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Fragment production in heavy ion collisions Partitioning of protons
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== to describe fragmentation reactions microscopically we use kinetic theory:

Transport theory: Boltzmann-Nordheim-Vlasov (BNV) approach
(also called the Botzmann-Uhling-Uhlenbeck (BUU) approach)

time evolution of the one-body phase space density: f(r,p;t) Physical input:

Oof p mean field potential U (equation of state)

—+— Vf—VUV f=len|f.o] and

ot m A in-medium elastic cross section o
Density functional V. Baran, M. Colonnar M. DI Toro, Phys, Rep., 410
U(p(r)) = Nuclear Mean Field + Symmetry terms + Coulomb (2005) 335

U(p)=ALﬂ+ BL} +C(-2) (P, = £, )1 (P4 +£,) +U

A=-356MeV, B = 303MeV,d =7/6,k =1(p), 2(n), C = 36MeV

Collision term

Icoll[fl’a]:%jdspzd3p3d3p4 0-(12’34)5“_51"‘ P, — Ps + ﬁ4)5(81+€2—83+84)[f_1f_2f3f4— flfzf_af_zt]

Pauli blocking factors for final state ~ (1— f (r,v;;t))=(1— f;) = f,
g degeneracy

Collision term: treatment by stochastic simulation

1. Selectin each time step 6t TP with distance d <+/oc /&

2. Collide with probability P= c./c,, With random scattering angle
3. Check Pauli blocking of final state in phase space
Computationally most expensive part of calculation



Partial integro-differential equation for f(r,p;t)

Remarks on Solution of Transport equation

solved by simulation with the test particle method:

N finite element test particles (TP) per nucleon

f(r,p.t) =+ Zﬁ(r—r(t)w(p bi (1)

p(ri)=[dp £ (7, Bt

Equations of motion of TP (Hamiltonian
EoM's):

5F5 (t)

Identify final fragments by coalescence method
Here: Cut-off criterion in density

VU5

or (1)

_ Ri(t)

ot

Primary fragments are still excited!

m

Initialization of test-particles is calculated filling the
potential well of Woods-Saxon shape. Coulomb and
symmetry energy are taken into account.

V(r)=-— Yo

+ Ecoul + Esymm

1+ exp(r_aR)

As a result when the dynamical
calculations starts this initial state of

nucleus doesn‘t represent its ground
state.

( p(r;tfreeze-out) <0 17 po)
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Four times (t=20,40,60,80 fm/c ) are shown
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Results for the reaction 40Ar on 181Ta at 57 AMeV.
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-Hot fragments have rather narrow distributions

- centered around N-Z of the projectile

-The width of the velocity distributions is too narrow

- and sometimes shifted to lower velocities

--> need to de-excite fragments to compare to experiment



From hot fragmets — to cold ones

Calculating cold evaporation residues:
SMM code, P. Bondorf, et al.,Phys. Rep. 257, 133 (1995)

Input parameters: A, Z;,, E. . from BNV calculation

Calculation of the energy of a nucleus or fragment with the same density functional U(r)
as used in the transport equation (t; kinetic energy)
E =2t +3[dFp(U(p)

(TP)

Excitation energy of primary fragment E.,. = Eq,,(A,2)-E,(A,Z) at freeze-out time (no interaction)
E,s- ground state energy for initialized nucleus

However, phenomenologically initalized nuclei are not

4T £ amev very stable and loose particles during the evolution
“ B ELiD =-15.85*A : 231./231 5*(A-2. Z2/)3 /A + 150
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Results: Isotope distributions for selected elements
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Comments:

- de-exitation (SMM) important
for agreement with data

- agreement with the data ok
(no parameter adjustment)

- slightly shifted to smaller
neutron excess (probably due
to spurious emission of
neutrons).
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Results: Velocity distributions for selected isotopes
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Comments:

-effect of de-excitation not large for
velocities, some widening

- maxima are shifted somewhat to
lower energies relative to the data

-widths too small, esp. for lower
energies. not enough fluctuation?

- there is a direct breakup component
close to beam velocities, esp. for low
energies

- velocity spectra are helpful to
understand reaction mechanism




Isotope distributions for reaction Ne(40 A MeV)+°Be/*81Ta and
dependence on excitation energy

Excitation enery as a function of Element distributions for Ne(40 A MeV)+°Be/181Ta
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Velocity distributions of fragments

Experimental results (COMBASS group, FLNR)
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Velocity distributions calculated in combined

Transport+Statistical moment gives

dissipative component, the maxima is shifted

to lower velocities.
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Conclusions

Heavy-ion fragmentation reactions are interesting for physics and important for
applications. A microscopic understanding is desirable.

Here we use transport theory. The solution of the highly non-linear transport equation
iIs mathematically challenging. We solve it by simulations.

The transport approach results in ,,hot” fragments. Their de-excitation has to be
included to obtain the final outcome and compare to experiment. We use a statistical
decay code, and determine the input (excitation energy) consistently.

We apply the method to reactions from low to intermediate energies, also extensively to
experimental results obtained at the FLNR.

Results for isotope distributions are ok. Velocity spectra are often too narrow (not enough
fluctuations?) . Velocity spectra contains more information about the mechanism.

Future developments:
- improve the initialization of the colliding nuclei
- study the effect of fluctuations on the fragmentation.

Thank you for the attention



