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Verification of Response Uncertainty in Electrometers through Cross-Comparison with
a Novel Current Source: A Comparative Study with Guidelines for Electrometers Used
in Radiation Therapy Dosimeters
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* Kawaguchi Electric Works
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Background: A new quality assurance and control method for electrometers using a new current source, different from the meth-
od published in the guidelines for electrometers, has been reported. This current source uses dry batteries and exhibits excellent
performance in terms of voltage, temperature, and time characteristics. The electrometer sensitivity coefficient can be calculated by
comparing the sensitivity of one electrometer with that of another on the electrometer calibration coefficient that has been calibrat-
ed by a calibration laboratory in advance in both methods. The guideline method requires two or more sets of ionization chambers
and electrometers in the facility. In contrast, our method does not use ionization chambers; therefore, the sensitivity ratio of the
electrometer can be measured in any facility. This study compared the uncertainty of the electrometer sensitivity factor calculated
using the new current source method (current method) with that calculated using a linear accelerator (LINAC) and ionization
chambers (LINAC method) described in the electrometer guidelines.

Method: In this study, we used a current source that we invented previously by Kawaguchi Electric Works in Japan. The sensi-
tivity ratios of the electrometers were measured with three manufacture’s electrometers. The electrometer sensitivity factor was
calculated by multiplying the electrometer calibration coefficient. The ionization chamber was 30013 (PTW), and the current source
was the current obtained from 10 MV TrueBeam X-rays under calibration conditions. The mean value, standard deviation, and co-
efficient of variation were calculated. The time required to set up the ionization chamber for calculating the sensitivity ratio of the
electrometer was also measured. The accuracy was confirmed by calculating the expanded uncertainty of the electrometer sensitivi-
ty coefficients.

Results: The LINAC method had a maximum coefficient of variation of 0.072%. The gross time of the LINAC method was approx-
imately 110 min. The current method had a maximum coefficient of variation of 0.0055% and took less than half the time taken by
the LINAC method (35 min) because there was no waiting time for the ionization chamber to be set up and the applied voltage to
stabilize under calibration conditions. The expanded uncertainties of the electrometer calibration coefficients were 0.36% and
0.36%, respectively.

Conclusion: The new cross-comparison method for electrometer sensitivity factors using a current source is more efficient and
useful than the linear accelerator method described in the guidelines; furthermore, this method ensured accuracy for quality assur-
ance and control of electrometers.

Keywords: measurement, electrometer, electrometer sensitivity, electrometer calibration coefficient, gross time
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1. FUBIC

2018 4F- 7 & 23 % W [ N B A L1~ 0 Ho AT 10F 22 41 8 1 [
(LLF, BEHEFHBE) 12X o CEBEERER & B
ZNEIRINCKRIET 2 57 (DUF, BERIE) H3hila
SRV, 202344 A7 S BEEHTRE T & BAET O — AR
BRI S 7z, R IE X BRI E SR B S —
Y Z il £ (Japan Calibration Service System: JCSS) @ 5%
FE% 2 7R ST E G L T b, R Tl
JCSS MGl %7 2 7= BEBIIC X AR IE & JCSSHKIE & &5t 9
. BAEHE SIS EERIE 2 20, SHERIEL 2
VI 7o J VRO R 9 i 5 0 SR R R LA B A 2
T BENEMF 2 SR 2% S v,

SRER SRR B I W S B BAFO A A BS54 2P
(LT, BAEITA FI4 7)) GEMFHIET 2 MEEH
DFFERRLTVL, BAEFTA K4V TRENT MK
TEE, V=7 v 76 I S D R % A (R
L7zt &Il onrERAERFE LTHEHAT 2 HETH
., MESELT, V=7 vy 70l H0iIXs> & 283
5O BEER & BAETA2 Y FULERLETH D20,
1y b L2HIA LT 2 U SRR R 1 0T % S
TERVEDPER SN THD Y,

BHER EBAEIZ 12y FLAFIA L TV RWIEEA S
DOMEZ RIS 572012, BIEFTA N4 ICRiRsSh
TVBHEERREZLHLOERE (LT, 5 ERIE
& 725 8% H AR HUR B S R s Y s,
COHEZV =Ty 2 BHH LRI LS EEE Y LT
Lz, MxT, RimEREEZFAHETEZEm»SHm6N
LGN AERERZAMLTVE. oS ERIRIZE
ETEMTHALI DO LYMHEICAFTE 251D
5. 20241 HBUE, C o EREIES L €205HT
WEN TV,

INHDFHEED S H COKIEHBIC X > TRIEZ 21T
7o BALET O BALER I E B ket & 2L LT, HlOEME
DESEL rae Z7HITE B BB D L. 2D EE, KIE
BEIC X > T3 A DINICKIE R 2 22 BALET O Reee
EHELTILULERD), D rae? kae \CFEL D LI
L0 MOBALE 2 BB HAE 2 30 L 7% < T HHEA
Hc&n?,

WEOWRLTIEINE [EMFTOMERKIE] & LT
Tz, Z OB IIEHERHIG 12 O 7RISR S
NTw2 [ 74— FREFTOMERKIE] 2 BE» 5
BNFHCEXRAZEZZTY THH. 2F 0, ZoKiE?
& TEAETOMIAIE | TldZ d [EBAFOMILIE] 12
& o THERIZ L raee Z FHAI U Raee (IS U % 2 & CTEAHERE
B koo Z RIS L VRO D HETH B, BRI W
IR L TS BRI E W CTEMETOIREE % 5
W32z e% [BUFTOMEILE], LINAC% MW CEAM

22

FrOBRERAFHIT S 2 & & [EMEFOMERIE] &Kl
5. COBRMFTOMEILEIC X 2 EELOFHNA S
Reteouser 2 KD B 7L, FEFHIIIE [BEBAET O EAIE]
& [BEMFtOMERKR] 3EMETOREREZRD S L)
BIRTHICTH 5.

ChETIE, V=7 v 7w BAFTOMERIE (LI-
NAC{#:) LB BEMIFIC X % BAFTOMEILE (Current
%) 1S & B EAETERERBEOARHED S & IR 1E
V. COMEO B, # LW S ERIEE s E
M e (Current i) OANFENS %, BMEFAA K
FA R EN) =T vy 7 2w dE (LINACH)
LRBRE T2 TH 5.

2. 7 =

2.1 FERUCERREEMETICONT
LINAC#: 121k 7 7 — ~ % & #f 46 TN30013 (PTW,
Freiburg, Germany) &, TrueBeam (Varian Medical Sys-
tems, Palo Alto, CA) Z i ] L 7-. KW % 5Tl 3 %
72O DIEHELNEE) 2B WT 10 MV X% B EERT 1 IRS L
THROLNLEREZERFEE L7, #EFIL 600 MU (moni-
tor unit: MU)/min & L 7z. %7z, CurrentiE 131l 5%
IR SCG002 (JIEARBIERT, W, HA) 2w,
SCG002 DML & FEHMEIIE B VERE (JeE Rk
AR*=1.00) BH2Y 2D bhoTWVE0, Biho
F L2 BREOIXSO ZIIWHTE LI LIS VEE
AT = iR % 15°C, 18°C, 23°C, 35°CIZik & L,
TR ZFENIZHRA LT 5 24 R M A OMBERMEIC L 58
WA DZALIE, 5.968x 10 °nA, 1°C DZEALIZ X § % Ak
B ZILIZRATO0.0183% TH 5 . 6055 D
WHERMEEALIE R A —0.056% L HEFShTwa Y. DL
D X912, SCGO02 DM A & FEH il D E AL <,
MR, BRELIEHTEX S E /NS VRN D 5.
COWFETIE, BMEAA FI A4 1> TJICSSKIE
ZZFTHhL3MAUEREEL TR WEME (LU, V)
77 Ly AEMEN) OBMEFRIEER LT, Redecioss)
AR L L, Bl 52 EMEN (LUF, REBREME
electrometer under test: EUT) %A ILIKT 5 Z &I12 &
D, BREELZEL, kaccss\OH L 5 2 & TRALGHREE
B wFHE L 72, LINACHE: B X U Current #E12 X 5 &AL
FHAH AL O FEMIE, KD 2.23H B L O 2.3HITRL,
ENENOFFITL Y EHE LBV IEE$, BAEH®
FEAREL % Reteotivac B & O Reteo,currens & TR0 T 5.
RAMTECsolo (Toyo Medic, Tokyo, Japan) %V 7 7 L ~
2 B\ALERE L, UNIDOS™ ™ (PTW) & SuperMAX elec-
trometer (Standard Imaging, Middleton, WI, USA, L T
SuperMAX) % iABREMENE L7z, 72, Sh o0&
SO | AT BT Quin, ARATT BT Qunax, Qunax D F1H Qo
ERHICRIEREHE O — L=V THER LY.
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2.2 LINACEICKDEMEHEERIEICDNT

2.2.1  Reernac DEtE T

WPID#EIK 7 7 > & & (IBA dosimetry) @ 10cm 4 {2
7 7 —<IBEEMAEE L. BAHOBERKAZIZ B
MERFPICELE S 72 AW IR AN 5 72 D B A
OWENELT 5. BRIEBEOMENLET H 2 & TRA
FrOBENEETHETE I+ —LT v TELTIEGD
Ref 2 B 7z, SHIEEMEFOMFRFICER S N TV B
BT, —RMICIZ1009 5 155 BLETHLESHNT
Wa7 THSEHEESAR AL T 7=
B OBMED TN ENEET 5 T TIXHh 5 REHA~D
WEIZOVWTHELTBY Y, ERHIZWIsHLET
HoHELTVE. 2095 &ide6 MVXHET2700 MU,
i 300 MU/min O G X » TEMEBOIE S D & 28
£0.05% DINIZZEE T B 72 DI RE LRI TH L. D7
B, AT ALY AOKE L L CHEEE 600 MU/
min T 2700 MU @ Z-5i 4 % 17 - 72 1%, 300 MU %= 7' V)
Ly M LTEMROGNZ T/ V=T vy 70O —A
WD E T B 72D\ WLBE 7 RSB E 2 S Hi 12 STk
RENLFFEICEIVFHELTY, V=7 v 7 2Hw5
WoORAER B % 2m & Lz, Zodidsk0E L 10 ME
WL 7B ROZEREZEF L2 FiTh b, PEHEER
D -394 Maoono, 12 4 R 7% 0, 28 B £7 $% CV (coefficient of
variation) # 55 L7z, R1ICZEMREZFIHRHT L7200
RERY. Moomuw 7 £y NMUEA 300 MU TH 5 &
EDONEBMOVIETH 5.

CVe:%;x100@@ (1)

M EALET O IR Miaw O V-3 12 EE S AR EL e
FRUIMETH D, Mowuw & 300 MU % W THEATED R
/N R DT AT Quminy, TR A TT AT Qunax, Qumax DFH Qo5 & % 5
X9 %7ty P MUuin, MUy, MUos Z 5H8 L 72, X2
IZMU; (i =min, max, 0.5) #5153 572002 /RT.

MU, = 300 Qs

= (i = min, max, 0.5) 2)
M3UOMU

Z 2T, MU:iZQ;i (i=min, max, 0.5) %135 72D IZLE 7R
7Y kv P MUET, QA AT EAT & IR K AT
BAICH L TE10% N THNITHE SN DY 720/
WA ) ECTERE L, MUENFTEATH 5 ik
AN AT BT Qunin, T KA T T Qunaxy, Qunax D F-1H Qos % &
MEHIANTA7200 7))y NMUETH A, Lo T,
BUFT1EDLZD 32D 7Y £y b MUl (MUmin, MUnas,
MUos) Z755 L, MU etming MUretmax, MUreros & 235 L 72.
V=7 v Z7IZMU,; (1=min, max, 0.5) v b LTHEDL
N7z 7 7 L ¥ ZEALEO B E Meegnui (0= min, max,
05) %L, ThZNDsBLUCVER L.

V7 7 Ly ABMEFE FERIZ, HABREMET D Quin, Quax, B
X " Qus 12 BT A MU, (i=min, max, 0.5) 1€ %, MUkurmin,
MUgUT.mas, MUguro0s & 38 L 72, REEMEFHICBWTDH
BT Myurmui (1= min, max, 0.5) Z51l L, o B XU CV
ZEHAL 72,

ngigf*iﬂiféﬁ kelec,LINAC Li, Mref,MUi (i:min, max, 0.5) L
Myuryui (=min, max, 0.5) 25t H 3T 5. 3, Mrurwu
12355 % Meemui DIEPEL % reeenui (1= min, max, 0.5) & &
#L7z (X3).

Mref‘,MU,

MEUT, MU;

Telee MU; = (i = min, max, 0.5) 3)
w2, ZOEBBEMNFINIBWTD RIS raemu 515 L,
ﬁ 4 L: J: V) kelec,LINAC %%“l‘ﬁ I./ 7‘:.

(i = min, max, 0.5)  (4)

= ref
kclec,LINAC = nzlcc,MU X kelcc,JCSS,i

ma

DFVEMETH B, Kigessild, V77 Ly AR LT
I L 72 RAMTEC Solo ® JCSS I IE# KA 5 153 5 72
kiﬁfﬂ,JCSS,min? kﬁic,,]css,maxy BE Zﬁkﬁc,,}css,o.{cﬁ) %.
2.2.2  Reecrinac DAEEEDFEFE T i

COWMRTHEL LT RTOEMENTIICSSKIEE %
FTBEY, Reecacss VG2 HNT V5D, Reeuivac & Retecgoss
EDEZWIIRT HIETHER L2 Recscss DBIEFEH #
WCIEARHER SHPEKRL I N TS, G L7-RBEM TR
A7 G 1E B B RetoeLinac D FEFE 2 FEFR T 5 72012 Reteeaoss I
X35 Beteerivac DN iR d 2 A5 0 HFHEE LR L 7-.

d _ ( kelec,LINAC

elec,JCSS

—1)x100(%) (5)

2.3 CurrentEICKDBRIEHEELERICDNT
2.3.1  Ketee,current DRI 5

Z 2 Tl Current #:12 X D) Retee.cument & 51T 5 H I
DWTHHT 5. S ERIEL BN LEE L7
ZOWEIZ B BEREM ¢ (B RN- BRI &
QEHANWTHE6NLEIHRTE 5.

t: = % (sec) (i =min, max, 0.5) (6)

LRI AT SN B EM QilL, BT L ICED LN TV
% /NN )BT & iR AT TBAT D +10% LN T HILFEF
HENDY 0/ 2 IETEEE L, V7L
A BALENIx LT AJ) BT % @ 3 2 W trer; ({ = min,
max, 0.5) % X6ICX DFEIHE LA 2L T, HBERKEIC
£V tiri (= min, max, 0.5) R EEL THRONLY 7 7
L v ZAEAET OB & grery, (1= min, max, 0.5) L EFR L
7z, ABRFEALET O Qi (= min, max, 0.5) 2% qrete, D £ 10% LA
NTH5DHZ L EMER L%, AEBEMEHCHYEREY S

23
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] ol L,
grury, (i = min, max, 0.5) & £ L 7=

TR AL BT O FEAT & grury, (1= min, max, 0.5) I2X) 95
)7 7 L v ABALE O BAE @rers, (1= min, max, 0.5) D &

o N7 HEA R 2

tret; (i = min, max, 0.5) Ik

% F NN rae: ((=min, max, 0.5) & EFKL, A7&
DEHE L 72,
Telee ti = et (= min, max, 0.5) (7)
grur,y;

ZD ufl\ %ﬁ T—L Efg) Felec,ti k kelec JCSS, 175 [5 kelec Current %—) nfﬁ L
7z (X8).

(i = min, max, 0.5)  (8)

o ref
kclcc,Current = nzlcc,t X kclcc,JCSS,i

ZZT, Tt I HRIRBALFT D roees, Feleor,., Telecs,. DF34
HCTH B, Kiijossdd, V77 LY AMRANE LR L
72 RAMTEC solo ® JCSS # 1E #5 R 70 5 1% 5 1L /-
Relee 3088 .miny Relee 088 .max 3 & U Retecacssos TH 5.
2.3.2  Relee.current DAB L DFERRTT 1

K8 % W THME L 72 B EALET O Fetec,current & Felecacss
EDERMERT S 72012, JCSSARIEIZ & % BALFHEIEE
B Reteeacss W R T B Rete,current DR iR d 29D B ETE
L, WIEGEMEOAFEA S 2 K L 7.

d _ ( kelec,Current _

kelec,JCSS

lj x 100 (%) 9

2.4 {EZERFRIDECER
77152270 TR L 72 LINAC I O VESERE 2 ISR § &
HPE L7z, BAEI O + — A7 v T OBIEIS & 1E3%

E‘ﬂﬁﬁﬁ]ﬁﬁﬁ EEFRLT. R412X 5 Thaermac 515 L, K

77 v b, EHE, EMEERESNEICRE LK

Do 7R A EER T & EFR L2, O TIdME

F% 600 MU/min IZEE L7722 & 205, 5% (2700 MU)

Z TGS 2 B R & L7z,
RAMTEC solo DL —H< =27 )L T}

L CEMEN % Rl 2 RECTHEHT 5720

7WMWM@V%#Tt%k_2hﬁ®ﬁ%—A777ﬁ

PVETHLERBENTWS, 22TV REE W) K

W EAARRNAT S IRE R DO E ) PBESNTEL T, ¥

QM D E D DPOBIWII =2 T VHNITRENT W

V. UNIDOS"™™ 2 —H< =27 V' 13, KD

ETNERBERICEBMELET 572012, BEEMICH

TEIE % 2721, BHHEOFRMEORE LT 572

DIZI5 5T 5 2 L 2SR L T 525, BRIIZEM

FoLnlL I TED L) LhEBEREOKNE S %L OEH

HEBRLEEEZEBLTWAONIEEKTH L. IEC-

60731 °Cl&, WEEMICEMET2 O FINMETE %2 27250
55H B W O [ O BEEA O BT = O EIAY, FNEE

BT B0 TRERZ IS E S B RO 0.5% LT T

&, R
AR & —

24

HorolrllLTwa¥ ZofgeciE, RAMTEC solo,
UNIDOS"™"™  SuperMAX ® 32 D &EALF # i H L Tw
5. BIERAMT 254 3 v 7B 2 BN RS
5 E X T, BEEFZ RAMTEC solo l2#fw L7z & &, TEEE
#i% RAMTEC solo 7 5 UNIDOS" "™ |2 ##t LIE T & &,
B X UNIDOS ™™ 2 &5 SuperMAX IZ#Eft L 2 BT & &
D3ETH5D. ZOENTELZE 2 ) 72 B IR I 258 4k
5. THEERER & U CIEC-60731 T/R S N7z 25 % 7 H
T2 L, EFTAMER (2FREH2S2M) &A%, ZHIEH
HOMEEMEIERT H2HT, BENTEIRWEHEL
72. U EOHEA»S, Z o7 Tid RAMTECsolo 2° 5 &
BEFCEVMEE 2 200 72 2 O fF e 2 2051 & L,
UNIDOS" "™, SuperMAX 7» & % B4 12 FIINE & % 21
T OREEREM % 15508 L7z,
Ji1:2. 3 T/R L7z Current i DVEERE 2 RIT/RT &
HTME L7z BAE O + — AT v 7 ORRIL % 3%
Fﬂt“ﬂ#?ﬂti%%l,f: fifi 2 BRI L MRS & 52 0 FVNEE
JE% OV CTHAT 2720, flis Bz B EHcHEREY L
721, WEZ B L. K8IZX 5 T ke curen: il L,
AR % PR SN IR LD - 725 & ESEHE T IR
MlEE®kL7.

3. & S

3.1 kelec,LINAc@E"’%r‘ﬁﬁ%(‘i*ﬁfglcjb\t

KRB RN O LML BIF 2 7)) £y FMU %
300 MU & L 72 & &, RAMTECsolo ® Mooy 13 66.277
nC T, ZE#%%$130.0053% TdH - 72. UNIDOS™ ™ »
Mioonu 13 69.29 nC T, ZE %13 0.010% Tdh - 72. Su-
perMAX @ Mioowu 1 69.08 nC T, 2 B 4% %13 0.072% T
B o7z, BEMRELO & KAEIE SuperMAX 2 i L 728 &
T, 0.072% Th - 7-.

Table LIZTEAMFHAA VI 4 L okiE, oF 0, EHEF
LU 77 Ly AEMEE W2 IE#ESARIC BT S 10 MV
OXHa M L CTEA-EBRZERIEE LT, Pacunac Z il
HWe D200 X —% %R

MU in, MUgs5, MU, 1 Z 1L 2 123, 453, 905 MU T
Hotz. TNHEDOMU % BG L7z & & DOEME MretMmumn,
Mietrivos, Mregmvmas (&2 1LEH15.081, 100.113, 200.006 nC
THorz. )77 Ly ABNMEITHSRAMTECsolo D&
PLEMRIEE B0 1.0002 nClrdg TH - 7.

Table 2 [ZFREREM G255 & L7z & & D kaeermac & B
WY 2720087 A =5 & Rgeerimnac E 7N

UNIDOSY™"™ % % %12 L 72 MUnmin, MUg5, MU o (& &
NENn23, 453,865 MU TH-72. TNHOMU Z AL
72 & X DB B MeetMmUming Miretauo.s, MretMUmax (& 7 1L ZE 1
5.081, 100.0, 199.8 nC T 5 72.  keteerivac 1 1.0009 THIE
FEBAC X o THRIE S M7z LG IE & 801 0.9998 nClrdg
T, HEEJIE+0.11% TH - 72,
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SuperMAX % % 82 L 72 MUnin, MUg5, MU 13 Z L2
123,435, 869MUTHo72. ThHEOMUZERE L&
& DFEM B MeetMUming Miet o5, Mret MUumax (&7 ILE L 5.074,
100.150, 200.200 nC T& - 72.  Eaeermac i3 1.0002 THIE

Table 1 The parameters and results for keecrivac calculations
with the RAMTECsolo as a reference electrometer.

Parameters RAMTEC solo
MUuin [MU] 23
MU,; [MU] 453
MU,nox [MU] 905
Mietmumin [nC] 5.081
Mietmuos [nC] 100.113
Mietmumax [nC] 200.006
Ftteccssmin 1.0002

1.0002
1.0002

MUuuin: Monitor unit required to measure the minimum input
charge of the reference electrometer.

MUy Monitor unit required to measure the half of maximum
input charge of the reference electrometer.

MU.uax: Monitor unit required to measure the maximum input
charge of the reference electrometer.

M,esmumin: Charge amount of reference electrometer when LIN-
AC set MU in.

M,eemuos: Charge amount of reference electrometer when LIN-
AC set MUjs.

M,esmumax: Charge amount of reference electrometer when LIN-
AC set MU nax.

Fireescssmin, Raescssos, and Eieicssmes are the three electrometer
calibration factors reported on the calibration certificate for
the reference electrometer.

Table 2 The parameters and results for keecrivac calculations
with the UNIDOS""™ and SuperMAX as a electrometer under
test (EUT).

Parameters UNIDOS""ne SuperMAX
MU [MU] 22 22
MU, [MU] 433 435
MU [MU] 865 869
Mgurmumin [nC] 5.081 5.074
Mgurmuos [nCl 100.0 100.150
MgurMumax [nC] 199.8 200.200
;elec,MU 1.0007 1.0000
Relec.LINAC 1.0009 1.0002
FRelecacss 0.9998 0.9987
d [%] 0.11 0.15

MUuin: Monitor unit required to measure the minimum input
charge of the reference electrometer.

MUjys: Monitor unit required to measure the half of maximum
input charge of the reference electrometer.

MUnax: Monitor unit required to measure the maximum input
charge of the reference electrometer.

Mgurmumin: Charge amount of reference electrometer when
LINAC set MUin.

Mgurmuos: Charge amount of reference electrometer when LIN-
AC set MUj3s.

Mgurmumax: Charge amount of reference electrometer when
LINAC set MUmax.

Teeer: Charge amount of qrurs with respect to gret -

BRI X o TRIE X 72 BATRIROE % 2013 0.9987 nClrdg
T, MXMEEdIE+0.15% THh - 72,

3.2 Relee,currens DETESER EFBEICDNT

Table 3 {2 Current ¥ T Reecusers ¥ 5 W T 5 720D D8 T
A =% %13, RAMTECs0lo ® Qumin Qos, Qmax D BAf 1
155 728 O 3B B B tretminy tretos, tretmax (& T ALEI, 3, 65,
128sec TH 572, QGretmin & Gretos B £ U Gretmax (T TN T
4.699, 101.699, 200.310 nC TH 5 72, ketecsoss [FALIEHER
WX BRIEFERTH 572, Table 1D keeesoss & [ LIHT
Hoiz.

IR TEATFT O Reteocurrent & BT T 2 7201 R D72 K85
A — % % Table 4 1277F. UNIDOS"™ ™ ® gretmin & Gretos
B L Qretmas 13, TN F 14708, 101.7, 200.7nC TH -
72, Teeild0.9987 ThH 7. fMigBKEEZHNT) 7 7
L v ABALFET & LA H R R S0 L 72K, Retee,current
130.9989 & 7% - 72. UNIDOS™™™ » & IEHEBIC X %
Feteescss 12 0.9998 TdH o 72 Z &0 5, Reeesoss i K 5
Retec,Currens DFIXT FR7E d 1E — 0.090% Td - 72.

SuperMAXIZ BT B KR Z KITR T, Quotmin & Gretos B
X U Gretmax 13 F L Z 11 4.709, 102.1, 200.5 nC T D - 7=.
Teteci 13 0.9977 TH o 72, MiGBRE L HNTY 77 L ¥
RBALF & FEHE I LI 2 i L 7285, Retee.current 13
0.9979 & 72 5 72. SuperMAX DR IEFERINC £ B Eetecscss 1&
0.9987T TH >72Z M5, Eeecscss (3T B Eetee current DA

Table 3 The parameters and results for Eeeccurent calculations
with the RAMTECsolo as a reference electrometer.

Parameters RAMTEC Solo
tretmin [S€C] 3

treros [sec] 65
tretmax [S€C] 128
Gretmin [nC] 4.699
Gretos [nC] 101.699
Gretmax [nC] 200.310

E gecg088 min 1.0002

E ees0s8.05 1.0002
krefelec,JCSS,msx 1.0002

tretmin: inergization time required to measure the minimum in-
put charge of the reference electrometer.

treros: Energization time required to measure the average of the
average the minimum input charge and the maximum input
charge of the reference electrometer.

tretmax: Energization time required to measure the maximum
input charge of the reference electrometer.

@retmin: Charge amount when the reference electrometer is ener-
gized for tretmin second.

Qref05: Charge amount when the reference electrometer is ener-
gized for treros second.

Qretmax: Charge amount when the reference electrometer is en-
el‘gized for tref,max second.

P escssmin, Remescssos, and Eimcssmes are the three electrometer cali-
bration factors reported on the calibration certificate for the
reference electrometer.
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Table 4 The parameters and results for Eeie,curen: calculations
with the UNIDOS"" and SuperMAX as a electrometer under
test(EUT).

Table 5 Estimate of the relative standard uncertainty associ-
ated with calculation Keieeivac and Eeieecurrene 0n the EUT (Elec-
trometer under test).

Parameters UNIDOS™ "™ SuperMAX
QEUT,min [nC] 4.708 4.709
qeuros [nC] 101.7 102.1
QEUT.max [nC] 200.7 200.5
Telect 0.9987 0.9977
Relec Current 0.9989 0.9979
FRelecacss 0.9998 0.9987
d [%] —-0.090 —-0.080

teurmin: Energization time required to measure the minimum
input charge of the EUT.

teuros: Energization time required to measure the average of
the average the minimum input charge and the maximum in-
put charge of the EUT.

teurma Energization time required to measure the maximum
input charge of the EUT.

grurmin: Charge amount when the EUT is energized for trefmin
second.

gruros: Charge amount when the EUT is energized for tietos
second.

grurmax: Charge amount when the EUT is energized for tretmax
second.

Teeer: Relative response ratio in the charge amount of grur; with
respect to qret, i.

RS d 1 —0.080% TdH - 72,

Table 512 EUT ® Eecerivac & EReteecumrent = 8T 53 5 F T
DA S &R T, EHIHE R O AE 2> S
WBEBRBEDO T — A M r— A% REME L7, Raecsoss 1
V)77 LY ABEBMEMDPRIEZSZ T 7: 8 &2 2 b8
FHRIE E B DM AR AT D ST, 0.080% TH o7z, &
i 18 oD ) 5E A R O AH uF B HERRE A £ 13, LINAC #:1
0.0071%, 0.051% T, Current i % 0.0035%, 0.0039% T
BHo7z. CurrentiBD JiAs, AT RO PIE G OHI WL
AHE D SIS D o 72 Reteouser D A BERE HEAHE 2> S 13,
LINAC #: & Current#:T0.18% CTH 0, WEHtrfik=2, BiH
DIRHENS95.4% T OILIRAHED 213 0.36% THIL TH - 7-.

3.3 {EXRFREICDNT

Table 6 12 EUT @ keieeivac & Retee.current 2 21 5732 F TD
VEEREM 2R, BALETO Y + — 247 v 71Z RAMTECsolo,
UNIDOS™ "™, SuperMAX % [{JBFICFE i L, 155 ALET
Holz. K77 M2OFKE, K77 M2AOKFFITIZ
LINACHEECLE R MM T, ZNZEN 2577, 2057 Th o7z,
F2FVMELEZ OVIC L CEMMEICEMI 28R L 2B L,
FIUINFEE 2 BRI 121 2 TR 2 H Y, ZOHE15
5 L7720, ARF3047 2 B L7z, LINAC X E#E
FOTL F—=XE LT ELEE L.

A B O E S R L, LINACTE X 1558 T,
Currenti%:13200ThHh -7, ETOLEEZ AR L7-AF
D EEWE 1L LINAC %, Current ik TZENLZ 111045,
355 TdHh o7z, Current{EDIEEREM X LINAC LD 1EZE
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Relative standard uncertainty [%]

Performance

characteristic Linac method Current method
Display resolution 0.058 0.058
Zero drift 0.058 0.058
Stabilization time 0.12 0.12
Temperature response 0.044 0.044
Temperature zero drift 0.018 0.018
Mains voltage (Static) 0.039 0.039
Mains voltage (Variation) 0.015 0.015
Qref 0.0071 0.0035
gEur 0.051 0.0039
Relec 088 0.080 0.080
Ue 0.18 0.18
U k=2 0.36 0.36

Linac method: electrometer calibrated with Linac

Current method: electrometer calibrated with current source
Display resolution: full scale in use.

Zero drift : residual leakage after zeroing.

Stabilization time: change in response per year.

Temperature response: change response per temperature.
Temperature zero drift: change in zero drift +2 °C change af-
ter zeroing.

Mains voltage (Static): assume change supply voltage diurnal
variation.

Mains voltage (Variation): assume change supply voltage
during measurement.

Table 6 Estimate of gross time to calculation of Zelecinac and
Relec,current 0N the EUT(Electrometer under test).

Gross time to

calibrate
Process electrometer
Linac  Current
method method
Electrometer warmup [min] 15 15
Water phantom setup [min] 25 0
Previous-irradiation [min] 5 0
Measurement [min] 15 20
Stability high voltage for chamber [min] 30 0
Water phantom clear [min] 20 0
M) 110 35

B D5 LT Th o 7.
4., E £

Tsuno H X EMEEHINCELTY =7 v 7 1259 1050
DY T A BT, RAEFHIEE 10 B 0 2 847
A%0.01% 55 0.07% Th o722 2R L, 20224 HFF
TERLTWAR) =T v 72 HWIRIESLMTICBIT S
7 7 — < ILEHER & 72 EBATEE T — 7 O BIREN
01%UFTHHILEZWMEL TS, ZoWf%eTHENM
L 72 LINAC#38 X OF Current {12 X % BT ll € DZEH)
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BEIZWTNE01% K TH o 72720, THICE5DE
DINSVEMEOEDSEETE-LEZONL.

AREREAET AN JCSSKIE 2 21T TH 2 5 N7z Raecoss <
#9% LINAC 12 TREME L 72 Peteerinac D AR 35 75 O e KAl
1 +0.15% (Table 2 ® SuperMAX) T & - 7z. Table 5
5, Z DT D BEALETHREIE B B Reteetivac D E S #EAS
A 3130.18% TH Y, IIEAHED $130.36% TH - 7-.
AIERERIIC X o THRIE S IWEBM A5 S 172 kacescss D
PR A 2 202 U4 T0.16% T&H 5. Table 2D
SperMAX TR L 72 Retecgoss 12X T % Retec,inac D FH 0F 75 7
DORKMETH D +0.15%2°0.16% £ h b/hsnwz L s, &
IEERHEATE D 2 A%0.18% (FLERAHED S 0.36%) TH 5
EREETDHE, Reaermacid, RIEFEBIC X 2RI RO
PP S OFHANTH L EEZDIENTEL. T
Current % (Table 4) ® UNIDOS"™ T 7% L 72 Eeeecss 12
T B Retee,current D H X FR 72 O I KAIE T &H % —0.090% I
0.16% £V H/hE v, PlEDZ 55, LINACHEE Cur-
rent B X DS NABAFIRIEEE Reteerinac & AL ET
T JE AR B Retoc.current 1&, BRIEEBIZ L o TKRIES N7
Relecgcss DR IEFE R DA S OFHANTH D, wIhd
FEDPHRENTVWEEELLNRS.

Table 50V 7 7 L ¥ ATEANLEF O BAT & quee & RBEAL T
DT qror ODHIFHEHEARHE A S 1d, LINACHE LD b Cur-
renti#ECT/NIL oz, OIS ERIBOER IO
EEP) =7 v 7O =LA MIOER LY H/NEh o720
EEZB. Lal, GMEEEREDPSITWTND 0.18% & [
LTHY, BIMEOUTEHEDIZSD XL DS SER
LIRMOERIFAEL TSI EREZLLNS.

Current % TP qrer & qrur DR ELAEAHE S S HSLINAC
FEIDHNASVICOEDL LT, SREERRED S 3L
T2FHICOWTERT 5. JCSSE SN OFRE D — i ERK
FIIE, RIEFEHE ISR T 2 IR S ORI,
% LH2MOENMFETRILT S L. BHONLD T
DWTIE, BIEOAD=H IS 5 — i 2 %2 v 5
Tk EiEEN, E5IC, [ZOADICI Y AHEIED
BIEZ 5% U KT S5 %0, Y) LiFenisd s
ZE| EERTWAS Y, —iki4 e L LT JIS 2840112
X, G2 ONTBfEE D BTV TOFMIAFL S
TWw2 Y, ZoOWRTIREMHRIEEROKIETRED
BB F2HTTHH I D, AHREEREISB IO
PIRATE D S IAR BT SHTH 2 LD THE BT 2 T
RMLTW5, b KE LMD S OER O HEEATE -
Sx1ELYE, MMM OAHE. S ZR A3 1/10 A
bk, AREERHENSOFETIRTLIEICLY
17100 & %2 5. AR TF3H H 2O 7256, 1/100 DHF
BB ToNDL T &%, Table 5D gt & qrur DA
S REEHEATE A S 13 b K & B AHED S ER O 1/10 il T
H5BHT LMD, Current{FiT quer & qror D AT ELHEAHE 2>

EALINACEL D /N ENIZH b b T, AREH#ER
MNP ENR—KL72DOTHA. 2F0), THEIPSOENEE
ALYA, MOKE A, SERO /10 Kl & 7 55
KA BAREAHE D S OFM R RSB L 52 b wEE 2
LMD, 12720, GNAEEATED S, JRAHE? S 2 AR
BRI 2HAT, WDICEVEVETHERTAR
S O 5% DL KT €2 546121, Y0 s
ThBRTNELL NI EICHEETRETH S,

oD s, BMFOMAREIC X 25HITIZE
MEROIELOX2/NXL LT, BUFMRIEEHB L OE
WRNEKEAR B O A BAEEAHEN S /NS TR ER E TR
LWIENRDHL. Tihbh, WHEMHEMWEKRTEDD
DEHIEAT ) BAICIE, B EOLEREE NS TH
LIWCHHT20TIE R, BROZEENIEN T 2 A D
SOMUDOATE? S ER & I L TUIOLT & 2 ) ol
IVYNHETONIL L) PR HERTHIEPEETD
5. Wi )i e U CRATROLBREATCIC X 5 L)
BHY EDBREL o TVARVREI DERERAT LS
EL—BITHLEERD.

BRI A o TV B 2%, i ERELE
PEEHCHE T 2 2 &2 X ) fili 5 BIRIEOHIT & SREEHT)S
BEACHEE S, ARIKPUEAZEIL T 2 WS 5. 72
EL, BMATOMRR R ELEDL L OB HEE A W R
D PREIRPTIE AL LR, AT, COMETHALAE
PEFHZ B W TR X 2Bl S e o722
e, F—HMXoBMFIH L TR EIZEH TR TSH
5. AL, MoRXOBEMENCB 5 RERTTOZEIL
IS Tld Rz, S EIIRZ 72 R O 4 3
PBEBTHLH9 L) PRI X 2RIEM R b LI
ERLTBLLLERH L., 20X ) IHEREOZ UM%
RIS 5 & & AIRWIR R DR BE 2 PR 5 5 72 DI LB
THYXAD—DTHY, EHHEHREZEH LA
B 720 ORER R MERVESE Tla e,

RELIZE, UTFoRRE»HS. V7 7Ly ABMEO
AL FH L IE 8 % HHE T Racouivac & ReteoCurrent & AT L T
WA 72, FIEREBIC X 2 RIERE RIS 5 2 o oRT
BB OMMBEDOERDY 7 7 L v ABME REBREM
FOVTNICHRT 200280 535 2 LI TE W,

ZZFT, Racermac & Releecurrens DVLRAFED S 22D 0
WZ EIZOWTHELLD, 295 Table 612/R L7
VRN R > TE R L. BEIAA K94 12
WS N7z LINAC AR 12 (230 & 7o Fh e et
WCiH>TR7 7 v P APICERFZRET 2LEND L.
K E R 2 B4 2% (American Association of Physicists in
Medicine: AAPM) ® % A 7 7 )v — 7 (Task Group: TG)
198 TiE, K77 ¥ P2 ZHWIEEELMIBIF 2 E— A
WA EERBRZ T ) ISR Ay b7 A4 A (EBREER)
%45~60%"% L BAE b o TH Y, LINAC X AAPM
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TG-198 L [/ UMM L LTV D 2 Eh S, FEEDORFH
WLETHLETFHEINE., HTA2)=T vy 70— A
WHDPRE LTV ABBAIZIE, E—a i HoZEIc L 53
TREDIE GO E 2 HFEET, ©—AMDHiEH O E =
5 BB DA B L6015, 4RE= % HEH
HMEsT 2 o whiElE, V=7 vy 722 Hui-EEH
HRBEOFNEZ #5280 LTHE™ ShTwsb
25, VEERHZAEDOREHIR SN DNPIZOVTIEER S
T, ZORETIE, EETEORTKZ 72 MA
DO & AT O 70 OFEERR], B X OVEBRICETE %
ML 72 B ICEHA»LET 2 T TORBIFMICLD
Current 121X T Linac I OFFER RIS EL oz b &
ZAbNb., FUF=XELTC5GyREDH %2 EiET 5
LR WG b H DD, 2700MU (%5 5)
%500 MU ($9143) ICEHET S I & CREBEAMEATRET
3D 55, EEROIEERRICHT2FEIEHLTHTH 5.
F72, K77 ¥ N AOFRRERHIL, RIESRMICH - 72BHE
G OBRETEIMEEND D720, FAHTORFE LD b EL
TholzbZz206N05%.

LINAC L, BB O EL MO MBS MEY & &
O RV ZEIRTL2LENH Y, BoNREOHRT
RWICE T HVERHSH. CurrentFEZ) =7 v 7 %
R LRV0, @HOEBELEOERZZICETIEED
FEMICERTE DFIED D 5.

P E®D X 912 Current #:1%, LINAC 3 & JERAE D S
AL TH 57213 Tid7% <, LINACHEI AR TIEERER
PRESLTIEMC &, M SER R ICEBMET oM ALK %
EiTHIEBWRETH L 05, EENROBELIS
HWTHDLEWVWRD.

2

5. #&

ZoWgE Tk, BMFHMEIEKIC2ODHEEH, &
MEITA RSA D) =Ty 7 2l L2 EPBRD 2
BAEMIEE R & L W il S B 2 V72 i 5Kk
BN FHRERBOAEN S ERFT L. 2200
BORFEN S IBEARBINC X B A IEHE O AR & OFEPH
WTHY, MBERBEEZHCLFERITA V54 YOk
CHUKHETHL I EERLT.

CHTIMAT, #rLwiisERELZ W mETIE, )
=7y, K77 bA, BEHEETHCLLENRZNDOT
VRN 2 T &, BB O ER h ST S ORHICE
MR E IR 2 EfiT 5 2 e TE L7020, EEHEE W
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Direct Positron Emission Imaging Using Ultrafast Timing Performance Detectors
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This is an explanatory paper on Sun Il Kwon et al., Nat. Photon. 15: 914-918, 2021 and some parts of this manuscript are trans-
lated from the paper. Medical imaging modalities such as X-ray computed tomography, Magnetic resonance imaging, positron emis-
sion tomography (PET), and single photon emission computed tomography, require image reconstruction processes, consequently
constraining them to form cylindrical shapes. However, among them, only PET can use additional information, so called time of
flight, on an event-by-event basis. If coincidence time resolution (CTR) of PET detectors improved to 30ps, which corresponds to
spatial resolution of 4.5 mm, directly localizing electron-positron annihilation point is possible, allowing us to circumvent image re-
construction processes and free us from the geometric constraint. We call this concept direct positron emission imaging (dPEI). We
have developed ultrafast radiation detectors by focusing on Cherenkov photon detection. Furthermore, the CTR of 32ps being
equivalent to 4.8 mm spatial resolution is achieved by combining deep learning-based signal processing with the detectors. In this
article, we explain how we developed the detectors and demonstrated the first dPEI using different types of phantoms, how we will
tackle limitations to be addressed to make the dPEI more practical, and how dPEI will emerge as an imaging modality in nuclear
medicine.

Keywords: direct positron emission imaging, Time of Flight, Cherenkov photons, microchannel plate photomultiplier tube
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BEMHERICEEEE AT 2L EDOLNTE
D, ZTOFEMIEBICHELTWE Y. MRIOHAIX
7 =) TR L o THEFHHRATOIE Y. wiho
BEOBHEIIBVTHFHIFT — 7 22/ 2 H0c o it h
EEEFRER S IE L {ATbNY, Wi{E i/ 4 X7 —F
777 M LTHMSE., Lz > T, $FICXHCT, PET,
SPECT 33 RCOHENLOT 7)) v e Elis %
7202 Y ITRIRENMSL S5 580 5.

LRl Y, FEEICBWTHRHEINS A XY b
(B T VW) o—o—2 3 & MiEMmE -7, £
BoA Xy Mg UCERIlT — & 2l % Tociile, Z
NoH2H 5 —EDMetEZE b o TH O THAE KA FE i
BN, L LPETIZBW TS > < # o R A7 [
7% (Time-of-Flight, TOF) # Il L T& 4 X b O E % ]
L2 BEMBDH Y, 20104 LIETOF-PET & L CT)is
CERLTWAS. HEROPETTY ¥ 7 EICRE S NM
WD B, WMICH LN CRIESHERT » vz i
W3 52 & T, &% S8 (Line-of-Response,
LOR) L ICH R TR EDH 5 2 Ehbh b, Zhi
TOFEMZEMA A 2L 5T, HEARNICHBIT A5E
T TE %2 LOR Lo —EBICRES 5 2 LA TH Y,
e T AR FE AT EL A E E 8 T A i & SR TAg IS B © &
. HELRZ L, TOFHERIZZENZD D O THE S
HWALE A ET 20O TIE AL, LORZBET S Z LITFH
MENB M THA. TOF-PETO#E2I1Z Fig. 1(a), (b) 127
END L), ARFAREFHL S N5 MR % & S LOR
DOREZEVTOFEHMIC L Y BATMWICREE N L7720, 7
F v 7 4 Xt (Signal to noise ratio, SNR) iZ[1] 34, L
A L TOF T IC & > CTLORB{RZEM Fo— g s h
2D TIER L, LORIES B Th 2 7o EHEE
BAWE L 22 5. TOF-PETIZ X %5 SNR D] FIZDWTid
404 BRI SR ENTEBY Y, UToXTESINS.
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