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Abstract

The thick-target, thick-catcher technique has been used to
determine mean kinetic properties of selected products of the
fragmentation of Cu by lH, 4He, and 1ZC ions (180-28000 MeV/amu).
Momentum transfer, as inferred from F/B ratios, is observed to occur
most efficiently for the lower velocity projectiles. Recoil
properties of target fragments vary strongly with product mass,
but show only a weak dependence on projectile type. The projectile's
rapidity is shown to be a useful variable for quantitative inter-

comparison of different reactions. These results indicate that

/

E /A . is the dominant parameter which governs the mean recoil
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behavior of target fragments.
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One of the fundamental motivations for studying thé interactions of
heavy ions at intermediate energies is to delineaﬁe the features of the
nuclear reaction mechanism(sﬁ. A systematicfexamination of heavy-ion reactions
in the 10 to 200 MeV/amu energy range will.connect our extensive kﬁo&ledge of
the low energy region (E <10 MeV/aﬁu)'which~is'chéracterized by transfer,
compound nuclear, and deeply inelastic scattering processes and our somewha;
more'limited studies of the fully relativi;fic'energy region, (E > GeV/amu).
Here " there are some indications that astptotig behavior has been observed
in peripheral-reactions and where there is curfently strong interest in
central collisions for the possibility that these may prove useful for induciﬁg
nuclear shock waves, prdducing states of abnormally high ﬁuclear density, or
as a means of defining the nuclear equationiof state unﬁer conditions away
frém those (preséntly accessible) . of near-equilibrium. It is convenienﬁ to
systematizel the nudle;r reaction mechanism in che manﬁer'shown in fig. 1
by using the variables of projectile energy and reaction impact parameter.
One does‘not expect abrupt changes to occur in crossing the c?oss hatched
boundaries of Fig. 1 but rather it is reasonable to assumeAthat heavy-ion
interactions in the intermediate energy region will reflect transitions from
one or moré of these domains to different ones.. One expects that the nuclear
physics in this energy range.will be at ‘least as interesting and varied as
that at both low-and high energy extremes-and.tﬁat it will challenge us to

design.exﬁeriments which are sensitive to the new phenomena and to have as

goals the development of theoretical models to interpret them.
- Research efforts of nuclear ;hemists at BNL have been directed
toward these points for the last several years. It is a reflection of thé
. . : . |
sﬁccessful acceleratibn of heavy ions to fully relativistic energies that we R
|

are approaching the intermediate energy region from the higher energy side




rather than from the loﬁer energy -side! From‘the broad new areas of investi-
Agatione which have developed from the use of these high-energy heahy ion
beame,2 I will restrict my remarks .to a'eonsideratiOn of target tragmentation
processes.

In a historical sense our studies of target fragmentation by high-

energy heavy ions grew out of the long tradiation in the BNL Chemistry Depart-

ment of similar investigations with GeV protons. In particular, many of the

experimental techniques and methods of interpretation which will be emphasized

later in this talk had their origins in early experiments at proton synchrotromns

where one frequently had to contend with high'energy proton beams of very low
intensity. In the quarter century since protons were first accelerated to
GeV energieS'ih the now-retired Cosmotron, a.lerge number of target eysteme
have been investigated at various laboratories at energies up to 400 GeV.
These studies have involved,radioehemieal techniques, detection ih mica and
Lexan, and electronic measurements of fragmehts by dE/dX,‘E, and'tiﬁe of
flight. There is, therefore, a sizable body of informatien in the litereture
on- the interaction of GeV protens with‘complex nuclei. Building upon this
base one can therefote ihquire as to whether relativistic heavy ions differ
from protons‘ih their intetactiohs with complex nuclei.

In the areae'of target fragmentation, as opposed to prdjectile
fragmentation where there is no analog in proton induced reactions, our
studies. have developed from a "flrst geheratlon" series of experiments which
‘concentrated on the systematlcs of production cross sectionms to a series of

"second generation” studles of mean recoil propertles of the target fragments.
‘In the former case we were interested in testing the applicability to .

vrelatlvistic heavy—lon reactions of the hypothesis of limiting fragmentatlon

and factorization3 and in the latter case we have attempted to extend these




tests in the area of fragment recoil behavior and to expl;re to what extent
the kinetic properties of target fragments are complementary to those
observed preQiously_in projectilé fragméntation. Our studies also bear upon
a central question in stu&ies'of the nuclear reaction mechanism: whether
the projeqtile's kinetic energy or its velocity (related’to E/A) is fhe
dominant parameter which characterizes the major features éf the interaction.
As a means of orientation to the discussion whichzfollows, it is
useful to:locate our étudies of target fragmentation on the heavy-ion
reaction 'phase diagram" (Fig. 1). Our measurements concern target fragments.
which result from medium to large impact parameter. Table I lists the.
beams we have used at various 1ab§ratories in the investigations of
reactions with Cu ;argeté. Our measurements refer to thg-upper, right-hand
portion §f the phase diagram.‘

A variety of studies with targets ranging from Cu to U and using'

reoidual radioactivity techniques have shown that various relativistic

heavy ions (AHe, 120, zoNe, 40Ar),_0.4—2 GeV/amu,.produce~es$entially the

same Qistributioq of final products asAdo protons of GeV energies.a-loA
The felativistic heavf;ioﬁ-reaétions exﬁibit'largef féaction‘créss sections
than those for protons; but the distribution 6f productsv(except for very
light oneé) scales in proportion to-this larger geometrical cross section.

- ,
These observations, while somewhat surprising at such relatively low

energies, support the hypotheses3 of limiting fragmentation and factorization,

which in their simplest application to nuclear reactions suggest that, at

sufficiently high energy, all strongly interacting projectiles will yield

similar product distributions. As an example of this, Fig. 2 shows ratios

of product cross sections for the reactions of 80 GeV 4OAr and 28 GeV»lH




7 _
with Cu.  The cross-hatched band shows the region consistent with the ratio
of total reaction cross sections and its associated error. The factoring of
the individual product cross sections according to the ratio of the total
. ) . ' lH 3 40 .
reaction cross. sections for 28 GeV and 80 GeV. "Ar on Cu is a general
feature for products which correspond to the removal of up to == 40 nucleons

22Na). . Still lighter products, e.g. 7Be,

frﬁm ﬁhe-target (i.e. down to
appeéf to be.éignificagtly enhanced for the ﬁeavy—ion induced reaction bver-
fhe ﬁrotoﬁ induced one.. Data of the type shown in Fig. 2 can be used to
develop Both charge dispersion and mass yield plots as shoﬁn in Figs. 3 and
4, respectively. -The charge dispersion analysis shows that»the data for‘

4oAr + Cu fall on the same curve as those for 1H + Cu and that the mass yield

éoAr, 25 GeV 12

curves for 86 GeV C,ﬂgnd 28 GeV lH reactions on Cu have :
essenﬁially the same shape and slope for all three projectiles. The élope

- of the mass yield curve is related to excitation énergy which is deliﬁered
to the target nucleus. Low excitation energy (rapidly decreasing crocs.
.section for intreasing ﬁultinucleon removal,:AA)'is corréiated with large
slope of the mass yield curQe; while high excitation energy (less rapid
decrease in cross section as AA incfeasés) is correlated withismaller slope.
Fiéure 5 showé this variation.in slope‘for Cu spallation by protons And '
energetic heavy ions. At =1-2 GéV‘we'sée the onset of a saturation.phenomenoﬁ
~in that the Cu target ié no longer able to aBsprb additional excitation
energy, and ét even higher energies the fragmentation pattern is ho;
changed by either different projectile types or their kinetic energy.
Similar data are not yet available for heavier target systems. It would

be interesting to know, for example, if heavier target systems show the

same limiting sldpe behavior at = 1-2 GeV, or whether this occurs at higher




energy due to the ability of heavier targé;s to support more excitation
as a result of their-greater masé. |

While limiting fragmentation‘behaviorvhas also been observed3Ain the
VCu target systems with lower energy 14N (280 MeV/émﬁ), it is clear that the

strict factorization of the cross sections as shown inAFig; 2 will eﬁentually
 break down at some lower.projectile energy when deeply inelastic scattering,

A compoﬁnd nucleus formation, or other processes.become the dominant reaction
mechénisms, It is therefore of considerable fundamental interest to

exploré the energy region below =5 200-300 MeV/amu to see where the cross'
section factorization regime fails and to inquire whether this failure is
observed'at approximately the same projectilé energy or velocity for all
projectile-target coﬁbinations. )

Mbdels‘of'the interaction of relativistic heavy ions (such as the
abrasion-ablation modelll) suggest a monotonic reiationship (on the average)
between impact pafamgnt and‘reaction product, with the simplest (smallést
mass loss) being associated with the largest b,‘and vice versa.. Bgéed on

2,13

the procedure of Barshay gg_él,l >*7 in which

do# = '2nb{1.% exﬁt-T(B)o§N]}db,

we have calculated the contributions of different ranges of impact parametets

R
Eq. (2,3) of Ref. 13] which includes all’ the geometrical properties of the

to.o_. In this equatiom; T(b) is thé thickness function [as. defined by’

colliding nuclei, and OEN

cross section at 2 GeV/nucleon. This calculation predicts that impact

is the spin and isospin-averaged nucleon-nucleon

parameters of = 8.2 fm make'the largest contributions to Op* For closer’
approaches, the nuclei are black to each other and the b term in the above

equation is dominant. For larger b, transparencies become significant,



rapidly reducing the Contributions, yet some reactions at’impactvparameters
in the 10-12-fm range are expected. We note that the most effective impact
parameters are larger than the sum of the half-density radii of 40Ar and
63’6SCu, 3.39 and 4.23 fm, respectively, so that'peripherai collisions are
expected to play important roles. Impact parameters = 8.3 fm contribute a
cross section equal to the estimated yields of products with A = 58, the |
upturning region of -the mass yield curve in Fig. 4.' Furthermore, the

22160 mb deduced for target fragmentation residnes having A = 22 are
accounted for by collisions with b = 5.25 fm. Shown in Fig. 6 are realistic
>nuclear density distributions for Cu and 4oAr at this impact parameter. .
There is little overlap of the central cores of the'projectile and target
even at this separation and in this sense target fragmentation is peripheral.
MaJor parts. of the Ar and Cu remain relatively undisturbed to ultimately
yield the fragmentation products, Presumably events with smaller b and
greater overlap will result in increasingly violent interactions;

A more detailed view of heavy-ion reaction mechanisms in the
intermediate—energy region can be obtained from.the measurement of the energy
‘and -momentum transfer processes of .these interactioms. It is in these areas
tnat our work has concentrated'most recently. 'BeCause of the limitations
imposed by low beam intensities, the thick target, thick catcher technique
which was originally developed for high energy proton beams has been employed
to survey the momentum transfer to target fragments from Cu for a variety of
proton and heavy-ion projectiles over a broad energy range. Figures 7 and
8 show typical configurations of target stacks that are used in these
experiments. .Fragments which recoil from the Cu target are stopped in M&lar

catchers. The quantities F and B denote the fractions of the activity of a

-particular nuclide formed in a Cu target of w mg/cui2 thickness that were found




~in the forward and backward catéhe;s; respectively, of the stack perpendicular
to the beam.

Béfore we try to interpret the resulfs of such meaSufements-in a
detailed way which requires a model for the interaction, it is instructive
tovlqggfgere;y'gt the ratio of F/B for several products from Cu. We have
" chosen t; use 24Na, 28Mg,,44?8c, 4'8\7, SzMn, and 5800 as a.conveqient set of
.producis, distributed in maés, which héve boﬁh abqndant Y-rays in their
decayé for identification purposes and long enougﬁ half-lives so their
yields can be detérmined readily by assay of residual radioactivity following ;
the target stack Bombardment. These producfé, in.a crude way, also sample a |
?ange of excitation gnergies in the heavy-ion interaction in that a product.
iikg 5?Co which“is formed by the removal of a few nucleons from Cu represents -
only modest excitation of the target while 24Na formed by the loss of 2540
nucleons from_Cu results from the deposition of larger améunts of excifation
energy into the target.

.The ratios of F/B forlseveral different projectile-energy combinsations
: are listed in Table II.. We also include earlier daté from Crespo 55_3;,14
As expected, the ratios are greater than unity, indicating that more of the'
products are found in the forward‘hemisphére,,ahead of fhe target, than behind

it. For aAparticular product, a sﬁoogh'trend of decreasing F/B ratio is

evident if the_table is orderEdAPz'Eproj/Aproj ‘related to the square of the

projectile velocity) rather thaniby the total kinetic energy of the projectilé.

Since the F/B ratio reflects the extent of momentum transfer from projectile
to target, it is apparent that the projectile's velocity and not its. type
'(proton, alpha, or 12C) is the governing factor in the momentum transfer

process. For a particular projectile-energy combination the F/B ratio

generally increases with increasing product mass and then drops appreciably




for'58Co. Thé drop for the $8Co data is presumed to be a reflection of

changes in the range-energy relationship for low—velociﬁy néar—target
products like 5800. It is clearly of interest to extend these measurements
to lower projectile velocities to explore more fully.the processes which
are.responsiblé»for the momentum transfers we see here. it would also be
instructive to include both additional types of projectiles a§ well as
other targets to get a more complete picture of these phenomena.

Additional information can be oﬁtained from the present data by a
model dependent énalysis which assumesAthat the velocity distribution of
a product can be resolved into two components (see Fig; 8), a forward
directed~v“ re;ulting'from the initial projecfile-target interaction, and a-
V isotropic in the moving systém, arising from the subséquent deexcitation
of the prefragment to yield the observed products. This so-called two-step
model is equivalent té thé abrasion-ablation model11 proposed for high-
energy, heavy-ion reéctions. Details-of how v” and V are derived from the
experimental data can be found in .the review<artic1e of Alexande;ls‘and .
elsewhere,.16 The mean range R is related to 2w(F+B), and w(F-B) is related

to n, R, where n,_ = v'/V. It is also assumed that the mean range is related

(1 i [
to .V through.an exponential dependence, R « VN.

Figures.Q apd 10 show plots;of_sn = vn/c and V, respectively, thét
were derived from our data. It is .convenient and informative to plot these
results as. a: function of the rapidity y (=tanh-; B) of the projectile. A
number of interesting features are apparent froﬁ these figures. For a given

projectile—-energy combination B“ varies. strongly with product mass, higher

values of B“ being observed for the lighter products (e.g.~?4Na),4and smaller

58

values of B, for the near-target producté (e.g. " Co). The observed values

(1

of By are low and of the same order as the velocity retardation reported for-




projectile fragments.17 We are thereforé observiné complementary behavior

in the. projectile and target fragmentation regimes which reflects the |
indistinguishability of the two interacting nuclei in their center of mass
frame; This suggests‘that fragments even as light'as 24Na arise from relatively
unexcited parts,of the farget nucleus. Qne also notes that é“ varies
monotonically with respect to the number of nucleonsvremoved from the target.
For a given product 6” iﬁcréases faéidly for the slower moving projectiles,‘.
wﬁich indicates that the lower velocity projeétiles transfer their momenta

more effectively to the target'systeﬁ. The plots of V (Fig. 10) give us

some insight into the degree of excitatioﬁ in the prefragments which are
assumed to deexcite by'light particle evaporation to yield thé final prodﬁcﬁs,
shown in the fighre. For a given projectile~energy combination we again see
that the lighter. products display the higher Qelocity 5ehavior we saw iﬁ the

4 B“ results and that.variation of V with product mass is remarkably'similar

to Fig. 9.' Howevef, the va;iation of V with.projectile rapidity kveléﬁity)

~is quite small with just a hint of the beginnings of an upturn for 720‘ﬁeV

4He (180 MeV/amu). The B“ results sﬁggest that heavyfidn.projectileé at

low répidity (E/A = 200-400 MeV/amu) are effectivé in. transferring momentum
to excited prefragmenﬁs by projecting'them forward in the initiél projectile—
tafget interaction. - The excitagion of_the prefragments, howéver, as inferred
from V, does not seem to correlate Qéll with either the type of energy_of’the
incident projecﬁile;‘ FullyAfelativistic ﬁeavy iéns, e.g. 25 GeVi12C;:reveal
~ only small diffefences when compared to high energy (28 GeV) proténs,.in
accord withpconcepts'of limifing, asymptotic behavior mentioned earlier.

The results from reactions with Cu target system cannot, in theﬁsel;es,

form a basis for constructing a detailed model of the interaction of heavy

nuclei at intermediate to high energies. Clearly one needs to investigate
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reactions with other targets in a similar Way.' Investigations with Au targets

. Have’been reported18 fecently and other investigations with Ag,19 Ta, and U20

tergets are in progress. Cleerly, the measurements of product angular

distributions and.eneréy spectra Will give us the compfehensive, detailed

‘information which ie crucial. for testing, refining, or'rejecting theofetical

models of the mechanisms.of these heavy-ion interactions. Unfortunately the

low intensity of the presently aveilable beams makes experiments of this

type very difficult. :

In summary, the use of heavy iens of intermediate energy holds the
promise of providing a‘means for the systematic study of target fragmentation
,precesses with the eventual goel of refining models of the mechanism(s)'of
the interaction of heavy nuclei in this bfidging energy region. In particular
a number of fundamental questions can be.addressed: | -
(1) At what projectile energy (or velocity) will the predictions of

limiting fragmentation and' factorization break down? What will be.
responsible for this.breakdoﬁn? Will it occur at the'same projectile
energy (or velocity) for all projectile-target systems?

. (2) Why ereAthe tecoil properties.of terget fregments;vsuch as. momentum
transfer, closely cerrelated with projectile;rapidity (velocity)
iﬁstead of the_projectile's-to;al.eﬁergy?ﬁ Will this occur in other
projectileftaréet systems? Will this correlation continue at lower
velocities?

(3) will projectile-target systems of lergevmass asymmetry‘(e.g. very
light projectiles like m-mesons or heavy-ion projectiles of mass

‘greater than the target) display the same features of the systems

already studied?



(4)

(5)
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Is the two-step (abrasion~ablation) model valid over a wide energy

range? Will it break down at lower energies? What will be the

fcause of this and what will be the signature of the new processes

which také over at these energies? .

What ére;the best measurements to perform in the'next generation-
of ekpe;iments so that additional constraints can be applied to
refining theoretical models of the iﬁteraétion of heavy nuclei at

intermediate energies?




-13-

1

J. P. Bondorf, WOrkshop on High Resolution Heavy-Ion Physics at 20-100

MeV/nucleon, Saclay, France, 1978.

25. S. Goldhaber and H. H. Heckman, Ann. Rev. Nucl. Sci. 28, 161 (1978).

3see the review by H. Bgggild and T. Ferbel, Ann. Rev. Nucl. Sci. 24,

451 (1974).

43. B. Cumming, P. E. Haustein, R. W. Stoenner, L. Mausner, and R.. A. Naumann,

Phys. Rev. C 1-, 739 (1974).

5C. R. Rudy and N. T. Porile, Phys. Lett. 59B, 240 (1975).

6

J. B. Cumming, R. W. Stoenner, and P. E. Haustein, Phys. Re#, C 14,

1554 (1976).

7W; Loveland, R. J. Otto, D. J. Morrissey, and G. T. Seéborg, Phys; Lett.

'.“§2§, 284 (1977).

8J. B. Cumming, P. E. Haustein, T. J. Ruth, and G. J. Virtes, Phys. Rev. C

17, 1632 (1978).

9W. Loveland, R. J. Otto, D. J. Morrissey, and G. T. Seaborg, Phys. Rev..

~ Lett. 39, 320 (1977).

10N. T. Porile, G. D. Cole, and C. R. Rudy, Phys. Rev. C 19, 2288 (1979).

11; p. Bowmén, W J. Swiatecki, and C. F. Tsang, Lawrence Befke}ej Report
' No. LBL-2908, 1973 (unpublished). |

| lZS. Barshay, C.. B. Dover,. and J. P.~Vary; fhys. Lett. 51B, 5 (i974).
135? Barshay, Cﬁ B. Dover, and J. P. Vary, Phys. Rev. C 11, 360 (1975);

14v. P. Crespo, J. M. Alexander, and E. K. Hyde, Phys. Rev. 131, 1765 (1963).

15See the review by J. M. Alexander, in Nuclear Chemistry, edited by

L. Yaffe (Ac¢ademic, New York, 1968), Vol. I, p. 273.

16J¢ B. Cumming, P. E. Haustein, and H.-C. ﬁseuh, Phys. Rev. C 18, 1372

(1978).




-14-

17D. E. Greiner, P.. J. Lindstrom, H. H. Heckman, B. Cork, and F. S. Bieser,

Phys. Rev. Lett. 35, 152 (1975).
185. . Kaufman, E. P. Steinberg, -and B. D. Wilkins, Phys. Rev. Lett. 41,
1359 (1978).

19

2OW. Loveland (private communication).

N. T. Pofile~(private communication).




Proton and Heavy-Ion Beams used in the Study of the Spallation of Cu Targets.

Ion

He
14

12
He
40

12C

N A

E
(MeV)

720

3900

4800
4000
80000

25200

- 3900

28000 -

Table. I

E/A

(MeV/amu) .

180

280

400
1000
2000
2100
'3900'

28000

Laboratory
SREL
PPA
LBL
LBL

LBL

BNL

BNL



Table II

F/B Ratios of Selected Target Fragmenﬁs from the Spallatioh of Copper by Various Projectiles o

Energy A : . ’ A .. F/B
Projectile  (MeV) (MeV/A) | 24Na 28Mg 4489 .48V 52Mn -58Co
‘e 720 180 9.1 (25) - 29.6 (20) 23.1 (33) 35.5 (35) 14.7 (35)
 Aye® 880 220 8.23(29)  8.80(66) . - - - - ,
12, 4800 400 © 8,62(22)  8.41(72) 12.8 (03) 12.3 (04) 11.4 (03)  6.42(03)
lué 1700 700 3.37 4.13 - - - -
“He 4000 © 1000 4.25(29) 2,83(68) .  4.86(19)  4.31(59)  '4.05(30)  2.96(50)
12, 25200 2100 2.63(11) 2.59(34)  3.37(12)  3.21(19)  3.21(26) 2.62(29)
g2 3000 T, 3000 2,79 3.02 B - - —
Ly 28000 © - 28000 . 2.20(05) 2.20(11)  2.77(06) - 2.72(06)  2.82(06) . 2.36(10)
#Reference 14.
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Figure Captions

A "Phase Diagram" for the Heavy Ion Reactions (from Reference 1).
Reactions which are induced by heavy ions with energies of 10-200

MeV/A are expected to exhibit some or all of the features in the

"central part of the diagraﬁ.

Cross section ratios vs product mass for the reactions of 80-GeV 4oAr

and 28-GeV lH with Cu.. The cross hatched band shows the region consistent
with the ratio of total reaction cross sections and its associated error.
Comparison of charge'dispersion curves for the spallation of Cu by

80~GeV 4oAr and 28-GeV 1H.A Points were obtained by the procedure
described in Reference 6.

Mass yield curves for the spallation of Cu by 80-GeV 4oAr, 25-GeV

lzC (Reference 6), and 28-GeV 1H (Reference 6). The vertical scale for

'lZ'C is arbitrary. Points were obtained using the procedure of Reference 6
by adding computer geperéted valﬁeS‘fqr non—-observed products to the

measured cross sections. These are filled when >507 of the total was

»obéervéd, open-when'52O%Aobserved. .Errorszinclude 20% uncertainties

assumed in the calculated values. .

Slope of the Cu spallation maés—yield curve as a function of the kinetic
energy of the incident projectile. Filled circles are for protons,

open for heavy ions as indicated.

Nuclear density distributions for Cu. and 40Ar showing the extent of

overlap when the separation of centers. if 5.25 fm.
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Pictorial view of a typical thick—target/thick—catcher7irradiation'
geometry. The beam enters from the left and first transverses a target

at 90° to the beam. The beam then passes through a similar target

‘stack which is inclined at 20° to the beam direction.

Schematic view of the thick—target/thick.caﬁcher’assembly. The lower

- portion of the figure shows the resolution of the velocity vector of a

target fragment into an initial v“ resulting from the projectile-target
interaction and a V (assumed to be isotropic) resulting‘frbm-the
deexcitation of excited prefragments which eventually yield the

observed ‘products.

Dependence of B (='v /c), the first (abrasion) step velocity,AaS a
1 i .

function of projectile rapidity for several targét fragments from Cu..

Dependence'of V the second (ablation) step velocity, as a function of

projectile rapidity for several target fragments from Cu.
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