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Measurement of the lateral profile of the dose distribution across a narrow x-ray microbeam re-
quires a dosimeter with a micron resolution. We investigated the use of a MOSFET dosimeter in an
“edge-on” orientation with the gate insulating oxide layer parallel to the direction of the beam. We
compared results using this technique to Gafchromic film measurements of a 200 micrometer
wide planar x-ray microbeam. The microbeam was obtained by using a vernier micrometer-
driven miniature collimator attached to a Therapax DXT300 x-ray machine operated at 100 kV
The “edge-on” application allows utilization of the ultra thin sensitive volume of the MOSFET
detector. Spatial resolution of both the MOSFET and Gafchromic film dosimeters appeared to be
of about 1 micrometer. The MOSFET dosimeter appeared to provide more uniform dose profiles
with the advantage of on-line measurements.2@0 American Institute of Physics.
[S0094-24080)02901-1
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[. INTRODUCTION therapy(MRT).”® The principal behind MRT is that normal
tissue can tolerate high doses of radiation without leading to
A major advantage of the metal—oxide—semiconductor fielthecrosis. This is because the survival of capillary cells adja-
effect transistofMOSFET) as a radiation monitor is that the cent to the exposed region of lethally irradiated capillaries
radiation-sensitive region, the oxide film, is very smidll. allows regeneration avoiding tissue necrdsie high dose
The sensing volume is much smaller than competing integrajelivered in each fraction is sufficient for fast killing of the
dose measuring devices such as the ionization chambegells in the path of the microbeam. The exact mechanism of
semiconductor diode or thermoluminescent dosimetegelective tumor suppression by a microbeam is not yet
(TLD). The smallest available liquid ionization chantheas  known. At this stage we can only speculate that the differ-
a dosimetric volume of about 2 mimwhile TLD volume is  ence in growth kinetics between tumor and endothelial cells
about 1 mm. The semiconductor diode sensitive volume isallows the capillaries to regrow between the dose fractions.
about 0.3 mm (Ref. 3. The MOSFET’s sensitive volume is  An experimental measurement of absorbed dose distribu-
typically 1X200x200 micrometers or only %10 ° mnr. tion across the path of a microbeam represents a challenge as
Attention is thus being turned to the use of MOSFETS espeit requires a dosimeter with micron resolution. For this rea-
cially where the sensor has to be inserted into a confinedon, microbeam dosimetry research has focused on Monte
space, such as a cathet@rThis property of the MOSFET Carlo simulations of the absorbed d§$8!! The EGs-4
also makes it attractive for measurements in the high gradiMonte Carlo cod®¥ was used in most of the simulations. A
ent radiation field where the gradient mostly depends on &lonte Carlo simulation relies on a particular energy spec-
single space coordinate, like resolving dose profiles of x-rayrum of the radiation and some other assumptions. There is a
microbeams or depth dose distribution. need for experimental verification of lateral dose or intensity
Using synchrotron radiation, Slatkit al. at Brookhaven distributions. One experimental approach was to measure the
National Laborator§have established that induced brain tu- radiation dose across a 1%6n planar microbeam with a 5
mors in rats can be controlled by microbeam radiationcm diameter N&IT1) scintillation detectot’ The integral
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photon signal was measured versus the micron step displace X-RAY uuu
ment of a lead shutter. While providing data on the width of
the microbeam, this method lacked the resolution to measuregate uuu Direction of
the absorbed dose distribution across the microbeam. The scan E
integral method did not allow microbeam penumbra mea- se
surements. MOSFET
The work reported here utilizes the very small sensing
volume of the MOSFET to best effect as well as enabling a a)

comparison with Gafchromic film as part of the development S _

and testing of high resolution dosimetry of planar x-ray mi-F'¢: 1. MOSFET application ir@ “normal” and (b) “edge-on” orienta-
tions.

crobeams.

II. MATERIALS AND METHODS profile measurements was not essential due to the relatively

Three separate dosimeters were selected for the expefMall change of threshold voltage although the correction
ments. curve for the single MOSFET detector is well

characterized® The microbeam profile graphs were not no-
(1) n-channel metal oxide semiconductor field effect transisticeably changed when the correction was taken into account.
tor (MOSFET) dosimeters produced by Detector Ltd., The n-channel MOSFET chip was mounted inside a Kovar
Ukraine with thick gate oxide. package with the lid removed as described in Rosenfeld
(2) p-channel MOSFET type TOT500 with thick oxide, etal? The RADFET has a different topology than the
called RADFET manufactured by REM Oxford, UK. n-channel MOSFET and was mounted on a plastic board
(3) Gafchromic film MD-55-1(Nuclear Associates, Carle under an epoxy bubble.
Place, NY. The MOSFET measurements were performed in air or
A. MOSEET detectors with the MOSFET mounted inside the perspex phantom. For
in air measurements the MOSFET was mounted at the end of

The sensitive element of a MOSFET detector is a silicong perspex rod with the sensitive element directly exposed to
oxide layer underneath the aluminum transistor gatéThe e x-ray without any build-up material. Since moving a
geometry of the sensing regions of the silicon dioxide issgjig detector with a micron step inside a solid phantom is
slightly different for the two MOSFET devices used. In the not possible a special micrometer jig was constructed. A
case of the TOT50p-MOSFET device, the gate oxide has a \jOSFET chip or the phantom as whole was attached to the
serpentine shape, i.e., the source and drain regions have th@ and moved in increments of 10m to 100um across the
form of interlocking fingers separated by the gate oxide ribyyigth of the microbeam. The threshold voltage was mea-
bon layer, packed into a 18®70 um? rectangular shape. syred immediately after each irradiation in order to minimize
The gate on th@-MOSFET device has a rectangular ribbon yyift effects.
shape with outer boundary dimensions of about 2200 A MOSFET dosimeter is typically used with the surface
pm*. The gate thickness is aboutuin for both detectors.  of the silicon chip normal to an incident x-ray bedRig. 1);

The electrical signal used as the dosimetric parameter qfe will call this a “normal oxide film mode.” For this mode
MOSFET detectors is the “threshold voltage.” This param-tne spatial resolution is limited by the dimensions of the
eter exhibits a shift when the device is irradiated. Dose ighannel—which is, effectively, defined by a rectangle en-
usually determined by looking up tables or the caIibrationdosing the source and drain junctions. Our new approach
curve of threshold shift versus dose for the MOSFET lotyya5 to rotate the detector plane until the oxide film was
used. In our experiment the radiation exposures were madeqge-on” to the beam. In this orientation, the theoretical

in the active modéwith a dc field across the oxigléo in-  jimit of resolution is about Jum, the thickness of the gate
crease the sensitivity and linearity of the MOSFET dosimetyide.

ric characteristicd® The gate bias used in these experiments
was +5 V for all MOSFETSs. This corresponds to a sensitiv-
ity of about 5 mV/cGYTE) for measurements at a depth of
1.5 cm in the solid water phantom & 6 MV photon beam Gafchromic film is effectively grainless with a radio-
from a medical LINAC. The voltage shift is measured for agraphic image spatial resolution of 1200 lines/rifnin our
fixed point on the MOSFET current—voltage-V) curve  experiment the radiation induced change in light transmis-
which is chosen to minimize the temperature sensitivity ofsion through the film was digitized and analyzed by a two
the readings. In these experiments a pulsed current readodimensional CCD image analysis system originally designed
system was used for the MOSFETs and a nonpulsed cur- for astronomical photographic plate image analysis. The 8
rent system as recommended by the manufacturer was useain spatial resolution of the readout system exceeded the
for the p-MOSFET (RADFET). All measurements were nor- best currently available densitometer resolution of.20.18
malized to the maximum response for each particular set ofhe light transmission through the film was measured for
data and absolute dosimetry was not performed. A nonlinearffiltered red light. The cyan—magenta—yelld@MY) color

ity correction of the MOSFET for each particular set of beamfiltered light source was set to=€0, M=151, and ¥=151.

B. Gafchromic film

Medical Physics, Vol. 27, No. 1, January 2000



241 Kaplan et al.: Improved spatial resolution 241

The median wavelength of the filtered light, as measured by 0.5 cm anode
a Jarrel-Ash diffraction spectrometer was 620 nm and the ’

bandwidth was*35 nm. In a comparative study of a -
Gafchromic film dose responSdor a He—Ne laser densito-
meter(wavelength 632 nin a filtered red light densitometer
and a broadband densitometer, the greatest response was
demonstrated for filtered red light. For calibration of the dose
response of Gafchromic film, the 1 édilms were uniformly 50 cm
irradiated in air to doses from 0 to 40 Gy in steps of 5 Gy.
For in air measurement the film strip was suspended between
two foam blocks to minimized backscattered radiation. After
storing the films at room temperature in a light tight enve-

lope for two days, the relative intensity of the transmitted collimator

light through the film was digitized and analyzed by the d

CCD image analysis system. The_ dd&» was plqtted ver- plane of measurement
sus —log(l/1g) where | is intensity of transmitted light beam width

through an exposed film anigy is intensity of transmitted
light through the unexposed film. The calibration results
were best fitted by a second degree polynomial.

Fic. 2. X-ray beam geometry of the Therapax DXT300 orthovoltage unit.

each data point was 15 to 20 seconds at the x-ray machine
dose rate of 0.5 to 1 MU per second depending on the beam
current.

The microbeam chosen for this work was a planar x-ray The accuracy of microbeam measurements consists of the
beam because it was the closest representation of the syfccuracy of the detector, accuracy of the threshold voltage
chrotron beam that is intended for use in MRT at BNL. A readout device, accuracy of the positioning device and accu-
Therapax DXT300 orthovoltage x-ray machine, equippedacy of dose delivery by the Therapax x-ray machine. The
with a variable slit collimator, was used for generation of thisconsistency of dose delivered for each data point was insured
beam. A Therapax DXT300 contains an internal x-ray do-y a set beam current on the x-ray machine and a constant
simeter(PTW Diamentor pancake chambéscated between jrradiation time. This was checked by the internal ionization
the filter and collimator. The electron beam produced in thehamber. The accuracy of the MOSFET threshold voltage
Therapax DXT300 hits a target at an angle of 45°. The acreadout system was2 mV for a 150 mV threshold voltage
celerator was used in service mode at 10Q kith a 10<10  change. This is an uncertainty of 1.5%. It was reported else-
cn? collimator and 0.31 cm Al filter. The effective energy of where(see, for example, Kroat al®) that reproducibility of
the beam was determined by measuring the aluminum anfiOSFET measurements is not worse than the accuracy of
copper half value layers which were 3.5 mm and 0.15 mMthe threshold voltage measurement. During this study we ir-
respectively. Using the energy dependent interaction coeffiradiated the MOSFETS twice with a fully open collimator to
cients for aluminum and copper, as tabulated by Johns angl reference dose of 15 MU. The duration of radiation expo-
Cunninghant’ together with the measured half value layerssyre was 15 seconds. In both cases the change in threshold
yieldS an effective energy of 39 keV. The size of the electror\lohage was 117 mV. The accuracy of the micrometer posi_
focal spot on the target is nominally 0.5 &f@.5 cm accord-  tioning device was+1 um for movement in the forward
ing to manufacturer specifications. A variable width collima- direction. For return movement screw backlash reduced the
tor with vernier adjustment was fitted to the Therapax CO”i-aCCuraCy_ Microbeam measurements were performed in the
mator. The collimator was set to 2Qfn. The length of the  forward direction only. All the components of the system
slit was 1 cm, to produce a 200m planar microbeam. A accuracy, including the backlash, were tested by moving the
sketch of the x-ray beam geometry of the Therapax DXT30QOSFET 400um back to its starting position and repeating

orthovoltage accelerator is shown in Fig. 2. The diameter ofhe measurement. The accuracy was found to be 3%.
the anode spot was 0.5 cm and the distance from the spot to

the collimator was 50 cm. This geometry was used for beam

profile calculation at different detector-to-collimator dis- lll. RESULTS AND DISCUSSION

tancegqd) for comparison with experimental data. The calcu- The n-MOSFET dosimeters were exposed to the micro-
lation program took into account the geometry of the experibeam in air, i.e., without any buildup material, in “normal”
ment and not the physics of x-ray absorption and scatteringand “edge-on” orientations. Thp-MOSFET dosimeter was
The Therapax x-ray machine was calibrated so that 1 moniexposed in the “edge-on” orientation only. The dose deliv-
tor unit(MU) is equivalent to 1 cGy of dose to tissue equiva-ered to the MOSFET per single irradiation shot in free air
lent material at a point 30 cm from the collimator when a 5geometry was 17 MU which corresponds to a maximum
cm diameter conical collimator is used. With the microbeamthreshold voltage shift in the center of the beam of about 150
collimator attached to the Therapax the dose per MU is remV. The readings were normalized on the maximum
duced. The irradiation time of the MOSFET dosimeter forMOSFET response for each dose profile. The res&it. 3

C. Radiation source

Medical Physics, Vol. 27, No. 1, January 2000
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1.2 700
—— "edge—oi‘l"hl:l/[gssl'f]?]'_l‘l 600 o Gafchromic film i
——@— "normal" -1 T
1.0 — — — —calculation — A MOSFET )
. I —— "edge-on" RADFET g 500 | — — geometry ”
P
@ 3 1 P
S 08+ o 40 /i,
g 300 9 } o -
% 0.6 1 200 g-o ¥
g o 100
Z . 0 T 1 L} T
0 1 2 3 4 5
0.2 7 Depth in phantom (cm)
0.0 . 1 Fic. 5. Experimentally measured and calculated FWHM of 200 micro-

beam in perspex phantom, using Gafchromic film and MOSFET dosimeter

0 200 400 600 800 1000 in the “edge-on” mode.

Detector position (), m)

Fic. 3. A comparison of the transverse radiation dose profile across the 200 ) ] ) )
um wide microbeam measured by the MOSFET detector in both “normal” the wedge like shape of the variable width collimator plates

and “edge-on” orientations. (Fig. 2. The good agreement between the calculation and
measurement indicates that at shallow depths the beam

prove that the spatial resolution of a MOSFET dosimeter isspreads outin the phantom, mostly because of.the geometric
: . . . divergence of the beam. However, the scattering effect be-
indeed affected by the orientation of the detector in the o
beam, the resolution being superior for the “edge-on” mode comes more significant at the greater depth. For the depth of
The p-, andn-MOSFET curves closely follow each other be- '3 cm the experimental FWHM becomes 16% wider than the
ing nearly identical. This demonstrates that scattering fromcaI'(‘iutl)":g:gn I\:/vv|\t/r|1_”I\c/|)w or even no diveraence is important for
the MOSFET housing has a little effect to the device resolu- ; . . g b L
tion for low energy x-rays. MRT since overlapping of microbeams at some depth in tis-

. . sue must be avoided. The beam divergence is proportional to
The measurements of a microbeam in a perspdMA) . . .
. " » the distance between the detector and collimator and in-
phantom using the “edge-on” MOSFET method were per- : .
formed at depths in PMMA of 0.8, 3, and 5 cm. Results atversely proportional to the distance between the beam source
P and collimator. For the Therapax DXT300 the later distance

the depths of 0.8 and 3 cm are shown in Fig. 4, togetherwnrils only 50 cm. So far the radiobiological aspects of MRT

the calculated profiles at the same distance from the coIIimaﬁave been studied at the synchrotron at ENE For the

tor. The transverse dose profile at 0.8 cm depth follows th@BNL synchrotron the beam travels 30 m after leaving the

calculated geometrical profile welFig. 4). The full width at . .
half maximum (FWHM) of the calculated and measured synf:hrot.ro-n W'gg'ef and before entering the tf‘?a‘me”t room.
An irradiation specimen at the BNL MRT facility is placed

beams at the.depth of 0.8 ¢m in the phantom are dlbizp close to the therapy multislit collimatdrthus minimizing
4). The experimental FWHM exceeds the geometrical one b¥he divergence

0, i 1 i -
less than 5%. There is some discrepancy in the beam pen The measured and calculated FWHMs of the 200 pla-

umbra because of the partial penetration of x-rays throughnar x-ray microbeam are plotted in Fig. 5 against the depth in

the phantom. For the depths of less than 1 cm the increase in

2  MOSFET, 30 mm microbeam field size due to in-phantom scattering is negli-
12 e  MOSFET, 8 mm gible. Perspex has a higher density than tissye,
Lo N e =1.18 g/end, and this has to be taken into account in esti-
2 y mating the scattering effect in tissue. Even considering the
S 08 ‘f" X \‘ 18% difference in density, scattering is not a significant fac-
2 A/ l \ o tor in assessing a microbeam width increase for depths in
= 0.6 - l \a tissue of less than 2 cm.
g N b A Both MOSFET and Gafchromic film data are shown in
5041 &4 o \'4 Fig. 5. The dependence of MOSFET and Gafchromic film
zo.z- A J \°. ‘\‘AA response on the energy of x-rays should be noted, with
A o \'e, \ “a, MOSFETs demonstrating a stronger dependéfase did
002 9__4: W A e . e 4 not correct for this energy dependence because the FWHM
0 200 400 600 800 1000 was determined from relative dose measurements at the same
Detector position (,.m) depth in the phantom. We assumed that the x-ray spectrum in

, . . certain depth did not change with less than 0.1 cm lateral
Fic. 4. Measurement and calculation of a transverse microbeam profile at.

0.8 and 3 cm depth in the perspex phantom. Measurement bYM@SFET |splgcement. '
dosimeter in the “edge-on” mode. Microbeam measurements by MOSFET and Gafchromic

Medical Physics, Vol. 27, No. 1, January 2000
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12 1.2
—— Film e Film
g1.0- 81.0- e MOSFET
L 08 208
o’ a
° °
N 06 - N 06 4 Fic. 6. A comparison of the transverse
© © microbeam profiles as measured by
£ 04 - £ 04 - the MOSFET and Gafchromic film at
§ z° (a) 0.8 cm and(b) 3 cm depth in per-
0.2 - 0.2 - spex phantom.
0.0 T T T 0.0 T T T T
0 200 400 600 800 0 200 400 600 800 1000
Detector position (um) Detector position (um)
a) b)

film have very similar FWHM. To compare the two detec- substrate thickness with machining of the chip to optimize
tors, we measured the transverse profiles at the same deptsiicon dioxide film exposure, etc.

of 0.8 and 3 cm in the phantofifrig. 6). In both cases, the
FWHM was similar and for the smaller dedtfig. 6(a)] both

the profiles closely follow each other. However, the Gafchro-
mic film data are less uniform. For a greater depth and as Q/ CONCLUSIONS

result a weaker signdFig. 6(b)], the nonuniformity in the We have demonstrated that a radiation-sensing MOSFET
Gafchromic film response becomes more significant, beingletector in the “edge-on” configuration is very suitable for
as high as 20%. A nonuniformity of the optical density of up scanning the dose profile of a planar x-ray microbeam. The
to 15% of irradiated Gafchromic film was previously main advantage over conventional dose integrating methods
reported?®?® Those measurements were performed on &TLD, film) arises from the ultra-small size of the sensitive
scale of several millimeters, whereas our measurements astement of the MOSFET structure in the “edge-on” con-
on a smaller scale. Narrow spikes in optical density werdiguration. Another convenience is the complete compatibil-
observed by Meigoonet al?? In this study we were able to ity of the MOSFET with array fabrication, electronic metrol-
resolve these spikes with the distance between neighboringgy, the digitization of dose data and automation of the data
maxima of 40 to 6Qum. collection.

A dose profile as measured by a radiation detector is a Spatial resolution of MOSFET in the “edge-on” orienta-
convolution of the true dose profile, detector resolution andion appears to match the resolution of Gafchromic film. A
the readout system resolution. The “edge-on” MOSFET andfurther increase of MOSFET resolution is possible if a thin-
Gafchromic film dose profiles were identicdFig. 6). ner gate oxide is selected. It should be noted that a reduction
MOSFET was shifted across the microbeam with a step oin gate oxide thickness reduces the sensitivity of the MOS-
10 wm which is similar to the film optical readout system FET dosimeter. The convenience of remote, on-line mea-
resolution of 8um. The resolution of the film is aboutdm.  surement and new possibilities of large arrays increases the
This implies that the MOSFET resolution limit is also about attractiveness of the MOSFET dosimetry method in measur-
1 um. This is consistent with the main physical limitation of ing of microbeams during MRT and radiosurgery.

MOSFET resolution which is the &m thickness of the do- Spatial resolution of Gafchromic film is similar to spatial
simetric volume, the gate oxide. MOSFET resolution can beesolution of a MOSFET in the “edge-on” mode for the
further improved by using a MOSFET with a Quin thick  x-ray beam in this study. Gafchromic film demonstrated a
oxide layer and by using a scanning system with a sub misignificant lateral nonuniformity of its response to x-ray ir-
cron step. The possibility of further reduction of Gafchromic radiation. A recently suggested double exposure techfiique
film spatial resolution is limited. promises to reduce Gafchromic nonuniformity to less than

The scanning of a MOSFET point detector takes longe5%.
than competing measurement techniques, because a separate
short irradiation is required for each data point. However, we
have demonstrated ?hat the entire measpurement, automat’é‘gKNOWLEDGMENTS
data analysis and curve plotting can be completed in one The authors would like to thank Dr. Martin Butson and
hour. Gafchromic film analysis took a longer time. A/Professor Peter Metcalfe of the lllawarra Cancer Care

The presence of packaging material around the sensinGenter for help with accelerator measurements. The authors
chip did not seriously affect the spatial resolution at loware also grateful to A/Professor Bill Zealey of the Engineer-
x-ray energy. Furthermore, in devices designed for “edgeing Physics Department, University of Wollongong, for the
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