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Water Fragmentation and Energy Loss by Carbon Ions at the Distal Region of the Bragg Peak
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Time-of-flight mass spectrometry was used to investigate fragmentation and energy transfer processes
in water by C ions at the distal part of the Bragg peak. Measurements of the positive ion fragments from
ionization, electron capture, electron loss, transfer-loss and loss-ionization channels have allowed us for
the first time (a) to obtain a quantitative determination of the energy lost by C ions in water and (b) to show
that total water fragment ion production has a much flatter profile with projectile energy than would be
expected if the water radical formation was assumed to follow the energy-loss profile obtained from

available stopping power models.

DOI: 10.1103/PhysRevLett.99.213201

The energy transfer and fragmentation patterns associ-
ated with intermediate-to-low-velocity heavy ion colli-
sions in molecules is controlled by complex dynamics
involving excitation, ionization, electron capture, and elec-
tron loss. This complexity means that applying simple
inferences acquired in one system to another system could
result in unacceptably large uncertainties. The extension of
conceptual ideas and the execution of numerical simula-
tions are consequently hindered due to the lack of experi-
mental and theoretical guidance, and this affects important
areas such as materials science, planetary atmospheres,
radiation physics and medical physics. This is particularly
true in the case of heavy ion collisions in water, where the
amount of energy transferred and the sharing of energy
between possible dynamic pathways is relatively unknown.
Addressing this aspect is of particular importance due to
the increasing popularity of C-ion based tumor therapies
[1,2].

Intensity-modulated radiotherapy delivers high local
doses to a defined treatment volume by selecting projec-
tiles with energies such that the Bragg peak is centered
within the tumor. These energies are determined by semi-
empirical energy-loss calculations using the above-
mentioned inferences [3,4] or by theoretical models which
are currently rudimentary over the distal region of the
Bragg peak [5]. As there are no reported experiments
relating to energy transfer by low-energy C ions in water,
even the uncertainties associated with these prescriptions
cannot be realistically ascribed.

At the distal part of Bragg peak, the C beam consists
predominantly of neutral and singly-charged components
and both of these play major roles in energy transfers. It is
clear that the widely used rule relating the stopping power
of heavy ions with the stopping power of protons through
an effective charge ¢, Sy = ¢° Sprotons [0, fails if g = 0.
Thus knowledge of ionization, electron capture and elec-
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tron loss cross sections for a neutral beam in water is also
mandatory to project beyond this point or accurate model-
ing of the Bragg peak distal region.

The general form for projectile energy loss for one active
electron can be written as [7] (in a.u.):

AElus> A Ecup
— ——
AE=1,+¢€ + Ir+E,—1/2u* +Ay., (1)
AEion

where 1, and I are the ionization potentials of the projec-
tile and of the target electron orbitals involved, respec-
tively, €; is the kinetic energy of the ejected electron, E,,
and 1/2 u? are the final energy and the center of mass
kinetic energy change of the captured electron, respec-
tively, and A.,. is the excitation energy of the active
electron.

€; and A, are small for C° and C* projectiles at low
velocities, as is the energy loss in electron capture colli-
sions when the parent ions remain intact. Thus, AE =
AE) + €; + A, = AE, can be obtained, with small un-
certainties, if the target orbitals involved in fragmentation
are known. A E|, is the part of AE which does not include ¢;
or A,. The final collision products depend on which of
the four water orbital electrons 2a,, 1b,, 3a;, and 1b; is
removed [8,9]. For instance, removal of the deep 2a; and
1b, electrons gives rise to fragmentation. Consequently,
the energy lost by the projectile is closely related to the
total fragmentation cross sections and these can be reliably
used to establish a benchmark value for the electronic
stopping power of C ions in water over the distal regions
of the Bragg peak. It is shown in this Letter that this
condition is indeed fulfilled. Furthermore, it is shown
that the number of primary ions produced in water by
C projectiles is almost flat from the distal part to the
maximum of the Bragg peak.
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Coincidence counting techniques have been used to
uniquely measure the electron capture (C¢* + H,0 —
Ccl=D* + SH,0%), the ionization (—C4* + 3H,0" +
e) and the transfer-ionization processes (— Cla—h+ 4
SH,0?" + ¢), where ¢ = 0, 1 and ZH,0" represents all
the target channels. For C° projectiles, the loss-ionization
(—C*"+3X2H,0" +2¢) and the screening (—C*+
H,O + ¢) channels were also measured. The main features
of the crossed-beam experimental arrangement used in the
present work have been described previously [10,11] and
only a brief description is given here. A 1 mm diameter
projectile beam crosses a 4 mm diameter target gas beam at
90° inside a high vacuum chamber. Two high transparency
grids mounted on conical electrodes surrounded the
crossed-beam region on either side and extract both the
collision products of the target ions and the target elec-
trons. The target gas beam was formed through effusion
from a 2 mm diameter tube housed inside a separately
pumped region. The extracted target ions were guided
through a focusing lens system into a field free drift region
before being detected by a stack of two multichannel plates
(MCP). The target electrons extracted in the opposite
direction were detected by a channeltron detector. A sec-
ond channeltron detector placed downstream of the
crossed-beam region, detected the charge changed projec-
tile products separated from the main beam by electrostatic
deflection. A time to amplitude converter (TAC), operated
with start pulses supplied from the projectile detector or the
target electron detector and stop pulses from the target ion
MCP detector, provided time-of-flight (TOF) spectra for
the capture and the ionization channels, respectively. The
transfer-ionization channel was recorded in both spectra as
this collision produces a fast projectile product as well as a
target electron. In a second arrangement, the projectile
beam was pulsed at a repetition rate of 103 Hz and a width
of 150 ns and the TAC start pulses were supplied directly
from the beam pulsing unit. The TOF spectrometer then
recorded all the target ion products from the capture and
ionization collisions including transfer ionization. In this
arrangement transfer ionization is only recorded once.
Subtraction of the pulsed spectra from the summed spectra
obtained separately in coincidence with the projectile prod-
ucts, and with the target electrons gives the transfer ion-
ization contributions and thus the pure electron capture and
the pure ionization contributions. A flight distance of
240 mm was used to provide well-resolved spectra of the
close lying O, OH", and H,O™ target group. The H* ions
carrying a major portion of the dissociation energy diverge
rapidly and required a distance of 30 mm for complete
collection. The measurements were normalized using a
proton beam.

Figure 1 shows the measured cross sections for H,O ion
products by C° and C* projectiles. The C° measurements
include ionization, electron capture and loss-ionization
channels, while the C* include ionization and electron
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FIG. 1 (color online). Cross sections for positive ion produc-
tion by C° (a) and C* (b) in water. Squares, H,O™", circles, OH™,
up triangles H™, down triangles, O*. Open squares corresponds
to fotal positive ion production by ionization in the case of (a)
and by electron capture in the case of (b). Lines drawn are to
guide the eye. Error bars are included only for H,O" for clarity.

capture. As seen in Fig. 1, ionization dominates ion pro-
duction for C° projectiles and electron capture for C*
projectiles.

For both the projectiles, the H,O" cation from the
weakly bound 15, and 3a; levels is the main product ion
channel in ionization and electron capture collisions and
the O from the strongly bound 2a; molecular orbital [9] is
the smallest channel, indicating clearly that these collisions
strongly favor small amounts of energy transfer.

Figure 1 shows that collisions involving C° are very
important and should not be ignored in energy-loss calcu-
lations as has been done in the past. As shown in Fig. 2, C°
is a substantial component of the C beam at the distal part
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FIG. 2. Equilibrium charge-state fractions for C beam in water.
Open and closed circles are from this work. Lines indicated as
CasP are from Ref. [5].
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of the Bragg peak. The equilibrium fractions, (f) and (f;)
of C% and C*, respectively, shown over the energies rele-
vant to this region are calculated from the ratio f,/f, =
0%/ 0% [12] using cross sections taken from our mea-
surements. Also shown in Fig. 2 are the calculated values
from Ref. [5]. The fractions of Ref. [5] are in good agree-
ment with ours at 100 keV but diverge rapidly at lower
collision energies.

Each of our measured collision channels involve a AE
energy loss. This can be assessed by considering which of
the four water orbital electron is removed during the col-
lision. For both electron capture and ionization, the average
binding energy can be taken as Iy = I, = (I, + I3,,)/2.
An upper limit for the energy transferred in electron cap-
ture by C* is AE,, = I, — 1/2 u*> — 1/n?, with the n =
3 final state being inferred from recent classical-trajectory
Monte Carlo method calculations of low-velocity,
multiply-charged ions in water [13]. In the case of ioniza-
tion, as noted, the ejected electron energy is strongly
peaked at zero kinetic energy and first-order estimates for
the energy transfer [14] give AE,,, = (11/10)1, for the
ejection of p electrons in the low-velocity limit. The
screening contribution of the C° electron loss—where
the water molecule remains in the ground state [15]—
can be viewed as an ionization in the projectile frame
and  AEgeen = (11/10)], = 11.7eV. The C° loss-
ionization is a two-electron removal channel and gives
important contributions to electron loss. AEjj-ion =
(11/10)(I44 + 1,), where I, is the average energy of all
but the 1a; molecular orbitals. 14, reflects the measured
distribution of fragments for this channel better than 1,.
The transfer-ionization cross sections for C* ions are less
than 8% of the total fragment production. The energy loss
for this process is AEygnsfer-ion = AEcyy + 2.8(11/10)14.
Here the binding energy of the second removed electron is
accounted for through the factor 2.8 [16].

The rate of energy loss with distance traveled in liquid
water can then be given for each channel by
(dE/ dx)channel =n AEchannel O channel» where 7 is the num-
ber density of liquid water. The total energy loss dE/dx
due to all the channels is shown in Fig. 3 together with that
for each of the above individual channels in the inset (A).
The charge-state equilibrium fractions of Fig. 2 were used
to calculate the weighted contributions to both these
quantities.

The experimentally derived energy-loss values around
the Bragg peak maximum, where C3* forms the majority
of ions in the beam, are also shown using the 3" mea-
surements of Ref. [10] together with the g* scaled contri-
butions from ionization and the scaled law of Ref. [17]
contributions for capture, to include the ¢*>* and ¢**
fractions present in the beam around this region. In the
liquid phase, the contribution from the drag forces induced
by the traveling projectile, is estimated to be ~ 0.3 eV /nm
through the Firsov model [18] at 15 keV, i.e., less than
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FIG. 3 (color online). Total energy-loss rate of the C beam
passing through water. Symbols: large black closed circles—
values derived from present experimental work (15 to 100 keV)
and that of Ref. [10] (1500 to 3500 keV); closed squares—
calculations from Ref. [3]; closed circles—calculations from
Ref. [4]; closed diamonds—calculations from Ref. [5]. Symbols
representing the calculations are gray coded (color online)
according to the equilibrium charge-state (vertical bar on right)
found at various C energies across the Bragg peak (Ref. [5]).
Inset (A) shows the energy loss calculated for our measured
ionization (up-side triangles), electron capture (closed stars),
loss-ionization (left side triangles), screening (right-side tri-
angles), and transfer-ionization (open stars) cross sections and
their summed values (closed circles). Inset (B) shows the number
of ions/length obtained from our measurements.

0.5% of our reported value, and is neglected. We estimate
that the combined uncertainties of adopted values for the
average energy of ejected electron in ionization, electron
loss and transfer-ionization channels, and the final state of
the captured electron are within 20% for energies below
30 keV. Including the experimental uncertainties,
dE/dx = 65 = 16 eV/nm at the collision energy of
15 keV. Figure 3 also shows the calculated total energy
loss values of Refs. [3—5] using stopping power models.

Inset (A) of Fig. 3 shows that ionization, electron cap-
ture, and projectile electron loss (loss ionization +
screening) contribute on an equal footing at the distal
low-energy end of the Bragg peak. The good agreement
between the total energy-loss values of Refs. [3,4] with the
present ones at energies below 40 keV should be consid-
ered fortuitous as Ref. [3] uses an effective charge based on
the theory by Brandt and Kitagawa [6,19] which is valid
only for high velocities and does not include electron
capture or electron loss, while Ref. [4] is based on a fit
of ratios between empirical stopping data of heavy ions and
alpha particles, but no previous data exist in this energy
region for either C or He in water. The calculations of
Ref. [5] do not include explicit electron capture contribu-
tions and, as seen in Fig. 3, they underestimate the present
total energy loss below 100 keV.
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The present energy-loss values in Fig. 3 are derived by
considering AE =~ AE,. This assumption is not true for
energies well above 100 keV. At the Bragg peak maximum
the contribution from AE, gives a projectile energy gain,
due to contributions from electron capture [7,20], and the
energy of the ejected electrons €; for C¢* ions, with g = 3,
must be of the order of 200 eV to account for the projectile
energy loss estimated by the various models. This con-
clusion agrees with the observation of large energy trans-
fers, mostly carried away by the ejected electrons, in
~] MeV/amu C?*, 09" and F¢* (¢ = 5-9) ions colliding
with Ne [7,21,22] and He [20]. These results lead to the
conclusion that the ion production rate to which free-
radical production relates directly, suggests that the water
related damage around the Bragg peak is much lower than
appears from the energy-loss perspective. Our measure-
ments give a direct indication of the actual number of
primary free radicals produced and, as seen in inset (B)
of Fig. 3, these remain almost constant over a substantial
portion of the Bragg peak. Indeed, in both low-energy
distal and the Bragg peak maxima regions, the number of
primary ions produced is Nj,,/length = n2 o anme =
4-8 ions/nm. The number of ions produced by 200 eV
electrons estimated from ionization [9] and energy loss
[23] by electrons in water gives ~8-10 ions/nm. This
means that the ratio between the number of ions produced
at the Bragg peak maxima (300 keV/amu) and at the distal
part (3 keV/amu) is =2, while the ratio of the stopping
powers is =10. Thus even when the added contributions
from energetic secondary electrons is accounted for, the
ion production falls far short of that suggested by the Bragg
peak derived from high energy stopping power theories. In
other words, ion production is not as sharply localized as
suggested by Bragg peak energy-loss profiles. In fact,
primary ion production is far from being localized and is
actually relatively uniform at a region where the ions come
to rest. This finding could have important implications in
treatment planning of C-ion therapy, mainly when tumors
are located closer to critical organs such as optical nerves
[24]. The flatter damage profile may also require future
dosage calculations currently based on stopping power
models to be reconsidered.
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