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F IGURE 1 Schematic setup of a mixed carbon–helium irradiation; in this example, the beam energy is not high enough for the helium ions

to exit the patient distally.

(4He2+) and then afterwards carbon (12C6+) into the

synchrotron ring.

With carbon and helium ions accelerated to a sim-

ilar energy per nucleon, the range of helium ions

is about three times the range of carbon ions, as

shown in Figure 1. Thus, while carbon ions are the

primary treatment modality, helium ions, due to their

greater range, could exit the patient distally. The resid-

ual range of the helium ions could then be measured,

offering the potential for online treatment monitoring

to verify the water-equivalent thickness (WET) at the

irradiated spot positions. Mazzucconi et al.1 and Volz

et al.7 discussed an additional helium fluence of 10%
to ensure a low additional dose to the patient while still

achieving a detectable helium signal above the carbon

fragment background.

Hardt et al.8 demonstrated potential use cases of the

mixed carbon-helium beam method in treatment veri-

fication, investigating patient positioning verification or

breath-hold verification. We extended the open-source

treatment planning tool matRad
9,10 for mixed beam

treatment planning. Including fast pencil beam dose cal-

culation with custom high-energy helium pencil-beam

kernels and exportation of the treatment plan to the

Monte Carlo system, TOPAS,11,12 to allow for simulation

of helium radiographs.

The pipeline for simulation of helium radiographs

presented by Hardt et al.8 modeled the proton radiogra-

phy detector by ProtonVDA.13 This system was recently

used for helium radiographs,14 as well as a feasibility

study for intrafractional motion management.15 This sys-

tem utilizes two trackers to measure the positions of the

ions, one proximal and one distal to the patient, and a

calorimeter distal to the patient to measure the energy.

However, with the high carbon intensities used for radi-

ation therapy, the proximal or front tracker is expected

to be saturated by the used intensity, thus only a dis-

tal tracker is used, which has been shown to reduce the

spatial resolution of the resulting image.16

Taking a closer look at the helium range, Figure 1

shows it to be about three times the carbon range

at the same energy per nucleon. However, depending

on the tumor site, the helium range may not be suf-

ficient for the ions to exit the patient distally, as also

seen in Figure 1. For lung tumors, common irradiation

geometries often require only a small carbon range to

reach the tumor. This results in a correspondingly short

helium range. Complementarily, for more deep-seated

tumors, the high residual helium range of the exiting

ions can challenge the sensitive window of the detec-

tor. In this work, we investigate the expected residual

helium range for several cancer sites, namely prostate,

liver, and lung. Next to this, several helium range strate-

gies are proposed to choose and modify the residual

helium range:EW He (energy-wise helium),const RaShi

(constant range shifter), and EW RaShi (energy wise

range shifter). These strategies will be presented in

more detail in the following section and should ensure

sufficient helium range to exit the patient distally,but also

consider the sensitive range of the used detection sys-

tem. In short, we propose irradiating only the portion of

the energies in the treatment plan with sufficient helium

range with a mixed carbon–helium beam (EW He).Addi-

tionally, we propose adding proximal range shifters to

increase the beam energy and distal range shifters to

reduce the helium range when necessary. This ensures

that the residual helium energy is within the range that

the detector can measure (const RaShi, EW RaShi). A

schematic setup of the mixed beam irradiation, including

the range shifters and the detection system, is displayed

in Figure 2.

During treatment planning, a ray tracing algorithm17

calculates the (water equivalent path length) WEPL tra-

versed by the particle beam. This allows us to estimate
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position tracker     energy detector

nozzle proximal range shifter patient with tumor distal range shifter

C, He beam

xP xD

WEPLD

WEPLPO

WEPLTI

WEPLTO

F IGURE 2 Schematic setup of mixed beam irradiation, showing a proximal and distal range shifter, the detection system, and a

visualization of the WEPL thicknesses used in the calculations. WEPL, water equivalent path length.

the residual helium range by subtracting the traversed

WEPL from the initial range. The WEPLs at various

depths along the ion paths are calculated and used in

the following analyses. They are also shown in Figure 2

and will be discussed below.

2 MATERIALS AND METHODS

2.1 Reconstruction of helium
radiographs

The pipeline presented in Hardt et al.8 was extended

to allow for a simulation without a front tracker, that is,

the positions of the ions are only measured distal to

the patient. During image reconstruction, the position of

the ions on the front tracker is estimated from the beam

monitoring system, and a most likely path algorithm is

used to calculate the ions path. The passed through

WEPL of each helium ion is calculated from its initial

and final energy. The WEPL values are grouped into

pixels according to the intersection point of the ion’s

path with the chosen image plane, typically the beam

isocenter plane. After applying statistical cuts, the aver-

age WEPL for each image pixel is computed.13,18,19

During our simulations, the geometry and materials of

the tracking detector is simulated, and the phase space

of the primary helium ions at the position of the tracker

is saved. From this, we reconstruct the images.

2.2 Strategies to optimize the residual
Helium range

2.2.1 Selection of energies for mixed
beam irradiation

The first investigated strategy (EW He) avoids helium

with insufficient range by using a mixed carbon–helium

beam only at energies with a sufficiently high helium

range and a pure carbon beam for the remaining ener-

gies. The most straightforward implementation of this

strategy would be to first irradiate all mixed carbon–

helium energy layers within a beam to obtain anatomical

information, and then switch to a carbon-only beam for

the remaining energy layers. Alternatively, carbon and

mixed carbon–helium energies could be irradiated in an

alternating pattern. The method of switching between

radiation modes depends on how the mixed beam is

generated. This involves either switching ion sources or

changing the injection parameters in the case of the

double multi-turn injection method.

To implement this method, the minimum residual

helium range is calculated for each energy. If it is smaller

than the safety margin Rmin, the energy is marked for

irradiation with a conventional carbon beam. We con-

sider splitting up the irradiation into energy layers with

and without sufficient helium range rather than into spots

with and without sufficient helium range so as not to

prolong the treatment time too much.

2.2.2 Selection of proximal and distal
range shifters

Since the helium range is three times the carbon range,

the range of the carbon ions within the beam needs to

be at least 1∕3 of the minimum helium range required

for the helium ions to distally exit the patient. To ensure

that, a proximal range shifter (xP) can be used to adjust

the proximal material budget.

Since not every helium energy can be measured

by the used detection system, the use of distal range

shifters (xD), placed between the patient and the detec-

tor, is considered. This range shifter lowers, if needed,

the residual helium energy at the detection system for

optimal detection properties.

We developed an algorithm to automatically choose

the WET of the proximal and distal range shifter based

on the residual helium range and the sensitive range
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of the chosen detector. Several discrete options for the

WET of the proximal (OP = {0, 5, 15, 25, 35, 45 mm}),

and for the distal range shifter (OD =

{0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130,

140, 150 mm}) were considered. The proximal range

shifter thicknesses are chosen to be consistent with

range shifters already used in clinics;Wang et al.20 used

range shifters with thicknesses of up to 41.2 mm.

First we calculate which proximal range shifters (xP)

and energy combinations (E) are possible, that is, if

the carbon range (RC(E)) is within the target and if the

helium range (RHe(E)) is high enough for helium to tra-

verse the entire patient. We calculate the following for

all energy and proximal range shifter combinations and

only consider combinations for which this holds true.

(xP, E) =

⎧
⎪⎨⎪⎩

1, if WEPLTI ≤ RC(E) − xP ≤ WEPLTO

and RHe(E) − WEPLPO
− xP ≥ Rmin

0, otherwise.

(2)

Hereby, WEPLTI and WEPLTO are the traversed

WEPL at the tumor entrance and exit and WEPLPO the

total WEPL of the patient, as also displayed in Figure 2.

The safety margin of the minimum allowed residual

helium range distal of the patient is Rmin.

For each of the available combinations, we then esti-

mate if the helium ions will be detectable by our chosen

detector, that is, if the residual helium range is in the sen-

sitive window of the detector denoted as [RminD, RmaxD].

For this we calculate:

(xP, xD, E)

=

{
1, if RminD ≤ RHe(E) − WEPLD

− xP
− xD ≤ RmaxD

0, otherwise.

(3)

Whereby, WEPLD is the traversed WEPL at the

entrance of the detector.Contrary to WEPLPO this could

include the WEPL of patient couch and of the position

tracking system.

Two approaches were considered for selecting the

optimal range shifter. In the first method, each treatment

field has a single fixed proximal and distal range shifter

for all delivered energies (const RaShi). In contrast, the

second method allows energy-dependent selection of

the proximal range shifter (EW RaShi).

The concept behind this approach is that the proxi-

mal range shifter attached to the nozzle could be used,

enabling a quick selection of a different thickness for

different energies. The distal range shifter is positioned

directly between the patient and the detector, with as lit-

tle air as possible between them to reduce scattering,

as shown in Figure 2. We consider a constant thickness

of the distal range shifter throughout the delivery of the

treatment field, a dynamic selection of the distal thick-

ness was not considered. Introducing a device capable

of varying the distal thickness would require integrat-

ing additional moving components close to the patient,

complicating the clinical workflow. In contrast, a fixed

distal range shifter, such as a PMMA block in front of

the detector, is simple to implement. Therefore, we use

the more practical and simpler configuration of a vari-

able proximal range shifter combined with a fixed distal

one.

Const RaShi
To determine the optimal combination of proximal and

distal range shifters for a field,we strive for a high detec-

tion percentage while minimizing the WET thickness of

the selected range shifters. A greater thickness leads

to increased beam broadening and image noise. There-

fore, we maximize the weighted sum of the number of

detectable spots and the total thickness of the applied

range shifters:

[xP⋆, xD⋆] = argmax
xP∈OP

xD∈OD

(
1

n1

(∑
s∈

(xP, xD, Es)

)

−
w

n2

(
xP

+ xD
))

. (4)

The sum is performed for all spots s belonging to the

treatment field  . The parameter w serves as a relative

weighting factor of the number of detectable spots to

the thickness of the range shifters. The factors n1 and

n2 normalize both parts of the function to have equal

magnitude

n1 = max
xP∈OP

xD∈OD

(∑
s∈

(xP, xD, Es)

)
(5)

n2 = max
xP∈OP

xD∈OD

(
xP

+ xD
)
. (6)

EW RaShi
As a proximal range shifter might not be needed for

every energy, or a thinner one is sufficient for higher

beam energies, we consider the use of different proxi-

mal range shifter thicknesses for different primary beam

energies. The selection of the optimal thickness for

each energy is more complex for this strategy, since

a given depth in the patient can be reached through

multiple energy and proximal range shifter combina-

tions. Therefore, we group the spots into intervals (Ii) of

approximately the same carbon Bragg peak position in

the patient (RP
C
= RC − xP).The width of each interval is

the chosen longitudinal spot spacing l. With this interval,

Ii is given as

Ii = [min(RP
C

) + il, min(RP
C

) + (i + 1)l] i = 0, 1,… , N.
(7)
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Whereby the last interval IN includes the most distal

carbon range position (max(RP
C

)).

For each distal range shifter (xD) and carbon range

interval (Ii), the optimal proximal range shifter (xP⋆
iD

) with

corresponding energy (E⋆
iD

) combination is selected as

the one yielding the highest number of detectable spots.

[xP⋆
iD

, E⋆
iD

] = argmax
xP∈OP

(∑
s∈Ii

(xP
s , xD, Es)

)
. (8)

The number of detectable spots for this range interval

(Ii) with optimized settings is iD. Now, since the optimal

proximal range shifters with their corresponding beam

energy are chosen for each distal range shifter option,

it still has to be determined which distal range shifter

(xD⋆) with corresponding proximal range shifters should

be used. Hereby, the total number of detectable spots

is maximized while minimizing the overall thickness of

the selected range shifters, similar to the const RaShi

selection

xD⋆
= argmax

xD∈OD

(
1

n1

(
N∑

i=0

iD

)
−

w

n2

(
N∑

i=0

xP⋆
iD

+ xD

))
.

(9)

Whereby the normalization is given as

n1 = max
xD∈OD

(
N∑

i=0

iD

)
(10)

n2 = max
xD∈OD

(
N∑

i=0

xP⋆
iD

+ xD

)
(11)

2.2.3 Incorporating proximal range
shifters in dose calculation

To model the additional beam broadening

caused by range shifters, Monte Carlo simu-

lations were conducted using TOPAS version

3.9. The simulations employed the following

physics list: G4DecayPhysics, G4StoppingPhysics,

G4EmExtraPhysics, G4EMStandardPhysics_option4,

G4HadronElasticPhysics, g4h-phy_QGSP_BIC_HP,

and G4QMDReaction physics. To accurately model

helium ions, G4BinaryLightIonReaction was activated

with the Tripathi cross section data21 as modified by

Horst et al.22

The simulations included carbon and helium

beams at five different energies within the car-

bon treatment energy range (88.83, 196.23, 272.77,

339.80 and 427.44 MeV∕u). Energy deposition was

scored in a cylindrical volume, with a range shifter,

composed of PMMA, placed in front. Seven different

water equivalent thicknesses of the range shifter were

used (xP
= 5, 10, 15, 20, 25, 30, 35, 40 and 45 mm). The

range shifter was positioned at the nozzle and thus

separated from the cylinder’s surface at the isocenter

by approximately 1 m of air.

The lateral entrance dose was fitted with a Gaus-

sian function, and the initial beam width was subtracted

quadratically to estimate the beam broadening induced

by the range shifter and the passed through air (�RaShi).

A polynomial function was then fitted to interpolate beam

broadening at intermediate energies.During dose calcu-

lation, the estimated beam broadening from the range

shifter is added to the initial beam width.9,23

2.3 Investigated patient cases

We analyzed the residual helium range in 15 lung cancer

patient cases,24 considering five different gantry angles:

0 ◦, 180, as well as 45 ◦, 90 ◦, 135 for tumors in the right

lung or 315 ◦, 270 ◦, 225 for tumors in the left lung. An

example patient is shown in Figure 3.

Additionally, we conducted a detailed analysis of

one patient (No. 114) by generating treatment plans

for a gantry angle of 270 ◦ across all residual helium

range strategies. The dose influence matrix was calcu-

lated using a regular spot grid with lateral spacing of

5 mm and a longitudinal spacing of approximately 2 mm

(depending on available energies) on a 3 mm3 dose

grid. The RBE-weighted carbon ion dose (LEM I) was

optimized to 2.3 Gy per fraction for the target PTV (plan-

ning target volume). Helium radiographs for these plans

were also simulated using 1e7 histories for the entire

field.

Furthermore, we examined the residual range in

a prostate cancer patient,25 with both a low-dose

PTV (56 Gy) and a high-dose PTV (68 Gy), evaluat-

ing gantry angles of 45 ◦, 90 ◦, 270 ◦, 315. For a liver

cancer patient,25 we investigated gantry angles of

0 ◦, 315 ◦, 270.

An overview of the investigated tumor sites and

corresponding gantry angles is provided in Figure 3.

2.4 Parameter selection

In the presented strategies, there are several param-

eters that have to be selected. The safety margin

of the minimum residual helium range was Rmin
=

10 mm, as close to the end of the range, the dose can

already increase.

If we consider a calorimeter-like detector, the mini-

mum and maximum values of the detectable range are

related to the minimum amount of deposited energy

necessary for an accurate measurement and the total

WET of the detector. In our investigation, we used

a minimum value of RminD
= 7.5 mm based on pre-

vious experience with the ProtonVDA13 detector. We

investigated several values for the maximum detectable

 2
4
7
3
4
2
0
9
, 2

0
2
5
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://aap
m

.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/m

p
.7

0
1
9
4
 b

y
 D

ag
m

ar S
itek

 - D
eu

tsch
es K

reb
sfo

rsch
u
n
g
szen

tru
m

 (D
K

F
Z

) , W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

6
/0

2
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



6 of 15 HARDT ET AL.

F IGURE 3 Left: Example lung patient (No. 114) from the lung data set, outlined is the target volume ( ) and the gantry angles for which

the residual helium range was investigated. Middle: Prostate case. Right: Liver case

range. The smallest investigated value was based on

the ProtonVDA detector (RmaxD
= 110 mm). Further val-

ues were 160 mm, 210 mm and 260 mm, representing

detectors with a 5 cm, 10 cm and 5 cm larger detectable

energy range. For the ProtonVDA detector, the WET of

the tracker is 5 mm.

For the prostate and liver cases, we assigned a

relative weighting factor w of 0.25 (mentioned in equa-

tion 4), for the lung cases, this weighting factor was

set to 0.5. For the lung cases, we anticipate lower

residual helium ranges distal of the patient, so thin-

ner distal range shifters are sufficient. As a result,

the thickness of the range shifters was less penal-

ized in these cases. In contrast, for the prostate case,

located centrally within the patient, we expect signifi-

cantly higher residual helium ranges, necessitating the

use of thicker distal range shifters. To account for this,

a smaller penalty weight was applied, placing greater

emphasis on maximizing the number of detectable

spots.

3 RESULTS

3.1 Residual range analysis for
different cancer sites

3.1.1 Lung cases

During the investigation of the residual helium range,

none of the previously mentioned helium range strate-

gies were applied; instead,conventional treatment plans

were created, as the first phase of this study aimed to

evaluate the necessity of such strategies. Figure 4 pro-

vides an overview of the minimum residual helium range

for each investigated gantry angle and patient case,

along with the percentage of spots where the resid-

ual helium range is less than 1 cm. This serves as an

indication of the severity, helping to determine whether

only a small or large fraction of spots are identified as

having insufficient range.Negative values indicate spots

where the helium ions lacked sufficient energy to exit the

patient distally.

Among the examined angles, 0 ◦ and 180 ◦ appear to

be the most suitable for mixed beam irradiation without

additional range strategy, as they offer a higher min-

imum residual helium range and a lower percentage

of spots with insufficient range. However, 0 ◦ may be

preferable to 180 ◦ since it avoids irradiation through

the patient couch. Despite this, for 9 out of the 15

patients analyzed, the minimum residual helium range

for a gantry angle of 0 ◦ was still below the 1 cm

safety margin. Furthermore, in 6 of the 15 cases,

none of the investigated angles provided sufficient

range. The most frequently available angle was 180 ◦

(8/15) followed by 0 ◦ and 135∕225◦ (6/15). The out-

liers in Figure 4 represent patient cases with particularly

unfavorable tumor placements, for example, where the

heart is located distal to the tumor, requiring high

beam energies for the helium ions to have sufficient

range.

Figure 5 uses an exemplary lung patient (No. 114)

to illustrate the distribution of spots with sufficient and

not sufficient helium range. This case exhibits a higher

proportion of spots with insufficient helium range com-

pared to the average lung patient. For the 315 ◦ gantry

angle, it is particularly evident that the helium beam is

most affected in regions where it must pass through the

spine.

3.1.2 Prostate case

In the prostate case, the residual helium range was

examined for four gantry angles. Compared to the

lung case, far fewer spots were affected by insuf-

ficient residual helium range. Specifically, only 1.1%
of spots exhibited insufficient helium range for the

90 ◦ angle, which represented the highest percent-

age of spots with insufficient helium range among

the four investigated angles. For the other angles,

the percentages were 0.9% (270 ◦), 0.2% (45 ◦), 0%
(315 ◦). Despite the prostate being centrally located

within the patient, which might suggest that residual

helium range would not be a concern, it still is for this

case.
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F IGURE 4 Left: Box plot summarizing the minimum residual helium range of each lung patient for the different gantry angles. Right: Box

plot summarizing the percentage of spots in each treatment plan with a residual helium range smaller than 1 cm for each gantry angle.

F IGURE 5 Axial CT slice for patient No.114 for different gantry angles. The overlay highlights the spots with sufficiently large residual

helium range in green ( ) and the ones with insufficient residual helium range in red ( ).

3.1.3 Liver case

For the liver case, the residual helium range was ana-

lyzed for three gantry angles. All three angles exhibited

spots with insufficient residual helium range. For the 0 ◦

gantry angle,only 1% of the spots were flagged as insuf-

ficient, whereas 47% and 38% of spots were flagged as

insufficient in the 270 ◦ and 315 ◦ angles, respectively.

3.2 Beam broadening due to range
shifters

Figure 6 shows the estimated beam widening �RaShi

caused by the use of the proximal range shifter as well

as the interpolated function. Especially for low energies

and a thick range shifter, the broadening is large. How-

ever, this combination is infrequently used in treatment

plans. Normally, a thicker range shifter will be used with

a higher beam energy. Not for all carbon energies and

proximal range shifter combinations was the widening

calculated, for the lowest energy, the used range shifters

were sometimes thicker than the corresponding carbon

range. This would also mean that these energies would

not be used in a treatment plan, and thus it is not nec-

essary to calculate the helium widening in these cases;

however, this was done for completeness. This beam

broadening was used in the following dose calculations.

3.3 Strategies to optimize the residual
helium range

In general, all residual helium range strategies effec-

tively ensure a sufficient helium range. The strategies

are compared based on the percentage of detectable

spots. Helium ions may not be detectable for two main

reasons: they are lost in the distal range shifter, or

their residual energy is too high for the detector to

measure.

3.3.1 Lung cases

Figure 7 presents the percentage of detectable spots

across all treatment angles and patients for the pre-

sented residual helium range strategies.The calculation

was conducted for four imaging detectors, with different

sensitive ranges. As a reference, a treatment plan was

calculated without applying any residual helium range

strategy, meaning that this plan may include spots with

an insufficient helium range.
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F IGURE 6 Estimated ( ) and fitted ( ) beam widening due to the use of a proximal range shifter of varying thickens for helium (left) and

carbon (right).

F IGURE 7 Box plot summarizing the percentage of detectable spots in the lung treatment plans for detectors with varying sensitive ranges

(RmaxD
= 11 cm, 16 cm, 21 cm and 26 cm).

As expected, the detectors with wider acceptable

residual helium range allow for a larger percent-

age of detectable spots. The difference between the

detectors is relatively small for the best-performing

method, EW RaShi and averages 5 pp (RmaxD
=

11 cm and 6 cm), 8 pp (RmaxD
= 11 cm and 21 cm), 9

pp (RmaxD
= 11 cm and 26 cm). Among the strategies,

EW He performs the worst, even falling below the ref-

erence plan. When comparing the two range shifter

strategies, the added flexibility of the EW RaShi method

results in an average increase in detectable spots of

12 pp (RmaxD
= 11 cm), 4 pp (RmaxD

= 16 cm), 1 pp

(RmaxD
= 21 cm), and 0.2 pp (RmaxD

= 26 cm).

For the detector with the larger sensitive ranges,

smaller distal range shifters are used on aver-

age, which would enhance image quality. For the

const RaShi, the thickness of the distal range

shifter, if one is used, reduces for the investi-

gated lung cases on average by 2 cm (RmaxD
=

11 cm and 6 cm), 3 cm (RmaxD
= 11 cm and 21 cm), and

4 cm(RmaxD
= 11 cm and 26 cm). For the EW RaShi,

TABLE 1 Percentage of detectable spots and helium ions in

lung case No. 114 for each method.

Reference EW He const RaShi EW RaShi

Detectable spots

(%)

55 35 76 93

Detectable helium

ions (%)

69 46 70 93

Note: The percentage of detectable helium ions is given relative to 10% of the

carbon fluence.

the thickness of the distal range shifter reduces on

average by 4 cm (RmaxD
= 11 cm and 6 cm), 5 cm

(RmaxD
= 11 cm and 21 cm), and 6 cm (RmaxD

=

11 cm and 26 cm).

3.3.2 Lung case No.114

To look at the different strategies in more detail, the deliv-

ered dose was optimized and calculated for an example

patient.Table 1 lists the percentage of detectable helium
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spots, and since the optimal fluence of each spot was

now calculated, the percentage of detectable helium

ions was also calculated. When calculating the percent-

age of detectable helium ions for the EW He method,

we did not use the total number of delivered helium

ions. Instead, we used 10% of the number of carbon

ions—corresponding to the carbon–helium ratio—as a

reference value to allow for better comparison between

the methods. For the reference and EW He strategies,

the percentage of detectable helium ions increases,

while the percentage of detectable ions decreases for

the const RaShi strategy when compared to the percent-

age of detectable spots. Due to the higher fluence of

the intermediate energies, which are detectable by the

reference plan, the reference and const RaShi have the

same percentage of detectable helium ions, although

the percentage of detectable spots is significantly higher

for the const RaShi strategy. A range shifter of only

1.5 cm (const RaShi) already allows the detection of 24

pp more helium ions than with the EW He method and

as many helium ions as with the reference plan, but with

sufficient residual helium range.

Figure 8 provides a closer look at the selected prox-

imal range shifter thickness, which treatment energies

used helium, and the last row, which shows the residual

helium range at the detector versus the carbon range in

the patient, overlaid with the used proximal range shifter

thickness. In this lung case, the optimal choice is not to

use a distal range shifter.This investigation also employs

the smallest detector (RmaxD
= 11 cm). The EW RaShi

strategy uses thicker proximal range shifters than the

const RaShi strategy. Looking at the lower right plot, it

is clear that the thickest proximal range shifter is used

for the lowest carbon range in the patient and the low-

est energy,and then the thickness of the proximal range

shifter decreases. Note how the proximal range shifter

is used to “push back” the residual helium range into

the sensitive range of the imaging detector. So while the

EW RaShi method has 23 pp more detectable helium

ions than the const RaShi, it comes at the cost of a

thicker proximal range shifter. For the EW He strategy,

helium is used only with high energies,where the helium

range is sufficient. Also, noteworthy for the const RaShi

method is that the smallest carbon range is not irradi-

ated. These spots must have had too low helium range

and were therefore excluded, but a thicker range shifter

would have come at the cost of a reduced number of

detectable spots.

The mixed carbon–helium and helium doses for all

strategies are shown in Figure 9 with the respective

differences from the reference plan. Figure 10 shows

the corresponding carbon–helium and helium dose–

volume-histograms (DVH). The residual helium range

strategies reduce the delivered helium dose. This is

particularly noticeable for the EW He method with a sig-

nificant reduction in helium dose to the PTV, left lung,

heart, and body. However, since the helium dose con-

tributes little to the total dose, the dose reduction is

barely visible in the mixed-dose DVH.

Strategies involving range shifters introduce

increased lateral scatter, as visible in Figure 9 as a

widened dose profile and resulting increase in dose to

the right lung. The mean dose increases from 0.28 Gy

(reference) to 0.31 Gy (const RaShi) and 0.33 Gy

(EW RaShi). For these plans, there is also a reduction

in target coverage: the D95 value of the PTV decreases

from 2.19 Gy (reference) to 2.13 Gy (const RaShi) and

2.16 Gy (EW RaShi). In general, using range shifters

increases the total delivered dose of the plans over the

reference plan, in this case 10% (const RaShi) and 13%
(EW RaShi). The EW He has the same mean dose to

the right lung and target coverage as the reference plan.

The integral delivered dose reduces for the EW He com-

pared to the reference plan by 0.2%. For all plans, the

contribution of helium to the total RBE-weighted dose is

less than 1%, being 0.57% (reference), 0.26%(EW He),

0.50% (const RaShi), and 0.48% (EW RaShi).

3.3.3 Prostate case

The prostate case exhibits large residual helium ranges

for some energy layers and gantry angles,with the resid-

ual range reaching up to 45 cm at a gantry angle of

90 ◦. These large residual helium ranges complicate the

detection. The EW RaShi method has the highest per-

centage of detectable spots. Still, for opposing beams

(90 ◦, 270 ◦) it is only 56% for the detector with the small-

est sensitive range. For the detector with the biggest

sensitive range, it increases to 88%.The other two inves-

tigated angles (45 ◦, 325 ◦) have a higher percentage of

detectable spots.For the smallest detection system 72%
can be detected, for the largest system this increases

to 96%. In the prostate case, the residual helium range

strategies selected distal range shifters.

3.3.4 Liver case

For the liver case, the EW RaShi continued to show the

highest percentage of detectable spots; up to 89% were

detectable for a gantry angle of 270 ◦ using the detector

with the smallest sensitive range.Using the detector with

the largest sensitive range enabled detection of 97% of

the spots. Only for one gantry angle, 0 ◦, a distal range

shifter was used.

3.4 Helium radiographs with range
shifter

In Figure 11, two helium radiographs are compared,

one acquired from the reference plan and the other

acquired from a const RaShi plan. The energies of the
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F IGURE 8 For each strategy (by column) the top row shows the proximal range shifter thickness per energy in the treatment plan. In the

middle row illustrates the decision of mixing helium (True) into the carbon beam or not (False) for each energy. The bottom row compares, for

each spot, the carbon range with the residual helium range at the detector. Highlighted is the minimum (0.75 cm) and maximum (11 cm)

detectable range, and the used proximal range shifter thickens. Whereby represents a proximal range shifter thickness of 45 mm, 35 mm,

25 mm, 15 mm, and 5 mm.

helium radiographs were chosen so that both plans,with

and without the range shifter, irradiate approximately the

same cross section of the tumor.The difference between

both radiographs also indicates an increase in image

noise when adding range shifters. When reconstruct-

ing the radiographs using ProtonVDA’s reconstruction

code, we use only primary helium ions and thus

assume perfect particle identification. Therefore, the

calculated noise increase does not account for the addi-

tional carbon or helium fragments detected. However,

it does include the effects of increased scattering and

range straggling.

4 DISCUSSION

This study used a mixed carbon–helium beam treat-

ment planning framework to investigate the applicability

and limits of the mixed beam method imposed by

residual helium ranges at different patient sites, with a

focus on lung patients. Residual helium range is a lim-

iting factor in the selection of patients and treatment

angles, as not all combinations are sensible without

mitigating strategies. Two key considerations were iden-

tified: first, the helium ions must have sufficient range

to exit the patient distally; second, the residual range

should be in the sensitive range of the detector, as

if the range is too high, the helium ions cannot be

detected.

The analysis of the helium range, without any applied

helium range strategy, showed insufficient helium range

for at least one energy layer in almost all cases, inde-

pendent of the gantry angle. The sensitive range of the

employed detector was found to be a critical factor in

ensuring good detection properties. This is particularly

relevant for the prostate case, where the helium ions

had a greater residual helium range, requiring a larger

sensitive range.
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F IGURE 9 Axial dose slices for each strategy. Top: total mixed carbon-helium RBE weighted doses and below the difference to the

reference plan. Bottom: Helium RBE weighted dose and the difference to the reference plan, please note the mGy scale in this case.

F IGURE 10 Dose–volume histograms (DVH) for the different strategies. The left DVH shows the total mixed carbon–helium RBE weighted

dose, while the right DVH singles out the helium dose (on a mGy scale).

For the lung cases, gantry angles of 0 ◦ and 180 ◦

appear most suited for radiation therapy, as only a small

portion of the spots exhibit insufficient residual helium

range. These angles could also be combined in a two-

field treatment plan,where the upper region of the tumor

is treated with a 180 ◦ gantry angle, while the lower

region is irradiated with a 0 ◦ gantry angle, treating only

spots with sufficient helium range from each angle. In

the prostate case, a similar strategy could be used with

opposing gantry angles of 90 ◦ and 270 ◦. However, the

limitation of this strategy is that only very few centers

use carbon gantries like, for example, the HIT (Heidel-

berg Ion Therapy Center).Most facilities use fixed beam

lines instead and are limited to horizontal and vertical

orientations, with a few offering an oblique beam line1.

A fixed beamline may offer advantages over a gantry

for mixed-beam irradiation, as it simplifies the setup of

1 https://www.ptcog.site/index.php/facilities-in-operation-public
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F IGURE 11 The top left shows the projected CT (for the 90 ◦ gantry angle), with the area highlighted ( ) chosen for the mixed-beam

radiographs in the other subfigures. Bottom left: Simulated helium radiograph (197.58 MeVu
−1

, 0 cm). Bottom right: Simulated helium radiograph

(217.25 MeVu
−1

, 1.5 cm). Top right: Difference image of both radiographs

a distal range shifter. For greater flexibility in treatment

angles, upright particle therapy26 would be beneficial.

Upright therapy could also facilitate the use of a large

detection system,as space in a gantry room is often lim-

ited, which would become particularly evident when a

detector is combined with a distal range shifter.

For the lung sites with, in general, a smaller residual

helium range, it seems that the smallest detector (RmaxD

= 11 cm) is sufficient to enable good detection prop-

erties when a residual helium range strategy such as

the EW RaShi is used. Under this approach, the mean

increase of detectable spots between the detectors with

11 cm and 16 cm maximum detectable range was only 5

pp. However, the maximum increase of detectable spots

between these detectors was 26 pp. Therefore, depend-

ing on the patient site and gantry angle, a detector with

a larger sensitive range might still be sensible. For the

detector with the largest investigated sensitive range

(RmaxD
= 26 cm), the median percentage of detectable

spots was 78% (EW He),100% (const RaShi),and 100%
(EW RaShi). Another argument for using a detector with

a larger sensitive range is that it allows for thinner distal

range shifters, which in turn improves image quality. If

a more complicated set-up with a variable proximal and

distal range shifter thickness were used, the additional

degree of freedom should increase the percentage of

detectable helium spots even more. However, the pre-

sented strategies using a simpler setup already allow

for an increase of detectable spots.

As shown in Figure 8, when using the const RaShi

strategy, the lowest energies may not be irradiated.Even

with the selected proximal range shifter, the helium range

may still be insufficient, and increasing the range shifter

thickness would reduce the number of detectable spots.

In most cases, the majority of spots lie within the cen-

tral energy slices, with fewer spots in the high and low

energy slices, so only a small number of spots are

omitted. However, this omission can artificially favor the

const RaShi strategy when evaluating the percentage of

detectable spots, as some of the least favorable spots

are not irradiated. Overall, each strategy results in a

slightly different total number of spots in the treatment

plan, as different energies are used.

The strategies, including range shifters,show a higher

percentage of detectable spots, at the disadvantage

of introducing additional scattering, leading to beam

broadening and an increased total dose delivered to the

patient. In our investigated patient plan, the use of range

shifters led to an overall combined carbon–helium dose

increase to the patient of 10% (Const RaShi) and 13%

 2
4
7
3
4
2
0
9
, 2

0
2
5
, 1

2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://aap
m

.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/m

p
.7

0
1
9
4
 b

y
 D

ag
m

ar S
itek

 - D
eu

tsch
es K

reb
sfo

rsch
u
n
g
szen

tru
m

 (D
K

F
Z

) , W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

6
/0

2
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



HARDT ET AL. 13 of 15

(EW RaShi) relative to the reference plan. The helium

dose decreased, due to the now sufficient helium range,

by 54% (EW He),4% (Const RaShi),and 5% (EW RaShi)

compared to the reference plan. Although the reference

plan contained spots with insufficient helium range—

resulting in dose deposition by helium ions with high

LET at the end of their range—the total delivered dose

remains lower. This trade-off between the number of

detectable spots and the total delivered dose may be of

clinical relevance and should be evaluated more care-

fully in future work. In addition to increased scattering,

the range shifters also lead to the production of more

fragments. Furthermore, as illustrated in Figure 11, the

use of range shifters increases image noise in the sim-

ulated radiographs. Experimental investigation of the

detection properties, especially when thick distal range

shifters are used is necessary.

The detectors used by Mazzucconi et al.,1 and Volz

et al.7 for the experimental exploration of the mixed

beam method covered a total WET of ∼ 127 mm and

∼ 180 mm, respectively. Our parameter selection was

tailored to the ProtonVDA detector but also includes

detectors with larger sensitive ranges up to 260 mm.The

sensitive WET ranges of other detection systems can

be easily incorporated into the analysis, which can then

be adapted to the specific system in use. As the anal-

ysis of the detection properties focuses on the residual

helium range at the detector, it should be independent of

the choice of ion-counting versus integrating detector as

used by Mazzucconi et al.,1 and Volz et al.7

While most detectors currently used in ion imaging

are calorimeters or range telescopes, measuring resid-

ual energy or range, other detection systems are also

used. Gehrke et al.27 used a thin silicon pixel detector

for helium radiography, measuring deposited energy. By

analyzing the cluster size and cluster volume, signals

originating from primary helium ions can be identi-

fied. However, this system has a very sensitive WET

range, making its application in mixed beam irradia-

tion challenging The most accurate WET measurements

are achieved in the steep gradient of the Bragg peak.

Therefore, to accurately image complex objects,multiple

energies are used.28

Another approach measures the time-of -flight (TOF)

of an ion between two or more tracking units. From this

measurement,the velocity and kinetic energy can be cal-

culated. The sensitive WET range of such a detector

depends on the distance between the tracking units and

their time resolution.29,30 For a TOF detector, the resid-

ual energy can be determined by measuring the TOF in

air inside a TOF calorimeter distal of the patient. Addi-

tionally, the increase of an ion’s TOF through the patient

could be used as an indirect measure of energy loss,

which could allow for particle identification.30 However,

in a TOF system, the front tracer is crucial for accurate

TOF measurements. Consequently, the high fluence in

mixed-beam irradiation poses significant challenges.

A detector designed for mixed beam radiotherapy

should be capable of handling high particle fluxes and

offer a large sensitive range. It should also provide parti-

cle identification to distinguish helium signals from those

of fragments or the primary particles.

Simpler strategies for selecting the range shifter thick-

ness were initially considered,such as basing it solely on

the maximum residual helium range or on the patient’s

maximum WET. However, our proposed approach is

designed to ensure adequate helium range while simul-

taneously maximizing the number of detectable spots.

In the simplest configuration, we use a constant thick-

ness throughout delivery (Const RaShi). A slightly more

advanced approach allows the proximal thickness to

vary (EW RaShi).To achieve this,we found that joint opti-

mization of the proximal and distal shifter thicknesses is

necessary. Selecting the proximal thickness based only

on patient WET or the distal thickness based only on the

maximum residual helium range is insufficient, because

variations in the proximal thickness directly influence the

residual helium range spectrum and, in turn, the optimal

distal configuration.

In our investigation, we did not closely investigate the

effect of the range shifter placement on image quality.

The primary goal of this study was to identify gen-

erally valid combinations leading to detectable helium

range, and as such the range shifters’ thicknesses were

the sensible free variables. Future work could more

directly incorporate image quality metrics by including

expected scattering and range straggling noise based

on the transverse thickness in the selection algorithm

Krah et al.29 and Collins-Fekete et al.31 Our current

investigation does not consider the dosimetric impact

of each spot or the fluence of each spot and the cor-

responding signal-to-noise ratio. While these would be

interesting metrics to incorporate into the selection pro-

cess, we would expect the most distal regions of the

tumor to exhibit the highest fluence,32 where at present,

no range shifter or only a very thin one is used. The

expected WEPL resolution could also be included,which

would depend on the detection system—for example,

whether a calorimeter or a multi-stage range telescope

is used, and if so, how many stages.33 Such a future

analysis of the image quality could also optimize the

weighting factor w in equation 4,which weights the num-

ber of detectable spots against the thickness of the

range shifters.

5 CONCLUSION

The residual helium range in mixed beam treatment

plans was evaluated across several beam angles in

lung cases, as well as in a prostate and a liver case,

revealing that the helium range was too low in most sce-

narios.Three different strategies were applied to ensure

sufficient helium range. The EW He strategy uses a
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mixed carbon–helium beam only for energies with suf-

ficient helium range, otherwise a pure carbon beam is

used. The const RaShi and EW RaShi incorporate prox-

imal and distal range shifters to ensure sufficient helium

range while also optimizing detection capabilities by

incorporating the sensitive range of the detector in the

selection of the range shifters.

Overall, all evaluated residual helium range strategies

successfully ensure sufficient helium range. Strategies

involving range shifters further increase the number of

detectable spots. These strategies allow more flexibil-

ity in the chosen treatment angle. All of this increases

the clinical usability of the mixed carbon-helium beam

method, which shows promising potential for range

verification, offering online beams-eye-view informa-

tion, and allowing for the visualization of the treated

patient’s anatomy.
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