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Abstract

Light-ion beams of *°*Ne, ®Ne, 18F, 16Q, 150, 14N, !2C, and B in the energy range between
200 and 670 MeV /u were fragmented in thick targets of water, carbon, lucite, polyethylene, and
aluminum. The nuclear charge composition of the fragmented beam was measured via energy
loss in a large-area ionisation chamber. Using a water absorber of variable thickness up to
25 cm the elemental fragment yields were measured down to Z=5. Their build-up and decay
characteristics are described by a system of differential equations. From the analysis of the
depth-distributions of the surviving projectiles and the lower-Z projectile fragments, both total

and partial charge-changing cross sections were obtained.

1 Introduction

Light-ion beams like 2C, !N, 10, 2°Ne with kinetic energies of a few hundred MeV /u
offer favourable conditions for the treatment of deep-seated tumors in cancer therapy
[1, 2, 3]. Clinical trials were performed since 1977 at LBL Berkeley where about 500
patients have been treated [4, 5, 6] with neon and other ions heavier than helium until
the closure of the BEVALAC in 1993. Therapy with carbon ions has started in 1994 at
the dedicated medical facility HIMAC [7, 8, 9] at Chiba/Japan. Light ions exhibit an
excellent physical depth-dose profile (Bragg curve) and in addition combine a low relative
biological effectiveness (RBE) in the plateau of the Bragg curve and an increased RBE in

the Bragg peak region. Therefore, the healthy tissue is only stressed by a relatively low
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dose inducing mostly repairable damage, whereas the tumor is exposed to a much greater
dose that induces a large fraction of irrepairable damage. To some extent these excellent
properties are deteriorated by nuclear fragmentation that occurs along the beam path and
may cause a significant alteration of the radiation field due to the loss of primary beam
particles and the build-up of lower-Z fragments. The lower-Z beam fragments in general
have longer ranges and cause an unwanted dose contribution beyond the Bragg maximum
of the primary ions. In the target volume the biological effect is reduced because only a
fraction of the primary particles with a high stopping power (high-LET particles) reaches
the Bragg maximum without fragmentation. The importance of these effects generally
increases as a function of penetration depth. For a ?*?Ne beam of 400 MeV /u, for example,
only 40 percent of the primary particles reach the Bragg maximum at about 16 cm depth
in water [10]. The physical beam models used e.g. in treatment planning programs there-
fore have to take into account these effects and require knowledge of the fragmentation
process.

Since the discovery of heavy nuclei in the cosmic radiation [11] fragmentation reactions
have been extensively studied for many years [12, 13]. Experimental data are available for
many projectile-target combinations and for a wide range of beam energies. Dedicated
studies of the fragmentation of light ions in water or other tissue-substitute material and
its biomedical implications began at Princeton [14] and were performed for many years
at LBL Berkeley in the course of the heavy-ion cancer treatment program. Maccabee
et al. [15] measured the attenuation of an '§O beam of 233 MeV /u and the build-up of
particles with Z=7, 6, 5 in water using silicon detectors for the Z-identification. From
these data total and also partial charge-changing cross sections were deduced, the latter
however with large uncertainties due to missing cross sections for secondary reactions.
Schimmerling et al. [16] carried out detailed measurements on the characterization of
670 MeV/u ?*Ne beams, which were most frequently used for patient treatments at the
BEVALAC. They obtained particle fluences and LET-distributions as a function of depth
in water, using a complex beam spectrometer [17] with small detectors in the center of
broad beams. Using calculated acceptance corrections [18] the fluence and LET data were
compared [19, 20] with transport theories developed by Wilson et al. [21, 22]. Llacer et

al. [23, 24, 25] performed measurements with a simpler solid-state telescope, which was



designed to obtain rapid information about the particle composition of fragmented beams.
From the measured Z-distributions as a function of depth in water total charge-changing
reaction cross sections were determined for °Ne and ?2Si beams of 670 MeV /u. Partial
charge-changing cross sections were estimated for Z=9, 8, 7, 6 for a thin target approxi-
mation neglecting higher fragment generations.

Besides these studies which provided experimental data relevant for biomedical applica-
tions, much work has been devoted to the measurement of fragmentation cross sections
(see e.g. refs. 26-31). We mention the detailed studies on charge- and mass-changing
reaction cross sections for 1.88 GeV /u *6Fe on ten different targets performed by Westfall
et al. in 1979 [26]. More recently, comprehensive cross section data sets were reported
by Webber et al. [29] (carbon to nickel beams on targets of hydrogen, helium, and car-
bon) and by Cummings et al. [30] for heavier beams. Fragmentation cross sections for
charge-changing nuclear collisions were also obtained from measurements with nuclear
track detectors [32, 33].

The database for biomedical applications, however, is still rather limited. In particular,
fluence data for thick tissue equivalent targets are needed for dose and RBE calculations
with ion beams. In this work, which is part of the physical program of the light-ion ther-
apy project [34] at GSI, we present experimental data on the fragmentation of light-ion -
beams (5<Z<10) in water and various other materials. From the analysis of the elemen-
tal fragment distributions as a function of depth in water we obtained total and partial

charge-changing reaction cross sections.

2 Experimental

Our measurements were carried out at the fragment separator (FRS) [35] which is part
of the heavy-ion accelerator facility at GSI. The FRS is a magnetic forward spectrometer
used to separate ion beams in flight based on magnetic analysis in combination with en-
ergy loss in matter [36]. We made use of the FRS in order to produce A/Z=2 nuclei as
secondary beams from the fragmentation of a primary *Q-beam in a 1 g/cm? beryllium
target. In this way it was possible to study the fragmentation characteristics of beams

of %0, N, 12C, and !B in various materials simultaneously and under identical exper-



imental conditions. Our experimental set-up was positioned at the final focus where a
clean isotopic identification of each projectile was obtained from the measured energy loss
in a large-area ionisation chamber [37] and time-of-flight through the separator (Fig. 1,
left part). The particle trajectory was followed by measuring its position with multiwire
chambers and in the horizontal plane also with the ionisation chamber (drift time). Fig. 1
(right part) shows the position in the direction of dispersion of the FRS of all produced
A/Z=2 beams before hitting a water target of variable thickness or targets of aluminum
and lucite in a distance of 1.5 m. In vertical direction the secondary beams had a width
of typically 1 cm fwhm. Directly behind the target the Z-identification of the outgoing
fragments was obtained by an energy-loss measurement in the ionisation chamber and a
plastic-scintillator paddle (Fig. 2). The ionisation chamber was operated with a gas mix-
ture of 90% argon and 10% methane at 1 atm. The active thickness was about 60 mg/cm?
and the active area 20x20 cm?. The scintillator (NE102A) was 9 mm thick and the area
was a regular hexagon with maximal 12.5 cm in diameter which was coupled to a photo
multiplier (EMI9954Q)).

With this set-up we investigated the fragmentation characteristics of ®F (671 MeV/u),
%0 (672 MeV/u), "N (674 MeV/u), 12C (676 MeV/u), and °B (676 MeV/u) behind
water targets with a thickness of 4.26, 8.51, 17.02, 25.54 g/cm?, an aluminum target
(5.54 g/cm?) and a lucite target (O;CsHg, 3.61 g/cm?). Lower energy A/Z=2 beams
0 (300 MeV/u), N (303 MeV/u) and '2C (305 MeV/u) were measured behind thick
water targets of 4.26 and 8.51 g/cm?. We also investigated the fragmentation of radioac-
tive beams of '°Ne (400 MeV /u), and *0 (463 MeV/u) in direct comparison with their
neighbouring stable isotopes 2*Ne (405 MeV /u) and %0 (469 MeV /u), respectively. The
neon and oxygen isotopes were measured behind 7.28, 10.08, 12.08 g/cm? and 4.26, 8.51,
12.77 g/cm? water, respectively.

Additional measurements of total charge-changing reaction cross sections were performed
at the biophysics cave, using '*C beams with kinetic energies of 192, 267, and 498 MeV /u
delivered directly from the synchrotron SIS. The beam particles passed through a thin
vacuum window (steel 200 pm thickness) and were counted in a NE102A plastic scintil-
lator (1.5 mm thick) in front of a thick target. The surviving Z=6 particles behind the
target were identified by their energy loss in a NE102A plastic scintillator of 9 mm thick-



ness. The targets consisted of 4.12 g/cm? lucite, 5.54 g/cm? aluminum, 4.26 g/cm? water,
3.82 g/cm? polyethylene (CH,), and 7.28 g/cm? carbon. In all our measurements the data
were processed by CAMAC-based ADC’S, QDC’s and scalers and recorded event-by-event
using the GSI on-line data acquisition sytem GOOSY [38].

3 Results

3.1 Nuclear charge distribution of fragmented light-ion beams

Projectile-like fragments are produced in peripheral collisions where only a few nucle-
ons are abraded from the projectile nucleus. These fragments are emitted in a narrow
forward cone and have about the same velocity as the projectile and a very small mo-
mentum spread due to the reaction process itself [39]. The energy loss AE; of fragments
passing with the velocity v through an ionization chamber scales with Z} and a velocity
dependence f(v). The velocity spread of fragments produced in thick targets is mainly
due to the fact that the nuclear reaction can take place at any depth in the absorber. For
absorber thicknesses corresponding to the ‘plateau’ region of the Bragg curve - as used in
the present work - the variation of the velocity dependence f(v) is still sufficiently small
to permit an unambigious identification of Z; by the mea;sured AEy alone (in the vicinity
of the Bragg peak, however, an additional measurement of the velocity v; becomes in-
dispensable). An example of a nuclear charge distribution measured with the ionisation
chamber for a primary ?Ne beam is shown in Fig.3. The large peak at the upper end
of the spectra corresponds to the nuclear charge of the primary beam projectiles which
have passed through the absorber. However, this peak also includes a small contribution
from neutron-deficient isotopes (e.g. '®Ne, ®Ne from 2°Ne projectiles) where only neu-
trons were lost due to nuclear reaction. Such type of reactions which have a probability
of a few percent are termed ‘non charge-changing reactions’, in contrast to the ‘charge-
changing reactions’ where fragments with a lower nuclear charge are produced. In the
energy loss spectrum obtained with the ionisation chamber (Fig.3) projectile fragments
with a nuclear charge down to Z=5 are observed with a typical resolution of AZ=0.3
to 0.5 (FWHM). In general, the heavier projectile fragments are accompanied by one

or several light particles (in particular protons and « particles), which pass through the



ionisation chamber at the same time. Their contribution to the total energy-loss signal
is very small due to the Z3-scaling (’leading charge effect’ [26]). There is no evidence for
the production of accompanying heavier fragments (see e.g. [40}). Therefore, the peaks
representing smaller energy depositions than that of the primary beam can be safely as-
signed to projectile-like fragments with correspondingly lower Z;. Because of the large
active area of the ionisation chamber and the sharply forward peaked angular distribu-
tions, acceptance corrections were not needed for the determination of elemental yields
for Z; > 5. The analysis of the corresponding scintillator data, which include the lighter

fragments down to Z=1 but require calculated acceptance corrections, is still in progress.

3.2 Total charge-changing cross sections

In a first series of measurements using the setup shown in Fig.2 total charge-changing
cross sections o' were obtained for various light-ion beams ('°B to ?°Ne) passing through
thick water absorbers. The number of incident beam particles Ny was obtained from the
'beam selection detector’. Behind the water absorber the number of ‘surviving’ bleam
particles N, (for which the initial nuclear charge is conserved) was determined from the
AE spectrum of the second ionisation chamber and normalized to Ny to get the relative

number Nz = N,/Ny as a function of absorber depth x. Assuming that the nuclear

reaction cross section is energy independent, this number is approximately given by
Nz(z) = Nz(0)e %2 (1)

where Az is the mean free path for a charge-changing reaction. For one specific absorber

material an effective total charge-changing cross section is defined by

1
tot. — 2
Az Nuhz (2)

where N s is the number of atoms or molecules per unit volume of the absorber material.

Nap
M= ®)
N4 is the Avogadro number, p the absorber mass density and M the atomic or molecular
mass in atomic units. We note that the relative number of primary beam particles at zero

water depth Nz(0) is slightly smaller than 100% due to some additional material (TOF



stop detector, air gaps) between the first ionisation chamber and the water absorber. The
mean free path, Az, was determined from the slope of the exponential function (1) which
was fitted to the experimental data. Examples of the data are shown in Figs. 4 and 5,
the results are compiled in Table 1. For **Ne the mean free path A=166(4) mm is in
agreement with our earlier measurement [10] which gave a value of 163(8) mm (E;,-Eoy:
396-204 MeV/u). Previous measurements of A for **Ne in water were carried out with
670 MeV/u beams at the BEVALAC. Llacer et al. reported values of 198 mm [23] and
154 mm [24]. The two results were obtained with similar experimental set-ups and the
inconsistency was not understood. The measurements of Schimmerling et al. [16] re-
sulted in a value of 160.7 mm. A later analysis of these experiments yielded a value of
165(12) mm [20]. Of these previous results only the first one of Llacer et al. disagrees
with our measurements. Our results for 0 beams can be compared to an early mea-
surement at Berkeley’s Bevatron by Maccabee et al. [15]. The value of 193(12) mm for
a 233 MeV/u 'O beam (E,u: 125 MeV/u) is somewhat lower than our value of 215(4)
obtained at 300 MeV/u (E,,:: 168 MeV /u). This may be explained by an increase of the
reaction cross sections at low kinetic energies. Comparing beams of neighbouring isotopes
(10, 30 and *Ne, !°Ne) with the same proton number no significant difference of the

o't -values is found (see Fig.5 and Table 1).

In Fig.6 we compare those o'%-values of Table 1 which were obtained at several beam
energies with predictions of the semiempirical formulas of Sihver et al. [41]. We have
chosen this model because it was developed especially for light projectile-target combi-
nations (Z<26) and its parameters were fitted to cross section data in this region. The
total reaction cross section formula for nucleus-nucleus reactions used in [41] is based
on the Bradt-Peters law [42] and assumes energy independence for incidident energies
above 100 MeV /u. Similar expressions of the Bradt-Peters type were developed in many
other works (see e.g. [19,40,43-46]). The procedure for calculating projectile fragment
production cross sections by scaling semiempirical proton-nucleus partial cross sections is
based on the work of Silberberg and Tsao [47]. The scaling algorithm [48] includes the
weak factorization property [27] of projectile fragments. As can be seen from Fig.6 the

predicitions of Sihver et al. [41] for the total charge-changing cross sections are in good

agreement with our data. The slight increase of the cross sections towards higher energies



is well reproduced.

In another series of measurements in the biophysics cave we obtained mean free path
lengths for !?C beams passing through single thick absorbers of water, lucite, carbon,
polyethylene, and aluminum. The numbers of incident beam particles and ’surviving’
carbon particles leaving the absorber were obtained from the energy loss signals of two

scintillation detectors. The mean free path lengths were evaluated from equation (1)

Vo= =y (4)
Nz(z)

The fragmentation in the vacuum window and the first scintillator was taken into account
' by normalization measurements without absorber for each beam energy where numbers
in the order of 0.96 were found for Nz(0). Table 2 compiles the results for carbon beams
at different kinetic energies of the incident beam particles. Similar to the results shown in
Fig. 6 there is a slight increase for %% towards high energies and also below about 200
MeV/u. Furthermore we obtained results for *Q, *N, and '>C beams passing through

aluminum and lucite absorbers (Table 3). For lucite absorbers the cross sections can also

be obtained from the following combination:
o(lucite) = 20(Hy0) + 20(C Hy) + 30(C) (5)

by adding the cross sections as shown in Table 4. The total charge-changing cross sec-
tions for water, polyethylene, and carbon were taken from this work and from earlier
measurements of Webber et al. [29] (E;,: 610 MeV/u '2C on 11.08 g/cm? polyethylene
and 12.73 g/cm? carbon, 550 MeV/u !N on 6.01 g/cm? polyethylene and 7.03 g/cm?
carbon, 640 MeV /u '2C on 8.75 g/cm? polyethylene and 10.01 g/cm? carbon). Except for
160 beam, where the ’combined’ cross section is 5% lower than the direct measurement,
the cross sections obtained by combination agree within the uncertainties with the direct
measurement. We note that from the cross sections for H,O, CH,, and C targets the cross

sections for H and O targets can be obtained from
o(CHy) — o(C) = o(H,); o(H,0) — o(H;) = 0(0) (6)

Then, in principle, the cross section for any combined target containing these elements

can be evaluated.



3.3 Partial charge-changing cross sections

Partial charge-changing cross sections 0% for the production of lower-Z fragments (Z>4)
from beams of 670 MeV /u 60, N, and '2C were obtained from the analysis of the mea-
sured build-up characteristics in a water absorber. At each water depth the fragment yield
for a given Z; was normalized to the number of incoming beam particles. The resulting
depth distributions are shown in Fig. 7. Mathematically these build-up and decay curves
can be described by solutions of a diffusion equation, the so-called ’transport equation’.
This is well known from cosmic ray calculations where diffusion equations were applied
to the transport of galactic cosmic rays through the atmosphere [49]. Allkofer and Hein-
rich [50] obtained relative fragmentation probabilities in air using an analytical solution
of a one-dimensional transport equation. Wilson et al. [51, 52] presented a comprehen-
sive physical model for galactic heavy ion propagation based on the Boltzmann transport
equation. In the following we make the simplifying assumption that the charge-changing
fragmentation cross sections are independent of the energy, which seems to be justified for
energies E > 100 MeV /u. Furthermore we assume that these cross sections can alsg be
applied to secondary and higher-generation fragments (neglecting a possible dependence
on their isotopic distributon). Then the elemental fragment distributions as a function
of absorber depth x can be described by a homdgeneous system of differential equations

which looks in matrix form:

%Nz(:l:) —)\}1 0 “e. 0 Nz(z)

#Nz(@) | _| Azza AL o | Nz-1(@) )
: 0

%NZ—"(J’.) )‘E,IZ—n ’\EI—I,Z—n e _/\Ein NZ—n(‘T)

or in an abbreviated form:

d
—N(z) = LN(2). (8)

where Nz(x) is the relative number of beam particles conserving the nuclear charge and
Nz_i(x) is the relative number of fragments which have i protons less than the primary ion.
The diagonal elements A3' and A7!; in the matrix correspond to the total charge-changing
cross sections (see equation 2) of the incident beam particles and of lower Z-fragments.

The lower diagonal elements A7, ;_ ; are proportional to the partial charge-changing cross

9



sections. In previous works, Maccabee et al. [15] and Llacer et al. [24] fitted the fragment
yields as a function of the absorber depth with a solution of differential equations in order
to obtain partial charge-changing cross sections. However, they took into account only

the first fragment generation using as a fit function a solution of equation

zld;Nz_,-(l') = ’\E,IZ—iNZ(m) - /\El_gNZ—i(x)' (9)

Because there were no experimental data for the mean free paths Az_; of the fragments,
Maccabee et al. estimated the missing values from a geometrical scaling (x A%/3) of the
measured mean free path length of the primary 233 MeV/u %0 beam and fitted the
fragment yields at relatively small depths in water. As was shown by Llacer et al. [24] for
a 670 MeV /u ¥)Ne beam, the fit to the lower-Z fragment yields (Z; <8) failed at larger
depths due to the influence of higher fragment generations. They obtained partial charge-
changing cross sections only from a thin-target approximation neglecting A;';Nz_;(z).

Because of the lower triangular form of matrix L, the eigenvalues of L are the diagonal

elements themselves. Thus a solution of equation (7) is:

Ni(z) ap, 0 --- 0 exp(—Il1z)
N. 0 : -1
2() _ az1 a2 y exp( ' 22T) (10)
: .0 :
Na(z) Gn1 Gp2 ... Gpn exp(—lant)

or in an abbreviated form:

N(z) = A exp(—lz) (11)

where the fragment yields Nz_;(x) are represented as linear combinations of exponential
functions. The parameters a;; can be obtained from a fit to the elemental fragment yields
which were measured at five different water depths. Qur analysis procedure differs at this
point from the one described in [26], where the elemental fragment yields were measured
for a single target thickness and an exponential power series of matrix L was used for the
solution of equation (9). Assuming that matrix A and all parameters l;; were determined
by fitting all Nz_;(x) curves of one fragmented beam, matrix L containing the partial

cross sections can be determined in the following way. Differentiation of equation (10)

10



results in:

%Nl(a:) ag; 0 -+ 0 ~l; 0
%NZ’(??) azn ax - 0 —ls
= X
0 0
%Nn(z) Apnl Gn2 " dnp 0 e D

or abbreviated:

d
%N(z) = A Lp exp(—lz).

0 exp(—I1z)
exp(—Ilyo7)
X
0 .
—ln exp(—lpnt)
(12)
(13)

With equations (11) and (13) the differential equation (8) becomes:

A Lp exp(—lz) = L A exp(—lz)
ALp = LA
ALp A" = L.

(14)
(15)
(16)

According to equation (16) matrix L can in principle be calculated in an elegant way by

a simple matrix operation. In turn, when all cross sections in matrix L are known, the

fragment depth distributions can be calculated for any beam composition in front of the

absorber in the following way. Using equation (15) and the definition

LEL—LD

LA=ALp—-Lp A
or explicitely for each matrix element

i—(3+1)

> Lijskaierg = ai(li — 1)
k=0

the lower diagonal elements of matrix A result out of

1 i—-(j+1)
——— > Lijaktye;.
Li — lJJ

k=0

aj; =

(19)

The diagonal elements a;; can be determined from equation (10):

i—1
ai = N;(0) =) aa.
=1

11



In the following we apply the above outlined formalism to the specific fragmentation data
shown in Figs.4 and 7. Using equation (10) the depth distributions Nz_;(x) for the frag-
mentation of primary 0, !N, 12C, and '°B ions are represented by linear combinations

of exponential functions:

Nz-s(z) ay 0 0 0 ezp(—Ag'z)
Nz_s_i(z) _ | @ a2 0 0 g exp(—A7'z) (22)
NZ =8— 2((1:) a3y 4azz dass 0 GJZP('—AgliL‘)
Nz-s_3(x) a4q1 Q42 Q43 Q44 exp(—)\s_lx)
Nz—:(z) bu 0 O exp(—A7'z)
NZ=7_1 (.T) = b21 b22 0 X e.tp(—/\glx) (23)
NZ=7_2(1') b31 b32 b33 e.’l,'p(—/\s_lx)
Ny 0 x5!
z=6(T) _ C11 y exp(—Xs ) (24)
NZ=6—1(-T) C21 C22 e.’L‘p(—)\glx)
Nz=s(z) = duexp(—A;'z) (25)

The total number of 24 parameters (a;;, bi;, ¢ij, dij, i) in equations (22) - (25) reduces to
20 through the relations

b21 = buasz/azz
531 = bua42/022 (26)
b32 = b22a43/a33

C = 011(143/033

These relations result from the simplifying assumption that the partial cross section for a
given channel Z; — Z; is the same for primary particles as for secondary or higher genera-
tion particles with initial charge Z; (neglecting a possible dependence on the mass number
or mass distribution of secondary particles). For example, the matrix element I35 in case
of **O-fragmentation is assumed to be identical with I3, in case of *N-fragmentation (see
equation (7)):

)‘51—1,2—2(228) = /\2,12—1 (Z=T) (27)

Application of equation (16) then leads to the relations (26). The remaining 20 free

parameters were fitted simultaneously to the 50 data points shown in Figs. 4 and 7,

12



giving a xZ, -value of 18.7 for the best fit. Finally, the partial charge changing cross
sections were obtained by the matrix operation (16). Their variances were determined by

error propagation [53] as the diagonal elements of

. . al
=) Vi —la 28
(80) * da & (28)
where & = (011, az1, G272, 431, a32, 433, A41, 42, A43, A44, b11, ba2, 533, Ci1, C22,dy1, As, Ag, Az, /\s)
is the solution vector, 9l/0c is the Jacobian matrix of A7, Age, Ass, A6, A7, Ae,s and

(01/0a)T its transpose. Vg4 is the covariance matrix

82 2 B
Va = 252503 (29)

where 9%x?/0a? is a 20x20 matrix with mn** element 8%x?/(0a2da?,).

In Table 5 all charge-changing cross sections obtained for '*0, *N, and '*C beams at
670 MeV/u are compiled. Also shown in Table 5 are the predictions of the semiem-
pirical formulas [41] (see above) and of a recently developed statistical abrasion model
[64]. The oxygen data show about equal probabilities for the single and double ch‘a,rge
removal, whereas a much higher probability for the single charge removal is predicted by
the abrasion model [54]. The excess production of ?C fragments in the 10 fragmentation
(double charge removal) can be explained by alpha clustering effects [55]. As was recently
shown by Wilson et al. [56], the addition of the single alpha knockout cross section to
the NUCFRG2-code [57] brings good agreement with our oxygen data and with earlier
10 — !2C fragmentation data [27)].

Partial charge-changing cross sections for *0 and !*N beams in lucite and aluminum
absorbers are given in Table 6. Since the absorbers used in these measurements were
relatively thin (0.1-0.2 mean free paths) only the first fragment generation was taken into

account. Then one obtains from equations (10), (20), (21)

l
Ng(ZE) — Nz(o)e—lzzr + NI(O) In -2—-1111 [e“luz _ e—lnx]_ (30)

and the partial charge-changing cross sections are calculated as

/\-—l_/\—l
A= 2t [Ny(z) — Ns(0)e

NP(O)[e‘rzE - e_;_f]

g
A

. (31)
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using the total charge-changing cross sections of Table 3. In case of oxygen on lucite the
relative cross sections for single and double charge removal are similar to the values for
water (cf. Table 5). The data for the aluminum target show an even smaller probability
for single charge than for double charge removal.

The influence of higher fragment generations on the build-up and decay characteristics is
illustrated in Fig. 8 using our experimental data for an 16() heam of 672 MeV /u penetrat-
ing through 25 cm of water. The solid line is our fit result taking into account all fragment
generations. To show the fragment production originating from the first generation only
all matrix elements in equation (7) except the first column and the diagonal elements are
put to zero. The corresponding yield curves for Zy=5 and Z;=6 are indicated as dashed
lines. The deviation from the measured curves shows that for larger penetration depths

(>5 cm in this example) the higher generations contribute significantly to the fragment

build-up.

4 Conclusion

For medical applications of light-ion beams in radiation therapy good knowledge of the
physical quantities involved in the interaction of these beams with tissue is a basic re-
quirement. In the present work the attenuation of primary particles and the build-up of
projectile fragments were investigated for ion beams in the range of °B to ?°Ne using
water as a tissue equivalent material. The measured mean free path lengths and corre-
sponding effective total charge-changing cross sections o'?% are of particular importance
for the understanding of the detailed shape of depth-dose distributions (Bragg curves)
[21,57-59]. Among our results the relatively high value of 0% for 14N is noticeable. On
the other hand, the value for '2C is very low (even lower than for '°B), and therefore
carbon ions from this point of view offer favourable conditions for the treatment of deep-
seated tumors.

Under simplifying assumptions the build-up and decay characteristics of the lower-Z frag-
ment intensities is mathematically described by a homogeneous system of differential equa-
tions. The elemental fragment yields as a function of water depths can be represented by

linear combinations of exponential functions. It was shown that partial charge-changing

14




cross sections can be obtained by simple matrix operations from the corresponding fit
parameters. Once the cross sections are known, an inverse procedure can be applied to
calculate analytically the fragment intensities at any depth of the absorber including all

fragment generations.

We would like to thank T. Brohm and L. Sihver for providing us with their model

calculations and for many helpful discussions.
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Tables

Table 1: Mean free path lengths Az and total charge-changing cross sections o¥%% of several
light-ion beams in water. E;, and E,,; denote the kinetic energies of the primary beam
particles at the entrance and the exit of the water absorber. v is the degree of freedom,
i.e. the number of data points minus two (the number of free parameters of the fit) and

P(x2,v) the integral probability function of exceeding x>.

Beam E;-E,.. v P(x%v) Az ol
MeV/u] fmm]  [mub)
©Ne 405-204 2  0.67  166(4) 1800(43)
9Ne 400-183 2 022  163(4) 1834(45)
B 671374 3 0.83  153(7) 1953(89)
160 300-168 1  0.65  215(4) 1390(26)
469-310 2 0.06  202(2) 1480(15)
672413 3 016  193(1) 1549(8)
150 463302 2 0.03  199(1) 1502(8)
N 303199 1 0.07  209(6) 1430(41)
674451 3 0.83  199(2) 1502(15)
20 305212 1 075 248(7) 1205(34)
676-487 3 0.06  237(3) 1261(16)
1B 676520 3  0.96  223(6) 1340(36)




Table 2: Total charge-changing cross sections o%% of 12C beams in various target materials.

target Ei»=192 MeV/u E;»=267 MeV /u E;,=498 MeV /u
material Eot(MeV/u) oX%/mb  E,u(MeV/u) o¥%%/mb E,(MeV/u) o4%/mb
lucite 198 7250(102) 218 6733(74) 464 7019(112)
water 124 1264(16) 915 1163(13) 462 1220(20)
carbon 76 893(12) 185 748(10) 443 758(15)°
polyethylene 128 1157(19) 218 1075(11) 464 1135(15)
aluminum 126 1179(20) 216 1078(17) 462 1103(28)

Table 3: Total charge-changing cross sections o¥%% of 160, N, and 12C beams in aluminum

and lucite targets.

Beam E;,(MeV/u) aluminum lucite
oRz/mb  Eou(MeV/u) 0f%/mb  Ey(MeV/u)
160) 672 1297(51) 628 8607(240) 637
N 674 1223(130) 636 7910(240) 643
120 676 1096(100) 643 7170(360) 650

Table 4: Comparison of total charge-changing cross sections o%% for a composite material
(lucite) obtained from the combination of cross sections and from a direct measurement

(last column); the values marked by an asterisk are from [29].

Beam water polyethylene carbon lucite
2 o(HO) +2 o(CH,) +3 o(C) = 0,om(02CsHs) o(0,CsHg)
150 1549(8) 1316(13)* 823(8)" 8199(66) 8607(240)
MN 1502(15) 1251(13)* 796(8)* 7894(80) 7910(240)
12¢ 1261(16) 1125(11)* 699(7)* 6869(75) 7170-(360)
12¢ 1220(20) 1135(15) 758(15) 6984(115) 7019(112)




Table 5: Total and partial charge-changing cross sections obtained for 160, N, and 2C
beams at 670 MeV/u in water. The relative charge removal probabilities are compared

to the model predictions of Sihver et al. [41] and Brohm et al. [54].

Beam AZ o¢/mb % Sihver et al. Brohm et al.
160 total 1549(8) = 100.0
1 269(5) 174 [20.0] [30.6]
2 275(5) 17.8 [17.1] [17.7]
3 130(5) 8.4 [8.9] [8.4]
N total 1502(15) = 100.0
1 339(9) 226  [18.3] [28.7]
o 138(7) 9.2 [0.8] 13.1)
12C total 1261(16) = 100.0
1 215(6) 17.0 [17.7] [43.2]

Table 6: Total and partial charge-changing cross sections obtained for 10 and *N beams

(Ein ~ 670MeV/u) in aluminum and lucite.

Beam AZ aluminum lucite
o /mb % o/mb %
160  total 1297(51) = 100.0 8607(240) = 100.0
1 162(11) 12.5 1450(50) 16.8
2 231(16) 17.8  1450(50) 16.8
N total 1223(130) = 100.0 7910(240) = 100.0
1 190(39) 15.5 1660(170) 21.0
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Fig. 1: Secondary beams produced by the fragmentation of an *Q beam of 702 MeV /u

in a 1 g/cm? beryllium target. The FRS was tuned to the magnetic rigidity of projectile

fragments with A/Z=2. Left: The isotopes reaching the final focus of the FRS are clearly

identified via energy loss and time-of-flight (flight path 34.4 m). Right: Position of A/Z=2

beams in the direction of dispersion at the final focus of the FRS. The inclination is due

to the fact that the tuning of the separator was not fully achromatic.
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Fig. 2: Experimental set-up (in air) at the final focus of the FRS. The secondary beam

particles were selected event-by-event via energy loss, time-of-flight and position-sensitive

detectors before hitting a water target of variable thickness. The fragment Z-spectra were

measured by a large-area ionisation chamber and a plastic scintillator.
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Fig. 3: Energy-loss spectrum of a 396 MeV/u *Ne beam behind a 4.2 cm thick water

absorber measured with the ionisation chamber. The nuclear charge composition of the

fragmented beam is clearly resolved down to Z=5.
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of about 670 MeV /u. The mean free path length A results from fitting a one-component
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Fig. 5: Attenuation in water for stable and radioactive neon and oxygen beams with

incident energies of 400 MeV/u ('*Ne), 405 MeV/u (*°Ne), 463 MeV/u (}30), and 469
MeV/u (*60).
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Fig. 6: Total charge-changing cross sections for 2C, '*N, 0 beams in water. The

tot.

experimental results for o %% were obtained for several energy ranges indicated by arrows.

The solid lines are predictions of the semiempirical model of Sihver et al. [41].
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Fig. 7: Build-up of projectile fragments along the penetration path of %0, N and
12C beams in water (E;, ~ 670 MeV/u). The relative number of fragments with nuclear
charge Z;=7, 6, and 5 per incident beam particle is plotted as a function of water depth.

The offset of fragmented beam particles at zero water depth is due to some additional

matter in the beamline (TOF-detector, air gaps etc.).



Fig. 8: The importance of higher-order generations in the fragmentation of an '*Q-beam
in water. The build-up of Z=5 and Z=6 fragments is well reproduced by the fit taking
into account all fragment generations (full line). The contribution of the first fragment

generation alone is shown as a dashed line.



