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The effect of nuclear fragmentation in the passage of 180MeV protons through the human body tissue is dis-
cussed. Prostate cancer protontherapy with these intermediate-energy protons is discussed in light of model
calculation.

The use of heavy charged particles (hadrons) to treat The symbol() implies statistical average and it is &
cancer is an old field of research. The advantages of thissumed that the momenta are distributed randomly (F
therapy compared to x-ray erray therapy are well known  motion).
and will not be further discussed here [1,2]. We shall in this Accordingly,
short contribution give a preliminary assessment of the nu-
clear fragmentation effect that accompani€8MeV pro- (pi-p;) = <p1> 2)
ton cancer therapy.

The human tissue is composed by weight of 61% oxy-
gen, 10% hydrogen, 23% carbon and smaller percentages of
other elements. When a proton traverses a certain depth o
this tissue, it interacts inelastically with the atoms resulting pFe” f f & itted f h leud
in its energy loss. The formula that describes this loss of en- then ier?ngc?rf:rtmtﬁmm(;j}ztritlatieonrﬁ;e de;(()::?btec‘let?ug eGau’S
ergy is called the Bethe-Bloch one, which exhibits a peak at 2 y
almost the end of the passage distance, commonly referrecjunCtlon with a widtho™ (the momentum dispersion offa
to as the Bragg peak. For 180MeV protons the Bragg peakmass fragment) as:
occurs atr = 17cm inside the human tissue. r 2

Besides the atomic energy loss, the proton induces nu- 2 _ . _ 2 . .
clear fragmentation which generates other smaller nuclei at < {Z p'] > = F i)+ F(F=1) (pipy) ()
almost zero kinetic energy plus secondary protons of 2/3
of the incident proton energy. In this short contribution we ~ Which using eq. (2) gives:
study this effect. F(A-P)

We use the abrasion-ablation model for the fragmenta- o= -/ <p§> (4)
tion process developed by Carlson et al.[3]. This model A-1
hinges on the |dea that the fragmentation occurs in two The energy range Of the |nternal motlon Of fragméh
steps: an abrasion of several nucleons or clusters followeds simply:
by ablation or evaporation of the hot residues. The input

We know that for a Fermi gaip Y = b
ith prermi: beING the Fermi momentum given roughly
rmi = 230MeV/c.

into such calculation is the value of the nucleon-nucleon o o> (A=F\3DFrmi 5
total cross section at the corresponding laboratory energy = 2meF ~ \A—1/5 2mg ®)
(Eray ~ 180MeV), the density profile of the target nuclei )

and the energy balance that determines the temperature of OF, InMeV:

the residues. The energies of the residual fragments (result- A_F

ing from evaporation) can be calculated. Ep ~14,9 [ﬁ} (6)

For this purpose we used the statistical model derived
by Goldhaber [4] where the momentum distribution of  \yhereA is the target mass anfd is the fragment mass
projectile-fragments is explained in terms of the rms mo- We must observe that in a measurement of the mor
mentum of the nucleons in the original projectile. tum distribution of the fragment, a given Cartesian com

. ) ) nent s tagged. In this case we replgpé) in the Goldhabe!
Conservation of momenta gives (that.istarget nucle-

ons assembled with zero net three momentum) formula [eq. (4)] b)’@- Then(p?) = Pz which yields
for eq. (6) the result (id/eV):

A 2
qui] >—A<p%>+A<A1><pi.pj>—0 @ B 10 [T v

3 |A-1
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The result of the model calculation fé&& = 180MeV to be compared to the enerdy ), that appears as the argu-
protons indicates that oxygen fragments mostly into: ment of the cross-section.
In the energy range corresponding to the Fermi motior
Fragmentation of *°O of the fragment, the cross section may be taken constant (e
"0 o =42mb a function ofE¢;,) and the resulting Gaussian integral from
BN o =23mb eq.(11) can be analytically evaluated. We find:
UN o =31mb (8) ,
BC o=28mb 1 1 2\ | VF 1
12C o — 36mb r; = 2TNA0; {ﬁ — &P (—avy) o> + - (12)
wherea = § {7 1 and 5o pvp = Ep [given in
In the case of the fragmentation &fC, we find: eq.(6)] ot
A-F
2
Fragmentation of 2C Vp = 29.8 (A — 1) Fmo (13)
HC o =55mb ©)
HUB g =30mb

Thus we have the expression for the reaction rate as fol
lows:

All these nuclei have very small kinetic energies and ) 4
may act as targets (ionized) for the impinging proton beam. ri= 2TnAC; (KT)" (A+1) 4
Though this effect is probably quite small, a slight disper- ' ’ % (Amo)2
sion in the Bethe-Bloch formula may result as a conse-
guence of secondary interactions. The detailed calculation

of this effect is in progress and will be reported elsewhere.  (kT) (A +1)° e [ A KT KT (A+1)?
Clearly, the human tissue is warm with an average tem- %Amo (A+ 1)2 F 2 %Amo
perature of abou10° K. In the calculation of the reaction (14)

rate we have to take into account the thermal motion of the

atoms (nuclei) through an appropriate Maxwell-Boltzmann  The temperature would influence the reaction rate by ¢

factor. The center of mass energy of&M eV proton im- small amount. However it is important to keep in mind the

pinging on aA mass target is equation [11] for the assessment of the effect of possible
variation of the temperature in different regions of the tis-

Erap A A1,

=—" FEr,. — 10 sue. We are currently studying this effect.
T+ 1 Ayiiee = gm0 Y SHEYIng

Ecy =

T.he.reactlon rateis given by (for the production of Acknowledgments
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