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Evidence for a_Blast>Wave'from'Compressed Nuclear Mastter
' ,-Philip:J. Siém.ens_+ and John O. Rasmussen

‘ Lawrenee Berkeley Laboratory

. University of California, Berkeley, CA 94720

ABSTRACT

Central collisions of heavy nuclei at c.m. kinetic energies of a few

hundred MeV pef nucleon are expected to lead fe_the formation of a_fireball

of hot, dense nuclear matter. We argue that such a fireball would be ex-
pected to explode, leading to & blast wave of nucleons and pions. The

energy for the blast wave comes from'the,compreesionel and thermal energy

. of the fireball. We show how several features of the observed inclusive

cross‘sectiens for pions and protons from Ne on NaF at 0.8 GeV/nucleon(lab)
can be understood in terms of»the blast wave, but are,incompatible with
earlier, pﬁrely thermal models. About 40% of the available energy'appears

as translational kinetic energy of the blast, with a similar amount ending

“as thermal motion of the nucleons in the exploding matter (the femainder

is used for_piohjereation). This partitiohing of the energy intoborganized

and thermal motion can be used.to help.determihe properties ofvthe hot,

dense_metter,

+ o . _ :
On leave from The Niels Bohr Institute, University of Copenhagen, Denmark..



One of the pfineipaivmotivatione forAaccelerating heavy-ion beams
to relativistic enefgies is tne hope of.producing and studying matter af
beryon'densities greeter tnen are found in atomic nuclei. However, in-
formation.about the preperties.of the dense matter thus created is ob-
scured by three major dynamlcal consequences of the hlgh energles needed
._‘to get hlgh densities: First, the hlgh—den51ty region (the nuclear fire-
ball) may not 1nclude all the nucleons from the target and prOJectlle( ).
Second the high- den51ty matter must be in a state of hlgh exc1tat10n,
so we must use the deta to infe;'not only the density but also the dis-
tnibntionvof,theﬁexcitation energy among the matter's internal degrees

(2)

of freedom . 5Tnird, the compreSsed matter remains het and dense only
for a v.ei‘}’.S‘hCS'I»‘t time <107%% s;;,ahd our observations are limited to ﬁhe
preducts emitted as‘it disassembles. .We present arguments-that the ob-
served pions:end protons do not exhibit the simple, thermal distributions

(1,3)

essumed by fhe earlier "fireball" and "firestreak" models ."Rather,
we show hewvseveral features of the observed cross sections.may be under-
stood as typical of»tne'nlast (pressure wave) preduced by:fne‘expiosion.
Wevuee these featufes to estimate the epeed of the blast wave, and find -
(for Ne on NaF at 800 MeV per nucleon labof&ter&,kinetic energy) that a-
bout half the available energy appears as.translatiqnal kinetic enefgy

of the biast, while a similar amount ends up as'thefmal ﬁgit&tiQQ,Qﬁ_the
particlee:in the exploding matter. Finally, we suggest how infOrmationu

on'thisv partitioning of energy into organized and thermal motion may

help to determine properties of‘the.dense matter.



.  5.

It is a matter of ordinary experience that the sudden creation of .

hot dense matter leads to an explosion (bombs, blasting caps, supernoyae).

'Thé'blast wave of the exploéion is' a resﬁlt of frequent collisions of the

repidly-moving particles in the hot matter: particles just inside the

suiface‘of_the high—density region will be able to move outward freely, ‘
while those with inward @btion- will be deflected by collisions with the
hoﬁ, densé ﬁattér inside.;‘Thus'particles‘on the'suiface ﬁill séoﬁ.be
moving outward, on the average: theianisotrppy'in.their'enviroﬁment'gives

rise to an anisotropy in their velocity distribution, and the kinetic en-

ergy of their motion becomes’lesé random. In this way the particles ac-—

quire a net flow veIOCity B, the‘blast_wave,‘thé_energy for -which comes
primarily.from fhe kinetic energy of théir rendom rélative;motion; As-
they ﬁovevdﬁtﬁard, they fill more space, so the deﬁsity decreases in the
surface, and the nextulayef of particles inside the éﬁrface ﬁéw experiéh-
ces an énisotropic envifdnment,and-aiso'begins to'mbve,oﬁtward.

A conveﬁiént quantifative describtibn of_this_phenémenon, in the iimit
of very frequent collisions, is provided by hydrodynamics(2): one says that
the matter locally acquireé‘an éutward-direcfed macfoséopic f1ow velocity .
B:by converting-internél therma;”énergy into work through é pressure grad—b
ient 3?. The force,-v?'is éonServatiﬁe (i.e. reversible),‘so that entropy'
is conserved duringithe é2pansion: the additional phaseespace_exploited-by
the expénsiqﬁ of maﬁter ihto a larger region éf positiohvspaCe ié.compen—
sated by the concentfation,of the velocity distribution_into a narrower

region of momentum space, as the cooling of the matter provides the energy

- for the macroscopic.flow.' Entropy is produced only by diffusion of parti-



cles betﬁeen neighboring regions of different mean velocity (viscous forceé)'
or different intefnal/éﬁergy (thermalICOnduction), both expected to be

small (The rate‘of entropy prddﬁcﬁion by thermal conduction is proportional
to the sQuare of the thermal grédieﬁté,'while viscous forces‘may be large
only if largé shear Veloqities are present due to incomplete thermaliza~
f’tion of the originalvkinetic energy of felative motion) . Additional energy
for thé blast may be provided by. the eléstic forées between the nucieons,
whose compressional energy is feleasedbas the dénsity falls, and by the ;
réabsorption of pions and deexcitation of nucleon resonances és the temp-
erature falls.

Thié conversioﬁ of thermal and compressional energy E* into organized
:_blaét-wévé flow continues as long as collisions are'sufficiently frequent.
._Evéntually the dénsity becomesvso small that'theApafticles no longer col-

" lide and instéad retain their momenta until.they reach the detectors.
-Thus the final distribution Qf momenta will be characterized by a mean
ex?ansion velocity B, and.a_fluctuation'about the méan B due to the remain-
ing intriﬁsic excitation E*.‘ The éharacteristic-featﬁres of tﬁe explosion are
(a) the peaking of the observed velocity distribution'about the méan
rédial velocity B, in conﬁrast to fhe‘fu11y thérmalized,distribﬁtion which
is largestvar the slowest particles iﬁ the fireball frame, and
(b) the reduction of the intrinsic excitation due to the cooling accpm—.
panyiﬁg fhe expansion.‘

To look for these signs ofvthe:exploding fireball, we have analyzed v

thé reaction of 800 MeV per nucleon Ne with a NaF target. We choose é-

symmetric,target—projéétile combination because then the rest frame and



<é

(in a clean—cut geometry

'Jectile and target'fragmentation‘.knock—on'scattering and pion production

: 1ntr1n51c excitatlon of the fireball are 1ndependent of the impact parameter

(1),

s and because the explosion will occur ‘in free

space instead“of inside the target.nucleus{ To maximize multiple-collision

effects, we choose the heav1est beam for which comprehen51ve data are avail—

gble for both pions and protons (a heav1er beam would be preferable) A

c1pated_compre551on); we hopeithat 800 MeV per nucleon is not-so high that
transparency becomes a problem(e).- An added advantage of the high excita—'
tion energy is_that it.reduces thé relative importance‘of Coulomb forces,

nuclear binding and Fermi/Bose statiStics;'_To minimize background from pro-

(L)

tion on the spectra of pions and protons at 90° in. the c.m., shown in the

figure.'

Inspectlng the logarithmic slopes of the dlstributlons at large trans—
verse kinetic energy, we see 1mmed1ate1y that both pions and protons are’
much cooler than would'be,expected if the full initial kinetlccenergy of :

182 MeV per nucleon were retained in thermal motion. Only part of this-

, cooling'isldue to‘pion_production:3in the_distributions shown, there is

about one pionvfor‘every-lOvprotons,.with a mean pion energy of about 2&5'
MeV'Kincluding rest_mass),(and assuming equal numbers of v#:and ™, about
35 MeV per_baryon has gonevinto producing'and accelerating pions,‘so‘the»
temperature would be about 90.MeV if all the remaining energy were in ther—
maleexcitation. . We tentatiﬁely attribute the additional cooling to the .

production of a blast wave.

“high energy is chosen to maxlmlze plon cross sections (as well as the anti- -

- and shadow1ng by target and proJectile fragments, we concentrate our atten—



B

The other characteristic feature of the explosion, the peaking df the
yelociﬁy distribution, isvless apparent in the meesuree‘ihclusive_spectre;
In the ease of the.n+ spectra, the peak,in‘d30/dp3 areund.ls MeV pion kin-
eﬁic energy appears euggestive, but is probably'proddeed by Coulomb'effeets(7).
We believe it is only‘éCcidental thet this peak ie neer the blast velecity.

A compa;ison of.ﬂ+ and'ﬂ__crose secfions'at low energy in thebc.m. would
feohfirm ﬁhe-Coulemb nature of the peak in the ﬂ+ Spectrum:'.the ﬂ_'spectrum
epat 90° c.m. should not‘show_euch a'peak, but should be laréest for the smallest
_ c.m.‘kinetic enefgy. |

The measured‘proton spectum beglns at c. mj'energles too large for
.Cbuloﬂb effects to be'slgnlflcant, Also, for protons, the rms thermal vel-
oeity will‘be smaller than it is for pions at the'same'temperature, so'the
'peaklng of the proton dlstrlbutlon at the blast veloc1ty should be more
pronounced. : The measured 1nclu31ve spectrum does exh1b1t a sllght shoulder,
but this may be obscured by the presence of knock-on protons at moderate
momentum transfer (E (proton)<E (beam)/A) Indeed, the low-transverse-
momentum cross. section is suppressed relative te high‘tranevefse momenta

. o _ o 8) -
if high charge multiplicity is used to select central colllsions( . Thus - »n

" we expect & surplus of low—transverse-momentum protons from knockout . .

reactions to be added to those from the fireball.



- To gain & more quantltatlve understandlng of these spectra, we can
try to fit them with a simple model._ Consider a spherically symmetric

fireball expanding to a radial veloclty B and a temperature,T.':Then the

- momentum-space density-of-particles of momentum p and energj EviS'given‘by(Qj
Q_§ =N. _EEL:Igﬁll [(y + T)Slnh 2 'fm%-cosh a ]l ()
dp z(T) , . -

where Y=(1-82)'5 s a:pr/T,-and z(T) is the normalization of a relativistiC'
Boltzmann distribution of temperature T. For large p, this d1str1butionv

, app
(-4 2n o/dE) l= (l—BE/p) . ‘Thus the pions (p*E) should appearvcooler'

resembles a Boltzmann distribution w1th the apparent temperature T

than thevprotonsp(p<E), as'is indeed seen, The figure shows & fit-of eq. l
‘to the high-energyvparts of the proton and pion spectra (cum. kinetic energy

> heam energyvper particle). The fitted.parameters,were the normalizations'

- of the pion and proton spectra, and the common temperature. The'blast vel-

| ocity was determined by requiring the mean kinetic energy of the fitted proton
distribution to be equal to the beam energy per particle minus the energy of =
the pions, assuming-o(w')=o(v )=0(ﬂ°) andvo(n)=o(p),

We see that the ev1dence for the blast wave 1n the 1nclus1ve spectra 1s
inconcluSive, though suggestlve. This mey be due to the small number of
nucleons in the_fireball,'and we would expect to see a clearer picture in
collisions ‘with heavier nuclei. Indeed Monte Carlo studies suggest that
the Ne + NaF system is too small for multiple collis1ons to be very impor-

10), 1f evidence is seen here, 1t mey be an 1ndication that plon exchange

is enhanced in dense nuclear matter, as suggested by Gyula551(ll? The}signs

tant(

of the blast wave should also become more prominent if central collisions

are selected by e.g. a multiplicity trigger: a preliminary analysis of proton
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spectra selected in this way shows a much more pronounced shoulder in the

8).

proton distribution.at 90° c.m. for Ar + KC1 at 800 MeV per nucleon’

Wevmay remsrk that the shoulder in the proton spectra is in gualita-

(3)

Yive disagreement with the firest?eak model .y iIn whiéh the superposition
'_Qf thermal distriﬁutions of varying temperatures leads to a distribution
of transvefse kinetic enérgies thatywould.be conéave upWérd in the figure.
The fifeéfreék_model accountslfqr‘the lo% tfansvefsg temperature by retain-
ing some of the initial kinetic1enérgy in longitﬁdinal motion,fwhile the

data show that at least some of this energy must be in the transverse

motion.

',- Webﬁoﬁld nof contend fhat the data fér neon beams prové'the validity
ofxthé pictqre of aﬁ explosion étartiné froﬁ equilibrated hot ﬁatter.-
What we do stress is that proton and pioh distributions at 90° c.m. are
not‘Simply‘thermal; There are altefnatiﬁe inferpretations based on micro-
séopic colliéion moaels to account for the paucity of élow pions and protons
in the c.m. If we neglect Fermi motioh, éhe initial scattering of two
nﬁcleons'changes directions but leaves them each with<their'6riginal c.m.
kinetic ene?gy. vSubsequent collisions as well as‘Fermi motibn act to modify
the distributions toward a thermal limit. Likewise, at 800 MeV/N the pions
_may be visualized as born from decay of an N*¥(1238) nearly at restrin the
c.m., hence born with about_lBO.MéV kinetié energy. Scattefing.with nucleons
modifies the pion diétributidn toward g thérmal limit.  However, it is
unuéual in a few-collision picture that the pions and protons indicate a
common collective (blast) velocity. In addition, our picture unifies the
non-thérﬁal featufes of the high- and low-transverse-momentum parts of the

spectra.



Whether or not the blast-wave interpretation of the neon data is ulti—.
matel& upheld, there iS'real hope that for heavier projecti;es ﬁhe hydro—
dynamic picture may be reallzed for the hot compressed matter.‘ Then the
| observed temperature allows one to infer. the total entropy of the hlgh—

den31ty matter, prov1ded we also know the den81ty at whlch colllslons cease,
which may be estlmated from the productlon of llght nuclel(lz). The entropy
of the initially compressed matter is sen31t1vevto its»equation of state:-
the entropy will vary inversely_nith the;strength of repulsive forces between
baryons, and it‘will increasenif”bar&on'resonances-and mesonic degrees of
freedom oome intovpiay.' Thus we belleve that the identification of the blast
-wave from explodlng fireballs is an 1mportant step toward learning about the
propertles of dense hot baryonlc.matter. | |
We are grateful for: helpful and enllghtenlng dlscu551ons with many
vcolleagues, espec1ally Shojl Nagamlya, Hans Bethe, Jakob Bondorf Steve

Koonin, Aram Mekjlan Dav1d Scott and Kent Smlth.
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Figure caption

Inclusive.Cross”sectiohs'd30/dp3 at 90° in the c.m. for Ne on NaF at 800

‘MeV per nucléoh;laboratory]kinetic energy. O prCtons, e T . from ref,-h;
R L L - S . e e
A 7" from ref. 5. Solid lines: expanding fireball (text, eq. 1) fit to

,daté;fOr c.m. kinetic energy > Eﬁeam/A'=0;182 GeV, with T=hh_M¢V, B=0.373,

vN(ﬂ+)=0.09hN(proton5. The dashed‘curve.is a Boltzmann distribution extra-

' polated from the hiéh-energy_ﬁfoton’cross section. ‘The dotted curve is the
éxpanding'fifeball expression for T roughly corrected for Coulomb effecté
by;the féctor.tFi % Gg]bl, evaluated for s—%éve.ﬁ+ With the full ﬁucléér

charge and radius of the qombined 40Ca system.
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