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Chapterd4 Dosimetry using a CCD + scintillator system
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Figure 4.1 Dicoram of the setup, not to scale.
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Table 4.1 Physical properties of different scintillator soreens (from [27, 34, 77] together with the thick-
ness of the scintillators we have used. Effective potential az wsed in Bethe-Bloch equation.

NE102A | Gdz0:8:Th | CsL'T1
density (g/cm®) P 1.032 7.3 45
Tt (A 0.5 0,41 0.42
eff. excitation potential (ev) | I 65101 4.910% | 55107
scintillation eff [%4) g 6.3 18 92
light escape fraction {%) € 95 22 22
peak wavelength (nm) A 423 544 580
s energy par photon (eV) | Eygn, 2.29 2.24 2.14
light decay tims (us) T 0.0024 2.4 1
effective thickness (mgfern®) | 25 337 45
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Figure 4.2: Vistble light spectrum of Gs O S Th scintillator screen measured with LEISS spectrometer
Jor 180 MeV protons af ¢ depth of T om polystyrene (solid line) and at « depth of 20 om polystyrene
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Tabie 4.2: Comparizon of the scintillator-dependent parameters. The values for € € and Elon: can be
Jound tntable 4. 1. The source of the other numbers (s described in the text. Expressed uncertaintier are

la
NE102A Gda0:8:Th | CsIiT1

1a | ratio scintillator/Ha O (8scimt.w) X 0.97+0.03 0.9240.03 0.8940.03
dose for X-rays

1b | ratio scintillator/ Ha© (8scint,w)p 0.98£0.03 0.5910.02 0.59x0.02
dose for protons

2 | light photons toef 34403101 | 1740.1.1019 | 1.240.1.1019
fem?/Gy in scint Eyione

3 | escape fraction ¢ 0.95+0.04 0224001 0.2240.01

4 | angular anisotropy light | 6 1.0£0.05 40403 4.010.3

& | transrnittance of the lens | L 0.9 0.9 0.9

7 quantumeff. CCD 7 0.050£0.001 0.36x0.01 0.40+0.01

Table 4.3: Step 3: efficiencies of the optical system (caleulated with equation (4.2) ) used in the different

setups and the areq on the scintillator screen that corresponds to 1 single pixel on the CCD chip

eff. of the opt. system v | plxel area Ap;, (-::m2 (1 pixel)_l)
AZG March 1996 1.31.1078 2271073
Louvain April 1996 5161078 2.30.1073
Louvain Tune 1997 1.19:1078 2.50:1073
Uppsala May 1996 8.64.10°7 1.751073
Uppsala Nov. 1997 7.8810°T 1.92.10-3
PSI Nov. 1996 3.411077 1771073
PSI May 1997 2021078 1.39:107°




Tabie 4.4: Comparison of the estimated yvields for the different experimental sefups for various scintil-
lator types. The yields are caleulated using equation (4.3) and expressed in ADTU Gy~ (pixel) ~1, of
witich ADU s the unit of the 13 bits number s readout by the CCD electronics. 1 ADU s equivalent (o
rt 2.5 electrons collected charge in « single pixel. Ny = 4. The quoted uncertainties are I o,

NE1024 Gdy0,8:Th | CsTiTI
AZG March 1996 - | 22402104 -
Louvain April 1994 - | 5.5%06 10% -
Louvain Tune 1997 - | 1.4£0.1.104 -
Uppsala May 1996 - | 6940710 | 50404108
Uppsala Nov, 1997 - | 7.0£07.10% -
PSI Nov. 1996 1.540.1.10° | 2.840.3.10% -
PSI May 1997 - | 1440110 -
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Figure 4.3: HMustration of the effect of point spreading on the response. The point spread function is
assumed (o be @ Gausyian with @ width o of 20 pixels (FwHM = 47). The width of the fectangular)
input field varied from 10 pixels to 80 pixely tn steps of 10, followed by « fleld with a width of 210 and
300 pixels.
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Tabie 4.5: Numerical calewlation of the SNR per pixel for Gdy Co S Th with 1=0.034 g/om® and « dose
af 1 Gy of 177 Me¥V protons, The steps correspond to the steps in the tables 4.2 and 4.3, The uncertainty

(1 o) is due fo the uncertainties in p,, Ny and Ny

step | GdaO:8:Th
Ny 1 1.46-108
N, 2 6.83-108
Pe 3-6 3.4107°
Ny Ngp (1 —p.) (detection term) 34104
22V, N2 (source term) 1.1:10°
SNR 18401102
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DOTEHH LT,
- kB EOFHICIE dE/dx O FHMEE V7=,
V77 L RABMR ORI E R LTS LIk, VU FL—XDOKBEMREETEDHEHITRD,

(kB fEDH )
(DHNL 7 —x 2% 7= ) OffEGE(L : MeVem2g1)

: ‘ dE dE
TI7vITE=T Dy = — TR D, = —
dx peak dx ent

Qv —7 - FF U ALDEE

SUFL—H PEA::wUdﬂmk:ﬁ+H{DW)DWk (4.15)
o (dL / dx )ent (1 + kB ’ D peak ) D ent ‘
U 77 V:/X;@%%%{‘ PE)'ef = Dpeak /Dent
(3kB fEDFHE
PEref _PEscint
kB = : (4.16)
PEscint .Dpeak _PEref .Dent
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(2)175MeV B T-Hr D54 : f %

1 i
- S 0.0 05 1.0 16 2.0 25 a0 a5
Eﬁ%ﬁ%*f% A :10cmd applied dose (Gy)
ws : lem
*XkIE : NACP-02 @%%‘E% Flgured. 5! Difference between « linear fit and the & MV Xoray and 175 MeV proton response (Uppsala
heam) s @ function of dose.
IS

(DX EOMEIZHKTHEMRT 4~ b2 5O T HU(Fig.4.5)

E—2 : MV X & 175MeV B 1%

v F : Gd2028:Th

X #it. BTV B D O IUE 3% LN TE - 72(CsETL T b [FEE DOFE 52 157-)

(2 & (ADU Gy! pixel) OHIEHRS R & FFRfE O ki (Table4.6, Tabled.7)
E—2 X #(6MV)
71— K b— Ak #R(Louvain 80MeV, Uppsala 175MeV)
Ak v =7 hF#k (PSI 177MeV)
> F 0 Gd202S:Th —Table4.6
: CsI'T1 & NE102A —Table4.7
BRI = T T OMREZE LTV, 7 = T U T ORI OV T
4.5.1 Tk~ %,
S ERIC K 0 BEERES R 2 B AL, WERBISEFROFM(0) P ET D2 L1085, (R
U= - AT BB Y DR GENIE RIS, —Tabled.4)
Tabie 4.6: Summary of the measured response of GdaCaS:Th compared with theoretical yield (see ta-

ble 4.4). Units are ADU Gyt pixel L, I the 3nd column the difference between the theoretical yield
and rreqrured response i shown, In the last column the reproducabilify for the same beam parameters

{3 shows,
measured | theoretical differ. | reprod.

(%) | (%)
AZG March 1996 & WV X-rays 233104 | 22402104 5 -
Louvain April 1996 | 80 MeV protons 544104 | 5.540.6.104 05125
Louvain June 1997 1.3310% | 14201104 30| |
Uppsala May 1996 | 175 MeW protons | 620.10% | 6.9£0.7.10° 123
Uppsala Nov. 1997 6.4010% | 7.0£0.710% 9 |
PSI Nov. 1996 177 MeV protons | 244104 | 2.8+0.3.10 14| ]1
Pal May 1997 apot scanning 1.1710% | 1.4%0.110¢ 15| |

Table 4.7 Sumnmary of the measured responze of CoI T and NEI1024 compared with theoretical yield
fvee table 4.4). Units are ADU Gy~1 pixel™?

measured | theoretical | difference (%)

theor/ meas.
Uppaala May 1996 CsI'T1 | 3.60-109 4.97.10% 38
PEI Nov. 1996 NE102A 1.13:108 1.47.103 30

12



B.SN Lt H
SN e 51k
* SN LOFEHFIEZIZLL T O 2 DO HIER S 5,
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BIET D A ADIEHDX LY /NS EE)
—AENE, (21 BEEEEZRA LN —E 2 MEeii 2155 2 & SN2 72 0),

WE 71k

cHIEXPSI ARy hAF Y= T H Y ) —T1o7=,

< HIE U772 B BF 1T 6 X 6 X 6cm3 O —kERR 5 87 (Fig.5.7)

CJEIFEE lem THEiE L7z, A7 U — U HOMREIT 1.4Gy Th o7z, (Fig.5.8)

HERE R (Fig.4.6)

c —RERHBORE THEONIZE B EONEE L A NS T AFKRTDHET T VRO
DHe ZORUTT L ONEEY—INBEEI—T 7 v FTROD L,
SEHIE 1 =1.59%104+0.01 ADU
) 0 =114+ 2ADU (FWHM=268)

ThH-o7T,

c ZORERMNS, 1.4Gy O T A4 XDOEIE1E 0.71%=0.01Gy, SNR=1.4X102Th 5 Z & 0353
277,

- ZOFERIT. SNR OFE D SNR=1.8X 102 L ZIFFRIBRETH - T,

16000
20 o 16
' 1200 5 o
oo 8 g E*
£ N ETE.
i~
> 100 = P
© 2
4000 & < 4
140 >
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Figure 4.6: The pixel value distribution (diamonds) from a homogeneous dose distribution (as in fig-
ure 5.84) together with a Gaussian fit (solid line).

C. Mt

« Gd202S:Th % X HRIZxT T DM G RIE 2 FF o Z L b T b,
« % 900Gy (B57-#% 50%, X #& 50%) & Hr it D Lel TILEZ PRI ZITRBD Bz o 7=,
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- HIE ﬁ%im77/+ﬁw%é1&mﬁwmmEMmlodeﬁm B, 2 3mm)ic X 5 HIE RS
Bl L7,

HIEREEIT 100% D L~ L THIBAL LT,

HERE R (Fig.4.7)
- R E(<20%) fEIk 2 PR CRliE ORERE R IT L < —F L,

AR EERICB I A EIT. B ENAET R LT —DNREFITHTH, T LB OIS D
EWIZXDAEEERE 2 BN D,
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Flgure 4.7: Profile of @ Xray wedge field meqsured with IC-10 BEllhdfer ionization chamber (Courtesy
of 4.4, van T WEld, Groningen) and @ GdeCaS: Th scintillator measurement both normalized to the 100
% level.

2. 22 M 72 i
A 2255 fiERE(PSF DI 7 o 7 ) DHIE

GHE L 7= FRETEF)
REE—25  : 80MeV BTH
HIEGRES RS 9mm

FRESEFH A X0 ¢ =10cm

(IREJ5715)

- FROBRHEE X7 VAL CCD Y AT ATREL, MO T m 7 7 A Lk D,

cHBET A NVADT BT 7 A VTEREOYEREICHYS T 5 LIRET D, WHEDNTF 7T Psogo D7E

A5, CCD DMV PSFIARY T2 H T v T v OlfZRD 5,

« KIBSTEF D22 MRREIL 1 YOE L TIEA 7 &7 > PSF @ 0 THRT Z LB HIK B,

TR T ANDNF T T Peoao lXERC - 0 EFELLY,
(C=2v2erf 1(0.6)~1.68 (erf1(x)iEisERI%L erf (x) =7 j e dt ORI

c L7225 T, CCDY AT ADZEMGRRE o IXWE DT U770 REDEHRETEEC TED
il TkDHZENTE D,
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Flgure 4.8: Lateral profile for @ 80 Mel @=10 cm proton beam measured at I cm depth with film
(dashed line) and CCD systerm (solid line),

(I EFE ) Fig.4.8

« T A4 NVLDF T T Psogo 3.5mm

«CCD v AT LDOXF 27T Pso-20 4.6mm

+ CCD 3+ %25 4 ® PSF @ ¢ =1.8mm(= sqrt(4.62 - 3.52)/C)

« ARIOREIZBWTHEZE 1 E 7 A (CCD4 B2 B/WIZHY T2 27 U — 2 ifEfElE 0.92mm2 Th -
7=, (Table4.3 ZHR)

< ZHUE. B B A ANZERIGRRREICKRE S FETLOFEEERT D,

LN T LD EWSRENLE RS E=r M IXUEZ AT A X 0.23mm2)E HND 2 b
Wk, WETLZZENTE D, W SRR ED BT 580N s R E)

c ARy hAF Y = SR X 72 XF 0 7 F)DE . 225 fREIX 1.8mm THATHDH E VR
Do

BJAWH T T v O

- BT A OB E L COREINE %2 XL OB TR LTl T,

(DX BOLA

HE 51k

c BIHEF A X382 ) A —H ONENHIRE LT,

c A7 Y= NIBT D EBEOREIT Farmer BEBFEICK > THIE L2, TS K> THEETI O
B RARAEME O IEN FTREIC 22 5, CCD D IE Z O & OFIRHME THR S5 v FIEM).,

W E 5 R (Fig.4.9)
BB EROFE S DINEIL Y AT ~T 4 v 7 IR A R R 7o 72,
« —J7 ROLJST, /NSRRI I Lz, ZHUE PSF O E L CHRIATE 5,
c 22 THHLIEHEICLY PSFDONRT A —FZRE L, LTOREEET-,
N7 0=2.8mm
KNHTT 0 0=42.4mm
NI T T o EJRNT 77 OB 1400 @ 1
H—77 4 v b OFEFRIL Fig.d.9 TR LT,

(2)80MeV 5 1-#r(E S 9mm) DA

WIE 515

SAEIZIIHE O R E 2 2, BB A RIEEa ) A— X 2T 52 LIk B8,

AT =BT A EREOMBEIT., BEEROICEEB L7 0.0lce B Mini A-150 Thimble
chamber)|Z X 0 HIE L7-,
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M EfE R (Fig.4.10)

« BRI BT TR B W THRRE DS IR BF o RIZIR < KAF 55 2 & D3RR S L7, ¢ 2em O IRETEF CIE 12%
DI HIRNE ST,

« A7) — 2 OWERE R A BRER O H ) TE - THEL LR % Figd.10 1277,

s SRR OBE . 3em2 DL O RRETEF TIZHA & 252 B BF 5 R AFEPED R,

B FRROBIEICBWWT XM EEIFILIAZ UV — Fiid PMMA 7 7 > R AREBEN TS Z &
Th5(5.2 TEE),
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Flgure 4.9: X ray measurerment of screen response @ & function of field size. Held meqsurements in a
regton-af-interest in the center of the image (circles) and yield measurements infegrated over the screen
{rquares) are plotted together with calculated field size dependence (dotted line).
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Flgure 4.10: Proton measurement of the CCD response in « region-of-interest @z « function of fleld size.

4.3.dE/dx {17
AHE Y — A0 dE/dx K17
W 7E 51

- ARG RIS 20 2R S OB E LTIHEST 2FIC L 0. Ao dE/dx K2 IE L7,
CRSITFHFAT LR AF L URDBESIT L > TE ST,
c A7 Y= ULEIZB T DREIT A Y U — 2 FIRICERE L7 AT AR S B CHlE L7,

Table 4.8: Results of the determination of kB using the procedure of 4.3.5 Unity are mo cm™° Me¥V 1

kB (mg cm™ MeV 1)
Louvain GdaOa3: Th 62402
Uppsala Gdg D95 Th 54402
Uppsala CI.TI 364
PSI Gdy 0,3 Th 417402
PREINEIOZA 912
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W E AR (Fig.4.11)

- kB fElE 3.5 ® L CTEE L, Tabled.8 125 L7z, PSI EBOFER L AHLH TR LT,

*Fig.4.11 1ZBWT, LB DAMANY 77 LU ABBEDAERICH L THL LT TN L ORHERTE 5 (R
r— b b, B2 80MeV), U 7 7 Ly ABEFIIV VUV FL—EDOTRICHAT-, ZOoTnEITY v F
L —ZDEE(0.98mm R Y ZF L > =0.105g/cm)IFH Y45,

- Fig.4.11 THES A% Birks EF /IS 4 v b L4 G TIES » FOH S & D EBAHES &
5, AZV—VEIXSOL LI T MhI{ToTl,

polystyrene thickness for aand b {mm)
0 100 150 200

20l a
175 MeV Gd, O, S:Th
15

10

2ol b

175 MeV Csl:Tl
151

10

dose per fluence {MeV cm 2 /g)

80 MeV Gd, O 5 b

0 10 20 a0 40 50
polystyrene thickness for ¢ (mm)

Figure 4.11: 175 Mel’ proton depth-dose distribution in polpstyrene meqsured with NACP-02 {onization
chamber operated af HV=300 ¥ (continuous line), CCD measurement with GdoCa S Th scintillator
(diamonds) and the quenching formula (4.1) applied to the NACP-02 data with k B qs fitting pararmeter
(dotted ling). (b) idem for Col: T1 seintillator (c) with 80 MeV protons end Gda (a5 Th,
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s EEOIEETHWONDBEDRIIBIT D7 2 F v T OEEFT57-0, SOBP B — L DHIE(R
v F. NACP F = )b {To 7=,

- Fig.4.12 |Z SOBP Offt i, K& MUERM R ERT, HAY— LR, A7V —VEICL DB &S0
D7 FHBHERTE %,
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Figure 4.12: Measurement of a Spread Out Bragg Peak in a polystyrene medium with 80 and 175 MeV
protons using a NACP-02 tonization chamber and Lanex - CCD svstem.
CalH 22 TR AR e RE

- RS 7 1RO CTRIET b FikER AT,

KA T DB E—AEHIH LTI CRRE L, Y TF L —F AW E EICERET S, 29952k
X, SEEIREICR D,

cHERERE 7 a7 7 AL & HIT Figd.13 128 LTz, SEES AR Fig.4.11 ORERER &R D 2 s
BWTHELRS,

(DFig.4.13 TIHRS TG LTy o T b—& L BESOBEENELT 5720 12 I L5 REORE %
2T 5,

(2)Fig.13 \T/R Lz L 9iz, #iFm~7 v 7 7 A VORENFERIEHE TR < BEFFF.OL LT 5%
BEOCENRDD , DGR ES AR E > &5,
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Figure 4.13: Image obtained with a tilted phantom shows the depth-dose distribution with the purpose
of range verification.

5.%%%
51U0&E L /A X
AFREITHRT DM, BERRE & DLk
(BRI O e EVE) Fig.4.4, Fig.4.6
HEEOAREEMEIL, EICv T L= a VIR RV T L= F AN SN DR E ORRE
PED 72 DK 10% L E IZET 5,
< JE S IEITEERE & FIEFIC L <Aoo TV D,
« BE R ERE vs HIRME O Z RO D & 3% LUNTHET L Z 2005, KU AT AOMWRENELE
LTWDZERDGMND,
(7 = F v 7 D¥E) Fig.4.6, Fig.4.9
- Fig.4.6 OFfERG ., FEBRIE vs EFRMEOLNAE LI — LD —2 LY B2 5K O—>
ELTI = F U TORBENREZLND,
- 22T, kB OHIEREF(Table4.8) & Birks E7 /(4. 1D)XEHNTY = F o VT OFEEIT- T,
VT U THIEORERIX Fig.d.9 OB Th D,
Louvain 8O0MeV i IZZ=A38480
Uppsala 1756MeV /b 7= 13w/
PSI 177MeV /D 3E0 LT MR 10% L E2E083 8 5,

Tabie 4.9: Effect of applying the quench correction (4.1) on the theoretical yield (rom table 4.4) com-
pared to the measured results (from table 4.6). Units are ADU Gy~ pixel~!

measured | quench entrance | theoretical diff.
correction (%) quench corrected | measured

Louvain April 1996 5.44.104 6.2 51104 | =57
Louvain Tune 1997 1.33.10% 6.2 13104 | =33
Uppsala May 1996 | 6.20.10% 3.1 67108 [ 85
Uppsala Nov. 1997 | 6.40.10% 3.1 63108 | 54
P3I Mov. 1996 2.44-104 2.6 2710% | 11
P3I May 1997 1.17-104 2.6 1.310% | 12
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