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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain coiTect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any waiTanty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Radiation Detectors 

W. T. Chu, Lawrence Berkeley Laboratory 

University of California, Berkeley, CA 94720, USA 

Introduction. 

Ion-beam treatments of humans with radiation require accurate, reliable, and 
safe methods for controlling the ion beams. An accurate delivery of the 
prescribed dose is essential for achieving the desired cure and preventing an 
overdose of radiation. In principle, if the beam is properly tuned and the beam 
delivery is functioning correctly, then one absolute or properly-calibrated 
radiation detector is sufficient for measuring the delivered dose. In practice, 
however, depending on the complexity of the beam delivery system, several 
detectors, with possibly many sub-divided detection elements, are needed for 
achieving the required level of accuracy and safety. 

Radiation detectors that are clinically used perform three main functions: 1) 
real-time measurement of the delivered dose to the patient in order to 
terminate the irradiation at the prescribed dose, 2) measurement of the spatial 
distribution of the radiation delivered in order to ensure that the patient 
prescription is satisfied, and 3) measurement of radiation field parameters at 
selected points along the beam line for controlling the beam-delivery system. 
The last function is required as ion beams from the accelerator undergo range 
changes, spatial deflections, and nuclear interactions before reaching the 
patient. From a utilitarian point of view, these radiation detectors may be 
categorized according to their applications, such as: detectors for absolute 
calibration measurements, dose detectors whose signals are proportional to 
absorbed dose, radiation detectors that can be used to measure dose after 
being calibrated for a particular type of radiation, and specialized detectors 
which measure properties of individual particles, e.g., lineal energy transfer 
(LET) of the projectile particle. Basic-dosimetric detectors are usually used in 
an integrating mode, but their time response must meet the rapidity 
requirements of termination of the irradiation procedures. Fast detector 
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response is also called for in controlling dynamic beam delivery or 
measurement of the time structure of extracted beams from an accelerator. 

In order to measure the dose delivered to the patient precisely, the dose 
detectors must measure a quantitY proportional to the dose imparted to the 
patient. They must achieve this without significantly perturbing the radiation 
field, i.e., without degrading the radiation quality. For light-ion beams which 
contain many particle species with a wide range of LET values due to 
fragmentation of the projectile particles, the dose detectors must measure the 
dose independent of the LET distribution in the beam. Large radiation 
detectors with fine spatial resolution are important for comparing the 
prescribed and delivered radiation distributions over the entire treatment area. 
A required dose accuracy for clinical purposes of ±2.5%, measured over a large 
dynamic range (-106), adds to the complexity of monitoring the radiation. 

Many of the radiation detectors described in this chapter have been developed 
for single particle detection in nuclear physics measurements. Several have 
been used in the dosirrietry of conventional radiation (photons and electrons). 
How these detectors are used in ion-beam therapy is the subject of this 
chapter. The radiation detectors used in ion-beam therapy were described in a 
recent review article (1), therefore, in this chapter new materials are described 
more extensively while others are briefly discussed for completeness. 

Ionization Chambers. 

At many ion-beam therapy facilities, ionization chambers (2) are often used as 
the primary dose measuring devices because of their accuracy, reliability and 
ease of operation. When an ion beam traverses an ionization chamber, it 
produces the ionization in the gas, which is proportional to the energy loss by 
the beam, which is in tum approximately proportional to the dose absorbed by 
the detector. This dose can then be related to the absorbed dose in another 
medium, such as human tissue, by the ratio of the stopping power of the gas to 
that of the medium. The ionization charge, Q(coulombs). produced by the 
beam passing through such a chamber is proportional to the absorbed dose, 
D(Gy). which is given by the Bragg-Gray equation (3): Q=DpV /W, where 
p(kgjm3) is the mass density, V(m3) is the volume, and W(eV) is the ionization 
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energy needed to produce an ion pair. Hence, D can be obtained by measuring 
Q if the value of W is known. 

Therefore, the accuracy of the dose measured using ionization chambers is 
limited by the accuracy of theW-value. The accurate knowledge ofW value is 
particularly important if intercomparisons of clinical results from various 
centers are to be made. Recently there have been many studies for accurate 
determination of theW values (4-7). Based on the results of these studies, the 
best value ofW for proton beams is considered to be 34.5±0.7 eV (8). TheW 
value varies for different particle types and velocities. This becomes a critical 
issue when using heavier ion beams because the beams generally contain a 
mixture of particles (fragments) at various energies produced in the beam 
modifying devices. For heavier ions theW value of 33.7 eV is used (9). 

Transmission ionization chamber. 

The most common type of ionization chambers used in ion-beam therapy is the 
transmission type. A typical chamber consists of two parallel planes with an 
electric field applied between them for collection of ionization charges (10). The 
effective mass of the chamber per unit area must be reduced so that the 
chamber has little effect on scattering or fragmenting the beam particles. A 
typical chamber is schematically depicted in Fig. 1, which is composed of the 
support body, gas windows, signal and high-voltage planes, and the electrical 
and gas connections. Thin nonconducting (e.g., Kapton) foils make up beam 
entrance and exit windows enclosing a gas volume. Additional foils define a 
pair of parallel planes and create a known ionization volume. One foil is 
connected to a high voltage source and the other, a collecting foil, is connected 
to appropriate electronics for measuring the ionization charge. The properties 
of the gas used in these chambers determine ionization yield and 
recombination probability of the charge carriers before their collection. 

Gases such as nitrogen, air, tissue-equivalent gas, and argon have been 
regularly used in ionization chambers. Nitrogen gas or air are most commonly 
used because their ionization potential, W-value, and stopping power ratio of 
gas to tissue(Sm) are better known and their saturation levels are acceptable at 

beam intensities used for ion-beam therapy. Air is also practical because its 
temperature and pressure variations can be easily measured and corrected for 
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and the humidity of the air has a negligible effect on the detector response. At 
high beam intensities where saturation effects become important, an inert gas 
which does not form negative ions, such as Ar or He, can be used. For 
example, recombination effects for Ne ions would not be expected up to -200 

Gy I sec for Ar gas as compared to -20 Gy I sec with air. For higher yields Xe 
gas can be used with a lower W -value and a higher density. For fast response 
times He gas has been used because of its higher ion drift velocity. 

Thimble ionization chambers. 

Because a direct measurement of dose in the patient is not practical, the 
dosimeters are calibrated against a reference ionization detector, usually a 
thimble ionization chamber, placed inside a phantom target volume in 
conditions similar to an actual treatment. Thimble ionization chambers are 
spherical or cylindrical chambers made from conductive plastic with a center 
stem for charge collection. The plastic walls are typically a few mm thick and 
the sensitive volumes are usually between 0.1 cm3 and 1.0 cm3 or greater. 
Smaller chambers afford better spatial resolution, but are less sensitive. Such 
detectors serve as practical calibration devices after they are calibrated against 
a national standard, such as the one at the National Institute of Standards and 
Technology in the US. These chambers are primarily used with air or a tissue­
equivalent gas as the ionization medium. 

_Segmented ionization chambers. 

When radiation fields used are larger than a few centimeters across, it is 
necessary to pay close attention to the field uniformity. An ionization chamber 
with segmented collection elements located as close as possible to the patient 
is best suited in providing the desired on-line information. Segmentation of the 
collecting planes provides a means of obtaining information on spatial dose 
distribution. The number of elements can range from several to a few 
thousands and their geometric arrangement can be tailored to suit the beam 
spreading system. For example, a collecting element segmented into a set of 
concentric rings can measure beam profiles with cylindrical symmetry (11). 
Other geometric arrangements can be constructed to measure the beam 
profiles that lack cylindrical symmetries. Examples are: the 19 hexagonal 
elements (5 em across) arranged in honeycomb fashion (Fig. 2) and the 144-
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element (a 12 x 12 array of 2.5 em x 2.5 em areas) chamber both used at LBL 
(10), and the 400-element (a 20 x 20 array of 1 em x 1 em areas) chamber at 
Lorna Unda University Medical Center, Lorna Linda, Califomia (12). In these 
chambers, the signals are extracted through thin traces located on the opposite 
side of the foil from the collection elements. Holes drilled through the foil, 
which are then plated through, allow connections between the elements and 
traces as schematically shown in Fig. 2. This method avoids collection of 
charge on these traces by placing them away from any electric field. 

The 3600-element chamber. 

An ionization chamber with a sensitive area of 30 em x 30 em with 0.5 em 
spatial resolution was built at LBL by dividing the collecting plane into a 60 x 
60 array of 5 mm x 5 mm areas ( 13). The detector was specifically designed to 
minimize its impact on the beam and the space it occupies in the beam line; its 
physical thickness is 5 em and the water-equivalent thickness 2 mm. The 
main difficulty to be overcome was the crowded condition of bringing out signal 
leads from the 3600 collection areas. This problem was solved by placing the 
signal leads in four different planes of laminated material as in the multilayer 
construction technique developed for printed circuit technology. As a result, 
the spacings between the leads are made as large as 0.2 mm. 

Charge integrators. 

Energetic ions traversing an ionization chamber produce a charge output 
proportional to the deposited dose. Because the clinical beams from an 
accelerator have temporal structures, measuring the dose means measuring 
the total charge as an integral of a fluctuating current. The electronics for 
these devices are generally some form of charge integrator with a response time 
fast enough for control purposes. 

A form of charge integrator that is particularly well suited to ion-beam therapy 
applications is the one which issues a pulse for every fixed increment of input 
charge (e.g., 10 pC). A standard circuit for this purpose is the charge balancing 
current integrator or recycling integrator (14). When used with digital 
electronics these circuits measure the dose with the advantages of a large 
dynamic range, exceptional linearity, and exce_llent noise immunity. 
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Typical radiation doses used for ion-beam therapy range from -1 mGy to -10 

Gy. As an illustration, an ionization chamber using nitrogen gas at 
atmospheric pressure and room temperature with a 1.0 cm3 volume exposed to 
such doses produces between 35 pC to 0.35 jlC. Accounting for the variation 
in volumes that are used in an ionization chamber requires the current 
integrator to be able to measure as little as 10 pC and as large as 3.5 IJ.C. The 
rate at which this dose can be delivered can vruy from 1 o-3 to 1 Gy I sec and 
even higher instantaneous dose rates. The electronics may saturate at these 
high dose rates. As saturation leads to an inaccurate dose measurement, some 
means of detecting a saturation condition must be provided. 

Secondary Emission Monitors (SEMs). 

A typical SEM consists of a set of parallel foils (e.g., 6-j.lm thick aluminum foils 
separated by 3 mm) in a vacuum enclosure. The foils alternate between 
collection foils and bias foils. The more foils that are used, the greater is the 
signal. The number of secondary electrons produced by traversing ions 
depends on the energy deposited in the layer, called the escape zone. The work 
function of the material and the condition of the surface determine the 
thickness of this escape zone. Electron production scales linearly with foil 
thickness up to the point where electrons do not escape the foil. Good vacuum 
in the chamber is important for keeping the foil surfaces free of absorbed 
material which can affect the secondruy electron emission. Pressure below 1 
mP ·reduces the ionization of the residual gas to an acceptable level; however, 
the better the vacuum the more consistent the performance. A vacuum of 1 jlP 

is routinely used for the purpose of beam-line monitoring. A bias voltage of 
approximately -50 V is applied to the bias foils to ensure nearly complete 
collection of the electrons which have energies less than 25 eV. 

Dose measuring accuracy of an SEM can be better than 1% and the long term 
stability of its output is excellent. A calibration of the SEM can be done against 
a calibrated ionization chamber or by using the foil activation technique, a 
calorimeter, or a Faraday cup. 

As mentioned above, at high dose rate saturation in ionization chambers can 
be a major problem in their use as dose-detecting devices. SEMs can serve as 
alternative detectors to ionization chambers. Saturation in SEMs has not been 
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seen in electron-beam current densities of up to tens .of mA/cm2, making their 
use ideal in situations where there is a concern about ionization chamber 
saturation. The SEM outputs are linear until space charge effects become 
important, which has been estimated to be above -1 Q9 Gy I sec. Another 
advantage of a SEM detector is its fast response time, which is determined by 
the travel time of the electrons rather than the slower migration time of ions in 
an ionization chamber. Responses in the nanosecond time scale are possible. 
Their major disadvantage is the low yield of secondary electrons per primary 
particle compared with ionization chambers, that limits their use for low beam 
particle fluxes. 

Wire Chambers. 

In the simplest form, a wire chamber consists of two planes of evenly spaced 
parallel wires separated by a given distance, with the intervening volume filled 
with gas. One wire plane is used as the signal plane, and the other as the high 
voltage plane. The high voltage plane can also be a solid foil conductor instead 
of a plane of parallel wires. While the common application of wire chambers in 
particle physics is to detect traversing particles on a particle-by-particle basis, 
in ion -beam therapy applications wire chambers are more often used as 
integrating devices that integrate spatially along a wire as well as temporally 
during an irradiation procedure. Typical clinical ion-beam intensities are 
between 0.1 pA and 0.1 mA . 

Wire chambers are typically operated in a proportional mode where a 
multiplication of the initial ionization occurs, but can be operated in an 
ionization mode where the gain is unity. In the former mode, multiplication of 
the initial ionization occurs when the ionized electrons, accelerated by the 
strong potential gradient around a wire, cause further ionization. The gain is 
dependent on the type and pressure of the gas, the wire spacing, and the high 
voltage. By decreasing the wire spacings, increased spatial resolution can be 
achieved at the price of decreased gain due to the decrease in potential gradient 
around the wires. Wire spacing as coarse as 6 mm and as fme as 0.2 mm are 
practical. Gold coated beryllium/ copper wires of 50 Jlm diameter are often 
used because of their longevity and mechanical stability in the beam. Common 
gases used in such devices are air, argon, or gas mixtures such as 10% argon 
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and 90% C02. Atmospheric pressure is a convenient gas pressure; however, 

lower as well as higher pressures have been used. The principles of 
construction and operations of wire chambers have been discussed widely ( 15). 

Two planes of sense wires placed orthogonally can show the horizontal and 
vertical projections of the beam profile. The centroid and the width of the beam 
can be computed in each plane for beam-tuning purposes. Monitoring beam 
profiles is important for efficiently transporting the ion beams and obtaining 
the correct dose distributions with the beam delivery system. Typically a wire 
chamber is positioned upstream of the beam delivery system and a second wire 
chamber is located downstream of the delivery system, near the patient. The 
active area of the second chamber is typically large to accommodate the large 
radiation fields. 

MEDUSA. 

A multi-wire, multi-plane wire chamber, called the Medical Dose Uniformity 
Sampler (MEDUSA), was developed at LBL to reconstruct the two-dimensional 
dose profile of a beam ( 16). It has 16 wire planes, each of which has 64 wires 
separated by 4 mm. Each plane samples the beam profile projected into the 
particular wire direction, which is offset by 11.25 degrees (180 degrees divided 
into 16 equal angles) from adjacent planes. Based on the 16 projected profile 
data sets, MEDUSA reconstructs the 2-dimensional dose profile within a 
circular area of 256-mm diameter. The reconstruction of the two dimensional 
image relies on the 'filtered back projection' algorithm. 

Diodes and Diode Arrays. 

The usefulness of diodes as dose detectors derives from their small size ( 1 7). 
Measuring dose distributions with fine spatial resolution is difficult with 
ionization chambers, but simple with diodes which intrinsically have small 
active areas. As a solid, they absorb a lot more dose in a small volume. 
Speaking generally, there are two disparate applications of diodes in a typical 
ion-beam therapy facility: efficient mapping of large dose fields, where the 
feasibility of a diode array is paramount, and mapping of very small dose fields 
(e.g., for eye treatments). where ionization chambers may be too large to serve. 
A calibration of the diode must be done before use since they suffer radiation 
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damage over extended exposure. They are, however, excellent for relative 
measurements over short time periods. Arrays of diodes have successfully 
been used for measuring profiles of radiation fields and Bragg ionization curves 
(18). 

Junction diodes, connected to an electrometer which keeps the voltage acros~ 
the diode nearly equal to zero, exhibit a current (in the 'reverse' direction) 
nearly proportional to dose rate over a wide range ( 19). There is extensive 
literature on this subject; however, most of it is about photon and electron 
beam applications (20). Nearly any diode will work; power rectifiers, small­
signal diodes, microwave diodes, LEDs and photodiodes have all been used. 
Their advantages are small size, low cost, ruggedness and simplicity of use (no 
polarizing voltage). Their disadvantages include sensitivity to electrometer 
voltage burden, decline of output with accumulated dose, and (fairly small) 
temperature and dose-rate effects. 

Commercial diodes for electronics are N-type. P-type diodes built specially for 
dosimetry are available. They exhibit less radiation damage and smaller dose­
rate effect (20), but their cost almost rules them out for large arrays. 

The associated electrometer is usually an integrator, to measure total charge 
produced in a monitored exposure. Diodes place a special demand on the 
electrometer, and their use will be frustrating unless this is taken into account: 
the voltage burden (voltage appearing at the integrator input during normal 
operation) is critically important, which is not the ca~e with either an ionization 
chamber or a Faraday cup. This voltage, appearing across the effective 
resistance of the diode, causes a drift current which will vary with time and 
temperature unless the electrometer amplifier is carefully chosen. Many 
popular commercial electrometers are inadequate in this regard but it is not 
difficult to find an inexpensive opamp (e.g., the Texas Instruments TLC27L2) 
which is suitable (21). Unfortunately this leaves the potential user (especially 
of diode arrays) with an in-house construction project. The design for 64 
channel integrator has been developed and tested at the Harvard Cyclotron 
Laboratory (HCL), and available on request. 

Otherwise, the use of diode arrays is straightforward. The array of diodes 
should feed an array of integrators which is scanned, digitized and read out 

(9) 



To be published in /on Beam Therapy(ed. U. Linz), Chapman 
& Hall, pp. 234-245 (in press, to be published in August 1995). 

using some standard scheme, e.g., RS-232 or CAMAC. Each channel should 
be read out before and after the exposure so that the difference can be taken. 
Because the degradation of sensitivity with integrated dose is initially larger, it 
helps to pre-irradiate the diodes to, say, 1000 Gy. Even so, in lengthy 
experiments one should calibrate the diodes before and after the run and keep 
track of the dose so that final corrections can be made. Diode sensitivities 
(pC/cGy), after pre-irradiation, have a wide range: e.g., .:140 for a 1N4004 (1-A 
rectifier), .:100 for Hamamatsu S2164 photodiode, .:10 for a typical small-signal 
diode, and .:1 for one element of and ELB-1001HDA 10-element LED array 
useful in mapping very small fields. These numbers will decrease substantially 
over the useful life of the diode. For comparison, a 0.05 cm3 thimble ionization 
chamber registers about 10 pC/cGy. 

When mapping large fields of high -energy ions the diode package makes no 
difference, but for precise work (especially near end-of-range) the photodiode, 
with its thin and precisely known covering layer, is an elegant package. Of 
course, photodiodes and LEDs must be carefully light-proofed. Exposed 
conductors should be covered with coil dope or RIV sealant so that charge is 
not picked up from ionized air. Depending on the environment, electrostatic 
shielding (aluminum foil crimped to the shield of the output cable) may be 
needed. RG-1 78B /U miniature Teflon insulated cable works well in this and 
other low signal applications because the cable itself produces little signal 
when exposed to radiation or when flexed. Avoid connectors, except coaxial 
types, wherever they might be exposed to radiation. 

The use of single diodes for precise dose measurements, though convenient, is 
somewhat problematic. Koehler (19) reported about 8% more output from a 
particular diode (long since unavailable) than from a parallel-plate ionization 
chamber in the Bragg-peak region, when the two were made to agree in the 
'entrance' region. If a thimble chamber is used as the reference dosimeter 
additional geometric effects come into play, and total discrepancies of .:15% 
(diode vs. thimble chamber at the Bragg peak) are found at HCL (22). At 
present there is a wealth of (sometimes contradictory) observations, very few 
published. One can only conclude that (a) there is an energy dependent 
problem (diodes and ionization chambers, more often than not, exhibit different 
Bragg curves); (b) different diodes appear to give different results, as do 
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different ionization chambers, arid (c) the problem may lie with the diodes, the 
ionization chambers, or both. Energy dependence in proton beam dosimetry at 
the 5-10% level simply requires further study. 

At HCL a dose scanner within a water phantom has been developed. A small 
water phantom with approximately 15 em x 15 em entrance window and 18 em 
depth along the proton beam is supported on a 3-axis computer-controlled 
positioning system that can· quickly and reproducibly place the tank anywhere 
in a therapy field. Within the tank, a 4th axis controls the depth of a detector 
module containing a thimble ionization chamber, an 8 x 6 array of diodes, a 
'stairstep' array of diodes for depth detection, and 3 diodes for edge scanning. 
The system can be manually controlled either locally or remotely, or by a 
computer command file. 

The system takes advantage of the reduced scattering of protons vis-a-vis 
photons to use a much smaller tank. It is only necessary to ensure that any 
detector within the tank is surrounded laterally by a radius R of water (or 
plastic) such that any beam conditions outside of R have an insignificant effect 
on the dose at the detector. For 160-MeV protons, R=2 em is sufficient for 
most situations but R=5 em was chosen for a wide safety margin. The weight 
of the resulting tank is small enough that the entire tank can be moved to 
position the detectors laterally after moving from a parking position out of the 
way of patients undergoing therapy. Deployment of the tank which remains 
filled with water, aligned with the beam, and connected to the necessary 
integrators and electrometer can be accomplished in about a minute. Quicker 
and more detailed scans of patient treatment beams are the result. 

The detector module supports the various detectors in a dry environment, 
surrounded by plastic, within the water tank. An Exradin T1 tissue equivalent 
ionization chamber is laterally centered in the module, but with only a small 
amount of plastic window upstream. The chamber is connected to an 
electrometer (Keithley 617) about 30m away, operated in the floating mode. 
An array of 48 photodiodes (Hamamatsu S2164) in 6 columns of 8 diodes with 
10-mm column spacing and 8-mm row spacing are connected to a 64 channel 
integrator with very low input voltage burden using individual 3-m coaxial 
cables (RG 1 7 4). The diode connections to the coaxial cable are potted in RIV 
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silicon and the entire module is electrically shielded with silver paint, and 
shielded from light by an additional coat of black paint. Specially edge 
mounted diodes are used for lateral scans of beams with vecy sharp penumbra. 
A stairstep of 8 diodes spanning 16 mm in depth in 2 mm steps is used to 
quickly measure a depth dose in a region of relatively uniform depth. 

The Exradin ionization chamber is used for routine beam-line checks as well as 
individual patient therapy beam calibrations. The diodes are used for more 
detailed scans and for apertures too small to be accurately measured by the 
larger ionization chamber. The diodes can be re-calibrated automatically in 2 
minutes by a sequence that measures the dose in the central region of a flat 
field using the ionization chamber and then serially brings the diodes into the 
same region in four groups to be calibrated. This procedure is necessitated by 
the inevitable radiation damage to the diodes, and must be repeated frequently 
only if large volume scans at high accuracy are required. Fig. 3 shows a depth 
scan using a row of 8 diodes with points taken evecy 1 mm of depth in the 
region of the Bragg peak. The alignment of the data points from diode to diode 
at the distal 50% shows that the variation in depth is about 0.1 mm of water. 
This regularity, together with accurate lateral diode positioning and ease of 
calibration, results in large data sets that display continuity over the many 
diodes involved in the scan. 

Other Types of Radiation Detectors. 

Several types of devices other than ionization chambers, SEMs, wire chambers,' 
and diodes have been successfully used in ion-beam therapy applications. 
Each, as discussed below, has its special application. 

Semiconductor detectors. 

Aside from the use of diodes as discussed above, semiconductor detectors are 
used for many different purposes in ion-beam therapy applications. 

Semiconductor detectors such as Si surface barrier detectors or thin Ge 
detectors are excellent for measuring the energy loss of a particle since they 
have high sensitivity, and their response is independent of the particle type and 
proportional to the energy deposited. A much smaller amount of energy is 
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required to produce an electron-hole pair compared to -35 eV needed in a gas 
ionization chamber to produce an ion pair. However, they do suffer from a 
pulse height defect associated with large energy deposi~ions leading to 
recombination of electron-hole pairs. A Ge crystal of sufficient thickness to 
stop an incoming particle can serve as a total energy detector. Ge detectors 
have excellent particle energy resolution, typically dE/E = 0.1 %, but radiation 
damage can lead to a degradation in their energy resolution. These detectors 
are used primarily for single particle detection and are not suitable for 
measurements at normal clinical beam intensities. 

The biological damages due to high-LET radiation can not completely be simply 
described by the dose and average LET. The actual composition of the beam in 
terms of the particle types and their relative contributions to the biological 
damages must be determined. A particle detector system known as the 
BERKLET, has been developed at LBL in order to identify the particle charge, 
but not mass, along with its residual energy and LET (23). The system consists 
of a 300-J..Lm thick Si detector followed by a 5.5-cm thick Ge detector. The two 
detectors, operated in coincidence, measure the dE/dx and the total energy of 
the particle, respectively. The total energy that can be measured in the Ge 
detector corresponds to a particle with an 18.7 -em penetration in water. 
Another application at LBL of solid -state detectors is the use of position­
sensitive Si detectors to measure multiple Coulomb scattering and compared 
the data against several scattering formulas (24). 

Scintilla tors. 

In high-energy and nuclear physics experiments scintillators have been used 
extensively for single particle detection. In ion-beam therapy, they have been 
used primarily for beam controls because of their fast response times and large 
dynamic ranges of operation when used in conjunction with phototubes. 
Large beam currents cause radiation damages to the solid scintillators, which 
limit their lifetime and effect their response. AXe .gas scintillator has been used 
to control the beam at Lorna Linda (25). Because light production in the 
scintillator is not simply proportional to the energy loss of the particle due to 
quenching, their use as a dose detector requires special calibration. Recently 
they have been used in conjunction with charged coupled devices (CCD 
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cameras) to measure the lateral uniformity of a radiation field and to measure 
the scintillation light as a function of depth for range verification (26). 

Calorimeters. 

The rise in temperature of a material from the energy deposited in it by an ion 
beam may be used for absolute dose measurement. Water temperature 
increases by 2 4 x 10-4 K per Gray of deposited dose; but, making an accurate 
measurement is difficult. Calorimeters are not practical means of measuring 
dose for on-line clinical dosimetry, but rather serve as calibration standards. 

Faraday Cups. 

Faraday cups measure the number of particles by measuring the charges 
collected on an electrically isolated and evacuated container which stops the 
beam (27). When monoenergetic ions impinge upon the Faraday cup, the dose 
is calculated from the measured number of particles per unit area and the 
mass stopping power of the particle at the given energy in tissue. 

Film. 

Film is the most economical method for measuring spatial dose distributions 
with the fmest spatial resolution available, yet it is not a rapid instrument. The 
spatial resolution achievable with film is limited by the resolution of the 
digitizing procedure, whose speed is in tum limited by the time required for 
digitization and data reduction. The darkening of the fllm, i.e., optical density, 
after exposure to an ion beam can be used to measure the dose. In 
retrospective studies at LBL, film is shown to provide better than ±5% absolute 
dose accuracy if the development conditions are closely controlled; however, 
few relies on fllm for clinical dosimetry. The optical density depends more on 
the particle fluence (number of particles per unit area) than the dose deposited. 
In other words, it depends on the LET of the particles. For this reason, film is 
primarily a relative dose detector and is used for measuring lateral dose 
distributions rather than depth-dose distributions which exhibit pronounced 
LET dependence. 

(14) 
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Thermoluminescent dosimeters (TLDs). 

TLDs are inorganic materials, such as LiF or CaF 2, that do not scintillate 

promptly, but rather trap electron-hole pairs created from the exposure to 
ionizing radiation. Upon heating the exposed material, the trapped electrons 
can escape, leading to light emission which can be detected, and related to the 
absorbed dose. 

Chemical dosimeters. 

In chemical dosimetry, radiation dose is determined by measuring the chemical 
change produced in an irradiated medium. The most well-known chemical 
dosimeter is the Fricke dosimeter, which determines the dose by measuring the 
ferric-ion yield from the oxidation of Fe+2 to Fe+3 by the interaction of the 
ionization and the ferrous ion. The measurement of optical density of the 
irradiated solution at a specific wavelength can be interpreted in terms of the 
ferric-ion density, which is in turn related to the dose. 

One of the recent developments in the ion-beam dosimetry is the application of 
alanine compound. Radiation changes the chemical structure of alanine 
crystals, and the degrees of the chemical changes can be determined by 
analyzing the Zeeman hyperfine molecular levels through electron spin 
resonance (ESR). Its advantages are portability, tissue-equivalence, and 
minimal fading at ambient temperature which provides permanent irradiation 
record. Its LET dependence and reproducibility are still to be investigated (28). 

Nuclear activation. 

Foil activation utilizes the ion beam undergoing a nuclear reaction of a known 
cross-section in a foil of a known thickness. The radioactive yield can then be 
measured by means of its decay over time, which determines the initial beam 
intensity, ·and hence the imparted dose. For example, the reaction 
12C+p~ llC+p+n has been used to determine absolute fluence and absorbed 

dose of protons for therapy. This method is used more for verification than on­
line analysis. 
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As a variation of the above method, in vivo dosimetry for assessing the integral 
dose of a ion-beam irradiation have been studied by detecting the decay 
products of llC, 13N and 15Q from tissue activation (29). 

Solid-state nuclear track detectors. 

The passage of energetic ions through most insulators forms narrow regions of 
radiation damages, called 'latent tracks.' In crystals, such a track may be 
detected by viewing with an electron microscope: and in polymers by means of 
special coloring of the track. A more practical method is to use plastic sheets 
and to etch the latent tracks selectively, which can subsequently be viewed 
with an optical microscope. Plastics such as CR39 have been extensively used 
to measure the LET distribution of heavy-ion beams (30). Measurements of an 
individual track left by traversing or stopping heavy charged particle in plastic 
detectors render information about their dE/dx, A, Z, and sometimes velocity. 
Recently the use of solid-state nuclear track detectors in nuclear physics has 
been reviewed (31). and lists of commercial sources of most commonly used 
material for solid-state nuclear track detectors are found in publications (32). 

Microdosimetry. 

Microdosimetry measurements utilize gas proportional counters to study 
energy losses on the microscopic scale, such as inside a cell. To understand 
the effects of the inherently statistical nature of the energy deposition in a cell, 
a detector comparable in water-equivalent size to a cell is required (33). Gas 
proportional counters are used with sizes and at gas pressures that replicate 
the energy deposition in a cell and which have enough gain for reasonable 
signal processing. 

Concluding Remarks. 

Many accurate and reliable radiation detectors have been developed and used 
in ion-beam therapy applications. However, there still remains important 
questions that must be answered for complete understandings of ion beams 
used in therapy. For example, the discrepancies in the Bragg curves obtained 
by different detectors, such as diodes and ionization chambers, should be 
explained. Some areas of future developments in radiation detectors are: 
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development of dose detectors which can provide a spatial resolution (= 1 mm) 
sufficient for reconstruction of dose distributions deposited in a patient using 
pencil-beam scanning, two-dimensional amorphous silicon detector arrays, 
new detectors such as the use of scintillating material or Fricke gels for three­
dimensional dose measurements with a high spatial resolution. 
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Captions of figures: 

Fig. 1. A cross-section of a typical transmission ionization chamber. 

Fig. 2. A schematic drawing of the LBL 19-element segmented ionization chamber. 
The segmented collection elements are shown in dotted lines and the signal traces 
in solid lines. The collecting elements and the signal traces are on the opposite 
sides of the insulating foil. The electric connections are made via holes in the foil 
which are plated through. 

Fig. 3. Depth dose data from eight diodes in a vertical column taken with the 
Scanner/Phantom diode assembly. The data was taken for 2688 points in 10 
minutes with the 48 diodes. In the plot only 448 points are displayed. The effect 
of a defming aperture is seen in the end scans. Dimensions are in em. (Courtesy 
of M. Wagner, HCL.) 
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