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Review

                                                                                                                                                                   
The use of proton beams is increasing in radiation therapy due to the physical characteristics of 
the Bragg curve, offering dosimetric advantages over conventional radiation. However, dosimetric 
measurements are necessary for safe and accurate irradiation with clinical proton beams. The 
accuracy of dosimetry should be considered in terms of the required dose at the target volume, 
which in general, requires standard uncertainty levels of 3%–5%. Reference dosimetry should thus 
be done with uncertainties well below those levels, typically better than 1%, by using cylindrical 
ionization chambers. By contrast, for non-reference measurements, the use of other dosimeters 
should be considered provided that the energy and linear energy transfer (LET) dependence of 
the detector response has been checked against the ionization chambers. The response of films, 
silicon diodes, and other available solid-state detectors exhibits strong energy or LET dependence, 
and their use is limited to conditions with nearly constant LET. This review is described current 
dosimetric tools and methods for use with proton beams in routine clinical practice.
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1.  Introduction

The use of proton beams in radiation therapy is increasing 
worldwide because of the physical characteristics of the 
Bragg curve, offering distinct dosimetric advantages over 
conventional radiation1). The main advantages of using 
proton beams rather than electron or photon beams for 
radiation therapy are associated with their characteristics 
spatial dose distributions in tissue, which improves 
target dose coverage and spares normal healthy tissue. 
However, dosimetric measurements are necessary for 
safe and accurate irradiation with clinical proton beams. 

The accuracy needed in dosimetr y should be 
considered based on the requirement for the dose 
delivered to the target volume, which in general, 
require relative standard uncertainty levels between 
3% and 5%. Reference dosimetry should thus be done 
with uncertainties well below that, and typically below 
1%, using cylindrical ionization chambers2).  For relative 
dosimetr y, however, the uncertainty requirements 
are usually a bit more relaxed.  For use of other 
dosimeters can also be considered for measurements 
under non-reference conditions, provided that the 
energy and linear energy transfer (LET) dependence 
of the detector response are checked against the 
ionization chambers. The main issue when selecting 
detector for clinical proton beam dosimetry is found 
in the significant energy or LET dependence of most 
detectors, with the exception of ionization chambers. 
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The response of films, silicon diodes, and other 
available solid-state detectors exhibits strong energy or 
LET dependence, and their use is limited to conditions 
with nearly constant LET. Thus, lateral profiles are 
usually achievable given that the spectral variations 
over the fi eld area are modest.

Many new commercially available dosimetric tools 
have been developed for clinical use over recent years. 
Although some guidelines and procedures have been 
published about clinical proton beam dosimetry2-8), 
none has complied comprehensive data about all the 
available clinical proton beam dosimetry tools. The 
aim of this review is to describe the currently available 
tools and method for use with proton beams in routine 
clinical practice.

2.  Ionization chamber

Radiation detectors applied for dose measurements 
produce signals that depend linearly or nonlinearly on 
the dose absorbed by the detector media. An ionization 
chamber essentially consists of a gas volume between 
two electrodes connected to a high-voltage supply, in 
which the ionizing radiation creates ion pairs. Being 
positive and negative charge carriers, these ions are 
attracted by the electrodes and create a current that 
can be measured by an electrometer.

Although there are methods to determine absorbed 
dose to water directly, most detectors must be 
calibrated in a reference field with a known absorbed 
dose to the position of the detector. In this section, the 
use of dif ferent ionization chamber types in clinical 
proton beam dosimetry is discussed. 

2.1.  Thimble ionization chambers
Since the International Atomic Energy Agency (IAEA) 
published the code of practice Technical Reports Series 
No. 398 and recommended procedures for ionization 
chamber reference dosimetry for all types of external 
beams, this has been widely adopted as the industry 
standard2). Both cylindrical and plane-parallel ionization 
chambers are recommended for use as reference 
instruments when calibrating proton beams. However, 
the combined standard uncertainty of the absorbed 
dose to water for plane-parallel ionization chambers 
will be slightly higher than for cylindrical chambers 
due to the higher uncertainty factor that corrects the 
response of an ionization chamber for the non-medium 
equivalence of the chamber wall and any waterproofi ng 
material in the 60Co reference beam quality9). For this 
reason, cylindrical ionization chambers are preferred 
for reference dosimetry; however, their use is limited 
to proton beams with qualities at a reference residual 
range Rres > 0.5 gcm-2. 

The use of thimble ionization chambers is limited 
to beams with a spread-out Bragg peak (SOBP) width 
2.0 cm in water or to the entrance plateau region of 
a sufficiently high-energy beam. Due to their shape, 
the suitability of thimble-type chambers for depth 
dose measurements in steep dose gradients, such 
as the Bragg peak region, is limited. There are two 
main applications of thimble-type ionization chambers. 
Farmer-type chambers are mainly used for beam 
monitor calibration, while smaller chamber are 
generally used for field parameter determination or 
dosimetric verification. The reference fields used to 
monitor calibration are typically large and there are no 
particular demands on the chamber size. Despite this, 
the highest possible accuracy and precision are needed, 

Fig. 1.  Unmodulated (A) and modulated (B) depth dose distributions obtained with a plane-
parallel ionization chamber. Each figure depicts the depth dose distribution of proton beam with 
the energy of 150, 210, and 230 MeV. The different energy beams were preferably isolated and 
identified with good reproducibility using a plane-parallel ionization chamber.
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so graphite-walled chambers with large volumes and 
higher signals can be useful. Pinpoint-type chambers 
are especially useful to measure the field sizes or 
lateral penumbra (e.g., during the commissioning of a 
treatment planning system)10). Due to their small size, 
nearly point-like dose determination can be achieved 
with little uncertainty, even in the context of a high-
dose gradient. However, even pinpoint chambers lead 
to a widening of the measured penumbra in steep dose 
gradients due to their limited spatial resolution. These 
chambers are still useful for dosimetric verification of 
treatment plans in a water phantom.

2.2.  Plane-parallel ionization chambers
A plane-parallel ionization chamber consists of a high-
voltage electrode plate and a measuring electrode 
plate that confine the sensitive volume. Although 
plane-parallel ionization chambers also can be used 
to measure the absorbed dose in proton beams under 
reference conditions, they are most frequently used to 
measure the depth dose distributions. Unmodulated and 
modulated depth dose distributions obtained by plane-
parallel ionization chambers are shown in Figure 1. 
The measurement volumes of plane-parallel ionization 
chambers typically have diameters of 5–20 mm, and if 
designed properly, the surrounding guard ring ensures 
lateral equilibrium of the secondary electron fluence. 
Although each of these plane-parallel chambers have 
guard rings, the guard on the Markus chamber (PTW, 
Freiburg, Germany) is considered insuf ficient to 
meet the requirements for plane-parallel chambers. 
The distance between electrodes varies between 0.5 
and 2 mm, and the effective point of measurement is 

located at the inner surface of the entrance window. 
The measured beam must therefore be homogeneous, 
and the field size should be at least twice as large as the 
diameter of the cavity of the plane-parallel chamber. 

Recently, larger chambers with diameters of up to 82 
mm have become available (e.g., a Bragg Peak chamber 
(PTW, Freiburg, Germany))11). There are designed 
to measure the exact location of the Bragg peak in 
clinical proton beams, and their large diameters allow 
the complete proton beam diameter (non-scanned) 
to be measured, including the scattered protons. The 
chambers are waterproof and can be used either in air 
behind a water column or in a water phantom.

2.3.  Multi-layer ionization chambers
It  should be noted that  the measurement and 
verification of depth dose distributions is especially 
important for proton beams. This is because protons 
have a well-defined range of penetration in a material, 
giving rise to a sharp dose fall-off beyond that depth. 
The depth dose distribution along a beamʼs central axis 
is usually measured with the motorized water phantom 
dosimetry system and ionization chamber. Figure 2 
shows the one-dimensional motorized water phantom 
for horizontal beam geometry. Although this method is 
well established, it is time-consuming due to the large 
number of individual data points required. Additionally, 
a lengthy quality assurance (QA) process limits the 
time available for patient treatments. A more efficient 
means of obtaining depth dose distributions is worth 
exploring.

Recently, to measure depth dose distributions and 
the range of proton beams, stacks of plane-parallel 

Fig. 2.  Experimental setup of a one-dimensional motorized water 
phantom for horizontal beam geometry in a gantry irradiation room. 
This system can be remotely operated and is used daily at the Southern 
Tohoku Proton Therapy Center.

Fig. 3.   Experimental setup of the Zebra in the irradiation room 
for horizontal beam. This system is able to measure and analyze 
unmodulated and modulated depth dose distributions with high spatial 
resolution (in the order of 2 mm water equivalent thickness) with a 
sampling time down to 10 ms.
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ionization chambers have been developed12-17). These 
so-called multi-layer ionization chamber (MLIC) contain 
absorbing material between neighboring chambers 
and can be used to check the shape of the depth dose 
distribution and range of the proton beams in single 
measurement. A commercial MLIC device, the Zebra 
(IBA dosimetry, Schwarzenbruck, Germany) has been 
developed that covers up to 33 cm of water-equivalent 
thickness and consists of 180 parallel plate ionization 
chamber, each measuring 2.5 cm in diameter, that are 
layered in a longitudinal manner with a spacing of 2 mm 
between layers (Fig. 3). This system is able to measure 
and analyze single Bragg peaks and modulated 
distributions with high spatial resolution at a sampling 
time of only 10 ms. Figure 4 shows the unmodulated 
depth dose distribution obtained by the Zebra devise. It 
is possible to increase the resolution by performing two 
measurements: one with a build-up of 1 mm and one 
without. Two possibilities are then available to consider 
the shift in the depth axis.

3.  Solid-state detectors

There are variety of alternative detectors used for 
dosimetric measurements, and most (but not all) are 
solid-state detectors. In general, solid-state detectors 
benefit from a stronger signal due to the higher 
ionization density. This allows for a reduction of 
the detector volume down to sub-millimeter sizes, 
permitting high-resolution measurements. The higher 
ionization density, however, also contributes to the 

saturation effects that are observed for all solid-state 
detectors in high-LET beams, as well as at the distal 
edge of a proton Bragg peak. In proton dosimetry, the 
energy dependence of the solid-state detector can be 
explained by the change in mass stopping power ratio 
and the LET quenching effect. Unlike the application 
of solid-state detector dosimetry in a photon beam, the 
method of dose to water determination using a solid-
state detector with proton beams has not yet been 
well established. Therefore, important limitations still 
exist to the use of solid-state detectors in proton beam 
dosimetry.

3.1.  Diode detectors
A silicon semiconductor detector consists of a layered 
silicon disk with contact wires to the measuring 
instrument. This is embedded horizontally or vertically 
in protective and / or build-up material to form a useful 
probe, depending on the intended application. This 
detector does not need an external bias voltage or a 
guard. 

Due to their small size, silicon diodes are ideal for 
profile measurements, even though volume averaging 
effects can still be observed. Although several studies 
have outlined the used for diode detectors for proton 
dosimetry over the last four decades, these have often 
shown mixed or less-than-desirable results when 
compared with ionization chambers18-22). Nevertheless, 
Grusell et al. showed that a highly doped p-type 
diode detector designed for use with protons could 
produce a response consistent with that of ionization 

Fig. 4.  Main operational window of the OmniPro-inline software (IBA dosimetry, Schwarzenbruck, 
Germany) showing the unmodulated depth dose distribution obtained by the Zebra. The 
application provides analysis tools based on different measurement protocols to extract the beam 
parameters of the depth dose distributions.
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chambers18). McAuley et al. accessed the performance 
of this detector type with spatial resolution and 
LET dependence, and they concluded that diode 
detectors could be deployed clinically for use in 
proton radiosurgery and other small-field applications, 
including active beam scanning dosimetry22). 

3.2.  Diamond detectors
A natural diamond detector consists of a diamond disk 
with contact wires to the measuring instrument. This 
is embedded vertically in water-equivalent protective 
material to produce a probe with the highest possible 
spatial resolution in the axial direction for therapy beam 
analysis. A guard is led to the detector stem. To date, 
various publications have described the use of diamond 
detectors for proton depth dose measurements, and it 
was reported that their dose-rate dependencies were 
not dependent on the LET, so that values measured for 
photon beams could also be used for protons20, 23, 24). The 
energy dependence, however, was substantial. 

Unfortunately, natural diamond detectors, even those 
with superior characteristics, have become obsolete 
due to poor design, crystal selection, craftsmanship, 
and cost. Recently, the first commercially available 
single-crystal diamond detector, named microDiamond 
(PTW, Freiburg, Germany), was released. It combines 
the advantages of natural diamond detectors and 
silicon diode detectors almost perfectly. Due to its 
special design and material properties, microDiamond 
detector shows almost no deviations in absorbed dose 
to water, even in the smallest field size. A few studies 
have investigated the dosimetric characteristics of the 
microDiamond with proton beams25-27), with Akino et al. 
reporting that the microDiamond showed constancy 
similar to that of the ionization chamber26). They also 
reported that it had superior spatial resolution and 
stability of response compared with other detectors 
used in radiation dosimetry.

3.3.  Metal oxide semiconductor-field ef fect transistor 
detectors
Metal oxide semiconductor-field ef fect transistor 
(MOSFET) detectors are widely used for pinpoint 
dos imetr y  in  both  photon and e lectron dose 
verification28, 29). The typical design uses a p-channel 
enhanced MOSFET constructed on a negatively doped 
(n-type) silicon substrate. Ionizing radiation generates 
electron-hole pairs in the insulating layer and the holes 
drift toward the substrate under an appropriately biased 
voltage. These are then semipermanently trapped at the 
surface, resulting in a shift in the gate voltage required 
for source-drain conductivity propor tional to the 
radiation dose. Following exposure, the gate threshold 
voltage is measured by applying a constant source-drain 

current, and the cumulative dose is obtained using 
suitable calibration factors. The major advantages of 
this detector include its small physical size, the ability 
to store the accumulated dose permanently, the dose-
rate and temperature independence, the real-time 
readout, the approximate isotropic response for photon 
beams, and ease of use.

MOSFET detectors have also been studied for use 
in patient dose verification. In this domain, many of the 
characteristics of the MOSFET response for proton 
beams have been shown to be the same as those for 
photon beams30-34). It should be noted that both the 
angular and the LET dependencies of the MOSFET 
response must be considered carefully during 
quantitative proton dose evaluations.

3.4.  Thermoluminescent dosimeters
Thermoluminescent dosimeters (TLDs) are used for 
proton beam dosimetry despite exhibiting substantial 
energy dependence, and despite track structure theory 
predicting that they show supralinearity. Several authors 
have studied the LET dependence of the TLD response 
by track structure theory35-37). Experimental studies of 
energy dependence have been performed, however, 
and the energy dependence of dif ferent glow curve 
peaks can be used to correct for the energy-dependent 
response. Elsewhere, Zullo et al. also reported that 
the differences in the doses measured with ionization 
chambers and TLDs were minimal, indicating that the 
accuracy and precision of measurements made in the 
distal fall-off region of a pristine Bragg peak were within 
the expected range38). Care is needed when using TLDs 
with proton beams, particularly when verifying the 
distal fall-off region.

3.5.  Glass rod dosimeters
Radiophotoluminescent glass dosimeters (RGDs) are 
advantageous for medical dosimetry because of their 
small size and good reproducibility. A few studies have 
investigated the dosimetric characteristics of RGDs with 
therapeutic proton beams39-41). In this context, RGDs 
provided a linear dose to the radiophotoluminescence 
response up to 10 Gy and a small dose-rate dependence 
of <1.5% from 0.5 Gy/min to 5 Gy/min. At the same 
time, the depth dose distribution obtained with RGDs 
was 5% lower than that obtained with an ionization 
chamber in the distal region of the SOBP40). Rah et al. 
determined that the energy dependence correction 
factor empirically fitted with a quadratic equation for 
a Rres from 2.1 to 9.0 cm39). Chang et al. also proposed 
a method to correct for the effect of changes in the 
stopping power ratio and the LET quenching when 
using GRDs with proton beams41). Overall, RGDs can 
be considered a suitable tool for use as an external 
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audit program in proton therapy beam. Figure 5 shows 
an example of the GRD holder for an external audit 
program.

4.  Two-dimensional detectors

T wo-dimensional  (2D) detectors are used for 
periodical QA measurements, such as field symmetry 
or uniformity check, and for the verification of 2D 
calculated and measured data in several coplanar planes 

during treatment planning. Films and 2D detectors 
have recently been used with photon beams and have 
also been used as standard tools for proton beams.

4.1.  Films
Radiographic or radiochromic films may also be used 
to measure the dose distributions of proton beams 
with high spatial resolution. To measure dose, the 
optical density produced by the radiation needs to be 
converted to the absorbed dose using a lookup table or 
calibration curve obtained from a preceding calibration 
of the film with ionization chambers. For most films, 
the relationship between the optical density and the 
dose is nonlinear.

It is known that the radiographic film response 
depends on beam quality. While this dependence is 
rather small for photons, it is more complicated for 
protons and heavy ion irradiation42, 43). Here, the LET 
may vary over a wide range, with each LET component 
leading to a different response of the film. For mixed 
fields, it is therefore impossible to reconstruct the 
dose from the optical density alone, without knowing 
the exact composition of the radiation field as well as 
the film response for each component. Application, 
in general, requires modeling of the film response. 
Although it is possible to measure depth dose profiles 
by correcting the quenching of the film response in the 
Bragg peak by applying relative effectiveness factors, 
most dosimetric measurements for films in proton 
beams refer to conditions with nearly constant LET 
conditions (e.g., measurements perpendicular to mono-
energetic beams). In routine applications, it is typical to 

Fig. 5.  GRDs and a holder with the same shape as a Farmer-type chamber (left), and the 
experimental setup of the holder phantom for the glass rod dosimeter in the water phantom 
(right). Using this system, evaluation with GRDs becomes possible at any depth in water.

Fig. 6.  Representatives of EBT3 films after exposure to clinical proton 
beams (left), together with 3 × 3-cm pieces cut and used for calibration 
(right). These films can be handled in interior room light for short 
periods without noticeable effects, and they develop real time without 
post-exposure treatment.
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evaluate relative dose distributions in mono-energetic 
beams rather than the absorbed dose at a reference 
point within a SOBP. 

Radiographic fi lms must be irradiated in the absence 
of light and require constant developing conditions, 
whereas radiochromic films can be used under 
daylight conditions. Radiochromic films also show 
a linear response over a relatively large dose range, 
but they are limited by the measured optical density 
being dependent on the conditions under which 
the film is evaluated. Consequently, rather complex 
evaluation protocols have been established44-47). More 
than a decade ago, the first Gafchromic EBT film 
(Ashland, Bridgewater, NJ, USA) was introduced for 

dose verification and measurement in external beam 
therapy48). Since then, continuous developments 
and improvements have been made with film types 
EBT2 and EBT349-52). In general, EBT-type films are 
characterized by darkening after exposure to ionizing 
radiation: Figure 6 shows some examples of EBT3 
after exposure to proton beam; and Figure 7 shows the 
results of the plan QA. These films also benefit from 
being self-developing and high spatial resolution, small 
energy dependency, and near dose-rate independency. 
Post-exposure density growth is a factor that must be 
considered, however, because the pixel value readout 
from an EBT film may increase depending on the 
delivered dose (Fig. 8).

Fig. 7.   Calculated (solid lines) and measured (dotted lines) isodose distributions (A) and gamma distributions (B) for field 
used to treat prostate cancer with passively scattered protons at the depth of the SOBP center. Gamma passing rate, 98.1% 
of the pixels, met the 3% dose and 3-mm distance agreement criteria in this case. Using this film method, evaluation with 
high spatial resolution is performed with relative ease.

Fig. 8.  Representative post-exposure density growth in EBT3 after proton beam exposure at various dose levels. The data 
are normalized by the value at 5 min. This figure shows that there is a clear dose-dependence for post-exposure density 
growth in EBT3 following proton beam exposure.
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Recently, a new type of radiochromic fi lm, EBT-XD, 
was introduced for high-dose radiotherapy53). This fi lm 
has the same structure as the EBT3 but has a slightly 
different composition and a thinner active layer. EBT-
XD has improved film reading characteristics and 
advantages in the high-dose region for photon and 
proton beams.

4.2.  The 2D detector array
Film dosimetry has been the most important technique 
to verifying 2D dose distribution, but its handling is 
still very time-consuming. Due to the calibration and 
scanning process it cannot be applied quickly for fast 
real-time measurements. A cost ef fective and easy-
to-handle instrument is therefore provided by 2D 
detector arrays. These arrays are primarily used for 
conventional and intensity modulated radiotherapy 
QA. The significant benefit of a 2D detector array 
is its ease of use, simply requiring connection to a 
personal computer. Furthermore there is no dead time 
during the real-time measurement, and it is possible 
to measure the dose directly after a calibration. The 
spatial resolution of 2D detector arrays equipped with 
ionization chambers or diodes, when used for dose 
verifi cation in treatment plans, is limited by the size of 
the detector and the center-to-center distance between 
detectors. The resolution is therefore worse than that 
achieved with fi lms, but there is a suffi cient agreement 
for verifi cation of radiotherapy plans. These 2D detector 
arrays are now widely used for both passive scattering 
and pencil beam scanning (PBS) proton delivery54-57). 
Figure 9 shows a 2D ionization chamber Octavius 
(PTW, Freiburg, Germany) and its experimental setup. 
Figure 10 shows an example analysis obtained by 
MatriXX (IBA dosimetry, Schwarzenbruck, Germany). 
The need to verify outputs and profi les accurately and 

efficiently creates significant challenges in the QA of 
proton PBS. Recently, a system for PBS QA has been 
developed that combines a new 2D ionization chamber 
array in a waterproof housing that can be scanned in a 
water phantom57). 

5.  Three-dimensional detector

Ionization chambers are the gold-standard for 
dosimetry on their established accuracy, and as such, 
are routinely used for QA measurements of machines 
and patient-specific QA. However, these chambers 
suf fer from several drawbacks, with their ability to 
verify only a limited number of dose points along the 
beam, the volume-averaged readings, and the time 
requirement for dose verifi cation potentially rendering 
them obsolete for modern radiation therapy therapies 
such as intensity modulated proton therapy. Therefore, 
novel detectors are needed that can measure complex 
radiation distributions and steep dose profi les in three-
dimensions. Such detectors are now under investigation 
but are not yet used in clinical practice.

5.1.  Gel detector
Gels containing fer rous sulfate al low a three-
dimensional reconstruction of dose distributions 
from a clinical proton beam, which is interesting for 
dosimetric verifi cation58-65). Due to the increasing LET, 
however, the sensitivity in the Bragg peak region is 
decreased. Polymeric gels are less dependent on the 
LET and have recently been shown to offer acceptable 
dose verification for proton beams using optical CT 
scanners for the readout64). The application of polymer 
gels in light ion beams remains complicated by a strong 
dependence on the LET. 

Fig. 9.   An overview of the Octavius detector (A) and the associated experimental setup (B). Use in 
combination with solid phantoms enables 2D dose distribution evaluation at any depth.

(A) (B)
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5.2.  Radiochromic polymer dosimeter
PRESAGE (Heuris Pharma, Skillman, NJ, USA) is a 
radiochromic polymer dosimeter that consists of a 
transparent polyurethane matrix containing a dye that 
changes color when exposed to ionizing radiation66). 
The readout of the response is performed by optical 
computed tomography, allowing three-dimensional dose 
evaluation. Advantages over polymer gels are that it has 
extremely low light scattering properties, insensitivity 
to oxygen, and uses radiation-induced light absorption 
contrast rather than scatter-induced contrast. As 
a solid-state detector, it can also be machined into 
various shapes without needing an external container. 
Moreover, PRESAGE has been shown to be nearly 
water equivalent and has recently been characterized 
for protons67-70).

6.  Conclusions

In this review, current dosimetric tools and methods 
for proton beams in routine clinical practice were 
described. Each detector has its own response 
characteristics, and finding a perfect detector with 

Fig. 10.  Measured (solid lines) and calculated (dashed lines) isodose distributions (A) and profiles (B) 
for field used to treat prostate cancer with passively scattered protons at the depth of the SOBP center. 
Gamma passing rate (C), 99.9% of the pixels, met the 3% dose and 3-mm distance agreement criteria. 
A variety of analyses can be performed with relative ease and in a short time. A 2D detector array is 
an essential item not only for patient specific QA but also periodical dosimetric QA in clinical proton 
beams.

broad application for all proton beams remains elusive. 
Therefore, to obtain accurate measurements, the 
properties and limitations of the detector should be 
considered when used with clinical proton beams. 
Accurate measurements can be achieved with a range 
of chambers if they are used correctly in this way.
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