orre
tion fa
tor f�H(f�e)) and normalized to the numberof in
ident iron nu
lei NFe H(NFe e).�(Z;A) = �YH(Z;A) � f�HNFe H � Ye(Z;A) � f�eNFe e � � f� � ftrans � fse
NH (2)The 
ross se
tion is �nally obtained after a division by the number of hydrogen nu
lei per surfa
e unit NHand with additional 
orre
tions due to the dete
tion eÆ
ien
y (f�), the transmission of the FRS (ftrans) andthe se
ondary rea
tions (fse
) estimated for hydrogen events. It was determined that, even at the lowest energy,a 
orre
tion for possible 
hange of 
harge state is not ne
essary.Losses of events due to the dead time of the experiment, mainly due to the a
quisition 
apability, are estimatedfor ea
h run from the ratio between the free triggers measured on a s
aler of high 
ounting-rate 
apability andthe number of re
orded events (or a

epted triggers). During the experiment, the 
ounting-rate 
onditions werekept so that this 
orre
tion never ex
eeded 30%, and was most frequently smaller for dete
tion at magneti
rigidities substantially di�erent from the beam rigidity.An estimation of the global dete
tion eÆ
ien
y f� in
luding the detailed analysis of all needed information
an be obtained from the di�eren
e between the number of a

epted triggers and the �nal number of eventsthat have been analyzed. An event 
an be analyzed if all the elements required have been registered withoutany problem: position at the two fo
al planes, time of 
ight and energy loss in the MUSIC dete
tor. The triggersignal obtained by a narrow 
oin
iden
e on high signals produ
ed by highly ionizing parti
les is here supposedto identify a true heavy ion with a probability of nearly 100%. In almost all settings this eÆ
ien
y was in therange 96-99%.



6Corre
tions due to se
ondary rea
tions in the target and in the layers of matter on the traje
tory of the frag-ments (mainly the plasti
 s
intillator of 3 mm thi
kness at S2) were 
al
ulated following the method des
ribedin [30℄ as previously used in other similar experiments [16℄. If a se
ond rea
tion o

urs in the target, the initiallyprodu
ed ion be
omes lighter, so that 
ross se
tions of light ions are arti�
ially in
reased (and the one for the
orresponding heavy ion de
reased). If a rea
tion o

urs in the plasti
 at S2, the spallation ion will most oftenbe out of the narrow magneti
 rigidity a

eptan
e in the se
ond part of FRS and so will be lost at S4. Totalnu
lear intera
tion 
ross se
tions for the di�erent fragments were estimated using the parametri
 formula ofKox et al [31℄. The maximum value (8%) of this 
orre
tion fa
tor is obtained for the se
ondary rea
tions inthe target leading to the lightest evaporation residues. It de
rease to zero for heavy residues. The 
orre
tiondue to the lost in the s
intillator if a rea
tion o

ures is of the order of 3.5% and was taken into a

ount (as afun
tion of the nature of the ion and of it's mean energy). The attenuation of the beam 
ux inside the �nitetarget thi
kness was also taken into a

ount in this 
orre
tion and is equal to -2% for a rea
tion 
ross se
tionof 700 mb.The transmission 
orre
tion is the most important fa
tor 
on
erning losses in the dete
tion. Due to itsgeometri
al 
hara
teristi
s and the ion opti
s, the FRS has only an angular a

eptan
e of 15 mrad around thebeam axis, and a large number of the fragments analyzed in this experiment have an angular distribution at theentran
e of the FRS larger than this a

eptan
e. An evaluation of the fra
tion of the residual yield not dete
tedin the experiment had to be made from the measured velo
ity distribution of the fragment as it is des
ribedin [32℄. Considering that, in the proje
tile referen
e frame, the emission of the fragments 
an be des
ribed asa 3-D Gaussian distribution around a mean longitudinal re
oil, the width of the angular distribution in thelaboratory frame 
an be obtained from the longitudinal velo
ity distribution measured in the experiment:�(�) � �(vk)< vk > (3)where < vk > is the mean value and �(vk) the width of this distribution for evaporation residues of a givenmass.The transmission through the FRS 
an be parameterized as :T = 1� exp(��eff (x2; x4)22�(�)2 ) (4)where �eff (x2; x4) is the e�e
tive angular a

eptan
e of the FRS as a fun
tion of the ion positions x2 andx4 respe
tively at the intermediate S2 and the �nal fo
al planes S4. This angle was 
al
ulated with the 
odedes
ribed in referen
e [32℄ using 15 mrad as the maximum angular a

eptan
e when the ion opti
s is the mostappropriate.The transmission fa
tor varies from 1 (no 
orre
tion) to 0.4 for the lightest fragments that have a mu
hlarger angular distribution (see Fig. 4) for the three highest energies. Various reasonable assumptions on the
al
ulation of �eff (x2; x4) lead to un
ertainty estimations on T of 1% to 15% for the lightest evaporationresidues. However, the analysis has revealed that at 500 and 300 MeV/A, the magneti
 opti
s settings usedduring the experiment was not optimal and that the maximum a

eptan
e of the FRS was redu
ed to 9:15mrad. This value has been taken into a

ount in the transmission fa
tor leading to mu
h larger 
orre
tions forthese two energies as it 
an be seen in Fig. 4.For the absolute normalization, the pre
ision on the target thi
kness has been studied in previous experiments[33℄ and is estimated to be 2:5%. The absolute numbers of in
ident ions NFe H and NFe e for runs with thehydrogen target and the empty target respe
tively are obtained from the SEETRAM 
alibration with an absoluteerror estimated to be 2:8%.Experimental values for the isotopi
 
ross-se
tions with their errors are listed in appendix A. The 54Mn that
ould not be measured was obtained by a smooth interpolation between the neighboring isotopes so the valuegiven in the tables is followed by (Interp.). This value is used to obtain integrated quantities as the mass or
harge distributions and in the evaluation of the total rea
tion 
ross se
tion also given in appendix A.Final results of the mean re
oil velo
ity and the width of the velo
ity distributions for the various residualnu
lei are presented in appendix B. Errors quoted here are due to the velo
ity re
onstru
tion pro
edure above



7des
ribed and to the magneti
-rigidity determination. In the 
ase of a trun
ated velo
ity distribution, resultspartially interpolated are followed by (I). The minus sign means that the re
oil velo
ity is opposite to the originaldire
tion of the iron beam or in other words in the dire
tion of the proton motion in the iron at rest system.
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FIG. 4: Transmission fa
tor as a fun
tion of the mass number of the residue for the �ve energies presented in this work(see text). III. RESULTSA. Isotope produ
tion 
ross se
tionsUsing the experimental method des
ribed above it was possible to measure at �ve di�erent energies most ofthe residues produ
ed in the spallation rea
tion of iron with 
ross-se
tions larger than 10�2 mb, from 
obalt(Z=27) down to oxygen (Z=8) or neon (Z=10) depending on the energy. At 1 A GeV, 
obalt isotopes have notbeen measured.Figures 5, 6, 7, 8 and 9 show the isotopi
 distribution 
ross se
tions at the �ve beam energies. Error bars donot appear as they are smaller than the data points. The position of the maximum of these isotopi
 
urves is
orrelated with the ex
itation energy transferred in the 
ollision between the proje
tile and the target. In the
ase of a peripheral 
ollision, in whi
h the ex
itation energy is limited, only a few parti
les are evaporated bythe fragment, leading to the population of isotopes 
lose to stability. For more 
entral 
ollisions, the depositedex
itation energy is larger and more neutron-de�
ient isotopes are produ
ed due to the evaporation phase whi
hfavors the emission of neutrons. However, the tenden
y towards neutron-de�
ient isotopes is weaker than whatis generally observed in heavy systems sin
e, for iron, the Coulomb barrier is mu
h smaller and the neutron toproton ratio in the proje
tile is also smaller.Isotopi
 
ross-se
tions 
an be summed to obtain mass or 
harge distributions. Figure 10 presents the massdistribution of the spallation residues for the �ve energies of the iron beam analyzed in this experiment. Theresidues are produ
ed with di�erent 
ross-se
tions depending on the energy of the proje
tile. The general trendof the data is globally as expe
ted. As the beam energy in
reases, the deposited ex
itation energy be
omes moreand more important, leading in average to a stronger evaporation of nu
leons, and �nally to lighter evaporationresidues. This is re
e
ted by the substantial rise of the light fragment 
ross-se
tions between 300 and 1500 MeVper nu
leon. As the total rea
tion 
ross se
tion is overall rather 
onstant over the studied energy range, this is
ompensated by a de
rease of the produ
tion 
ross se
tions of the heaviest evaporation residues with in
reasingenergy. It appears that masses around 46-47 are produ
ed with a 
ross se
tion almost independent of the beamenergy.
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500 MeV Fe+p
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FIG. 10: Mass distribution of the residual nu
lei in the spallation rea
tion 56Fe+ p at the �ve di�erent beam energies.



11B. Comparison with other experimental data1. Reverse kinemati
sThe present data 
an be 
ompared with the ones obtained byW. R. Webber and 
ollaborators using the reversekinemati
s method. Measurements were performed on either a thi
k CH2 target (from � 2g=
m2 to � 6g=
m2)subtra
ting the 
arbon 
ontribution [5{7℄, or a liquid-hydrogen target (1:52g=
m2) [3, 4℄ at SATURNE. In both
ases, the fragments were dete
ted with a teles
ope of s
intillators and Cerenkov 
ounters.The 
harge distributions of the spallation residues for several iron beam energies from 330 to 1615 A MeV[4, 5, 7℄ have been measured down to Z around 15. In Fig. 11, these results (histograms), at beam energies 
loseto ours, namely 1512, 1086, 724, 520 and 330 A MeV are 
ompared with the present 
ross-se
tions (symbols)summed over masses to obtain the 
harge distribution. The overall agreement is satisfying in terms of variationwith energy and 
harge of the residue. A systemati
 dependen
e of the element 
ross se
tions with the parityof Z is 
onsistently observed in both experiments. The deviation fa
tor, i.e. the average ratio between the twoexperiments has been 
al
ulated and is shown in Table I. The 
ross-se
tion for Z=24 at 1512 A MeV, for whi
hthe Webber value is mu
h larger than the neighboring 
ross se
tions and in
onsistent with a general trend,is ex
luded. At the three highest energies, it is perfe
tly 
ompatible with the pre
isions of both experiments(5% to 20% for Webber et al. and 9% to 15% here). At 300 A MeV (330 A MeV), the dis
repan
y is largerbut still a

eptable 
onsidering the di�erent energies (10%) of the two measurements. The highest value (1.28)for the deviation fa
tor is found at 500 A MeV (520 A MeV). Although this 
ould be 
aused by a parti
ularexperimental problem at this energy, it is still 
ompatible within the respe
tive errors, espe
ially if one bearsin mind that at low energy both errors are larger: in our 
ase be
ause of the large transmission 
orre
tion andin the 
ase of Webber be
ause of 
orre
tions for se
ondary rea
tions. The same reasons 
ould explain the fa
tthat, for a given energy, the disagreement is in
reasing with de
reasing Z values, as it 
an be seen in Fig. 11.Another argument is that if we plot 
harge-
hanging 
ross se
tions as a fun
tion of the beam energy for various
harges, our results at 500 A MeV are �10% below a smooth interpolation based on the other measured energieswhereas the Webber values are �20% above the interpolation.Energy/A (MeV) 300 500 750 1000 1500Deviation fa
tor 1:23 1:28 1:01 0:89 0:88TABLE I: Average ratio of the 
harge-
hanging 
ross-se
tions measured by Webber et al. [4, 5, 7℄ divided by the valuesfrom this experiment.
The isotopi
 produ
tion 
ross-se
tions have also been measured previously but only at one energy (573A MeV), using a liquid-hydrogen target [3, 4℄ and were limited to rather large 
ross-se
tions. The ratio betweenthese values and the present data is displayed in Fig. 12, in
luding the respe
tive errors. The lines representthe ratios of the 
ross se
tions at 573 A MeV and 500 A MeV 
omputed with the INCL4-GEMINI 
ombinationof models. It shows that the di�eren
e in energy between the two experiments is not negligible for the lightestfragments, for whi
h it 
an lead to di�eren
es of 30 to 40%. The agreement between the data is quite good forresidues 
lose in mass to iron but the di�eren
e in
reases for lighter isotopes. The value of the ratio is frequentlyhardly 
ompatible with the expe
ted value given by the line.A
tually, one would expe
t a smooth variation of the mean value and of the width of the isotopi
 distributionwith element 
harge. In Fig. 13 are represented the mean mass-over-
harge ratio as the fun
tion of Z, summingonly the isotopes measured by both experiments. Clearly these quantities are more 
u
tuating in the Webber etal. experiment, in parti
ular for potassium (Z=19) data and to a smaller extent for argon (Z=18) and titanium(Z=22) ones. The use of our full isotopi
 distributions, whi
h extend mu
h beyond the ones of Webber et al.,does not make a large di�eren
e. 2. Dire
t kinemati
sResults in dire
t kinemati
s have been obtained by R. Mi
hel and 
ollaborators [2, 34, 35℄ by irradiation ofnatural iron targets at di�erent proton beam energies, allowing the determination of ex
itation fun
tions from
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FIG. 11: Nu
lear-
harge distribution of the residual nu
lei for the �ve energies with s
aling fa
tors (2/1/0.5/0.25/0.125respe
tively from 1500 A MeV to 300 A MeV) applied for 
larity. Points 
orrespond to the present data, and solidhistograms are data from Webber et al. [5, 7, 7℄ at 
lose energies : 1512, 1086, 724, 520 and 330 A MeV.
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ross-se
tions measured by Webber et al. at 573 A MeV [3, 4℄ and the present experimentat 500 A MeV for ea
h element as a fun
tion of the mass number. Lines are theoreti
al predi
tions from INCL4-GEMINIfor this ratio.a few tens of MeV to about 2 GeV. Some of the produ
ed residual nu
lei have been measured and identi�ed bytheir gamma-ray de
ay spe
trum or by mass-spe
trometry. These data are 
ompared to our experimental datain Fig. 14 and Fig. 15. Results 
an be split into \
umulative" and \independent" nu
lei meaning that they are
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FIG. 13: Ratio of the mean nu
lear-mass value to the 
harge for ea
h element measured byWebber et al. at 573 A MeV [3,4℄ (bla
k 
ir
les) and in the present experiment at 500 A MeV (open squares). Bla
k squares are for the same quantityevaluated from all isotopes measured in this experiment.or not populated by a de
ay 
hain. In the 
ase of 
umulative 
ross-se
tions, our own 
ross-se
tions have beensummed along the de
ay 
hain before 
omparing with Mi
hel's data. The following isotopes: 36Cl 42K, 46S
,48S
 54Mn and 52Fe are \independent".Our data follow quite well, in most of the 
ases, the dependen
e on energy obtained in the Mi
hel et al.experiment. This is very satisfying if we 
onsider the di�eren
e between the two experimental methods. Someof the important di�eren
es that 
an be noti
ed may be due to the use of natural iron in the 
ase of Mi
hel's data.For instan
e, the observed higher 
ross-se
tion for 52Fe 
ould 
ome from a 
ontribution of the (p,2n) rea
tionon 54Fe adding to the (p,4n) on 56Fe. Although there is only 6% of 54Fe in natural iron, the e�e
t shouldbe non-negligible sin
e (p,2n) is 40 times more probable than (p,4n) as dedu
ed from our results. Conversely,the lower 
ross-se
tions found by Mi
hel for 52Mn and the higher one for 56Co at high energy do not seem
ompatible with the tenden
y dedu
ed from our isotopi
 distributions.
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FIG. 14: Ex
itation fun
tions of some residual nu
lei produ
ed in the spallation rea
tion of proton on iron. Open dotsare the data of R. Mi
hel et al. obtained by a dire
t irradiation [34, 35℄ and bla
k triangles 
orrespond to the presentexperimental data at 5 energies. Independent isotopes are indi
ated (Ind.).
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FIG. 15: Ex
itation fun
tions of some residual nu
lei produ
ed in the spallation rea
tion of proton on iron. Open dotsare the data of R. Mi
hel et al. obtained by a dire
t irradiation [34, 35℄ and bla
k triangles 
orrespond to the presentexperimental data at 5 energies. Independent isotopes are indi
ated (Ind.).Finally, we 
an say that the present results are qualitatively in good agreement with former measurements.The fa
t that we have 
omplete isotopi
 distributions extending down to lighter nu
lei than previously measured,on a wide range of energy, allows us to 
he
k the 
onsisten
y of our own results and dete
t possible in
onsisten
iesin other sets of data. C. Comparison with parametri
 formulasSin
e 1950, parametri
 formulas have been developed by astrophysi
ists with the aim of predi
ting the pro-du
tion 
ross-se
tions of the residual nu
lei in spallation rea
tions. These formulas are used in 
ase of lightand intermediate nu
lei present in the 
omposition of the 
osmi
-rays like iron. In this se
tion we present the
omparison of our new experimental data with the results of three of these parametri
 formulas: Webber [36℄,EPAX [37℄ and Silberberg and Tsao [38, 39℄ formulas.



161. Webber's formulaThis parametri
 formula has been developed by Webber et al. [36℄ from the experimental data shown in theprevious se
tion. It is used in 
ase of light spallation residues with Zi < 28 and for energies of the proje
tileE > 200 MeV.The form of this formula is :�(Ai; Zi; E) = �0(Zi; Zt) � f1(Zi; Ai; Zt; At) � f2(E;Zi; Zt)for residual nu
lei (Zi; Ai) of the spallation rea
tion on a target nu
lei (Zt; At) at energy E.� The �rst fa
tor �0(Zi; Zt) gives the 
harge distribution of the residues� f1(Zi; Ai; Zt; At) des
ribes the isotopi
 
urves (from their data at 573 MeV per nu
leon)� f2(E;Zi; Zt) gives the energy dependen
e
Fe + p - Webber
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FIG. 16: Comparison between present results at 5 energies (symbols) and the results obtained with Webber's formula(solid lines). S
aling fa
tors (2/1/0.5/0.25/0.125 respe
tively from 1500 A MeV to 300 A MeV) are applied for 
larity.In Fig. 16 the 
omparison of our mass distribution with the predi
tions of the Webber's formula is shown.A rather good agreement is obtained at all the energies 
onsidered here for the heaviest residues, whi
h arepre
isely those already measured by Webber et al. and used to determine the parameters of the formula.However, there seems to be some os
illations in the 
ross-se
tions not observed in the data. A
tually, the
harge distribution, not shown, is more a

urately predi
ted by the formula. This 
omes from the fa
t that theisotopi
 distributions predi
ted by the Webber's formula have smaller widths than those obtained experimentally(see Fig. 19). A probable explanation is that only very few isotopi
 data were existing at the time when theformula was established. Therefore, the isotopi
 dependen
e 
ould not be properly determined. Furthermore,the extrapolation of the parametri
 formula for light residues that are measured here for the �rst time showsan important dis
repan
y with the data. Even if this parametri
 formula 
an be useful for determining theprodu
tion of the most produ
ed spallation residues, this illustrates the danger of using parametri
 formulasoutside the range in whi
h they were adjusted.



172. The EPAX formulaEpax formula [37℄ was 
reated with the aim of des
ribing the produ
tion of residues in fragmentation rea
tionsbetween heavy ions in what is 
all the limiting-fragmentation regime in whi
h the residue produ
tion 
ross-se
tion does not depend anymore on the energy of the proje
tile. Although not fully valid for protons atthese energies, it might be instru
tive to know how 
lose its predi
tions are to the present data. The limiting-fragmentation regime for the spallation rea
tion Fe + p is expe
ted to be rea
hed for energies of a few GeV pernu
leon so here we 
an just expe
t the 1.5 A GeV data to be 
omparable with it.It 
an be used for spallation rea
tions with protons in the 
ase of target nu
lei of masses 18 < At < 187,although developed mainly for heavy-ion rea
tion . It is 
omposed by two fa
tors :�(Zi; Ai) = YA � �(Zprob � Zi)with :� YA a fa
tor to des
ribe the mass distribution of the fragments (Zi; Ai)YA = S2(A1=3t +A1=3pro + S1) � P � exp[�P (At �Ai)℄and lnP = P2 �At+P1. S1, S2, P1 and P2 being adjusted parameters and Apro the mass of the proje
tile(one here for protons).� �(Zprob � Zi) des
ribes the isobari
 
urves with Zprob as the 
harge for the maximal produ
tion. Thevarious Zprob values as a fun
tion of A de�nes the so 
alled residue 
orridor in this approa
h.In Fig. 17 our experimental results (symbols) are 
ompared with the predi
tions of the EPAX formula. Theexperimental data at 1.5 GeV per nu
leon are expe
ted to be the ones 
losest to the limiting fragmentationregime, therefore we have renormalized the fa
tor S2 so that the formula gives the total rea
tion 
ross-se
tionmeasured at 1.5 GeV per nu
leon (794 mb). Sin
e the EPAX total 
ross se
tion was 617 mb, this led to amultipli
ation by 1.28.It 
an be seen, as expe
ted, that as the energy in
reases the mass distribution gets 
loser and 
loser to theEPAX predi
tion, with a quite good agreement at 1.5 GeV per nu
leon. However, the lightest residues are stilloverestimated by the formula. The EPAX formula predi
ts also a more important evaporation of neutrons thanseen in the isotopi
 
ross-se
tion data. In fa
t the measured N/Z ratio of the residues is higher than the one ofthe residue 
orridor whi
h is used in the formula.3. Silberberg and Tsao's formulaThe �rst version of this parametri
 formula has been developed in 1973 [40℄ with the experimental datameasured by Rudstam [41℄ 
on
erning the spallation residues in the spallation rea
tion p + Fe at 340 MeV.Various improvements, espe
ially the beam-energy dependen
e, have been added in su

essive versions [38, 39℄.It 
an be written as : �(A;Z;E) = �0 � f(A) � f(E) � e�P (E)�A � e�RjZ�SA�TA2j�
 � � � �where :� �0 is a normalization to the total rea
tion 
ross-se
tion� f(A) and f(E) are fa
tors used only in the 
ase of target nu
lei Zt > 30� e�P (E)�A represents the redu
tion in the produ
tion 
ross-se
tion with the mass di�eren
e (�A) betweenthe residue and the target nu
lei and an energy dependen
e through the P parameter



18
Fe + p -  Epax

10
-1

1

10

10 2

15 20 25 30 35 40 45 50 55

1500 A MeV
1000 A MeV
750 A MeV

500 A MeV

300 A MeV

A

C
ro

ss
-S

ec
ti

o
n

 (
m

b
)

FIG. 17: Comparison between the present measured mass distributions (symbols) and the results obtained with theEPAX formula (solid line).� e�RjZ�SA�TA2j� des
ribes the width and the position of the maximum in the isotopi
 and isobari
 pro-du
tion� 
 takes into a

ount the level stru
ture of the residual nu
lei� � is a fa
tor for the pairing of protons and neutrons� � represents an in
rease in the produ
tion of very light residuesIn Fig. 18 a 
omparison of this formula with the experimental results presented in this work is shown. Ingeneral, the agreement is very good for all energies between 10 % and 30 % at 300 MeV per nu
leon where thedis
repan
y is larger.This last parametri
 formula appears as the most suitable to reprodu
e the present data, probably be
auseof the largest data base used to derive it, whi
h 
ontains systems rather 
lose to the ones studied here. Theseformulas are quite useful for qui
kly 
al
ulating produ
tion rates. Although some physi
al ingredients arepresent to derive them, more sophisti
ated approa
hes are needed to better handle the physi
s in
luded inspallation rea
tions and to des
ribe more fully other observables than 
ross-se
tions.4. Isotopi
 distribution shapesIn the pre
eding se
tions only mass distributions were 
ompared to the predi
tions of the parametri
 formula.It is also interesting to know how they reprodu
e the isotopi
 distributions. A powerful way to look at this isto 
ompare the shape of the mass distributions of ea
h element through the mean value and width of the mass-over-
harge distributions as a fun
tion of Z. This is what is shown in Fig. 19 in whi
h the experimental resultsat 1500 MeV per nu
leon (for better 
han
e of agreement of EPAX) are 
ompared with the three parametri
formula. It 
an be seen that, as 
on
erns the mean mass-over-
harge, Webber's formula and EPAX agree ratherwell with the data while Silberberg-Tsao's predi
ts a slightly too high value. Regarding the widths, EPAX isa

eptable and Webber tends to produ
e a too narrow mass distribution, maybe be
ause the formula was �ttedon his isotopi
 data whi
h have a rather limited extension. Silberberg-Tsao gives a nearly 
onstant width withZ, in 
ontradi
tion to the experimental shape. This means that this formula, whi
h gave the best agreementfor mass distribution, should be used with 
aution if one wants to estimate isotope produ
tion 
ross-se
tions.
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FIG. 18: Comparison between present experimental results at the �ve energies (symbols) and the results obtained withthe Silberberg and Tsao's formula (solid lines). S
aling fa
tors (2/1/0.5/0.25/0.125 respe
tively from 1500 A MeV to300 A MeV) are applied for 
larity.
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FIG. 19: Mean values and width of the mass-over-
harge distributions as a fun
tion of element 
harge measured at1500 MeV per nu
leon 
ompared with the predi
tions of the parametri
 formulas of Webber (solid line), Silberberg-Tsao(dashed-dotted line) and EPAX (dashed line).D. Comparison with modelsThe design and optimization of spallation sour
es requires the knowledge of a large number of quantitiesdire
tly related to spallation rea
tions in di�erent materials and at various energies. Sin
e exhaustive measure-ments of su
h a large amount of data are beyond the experimental possibilities, one needs to develop spallation



20models with a good predi
tability that 
an be used in transport 
odes for simulations. This implies a deeperknowledge of the physi
s of the spallation rea
tions.Spallation is generally des
ribed by a two-step me
hanism. The �rst stage of intra-nu
lear 
as
ade pro
ess(INC) governed by nu
leon-nu
leon 
ollisions, leads to an ex
ited nu
leus after the eje
tion of a few energeti
parti
les (p, n, �, d, � et
.). The se
ond longest phase follows 
orresponding to the evaporative de
ay of theex
ited remnant nu
leus with a possible 
ompetition with �ssion and Fermi break-up in some 
ases. Someapproa
hes in
lude also an intermediate stage of pre-equilibrium to a

ount smoothly for the transition to thefull thermalization of the evaporating nu
leus.Old INC models are still 
urrently used in the high-energy transport 
odes employed for appli
ations asBertini [42℄ or ISABEL [43℄) models. However, re
ently, a renewed interest for INC 
odes has been triggeredby new available spallation data. Among them one 
ould 
ite re
ent improvements on the INC 
odes foundin [44, 45℄. In the present work, we have 
ompared the experimental results of the spallation residues on iron tothe predi
tions of three INC 
odes: Bertini 
ode, ISABEL and INCL4 [44℄. Sin
e a long time, the �rst two onesare available in transport 
odes like LAHET3 [46℄ and MCNPX [47℄ for simulations of ma
ro-systems, Bertini(with pre-equilibrium) being used by default. INCL4 was only re
ently implemented in these 
ode systems aswell as CEM [45℄. The basi
 physi
al assumptions are rather similar but di�er in their implementation, forinstan
e the way to develop the NN series of intera
tions, the way to treat Pauli blo
king or the 
riterium tostop the INC stage. Note that we have used the implementation of ISABEL in LAHET3 whi
h is blo
ked above1 GeV. But this does not means that this 
as
ade is not valid at higher energies.For the se
ond stage of the rea
tion, the most 
ommonly used de-ex
itation 
ode (and default option) inLAHET and MCNPX is the Dresner evaporation 
ode [48℄ 
omplemented with the At
hison model for �ssion [49℄.It uses the Weisskopf-Ewing formalism [50℄ for the treatment of the evaporation, as do the more re
ent modelsABLA [51℄ and GEM [52℄. Mainly, these three 
odes di�er in the formulas and parameters used to des
ribedthe level densities, the Coulomb barriers and the inverse rea
tion 
ross-se
tions. The Dresner 
ode in
ludesonly the evaporation of light parti
les: neutrons, hydrogen and helium isotopes. The ABLA 
ode has beenmainly tuned for heavy systems with a parti
ular interest on the �ssion des
ription. In the version used inthis work only neutrons, protons and alpha parti
les are evaporated. Furthermore shell and pairing e�e
ts aswell as gamma de
ay were not taken here into a

ount. The GEM 
ode is a re
ent update of the Dresnermodel with new parameters and extends the Weisskopf-Ewing formalism to the evaporation of intermediate-mass fragments up to Z = 12. A
tually the three 
odes (Dresner, ABLA and GEM) do not take into a

ountin the evaporation pro
ess the angular momenta, whi
h in fa
t are relatively small in spallation rea
tionsindu
ed by in
ident protons. Fission of heavy systems is des
ribed in a Bohr and Wheeler approa
h usingphenomenologi
al fragment distributions in At
hison and GEM. In ABLA �ssion is treated as a dynami
alpro
ess taking into a

ount the nu
lear vis
osity, and the fragment distribution is essentially obtained throughthe 
al
ulated population of states above the mass-asymmetri
 
onditional saddle point.As will be shown in the following, 
onventional Weisskopf-Ewing evaporation may be not suÆ
ient to a

ountfor our data. This is why we will also 
ompare our results to models predi
ting the emission of intermediate-mass fragments through other me
hanisms. The GEMINI model [53℄ treats evaporation of light parti
les withinthe Hauser-Feshba
h formalism [54℄, taking expli
itly into a

ount the angular momentum. Following the ideaof Moretto [55℄ that there should be a 
ontinuous transition between evaporation and �ssion, for all systemsin
luding light ones, the emission of intermediate fragments is handled as asymmetri
 �ssion in the TransitionState Model. The transition between Hauser-Feshba
h evaporation and asymetri
 �ssion 
an be 
hosen througha parameter: in the present work, this parameter has been set so that the Transition State Model is used forfragments above helium. Several other options exist in the 
ode. We have used the ones re
ommended by theauthor. Some tries to vary them, although not exhaustive, do not reveal strong di�eren
es in the des
ription ofthe present data.The SMM 
ode is a numeri
al implementation of the Statisti
al Multifragmentation Model from [56℄ oftenused to des
ribe heavy-ion 
ollisions in whi
h multifragmentation is more likely to arise. The parameters todes
ribe the multifragmentation pro
ess are the standard ones as des
ribed in [57℄. In parti
ular, the asymptoti
freeze-out volume is three times the initial one. The evaporation is treated in the Weisskopf-Ewing formalismup to fragment mass 18, and the lightest primary fragments de
ays are treated by the Fermi break-up [58℄.In the 
omparison between experimental data and model predi
tions, it is always diÆ
ult to disentangle therespe
tive roles of the intra-nu
lear 
as
ade, whi
h determines the 
hara
teristi
s of the remnant nu
leus (
harge,mass, angular momentum and ex
itation energy) at the end of the 
as
ade stage, and of the de-ex
itation model.For instan
e, the under-predi
tion by the INCL4-ABLA 
ombination of models of the light evaporation residue
ross-se
tions observed for heavy systems [18, 44℄ 
ould be as
ribed either to a too low ex
itation energy givenby INCL4 or to a de�
ien
y of ABLA at the highest ex
itation energies. However, some observables 
an befound that are more sensitive to one rea
tion stage or the other. In the following, we will try, as far as possible,to disentangle the in
uen
es of the intra-nu
lear 
as
ade and of the de-ex
itation stage in the 
omparison withthe di�erent observables.



211. Total rea
tion 
ross-se
tionThe total rea
tion 
ross-se
tion is 
learly one of the observables that depends only on the INC model sin
eit is mainly related to the probability that the in
ident nu
leon makes a 
ollision with one nu
leon of thetarget and that this 
ollision is not blo
ked by the Pauli prin
iple. In Fig. 20 we present the total rea
tion
ross-se
tions obtained for the �ve energies analyzed in this work. They were 
al
ulated by summing up theisotope produ
tions tabulated in the appendix. The summation has been done down to Z=8-10 depending onthe bombarding energies. The 
ontribution of the unmeasured isotopes have been estimated to be at most a fewper
ents, i.e. smaller than the error bars. The fa
t that the lightest fragments 
ould 
ome from binary breakupsand therefore leads to a possible double 
ounting in the total rea
tion 
ross-se
tion is also negligible. A
tually,the two 
ontributions play in opposit dire
tions and even more or less 
ompensate. Previous experimental datafrom the Barashenkhov 
ompilation [59℄ are also shown on this �gure. A reasonable agreement is observedbetween most of the previous data and the present ones for both the absolute values and the behavior withthe in
ident energy. The predi
tions of all the three INC 
odes agree with the data within the experimentala

ura
y, the di�eren
e between them being at most 10 %. This is not surprising sin
e these INC models areknown to generally well reprodu
e the total rea
tion 
ross-se
tions at energy above a hundred MeV [44, 46℄.This observable 
annot be used to dis
riminate between these three 
odes.
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FIG. 20: Total rea
tion 
ross-se
tions of protons on iron as a fun
tion of the bombarding energy. Our �ve experimentaldata are 
ompared to the 
ompilation of previous experimental data from Barashenkhov [59℄ and the values given bythe three INC 
odes : Bertini, ISABEL (not available for E > 1 GeV in LAHET3) and INCL4.
2. Mass and 
harge distributionsIn this se
tion we examine the various model predi
tions 
ompared to the mass or 
harge distributionsobtained by summing the measured isotopi
 
ross-se
tions. For 
ompleteness the light fragment 
ross se
tionsanalyzed in [29℄ and obtained during the same experiment are also in
luded at 1 GeV per nu
leon.We �rst investigate the in
uen
e of the 
hoi
e of the INC model. In Fig. 21 the mass and 
harge distributionsof the residual nu
lei produ
ed at 1 GeV is shown and 
ompared to the Bertini intra-nu
lear 
as
ade (pluspre-equilibrium) followed by the Dresner evaporation. Both mass and 
harge distributions lead to the same
on
lusions. The produ
tion yields of residues 
lose to iron whi
h are the major part of the spallation 
ross-se
tion are underestimated while the yield of intermediate-mass residues is on the 
ontrary overpredi
ted. Thesame 
on
lusions were already obtained for heavy nu
lei [18℄. This behavior 
ould be as
ribed to a too highex
itation energies at the end of the Bertini intranu
lear 
as
ade even after the introdu
tion of a preequilibriumphase. A 
omparison is also shown with INCL4 followed by the same evaporation 
ode. The 
al
ulations nowpredi
ts less ex
ited remnants and a more satisfa
tory agreement is obtained for the heaviest residues but thelight ones are still underestimated. It 
an be also noti
ed that, in both 
ases, the produ
tion of very lightfragments is by far underpredi
ted. Another 
omparison is shown in Fig. 22 between the mass distribution
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FIG. 21: Mass distribution of the spallation residues of iron at 1 A GeV 
ompared to the Bertini and INCL4 INC models
ombined with the Dresner evaporation 
ode.of the spallation residues and the predi
tions of two di�erent INC models, now ISABEL and INCL4, followedby the ABLA evaporation. This last 
ombination has been shown to reprodu
e satisfa
torily many spallationdata [44℄ in a wide domain and without adjustment of parameters. Both 
al
ulations give a similar gooddes
riptions of the residues 
lose to iron and an underpredi
tion of intermediate and light nu
lei 
ross-se
tions.This underpredi
tion of INCL4-ABLA is in fa
t 
onsistent with light evaporation residue 
ross-se
tions obtainedfrom heavier nu
lei (lead and gold) [44℄. A
tually, for the heaviest nu
lei whi
h are mainly formed in peripheral
ollisions with low ex
itation energy, the evaporation plays a less important role than the intra-nu
lear 
as
adesin
e only a very little number of nu
leons is evaporated. The fa
t that both 
al
ulations have the same behaviorand are rather good for heavy residues suggests that the underpredi
tion of the light residues is not due to ala
k of ex
itation energy. Indeed, we have seen in the 
omparison with Bertini in Fig. 21 that a larger ex
itationenergy does lead to a larger produ
tion of light fragments but to the detriment of heavy ones whi
h 
annot be
ounterbalan
ed by playing with evaporation models. This rather indi
ates that the problem 
omes from thede-ex
itation stage. In the following we will not 
onsider anymore the Bertini model for whi
h many shot
omingshave been pointed out [13℄, [18℄, [60℄. We will mainly restri
t the 
omparisons with various de-ex
itation modelsusing INCL4 in the �rst stage, sin
e ISABEL generally gives similar results.Figure 23 shows the INCL4 intranu
lear 
as
ade 
oupled with the GEM model, whi
h takes into a

ount alsoevaporation of intermediate-mass fragments. The 
al
ulated 
ross-se
tions for the intermediate mass residuesare improved 
omparatively to ABLA. However one observes a slight underestimation of the residues 
lose toiron and the underpredi
tion of the very light fragments still persists for masses slightly smaller than withABLA.From the 
omparison with the three evaporation models (Dresner, ABLA and GEM) and the remark 
on-
erning ex
itation energy made above, it 
an be presumed that standard evaporation models, even in
ludingthe emission of IMF (GEM), 
annot reprodu
e the bulk of our data. This is why we tried other models whi
hin
lude other de-ex
itation modes.On Fig. 23, are also shown the predi
tions of GEMINI. If on the heavy fragments the results are slightlyless satisfa
tory than with GEM, the behaviour for A lower than 30 is signi�
antly improved. Probably dueto its 
apability of predi
ting asymmetri
 �ssion in the Transition State Model pres
ription, GEMINI appearsas the best suited 
ode to reprodu
e the bulk of the data ex
ept at the lower energy (300 MeV per nu
leon).A
tually at 300 MeV per nu
leon, all the 
al
ulations, whatever the 
hoi
e of INC or de-ex
itation models, startto deviate from experiment around A equal 48.Even-odd disymmetry of the 
ross se
tions are 
learly visible on an unlarged pi
ture of the Z distributionat 1 GeV per nu
leon in Fig. 24 representative also of other energies. In spite of a small underpredi
tion ofthe absolute 
ross-se
tions with GEMINI, the ratios between odd and even Z 
ross-se
tions are very 
lose tothe experimental ones. Whereas GEM gives a too strong e�e
t, ABLA predi
ts (with the present version) aslightly too small even-odd e�e
t. But for the largest 
ross-se
tions above 18 the INCL4-ABLA remains themore pre
ise predi
tion of the experimental values.Another me
hanism that 
ould be invoked to explain our large yields of light fragments 
ould be the onset of
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FIG. 22: Mass distribution of the spallation residues of iron at 1 A GeV 
ompared to two di�erent INC 
odes (INCL4 [44℄and ISABEL [43℄) 
ombined with the ABLA evaporation 
ode [51℄.
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FIG. 23: Spallation residue 
ross-se
tions of iron as a fun
tion of there mass number 
ompared with a 
al
ulationwith INCL4 
oupled with GEM (dashed lines) or GEMINI (
ontinuous lines). Points are data of the present paper
omplemented for low masses at 1 GeV by the ones of [29℄ obtained during the same experiment.multifragmentation at the highest ex
itation energies [29℄. The 
oupling of INCL4 with the multifragmentationmodel, SMM, is shown in Fig. 25. The model well des
ribes the heavy residues and the ones with mass between
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FIG. 24: Charge distribution of the spallation residues of iron at 1 A GeV 
ompared to the INCL4 
as
ade 
oupled to thedeex
itation models GEM, GEMINI and ABLA.20 and 30. However, it overpredi
ts the lighest fragments and disagrees strongly with the data in the A region30-45. The 
ontribution of fragments produ
ed by multifragmentation is shown as the dashed 
urve in the �gure(multifragmentation events being identi�ed by the entry into the multifragmentation routine in the 
ode [61℄).The major part of the light fragment 
ross-se
tion is produ
ed by multifragmentation while masses above 25are mostly originating from evaporation. However, it is likely the opening of multifragmentation that 
ausesthe hole in the region A = 30 � 45, not observed experimentally. Our results are at varian
e with what wasfound in [29℄, where SMM 
oupled to another INC model (from [62℄) was giving a good agreement with thedata, provided that a pre-equilibrium stage was added. With INCL4, whi
h as explained in [44℄, handles what isoften 
alled the pre-equilibrium stage, the best agreement with the whole set of data is obtained with GEMINI.
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AFIG. 25: Cal
ulation of the 
ross se
tions with INCL4 and SMM (solid line) 
ompared to data points at 1 A GeV. Themultifragmentation 
ontribution to the 
al
ulation is the dashed line.However, a 
lear 
on
lusion on the me
hanism responsible for the light and intermediate fragment produ
tionis diÆ
ult and would need more 
onstraining information. It seems rather 
lear that the traditional Weisskopf-Ewing evaporation as used in ABLA or even in GEM, whi
h evaporates IMFs, miss the produ
tion of the lighestnu
lei. However, the reason for the su

ess of GEMINI, Hauser-Fesba
h treatment or asymmetri
 �ssion fromthe Transition-state-model, is not fully understood and a possible 
ontribution of multifragmentation is notruled out. Forth
oming ex
lusive experiments will probably help to 
larify the situation by an identi�
ation ofthe various fragments emitted in 
oin
iden
e during the de-ex
itation stage of the rea
tion.



253. Isotopi
 distributionsIn this experiment, more than 500 individual isotopi
 
ross se
tions have been measured whi
h have been
ompared systemati
ally to 
al
ulations done with the four di�erent de-ex
itation 
odes (ABLA, GEM, GEMINIand SMM) 
oupled with INCL4. As an example, the 
omparison of GEMINI (full line) and ABLA (dashedline) with a sele
tion of measured isotopi
 
ross se
tions at 1 A GeV is shown on Fig. 26. Ex
ept for the betterlevel of 
ross se
tions for light residues from GEMINI, already seen when looking at the mass distributions, itis diÆ
ult to 
on
lude about the detailed quality of ea
h model.
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FIG. 26: A sele
tion of isotopi
 distributions of 
ross-se
tions measured at 1 A GeV 
ompared with INCL4-GEMINI
al
ulations (
ontinuous lines) and INCL4-ABLA (dashed lines).A more powerfull way to make the 
omparison is to look at the shapes of the isotopi
 distributions for ea
helement through the mean atomi
 mass (hAi) divided by the 
harge Z of the element and the width (root meansquare) of the measured (or 
omputed) distributions. Figure 27 presents the 
omparison of these quantities withGEMINI at the �ve energies while Fig. 28 shows the results INCL4 
oupled to either ABLA, GEM or SMMat 1 A GeV. A
tually, it is remarkable that the deviations between models and experiment are qualitativelyindependent of the beam energy. This 
an be 
he
ked on Fig. 27 for GEMINI but holds also for the 
omparisonwith the other models. For this reason, the 
omparison with the other three models is shown only at 1 A GeVin Fig. 28. But again, the following 
on
lusions are the same at all the energies.For Z equal 25, 26 and 27 (not measured at 1 A GeV), 
ross se
tions are dominated by the 
as
ade, leavingthe remnant nu
leus with very little ex
itation energy. Therefore, the 
hoi
e of the evaporation model playpra
ti
ally no role and basi
ally the hAi=Z is perfe
tly reprodu
ed. The average value of the isotopi
 distribution(hAi=Z) is a
tually very well predi
ted by GEM and GEMINI on all the range (down to Z equal 8 to 9), withthe 
orre
t odd-even e�e
ts, whereas ABLA gives a value systemati
ally too small. The SMM model gives a
orre
t 
entroid down to Z equal 20 but is the worst below this value with a distribution 
entered one massbelow the data at lower Z. As regards the width of the distributions, none of the models is good on all the Zrange. The widths 
omputed from GEMINI are systemati
ally a little too wide. With GEM and ABLA, theyare too wide only in the range 20-25, otherwise they are very 
lose to the data. For SMM, it is the 
ontrary,rather good at high Z but too narrow for lower 
harges. This fa
t was already noti
ed in [63℄.All this shows that none of the de-ex
itation models is perfe
t. However, taking into a

ount the informationfrom both the 
ross-se
tions and the isotopi
 distribution shapes, it 
an be 
on
luded that the GEMINI givesthe best agreement with our data. 4. Re
oil velo
ities.Con
erning the kineti
 
hara
teristi
s of the fragments, we show in Fig. 29 a 
omparison between the ex-perimental mean longitudinal re
oil velo
ities for ea
h mass and the ones 
al
ulated with the INCL4 model
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FIG. 27: Mean atomi
 mass A over Z (hAi=Z) and rms (�(A)) of the isotopi
 
ross se
tion distributions as a fun
tionof the atomi
 number Z, at the �ve bombarding energies, 
ompared to 
al
ulations done with the intranu
lear 
as
adeINCL4 model 
oupled with GEMINI. The 
al
ulated values have been averaged over the a
tually measured isotopes.
ombined with ABLA or GEMINI at 1 A GeV. The same 
omparison is also done for the width (root meansquare) of the longitudinal distribution (right part of the �gure).One 
an observe an important dis
repan
y between the experimental mean re
oil velo
ities and values pre-di
ted by the models. It is worthwhile to note that the experimental data de
rease mu
h more slowly withde
reasing mass than the values predi
ted by the 
odes. Furthermore, they seem to saturate at a mass valueof 35. This saturation is not seen with ABLA. Only GEMINI shows a 
lear tenden
y towards saturation belowA=30. For the widths, on the 
ontrary, the agreement with the experimental data is better, espe
ially whenusing GEMINI. This behavior, presented here at 1 GeV, is very similar at the others energies analyzed in thisexperiment (Fig. 30). The better agreement with GEMINI 
ould be due to the existen
e of binary de
aysin de-ex
itation phase that redu
es the mean longitudinal velo
ity of the �nal residual nu
lei sin
e the re
oilmomentum will originate from a heavier nu
leus and will be split between two partners emitted in an arbitrarydire
tion with respe
t to the beam one. In the same �gure, are also shown the predi
tions from systemati
s ofMorrisey [64℄, whi
h more or less give the 
orre
t slope for large mass but miss the saturation observed in thedata. A
tually, the two other de-ex
itation models GEM and SMM, not shown here, give results rather similarto ABLA: rather good for the widths but a slope too steep and an inability to des
ribe the saturation of themean values.The fa
t that the mean re
oil velo
ities for the heaviest masses is not well predi
ted 
annot be as
ribed to the
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FIG. 28: Same as �g 27 but only at 1 A GeV for 
omparison with 
al
ulations done with the intranu
lear-
as
ade INCL4model 
oupled with ABLA (full line), GEM (dashed line), and SMM (dashed-dotted line).de-ex
itation models but should rather raise questions on the intranu
lear 
as
ade. This is why we have alsoperformed a 
al
ulation using ISABEL 
oupled to ABLA, whi
h is presented in Fig. 29. Obviously, ISABELbetter reprodu
es both the mean values and the widths for masses larger than 50, indi
ating a possible de�
ien
yof INCL4 in the re
oil velo
ity determination. A
tually, a similar systemati
 deviation of INCL4 
on
erning themean velo
ities has already been noti
ed for Pb+p at 1 GeV/A [18℄. However, the general trend of the ISABEL
al
ulation on the whole mass range leads to the same 
on
lusion that it is unable to give the 
orre
t slope andsaturation e�e
t of the experimental data. IV. CONCLUSIONThe spallation residues produ
ed in the bombardment of 56Fe at 1.5 , 1.0, 0.75, 0.5 and 0.3 A GeV on aliquid-hydrogen target have been studied using the reverse kinemati
s te
hnique and the Fragment Separatorat GSI (Darmstadt). This te
hnique has permitted the full identi�
ation in 
harge and mass of all isotopesprodu
ed with 
ross-se
tions larger than 10�2 mb down to Z = 8. Their individual produ
tion 
ross-se
tionsand re
oil velo
ities at the �ve energies have been obtained.
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FIG. 29: Mean (left) and Root Mean Square (right) values of the longitudinal re
oil velo
ity distribution for spallationresidues at 1 A GeV versus their atomi
 mass. Open 
ir
les are the experimental values. Down triangles are predi
tionsfrom the INCL4-ABLA 
al
ulation, up empty triangles from the ISABEL-ABLA and up full triangles from the INCL4-GEMINI 
al
ulation. Velo
ities are expressed in the beam (56Fe) rest frame and with a minus sign as being opposite tothe iron beam dire
tion.
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FIG. 30: Mean values and r.m.s. of the longitudinal re
oil velo
ity distribution for spallation residues versus their atomi
mass at all beam energies. Open 
ir
les are experimental values. Down triangles are predi
tions from the INCL4 +GEMINI 
al
ulation. The lines are the Morrissey systemati
s [64℄.The produ
tion 
ross-se
tions have been 
ompared with the previously existing data, either 
harge-
hanging
ross-se
tions with a few isotopi
 
ross-se
tions at one energy measured in reverse kinemati
s or ex
itationfun
tions for a limited number of isotopes obtained by 
-spe
trometry in dire
t kinemati
s. Globally, ourresults were found in good agreement with former data. This 
omparison also showed that our experimentalmethod leads to a mu
h more 
omplete pi
ture of the residue produ
tion than what was possible before withthe few s
attered results, allowing sometimes to dete
t possible in
onsisten
ies in other sets of data.Comparisons with parametri
 formulas, often used in astrophysi
s, have been performed: the Webber formulagives rather good predi
tions of the 
harge distributions but produ
es too narrow isotopi
 distributions. It alsototally fails for the lightest nu
lei (below A equal 30-35) in the region not measured at the time when thisformula was derived. The EPAX formula (on
e renormalized to give the 
orre
t total rea
tion 
ross-se
tion) isusable only in the limiting fragmentation regime, apparently not yet fully rea
hed at 1.5 A GeV. However, it



29nearly gives the right A dependen
e of the 
ross se
tions at our highest energy. The best formula seems to bethe Silberberg and Tsao one, whi
h is in very good agreement with the experimental mass distributions andmean value of the isotopi
 distributions at all the energies ex
ept at 300 MeV (as all the models). The useof parametri
 formulas 
an be of great help for a fast estimation for 
ertain appli
ations, but the example ofWebber's illustrates the possible danger of using parametri
 formulas outside the range on whi
h they havebeen adjusted. Our data 
ould 
ertainly be used to derive new, more relaible parametri
 formulas for use in
osmi
-ray propagation 
odes.Predi
tions of di�erent intranu
lear-
as
ade models (Bertini, ISABEL and INCL4) 
ombined with di�erentde-ex
itation models (Dresner, ABLA, GEM, SMM and GEMINI) have been 
onfronted to the new experimentaldata. INCL4 or ISABEL 
ombined with standard Weisskopf-Ewing evaporation models as ABLA or GEM givea good des
ription of the residual produ
tion 
lose in 
harge to iron but they underpredi
t systemati
ally thelight evaporation residues in the mass region 20-30. This fa
t, together with the saturation observed in theexperimental longitudinal velo
ity at low masses, 
ould be an indi
ation that another de-ex
itation me
hanismhas to be 
onsidered. A de-ex
itation in
luding a possible 
ontribution from multifragmentation, as treatedby SMM, improves signi�
antly the predi
tions of light and intermediate mass fragments but at the detrimentof residues in the region A = 30 � 45. SMM also misses the saturation of the re
oil velo
ity and do notproperly predi
t the isotopi
 distribution mean values and widths. The best overall agreement with the datais obtained with GEMINI. This GEMINI model gives a rather pre
ise a

ount of all 
ross se
tions measuredhere as a fun
tion of the beam energy. The re
oil velo
ities, although not perfe
t, are the 
losest to theexperimental values and the mean values and widths of the isotopi
 distributions are rather well reprodu
ed.Other authors [14, 15℄ have found that generally GEMINI reprodu
es very well the energy spe
tra of bothlight 
harged parti
les and intermediate mass fragments in a wide range of in
ident energies and target masses.Similar 
on
lusions (best agreement with GEMINI) have been rea
hed by [65℄ using as intra-nu
lear modelthe Cas
ade-Ex
iton Model, 
oupled with GEM, GEMINI and SMM and 
ompared with these data takenfrom the C. Villagrasa-Canton PhD [66℄. In [29℄, with another INC 
oupled with a preequilibrium stage, thedeex
itation 
ode SMM was found to give the best agreement with the 1 GeV data. It is obviously diÆ
ult tode�nitively 
on
lude on the produ
tion me
hanism of the intermediate and light mass fragments and probablyonly additional experimental information on 
orrelations between residual nu
lei and light parti
les 
ould bringaswers to the questions addressed here.As regards to the potential interest of the present data for appli
ations, we supply isotopi
 
ross-se
tions that
an be used to dire
tly estimate the 
hange in 
hemi
al 
omposition that 
ould o

ur in an ADS window madepredominantly of iron and re
oil velo
ities to 
al
ulate damages due to atomi
 displa
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30VI. APPENDIX A: CROSS SECTIONS.1500 A MeV �R(mb) = 822� 73Z A �(mb) Z A �(mb) Z A �(mb)27 54 0.035�0.0021 23 50 16.272�2.383 20 44 8.0592�0.79827 55 0.245�0.0104 23 51 7.179�0.446 20 45 1.8149�0.17427 56 0.413�0.0187 23 52 1.274�0.073 20 46 0.4263�0.03926 51 0.016�0.0021 23 53 0.251�0.012 20 47 0.0497�0.00426 52 0.309�0.0187 23 54 0.004�0.001 20 48 0.0052�0.00126 53 2.865�0.1338 22 43 0.093�0.009 19 37 0.0683�0.00826 54 22.204�0.8962 22 44 1.309�0.129 19 38 1.2762�0.14126 55 58.838�2.2010 22 45 7.067�0.675 19 39 8.4339�0.91825 49 0.018�0.0021 22 46 19.052�1.767 19 40 12.7248�1.36425 50 0.329�0.0249 22 47 20.863�1.941 19 41 10.0161�1.07625 51 3.612�0.2240 22 48 15.246�1.957 19 42 4.2599�0.44325 52 15.089�0.8523 22 49 4.051�0.325 19 43 1.4303�0.14725 53 37.982�1.7678 22 50 1.078�0.081 19 44 0.2596�0.02625 54 42.812(Interp.) 22 51 0.103�0.006 19 45 0.0434�0.00425 55 32.885�1.2297 22 52 0.011�0.001 19 46 0.0041�0.00124 46 0.002�0.0004 21 41 0.027�0.004 18 35 0.1706�0.02024 47 0.054�0.0052 21 42 0.918�0.097 18 36 2.7062�0.30424 48 0.724�0.0622 21 43 6.840�0.702 18 37 8.8348�0.98524 49 5.043�0.4032 21 44 14.639�1.447 18 38 14.1045�1.55124 50 18.522�1.3723 21 45 17.225�1.687 18 39 8.6291�0.94724 51 27.886�1.7288 21 46 8.934�1.004 18 40 3.0793�0.33124 52 31.954�4.2184 21 47 2.989�0.267 18 41 0.7825�0.08424 53 10.052�0.4695 21 48 0.572�0.049 18 42 0.1602�0.01724 54 3.848�0.1565 21 49 0.093�0.007 18 43 0.0207�0.00224 55 0.054�0.0021 21 50 0.006�0.001 18 44 0.0021�0.00123 45 0.046�0.0041 20 39 0.105�0.011 17 33 0.0837�0.00923 46 0.693�0.0642 20 40 2.115�0.227 17 34 1.6685�0.19223 47 5.372�0.4797 20 41 9.204�0.982 17 35 8.7775�1.00123 48 15.447�1.3179 20 42 16.363�1.695 17 36 10.6805�1.20323 49 23.728�1.9001 20 43 14.268�1.500 17 37 6.9602�0.815



311500 A MeVZ A �(mb) Z A �(mb) Z A �(mb)17 38 1.872�0.2066 14 29 8.920�1.055 11 25 1.0696�0.13017 39 0.536�0.0589 14 30 8.572�1.042 11 26 0.1719�0.02117 40 0.098�0.0103 14 31 2.549�0.314 11 27 0.0309�0.00317 41 0.018�0.0021 14 32 0.626�0.073 10 19 0.2531�0.03216 31 0.027�0.0031 14 33 0.072�0.008 10 20 3.2281�0.40216 32 3.679�0.4306 14 34 0.015�0.002 10 21 3.1828�0.44616 33 9.282�1.0728 13 25 0.246�0.030 10 22 3.0172�0.38916 34 11.562�1.3826 13 26 2.751�0.331 10 23 0.5833�0.07116 35 4.865�0.5648 13 27 7.469�0.886 10 24 0.1378�0.01616 36 1.547�0.1745 13 28 4.550�0.545 9 17 0.2251�0.02916 37 0.259�0.0289 13 29 2.090�0.325 9 18 1.8555�0.23416 38 0.047�0.0052 13 30 0.366�0.043 9 19 2.0827�0.30116 39 0.007�0.0010 13 31 0.078�0.009 9 20 1.7157�0.24915 29 0.171�0.0206 12 23 0.498�0.061 9 21 0.5777�0.07215 30 2.126�0.2508 12 24 4.837�0.589 9 22 0.0874�0.01015 31 8.475�0.9959 12 25 5.600�0.676 8 16 6.2764�0.79915 32 7.057�0.8514 12 26 4.813�0.583 8 17 2.3020�0.36415 33 3.707�0.4303 12 27 1.185�0.142 8 18 1.6292�0.27015 34 0.851�0.0980 12 28 0.315�0.038 8 19 0.2845�0.03515 35 0.193�0.0217 12 29 0.033�0.004 0 0 0.0000�0.00015 36 0.022�0.0021 11 21 0.226�0.028 0 0 0.0000�0.00015 37 0.002�0.0010 11 22 2.244�0.276 0 0 0.0000�0.00014 27 0.453�0.0547 11 23 4.967�0.608 0 0 0.0000�0.00014 28 6.317�0.7539 11 24 2.594�0.319 0 0 0.0000�0.000



321000 A MeV �R(mb) = 811� 76Z A �(mb) Z A �(mb) Z A �(mb)26 51 0.016�0.0010 23 52 1.259�0.071 20 44 8.6501�0.89626 52 0.333�0.0187 23 53 0.246�0.011 20 45 1.8676�0.17826 53 3.319�0.1556 23 54 0.004�0.001 20 46 0.4159�0.03826 54 18.977�0.7686 22 42 0.002�0.001 20 47 0.0476�0.00426 55 47.982�1.7913 22 43 0.071�0.007 20 48 0.0041�0.00125 49 0.017�0.0010 22 44 1.347�0.134 19 37 0.0455�0.00525 50 0.373�0.0280 22 45 7.999�0.764 19 38 1.1211�0.12325 51 3.971�0.2457 22 46 22.716�2.106 19 39 8.3398�0.90925 52 15.927�0.9010 22 47 24.143�2.162 19 40 14.1478�1.51725 53 39.583�1.8373 22 48 17.468�2.361 19 41 10.5654�1.16925 54 46.679(Interp.) 22 49 4.245�0.340 19 42 4.4129�0.49625 55 35.410�1.3189 22 50 1.162�0.086 19 43 1.3951�0.14325 56 0.338�0.0135 22 51 0.100�0.006 19 44 0.2565�0.02624 46 0.002�0.0010 22 52 0.010�0.001 19 45 0.0403�0.00424 47 0.048�0.0041 21 41 0.019�0.002 18 34 0.0031�0.00124 48 0.789�0.0674 21 42 0.882�0.091 18 35 0.1013�0.01124 49 5.925�0.4737 21 43 7.427�0.762 18 36 2.2245�0.25024 50 21.256�1.5765 21 44 17.367�1.717 18 37 8.4183�0.93924 51 32.184�1.9900 21 45 19.221�1.837 18 38 14.8374�1.63324 52 34.246�8.0637 21 46 10.876�1.470 18 39 8.6601�0.99224 53 10.341�0.4799 21 47 3.198�0.286 18 40 3.1145�0.33424 54 3.558�0.1430 21 48 0.586�0.050 18 41 0.7143�0.07623 44 0.002�0.0010 21 49 0.089�0.007 18 42 0.1478�0.01623 45 0.037�0.0031 21 50 0.005�0.001 18 43 0.0186�0.00223 46 0.736�0.0684 20 38 0.003�0.001 17 32 0.0031�0.00123 47 6.104�0.5450 20 39 0.074�0.008 17 33 0.0486�0.00523 48 18.284�1.5613 20 40 2.012�0.215 17 34 1.2491�0.14523 49 27.086�2.1654 20 41 9.679�1.033 17 35 7.8911�0.90123 50 19.590�3.6884 20 42 18.973�1.966 17 36 10.3138�1.19523 51 7.109�0.4393 20 43 16.390�2.018 17 37 6.7298�0.807



331000 A MeVZ A �(mb) Z A �(mb)17 38 1.608�0.1767 13 27 5.202�0.62517 39 0.464�0.0506 13 28 3.173�0.38417 40 0.080�0.0083 13 29 1.393�0.17116 30 0.004�0.0010 13 30 0.229�0.02716 31 0.138�0.0165 13 31 0.047�0.00516 32 2.611�0.3056 12 22 0.010�0.00116 33 7.803�0.9025 12 23 0.158�0.02016 34 11.850�1.6129 12 24 2.482�0.30916 35 4.211�0.4977 12 25 3.793�0.45816 36 1.270�0.1425 12 26 3.160�0.38116 37 0.202�0.0227 12 27 0.760�0.09216 38 0.037�0.0041 12 28 0.178�0.02215 28 0.004�0.0010 11 20 0.009�0.00115 29 0.078�0.0093 11 21 0.087�0.01115 30 1.355�0.1600 11 22 1.050�0.13215 31 6.668�0.7843 11 23 3.091�0.38915 32 6.284�0.9288 11 24 1.480�0.22215 33 3.066�0.3622 11 25 0.629�0.07615 34 0.623�0.0722 11 26 0.096�0.01115 35 0.137�0.0155 10 18 0.007�0.00114 26 0.010�0.0010 10 19 0.140�0.01914 27 0.180�0.0217 10 20 1.381�0.17814 28 3.852�0.4600 10 21 2.199�0.28014 29 6.525�0.7746 10 22 1.664�0.21014 30 7.040�0.8333 10 23 0.299�0.03814 31 1.870�0.2269 9 17 0.072�0.00914 32 0.431�0.0505 9 18 0.706�0.09414 33 0.047�0.0052 9 19 1.452�0.19613 24 0.006�0.0010 9 20 0.891�0.12113 25 0.094�0.0113 9 21 0.300�0.03713 26 1.449�0.1742 8 17 1.585�0.211



34750 A MeV �R(mb) = 767� 66Z A �(mb) Z A �(mb) Z A �(mb)27 54 0.035�0.0021 23 50 19.689�2.487 20 44 8.3324�0.83127 55 0.333�0.0145 23 51 7.647�0.473 20 45 1.8625�0.17827 56 0.474�0.0228 23 52 1.270�0.073 20 46 0.3901�0.03626 51 0.011�0.0010 23 53 0.225�0.010 20 47 0.0445�0.00426 52 0.300�0.0176 23 54 0.003�0.001 20 48 0.0041�0.00126 53 3.437�0.1628 22 43 0.045�0.004 19 37 0.0207�0.00226 54 20.841�0.8433 22 44 1.016�0.100 19 38 0.7136�0.07926 55 52.837�1.9738 22 45 7.983�0.763 19 39 7.2694�0.79225 49 0.012�0.0010 22 46 22.428�2.081 19 40 11.9543�1.28325 50 0.298�0.0228 22 47 25.267�2.274 19 41 9.2923�1.13825 51 4.366�0.2717 22 48 18.309�1.823 19 42 3.6528�0.38425 52 16.830�0.9529 22 49 4.577�0.367 19 43 1.3052�0.13425 53 42.696�1.9835 22 50 1.145�0.085 19 44 0.2306�0.02325 54 47.052(Interp.) 22 51 0.093�0.006 19 45 0.0372�0.00325 55 34.496�1.2888 22 52 0.009�0.001 19 46 0.0031�0.00125 56 0.429�0.0197 21 41 0.011�0.001 18 35 0.0413�0.00524 47 0.034�0.0031 21 42 0.619�0.064 18 36 1.3831�0.15624 48 0.653�0.0560 21 43 7.052�0.724 18 37 6.7799�0.75724 49 6.143�0.4923 21 44 16.154�1.598 18 38 12.3038�1.35524 50 22.252�1.6501 21 45 19.447�1.895 18 39 7.2843�0.81724 51 34.636�2.1424 21 46 9.974�1.004 18 40 2.4932�0.26924 52 35.666�6.1359 21 47 3.387�0.302 18 41 0.5592�0.06024 53 10.957�0.5099 21 48 0.575�0.049 18 42 0.1034�0.01024 54 3.408�0.1379 21 49 0.087�0.007 18 43 0.0155�0.00224 55 0.037�0.0021 21 50 0.005�0.001 17 33 0.0196�0.00223 45 0.023�0.0021 20 39 0.039�0.004 17 34 0.7211�0.08423 46 0.569�0.0528 20 40 1.394�0.149 17 35 5.9777�0.68623 47 6.337�0.5657 20 41 8.992�0.961 17 36 7.7320�0.87323 48 18.897�1.6131 20 42 16.725�1.741 17 37 5.0809�0.57823 49 30.515�2.4399 20 43 15.585�1.707 17 38 1.2656�0.141



35750 A MeVZ A �(mb) Z A �(mb)17 39 0.322�0.0351 13 28 1.841�0.22517 40 0.052�0.0052 13 29 0.714�0.08716 31 0.046�0.0062 13 30 0.088�0.01016 32 1.437�0.1683 13 31 0.020�0.00216 33 5.539�0.6412 12 23 0.052�0.00816 34 8.110�0.9386 12 24 1.193�0.14716 35 2.919�0.3366 12 25 1.968�0.24516 36 0.896�0.1012 12 26 2.149�0.27716 37 0.113�0.0124 12 27 0.538�0.07116 38 0.022�0.0021 12 28 0.071�0.00816 39 0.003�0.0010 12 29 0.002�0.00115 29 0.025�0.0031 11 21 0.030�0.00515 30 0.664�0.0795 11 22 0.526�0.08515 31 4.572�0.5449 11 23 1.810�0.25115 32 4.348�0.6440 11 24 0.779�0.10015 33 2.074�0.2477 11 25 0.249�0.03115 34 0.368�0.0433 11 26 0.058�0.00715 35 0.074�0.0083 10 20 0.638�0.10315 36 0.005�0.0010 10 21 1.216�0.18314 27 0.053�0.0072 10 22 0.968�0.16614 28 1.964�0.2341 10 23 0.047�0.00714 29 3.960�0.4765 10 24 0.014�0.00214 30 4.510�0.5415 9 18 0.342�0.05714 31 1.062�0.1289 9 19 0.897�0.16214 32 0.239�0.0278 9 20 0.469�0.08814 33 0.013�0.0021 9 21 0.097�0.01414 34 0.004�0.0010 8 17 0.880�0.14913 25 0.030�0.0041 8 18 0.431�0.08313 26 0.702�0.0866 0 0 0.000�0.00013 27 3.243�0.4247 0 0 0.000�0.000



36500 A MeV �R(mb) = 660� 53Z A �(mb) Z A �(mb) Z A �(mb)27 53 0.003�0.0010 23 49 27.507�2.593 20 43 11.4146�1.37227 54 0.059�0.0021 23 50 19.027�2.696 20 44 6.7186�0.74527 55 0.485�0.0197 23 51 6.266�0.387 20 45 1.2635�0.12127 56 0.611�0.0248 23 52 0.949�0.054 20 46 0.2558�0.02426 51 0.020�0.0010 23 53 0.152�0.007 20 47 0.0268�0.00226 52 0.416�0.0238 23 54 0.002�0.001 20 48 0.0021�0.00126 53 3.855�0.1789 22 43 0.052�0.005 19 37 0.0227�0.00326 54 23.507�0.9454 22 44 1.052�0.104 19 38 0.5010�0.05626 55 56.647�2.1110 22 45 6.650�0.635 19 39 4.4844�0.48925 49 0.019�0.0021 22 46 20.458�1.897 19 40 8.0008�0.85925 50 0.387�0.0289 22 47 21.553�2.204 19 41 6.3328�0.76325 51 4.490�0.2771 22 48 17.702�2.230 19 42 2.7133�0.31325 52 18.309�1.0328 22 49 3.529�0.282 19 43 0.7948�0.08125 53 42.027�1.9488 22 50 0.864�0.064 19 44 0.1340�0.01325 54 43.256(Interp.) 22 51 0.061�0.004 19 45 0.0196�0.00225 55 30.763�1.1455 22 52 0.005�0.001 18 35 0.0350�0.00425 56 0.280�0.0114 21 41 0.013�0.002 18 36 0.9479�0.10724 47 0.045�0.0041 21 42 0.581�0.061 18 37 3.8845�0.43424 48 0.792�0.0672 21 43 5.371�0.551 18 38 7.5135�0.82724 49 5.976�0.4774 21 44 13.897�1.375 18 39 4.7387�0.56724 50 23.198�1.7175 21 45 15.137�1.632 18 40 1.5857�0.18824 51 32.541�2.0109 21 46 8.244�0.918 18 41 0.3555�0.03824 52 39.839�3.6168 21 47 2.406�0.215 18 42 0.0639�0.00624 53 9.190�0.4258 21 48 0.397�0.034 18 43 0.0082�0.00124 54 2.733�0.1095 21 49 0.054�0.004 17 33 0.0154�0.00224 55 0.021�0.0010 21 50 0.002�0.001 17 34 0.4418�0.05123 45 0.032�0.0031 20 39 0.038�0.004 17 35 3.1153�0.35723 46 0.614�0.0568 20 40 1.148�0.123 17 36 4.0226�0.49623 47 5.827�0.5195 20 41 6.151�0.657 17 37 3.5159�0.43023 48 18.302�1.5607 20 42 12.461�1.296 17 38 0.7868�0.087



37500 A MeVZ A �(mb) Z A �(mb)17 39 0.188�0.0206 13 30 0.083�0.01017 40 0.028�0.0031 13 31 0.009�0.00116 31 0.031�0.0041 12 23 0.009�0.00216 32 0.822�0.0968 12 24 0.354�0.04416 33 2.686�0.3109 12 25 0.748�0.09316 34 4.570�0.5764 12 26 1.359�0.18816 35 1.862�0.2337 12 27 0.206�0.02816 36 0.499�0.0566 12 28 0.036�0.00416 37 0.070�0.0082 11 22 0.113�0.01816 38 0.012�0.0010 11 23 0.607�0.08515 29 0.015�0.0021 11 24 0.570�0.07715 30 0.378�0.0453 11 25 0.199�0.02515 31 1.780�0.2119 11 26 0.024�0.00315 32 2.129�0.2726 10 22 0.487�0.08015 33 1.081�0.1368 10 23 0.125�0.01715 34 0.219�0.0257 10 24 0.014�0.00215 35 0.037�0.0041 0 0 0.000�0.00015 36 0.003�0.0010 0 0 0.000�0.00014 27 0.026�0.0041 0 0 0.000�0.00014 28 0.819�0.0977 0 0 0.000�0.00014 29 1.500�0.1810 0 0 0.000�0.00014 30 3.147�0.4103 0 0 0.000�0.00014 31 0.614�0.0792 0 0 0.000�0.00014 32 0.167�0.0195 0 0 0.000�0.00014 33 0.013�0.0021 0 0 0.000�0.00013 25 0.008�0.0010 0 0 0.000�0.00013 26 0.254�0.0319 0 0 0.000�0.00013 27 1.110�0.1459 0 0 0.000�0.00013 28 1.311�0.1716 0 0 0.000�0.00013 29 0.383�0.0504 0 0 0.000�0.000



38300 A MeV �R(mb) = 701� 56Z A �(mb) Z A �(mb) Z A �(mb)27 54 0.092�0.0041 23 50 22.319�2.417 20 44 5.7367�0.63627 55 0.913�0.0341 23 51 6.935�0.429 20 45 0.9860�0.09427 56 1.390�0.0538 23 52 1.014�0.057 20 46 0.2063�0.02026 51 0.021�0.0010 23 53 0.133�0.006 20 47 0.0196�0.00226 52 0.554�0.0310 23 54 0.001�0.001 19 37 0.0113�0.00126 53 5.305�0.2462 22 43 0.039�0.004 19 38 0.2608�0.02926 54 33.034�1.3291 22 44 0.942�0.093 19 39 2.7721�0.30226 55 68.354�2.5454 22 45 6.412�0.612 19 40 5.1349�0.55325 49 0.020�0.0021 22 46 21.565�2.000 19 41 4.8328�0.96925 50 0.495�0.0372 22 47 25.234�2.251 19 42 1.9917�0.23125 51 5.855�0.3618 22 48 20.073�2.024 19 43 0.5670�0.05925 52 23.499�1.3254 22 49 3.760�0.300 19 44 0.0876�0.00825 53 52.470�2.4316 22 50 0.949�0.070 19 45 0.0124�0.00125 54 55.001(Interp.) 22 51 0.056�0.003 18 35 0.0185�0.00225 55 37.652�1.4019 22 52 0.004�0.001 18 36 0.4616�0.05325 56 0.088�0.0041 21 41 0.011�0.001 18 37 2.0278�0.22724 47 0.045�0.0041 21 42 0.421�0.043 18 38 4.9633�0.54824 48 0.927�0.0796 21 43 4.747�0.487 18 39 2.6924�0.33024 49 7.486�0.5983 21 44 12.129�1.200 18 40 0.8367�0.09124 50 30.048�2.2259 21 45 15.248�1.645 18 41 0.2133�0.02324 51 38.291�2.3654 21 46 8.137�1.754 18 42 0.0361�0.00424 52 33.797�7.3473 21 47 2.283�0.203 18 43 0.0041�0.00124 53 10.867�0.5043 21 48 0.363�0.031 17 33 0.0062�0.00124 54 2.847�0.1147 21 49 0.046�0.004 17 34 0.1596�0.01924 55 0.008�0.0010 21 50 0.002�0.001 17 35 1.4263�0.16423 45 0.028�0.0031 20 39 0.020�0.002 17 36 2.2440�0.25523 46 0.640�0.0599 20 40 0.798�0.086 17 37 1.6261�0.20123 47 6.500�0.5795 20 41 4.648�0.497 17 38 0.3388�0.03823 48 21.757�1.8561 20 42 9.878�1.029 17 39 0.0762�0.00823 49 33.178�2.6514 20 43 9.838�1.836 17 40 0.0134�0.001



39300 A MeVZ A �(mb) Z A �(mb)17 41 0.002�0.0010 14 31 0.386�0.05116 31 0.006�0.0010 14 32 0.047�0.00616 32 0.271�0.0319 14 33 0.005�0.00116 33 1.199�0.1390 13 26 0.059�0.00716 34 1.888�0.2213 13 27 0.438�0.05916 35 0.827�0.1050 13 28 0.491�0.06716 36 0.239�0.0268 13 29 0.334�0.04416 37 0.027�0.0031 13 30 0.098�0.01316 38 0.005�0.0010 13 31 0.004�0.00115 29 0.007�0.0010 12 24 0.023�0.00415 30 0.081�0.0103 12 25 0.288�0.03715 31 0.670�0.0802 12 26 0.399�0.05615 32 1.216�0.1574 12 27 0.120�0.01615 33 0.443�0.0576 12 28 0.004�0.00115 34 0.062�0.0072 11 23 0.280�0.04015 35 0.010�0.0010 11 24 0.319�0.04114 28 0.165�0.0195 11 25 0.078�0.01014 29 0.571�0.0689 10 22 0.316�0.05314 30 1.146�0.1522 10 23 0.041�0.006



40VII. APPENDIX B: LONGITUDINAL VELOCITY OF RESIDUAL NUCLEI (MEAN AND R.M.S.VALUE) IN THE IRON BEAM SYSTEM AT REST.1500 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)27 54 -0.079�0.020 0.127 22 47 -0.098(I) 0.19827 55 -0.058�0.015 0.110 22 48 -0.089(I) 0.17627 56 -0.033�0.008 0.104 22 49 -0.086�0.017 0.17226 51 -0.093�0.023 0.141 22 50 -0.074�0.015 0.16126 52 -0.056�0.014 0.132 22 51 -0.075�0.015 0.16526 53 -0.035�0.009 0.114 22 52 -0.056�0.017 0.13826 54 -0.031�0.008 0.084 21 41 -0.136�0.034 0.27526 55 -0.034�0.008 0.072 21 42 -0.123�0.025 0.27325 49 -0.089�0.022 0.177 21 43 -0.113�0.023 0.25125 50 -0.078�0.019 0.168 21 44 -0.118�0.024 0.23725 51 -0.052�0.013 0.150 21 45 -0.106(I) 0.22525 52 -0.053�0.013 0.125 21 46 -0.104(I) 0.20825 53 -0.061�0.015 0.105 21 47 -0.098�0.020 0.19925 55 -0.032�0.008 0.074 21 48 -0.089�0.018 0.19224 46 -0.112�0.028 0.201 21 49 -0.080�0.016 0.17224 47 -0.104�0.026 0.191 21 50 -0.082�0.001 0.15724 48 -0.084�0.021 0.189 20 39 -0.160�0.040 0.29324 49 -0.069�0.017 0.181 20 40 -0.131�0.026 0.28824 50 -0.070�0.017 0.167 20 41 -0.129�0.026 0.27424 51 -0.056�0.014 0.160 20 42 -0.130�0.026 0.26024 52 -0.529(I) 0.140 20 43 -0.132(I) 0.25924 53 -0.045�0.011 0.117 20 44 -0.135(I) 0.23524 54 -0.023�0.006 0.092 20 45 -0.116�0.023 0.23324 55 -0.040�0.022 0.093 20 46 -0.105�0.021 0.21623 45 -0.118�0.030 0.228 20 47 -0.102�0.020 0.20423 46 -0.095�0.019 0.224 20 48 -0.097�0.019 0.19723 47 -0.084�0.017 0.204 19 37 -0.167�0.033 0.33023 48 -0.088�0.018 0.183 19 38 -0.145�0.022 0.27823 49 -0.081(I) 0.168 19 39 -0.144�0.022 0.29723 50 -0.074(I) 0.156 19 40 -0.145�0.022 0.28423 51 -0.064�0.013 0.145 19 41 -0.137(I) 0.28423 52 -0.060�0.012 0.121 19 42 -0.135(I) 0.25523 53 -0.061�0.015 0.121 19 43 -0.121�0.018 0.25422 43 -0.123�0.016 0.244 19 44 -0.119�0.018 0.24022 44 -0.107�0.018 0.232 19 45 -0.112�0.022 0.23122 45 -0.097�0.019 0.227 19 46 -0.122�0.025 0.21722 46 -0.103�0.021 0.209 18 35 -0.157�0.024 0.360



411500 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)18 36 -0.164�0.025 0.342 13 26 -0.242�0.048 0.51018 37 -0.156�0.023 0.322 13 27 -0.232�0.046 0.46718 38 -0.158�0.024 0.291 13 28 -0.221�0.044 0.44918 39 -0.148(I) 0.285 13 29 -0.220(I) 0.44818 40 -0.132(I) 0.273 13 30 -0.206�0.041 0.45818 41 -0.136�0.020 0.284 13 31 -0.182�0.036 0.44518 42 -0.128�0.019 0.261 12 24 -0.225�0.045 0.49618 43 -0.128�0.019 0.263 12 25 -0.207�0.041 0.48717 33 -0.136�0.030 0.420 12 26 -0.20 (I) 0.48517 34 -0.177�0.026 0.384 12 27 -0.198�0.040 0.46517 35 -0.169�0.025 0.345 12 28 -0.218�0.054 0.46717 36 -0.158�0.024 0.331 11 22 -0.223�0.045 0.56117 37 -0.156(I) 0.320 11 23 -0.220�0.044 0.55017 38 -0.153�0.023 0.308 11 24 -0.218(I) 0.53317 39 -0.151�0.023 0.294 11 25 -0.214�0.043 0.51317 40 -0.146�0.022 0.303 11 26 -0.216�0.043 0.50417 41 -0.125�0.019 0.294 10 20 -0.266�0.080 0.63016 31 -0.163�0.031 0.412 10 21 -0.260(I) 0.59916 32 -0.194�0.029 0.397 10 22 -0.250(I) 0.58316 33 -0.183�0.027 0.375 10 23 -0.237�0.071 0.57216 34 -0.186(I) 0.355 10 24 -0.153�0.095 0.56916 35 -0.180(I) 0.351 9 18 -0.253�0.076 0.68016 36 -0.183�0.027 0.339 9 19 -0.260�0.078 0.65016 37 -0.176�0.026 0.345 9 20 -0.260�0.078 0.65616 38 -0.165�0.025 0.322 9 21 -0.225�0.067 0.64115 30 -0.213�0.032 0.439 8 16 -0.240�0.072 0.74315 31 -0.201�0.030 0.401 8 17 -0.230�0.069 0.71515 32 -0.198(I) 0.391 8 18 -0.250�0.075 0.70315 33 -0.197(I) 0.37915 34 -0.196�0.029 0.37915 35 -0.187�0.028 0.36415 36 -0.162�0.024 0.34814 28 -0.221�0.033 0.44714 29 -0.218�0.033 0.43614 30 -0.219(I) 0.41214 31 -0.210(I) 0.41214 32 -0.202�0.030 0.40514 33 -0.202�0.030 0.402



421000 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)26 51 -0.086�0.022 0.144 22 48 -0.095(I) 0.17626 52 -0.075�0.019 0.117 22 49 -0.083�0.017 0.16226 53 -0.056�0.014 0.099 22 50 -0.073�0.015 0.14626 54 -0.041�0.010 0.066 22 51 -0.074�0.015 0.14526 55 -0.031�0.008 0.056 22 52 -0.064�0.013 0.12625 48 -0.097�0.024 0.182 21 40 -0.166�0.033 0.27425 49 -0.097�0.024 0.178 21 41 -0.157�0.031 0.26825 50 -0.099�0.025 0.158 21 42 -0.147�0.029 0.25925 51 -0.078�0.019 0.138 21 43 -0.138�0.028 0.23925 52 -0.068�0.017 0.118 21 44 -0.127�0.025 0.22125 53 -0.053�0.013 0.098 21 45 -0.121(I) 0.22125 55 -0.049�0.015 0.068 21 46 -0.110(I) 0.20324 46 -0.114�0.028 0.205 21 47 -0.099�0.020 0.19124 47 -0.106�0.027 0.199 21 48 -0.094�0.019 0.18124 48 -0.109�0.027 0.178 21 49 -0.085�0.017 0.16824 49 -0.092�0.023 0.166 21 50 -0.089�0.022 0.15224 50 -0.085�0.021 0.143 20 38 -0.134�0.034 0.14824 51 -0.074�0.019 0.130 20 39 -0.167�0.033 0.29324 52 -0.062(I) 0.112 20 40 -0.159�0.032 0.27224 53 -0.047�0.012 0.104 20 41 -0.151�0.030 0.26224 54 -0.036�0.009 0.085 20 42 -0.144�0.029 0.00023 44 -0.124�0.031 0.000 20 43 -0.135(I) 0.24523 45 -0.127�0.025 0.235 20 44 -0.124(I) 0.22923 46 -0.124�0.025 0.208 20 45 -0.119�0.024 0.21823 47 -0.108�0.022 0.193 20 46 -0.107�0.021 0.20423 48 -0.097�0.019 0.174 20 47 -0.107�0.021 0.19323 49 -0.090�0.018 0.158 20 48 -0.095�0.019 0.16823 50 -0.079(I) 0.150 19 36 -0.149�0.030 0.00023 51 -0.067�0.013 0.133 19 37 -0.158�0.032 0.31123 52 -0.056�0.011 0.122 19 38 -0.167�0.033 0.30523 53 -0.049�0.010 0.110 19 39 -0.172�0.034 0.28223 54 -0.031�0.009 0.102 19 40 -0.152�0.030 0.27522 43 -0.139�0.028 0.240 19 41 -0.151(I) 0.26822 44 -0.136�0.027 0.227 19 42 -0.143(I) 0.25622 45 -0.123�0.025 0.216 19 43 -0.132�0.020 0.24322 46 -0.112�0.022 0.195 19 44 -0.120�0.018 0.23222 47 -0.104(I) 0.195 19 45 -0.114�0.017 0.213



431000 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)18 35 -0.181�0.036 0.33926 14 30 -0.207�0.031 0.40518 36 -0.184�0.028 0.31726 14 31 -0.203�0.030 0.39018 37 -0.179�0.027 0.31126 14 32 -0.192�0.029 0.38218 38 -0.164�0.025 0.29026 14 33 -0.191�0.029 0.36118 39 -0.158(I) 0.28226 13 24 -0.169�0.042 0.62418 40 -0.142�0.021 0.26625 13 25 -0.188�0.038 0.51718 41 -0.143�0.022 0.26225 13 26 -0.210�0.042 0.49418 42 -0.141�0.021 0.25625 13 27 -0.207�0.041 0.45618 43 -0.130�0.020 0.25025 13 28 -0.212(I) 0.44117 32 0.000�0.000 0.36525 13 29 -0.208(I) 0.42317 33 -0.186�0.037 0.36225 13 30 -0.206�0.041 0.42717 34 -0.189�0.028 0.35225 13 31 -0.203(I) 0.39317 35 -0.181�0.027 0.33424 12 22 -0.171�0.051 0.56917 36 -0.178�0.027 0.31124 12 23 -0.208�0.052 0.00017 37 -0.173(I) 0.30324 12 24 -0.219�0.044 0.52117 38 -0.163�0.024 0.29424 12 25 -0.211�0.042 0.49617 39 -0.158�0.024 0.29324 12 26 -0.210(I) 0.46617 40 -0.152�0.023 0.27824 12 27 -0.207(I) 0.45116 31 -0.193�0.039 0.39724 12 28 -0.208�0.042 0.45516 32 -0.201�0.030 0.37224 11 20 0.000�0.000 0.00016 33 -0.200�0.030 0.36024 11 21 -0.184�0.055 0.61116 34 -0.189(I) 0.33523 11 22 -0.209�0.042 0.59816 35 -0.183(I) 0.33423 11 23 -0.208�0.042 0.54716 36 -0.172�0.026 0.31623 11 24 -0.203�0.041 0.51116 37 -0.167�0.025 0.31423 11 25 -0.197�0.039 0.50316 38 -0.157�0.024 0.31123 11 26 -0.191�0.038 0.49315 28 -0.175�0.044 0.00023 10 19 -0.185�0.055 0.65215 29 -0.210�0.031 0.41523 10 20 -0.223�0.067 0.62715 30 -0.207�0.031 0.41023 10 21 -0.210(I) 0.60715 31 -0.203�0.030 0.39223 10 22 -0.209(I) 0.55615 32 -0.197(I) 0.37123 10 23 -0.257�0.077 0.54515 33 -0.196(I) 0.35923 9 18 -0.217�0.065 0.68715 34 -0.190�0.028 0.35222 9 19 -0.230(I) 0.63915 35 -0.184�0.028 0.34222 9 20 -0.220(I) 0.62414 27 -0.194�0.049 0.47522 9 21 -0.191�0.057 0.64714 28 -0.215�0.032 0.43222 8 17 -0.250(I) 0.69214 29 -0.208�0.031 0.41822 8 18 -0.240(I) 0.680



44750 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)27 54 -0.060�0.015 0.096 22 47 -0.122(I) 0.19927 55 -0.058�0.015 0.073 22 48 -0.106(I) 0.17427 56 -0.049�0.012 0.058 22 49 -0.101�0.020 0.16926 51 -0.083�0.021 0.135 22 50 -0.084�0.017 0.15026 52 -0.053�0.013 0.118 22 51 -0.089�0.018 0.14426 53 -0.050�0.013 0.102 22 52 -0.083�0.025 0.13026 54 -0.043�0.011 0.068 21 41 -0.111�0.033 0.24526 55 -0.036�0.009 0.063 21 42 -0.136�0.027 0.23525 49 -0.093�0.023 0.179 21 43 -0.143�0.029 0.23225 50 -0.087�0.022 0.154 21 44 -0.153�0.031 0.23025 51 -0.075�0.019 0.134 21 45 -0.145(I) 0.22625 52 -0.076�0.019 0.117 21 46 -0.131(I) 0.20625 53 -0.063�0.016 0.104 21 47 -0.123�0.025 0.19325 55 -0.022�0.005 0.067 21 48 -0.109�0.022 0.18324 47 -0.107�0.027 0.190 21 49 -0.105�0.021 0.17324 48 -0.093�0.023 0.181 21 50 -0.106�0.027 0.15724 49 -0.094�0.023 0.163 20 40 -0.162�0.049 0.26624 50 -0.094�0.024 0.145 20 41 -0.159�0.032 0.25024 51 -0.089�0.022 0.133 20 42 -0.167�0.033 0.24924 52 -0.072(I) 0.115 20 43 -0.158(I) 0.25024 53 -0.053�0.013 0.107 20 44 -0.150(I) 0.23124 54 -0.041�0.010 0.091 20 45 -0.145�0.029 0.22324 55 -0.030�0.015 0.092 20 46 -0.128�0.026 0.20923 45 -0.136�0.041 0.211 20 47 -0.121�0.024 0.19423 46 -0.117�0.023 0.210 20 48 -0.122�0.037 0.18623 47 -0.111�0.022 0.188 19 38 -0.199�0.040 0.28023 48 -0.117�0.023 0.178 19 39 -0.189�0.028 0.27723 49 -0.109�0.022 0.169 19 40 -0.184�0.028 0.27423 50 -0.086(I) 0.153 19 41 -0.179(I) 0.26223 51 -0.073�0.015 0.137 19 42 -0.164(I) 0.25923 52 -0.072�0.014 0.126 19 43 -0.158�0.024 0.25023 53 -0.060�0.012 0.111 19 44 -0.148�0.022 0.23623 54 -0.119�0.036 0.102 19 45 -0.136�0.020 0.21822 43 -0.130�0.039 0.231 19 46 -0.142�0.028 0.21222 44 -0.123�0.025 0.233 18 36 -0.156�0.035 0.30622 45 -0.127�0.025 0.209 18 37 -0.178�0.036 0.29222 46 -0.133�0.027 0.202 18 38 -0.184�0.028 0.293



45750 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)18 39 -0.169(I) 0.285 13 31 -0.228�0.057 0.39918 40 -0.181�0.027 0.260 12 24 -0.140�0.072 0.51118 41 -0.179�0.027 0.250 12 25 -0.226�0.056 0.47018 42 -0.161�0.024 0.249 12 26 -0.230(I) 0.46818 43 -0.162�0.032 0.242 12 27 -0.259�0.065 0.45817 34 -0.152�0.045 0.358 12 28 -0.214�0.064 0.44917 35 -0.215�0.043 0.312 11 22 -0.123�0.071 0.53117 36 -0.201(I) 0.316 11 23 -0.238�0.072 0.52117 37 -0.190(I) 0.305 11 24 -0.220(I) 0.51017 38 -0.183�0.027 0.290 11 25 -0.253�0.076 0.51617 39 -0.172�0.026 0.289 11 26 -0.209�0.063 0.48417 40 -0.167�0.025 0.275 10 21 -0.246(I) 0.47016 32 -0.188�0.042 0.364 10 22 -0.240(I) 0.50016 33 -0.202�0.040 0.348 10 23 -0.299�0.090 0.53116 34 -0.202(I) 0.339 10 24 -0.193�0.058 0.51216 35 -0.195(I) 0.326 9 19 -0.293(I) 0.58516 36 -0.202�0.030 0.316 9 20 -0.280(I) 0.56916 37 -0.190�0.028 0.314 8 17 -0.300(I) 0.62916 38 -0.173�0.035 0.285 8 18 -0.310(I) 0.60615 30 -0.153�0.051 0.40215 31 -0.211�0.042 0.37715 32 -0.210(I) 0.36015 33 -0.202(I) 0.35615 34 -0.227�0.045 0.35815 35 -0.187�0.037 0.33015 36 -0.201�0.040 0.31114 29 -0.212�0.053 0.41114 30 -0.223�0.045 0.40314 31 -0.220�0.044 0.38214 32 -0.219�0.044 0.38214 33 -0.195�0.039 0.35914 34 -0.198�0.049 0.34713 26 -0.240�0.067 0.43113 27 -0.223�0.056 0.43713 28 -0.228(I) 0.43713 29 -0.224(I) 0.39613 30 -0.246�0.062 0.407



46500 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)27 53 -0.097�0.013 0.106 22 47 -0.156(I) 0.19327 54 -0.088�0.012 0.090 22 48 -0.149(I) 0.17427 55 -0.073�0.012 0.067 22 49 -0.106�0.021 0.16927 56 -0.074�0.015 0.058 22 50 -0.092�0.018 0.15326 51 -0.076�0.019 0.146 22 51 -0.090�0.018 0.14926 52 -0.066�0.016 0.121 22 52 -0.081�0.016 0.13126 53 -0.049�0.012 0.106 21 41 -0.195�0.039 0.30526 54 -0.034�0.008 0.076 21 42 -0.188�0.038 0.25726 55 -0.027�0.007 0.068 21 43 -0.176�0.035 0.24125 49 -0.122�0.030 0.191 21 44 -0.162�0.032 0.22725 50 -0.103�0.026 0.163 21 45 -0.179(I) 0.22125 51 -0.081�0.020 0.141 21 46 -0.166(I) 0.20325 52 -0.066�0.016 0.121 21 47 -0.1880�0.026 0.19725 53 -0.057�0.014 0.108 21 48 -0.120�0.024 0.18625 55 -0.024�0.006 0.074 21 49 -0.088�0.018 0.17425 56 -0.160�0.080 0.060 21 50 -0.095�0.024 0.14224 47 -0.137�0.034 0.207 20 39 -0.220�0.055 0.30024 48 -0.124�0.031 0.183 20 40 -0.192�0.038 0.27324 49 -0.109�0.027 0.170 20 41 -0.186�0.037 0.26624 50 -0.090�0.023 0.148 20 42 -0.182�0.036 0.24324 51 -0.092�0.023 0.139 20 43 -0.175(I) 0.23624 52 -0.068(I) 0.118 20 44 -0.160(I) 0.22924 53 -0.049�0.012 0.109 20 45 -0.149�0.030 0.22324 54 -0.041�0.010 0.095 20 46 -0.134�0.027 0.20823 45 -0.171�0.034 0.233 20 47 -0.104�0.026 0.19623 46 -0.150�0.030 0.210 19 37 -0.225�0.045 0.32223 47 -0.131�0.026 0.196 19 38 -0.216�0.032 0.30123 48 -0.119�0.024 0.178 19 39 -0.199�0.030 0.28623 49 -0.117�0.023 0.169 19 40 -0.193�0.029 0.26623 50 -0.094(I) 0.152 19 41 -0.183(I) 0.26823 51 -0.077�0.015 0.140 19 42 -0.175(I) 0.25523 52 -0.071�0.014 0.129 19 43 -0.165�0.025 0.24823 53 -0.064�0.013 0.118 19 44 -0.156�0.023 0.23822 43 -0.185�0.037 0.258 19 45 -0.120�0.024 0.20722 44 -0.164�0.033 0.230 19 46 0.000�0.000 0.00022 45 -0.156�0.031 0.218 18 35 -0.243�0.049 0.34222 46 -0.141�0.028 0.201 18 36 -0.221�0.033 0.320



47500 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)18 37 -0.208�0.031 0.313 13 26 -0.258�0.052 0.52218 38 -0.205�0.031 0.295 13 27 -0.234�0.047 0.45618 39 -0.200(I) 0.283 13 28 -0.230(I) 0.42118 40 -0.196(I) 0.251 13 29 -0.228(I) 0.40718 41 -0.190�0.028 0.274 13 30 -0.223�0.045 0.47218 42 -0.151�0.023 0.253 12 24 -0.287�0.057 0.55018 43 -0.136�0.027 0.218 12 25 -0.268�0.054 0.47517 33 -0.236�0.047 0.381 12 26 -0.260(I) 0.42517 34 -0.225�0.034 0.362 12 27 -0.256(I) 0.44717 35 -0.216�0.032 0.334 12 28 -0.207�0.041 0.48217 36 -0.215(I) 0.323 11 22 -0.297�0.074 0.59317 37 -0.213(I) 0.296 11 23 -0.278�0.080 0.57017 38 -0.212�0.032 0.287 11 24 -0.265(I) 0.57317 39 -0.205�0.031 0.302 10 22 -0.280(I) 0.52817 40 -0.127�0.038 0.280 10 23 -0.241�0.100 0.59716 31 -0.286�0.086 0.389 10 24 -0.290�0.102 0.57716 32 -0.240�0.036 0.38116 33 -0.236�0.034 0.35816 34 -0.231(I) 0.33116 35 -0.228(I) 0.31816 36 -0.223�0.033 0.32616 37 -0.209�0.031 0.34916 38 -0.128�0.038 0.27515 29 -0.257�0.051 0.38615 30 -0.234�0.035 0.43215 31 -0.232�0.035 0.37715 32 -0.224(I) 0.38515 33 -0.220(I) 0.34915 34 -0.218�0.046 0.36915 35 -0.262�0.058 0.37914 27 -0.303�0.061 0.42914 28 -0.266�0.040 0.45614 29 -0.251�0.038 0.40714 30 -0.246(I) 0.40514 31 -0.238(I) 0.37214 32 -0.225�0.034 0.40814 33 -0.213�0.043 0.373



48300 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)27 54 -0.069�0.015 0.084 23 54 -0.210(I) 0.25027 55 -0.060�0.012 0.065 22 43 -0.213�0.043 0.21027 56 -0.051�0.011 0.058 22 44 -0.206�0.041 0.22426 51 -0.110�0.023 0.136 22 45 -0.186�0.037 0.20926 52 -0.082�0.021 0.115 22 46 -0.178�0.036 0.19526 53 -0.071�0.018 0.106 22 47 -0.135(I) 0.19426 54 -0.053�0.013 0.094 22 48 -0.149(I) 0.17226 55 -0.030�0.007 0.073 22 49 -0.114�0.035 0.16425 49 -0.153�0.038 0.162 22 50 -0.119�0.030 0.15725 50 -0.128�0.032 0.150 22 51 -0.128�0.030 0.14725 51 -0.105�0.026 0.135 21 42 -0.231�0.046 0.24825 52 -0.093�0.023 0.130 21 43 -0.204�0.041 0.23725 53 -0.075�0.019 0.107 21 44 -0.196�0.039 0.22625 55 -0.024�0.006 0.072 21 45 -0.188(I) 0.21124 47 -0.177�0.044 0.182 21 46 -0.177(I) 0.20124 48 -0.155�0.039 0.177 21 47 -0.159�0.032 0.18624 49 -0.137�0.034 0.162 21 48 -0.149�0.030 0.18624 50 -0.118�0.029 0.154 21 49 -0.149�0.034 0.17224 51 -0.096�0.024 0.139 20 40 -0.243�0.049 0.26424 52 -0.090(I) 0.131 20 41 -0.224�0.045 0.25724 53 -0.076�0.019 0.103 20 42 -0.206�0.041 0.24724 54 -0.063�0.016 0.101 20 43 -0.207(I) 0.23823 46 -0.190�0.038 0.201 20 44 -0.196(I) 0.22123 47 -0.162�0.032 0.188 20 45 -0.189�0.038 0.21523 48 -0.148�0.030 0.180 20 46 -0.164�0.033 0.20223 49 -0.125�0.025 0.170 20 47 -0.156�0.031 0.19523 50 -0.120(I) 0.155 19 38 -0.250�0.050 0.28523 51 -0.115�0.023 0.138 19 39 -0.236�0.035 0.28223 52 -0.103�0.021 0.135 19 40 -0.229�0.034 0.26923 53 -0.096�0.019 0.124 19 41 -0.224(I) 0.261



49300 A MeV I= InterpolatedZ A Mean velo
ity(
m/ns) R.M.S. (
m/ns) Z A Mean velo
ity(
m/ns) R.M.S. (
m/ns)19 42 -0.212(I) 0.243 15 35 -0.262�0.039 0.32119 43 -0.210�0.031 0.242 14 28 -0.308�0.062 0.41319 44 -0.184�0.037 0.217 14 29 -0.305�0.046 0.38919 45 -0.209�0.042 0.201 14 30 -0.300(I) 0.37818 36 -0.261�0.039 0.314 14 31 -0.295(I) 0.31918 37 -0.255�0.038 0.297 14 32 -0.287�0.064 0.39218 38 -0.200�0.042 0.278 13 26 -0.339�0.102 0.44718 39 -0.236(I) 0.279 13 27 -0.326(I) 0.40018 40 -0.215�0.032 0.264 13 28 -0.310(I) 0.33618 41 -0.212�0.032 0.272 13 29 -0.308�0.082 0.36518 42 -0.212�0.042 0.238 12 25 -0.325�0.098 0.38517 34 -0.272�0.054 0.337 12 26 -0.318(I) 0.39417 35 -0.252�0.038 0.335 12 27 -0.310�0.098 0.39517 36 -0.230(I) 0.292 12 28 -0.309�0.093 0.40717 37 -0.255(I) 0.295 11 23 -0.326�0.098 0.38417 38 -0.244�0.037 0.283 11 24 -0.310(I) 0.36517 39 -0.188�0.043 0.27417 40 -0.243�0.036 0.26516 32 -0.298�0.060 0.36716 33 -0.266�0.040 0.34416 34 -0.253(I) 0.33316 35 -0.252(I) 0.32216 36 -0.280�0.065 0.32016 37 -0.255�0.038 0.30616 38 -0.223�0.045 0.28815 30 -0.322�0.064 0.39815 31 -0.295�0.044 0.37515 32 -0.290(I) 0.37015 33 -0.280(I) 0.34815 34 -0.272�0.041 0.344
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