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ABSTRACT

Lumlnescence has been observed from water 1rrad1ated
"with an_ intense pulse of high energy eleotrons. The angular
dependence, eleotron energy dependence, vlsible speotrum,

lifetime and yleld of the light emission have been determined.

In additlon, the effeot of additives on the emlssion was studied. 

The emission spectrum of water was_found to be;identicel to

that of metnanol,‘oyciohexane and benzene. kAll‘er these’re_

- pults lead “to thefoonoluslon‘that no iight‘emlssion other than
Cérenkov radietlondWEB preeenﬁ in the visible‘region of“the
speotrum.f The yield of Cerenkov radiation was found to be

Ghv(4-5ooox) gt e
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' INTRODUCTION
1. Bediation Chemisbry
(8) The Interaction of Ionizing Rediation with Matter
- "Zome knowledge of theeprooesseskby ﬁhiohfradiation‘inter-‘

acts with matter 1seeeeentlal to an understanding'of radiation
~chemical phenomena, sinoe the ohemioal effeots are a direot
'oonsequenoe of the abeorption of energy from the radlatlon" 1

(1) Eleotrons i | | |

The 1nteraotlon of eleotrons with matter ooours by three o
-impertanteprooessesg (1)fradiationwemission (Bremestrahlung),
(11) inelastioc collisions and (111) elastlc collisions, the ‘
1atfer essentiaileresulting'only in a change of direction
of motion;of\theﬁeleotron.' The~reletive“impoftance,of these
“prooesses depends upon the electron energy. |

As a high speed oharged particle pasees 1n the vioinity
of a nucleus 1t may be decelerated by the eleotric ‘fleld and
"fwillrtherefore«radlate-eleotromagnetio energy (Bremsstrahlung)
in order that the systemkmay oonserve‘both'energy and momentum.
'Thetretefat whioch this eneréy:loss»ooours, ~dE/dx, is propor-
‘tional to Zzzz/mz,,where zZ,Z are the charges on the partiocle
tand‘nucleus«respeot1Vely and m is the mass of the perticle.i‘
‘For electrons, Bremsstrahlung emiesion is negligible below
100 kev. ‘and becomes predominate in the energy range 10-100 Mev.[

~ Energy loss can also ooocur by ooulomb 1ntereotlone with




: the electrons of the stOpping material.' InteraotiOne of this

‘type, or inelastic oollisions, produce ionization and excitation

‘in the medium and is the dominant form of energy loss by eleotrons
having energies 1ess than 1 MeV.; : o |

The third process of interaotion of electrons with matter,

'"elastic scattering, 18 a result of the deflection of the eleo-
tron by the coulomb potentials of the atomio nucleii of the .
medium. Elastic scattering ie important for low energy elec-"
trons and high atomic number materials.' : : |

Thus electrons looe their energy and are defected as

they pass through e material. The rate of energy 1oes and
the:total initial energy consequently determine the range or‘
penetration distance'of the'electron in a giyen‘material.k'

t For monoenergotic electrons, a graph showing the number of
‘electrons at a certaln distance within the bombarded material
daska‘function;of distanoe is nearly linear with a negative ’

slope and‘finishing in a small tail. The extrapolated or prac— v

tical Trange, Bp, is found by extrapolating the near linear
portion of the curve. The maximum range, Roy 18 the point |

k‘where the tail of the’ curve mergea with the background. For
nonmonoenergetic beams,'or¢2~rays, the curve does not have

a linear region and only & maximum range, Bo, can be deter—y
mined. An empirical formula can be used to relate the energy

V‘of the electrcne to their range in aluminum (and moet other

light elements sincse the range varies only slightly with atomic

number). For onergies An the range 0.01 = 2,5 MeV. the maximum



renge of [3—rays or the extropolated range for monoenergetic

electrons is given by2

1, 265;0.09541ns |

Bange (mg/cmz) = 412 ‘ , e (1)
where E is the maximum energy of the lg-rays or the energy
of the monoenergetic electrons.

(ii) Electromagnetic Badiation

In contrast to charged particles, which have a definite
‘maximum range in a medium, X or ')Lrays obey absorption laws
. common to other electromagnetic radiations. Thus X or ')’rays '
are incompletely absorbed by a finite.thickness of absorbing
material. The reduction in intensity, dI, of the incident -
beam of X or jy-rays on passing through an inorement of matter

of thickness, dx, 1is given byzl

dI = Io }L dx Sy e R ;‘i (11)

where fL is the linear absorption coefficient of the material -
and Io is the incident intensity of the radiation. The total
linear absorption coefficient, iL y s a Bum of the partial
ooeffioientsfrepresenting the various procesges involved in
,theoabsorption; ‘The;three‘most,important,ahsorptionfprocesses,;‘
are'(i)'the photoelectric process; (11) thetCompton effeot‘and ;
‘(111) palr production. The‘relativefimpOrtanoe of these pro- |

ﬁcesses is governed by the energy of ‘the photon and the eleotron ‘

density of the stopping material. ; ;
 The photoelectric effect is the interaotion of the electro-
;magnetic radiation with an atom or molecule ‘Which results in

the complete‘absorptionkof the photonoand,simultaneous ejeotion




of “an electron vith kinetio energy,'Eé, givenibyz

/ Fe=hy - Bo (111)

‘where Eo 1s the binding energy of the eleotron and h;/ is the
energy of the photon, This process is predominant’for 1ow |
photon energies (‘<O 5 MeV) and high atomio nnmberfmaterials,‘

The interaction of a photon with an eleotron of the medlum
by the Compton effect results in a soattering of the photon
and transfer of some energy to the electron. The energy ofn
the recoll electron, Ee, 18 given byé o |

Ee=hy -w' (v
;where h2/ and hLI are the incident and scattered photon energies
: respectively. Eg varies from zero to a certain maximum, and
‘1ts value depends on the angular relationship of the collision
and the scattered photon. The maximum energy of the Comption
: eleotron, E max, is given by3 - S
E max = ”E _ L k(v)l
E where Eo is the energy of the incldent photon. This prooess
’ie dominant at medlum photon energles (1 - 10 MeV) and in high
electron density materials. } , , , , ;

Pair production 1s the result of the annihilation of a
photon in the region of an atomio nuoleus with the concomitant
‘production of an "electron" pair -8 positive and a negative
;electron. This process has a threshold energy of 1.02 Mev.

kwhioh is required to produoe the two electron rest masses.

The kinetic energies of the "electrons”, Ep and Ee, are given by2 L

Ep + Ee = hy = anoc = hYy = 1.02 MeV (vi)




¥here hj/fie the phbtonkenergy.~,Thisiprooessgbeoomee predomi-

- nate at high photon eﬁErgi~ee (>10 MeV). o
" Henoce when X or ')’-rays are absorbed in a medium, high

kenergy electrons are generated which then dlssipate thelr

energy by the processes disouseed in section (1)

(1) ghem;oa; Effeots o; the agdiat;on
The ohemioal efreote following the abeorption of radla-

,”tion are a result of the 1onizations and exoitatione oaueed
by the high epeed primary eleotron (or Compton electron in
the ocase of X or Y -ray irradiations) and its Beoondary eleot-‘ |
, rone. The path of the prlmary eélectron 1s rerered to ae a. B
- track and it is generally linear at high energles but - defleo—
tione beoome more oommon as the eleotron energy deoreases.
,Seoondary 1onizations along the traok.result in two typee of
eeoondary eleotrone, ‘the low energy seoondary ( <~ 100 eV.)
and the high energy secondary ( >~ 100 eV.). - The~1ow‘energy
secondary‘eleotrons’will‘undergo,wide defiections and~form’
a region of tertisry lonization and excitation, known as a
spur§ which may;jto‘aﬁfirst approximation, be regarded as
| epherioal."The,high energy secondary electron will form a
short track of 1ts own, known as & & -ray, with a number of
spurs along 1t. . R | f

~Each spur contains a number of exoited moleoules, posltive

1ons, and electrons. kFollowlng thelr formation, which takes




about 10-1§ seoonds, these speoies may undergo various trans-
: formations in the physiochemioal stage of the radiolysis.
,These prooesses, “which inolude ion—moleoule reactions, eleo-
tron capture, dissooiation of excited molecules, energy transfer,
and- solvation;of,eleotrons, oocur in a time of about 1010
seoonds. The chemlocal stage or the radiolysis ocours during
times longer than 10~ 10 seoonds and oonsists of the formationb
’of moleoular produots by radioal-radial, radioal-ion or ion—

ion reactions within the spurs, the formation of products from .
radical-solute or radioal—solvent reactions following the dif-
fusion of radioals and molecular products from the spurs and
~the de-exoitation of eleotronically exnited molecules by fluor—
‘escence, phosphoresoenoe or quenching."7 '

(11) T

- The spacial distribution of~the‘spurs'formed by the'radia-‘
tion determines the yields of some of ‘the products of the ;
‘radiolysis.' The rate of energy transfer to the medium by ‘the -
radiation, namely,- ‘the linear energy transfer (L.E.T ), deter-
mines the spacial orientation of the spurs.  L. E.T. is usually ;
measured in eV”/R and varies with the type of radiation. It
is gmall ('V 0.02 eV/R ) for Co jy-rays and high energy eleo—
: trons, medium (nl 0.2 eV/R ) for low energy electrons and [2-
partioles, and large ('V 10 eV/R ) for heavy nuclear partioles ,
Buch as (1-partioles and Li nuclei. L.E.,T. also inoreases as |

the energy of the partiole deoreases down the track. 'The ,
different ohemistry resulting from difrerent L.E.T. radiations




originates,fromgthe different\separation of‘the;spurs down
. the track, since 1ntraspur reaotions are competing with diffu—k
sion of radicals from the spurs. For high L E.T. traoks the |
;~spurs are nearly overlapping 80 that molecular product forma-
p tion is dominant whereas in ')/-radiolysis f‘or instanoe, most ;
radicals oompletely escape from the spurs.
| (111) Absorbed g e |
In order to get an absolute ‘measure of the yield of any
speclies formed by the radiation, 1t is necessary to know how
much energy is deposited in the medium by the radiation. The
amount of energy deposited is usually known as the absorbed
dose and has many units, the most common of which ie the "rad®.
One red is defined to be equivalent to the deposition of 100
ergs gm‘i ji.e.‘6524 x 1013 eV. am 1) 3 fTnere are a varlety
offmethods~usedtto:measure.dose (dosimetrﬁgand they'vary from
chemical reactions with known yields to electronic devices
capable of estimating the. number of partioles.“
r(iv) G-Values
- -The yield,of a,speoies formed or destroyed in a radiation—
fchemical‘process is known,as;the n"G-value"., It is.defined as
"the number of~molecules; ions, atoms, free radicals, ete.
mhioh are formed (or‘disappear) when the system has absorbed
"100 eV.’ofkioniZingvradiation energy" 5 G-Values'are'normally
in the range of 0-10 for primary processes, although G~Va1uee

kgreater than ten may ocour for ochain reaotions.
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(o) Bedl tlon hemlsfk‘ of Ii uid‘Waterék
The radiatlon ohemistry of llquld water and aqueous solu-
tions has been the subject of numerous investlgatlons durlng

the past decade. "The process oonfidently belleved to ooour
1upon irradiation of liquid water are the following

1onizing e - : ) .y

0-A HyO% + e~ or Hy0% , (1)
radiation , , P : ,
Hp0* + Hy0 ———-—> Hgo*aqf + OE | -~ (2)
Hp0*  ———>H+O0H R R (3
energylosses ” g polarization k T o
e~ —> e~ * >e"aq (&)
to solvent - thermal of Hzo o L
e~aq + Hp0 ———5H 4+ OH agq e . (5)

.where Hzo* represents an unspeoifled excited statd'7 These
- reactions (2) - (5) represent the physioohemioal stage of the
>raqlolysls’and,lead to the formatlon of the,produots of the
‘radiolysis'bykthe ohemioal'stagefwhioh'oonSlatsfof‘reaotions

Buch as ;
| OH + OH - S>H,0, ‘ (8
E+H ~ ——> Hp R L (7)
e~ag + e~ aq-————————>H2 + ZOHBq | ,or;k" ,"(3),
H + O — —>H,0" i o (9)
: H,VOH, efaq + S ——-—+>pr0duots T o (10)

where S represents an unspeoifled solute present in the system.

Reaotions (6) - (9) may ooour wlthln the spurs to form the




’molecular products and reaction (10) occurs after diffusiont
of theispeoies from thefspurs'When a solute (8) is present.’
~;The yields of the various radicals and products of the radio-
lysis are dependent upon many factors such as the nature of the
’ radiation (i.e. its L.E T,) and the nature of the solution.k
~For high energy electron irradiation of pure water at pH?,
the following yields are obtained<
GeTaa= 2.3 Gg=0.6 Goﬁ= 2z
GH)0, = 0.71 °  Gpp =‘o.uz”  Gegyo = 3.6
The exoited water moleoules formed in the radiolysis.
by reaction (1) are generally in an unspecified electronically
'excited state and they are usually ignored since it s possible
to adequately explain the radiolysis of liquid water without |
‘iincluding any contribution from exoited molecules.2 The ag-
sumption, most often made, is that the excited molecules either'~
»return to the ground state by a non-radiative process or else
’dissociate to H and OH radicals whioh have little excess energy~

,and they merely recombine causing no net ohemioal change.
2.‘Cerenkov RadiatiOn

Cerenkovnradiationkis a phenomena assooiatedﬂwith«charged,
particles moving throughfa,medium;at~a speed'greater than the
phase velocity of light in~thatlmedium. ’The phenomena takes
the form of eleotromagnetic radiation emitted. by the medium

in the visible and ultraviolet reglions of - the speetrum. It

oan be oonsidered as analagous to the sonie shock wave. produced
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’ by a projectile traveling at greater than the velooity of
sound or to the more famillar case of the bow wave of a ehip
movlng through water when 1its speed is greater than that of

‘ the surfaoe waves on the water.;' ; o |

Cerenkov radiation was flrst observed by Mallet9 1n 1926
'but 1t was not until 1934 ‘when Cerenkov10 studied the effect,
| apparently unaware of Mallets' work that the radiation was
'oharaoterized. Following Cerenkovs' work 1n 1934, Frank and
Tamm11 developed the theoretical basls for the radiation in
~1937 and this was later modified and expanded.

A simple treatment of the theory of Cerenkov radiation
Cmay be~given as fol]:ows.12 Assume thatfas a oharged particle
-travelsethrough;a‘medium,'an eleotromagnetic;wave isnemitted,
from each point along the particlee',traok, due to a polarizae
tlion of the moleoules 1n the region of the track and then
subeequent relaxatlon of the polarization as the partiole '
paeses. These waves will be able to constructively 1nterfere,

as ehown by the Huygens construction in Figi 1 if the wavelets

from
A
N | -'Wave front , Wave'f’ froht R |
Dlrec'rlon of motion / E “ : \Dlrechon of motion
- of wave front : - W - of wave front

Path of particle

Fig.1
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’points A,B C, on the partioles' path arrive in phase at the
‘conical wavefront, shown in oross section as DEF. This is
possible ir, while the light wavefront passes from ‘A to F,
the particle passes from A to E.~ Considering;the veloclty
of the partiole to-be v, the refraotire index‘of thekmedium
n«and the veloolity cf lightiinffree spaeeoc, then the phase
felooity of light'in the medium 1s C¢/n. The oondition for

oonstruotive interferenoe then follows as‘

E%g v C , AE xn ; n - (v11)
AF = Cose S P e (vi11)

AE o [311

where [3 is the relativistio velnoity v/o. Henoevthe “Ceren?‘

kov relation" has,been,derived. b ;
Cos 69 | ';" | p; | » a g _ (11)
MOcgE
It follows that, sinoe cos8 9 must be 6 1",“thie is only pos-
sible if 1/[;n’\~1, l.e. AF | : L

Thus the threshold oondition for Cerenkov radiation 18 that

the velooity of the partiole must be greater than the phase
Velooity of lisht in the medium. Two other properties are
evident from relation (ix) There 18, for an ultrarelativistic
partiole (13— 1), a maximum angle for emission given by

max = Cos 1 (1) ‘ , : :
6 SRl e L e

and'furthermore, as:the electrons’ velooity appranhes the other
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extreme,pnamely5l}=<l/n, the radiation direotionkooinoides
| with the particles pathe The other prOpertynof CerenKOV is that
the radiatiOn is in the infra-red,'visiblevandknear ultraviolet
regions of the spectrum where n > 1. 7 Emission in the X-ray
region is impossible since n < J.due to dispersion of the medium
and equation (1x) cannot be satisfied. ‘ |

A further property of Cerenkoviradiation whithOOmes out
,of the oonstruotive intereferenoe oondition 18 its polarization.~‘
In order that the oondition be satisfied, 1t is neoessary to
require . that the electrio vector E of the light be everywhere
perpendioular to the surface ot the Cerenkov cone and the
magnetio veotor " tangential to thisgsurfaoe. Henoektheplight
should be linearly polarized. ‘ | S d’

The duration of the Cerenkov light emlission pulse is,d‘

- to a first approximation, determined by the velooity of the
‘partioleaand the length of 1ts track. Hence a pulse duration
of the order of 10~10 geconds would be observed tor a single
',eleotron traveling a distance of 3 oentimeters.’
The radiation yield and spectral distribution of Cerenkov
Lemission can be theoretioally determined by a solution of
the wave equations~and Maxwells‘ equations for'the problem.
The original treatment of the problem by Frenk and Tamm, as
given by Jelleya, makes the simplifying assumptions that (1)
the medium is a oontinuum and microscopic struoture 18 ignored
'(ii) dispersion can be ignored, (114) the medium is a perfect

isotropio dieleotrio, (iv) the electron can be oonsidered
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to_move atge»oonstant~velocity and (v) the medium 1s unbounded

With the track length infinite. Their,solutionktO‘the problem
glves the resultd

~o dW = ‘ez,
al ’
Bl gm

where-W‘iskthe total energy radiated by the electron through

| (x11)

the surface of a cylinder of length 1, whose axis colnoides

- with the line ot motion of the electron. 0) ‘18 the frequenoy
of the radiation,olz, the relativistic veloeity and n, they o
krerraOtivé 1ndex.' Tnis 1ntegra1 may ‘be solved by the introduc-
tion of the appropriate llmits, to give an equation of the

form8

. N=2ma /Q,(__L __5_\_>( = 2) =
e A g B e |

where N 1s the number of photons, within the speotral range : '

- deflned by Aq, and %Q ‘y emltted by a single eleotron, 1 is the

traok length and O, is a flne structure constant equal to 1/137.
The spectral distribution of the radiation may be ex-‘

'~pressee in several ways, two of whioh are8
N SR , o ; (xiv)
dldx « Tk? ‘ (number of photons per unit
R SR : . path per unit wavelength o
~ interval)
42y ol | RS (xv)
d1d ) , 'i? , < (energy per unit path per unit

wavelength 1nterval) o
“prplioation of these formulae ((1x) - (xv)) to the oase
‘of a 500 keV. eleotron ([3= 0 8%), penetrating a depth of 1

millimetre 1nto‘ water, where n = 1, 34, shows that Qmaxz ' 30
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kand ﬁheinumber’or~photons emltted, between~4000~and 60008 ,
,by a single “electron is about 10. |

| A more SOphisticated and exaot treatment of the theory
oflCerenkov,radiation, in which the~efreots of finite'traok
length, slowing down of the particle, dispersion and disoon—k
tinuity of the medium are inoluded, gives only very slight
'modiiioation %o the formulae derived from the original theory.

'3. ‘revious ynvesti ations”of L1 ht Emission from krradiated

Hater -

“"Atfleastrten investigations*have been'made‘into the
kphenomenafofhlumineseence«of irrediated water. In all but
- one ofithese,reports,_nonappreoiablenlight,emission~0ther?than
Cerenkov radiation'mas noted.k' S | ’
:Q*The’first‘investigations of the phenomena Were made by
Mallet?1n"19'26;1\9129 and Cerenkov;o in 1934-1938. Mallet
observed~the*emission rromywater irradiatedkwith redium Y -
rayskand5made anyattempt'to determinemits,speotrum, ooncluding
only‘that the emissionksPeotrum was continuous.bicerenkov made
' a more comprehensive study of the light and determined its
speotrum, angular distribution and intensity. Since mown
. quenching agents had little effect on the intensity of the
" emission, he oonoluded'ﬁhat’the light emiSsionlmas not due
-to‘normal deéexoitationfprOOGBses.‘ By observing the influenoe
ofia‘magnetio fieldnon the'radiation, he also showed. tnat the.

emissionkwas due to the seoondary eleotronsfproduoed in the
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medium by the jV rays.’ ‘ ;
; ~In the period following Cerenkovs? work, seven more
‘papers 3 9 were published whlch supported the original dis-
covery. The authors used a variety of techniques, including
speotrographs and photomultipliers, to determine the emission
spectra and ‘photon yields from the irradiations of water with
- variety of radiation souroes, direot ourrent eleotron ac=
celerators, ')'-rays, B-rays and a,-partioles. |

In 1963, Sitharamarao and Dunoanzo, studied the light
emission from 0060 '7Lirradiated water, using sensitive cadmium
sulfide orystal deteetor. ‘They report observing four broad
| bands in the visible and ultraviolet region of. the speotrum
.and also the characteristio Cerenkov radiation produoed by
the Compton eleotrons. They assigned the bands, on the basis
of little evidenoe, to various processes of the radiolysis.

In 1966 Czapski and Katak1521

’ » reinvestigated the,system,
~'usingfas a radiation source the lg-partiole from tritium in the
- form of" TZO' The maximum energy of this ﬁz-partiole is below
the threshold energy for Cerenkov radiation. They report
observing an extremely low intensity 1ight emission with a’\
photon yleld Gy € 107 5, which 1s at least four orders of

~ magnitude 1ess than that reported by Sitharamarao and Duncan. |
aThey were unable to measure the speotrum aoourately due to s

the low intensity of the emission and they did not make any

kraesignment as to 1ts orlgin.
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Partly in:view of the apparent conflict’between the two
.; most recent investigations, it wag deoclded to reinvestigate the
~system using as 8 rediation source an intense pulse of high
energy electrons. This source had the following advantages :
over radiation souroes used previously for similar investigations:
(i) it was pulsed and oonsequently emission 1ifetime measure-
‘ments would be possible, (11) the radiation intensity during
the pulse was higher than other sources by a factor of 106
'(Sitharamarao andeuncan, who reported observing~emission,
‘were using a radiation intensity several. orders of magnitude
‘1arger than that used by ‘Czapskl and Katakis), (iii) the elec-
Atron energy could be varied from 0.5 MeV. to below,the Cerenkov |
threshold and (iv) the high energy electrons responsible for
Cerenkov radiation were unidirectional and thus the isotropy
:(andkpossibly the polarization) of the 1llght emission could;
'be studied. The aim of the investigation was therefore to
)determine if there WaB any light emission, other than the
-expected Cerenkov radiation, and if so0,; to determine its emis-
Jsion 1ifetime, spectrum, yield and origin.

A consideration of the events occuring in ‘the system
'during and af ter the radiation pulse leads to some prediotions
as to the nature of the light emission that one might eXpect
to see.

When a thermalized eleotron, formed in the ionization

k“process, beoomes hydrated, to form the hydrated electron 22
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1t must lose about 2 eV, of energy since the average trap
depth 18 believed to be 2=3 eV.k Since this process ocours

2, the dieleotrio re-

in a time of the order of 10”11 geconds
1a1ation'time of‘water; the energy might well be liberated in
the form of photon emission and thereby give an emission speo-
trum for the formation of the hydrated electron complementary
to its:already well established absorption spectrum.

Another possible souroe of light emlssion might be from
excited water moleocules. Although the first singlet exoited
state of,water'is'a dissociative 1evel; a theoretical pre-
diction of a low lying triplet energy level has been made23
Sinoce the lonization potential of water 1is about 12 eV. and
for every 100 eV of energy deposited in the system only about
3 lon pairs are formed, it follows that more than half of the
‘energy deposited:in the medium is used in excitation of water”
,\molecules apparently wifh no resulting chemical change. Hehce
~ & possible souroe of light emission is from triplet exoited
water molecules.

Other possible gources of light emission are excited OH o

'radioals, which are known to emit in the near ultraviolet

in the gas phasezq,,and possibly radiocal=radical reactlions

of the type | | "‘ |

| By* + Bp————————3R3¥ + B, | : (11)
Bg* —————— > Bo4hy . (12)

where Bi#* and B4* represent an unspecified electroniocally
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excited radical 0r1m01eou1¢.

: ~Indeed one might‘Spequlate’that, because of the apparent
- very ineffiolent use of energy in the radlation chemistry of
wétér; 1t would Se“Surprisingklf none was utilized in photon

emisslion.
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. EXPERTMENTAL

1. Electron Aooelerator'

A Febetronupulsed‘eleetron'acoelerator; shoﬁn;in,Fig. 2,
manufactured by Field Emission Corporation, MoMinnville Oregon,
,was used asg the radiation source for this investigation.~

, The aooelerator, model 701-2660 pulser with model 5235
electron tube, produoed an extremely intense pulse of 0.52 MeV.
electrons. The peak beam current, at the tube window, was
about 1000 amperes and the beam pulse shape, shown in Fig. 3(a),V
wasg roughly triangular with a half width of about 20 nanoseoonds.
Both the pulse shape and peak beam current were extremely
reproducible~from pulse totpulse;with~akroot mean square,Varia—

~ tion of about *3%. The energy ofﬁthe outputfbeam electrons
was variable from near zero to 0.52 MeV and it depended on the
D.C. charging oonditions of the pulser, which operated on the
Marx Surge Circuit principle. The oorresponding beam current
also varied with charging voltage sinoe the 1mpedance of the |
tube was nearly'constant. The meximum radiation doge available
, was of the order of 106 rads, with the corresponding dose rate
of about 1013 rads/sec averaged over the pulse.’f

'vA,mounting flange on the aocelerator allowed-the‘irradia—
'tion cell to ‘be positioned at a distanoe of about 4 oentimeters7a

from the eleotron tube window.
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i The electron beam currentouas»measured using an apertured
Faraday‘cupt The‘Faraday cup andpaperture are shown in Fig. b,
’It consisted’of tWO'concentrio~aluminum cylinders,gopen at one
end,’cOupled»across aTé& M”Besearch*Products model GR-1- 05 ‘
current viewing resistor which had an impedance of 0.0507 ohms.
- The output of" the resistor wWas coupled to a 1ength of- doubly
shielded RG 58/U coaxial cable which terminated in 50 ohms
at the vertical input of the model 82 plug—in amplifier of
a- Tektronix model 585A oscilloscope on whioh the voltage pulse .
; developed across the current viewing resistor was displayed.
’The aperture was an aluminum cylinder machined o that the
Faraday ocup could be placed in an equiValent position to the ,
irradiation cell on’ the accelerator. In this way the apertured
‘Faraday cup measured the beam current transmitted into the |
irradiation cell and geve an estimate of the radiation dose.

' The appropriate electron Window material used in the cell was
also included on the aperture tc take into account back scat-
~tering and attenuation of the beam by it, kThe sensitivity~of
the resistor was about Zbeamps/VOlt and the-voltage‘range,of”]
_the emplifier was 0.002 V. to 400 V. so that ourrents in the
' range from 0.04 to 8000 amperes were measurable,with~this‘tech?
nique, o |
“The electrcn beam current-time pulse shape was monitored

-on the oscilloscope by scanning the time base at the appropriatek
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sweepSpeed and photographing the oscilloscope traces using

a Polaroid camera and ‘high speed film. The typical pulse shape'
is shown in Fig. 3(a). ‘The peak beam current measured for an

O 002 inch stainless steel electron window and fuil oharging ~

voltage was typioally 170*5 amperes and was reproduoible, from

pulse to pulse, to within 5%.k The variation of. beam ourrent

,with charging voltage was determined by this teohnique and the

results are shown in Fig. 5. The cutoff of current at 12 KV,
oharging was~the result of complete absorption of the electrons

| by the stainless steel eleotron window on the aperture and

the titanium window of the eleotron tube.k | |

| | Integration of thekourrent—time~pulses gave«the'totalk
/number of eleotrons per pulse; Typioal results'were, for 170

‘ ampere peak ourrent at full oharging voltage, .OViOixioi3

electrons per pulse.
3 Qgsimetgz

The absorbed radiation dose, or total amount of energy
‘deposited in the irradiation cell, was determined approximately
| by use Of 8 calorimetric technique, “An aluminum disk of ap~
propriate diameter'and of sufficient thiclmess to stop all of
the eleotrons (~ 0. 032 inch) was plaoed in a position equiva- |
lent to the sample in the irradiation cell and thermally insulated t
from the surroundings. A ohromel-alumel thermocouple junction '

was attaohed to the disk and the temperature rise upon irradia-'

tion of the disk with a single pulse was determlned by,measuring
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theuohangewin potential of the thermocouple junotion with~a'
miorovoltmeter. Knowing the Weight of the aluminum disk, its,
sspecific heat and the temperature change (calculated from the
change in potential of the Junotion and 1ts known sensitivity 5)
the total energy deposited in the disk oould be caloulated."»
~‘The uncertainty in the value obtained in this ‘manner 1ls primarily
‘due to back scatter of the electrong from the aluminum disk

, and unoertainty in the calibration of the voltmeter. These
‘combined errors are estimated +to be 1ess than 20%.~ Typioal~
results ror full'oharging potential and. 0. 0024 stalnless steel
,window material in the oell were, 0 85 i 0. 17 x 1019 eV per
pulse., (This value is confirmed by oalorimetriO'and ‘chemical

26 on the same acoelerator)

:dosimetry done by D. A, Head'
" Other methods of dosimetry avallable were: (1) calcula—
,tion of the energy deposited by oombining the total number of
electrons, as measured with the,Faraday:cup,‘withkthe~average
‘eleotron‘energy,,estlmated,from:a considerationfof"the mean
- ‘energy losses in the thin,stainlessisteelIoell window. [(Using
“the calorimetrio~value of total energy and the Faraday oup
hmeaSurements,~the~aVeragekelectronjenergy mas oalculatedkto be’
0.42 % 0.08 X,106‘V.,~whioh seemed reasonable) (2) chemical
dosimetry, such as the hydrogen yleld from irradiated cyclo-
‘hexane or (3) measuringkthe optical density change induoed :
;in,afdyed oellophane and Obtaining the dose'rromia calibration

‘ourve.27f
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4, §peotral Analxsis sttem ~
(a) zgotomultiplier—;nterference Filter Wedge Spectrometer

A photomultiplier—interferenoe filter wedge spectrometer

wasg designed 80 that the emission lifetime: and the speotral
oharacteristios of: the light emission could be determined
simultaneously. The speotrometer is shown in Fig. 6 (a) and
6t(b). Fig. 6 (a) is a photograph of the speotrometer and
Fig. 6 (b) is a plan view of it showing its mode of operation.

‘,7The interferenoe filter wedge used Was a VEBIL S 200 oontinuous

line filter and the photomultiplier was an B.C.A. Viotor 1P28.

Variation of the position of the Wedge Iilter with respeot o

. to the s8lits was aooomplished with the aid of the oontrol rod,
‘which ‘wag marked with small divisions f=Lo) that the exaot position'
of the filter wasg known. ~This variation changed the band of
Wavelengths seen by the photomultiplier and by suocessiVely
soanning the whole filter a complete speotrum oould be obtained
from 4000 to 7000 ﬂ The dispersion of the filter was about
25 R per millimeter. '

o Light emitted from the irradiation cell Was direoted at
the spectrometer by means of a front silvered plane mirror k{
and two oylindrioal light collimators as shown in Fig. 7 |
kThe short initial collimator was niokel plated on the inner
suriaoe g0 that the maximum amount oI light possible was col—
1leoted. The seoond oollimator, at right angles;to the‘first,

was painted flat blaok~so that only’a roughly parallel beam
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of light reached the slits of the speetrometer."The c¢111_
mators end thefspectrometer were enclosed in lead boxes, as
'shcﬁn in Fig.’7, in orderkto eliminate X?ray effects on the
:photomultiplier and also to attenuate the primary x-ray beam
of accelerator. ‘ ‘

The photomultiplier load resistance had to be .50kohms
in order to matoh impedance wiih the coaxial cable and avoid
fthe use of a cathode follower. (The interdynode capacitance
of the photomultiplier 1imits the size of the load resistance
~to iess than 500 ohms if 100 MHZ, frequeney response is re-
quired); The‘RG58/U coaxial cable leading [rom the photo-

 multiplier to the oscilloscope was‘doubly'shieldediand‘connected~,

to the input of the vertical emplifier of the Tekbtronix 5854
oscilloscope. The anode current pulse, developed across the
sphotomultiplier 1oad resistance, was then displayed on the
oscilloseope ag & negative voltage pulse and it was photographed
' With a Polaroid cemera. The maximum anode ocurrent permissible,

before saturation effects2d

causged non—linearity of response
oftthe phOtomultiplier, was about'z milliamperes,‘which cor-
 responded to a meximum voltage pulse aoross the 50 ohm load
~of 100'mVQ;,}Sinee the'maximum'Sensitivitylof the oscllloscope
amplifier was 10 mV./ém., only a very limited range of light
iintensity was measurable. Bowever, by interposition of neutral
ldensity filters in the 1ight beam, the effective intensity
range could be expanded considerably. Further amplifioation p'

of the small voltage pulses by means of an auxilary amplifier
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kwas not possible because of the high frequency involved.

It was also necessary, when operating the photomulti-
. plier with large anode ourrents, to provide a 1arge dynode
resistor chaln current in order to prevent non-linearities
due to fluctuations of the dynode voltages during the pulse.
oAs a result, the 1P28 was operated at 500 V. and 10mA.D.C..
(Note: The photOmultiplier could not be operated satisfactorily
at larger voltages (and thus higher sensitivity) due to a
"large random noise level caused by the small load resietance.)
A Fluke stabilized D.C. power supply was used to maintain
these conditions., ‘ :

Wavelength calibration of the deteotion system was ob-‘

'ftained by use of a mercury vapour lamp and a He-Ne 1aser.

;The anode eurrent of the photomultiplier Was measured as a
function of the position of the wedge oontrol rod for both
‘light sources, using a small slit opening. The He~-Ne laser
was used as a wavelength marker and the mercury emission lines
were used to oheok the 1inearity of the dispersion of thev
‘filter wedge. The deviceywas found to be linear over the
 Tange 4000 to 7oooR | | |
Calibration of the spectral sensitivity of the system
was performed with the use of a oalibrated quartz=iodine lamp
plaoed at an equiValent position to the irradiation oell.
| The anode current was again measured as a function of the

position of the wedge oontrol rod. From a kmowledge of the
wavelength oalibration of the oontrol rod and the emlssion
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spectrum of the calibrated lamp, . the spectral sensitivitj
of'the detection system was obtained. It is shown in Fig.
g o : o ; o

: The procedure,for’determiningkan unknown emission Speotrum'
'with the spectrometer‘was‘as folloﬁs; ' The sample Was‘irradi-
ated in the cell, which was. positioned in front of the light
‘ collimator, and the anode current pulse of the photomultiplier
was measured using the oscilloscope. This was repeated for |

each position of the control rod, using a single pulse and
: fresh eample of liquid for each wavelength band. The peak
‘anode current, which was proportional to the intensity of the l

118ht, was then corrected for the variable spectral sensitivity

ot the detection system and the relative emission spectrum

was~thus obtained. It was not possible to determine an absolute"

emission yield with this arrangement beoause of difficulties

in estimating the fraction of the total light emitted that

ok reached the photomultiplier. , : |

| From the shape of the anode current pulses, the lifetime
of the emission could be determined 1ir it was longer than 10 8‘k
seconds.' Lifetimes shorter than this were not measureable sincei
the fall time of the eleotron pulse Was 10 8 seconds.

L The pulse to pulse reproducibility of the anode current
"pulses of the photomultiplier for identiocal operating condi-:
tions of the spectrometer was very good. A variation of the

sorder of 1‘5% was observed and‘this was likelyidue to the
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variations in the output eleotron pulse of'thelaccelerator.

(b)) Grating SpectrOgraph‘

s\a\large aperture, low resolution,,grating7spectrograph
was also used o determine,the~emissiondspeotra. This SpectrOF;
’graph is'shown iniFig.k9. It was constructed following the_~
design of Bass and Kesslers? andtconsistedkof a slit and 1ens'
arrangement to collect'the~ineident‘light~and focus’itkon a
:Bausch and Lomb grating, ruled With 600 lines per millimeter,
and a Kbnica F. P. 35 mm. camera with 8. 1 4 wide angle lens~ ‘
to record the spectra. Wavelength calibration was performed
by use of e mercury vapour lamp and the absolute spectral sen—
sitivity of the system was determined using the calibrated
quartz—iodine lamp. fThe spectrograph was_found to be linear
in dispersion over the rangepfrom 4000-to 6500 R " with a dis-
persioncof'about‘15o,ﬂ /mm. when using a secondporder“diffracép
‘?tion angle, e : B | |
The film used to record the emission spectra was the fine

grained, high speed, panchromatic Ilford HP4 It'was developed“

— in fresh Acufine developer for 5 minutes at 72 Fe in a spiral |
tank With gentle agitation, washed for 30 seconds in water, 3
and fixed for 5 minutes in Kodac Bapid Fixer and. Hardener.

; The emission spectra of the irradiated liquids and the
plastic scintillator were determined by positioning the ir—
.radiation cell in front of the slits and irradiating the sample

with a sufricient number of pulses to give a measureable
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density on the film. The film was proteeted from the primary
X—ray beam with a sheet of lead between the camera and the
aooelerator.; Wavelengths were marked on the film by exposing
thefOentre portion_of the fllm tO‘a,meroury;vapour lamp.

‘The true emission speotrumkWas‘then‘Obtained,bykthe
fOllouing,prooedure whioch OOrreoteffOr the non-uniformaepeotral'
reeponserand'theknOn-linear exposure-density~relatiouship'fork
the film. A series~of‘91posures for‘the;standard'quartz—
iodinedlamp at'varioue'expOSure‘times?werekmade~and from the
,densitometer traeings of the films, the characteristic curves,
kshowing exposure versus density, were plotted for various
'wavelengths. ‘The unknown speotrum was then measured on the .
densitometer and the appropriate relative exposure was deter=-
x mined from the characteristic curves. This relativekexposure f
was then'corrected for the spectral distribution,of the quartz-
,iodineylamp and‘the‘emissiOn spectrum of the sauple obtained.
”The'spectral eensitivitj ot the speotrograph was'determined in
a similar manner and 1t is shown 1n'Fig.‘1o. ;

An estimate of the total emitted photon yield from irrad-
liated water was evaluated by comparing the wavelength inte~
‘:grated densitles for the water emission and the standard lamp
‘in equlvalent positions'aud relating the‘relative,densities
to;afrelative number~of photons in'the spectral region“involved.
TakingkintofaOcount,thejgeometries involVed’and'knowiug the
‘ absolutefintensity‘of the quartz-iodiue~1amp,;an,eetimate |

‘of the number of photons emitted by the water was found and




this converted to a G-value'using the known radiation dose,
75.'2§hsitemet;1
kA'Jche'dOuble‘beam,-recording«micfoden51tometer was

| used to measure the density of the films from the spectrograph
and the 18¢° camera, This- 1nstrument measured the density of
the film, relative to the baokground, directly in density units
and 1atefa11y scanned the film at the same‘time,,recordlng.

the density on Ohartepaper. Thefden31ty calibration of the
instrument was checked by use of neutral density filters and

1t was found to be linear over the density range from 0 to 1 6
6. 180° Camere |

lA;18d”cameraVWas deéigned and oehStrueted to ensble mea-
surement of the angular distribution of the light emission.
kShown 1n Fig. 11, it consisted of a hemioycllndrical piece of
plexiglass enolosed on the other three sldes by a reotangular
box with a collimated entry port~(a'1/8" hole 1nia‘1arge~aluminum
cylinder) for the electron beam at the centre of the half oy~
“l1inder. The inner surface of the oollimétor'wae covered with ‘
a-th1n~p1eoe'of5a1uminum foilyso‘that~the vesse1 was water tight
and a filling port was‘included g0 that solutions could be ;
'changed. Provision wae mede‘for attaching a‘photographic film
to the ocurved surface of the cylindricai window,.  The ocurved
,eurfaoe'wes paintedeflat blaOk)qn the inside along its edges,
‘1eyav1<ng a olear 1" wide band around the centre. In this way,

a baekground measurement of the 1light contribution from Cerenkov
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kradiatiOn:from'the plexiglass itself and the X-ray effects

on. the film Were'determined. :(The~aotion of the,X—rayebeam

" on the plexiglassfgenerated suffioient 1light to partially
derken the film);k'The,remainder‘of-the,box'portion of’ther
camera was’also ‘painted flat black on both surfaces in order
to reduce the effeots of scattered and stray 1ight.

| The rilm, Ilford HP4 was exposed to the 1ight generated
~by several pulses and then developed. A densitometer traoe

of the centre portion of the film and an adjacent portion then'
,gave,eby differenoe, the\angular~dependenoe;of,the,light emi s~
slon. The angular dependence was determined for water, a plastio

sointillator'andiashighppurity Quartz glass. .

7. irradiation‘Cell and Water Flow sttem '

- ‘Some preliminary experiments were performed using an
irradiation ocell made from aluminum and an electron window
of aluminum foll. However, this cell was found to corrode, v f§
with the formation of white deposits of aluminum hydroxide,
on-prolonged-oontaetkwith nater. Stsinlessfsteelhwas_then
triedees'a cell and window material and itywas‘found‘to’be

ffsatiﬂfaotory with no visible corrosion even after 48 hours,

or'contaot with water.

The stainless steel cell is shown in Fig. 12. It con-
xsisted of a. ring of stainless steel, appropriately maohined, 2L
,with a high purity quartz.optioalpwindOW~oemented on one side

end;provisiOn,ror a thin stainless steel foll electron window
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on the‘other side. The electron window was held in place by

teflon ring on the oell and a rubber LI ring on the aluminumk
mounting flange. The oell also had rilling and draining ports,
witthbvarlglassemetal seals, to allow solutions to be flowed
through 1t. | ‘ , |

The water Tlow system oonsisted of & two 1itre flask fitted

with a tritted glass bubbler, (to allow degassing of the solu-
k‘tion by the passage of helium through i, a pressure release
vslve and a glassfconneoting,line‘to the;irradiation cell.
The,conneoting line'uas’attsohed tofthekentrance’port of the
~cell'by means of a ballysnd sooket joint. After degassing
the solution, by bubbling helium through it for at least a
half hour, the flask was pressurised end the water forced 1into
the oell;k Theiflow throughuthe-cell was regulated by means
of a stopcock on the exit port of the cell. The'sOIution,k

'kin the cell, was generally ohanged after eaoh pulse by opening

"~ the stopcock and allowing the solution to flow: through the
‘ocell for 8 few seoonds. This was done 80 that impurities

formed-by the radiation would not build up in the sOlution.

) B;ngtinometgz

An attempt was made to estimate the total number of

photons‘emitted by the sample using a chemical actinometer.

Potassium ferrioxylate solutions were used following the method

30,31

of ‘Parker~ v ,lt,Was found that no ghange in optical densityf

‘of the developed solutions could be detected following expo-
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suré;Of,the actinometer'tb the 1ight emigsion from either
water or,gkplastio'scintillator. |
Jg,‘SQédtrofluorimetgxk‘

*i'The‘em1881on‘spectrum ot the plastic scintillator was
‘obtained with an. Aminoo—Bowman SPeotrophotofluorometer. Thls"
,was done 80 that a check oould be made on the calibration of;,
the 1ight detection 1nstruments used in thls 1nvestigation.
The spectra obtained from the grating spectrograph and the
1nterference wedge spectrometer for the plastic scintillator
were compared;with that obtained’from ‘the speotrofluorometer.

A1l three spectra were roﬁnd,tqabe very simllar,
10. Materisls
(é),Water

Doubly distilled water was used in all experiments.
‘The second distillation was made from aoldic permanganate solu-

tion.

(b) Seintillator

’fhe plastic scintillator, NE 102,~mahufadturedkby Nu~-.
olear Enterprises Ltd,,'was used as a check of the calibration
of the spedtrogréph andkthe'speotrometer.' The scihtillator
Wgé in the rorm of a thin plastic sheet and it was out into

,olrcﬁlar disks which fit inside the 1rrad1ation cell,
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(o) ghotOEraphiorMateriaIS‘

l'Aoufine,developer and Kodao Bapid Fixer and Hardener
‘were used. The solutionsiwere made using distilled water.
(d) Other Materisls
Anulytical grade'KOH ande2804VWere used tO‘prepere aclidio
~and basio'solutions. ,The;Benzene, Methauolrand Cyclohexane
were reagent grade and the compressed gases, He and 02, were

regular commercial grade.
11. leotrical Eoise '

Due to the intense electrical and magnetic flelds generated

by the Febetron pulser and the electron beam, it was necessary - ;
to,instgllfa good;highkfrequenoy grounding system‘conneoted
o all the-electronio equipment in use. It was also necessary

',tO‘filter~the~110,V. input power lines to the oscilloscope

and‘photomultiplier power supply with«asradiofrequenoy line‘

filter. All coaxial oables used were doubly shielded using o
~copper brald surrounded by thiock oopper pipe.’ The resulting ‘

noise level on the oscilloscope traoes was 1ess than 5 nV..
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- BESULTS AND DISCUSSIONS

| el. grelimina;i ;nvestigations‘

; A few preliminary observations of the light emission from
water 1rrad1ated with a pulse of electrons gave an indication :
of its general oharacteristics. k ,

fVisual observation of the emission,“b&“reflecting‘the
“l1ight beam with a mirror to an observer behind the radiation -
shields, indioated that the light emission was short lived :
(lifetime less than several seoonds) and that it had a bluish-
white spectral character. ’

An~attempt was' made to'obtain a 1ow'resolution speotrum
using interference filter wedge and a photographic film."A
kplexiglass rod light guide was used to transmit the light beam
from the Arradiation cell to the slits in front of the inter—
ference wedge. (The wedge and £ilm ocould not be placed directly
in:front -of thevcell because the X-ray beamffrom the accelerator
causedaappreciable darkening of the'film ) This experiment
failed to obtain a spectrum since a blank run, where the light .
‘from the cell;was prevented from entering the light guide,f

' reVealed,that a»considerablekPOrtion,of‘the earkening of the
 film was due to light produced in the light gulde i1tself.
‘kThis'light was probablyaCerenkov'radiation from the‘pleiiglassp
-produced byfthe X-ray beam generated'aSvBremsstrahlungekhen
the electrons were stopped in the Water and the eleotron tube

window. Similar experiments which involved using a photo-
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multiplier tube instead of the photographic film were also
| invalidated by ‘the balnk run,
Since visual observations confirmed the presence of 1light
emission,from the water, a more elaborate experimental setup
‘ was%designed and constructed 80 that an accurate assesment
of the emission could be made. The results of the experiments
performed with this apparatus are recorded in the following

4seotions.
2. ThefAngular/erendence of the Light Emission
In Flg. 13 the angular dependence of the 1ight emission

;from'waterj quartziglass:and4a plastic'sointillator is"shown.'
~ This data@was obtained from measurements‘of thewdensitybof
~films from the 180° camera as & function of angle using the
kdensitometer. The graphs show the density difference, ZSD, ,
,(between the portion of the film exposed to the light emission
and the adjacent background density) at a given angle 9 plotted
a8 a funotion 9 ’ where 9 is the angle between the direetion
of motion of the elecgron beam and ‘the emitted light beam,

~In the case of the plastic scintillator, the sample was
a hemicylindrical plece of polished plastioc whichkwas fixed
oter the entranCe port for the electrons in the 180° cameranﬁ‘
whereas for quartz en optical window was used. In both cases
the oamera was filled with water to reduce the x-ray effect
on the film and diminish reflection and refraotion of the light.

' As can be seen from the ourves on. Fig. 13, water appears
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to emit light preferentially in the forward direction where~
as the scintillator shows an emission Which is isotropic, as
would be expected for fluoresoence.

- The experiment with quartz was performed in the hope
that high purity quartz would show only a Cerenkov radiation
emission and thereby be a valuable comparison for the water L

experiment. However it appears that the emission from quartz

;has an angular dependence unlike that expected for just Cerenkov
«,radiation. Kawabata and Okabe32 have observed a 1ong 1ived
bluminescence in irradiated quartz, which, coupled with the

'expected Cerenkov radiation, might account for the angular

dependence found in this work.r o »

~The relative magnitude of LSD for the water, quartz and.
scintillator have little significance because the background
densities were not the same. Furthermore, in the water and
quartz experiments, several pulses were needed to give sufficient

exposures.

From these experiments it is evident that the luminescence

'from water has an angular distribution different from normal

fluorescence.k The experimentally‘observed angular dependence

| is,'however, in reasonable accord with it being almost entirely

' Cerenkov radiation.p For Water, the maximum angle for Cerenkov

radiation for 0.52 MeV, electrons isé%\ 300 and as the electrons

'slow:down the angle of emisslion becomes smaller.f But, in

h'addition, elastio scattering of the high energy electrons will

cause a broadening of‘the angular diStribution. Alcomplete

eanalysis of the expected'Cerenkov distribution‘is imPOSSible.

i
W




37

without a detailed knowledge’of the primary interaction pro-
oesses'of O 52kMeV. electrons. These two effects might indeed

give rise to a distribution similar to the observed one.

3

Variation of the Emission, ntenSitl with _}g:;eotiien Energ

; The intensity of the light emission from water and from
the plastio scintillator was measured as a funotion of the enexrgy
of the incident electrons using the interference filter wWedge
spectrometer. The energy of the eleotrons wasg varied by varying R
~the charging voltage of the accelerator.:‘ _

The results of this investigation are shown in Fig. 14
| where the peak light intensity (in arbitrary units) is plotted
as a function of the charging voltage of the accelerator. The
fbcorresponding maximum energy of the incident electrons (data
supplied by Field Emission Corporation and corrected for energy
loss in the stainless steel window) 1is also shown on the or~
dinate., The curves are normalized to the same intensity at
27 5 Xv. oharging voltage but in actual fact the scintillator
‘intensity was considerably greater than that of water, The
,data was obtained for & narrow wavelength band centred at 50003
, As can be seen by comparing the curve of Fig. i4 for
‘the'scintillator with the curve of beam current as a function
of charging voltage given in Fig. 5, the sointillator emission

intensity'and beam current have a,similar'dependence on charging

', voltage. Water, on the other hand, appears to sBhow a more

complex behaviour, with an apparent cutorf of emiseion intensity
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at about 240 KV’electron energy.~ These features of the emis-
‘sions are: shown more clearly if one plots the peak light inten-t
 slty divided by the product of the electron energy and peak :
wbeam current (1. e something which is proportional to a G
alue for photon emission) as - a function of electron energy,
This is shown in Fig._15. it is evident from this graph that
;the emission yield for water increases as the. electron energy
increases and also has a zero value at eleotron energies of |
about 240 KV. In contrast the emission yield for the scintil-
1ator decreases quite rapidly and then levels off as the elec—
tron energy increases. The radiation yleld for an excitation
energy transier process, such as one might envisage being
responsible for fluorescence of the scintillator, should be
independent of the electron energy._ However, since one 1is
,dealing here with extremely high radiation intensities, ‘second
, order deactivation processes may be the cause of the observed
‘decrease in photon yield. . | o |
These results are consistent With the angular dependence
»results in that they tend to support the view that the emission
from water is mainly Cerenkov radiation.  The low—energy cut—
'7off of ‘the photon yield at 240 KV is in agreement with the ex—
~pected value of Zbo KV for Cerenkov radiation in water (i e.
when [3— 1) and the increase in photon yield with increase
in electron energy ‘is also as predicted for Cerenkov radiation.
In their theoretical treatment of Cerenkov radiation, Frank

and rammll, establish the relationship
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N = zvra,ﬂ(_k _X)( ) o N . (x11)
V where N. is the number of photons emitted in spectral range

: between )\l and )\2 by. a single electron, (1 is a fine structure
kconstant equal to- 1/137, 1l is the distance the electron travels
kwhile it is radiating, [2 is the relativistic velocity and

n is the refractive Index, Thus for a glven spectral range,
there should be a 1inear relationship between N and 1+

"(1 L¢3 ' .p Fig. 16 shows the peak light intenisty for water
at- 5060 K divided by the peak beam current (i e. something
proportional 10 the number of photons per incident high energy
electron) as a function of l~(1 1432n2 )eo 1 was~calcu1ated
,from the difference in energy between the energy of the incident
electron and - the energy of the Cerenkov cutoff . and using the
1inear energy transfer value for the high energy - electron in |
water.k [3 was: calculated from the electron energy taKing into
,acoount its relativistic mass. The linearity of this plot nay
be interpreted as elther a corroboration of. the notion that

the light observed is Cerenkov radiation or as experimental

verification of the theory of FranK and Tamm
4, The Emission Lifetime

' Typical photomultiplier ancde current pulses for the

1ight emission from irradlated water and‘scintillator,are

- _shown in Filgs. 3(b) and 3(c) respectively. These figures are

~,copies of the photographs taken of the actual oscilloscope

traces. Comparison of Figs. 3(b) and 3(0) with 3(a), the time
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dependence of the electron pulse,‘indicates that the ‘emission

1ifetime fromewateruis i 1079 seconds and from the scintil-

 lator’ ~ 10-8 seconds. The exact shape of the water emission

is also noteworthy, in that the secondary peak which is pre-‘

sent in the ourrent pulse, is absent or very small in the

light~emission in comparison to the main;peak; Both of these

observations can be explained on the baslis of Cerenkov radia-
tion. The lifetime of Cerenkov radiation is determined, to

a first approximation, by the ‘time required to stop the elec~

'trons and 1t is therefore of tiie order of'lo 11 seconds. This

is to be compared with fluorescence lifetimes Which may be

1079 seconds or longer. Secondly, if the energy “of the elec-

trons in the secondary peak is substantially less than that

of the primary peak, as seems 1ike1y because its intensity has
a much stronger dependenoe on changing voltage than the pri-
mary,peak, then,for Cerenkov radiation (but not forkfluores—
cence) the intensity of the 1ight emitbed by these electrons

(per electron) would be expected to be very much less than that

emitted by the primary electronsa.
5. Aotinometgz

The failure of the actinometer to measure any light

: emission from the water is not surprising if one is dealing

'only with' Cerenkov radiation, Since a pulse contains only

about leo13 electrons ‘and the theory of Frank and Tamm pre—"

.diots only about 10 photons per 0. 52 MeV electron in the range
of 3000 = 5000 & (the strong_absorption band of the,ferrioxylate
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actinometer) more than 50 pulses would have been required to
,~exceed the 1imit of detection of this actinometer as given by

Parker30 31 The failure of the actinometer to register a

~ change with the scintillator is however surprising. Perhaps,

‘, there is an: important~intensity effect due to second -order -

processes under the enormous light intensities (~ 1 022 photons/

cm.z/sec.);involved\in this experiment.

6. The Emission,Spectrum

(a) ghotomultiplieree ;nterferencekFilter Wedge §pectrometer

: The emission spectrum of pulse irradiated water as deter-
‘mined on the photomultiplier - interference filter wedge spectro-t
meter is shown in Fig. 17. This graph is a plot of ‘the relative
number of photons emitted in a given wavelength band as a = ’
function of wavelengthe The data was obtained from the peak
of the anode'voltage pulSesbmeasured for various'positions.
~across the interference filter wedge and corrected for the
spectral response of the entire optical arrangement and detec-
tion apparatus. The uncertainty in the relative number of
photons, shown by the appropriate error bars, is almost entirely
due to the uncertainty in the calibration of the spectral
response'of the spectrOmeter;:'The dotted line,iska plot of
, c/ )\ versus )\ (where c is an arbitrary constant chosen ‘so
that a large portion of the experimental points fall on the line)
and represents,the expected ‘relative variation of Cerenkove

radiation'intensity as &a function of wavelength.
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: It appears from Fig. 17.that the observed emission between
h500 -6500 ﬂ is consistent with 1t belng Cerenkov radiation.

The deviation of the emission spectrum from the c/>\ curve

‘at short wavelength (4000,- 45003» ) mey be due to one of the

ifollowing reasons' (1) it may be a true emission with intensity

greater than Cerenkov. radiation, (ii) the interference filter

mey have been transmitting higher order, lower wavelength light

at these wavelengths (i €. 3rd order 2666 R at 400013 since

~the filter is second order in interference); or (iii) the

‘ calibration of the spectral response of the instrument had

a large error at these wavelengths.
Point (1i1) can be checked experimentally. If there
was a large error in the calibration in this region, then'k
the apparatus would not ‘be able to reproduce a known emission
spectrum. The calibration was checked by observing the emis-
sion spectrum of the scintillator and treating the data in thek
ame manner as for water. The resulting spectrum is shown

in Fig. 18 along wlth the emission spectrum obtained using the

spectrophotofluorometer. nBoth~spectra show the same ‘general

shape and exactly the same Wavelength of maximum emission.
Since the scintillator emission has its maximum in the suspect
region, the calibration of the instrument must be at least

as accurate as estimated, otherwise ‘the interferenoe filter ,
wedge spectrometer data for the scintillator Wouldohave also

deviated from the expected values.

Regarding point (11), if the filter was transmitting
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ultraviolet light in the region from 4000 to MSOO ﬂ by a higher

dorder interference, “the’ deviation of the spectrum could be

explained, since the yield for' Cerenkov radiation in the ultra-

‘violet is much greater than in ‘the visible region. However, :

according to the manufacturers specifications, the interference

filter was cemented~to a progressively5coloured\glass tofeliminate ‘

hi‘:’gher'order transmissi‘on's.* _s.ince the reglon of 4000 - 4500 R
= ocours at“the‘very end of'theffilter,'it‘may~not have been
properly compensated, but this is very unlikely. f k
It appears that the most likely explanation of’ the devia-
tion 1is that it is due to a true ‘emission. Whether this emis-
glon results from a "chemical" radiative process, such as.
| fluorescence, or a physical process, such as transition radia~
tion, cannot be decided without further study, although as will
be indicated later the same deviation is found for benzene,
methanol andjcyclohexane,ywhich suggests that it is not,"chemical”
in nature. " | | |
, : The most significant fact about the ‘general appearance
of . the spectrum is the c/)? variation which it follows from '
: 4500 - 65003»', in agreement with that expected from Cerenkov
radiation. (Note' The spectrum between 6500 = 70003 could -
not. be determined with this instrument because of the insen-

,sitivity of,the,photomultiplier in this region.)

(b) ratins Spectrograph

The emigsion spectrum was also obtalned using the grating

spectrograph in order to determine if there was any long llved,
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low intensity emission which would be detectable by a film but

- #not by the photomultiplier technique.f The emission spectrum

of Water Was determined by correcting the measured density

nfthe fllm from the spectrograph for the non-uniform spectral

response. of the film. The resultant spectrum; plotted as rela-

tive number of photons (in arbitrary units) versus wavelength,
is shown in Fig.'19.a Because of the relative insensitivity

of the film to low energy light the spectrum extends only

vto 6000 R . The dotted line is again a c/)? versus ), _curve.

Uncertainties An the slopes of the characteristic curves used
in the .data. treatment procedure are the main sources of error.
These uncertainties are falrly 1arge due to the fact that the
data for the characteristic curves was not obtained using the
same plece of film as was. used to record the Water emission.
Although identical development. procedures were. used for both
films, the background densities were not the same due to the
fexposure of the film, in the water experiments,‘to the X-ray
beam. (The slope of the characteristic curve 1is dependent

on the development time.??)

' As can be seen from Fig. 19, the spectrum obtained for

water by thls technique, has the same‘features’as.the_spectrumt

, obtained with the spectrometer'(shown in Fig. 17). 1Indeed
even: the deviation at short wavelengths is present.f Since
the spectrum was obtained using a second order diffraction

angle, the possibility ‘of higher order diffraction occurs here
also. However, since the light hed to pass through two glass
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lenses all of the ultraviolet portion of the light would have'_

been absorbed in the~ lenses.r The possibility of mis-calibra—~
tion of the instrument in this region is again ruled out on
the grounds that the emission spectrum of the scintillator

was found to be very similar to the spectra obtained by the

' other two methods. (The only difference in the spectra was

en emission band in the region of 5900 - 6400& which was

attributed to a. phosphorescence emission ‘which the other two

methods would:not detect.) Hence it appears that the devia-
tion from c/)fi at shortianelengths'must again be attributed
to a true emission. . S | L
7. The Effect of Additives

The effect of the addition of impurities on the water

emission spectrum'Was investigated using the grating spectro-

It was found that the impurities formed by the radia-

tion had no effect on the emission spectrum of water. (H2,02

and Hzié are'formed by the radiation pulse in the water.)

In fact, the density—wavelength band on the film for an ex-
posure to the light emission from ten radiation pulses, where
fresh water was used forAeach pulse, was exactly jdentical
:to that for an exposure to‘ten pulses where the‘sameisample

of Water was used for all ten pulses.

It was also found that the addition of 0.IN. KOH, 0 IN,

HzSOq or ~ 10-3 M. oxygen ned rather 1ittle effect on elther
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the emiSsion intensity or the spectrum, Actually the KOH had_
no effect on either the spectrum or intensity, whereas H Sou
’and oxygen increased the emission yield slightly but the spec~
tral distribution remained unchanged. The increase in ‘the
case of HZSOQ was about 10% while for oxygen only about 2%
Achange was noted. \ : ‘ ’ .

"TheSe'resultsqindiCate that (i)’radicals;or ions which
'are'reactiye'towards these’additiyes‘are not‘involyedkin the
‘emiss10n process.d The addition of acid’would COnvert all of

the hydrated electrons to hydrogen atoms by reaction (11)

eaq+H+ : — > H (11)

while the addition of base would convert all of the hydrogen i

atoms to hydrated electrons by reaction (12)

H + OH™ —semag EE - (12)

The presence ot hydrOgen,~QXygen and:hydrogentperoxide would

alSO affect'thelprocesses*occuring by‘reaotions such as (13) -

(16). o | S e
Oz + H—— —>HO, o (13)

Hp0p + OH ——— —> H,0 + HO, o (15)
Hp + OF —— > Hp0 + H o (1e)

(11) There are no ‘normal radiative de—excitation processes
from electronically excited water moleoules that oxygen'at
1073 M;ycan quench. And (iii) the,emiSSion~does notrreSult,
from oxygen itself, or SOme'reaction'involving oxygen./’De—"
aeration by bubbling with helium would not completely remove

the atmospheric oxygen from the solutions and thus it might
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have been contributing to the emission, but since a probablek
103 Iold inorease in Oxygen oonoentratiOn did not affect the
,photon yield such processes can apparently be ignored.

’ On the other hand, these results are. in complete’agree-
ment With the emission being composed almost entirely of Ceren—
rkov radiation, since the intensity and spectrum of Cerenkov
Lradiation depends only on the physical nature of the medium
'(i e. its refractive index). The slight increase An photon
kyield for the acidic solution might be accounted for by a
diIference in reIractive index between pure Water and 0.IN.
~vH2804. However, since the absolute difference between the

two reiractive indices is only about 1%, Which would thereby
hincrease the yield by about 2%, a more likely source of the
difference is experimental error which 1s estimated to be of
the order of 10% (The pulse to pulse reproducibility ot the
;aocelerator was about 3% and since the results Were obtained
for a multiple pulse experiment, an error as 1arge as 10% Would o

not be inconceivable.)

8. CO‘mparimn ot Water with 'other Liguids

In order to check the early indication that water appeared
to have no emission other than Cerenkov radiation (neglecting ,
for the moment the possibility of some emission in the region
of 4000 - 4500ﬂ\) the emission spectra of several cther 1iquids
k were investigated using the grating spectrograph. A series

of experiments were carried out 1in which the irradiation cell




by

and the spectrograph were positioned in- identical 1ocations
and the experimental conditions were the same for all of the
1iquids./ An equal number of pulses: wasg given to each sample
and the spectra ‘were- recorded on the same " piece of f£ilm so -
that a detailed comparison of them could be made.; The-liquids
kchosen for the comparison were water, methanol cyclohexane and
kbenzene.g These were chosen on account of their differences

in structure, sensitivity to- ionizing radiations and refractive
index. ’ i

S The~results‘arefshownrin/Fig. 20, Wherekthe,densitometer

‘tracings»of;theffour spectra}arefreprcduced.' Itcis=evidentk
thats (i) water~and methanol show'identical emission bands,
both in absolute intensity and spectrum (11) Cyclohexane and
benzene gave emission bands which were of greater intensity
~but identical in shape to the water, (The apparent difference
in the shape of the emission bands for Water and benzene at
the red end of the spectrum is due to the fact that the 1og
(exposure)-density relation for a film is not linear in the
region of small densities and~in particular a,very small change
in exposure can give a comparatively 1arge density change.v
~When: Water was- irradiated with more pulses than the benzene,'
a spectrum of equal denslty to “the benzene spectrum was obtained
k for,all,wavelengths). ‘(iii)'The order of,increasingkdensity
‘of the bands at any given wavelength was water c methanol<
cyclohexane < benzene. | |

:fTheserresults can only~sensibly‘befinterpreted on the
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basis that the emission in all four cases is almost: entirely
Cerenkov radiation.' It is extremely unlikely that four liquids
with such varying chemical constitutions would give identical
fluorescent or phosphorescent emission. The inorease in density
on going from water and methanol to cyclohexane and benzene

can be aocounted for by the differences in the refractive ,
indices of these liquids since Cerenkov radiation has a yield |
which 1s proportional (to a first approximation) to the in—

i verse of the square of the refractive index.‘ Water and methanol
; have nearly identical refractive indicies, while the refractivev
index of cyclohexane is 1arger than that of water but smaller.
then that of benzene. AbSolute correlation between the emis-
sion yields for the four 1iquids and their refractive indlees
wasg not possible since an absolute exposure (i e. # of photons)
was not known~and could not be accurately estimated, Qualita-
tively the agreement was good. S ’ |

iy A further significance of these results is that the
apparent emission, other ‘than Cerenkov, in the region of 4000

- 4500 R can not be attributed to a ohemical process since it
k'is highly unlikely that the same process would occur in all
four liquids. It is possible, however,kthat the effect may .

be due to an emission from a physical process of the radiolysis.
Posslible sources of light emission, due to physical processes,‘
other than Cerenkov radiation are visible Bremsstrahlung and
Transition radiationB. Bremsstrahlung in the visible;region

of the ‘electromagnetic spectrum is extremely weak in intensity
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and Jelleysdquotes,a relative intensity for Bremsstrahlung

6 times less'than Cerenkov radiation. Transition

as about 10
kradiationf(radiation produced by electrons at the boundery of
tmo media having different refractivekindices) is also known
to be of extremely low intensity with a relative intensity of
at 1east four orders of magnitude less than Cerenkova. Thus
~unless some radiation intensity effect caused an increase in‘

- the yield of either of these sources of" 1ight their contribu-

" tion to the emission should have‘been;negligible.
9. calculation of_a Gv—vaiue |

An estimation of the total photon yield was made in order
to confirm the findings of the preceding sectlons. This was
~done using the calibrated quartz—iodine lamp, whlch had a known
intensity,,and the grating spectrograph, An exposure of the
emission from the standardflampbat'a known distance from the
slite of the spectrograph was s'made for a fixed length of time.
Under identical conditions, and using the: same piece of film,.
‘_the light emission from a number of pulses of ‘water was recorded,
A comparison of'the.densities ofvtheswater emission band and
;the'standardklamp emission bend was made for the wavelength
region 4000 - 5000 & in order to estimate the relative number
of photons. :Thislwas done by comparing the relative densities
‘ ofdthe two bands with a number of,other exposures made on the

game piece of film for a progressive'seriesfof water eiperi-
~ments where 2, 4, 6, 8 s+« pulses had been given. In this
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mannerfthe relative nuniber of photons was estimated ‘to be
2. 5 2 0.5" times in favour of the quartz -1odine lamp which
~had been exposed for 0. 8 milliseconds and for the ‘emission
from 12 pulses of water.f The photon yield was then calculated
as follows. | . ‘ ' : ' e

= The integrated intensity of the standard 1amp over
the range from 4000 - 50003 was 130 pwatts cm.’ -2 at 40 om.
, - = Slnce 2.5 . 0.5 times as many photons were emitted

~b& the standard lamp as compared to 12 pulses from water;, one
pulse of water waS'therefore equivalent to 1/30 of the number
of photons from the stendard lamp.
= The total amount of energy emitted by the 1amp per
em.? at 40 cm. in 0. 8 milliseconds was 130 x 1076 watts cm. -2
x 8 x 10~ seconds 1 oL x 10 7 joules cm.,z | o

- Thus the total amount of energy emitted per cm.z at
40 cm. by the water for 1 pulse of electrons was 0. 04 x 10~ 7/30

= 3, 5 x 10‘9 joules cm. 2.,, ‘

- Assuming the 1ight was emitted isotropically, thettOtal
energy emitted by the Water was then LT x 402 x 3.5 X 10*9i
joules = 4. b ox 1014 eV. since the solid angle formed by 1 cm.2
area at 4o em. is 1/1+02 steradians and isotropic radiation i
is emitted equally over a solid angle of 41T steradians.

k - Since the average energy. of the photons in the region
- 4000 —--5000% 15 2.8 eV., the photon yleld. 1g then bt x 1014/
2.8 = 1.6 1014 photons per. pulse. ‘ ‘
- Using the known radiation dose of o 9 x 1019 ev. per
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pulse glves a G value of . Chy(a- 5000&) = 1.8 x 10 -3, |
This discussion hes made the assumption that the radiation
was emitted isotropically. Cerenkov radiation however would |
‘be emitted preferentially in the Iorward direction, mainly ink
a cone‘of'N 650 and whenfthis is taken into account a G value
of about Ghu(4 50003) ~ 6 x 10-4 g obtained. | | | k
No error estimations have been included in the calculation"
‘since they are difficult to estimate. The largest errors are'k
'introduced by the angular distribution and the relative number
of photons estimation. A conservative estimate of the uncert-
ainty in the G'value«Would beA60% although the number of photonsk-
'calculation is probably uncertain ‘by only about 30%. |
’ The photon yield calculated in this work agrees reasonably‘
well with the yleld expected for Cerenkov radiation. From~k
’formula (xii) it was calculated that about 4 phctons per elec~
tron would be emitted in the spectral range 4000 - 5000 R . |
'Using the measured number ot electrons 2 X 1013 per pulse,. the
, calculated photon yield 15 0.8 x 101’+ photons per pulse, which
 compares favoursbly with ‘the estimated actual photon yield of
1.6 x 101'+ photons.

10. Conclusion

T ————

In conclusion,'the main‘finding of this inveStigation 5
~khas been that at least 90% of the light emission from Water
irradiated with an intense pulse of high energy electrons can
;be«attributed to Cerenkov radiation. The yield of the Cerenkov
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’kvn,This“conclusionywas drawn on the,basis of;~(i)gthe'angu—
lar dependence which indicated that the 1ight uas predominately'
kintthenforward direction; (11) the,tariation\of the emission
'intensity Withfelectron energy and the cutoff of emission at
w240 KV electron energy; (iil) the spectrumn which showed the
expected c/)\ vs )\ variation; (1v) the effect of additives,
(v) the comparison of the emission to emission from other 1iquids,
and (Vi) the photon yield Which agreed with the~expectedfCerenkov
yleld. o | " S
: It is evident from this Work that any 1ight emission S
from water would have a yleld of Ghl/(visible) €6 x 107 5 and
thereby indicate~that it was the result of an unimportant radia-
 tion-chemical process. | N ’- |
The'conclusion'is'aISO inugood‘agreement'with the ree\
;sults of previous work using different radiation sources with
‘ithe exception of the worK of Sitharamareo and Duncan20 which -
At appears to contradict. ,Since,they give‘only'a veryksketchy ‘
outline of their procedure'for determining the emissionVSPectra
; and‘photon,yield,’it is notkpossible to gite anyeeXPIanation |
of the cOnfiict between this,wOrk and theirs. i |

11, Suggestions for Further Stugx

The fact that Water apparently emitts relatively 1itt1e
light, other than Cerenkov radiation, suggests. that a very
efficient means of energy degradation must exist in the liquid.
Some suggestions fcr further study would therefore include

‘an attempt to scavenge somekof the energy by adding an efficlent
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 energy abeorber, such asfanthracene; to the water; obeerving
the fluorescence from 1ce or glassy Water and possibly looking _

for fluorescence from water vapour, where Cerenkov radiation

would be nonexistent because of the small refractive 1ndex.
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ADD 'DUW

. The fact that the graph in Fig.16 appears to be a curve
rather,than'a straﬁght‘line is most ljkely'due to an erroro
in the expres510p used for tne number of photons emltted by

an electron. The expression derlved in the uﬁeory of Frank
11

and Tamm 3

N =2yl (}Z ,%)(lp@ ‘ ne > |

was obtalned using the assumptlon that the electrons' veloc1ty

1s constant auflné 1ts passage tnrough tne medlum. Powever

in ac»ual fact, ngoes change markedly as tne electron

' penetfaues 1nto tne:water, ThlS can~be taﬁen'lnto accounﬁ
:by uSLng an eynre851on for . the llnear energy . traasfer to

~ the medlum by the eleou%ons to relate 63 to 1 in tne following‘

manner: ‘
dl-_:-@?dE

‘where dE is the increment of energy loss and K is a conatant

ﬁdE is related to dQ5 by an expre531on of tne form:

2,
dE = m, ¢
where m c” is the rest eqergy of the electron. Heqce uhe exp—

re381on for 4l becomes.

e (e st e

Including this in the expression,for the number of photons.

;emltted per unit. paun,

dN ,L,_-—— (S
‘dlf?Wd Az >‘>( @

results in the followinv'exbressiont

| N (3
o A((ro)”z>(5 ¢

where A ds a constant equal to ~2ﬁackfi}102/ n” &



Integratlon of tnls expression beuween the llmlts H dN\'
from o] to N and 4 @from 1/n to @ g:»_ves an expfession;of' the

form:
(@m ‘) ¥ Zn (x—@) = Zh(*‘l"‘) ]

Z.)Z. o
A plot of N vs ((5“(:2 +27"Z(“@’)’cnen glves & line which is

. Qe
much; more nearly linear than Fig. 16.



 LIsT OF CORRECTIONS

Page Line  o v CorreétiOn‘
1 th last Zaza/m‘2 to read zaza/ma
3 1st L extrop01éted'to read extrapolated
k 3" 3rd v" o mg/cn? to readfmg/cm2
"8  3rd ; proceéskto réad,procesSeSJ
8 1éqn,4  ‘ o §§é§£§§a§§°ﬁao to read
. e polarization
- ~thermal  of\H2O‘ Lo
13 6th 1ést‘_g ex?résses,to‘readkexpressed
15 - 10th "’ % usiﬁg sensitive to,réad'usingia L
| co kSengitive | S |
2?  5fh.1ast SRR Kddac to read Kodak
29 st ~ this converted t0 read‘this‘was
, ; converted
33 2nd . Kodac to read Kodak
35 1, 2nd ’k~ balnk to read blank
K8 Sthf IR methanol,cycloheiane to read

‘methanol ; cyclohexane




