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Measurements of Short-lived Species under Irradiation

-~ A Rapid Scan Spectrophotometer for Obtaining
Optical Absorption Spectra— —

Shin-ichi Onno, Akihisa SAKUMOTO, Yohei TAKASHIMA¥,
Mitsuru Koike and Kenji MoTojiMA**

Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun, Ibaraki-ken

Received May 27, 1971

Summary

Some problems and recent advances in the techniques of observing short-lived
species during y-ray irradiation are first discussed. On the basis of this discussion, an
apparatus is constructed and is combined with a conventional rapid scan spectrophoto-
meter (HITACHI RSP-2 with scanning speed 30 ms/100nm). By using this system,
it becomes possible to measure an optical absorption spectrum in the region of 300 to
700nm of a liquid sample during a continuous irradiation with $Co-y rays at an ex-
posure rate up to 2x105Rh-1.

The experiments on aerated aqueous solutions of methylene blue and on other
systems show that the method can be used for the investigation of short-lived species
having a lifetime of 0.1s or longer. The possibility of studying shorter-lived species
with some alteration of the apparatus is also described.

* Hitachi, Ltd., Naka Works DWG
** Radioisotope Center, JAERI
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TABLE 1 Some trapped species in frozen matrices studied
by optical absorption

. . Absorption  Extinction
Species Medium maximum coeflicient
e 77°K, 10N NaOH 585nm  20,000M 'cm™!
e 77°K, MTHF#* 1, 250 16, 800
CeéHsCH:  77°K, 3-MP*® 320 12, 000
(CéHs):CO~  T7°K, benzene 545 12, 000

* Methyltetrahydrofuran 7
**) 3_Methylpentane
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TABLE 2 Transient species studied by pulse radiolysis

techniques
s Medom  Avmrption  Extincton
€aq~ neutral 720nm  15,000M ‘cm™!
HO. aq, acid 230 1, 150
CsHsOH aq 313 3, 500
Cls~ aq, acid 340 12,500
Ni* aq ~313 2,100
SeO3~ aq, aerated 435 1, 340
COz~ aq 250 2, 400
COs~ aq 600 2,900
Ag® aq, neutral 310 23,000
MB*® 420 10, 400

’bwmeth);lene blue sé;ﬁquinone radical.
BOZETHD.
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EROLED &5 Bz h B, RISERD
SEME & R A RRHCTTE S DI EEERR DA HE
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i 3

REnTn s, UVIP IR'™® EPR® TmiiERE, R
RHMNERSE T 107° WREOEAMTHETDH 5.
WEdR&FEEsEToTEATVS &I, 1§
FERARMICE Y Ch LRSS RINBRERIBET 35
RicEhid, REEZEHFCb - TR TATENTE
3. Ft, HOBRBELBHT 3D ICEBOREREE
MLTBERE SN DETHRELS. ZhriTH
T 51, —FOEEEBO SVATRE LT, 554
LEBOEREBELREZL S8, APLTESELESE
BTMETECEIEIYSINAFLT B ENTES.
BTV VTR E DD B0 REREELFIRTY
3. BT, EREsEmBozF o EPR ©
X BREMND B,

1.3.6 {LPHHE

RBEOHIMANIC & bR EEEISIC L hIHLR
HTUESHER, RISHBCHEEL CEFaEo™EE
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WERBE, TROBAEEST X, & EFETeed
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WAVE  LENGTH (nm}

Fig. 1 Radiation-induced change in the transmittance

of the quartz cell. The transmittance of the
original cell (before irradiation) is normalized
to 100%.
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=
T qzﬁ; 10cm

1

: Photomultiplier
: Resisters

: Pre-amplifier
: Shimazu QR-50 spectrophotometer
* High wltage D.C supply

<=1 r 3370

S: Co-60 Gamma ray source

Fig. 2 Block diagram for measuring changes in “ap-
parent transmittance” caused by gamma rays.

TABLE 3 AT (%) values vs. radiation intensity

Dose rate AT Photomultiplier current
2.4Rh™! 1.7%
3.6 3.1
8.1 9.7
14.6 16.7
32 47.0
130 — ~0.9 #A
900 64.0

TABLE 4 AT(%) values vs. light wavelengths emitted
from the tungsten lamp Slit width: 0. 005mm

Wavelength 4T
400 nm 33.4%
450 93.3
500 >110
600 >110
650 27
700 5

S0 ns =501 L5 BNRE

Bl 4T: DARK (RREWHHAG >3 4H) 2HHML
THNNR) A—=2D5N%E0 IR LTHEL. K
iz Co-60 15kCi BMEAFEDMEBICSH > T
3. ZOEERRENATETFHEEHOMERE
KIS TH WIS, A =23 b. TNy
A—2D5NEORRTEDIED LI TY%
b LD,

BlERERE TABLE3 TR L7c. COETR, Br Ok
BRI LT, 2~3@EoREMH 4T(%) DEBEER
LTdh3. 18720018, MEERCIINRBTHESE
BEBRESDBEINTVS. BRI, BEIXET
MESOER»IORHOENE. KL, COEH%: 3m
T UIBE, BHOLDPNTRERTETH - -
7o, MBEEHBFHEEMCR 0cm D Lo~ ED
Srtc. THIREZBERRIEZR .

I/Iy=Be™*
BRENVFT » 7HKTIZHD, /23880 XT

REFE0WlE 5

* Radiation source

: Photomultiplier

: Pre-amplifier

: D.C. Output meter

: High voltage D.C supply

< € r Vo

Fig. 3 Block diagram for measuring photomultiplier
anode currents induced by gamma rays. Photo-
multiplier and its pre-amplifier are simultaneously
irradiated.

TABLE 5 Photomultiplier anode currents due to Co-60
gamma rays

Distance from the source Radiation intensity current
[e) 0 0. 000 A
4.33m 1.7x10*Rh™! 0.03
3.63 2.3x10? 0.04
2.63 4.2x10% 0.08
1.63 1.1x108 0.22
0.63 7.2x10% 1.52
1.13 2.2x108 0.48
1.63 1.1x103 0.22
2.63 4.2x10? 0. 085
4.33 1. 7x10? 0. 035
co 0 0. 005
0cm ¢H 3. I/l Offix, 0.0027 L1353,

TaBLe 3 OREME AT DEOKRE S BB TEE LS
IC, TABLE 4 (T13, BEMINEEF TLEN ¥ <Rohb
WA E VI RATF VI VP22 DmENBTEIT
LCRC#BIEIC & bR AT(%) DiEAERLTHB.
b) ¥ VBRI X ANETFHEEBHBERORSE

BB ZHBNTIE, Fig. 2 OFLEERLTHA.
FIEMIERLE L CERERE THL:.

FETHEE: R136
#7E : Co-60, 3KkCi
FEFHESHMERE: 500V

BEEONLZNEXOREERKSE 0.0000A L LT, #
FAXRBTHERCESY, SNETHBRERLHIEH
EHBEBELTRE L. ¥EE%L TABLES [T/RT.

wiT, ATEMIES CEYK) O 2 BREBE R 1.4Xx104
Rh™ ¥ TOBHREEFETRAE LT, BEPOMIFERD
EERBD, BECLAECIED ORI D - T:.

Wi, RETFHEEL LUCHBENESRLZ Y - 7THICA
4 (Fig. 3), RRICBH LcBAD, RBFHESER
ZRE U, BRE TABLES (CRT. H1EOHEICE
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Photomultiplier anode current (pA)
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(10® R/hr )

Fig. 4 Photomultiplier anode current as functions of

radiation intensity

radiation intensity.
a: photomultiplier only is irradiated;
b: Photomultiplier and pre-amplifier are irradiated.

TABLE 6 Photomultiplier anode currents observed when
both photomultiplier and pre-amplifier are sub-
jected to irradiation

BOMBRIRH I B 21890 (LEEOE

Dose rate No. 1 No. 2
0 0. 015 A 0. 012 A
1,7x10?Rh™? 0. 035 0. 032
2.3x10? 0.045 0. 045
4.2x10? 0. 080 0.077
1.1x10° 0.190 0.190
2.2x10% 0. 345 0. 405
7.2x10% 1.2 1.2
1. 4% 104 1.55 1.4,1.6
7.2%x10° 1.21 1.2
2.2x10° 0.44 0.45
1.1x10% 0. 200 0.21
4.2x10% 0. 082 0.09
2.3%x10% 0.05 0. 052
1. 7x10? 0. 037 0.04

0 0.012 0.02

EOSVTHE2EOAEZETHE-1c. COBAIT, BE
HROBEMNRHEBICBL L THEY, WOBEA, Tiibb
WBTHEE I ARH L2E4E, BERESCHED
LT dbDTH 5.

TABLE 4,5 D&EFIT, Fig. 4 K EDHTH5.

¢} E %

LT, FV/=REBHETICH2&BHOEZREMS &
CHTETY FVoHcL s ABETFRIEEBROER
LB EVIREDD LT, MEIhIBREOL—4
—DEERAS. TTEEDPTERBNE (SHET
B OERTEH AVF—ZEBLEF O NE 3, 100
eV OBURRT A V¥ —FKIh 10 @THYH, 0
TANF—i3H 10eV L LLS. Licdt-TE&BK (1
cm?) OEFEHS 10A OEISOBEZIT, TR
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HURBTFMBIRTECHTELTHEINTHAS. &
BEEE 10 LT,
104Rh™1=6x10"7eVh g
=1.7x10MeVs-lg!
=1.7%x10"x10"%eVs~!/em? Eifj
G4 A v{L)=10TH 5 n5, BHREW,
10%1.7x102x1.6x10719x107% 7 0 — v +s7!/cm?
Fi]
=2, Tx1072A/em? EH
FEFHEEREERE 10° L3 hild, BEER & LT,
¥ 2.TX107°A, 7 ibhE (@), (b) THEMINIERRME
LA—FR—HLTVEZ Ehbh3.

2.2 EKEICERIh SHEE

BEBREH TS CERBEIGE LGSO LEE
DHFERIXRA L7 P VvOBEETTEET 5201, 01k
ZEOEHBESKEVC L, FLREROREISK
ENCEDNKBETHS. FBOEBHEBENTLE0
i, BEBRBAXVD, TR EEOFMBRNLE
TH5. UEORK DA T, HERBBHBCE -
TRAINTORENKBETH 5. chicid, Aok
EDrOERINB XK,

(a) RETHEEE <10Rh™
(b) REHZ X <10*R
(¢) @EFBRT <10’R

OHEEANICHHBERBIUBEBEBIZ D EBEK
th5.

wic, BlELES ET5EBOER RER HE
OBRHMEREOHOMELMB Ibic, BMEDT— 2%
WT, BETOKPICET ZKNEBETF (€a”) BLTEF
vk v EEER (HO:) ofilg: A4 5 BAEEL
THES.
BERIDLXIT e OEREENGC=2.5TdhH,
F7 e B2HFRISIC K-> Tk 2 EEEHTHE
T35 EThiI,

d[eaq_]__ _ ~N2
2 =GI—k(eaq”)

EERBCBOT,
172

Eeaq_]sz(gkl) /
I=10Rh™!, G=2.5, k=10"M"1s"! £ T,

(€aq )s=0.8x10"3M
F 7 €aq” BAKERISLUT I HFHICHEKT 5 L &I,
E=16M"1s"t £FHINT,

(eaq")s=10"°M
e~ DATBOLFRE €=15,000 (700 nm) TH 205,
BEZEL 0.01 24 odiedicidBel e vOXEE
12 70~700cm THREFNERSIBNT LTS, TDX
IIEHEERERONL D% TABLE7 IRUI. B, B
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TABLE 7 Estimates for measuring absorption changes due to short-lived species present under irradiation (106 Rh-!).

Species Absorption maximum Absorption coefficient Concentration Optical path-length®
€aq~ 700 nm 15,000 M~ 'cm™! 1078—-10"M 70~700 cm
HO: 230 1, 000 6x1077 20
Ag® 313 23, 000

10-8 50

|1
HlOcm
i

rate  ( R/ hr)

Dose

X or y in ¢m

Fig. 5 Radiation intensity distribution as a function of
horizontal (z) and vertical (y) distance from the
cylindrical source used in the present experiment.
Data from the operation group of the Co-60
irradiation facility.

13.4 cm
-
45cm
-
Ij: : <
|
[ S -
: [ L S
| ! : |
| |
i | ! ‘
3 1 i | | I
HcErELE
! l 10 cm 1 |
I A— 10 cm
<« L ——
(a) (b)
Fig. 6 Schematic drawings for the two possible set-ups
of the irradiation vessel to the cylindrical source
(S).

HBICE - THEREN, TORNAZ brB@onT
3 I~ Clom, Cd*, Zn*, Mn*, Co*, MnOg2~ 7 &3,
FHEEGMAEIN TN D BRI KBS R+
VB R DOHEEMNT IRV,
DEoZBEIOHBRINZIZER, DDhOFLETS
HER, (1)EBEVZ 100cm DRBEEEZ DT L,

* Optical path-length required for detecting an optical density change of 0.01.

TABLE 8 Total absorbed dose rate (relative value) in the
irradiation vessel of length L. For the set-ups
(a) and (b), refer to Fig. 6

L) (a) ®
10 10 10
30 24 20
50 28 24
70 29.2 27
90 20.6 28.6

L~
/
-
/
~
5 L /
]

ZIP

s @ |4

Fig. 7 Schematic drawing of optical arrangement: X:
a 150 W Xe-lamp; G : monochrometer (a grating
which can rotate for wave-length scanning);
L: lens; V: reaction vessel; M : mirrors; P:
photomultiplier; A: oscilloscope; S: radiation
source. The unit, X, G, and P, makes a Hitachi
rapid scanning spectrophotometer RSP-2.
(2) BFHEEROHHBARE R I0Rh PINTH 3
z&, (RO BRERIT 1°Rh DlED C &,
()RM e VCHERINZAELVD D J 5 RHRRE
'R gBEA 37w, 18RS H OKRBIENZ 55
PR ETSE, DLRERITTILTH- 12
CO4AREMETLER LCEBEORRICHT B
BUFHEBELZRET SICH-> T}, BEDCEDLHIC
O BHABRRBATBERLRFICNS. Fig. 5 ic&
NERT, Lied-oTEBEeVERS LTHREN SE
WS OEBHI SR ED U USRI L 80O O TEEL
1R &, AEREBERICE LR v (AERE
EZ3) 2EHICLUIBEE LAFIC LA (Fig.
6), VDRI LHHORI T 3 £REEOHEMNEE
TABLE8 [Z/RT. CODELLOMB L DI, BVOER
i 30cm PLEIRLTHHF DA TRAL. &/, Fig.
S hobhd lid, BELSImONES®AD L,
BREOEEAMI BB ETORMMBKEFMICHELT
A5 b MR AIEN C EThB. 1AM E bR
HCHEIC DIz > TR R P ABRIETE S C ENH
BEXETHZ. £5LT0.15 BoRMTRATRD
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: Monochrometer

: Somple cell

¢ Reference cell
¢ Photomultiplier

: Reference signal generator

D e T OO W

. Booster rectifier

Fig. 8 Principle of RSP-2.

Fig. 9 Optical arrangement of RSP-2.

1. Xe-lamp; 2. W-lamp; 3. Mirror ; 4. Cut-filter;
5, 6. Slits; 7. Collimating mirror; 8. Grating;
9. Half-mirror; 10. Reference cell; 11. Sample
cell; 12, 13. Photomultiplier (R 136); 14. Pre-
amplifier ; 15. Differential amplifier ; 16. Booster ;
17, Pre-amplifier ; 18. 100% line adjuster ; 19. Wave-
length singnal generator; 20. Synchroscope;
21. Amplifier; 22. Wave-length scanning unit.

WIRA R b VERET S EDTE% B RSP-2 #

58 ¥R+ v VARKEHEROT, Fig. 7 OEBMEIC
R kS MREFRSBES

2.3 H3iL RSP-2 BG3LEEM OME

COSNRER, HECETIREEEL L, b
RISDEED & 5 skiE Lz d>EoRle%: B
LUTBHRINIHLOT, HERfot 0.15 B, #XEK
THHLENI L ENBERTH 5. AEHES 220~700
nm, ke lom TH 3.

Fig. 8 KMz FHE %, Fig. ® KHERERT.

¥/ VELRBEVIRT VS VT oDORERITEK
FiEOAXT 2. BEEER, COEFRFEOEKS
BHELERE-THEbLNS. RERERE, <VEL
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va s THOH NN X =2 ERNTEOREREE
MALTHS. Al BeRR N —7I7~ick-
TEAEM, REMloEtEcHTTON, ThEhotr
ZEB% RBTRETCREING. BRIQLTHD
EIE, BB L UEER VIC AR SN Z RS
L, 1Bk VB LUEELVEBB LI LREZN
zn LI t£b¥id,
BeiFEER T=1I

Liehs>T I ek b Bl VADLEFREE RS
BR ¢ ZERCIST—ETH L IcThiE, BEK
VDL EFHEERR B2 oxETE25%5%. o
729 Fig. 9 TRT LS, i/ L —EORBEESLOESL
BIELT ZOHANTHRETHHETOMNMERLHEL
T3, BIMBRIC & » TRETREERENELL,
BRI I B—EikFiens.

M, WBERE (VVAa—UIA VIS YIRA)
Kb, XBFHEELOTEIEARY) =Y DESIL,
WHERRCTICELTED. ASNEHOHEL
RITRT .

¥FHE: W3 v7 (a8 10V4A)
Xe 5 v7 (A aTEE 150W)
S#F: AR T 600 A/mm, 300nm 71—

Ms
T__"I_‘T ar°28's 1’
|

]

I

1 t

M, : Light source mirror ! !
S.S; ¢ Slits | i
HEE

Ms : Separating mirror

s<
8

MM, : Triangular mirror

P Photomultiplier

V  © Rection vessel

Q : Quartz lense {f=234)
LiF : LiF lense (f=137)

908

Q f =234 (Na-D)

<= UF =137 (Na-D)
e
"
— H+ +‘Lr—4
M, | SMS, M 90':0.1! P
M,

Fig. 10 Optical system of the apparatus for measuring
absorption spectra under irradiation.
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Fig. 11 View of the apparatus.

B LEFHLEE R136 (2
KrEE: By V08B Ay Ra—7
Her: ¥R 2 Bmds, EKAERDES:
REe—~ ¥ BRE 0—100%, W 0—-1.0,

TR INF—

Be SRR 0. 15 % (HEANM 3 Ho)
Ak ER: 220~700 nm

ZY v ME: #E# 0. 07~0. 7mm

SHERE: 1nm

BRHE: £5nm

HDERE: 3%

2.4 HMERSOHUE

BHER,

A ST BUEFTRE TENCRIR L 7. £ ORFER

Fig. 12 Sample cell.

A Fig. 1010, F /- AERIL Fig. 1T ITRIN T 5.
HFe iz, 200mm Bro 300mm ORXD2EET
bb, XEER ThTh 40 X0 60em TH3B.
ZDHERRIT Fig. 12 1TRY.

CORBKRERE, BIUOEEKEHABMELLLEOR
BV EERLUEEOMUEEHERRBKRDOL DTS
5.

HE®: 330~700 nm
BOE: 200mm v 55% PIF
300 mm & 65% PIF
100% b : 200 mm 4 15% DIF
300 mm & 20% DITF
#® ¥: 5% MF
HeEi: 3% UT

EELERRBEEFICEESIN, BEKEFICLTHA
(Fig. 14). FRBETFHEEED O U 5 BUHBRRELER
BRLITICT 37200, 870y 7 2RBEITIE U TR
CEDTXE2BROBHELTEL (Fig. 14 BH).
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3. I

3.1 BRESCAFULY T —IKEED Co
HYIRBHBPORRHRNZI RS MILD
A5

1.1 &

BHBLTISIE BT 20 EMUEER, £ 08A
WETRMERER O 2 290 A MBI L > THES
N, KEIHEBSOTE 7229, —J, EWAE, &%
1$ Co-60 " v = SMAEE O EHENEOHE DK
ARG, FoFBELTR, (DFEFLTHS Co-
60 M DOHWELTHTRE O 120, EHMEORE T
REEESECEBTELNT ENEL, (2)HERIT
WY B MAHROREBEB I NI S0, T hid,
YRR OEADPBEFRAMNOHAID BRI MK
L, BREBEILND.

WE TR BRI 2 mEERSOeES (HAL
RSP-2) t#lAa&bEBE, 10°Rh OaHEHRETIC
b HHARRE D 300~700nm {2 72 BRI AT bov
ZEBLENTEDE., ABTR, ZREETOXF LV
TN—REEERE E Lt LS DERFIZHET 3.

i

¥

Fig. 13 Sample cell in the apparatus.
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A B

AF VYT I— KU D BRI DT, RO
CEBILMOENTNB?, BEAGTIHLNAFLY
T~ KGR () 28V <BHT 5 & 9% E L
BT 3 REHETRICRERFNICELSAERSE 3 &,
HHICILOBRICRS. LT, ELXEZHoMhLD
BAREEATF LY T V—KIEREMHEL, ZO00E
LA 75 2 LT EIREEL.

3.1.2 RRFAE

15kCi Co-60 A& e HIEKMRE (F4% 138. 4em, #X
40. 5em) ZHEF LAz, BER, g8 (3 3ems™) T
TAC—LEABET LA X MLSNEINTNAS.

A, BX 20em, W 4cm OFERR€ VT
HH, MRAETZ2TH B (Fg. 12). ki
RSN E AT, R TO B0 LT. fktew
AREEICRBE L ET AR Fig. 13 1, Bty —
THRO¥EE Fig. 14 1TRT. r— 7 AR E I N8
se®mAi Fig. 15 TR,

WAL, WHREREEZOT FEM, F/oKkKBEHOD

Fig. 14 Whole view of the apparatus in the irradiation
cave.
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Fig. 15 Operating area.

EEKTH- 7.
fEM L7z Co-60 BN &5 D BRI, SRR
o OREA Dem &L L7z L %,

) 9.2x107
IRh)="7, (1)
722U, D=20cm

HARNTEDLINZE®, W, 77 LHih OB E %
WF— (eV) bEETED.

SOOI A =2 b v (330~700 nm) 2, 0.15 FhN
TELN, AEYV—23—7 (A3 V-018) icigsksh
3. F oI RI BT AW ORHAL b FERICE
BTx5.

AFUYTN—EER, REIN T E0TFRLEER
0. 77Tx10°m'em™, FE 665nm)® moHE Lz,
FAL7ElB VoK ER 0cm THS.

3.1.3 EEBEE

a) AFLVTN—+T R —

Fig. 16a |3, 0.1M = %2 / — VA S TEEHETD 3
X107"M A F L VT N—KIFHE DT PIR Z 7 b it
w95 RS RERT. HABRES (2 3x10°Rh™) 13,
650 nm FFT ORI AR 20—20% WAL E TS, L
HULLHE, ZoRHHhOBEI, BIFEAKREERD
bDTHAC EMbr-1. Tabhb, BRELRHAE
o EIBLE BHMEMAUREORIIZA RS v
Boht. COEEAREIL Fig. 16b LRI N T3,
TR, MENE»CHREEBEHIEZ I OREO
BE¥ - LT, 650nm i B 2B OLE/LIA v R
=7 RicEbhh TN 3.

TE/—VEEE S LKL (107°~1070M) LA
CAREBOEENLE SN, 7770 1003 =8/ —
OEAIE, BEREZOBRNERIERRETIL A,
7= (#390% [E114) .

b) AFL VI N—+D-Fa—~x

3xX10°"M xF L v 7T~ 0.1MD-'va—2pkE
KRRk AN O pH fE (i 0. 1IN Bl HX
¢ 0.01N NaOH) TH~7:. WTFhOBA LRI
PILT 5. Fig. 16¢ o, MEHHI&Batdh (3.9x101

I 11
—-——120ms -
i o »/f/.,.’—""“‘l'o
[ 4 - .
N L [}
G 0.5 11 ’ 18
- 4 b time _ .
oL, =, e 0
=4
5 4 5 6 7 (1 div=2.45)
A (X100nm) (b)
(a)
—_— QOmS T
1.0 ; T
- 4 0.9
2 0.5 1 15
y 0.9 (@}
° 1.7 1
0 - . Ttime '
T 5 6 7 (1 div=5.9s)
A (X 100nm) (d)

(c)

Fig. 16 Radiation effects on absorption spectra of aerated
aqueous solutions of 3x10°7m MB*.
(a) 0.1M ethano! present; Spectrum before ir-
radiation (upper curve)and during the irradiation
at dose rate of 3. 910 eV g 157! (lower curve) ;
(b) Recovery process at 650 nm; See text; (c)
0. 1M D-glucose present in 0. 01N NaOH ; Spect-
rum before (upper) and during the irradiation
(3.9x10%eVgts~!); (d) Fall in absorption and
its recovery accompanying the transfer of the
source (see text).

1.0
1.0
i £
=
L | =
] //\' b ©
//III “d °
NG =
i - i S
0Ly 1 = & 0 ’
(@) A (X100nm) (b) time (m)

Fig. 17 Spectral change of an aerated solution of (3107

M MB*+10-4M CH3;OH) with irradiation time
at dose rate of 3.9x10%eVglsTl,
(a) Spectrum before irradiation (a), and after
0. 5(b), 1(c), 2(d), 3(e), and 5(f) min irradiation;
Reference solution (g); (b) Plot of optical density
at 650 nm from the above results.

eVgls! 83 2 xAVF—RINE) ODAFL YT —)K
B ORI A RS b vAR U, REDORERE
BROBIUIEROTHREBIHIC LS -> TRIRLEE
OREIFEDOBERIKEI WY EZ T LNTES. BREER
Fhe—g#EE 3. 3cms™) THSH (BREFERD), K
KEISTHACE LN ARREORHE/E, 001N
NaOH the 0.1MD-/'va— 2 &2 ADEAIE DT,
Fig. 16d [T RENT 5,

) AFLVIT—OREFEER

AFVYTN—DEOEREORBED, EEEDA X/
—NVEEDEACBRIN:. Chi3EREatRET
HoTd, TN UYHFREERERIAATRES
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BN TH-Th, HRIC, BEEBRELTHRE
L7ck3Th-k. REELBEEHEICE ¥ (RER:
3.9%10%eVg™s™), KL & IR ZENARY
FvEE EHT Fig. 17a KR L. 2 hhHEE
T&BAFL YT~k Fig. 17b 1CR LI, F1
Gl (MENTH/100eV Iy x 2 v F—) 1%, #0.05
TH5.

3.1.4 ¥ =

RFEGL A F vy Tv— (MBY) kBERESEED
HRALAYERAT TREBREHT % L i3 ERIE
REHTHE. BB A VvF—Z 2 FRKCRR XN,
KBRRD L H K HRT 5

H,O —> H, Hy, eaq, HsO*, OH,

B LU HO, (2)
WEIAREKIEE (BREE 3. 7Tx107mM*) T3, HR
FE L ea” OKFIBTF) 3, BFEERE L T HO,,
O &13THAS. 72, L MB* BEICHL, &
BILAYBENENE X, OH 5 Y vid~T

OH+RCH,OH —> RCHOH-+H,0 (3)
DREIGTHEETETHAS. ¢ T RCHLOH i3, =%
= D-7va—2EERT. ERULBERI VA
NIBTTHTH S

RCHOH-+MB* —> RCHO+MB-+H*  (4)
2T MB RERMIBTELES U i+/ Vik
%%b7T (Fig. 18 ). RCHOH © MB i1¥ 05 v
A, HEREE (B RELEES BEAaRE) L
tzh, HaNE 0, H:Oz, O 3 L2 HO: 758 &
RT3z i08Ei003. choORBREEHES
NTHORNDOBEDE, FORIGRIEBICHENIDOTH

989!
. MB*
(CHs)2N S N(CHz3)2
N
(CHs)2N /©isji>\N(CH3)z

) N.
AN ,
(CHs):2N ” S N(CHs)2
i .
N
o, -
(CHs)zN S N(CHs)e

Fig. 18 MB* (methylene blue), MB (semiquinone-form),
MB?** (half-oxidized form) and MBH (leuco-
form).

Ze
[os]
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TABLE ¢ Some relevant rate constants

Reaction k(M~1s71)
MB*+D-glucose radical 2x109
MB*+eaq” 2.5x 1010
MB+MB (pH 7) 3.0x10°
MB*-+0H 1x 101
CH:CHOH +0: 4.6x10°
RCHOH (D-glucose)+Oz 1.6x10°

BEEZTEN. TN TIRAEINZBRELZKIED
HEEROME TABLEY RLTH 5. MB (A FL v
T—t 4/ V) ORINARY b vt vz Batic
b dhns (RN E— 7 f7E 420nm, £=10,400
Mlem ™) Fig. 16a,¢ OEiCiI, MB YT 2K
WidA5NH. 2O ERAKRO EHT Tz, MB
DHEETERICDEENKE L, Z20LDEHEHTHD,
HWETEZ2EHBREICELRW D EEZ NG, Lk
BoT, AERTERAI L7, 650nm ORILED (7]
W) 13, |EOY 2—atk (Fig. 18) ERICKHT 3
CERUTENTHSS. Va—EBBECE->TA
BICELIh T MBY i3 &3, XlAohT3
LEThHB.

3140 Ya—akiBEORIGEETY

AEBTREKMICY) a—axF1L v 7 v— (MBH) %
AR 2RARRKICRERTH Y, SHORRIGOMAS
ADLINLEDOTHAS. LrLEd, hdoER
ISRFFCEHOEBHRNICKT 20T, kgd-4<¢ b
EULHRIET B MBH & O: »n5 MBY %51
BREIEPORBILT, TEDT—D2DREIETEDLES.
2% b MBH 04RKIEE,

Gsl1
MB* W-—> MBH (5)

€T Gs i@ MBH o “100eV IX&”, I RN xh
LR ANVF—TH 5. PRSI,

MBH—!-Oz-—}ﬁ» MB*+HO,~ (6)
EEREIC B %2 MBH ol ((MBH)s 2&bH7)
13,

Gs I=ks[MBH)s(O2) (7)
PoRHONB. i, MB* o (MB*), Bk
RHEToO MB* g (MB*)s & o ic RO BRI
T5DT,

(MB*Jo= (MB*)s+ [MBH);s (8)
EHED» S (MBH)s sb» 5. (02) 13 25°C ik BT
3Tx10*m TH 3. G HbbERISAEAT LI E X
O MBH ABRIRE R OB ERN L Db b, Lk
i3 3.3, 2,758, 2.9 1;2TCHB. P EOKEAH
WaE, (AL,

(MBH)s=(0. 81 X 104/kg)+I (9)
Fig. 19 iCi3, Fig.16b D7 — & » 53k 5 h 3 (MBH),
Diie I DBFRETm w PLTHB. 7oy FR—EKD
BERICOZD1Z, DEOBEBEXETZILOTHD, *
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1.0 T T T Pl
0.8} ./ i
=)
T 0.6}~ o .
= o’e
o o4f / 1
% /0
]
0.2\ A s
[ ]
®
- L Il ! {

V] 1 2 3 4 5
Dose rate (10¥%eV-gl.s71)
Fig. 19 Steady-state concentrations of leuco-form,

(MBH]),, as a function of dose rate, I; data
from the results of Fig. 16b.

TEER DR 5,
ke=6+2x10°M~s™! (dhiE )
BRH LN B,
¥ 7 MBH oEHaIL,
T12=1In2/ks(O2)
DORHET L EMTES. b 0. 35,

3.1.4b MB* DRAPHBEE

3o OH 5 VA rofefic & b 1o MB* o
FHEHBUNB LA LBINETOMEILRONT
L\Z)zt»_

MB*+OH — MB?**-+OH- (10)
Licdsi-T (3) K& (10) ROKIENBEFT 5 & 5 0%
(3x107"mM MB*++10~*M CH;OH) i€ %51} 2 RA[:B 0D
BE ML IR,

G( —MB+)$w=%ﬂ<

 ko(MB") )
k10(MB*) +£3s{CH3;0H)
(11)

DEHiILERDLENS. Fig. 17b TE SN RAFBED
G (=0.05), X<&dh T 3 KOKEBRIRICE
33 OH 5 A v g (Gon=2.5), ks icxtd 2 4H
(ka=5%108M71s™1%8) ZHINZ Z itk b,

k=1 1x10"0m"15"1
BRH St

3.2 KNBFIEI{BINOBAOEHS

PRV ZREEE (1.3.4) LE-Th- EHERCHREX
h, TLUTHELORIIZBIDHE LT, KMEFH
b5, KMEFOH L DHhOE% TABLE 10 (T7RT.
bhbhld, KMEFELRIGT 2 R MGEEEFREITR
hE< T3 Lickd, BEKkEEPOKMBETFOES

H & 13

TABLE 10 Properties of the hydrated electron

€.q” absorption band Amax 720 nm (1.7 2eV)

Molar extinction coefficient :

at 720 nm 15,800+ 10% M~ tcm™!
at 578 nm 10,600+-10% M 1cm™?
G(ew™) pH 7 2.6 ions/100 eV
pK (s~ +H:0=H-+OH") 9.6
T1/2 (€sq” +H:0=H+OH") 780 us
T2 pH 7.0 230 us
Charge on ion —1

4.7x1075cm?s™!
2.5—3.0A

Diffusion constant
Mean radius

EVREIER D R, TR b B TABLE10 TA S5 780 us
DEMGATHILEREHTIC BN T, KEBIC L3
Co-60 77 v ~ MM T O KRMEBEFORWERET 3 & &
ZRAAI. TOBRBERTD - b8 DITICERSH,
BLUBEICRII LIS - - BEROEEARRD.

3.2.1 HERRK

KMET12, HiO, Op, CO: 128, BLUKhicEHE
TEHEEZOGNBZZLORMY & X b THEINEL
(HEEEH : 107 s™), K & i3 IR IS 88 Z 1.
FlAR) =N, AR)~NF ¥ H v (CHOH), OH-
ERKBEURED, BEKERANT 10 X 2 ) — i
22 0.1NNaOH #i & L, 7T vEko@mEEE 1
BB Tii-7c#% BHRELT Co60 Hv=@icks
BIALE (% 10°R) %52ME L 7. NaOH i3skth HsO*
BELETXHE, $-BEBIck-TAERTIHET 2K
MEFIERLUTKABETOAREFELKRE LT3, #
g/ —nig, OH 7 VA VOHEHLE LTER, 25k
AR~ WVERTORMICE Y HO: DERAMZ 312
BIHFHL TS, D O, CO: 15 & OB DR
YREIb-THRETACEiIcE bBEInE. CORY
(REEHE L7 1073 2 2 /) — % 4 0.1N NaOH 4k
R & 30em £ v (REKE: 60cm) i LT,
2x10°Rh™ ORR TR T 3 < LI & % 400—700nm
FRIC B 2MEERMIBRIN L o7, THDE
KEFBEOEIZ 0.01 PIFTH - 7.

3.22 £ B

LCTREEDOHMABEZRE L LS. REEIL, &
B DORFETIRA =7 P VORSICE AE LA BT 3
DICHERTE 273, BESFHTS 2 DICIINERE
D 001 DIETHEZ EMNBETHD. BREELE
1t 0.01 i3, 4HA GKMBEFO 700nm iK1 245
FRNAE: 15,000~ tem™, EE: 60cm) T3,
k& 107°m DI LOBBEESRETETH 2 ¢ &%
BEKd 5. BREXI TRETOREEICHENT, KBF
DEFRED 1078m 109 2 2ARKRATRING:

d(esq”)/dt=0

=GI—ki(eaq”) (12)
ZZT, GRAMEF O 100eV BN & 72 b @ E5kME



4 HHBEHE TIC BT 28F M LERONE

B I3z AvF—RIRE bW ANEFO 1 HFRIG
BBICIAHEAEETEHTHY, h OBBMBAIEO T
Thsb. LicdoT,

GIXTy2~ (€aq”) (13)
40848, G &L T Gleag )+Gu=2.6+0.5=3.1, %
71 LT 2x105Rh™!, J7th b 4x10%eVgis!
TRMFE—-WIE, Tz LT B0us L &,

(3/100) x4 X 10*5 x 780 x 108

=90.4x10% 4 z v I?

=1,5%x10"1m
THOLLBHBRBED 1078°M X b & 2HEWETH
BT LEMEEINE. LEB->TEABTHA L L5
KMBEFOBBBRIIT 3 12 icid, (1)BERT H
CHIR&EL D, £R(2)BEBREN2ZHERLT
107M L7223 DT BBESNLGNRITNS I
AN

3.3 REBIBEKBER

3.3.1 ¥ &

MRS % 10V RRBE KSR BUR RBHZE 5 1 5
&, KDL -

H.O0 — Ha, HyO:, H, eaq~, OH, H;O* (14)
COEHRNTUTORENSES Z &8s T3,
esq+BrOs™ —> BrOp+0%- 15)
H+BrO;~ —> BrO,+OH" (16)
OH-+BrOs~ —> BrO;+0OH- amn

CCTHERYT S BrO; £ BrOs £ &3, XSICHEIRK
WU TEREBERY (7oL 2d B, Brr, BrOy) %5
Z5H, TOMSEEEFE AT, LT
BrO: OKIEMPIC 51 256 bHEE T & 00 DM
Thb. ULHLL LT THRAIER< MY Yy 7 AEEXH

JAERI 1217

WT, EORIANRZ bi3moh T, b bk
B AALE 475 nm, 53 FRORME 1,400m'em™ TH
2% A LbhbhOEET, <0 BrO: 3 JH vhfl
EINBRLE, ThRAKBEKICEG 3 BrO: OFd@ic
BI2HLVAREEZE6DTHL. 2ORMTCOD
REBELI.

3.3.2 ERERGLUEE

3.2 LEBOFREICK D, BHEF L7 0.1M NaBrO;
KiEWAE 30cem v (EBRE: 60cm) oL, =2
X10Rh™, F7ihb 4xX10%eV g s~ LG E%
THREH Lichs, 400~700 nm ffilkic 351> 5 BEEE(LT
BHBTENTENE P> OLEBEEEACOLT).
RA3) LHEPDOREHNT,

GIXty2%x1,400x60<0. 01
G=3/100eV -3 i3,

71/2<0. 6s
FihH BrO: OBEEICKRI LS~ BEE Y, #Hic
KIEHRPIC BT 5 BrO: oF4id 0.6s L b & &0
DRHRBEBONEIDTHS.

32 BLUIILOBRTXLILSIE AEEOHH
AL L THTEREAE 10 em™ % & DigHFatE
BOBAIKO2NTENH B &, B2 01BOEE
DOERLOLRENLOF@E S D2LEBOAHICRS
NBENHTETHB b LATFRAEFAEMRLICM em™!
THNZ 0L BITOERDOSOMNAUTTHETH 525
PCHTBRABEMSNE L T 1080 em™ (BrO: D4
BZOR) OBRETHIHIE I B coEFaB N
REINZCLICE. REBORHBESELTEC
EBTENE, IHEFHOIEROMECALRS
BRTAZLEDBTAHTHAS. TOLIBEBEOHRRIT
BT 2EREDUTOETHBIND.
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A E R O%EBE

BATomHFm{tEBRILEZENE T 2bhbh o
B, AFLVYTN—KEEEIUD LT IHAOREER
BRENLbDHL LS, 0.1 BoHEhEbOL¥E (5
FENEEE 100 lem™ =9 3) ORECITIEY TS
3. L LUBOBEBRISKBOTEERRAERYT
L hEHFHOFERORIEIR LTI, ThidE
E6BOEEAENSZ DICHED, THbEEEOR
HEBICEYRWAHTHSE. 1.3.3 BLU3.2.2 TH
WlizkdHie, 2OXS> BB/ CHEETRL T 2HE
2oz o035, 1 D3HERBEERITECLE
it EBORILREZHEHY 3 HETH S, BEEHATO
Co-60 s (15kCi) & b bIREEDS L HIK & VLBRFEERA
FZzEREETREY. BFRFRARSBEFBTH
2, BBZORAEZRTHOAZLDOL Y ZHRXORER
NI bhdhdmhiRnd, BRHFOL » ~PERE+E
VOBEBORBBERIOIKHREICNES., COXINbYT
200FEDS O L DETBERINIHEETHAD.

ATHESR (WFTOBARRNARY FVRIEER)
OBREREEZSTBHEEEZL LD, T THFREAER
FT2LEORBONKEARELLZCENBZLN
3. RBEAEKEXL, LrdRBORET 2 HHREL
kE{BEo-vicid (2.2 B2R), —EEVAESIE
NEEGEET I FREENT IO, UL LEFERER
SILELTAC LR, AREEERIL, FBELOR
BELLS5. 2.4 ObhbhOoAVLRRET, X¥
REEZ 272cm TH5. ABOXBEEEBAED 40 73
WL 60cm 2o 1HiiHF LS &3 hid, XFRERER
800cm OEBEICIL b, REBEHEIKREILH, BINA
27 PVREENRTER LSS (BRbkoX&ilick 3
RBEEEOAEW).

FHANREHORBEONEEEKICT L ENTE
nid, EBTFHEESORMBBEETFA LNTE3Z0D
T, SIN ORENHHTEXS. HROIVEF ¥ 7 (120
W) 2RwhiE, ARBRTHEALKL 150W £+ /v5
YTOBAICHBRUTIEBEORENRAZNS. »
IRERRCBUANREEEONELEZLS L& KE,
RBEELTVv—F—OfHNEL SN, SN HENLE
s>, LHLZOBA REORRZ bvREBLNE
V.

WBTHEELERE (LA IIREERERE) ©F
B2 LEBAELHIMES TACENTEY, L
WREOHEMSHNGTE, FETHS.

BUBREZ ST D 0MmOHER, LKh—KHEDH
2HE, THROLET (N) ih < hES (5 2RV
WTce:Ths. SINZBF2DOR w247V

IKONT, ISIEHEEEMREEEOEEMNMOEH
DWW TTICKRET 3.

41 Aavys4 o707

By 7A4AYTYFIR, HEEEESLRUEEEED
b, DOHLEE - LAARRIKCD ZES 2T E gk
¥ (PSD) #H W THEL, #T2KRETS. T4
LbANESR, B LEEEFSOREROMNL XTED
RERES %25, Ur bREBBSANEESCHALLE
EicZ#axhz, corx, REEBSLA—AEROA
NESRARERLELY, 4f KOERZEERDES
AR Af ORW|ERE. F LTRBOR—/227 4 W4
DHEFBROSDOEIMERAT S, COFEEELTOH
71 Eow 13,

Eout=Eincos ¢
TEDLIND. 2L, En BANEEDOAXX, 6 13
ANMES LEERESOLNITMEATSS. COFER,
A8 #=0 @ A CHETHIRIEL LEREEAE DO EE
LTREL LR YN DT TEL, E50BMBNZEL
CERTEIBREORVEERUENS » M2 7B
EO—NRT7 42 (AR Kbiz¥icticky,
RATAT 53 =9g P ) AXRT ) y N/ A XNEARHE
FILLTE YR CENBTEB.

Fig. 20 i SORRER O ST AREEREEE 7 £ —iC
K-> THERBDOBAERDTF 2 v/ —&LTEDHL, ¢h
ABLARICBATRBEES L LTy 24 vy T VY7 iICA
NE33VDOBERERT. Fh0w /A VYT YTEDS
DDT 0y I LAY S5 L% Fig. 21 TRT.

PHOTOMULTIPLIER
TUBE AND HOUSING

[ ]
Y Y1X L LI

|ExPERIMENT] |

LIGHT
SOURCE

LIGHT CHOPPER

3R %OCK-IN-AMP
O

SIGNAL ‘]?

[o]

Fig. 20 Principle of a photometry employing a lock-in
amplifier.



16 BAHRRET N IC BT 2R LFEONE

PS PSD AA

R 1 DM DV

H : High Voltage D.C. Supply
P : Photomultiplier
DV : D.C. Voltmeter
AA : AC. Amplifier
PSD : Phase Sensitive Detector
R * Reference Signal Generator
PS : Phase Shifter
I : Integrator

DM : D.C Output meter
Fig. 21 Principle of a lock-in amplifier.

COESBFRICEVBHETICBY 3 BREOE D

L2/ 4Bl Ul =% 5 & 5. DEVONSHIRE - WEIss
122, a v 4 A Vv OKBRICEARZRELED

JAERT 1217

IKHERT BAMBETFORBARS P VERIEL. TO
& EIIMHEEAKkAE 100cps TEY 2—L, 50cm
ERNE VRG], REORERIVOLET, KM
ET (700 nm, £=15,000m"cm™) Dk HFTRERIKEE
B8 5X10712M NS EERABTING.

4.2 REEERMN"

BRHBSEBTHETORERILBDOBETHSC L
5, 1nm O REEN THEBEIEMCEZIBED R
Ry P VEEREICBEETE 5 & 5 LR EHOE
HESET 14 Fx400=0. 4 m §p (300~700 nm o FiH)
SHhENWCEEZNRELTE. ERAMNKRImBLEEZLDS
n3. 1EF&EHH 1~0.1 B0 Eal, 7YX
AEREFABFERDIBTOLD. Y P o—
PRBIEZFRERAONE, 10m BETEBRTE
2L, ZhPERBPOVEREREELT, BEDOSR
EHROEROL ANBICT SV VEEEYBE, ZOH
FEBFE—LDARy P EELHE, ZOIVRTIH
EANBHREFTILT, AHRXY v FOMEDISHE
Sk HE X2 HEND B.
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5 ¥

RuTogsatdERiZ2ENE Lcbhbh o
B, AFVYITN—KBEOERDOOHETES LD
i, 0.1 B TcogHFal (FEOEAEK 10 M em™)
2N TIE, ZORFRINARS P vBIUOHRERE
RHBCENTETH L. L HEFQOILEBOHMAD
7oHIcid, BIEEREEAEL LETRER LN, Z0%K
HEELT, (Dv—¥—%Fosl, (2)EEECETS
ZNEFHEEOFD, (3)XEHOXRFER LS
w2 A VT Y TORBOIONEETHD, 4KROME
ELTEBEINE., chikkb, TEROETFHRINERZE
AT 2OV 2SR RETA SN MR & FREMNICH
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