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ABSTRACT

- A survey of the ionoluminescence of arlarge number of ion-

phosphor combinations under ‘uniform conditions has been made.

Pow&ered phosphors and scintillation crystals with different
activators;bdiffereht methods of surface treatment and'different
particlé size were studied in the energy range from 3 — 100 KeV,

L, the ratio of integrated photomultiplier output to incident ion
current, was found to be a sensitive function of ibn energy. It
increased with increasihg ion ehergy and decreased with increasing

ion mass. A nonlinear felationship between L and E, the ion energy,
was observed for hea?ier_ions, the nonlinearity ihcreasing with ion
héSs," Comparisons OFvL‘vaTdes obtained in ZnS, YVO, and in ZnySi0y:Mn
'phosphofsfof different particle size and.with different activators
were made. The_results_fndicated that tHe light output may depend on
the mechanism of luminescence, the crystal structure an& the activa-
;tors, as well as qhebsurface conditions of the samplies. By taking
‘into consjderatfénvthé‘non-radiative surface recombination of electron-
hole paifs apd assuming that the rate of generation bf.carrfer pairs
along the path Qf a pafticlé is<pr6p6rtional torthe<specific enérgy
loss in électron collision (dE/dR)., a_fdrmula was obtained to predict

the nonlinear dependence of L at .low energies.
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INTRODUCT ION

WBen phosphors are subjected to low energy ion bombardment light
is produced.’ This phenomenon, ionoluminescence, hés been studied by
many W6fkefslin different laboratories concentrating on one'or two ion-
;hOSPHor combfhations and attempting to fit theoretical models to the
experfmental result;. As a rule, thé results 6F one laboratory ére
not dfrectly comparable with those of another because only a relative
measure 6f tﬁe light produced is méde and because different detection
syétems are used. This theéis i§ a report qf work carried out in this
laboratory tovstudy as many ion-phosphor combinations as possible under
conditions that would réveal the relative efficiences of all of them.
During the exper iments careful measurements were made and experimental
»precautions wereAtakeh to ensure that all ;he_exberimental data obtained
 wekéiihter¢0mparab{e.A”The experiments ranged overrmanyvof the_@ommdnly
reported phoéphofs and_scintiflatofs_with different activators, différ-
eht pafticle Sizéé and different surface treatments. Each phoéphor type
was subjectéd-tp bombardment byla'yériety of heaVy_aqd_light {ons with
energies ranging from 3 to 100 KeV.

( Additionally it was expected that the détaAobtained would yield
insight info the details 6f_the energy loss and iight productidn mechan-
isms iﬁ the region Where nuclear stOpping competes with electronic stop-
ping. Particularly it was hoped that a‘teét of the validity of the

equation



. Eo
L(Eo) = C
’ 0

Se

o v

. could be made. - In this equétfon, L(Eg) is the total amount of light produced
along the entire trajectory of an ion that comes to rest inside the stopping
medium, Se and Sp are the electronic and nuclear stopping cross sections,

respectively, Eq is the initial energy of the ior and C is a constant.



REVIEW OF PAST WORK

The luminescent responee of powdered ihorganic phosphors, such as
ZnSi0y, Zn0 and ZhS, to ioos of different mass has been studied fairly
extensively. The lumineSCent response of such materials is a result of
‘electronic excitation in the host lattice. Many experiments!-7 have
oeen reported that deal with luminescence processes, energy ]osses and
(adiation damage in these phosphors. The‘luminescence experiments have
dealt'ma?hly with the dependence of the intensity of the light output on
the inejdent energy of the fast ions. When a thick layer of powdered phos-
phor is bombarded with fast ions, light is assumed to be produced along
the entire trajectory and the intensity of the light output increases
with increasing ion energy and decreases wifh.intfeasing ion mass.
Theoretical interpretations of‘the luminescent response of these phosphors
have been made by considering the energy loss of ions in electronic
collision processee;1'7

" Eve and Duckworthl_have studied the ]uminescentireeponse of
ZnéSiOu;Mn ahd-ZhS:Ag powdered phosphors under low enefgy.ion bombardment.
'They determined the efficieney‘of jonolUminescence usihg>the ions “He+,

7t

, 23Na+,_39K+, ”OAr+ and 8_5Rb in the energy range 5 -3Q_KeV. Within
this energy range, the luminescence efficiency was found to be a sensitive
function of the ion energy, increasing with increasing ion energy and de-

creasing rapidiy as the mass of the incident ions increased. in analysing

their results, they have assumed that the luminescence is the result of



electronic excifation in the host lattice and that the intensity is
always proportional to the amount of such excitation. According to
thé‘fﬁéoretfcél wdrk of Bohr® and Nielsen,? when the velocity of the
incident particles is leSS than vo,-the vefocity of the electron in
the first Bon‘orbff of the hydrogen atom; the incident particles can
Pe regarded as neUtral atoms throughout the penetration of the solid,
%since%the electron capfure crOss.Section‘is so large. The stopping
gpoWer{of the térget for a heavy parficle.is considered to be approxi-
mately‘cdnstant. The probability that an electronic transition will
be induced in a statTonary‘atom by the closg passage of a slow atomic
particle is given by-the‘formula of Seitz and Koshier.10 With these
assumptions, Eve and Duckworth were able to get a'good fit for their
ZnS:Ag data, but failed with the Zn,SiOy,:Mn results.

Further theoretical work by Lindhard and Scharffll and by Lind-
hard et al.l? showed that the stopping power of the medium is not a
cénéténf for particles .in this ve10§ity range, but .increases With in-
creasing energy. This was subsequently confirmed by the experiments
of van Wijngaardeniand Duckworth? and by Ormrod and'DUCkworth.55 Ii
.is well known thaf.heavy ion bombardmentrof a phosphor causes a con-
sidérable;degree of damage due to the formation ofvdefects ﬁn (he
crystal struchre.' TheAenergy_Ioss of heavy ions, the radiatioh‘damage
‘and deterioration depth in the phosphors ZnS:Ag and Zn0:Zn have been
studied by Hastings, Ryalliand van Wi jngaarden," and by Hastings and
van angaarden.5 Thg observed energy losses of “He, 1’*N_, 40Ar and
8“.‘I(u' ions in ZnS:Ag and Zn0:Zn when compared to the energy loss for

hydrogen were all much smaller than the Lindhard and Scharff theory



predicted.

| Ionolumlnescence was not crltlcally compared with Lindhard's
theory until l965 when van WiJngaarden, Bradley and Flnney6 studled pow=
dered MgO and Zn28|04:Mn under bombardment wi th 1H , lv*iHe"','l"‘N+, hopprt
and 84er+‘ion.s. They assumed that electronic excitation in the stop-
‘ping medium is a-result:of the direct‘interaction between the projectile
and the electrons in the target material and that secondary interactions
between the electrons and lattlce atoms recoullng from nuclear collnsuons
ere negllgible. As a result, the energy loss to electrons in an element
of path ]ength dR is dEg = NSedR where N is the numher density of atoms
in the‘stopping medium and S, is the electronic stopping cross section.

The total energy transferred to the electrons could then be written as

E
E. = 0 e 4
; e = S
o Se+ Sn

by making use of the.relation -dE/dR = NS = N(So+S,) where S is the total
.stQPning cross section'and Sﬁ'is'the nuclear stopping cross section. The
total light outpdt of;the'incident particle‘in'coming to rest in the
stopping medium is represented by Egn. (l).'This'integral can be evaluated
by‘nqmerical methods. = For light incident particles such as 1H+ for which
$e>> Shs the\light-OUtput'is simply CEg. lheir experimental results for
Mg0 agree well:with the‘theoretical.prediCtions;fbut for Zn,Si0. :Mn the
discrepancy is quite;iarge. The experimental_curves'for the heavier ions
are slightly steeper than the corresponding theoretical curves. In addition,
there is a great difference in light output between light and heavy ions.
To account for the discrepancies{ these workers suggested that C must be

a velocity dependent function which should appear under the integral sign.



Careful experiments were also done on the combined effects of
jonoluminescence and thermoluminescence of Zn,Si0y:Mn in an effort to
show that the luminescent response to ion bombardment is independent
of'the populatidn of the electron traps below.the conduction band.

The resultsystrongiy‘sUggest that_ionolﬁminescence is caused by ex-
citation of the electrons in the host lattice.

“The mos t reéent exberiments desighed to investigate the light
outpué on initial ion énergy were'done'by Lao, Hastings, Finney and
van W%jngéérden7 using Zn0:Zn as the phosphor. They proposed that the
energy ipSs, AEé, of agpréjectile to electrons in a thin layer is re-
la;ed'to_thé totaf energy loss, AE, in the same layer by AEg = [(Se /
(Se-ksn)]AE. 'The element of light output from this layer must therefore
be AL = C[Se/ (Se+ Sn)JAE. It can be intuitively understood that this
formﬁ]a cduld take into account the radiation damage along the path of
the ions which may be the main reason for the discrepancy between ex-
periment and theory in the case of Zn23i04£Mn.- For a thitk }ayer of

phosphor in which the particle comes to rest, the total light output is

Eo
L(Eo) = -g—IE- dE
. v 0

where the quahtity, AL/AE, is called'the‘luminescence efficiency.
Numerical eval@ation of this integral gives values which are in close
agreement With the experimental results. The experiments also showed
that the iuminescence'éfficiency for a constant velocity decreased with
increasing ion mass. This casts some light on the energy tyansfer pro-
cessés; a light atomic projectile loses its energy mainly to éﬂectr@ns,

whereas a heavy ion loses a greater share of its energy in nuclear en-



“éounters.‘ Finally, the experiments showea that the total ]ight out-
put at constant projectile velocity had an oscillatory behavior with
resbect.to Zy, the inﬁident ion étomic number, indicating that the
mechanism for the Tuminescent résponse depends on the detailed be-
havior of the inelastic projectile-electron collision.

In 1970 Parilis!3 took an approach similar to that of van
WFInggafden-et al.® to calculate the light output but used the
calcuﬂations of Firsov®? for the_stbpping powers. When the predictions
of th; theory were combared‘with the experimental results of Dolll"
and van Wijngaarden et al.® it was found that the theqry predicted
values 10 per cent lower for Ar' incident on Mg0 and 10 per cent higher
for Ne® incident on ZnS. He concluded that the dependencg of ionolumi-
nescence on the velocity and type of ion is apparently. determined by
the excitation mechanism and is related to the energy release mechanism
to a lesser extent. Thus‘the'crysta]]ine structure of pho;phors must
have its effect on the yield of luminescence.

The effect of surface recombination on ionoluminescence did not
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receive much attention until recent studies by Petrov and Makarov and

16 They pointed out that the luminescent response of a given

by Petrov.
phosphor depends both on fadfative re;ombination through the activator
centefs in the‘bulk of a crystal and on the surface recombination which
is usually non-radiative. The relative importance of surface recombina-
tion shoﬁld be dependent on the ratio of the depth at which electron-
hole pairs are created, R, and the carrier diffusion length, L. They

proposed that, under ion or electron bombardment, the intensity of

luminescence may be written as



KE: _ KE;
;= 7;f— f(R;) or Io = -gf?.f(Re)

respectfve]y. Here Re aﬁd Ri are the projectile ranges and e, and €]
are the mean‘énergies;épentfﬁy primafy paftic]es Fof creating one
electron-hole pair, K Ls:a cdnétant and f(R) és a function which.fakes
into ;étount the surfaﬁe effects. The value of f(R) increases when R
increéses;,and f(R) > 1 when R/L>>1. They assumed that the generation
rate Qas constant along the path of the projectile. Their experimental
results showed that the vaer; of I and I, at a given energy of ions
and electrons'differéd'very_mucﬁ for samples‘wifh different impurit9
content ahd depended Qtrongly on the method‘qf surface treatment.

By compafing the values of Ii and Ie at which f(Rg) = f(R;), they
made reasonable estimates of the values € assum?ng the value ee. It
was found_ﬁﬁat_thé values of'e; depend on the projéctile's initial energy,
E;, increasing with decreasing Ei. The total amount of energy givéh‘to
electrons by 7Lt in~Sinusiﬁg the estimated value éf e;(Li) was found to

be in_gédd agreementfwith the value of
Eog Se '
calculated according to Lindhard's theqry.
Bulk matériaTs’whicH‘COnVert the kinetic energy of fast particles
into light have been used extensively as nuclear particle detectors. These
materiai§ may be broadly divided into three groups: inorganic crystals

(NaI(TZ), CsI(TZ), organic crystals (anthracene, stilbene) and plastics.

The scintillation response of such materials to projectiles with energies



above 1 Mev has for obvious reasons been studied extensively.17-28

The response of such materiafs in the KeV region has not received
nearly as much attention since their resolution as particle detectors
in this region is relatively poor, especially in comparison to surface
barrier dete;tors. Studies of the response‘of these crystals to low
enefgy and heavy particles are, however, of'Tnterest’Since they may
yield insight into the details of the energy loss'and light production.
mechénisms in the region where nuclear energy loss is significant.

| A detailed account of the scintillation response of Nal(TZ) and
CsI(TZ) to low energy héavy‘ions was given by Cano and Lockwood?® in
1967. In this work, it was found that the light output of CsI(TZ) in-
creased linearly with energy for all ions tested. The response of
Nal(TzZ) haa in general two distinct linear regions for a particular
projectile. fhe point of the inflection and the sense of the inflec-
tion depended upon the incident projectile. The behavior of the light
output Was_explained in terms of a model based on the,theories of‘B'ohr8
and Lindhard et al.12 in which the electronic excitation was calculated
uSiBg Lindhard's theory and the elastic energy loss was caiculated along
the lines of Bohf. They obtained a féir agreement between theory and
experimgnt. ‘The nonlinear behavior of the NaI(Tz) results was not pre-
dicted by this model nor was a plot of the spread in pulse height versus
gléétrpnic'energy loss as the incident projectilé was changed. The
variation df the efficiency might well be undéfstood in terms. of the 21'
dependence of L observed by Lao et al.”? in Zn0:Zn.

The scintillation response of organic scintillators has been de-

scribed extensively by Birks,23 in general they differ significantly
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from inorganic compounds./ The essential features of the scintillation
bproceés in an.organfc scintillator are determined by fhe molecular
struqtufe.' Organfc materiafs, unlike the inorganic compounds,,form
moleculaf crygtals'in which the molecules are loosely bound together

by vaﬁ der Waals forces and retain their individual identity, electronic
structure énd Iuminescgnce.

?The ﬁffhary séihiillatfén prdéess is common to all types of organic
scint}iiator and correspond; to the transfer of excitation energy frém
ionizing particles to the solvent. Subsequent processes depend on- the
type of scintillator and have been cléssified by Bfrks into three systems:
(1) Unitary (pure crystals, e.g. anthracene, stilbene). (2) Binary
(binary liquid solution,'binary‘plastiC‘solutipn, binary crystal solution).
The excitétion energy‘obtéined by the-solvent‘molecules from the incident
particle is transferred to the solute molecules prior to emission, the
emission spectrum is mainly that characteristic of the solute. (3) Ternary
(ternary liquid solution, ternary plastic so]ution); The emission spec-
trum is mainly that 6f‘the»se¢ondary solute, the excitatfon energy of the
solvent being transferred via the primary spTUte to the secondary solute.

The scintillatidp:response, L, of anthracéneiand;stilbene crystal§
ahd biasfic sojdtjons to different ionizing particles of various energies
has been stpdied at,high;energies.by many workers.30-35 |p generai, L
varies nOnlinearly with E and depends QnAthe.nature of the ionizing par-
ticles. The form of response curves is similar in all organic materials,
thouéh there are Slight differences in shape. To describe this nonlinear
behavior, which fs attributed to duenching of the primar? excitatiqn by a

high density of ionized and excited molecules, Birks and Black3® proposed
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a semi—empirical.relation_which gavelsatisfaCtory agreement with ex-
periment,2% except that the response to low energy incident particles
was.iess;than exﬁected. The discrepancy'between theory'and eXperiment,
as descriBed by Birks, is due to the surface quenching effect. To take
into accoqnt the surface effect, Birks modified his original equation.
The validity of‘the’modified equation was confirmed by Fowler and Roos 33
who obsérved the S&intfi]ation»reSponserf anthracene and stilbene
-crys%als to 10-40 KeV:x-raYS and 170-570 KeV protphs.

“ Birks concluded that there are three possible processes that can
cause a:surface decrease in Fluoresence‘efficiency:-‘(l) escape‘of
excitation energy, which reaches the surface either as excitons or
-fluorescence photbns, (2) back-scattering of incident radiation,

(3) quenching by ‘impurity molecules in the surface layer;r Results of
experiments by Brannen and 0]dé38 on the response of ‘the plastic

scintillator NE101 to electrons showed that the major cause of the

surface effect is the surface escape of excitation energy.
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THEORY

Introduction\

Luminescence is due to the excitation of electrons into the con-
'ductipnibahd from'the_valénce band. A fraction of the excitation energy
vis t%%nsferred to the luminescen¢e centers which subsequently emit.

ﬁvTo understand the response of phosphors to fast .ions, the fOIIOWf
ing quéstions must be asked.

(1) How is energy transmitted to the crystal?

(2) How is energy convertéd to light in bulk material?

(3) Since'the penetration depth of fast ions is not
' large, what is the effect of the surface?

It is believed that ionoluminescénce fs due to the electronic
excitation,mechaﬁism; that is, the energy spént in generating electron-
hbié paifs is tranSﬁitted from the ions to the crystal by inelastic
collisions. E]astfé colTiSion$ Wilj cause atomic diéplacemeni and this
energy is probably.diSSipafed in the form of heat. |

LUminescenCe‘resulting,from ion bombardment constitutgs a very
compli;ated phenomenon which deﬁends on the slightest admixture of fm—
purity atoms, their position in the lattice and the structure of the
lattice itse?ff The most common}fofm of luminescence involvfng trans-
port‘of charge is that in whiqh‘electrons and holes rebombine at a
crystal imperfecﬁion. This imperfection may'bé.a quenching center, fn
'which the energy is‘quenched without pféduging any light, or a luminescent

center, which subsequently emits a photon. The é]ectron and hole may

12
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recombine and form an exciton, which_diffﬁses through the iattfce (non-
radiative migration) until it‘is cabfured by either a luminescent center
or abquenching center or even é']ow-]ying-trap. ln'ﬁQSt inorganic
phosphors, the host lattice is.transparent to the emission, so that the
light pkoduced can be detected.

) Since the depth at whfch electron-hole pairs are created is not .
largg undefsfast ion bombardment, fhey may diffuse through the crystal
and'recombine non-radiative]y at fhe surface. Thus the surface may act
as aﬁ‘absbrber or a quencher, which réducesrthe light output considerably,
espg;iélly:for heavier ions.

The luminescence processes and energy transfer mechanisms in
inorganic materials are essentially different from those in phosphors.
They are determined mainly by the molecular structure, as well as the
interaction between molecules. The energy may be transferred from the
sqlvent to the solute or from the solvent via the primary solute to the
secondary solute depending on the tybe of scintillator. Due to the com-
‘plexityfof the‘eXCitafion processes,.no model for ;he'ionoluminescence

of such substances will be developed here.

Energy Loss Mechanisms

Charged particles lose energy to both the'afomic and electronic
systems in a'térget.‘ At high énergies wherg'the paftﬁc]e's velocity.is
’greater‘than the Orbital veﬂpcity of the lattice electrons, inelastic
losses to the eiectrqnic system dominate. As the particle s]ows down ,
nuclear collisions begfn to compete with the electronic collisions and

eventuanﬂy predominate. Let us consider electronic stopping first.



A qua]itative classification of Slowing down for all kinds of charged

particles is reproduced in Fig. 1.3°9

4 !
I —~I

dE
dR

Fig. 1. "Classification of stopping for arbitrary ion.

Here the specific energy loss, dE/dR, is shown as a function of‘particle
,vélocity. The figu;e is divided into three velocity regions. In region
I, where v >>.v0 fvd.% ezfﬁ‘is fhe orbital velocity of the hydrogen elec-
thn), dE/dR dgéreésesﬁwith increaéfhgbpartible velocity, the stopping

is comp}etely‘electfonic‘and the we]l;known Bethe-Bloch formula applies.
Lindhard and WEntHér”b'pFOposed an equipartitibn rule, stating that the
étopping is contributed to equally by close collision and plasma resonance
excitation of the electron gas. They obtained approximate rgsUlts for
stopping at high and low velocities. At high velocities, the stopping

js equivalent to fhe_Bethé-Bloch expression, and ap_low.velocities tHe
stopping is close]y brbportional to the partic]é velocity.

Region II, which corresponds to intermediate velocities, includes

_the maximum stoppfng. For heavy particles, the accuracy of theoretical
eétimates is boor..-Fér the transition from region I to region II for

low Z particles, a shell correction to the Bethe-Bloch treatment has

14



been introdﬁced‘by Walske“l and later by Bonderup.“2

ln:region I, th¢ so-called low yglocitylregion'Where particiés
have'veIOCTties’v?:vaig/B, inner §héll,electrons:have velocities very
much éreafer than the pértic]é'vélocify and therefore do not contribute
to the energy loss. At very low particle energies, the lowest part of
region III; huclear stopping must also be considered and can compete
1with”électronic stopping. For the present work region III, where ions
lose?énergy,botﬁ to tﬁe recoiling atoms and the»e]ectfons,in fhe stop-
pfngjmedium, is of the greatest importance. The total energy loss is‘
the sum ofﬁfhe‘eleqtronic\and nuclear components, dE = dEg + dE,. The

spécific ehergy‘Ibss, the“so-calléd stopping power of a medium, is given

by _dE _ [ [eE) |, [aE) T
‘dR - | 1dRip dR{ o

where the7§Ubsckipts,fh and‘e; refer to the nuclear and electronic com-
ponents, respectively.

' Se,Sp are given by the equations

' dE]
- ——l = NSn
[ dRJ ~

-= = NS,
(-5,

andl’[-'fg-g-] = NS = N(Sle'i'Sn) . (2)

Here‘N'is the number of stopping atoms per unit volume. The three stopping

cross sections are related by

S = S+ 5.

15
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' Se and S, are of the same order of magnitude when v = 0.1 voZ; = .12

Liﬁdhard and Scharffll introduced a model based on a particle
moving through an elettron gas and suggesfed'that the electronic

stopping power is proportional to the particle.velocity,'v, when

o 2/3 : ' v .
v < vpZy which corresponds to the velocity of a proton with an

énergy less than‘25‘KeV. Tb‘a first approximation, they obtained

" ].3)2

8 5y .885 2,2

£, -0793 bre 32 | e gl/2
- ’ '212/3 +'222/3J - All 2

} séf

kg 1/2
where Ee is a constant of the order of | or 2 and is approximately
equal to 211/6.

- By ihtroducing_the dimensionless energy e and length p they

obtained .
. 1/2

:Se(e) - [g:;-}e = ke

where the constant, k, is given by

0_0793211/2221/2(A1+ A2)3/2

D Ry /
(z,2/3 +_222 3)3/up,3/2p,1/2
p-is,givén by ,
4 . ﬂale
p = RNMz
(My+M,)
‘and € is given by
, g EaM2
£ = - >
leze (M1+M2)

The last two are dimensionless measures of range and energy, respectively.
R is the path length travelled by the ion, N is thernumber>of atoms per

unit volume and E is the ion energy in the laboratory system, M; and Z;
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represent‘the‘mass and atpmicinuﬁber of fhe:projecti]e, and My, and
Zé represent the cbr;e$pondin§rquantitiesvférAthe'target atom. A;
and Azssimjlarly'répresent.their ﬁass ndmbefs;v The qUantity?a ha§
the‘Vafueid,8853:ab. | |  _‘
VTHe‘eQQétioﬁ for Se‘né longer Holdé,ﬁhen~v > vOZIZ/sénd
: gradﬁal1y;assumes.anJE*IZnE dependence. Recent work has shown Se
‘to ﬁéve ah oscillétory dependenge on 21;43-?7'which’is not predicted
by t?ndhardfs ;hebry. |

Bohf8 laid the.fouhaation for a theoretical investigation of
the stoppihg,proceSSgin‘terms_bf.elastic nuclear collisions and this
later was extended byvNieisen9_and by Lindhard and Scharff.1l The
reduced nuclear étopping'cross section (de/dp) can be‘computed using
a Thomas—FeEmi estimate of the interaction potential;(Appendix I);
The_reshlt»of_Lindhard‘s calchlatfoh_is reproduced in Fig. 2,‘togéther
WitH the’cbnstant»nuélear stopping cross section derived from_the_power

law potential. The‘full-;urve,is (de/dp), computed from the Thomas-

Fermi model, the dashed curve is from the power law potential.

A de/dp

0.5}
y
03
" 02 ﬁ

o

TR T — —F— >
61/2

Fig. 2. Thééretical nuclear stopping cross section.



.f,ft has been shown fhat ionoluminescence .is caused by the
excitatioﬁ-df the’eleﬁtrons in the host léttice.6 ‘lonoluminescence,
like other fdfms of'iﬁmfnescehce,‘occurs in two stages: :the excita-
tion'bf'the electrons and the release of the stored energy, that is,
an electron is excited from the valence band to the conduct ion band,
a holéfis left behind in the valence band, a phdtohrié emitted when
theiélectron;hole,bair recombine via the luminescence céhter. The
mechanism for the release of the stbred ernergy is roughly identical
for various typés 6f’§rystal luminescence centers.

The nuclear collisions betweeh]the’projéCti]e and the target
atoms cause‘fhe target atoms to recoile However, since the majority
of such collisions involve only small angular deflection of the pro-
jectile‘(see Appendix i), the eieCtronic excitation produced by the
secqhdariés will be ignored. The energy loss in nuclear collisions
is pfobably dfssipated‘in'the férm of heat, whereas the direct interf‘
aﬁtion Between the pﬁojectfle and the electrons in electronic colli-
sions will cause the electrons to make transitions which result in
tﬁe productioﬁAof l?ght. 'Since inelqstic collisions are responsible
for élecfronic excitation, the integrated light output (L) in ion-
oluminescence should be proportional to the energy transferred to the
electrons. For an atomic‘projectile,_travelling alqng an element dR
of_its trajectofy, the engrgy loss to e1ectrons is given by dEg = NS.dR.

"By making use of Eqn. (2), van Wijngaarden® obtained

Thus the total energy lost to electrons by a projectile which comes to.

rest inside the stopping medium is



Eo
Ee = [ , S 4 (3)

where Eg is the ihitia] energy of the projectile.

»The curves of Eg versus Eg for Zn0 shown in Fig. 3 were obtained
by numerical integration of Eqn. (3). Fig. 3 also shows the calculated
points for the phosphors,ZnS, ansioqiand CsI, but for clarity no curves
haQé been drawn through them.

ance we have éssumed that the total light intensity, L, produced
ajong the entire trajectbry,of a projectile that comes to rest inside
the stopping medium, is proportional to the energy lost to electrons,

Ee, we write L = CEg or
Eog -
. S e
L(Eg) = C ( ——— dE

where C is a constant.

Using the two dimensionless variables, € and p, L can be written

in the following terms

, €0
2,2,"(M+ M) | (de/dp)
L(Eg) = ¢ —— . ‘ = de
. aMz (d€/dp)e+ (de/dp)n
0
where €9 = [aMy/ Z;Z,e2(My+ Mé)] Eg- Numerical integration of this

requation was pefformed by evaluating (de/dp)e by means of the equation

1/2

(de/dp) ¢ = ke and using Lindhard's curve for (de/dp), shown in Fig. 2.
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Fig. 3. Plot of the total energy lost to the electrons, Ee versus

Eg for Zn0(o), ZnS(x), Zn Si0 (o) and CsI(A) samples.
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Recombination Processes

Genefally speaking when a photoconductive material is stimulated
by energetic pafticles of'by other-means, if thé é*citation energy is
sufficient to break the covalent electron pair lattice bonds, electrons
will be liberated and leave holes behind at the excitation sites. in
the presence of a soUéce of excitation, electron-hole pairs are being
continually generated and are continuél]y recombining. The generat?on.
rate, g, is the humbér of electron-hole pairs generafed per unit volume
per unit time and‘the recombination rate, r, is related to the carrier
lifétime, T (6r'fecombfnatf6n lifetime) and the carrier_concentration,
n, by the relation r = n/t. The carrier generation rate, g, at any
point in the volume of the material is proportional to the particle
bgam intensity. Obviously, g is not equal to n/t except in the state
of thermal equilibrium or without the presence of_ahy‘excitation source.
The thermal generation rate which is denotéd.go is the number of elec-
tron-hole‘pairs generated per unit: time per unit volume from thermal
"breakage of covalent bonds and is equal to the thermal recombination
rate, ng/tg; i.e., 9o * no/tp. Since the generation (or recombination)
of an electron is inevitably accompanied by hole generatfon (or recom-
bination), we may writg 9n = 9p and n/t, = p/Tp, the subscripts n and p
refer to electrons and holes, respectively, and in the thermal equili-
brium state, ggon = ng/Tpg = np/Tpo = gop, the rate of carrier generation
is equal to the rate of carrier recombination.
| The motion of carriers in the sqlid may be de;ermined by means of

the continuity equation

d(an)/dt = D*V2(an) + y*E:v(an) + g - r (4)
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~which is developed by considering the flux of holes, Jps and flux of

electrons, J,, through a volume element ‘of material (see Appendix II).

In this eqUation,'D* and u* are the ambipolar diffusion and mobility,

respectively, and are given by

FD*’ =:- ”r.'v""p ,
i o= p-n 2
For n type materials, when n >> p, D* = Dp, and TR ~Up- The

equation then has the form
d(ap)/dt = Dpv2(8p) - HpE-V(Ap) + g - r .

In strong p type materials, where p >> n, D* = Dns pr o= un and the

equation has the form

’d(An)/dt

D,V2(An) + wnE-V(An) + g - r .

3

And, for Intfinsic_materials, where n = p, D* = ZDPDn/Dp+Dn, u* =0,

and the eduation has the form
d(An)/dt = D*v?(an) +g - r .

Finally, it should be admitted that we have no intention of applying
Eqn. (4) to any but one-dimensional problems and without the presence

of an electric field, so that the continuity equation reduces to

d(an)/dt = d(sp)/dt = D*d%(an)/dX? + g - r .
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More simply, it can be written

dn/dt = D(d?n/dX2) + g - r (5)
where the asteri?k'has,been droppéd and n has replaced An since ng is
negiigible for large band-gap intrinsic materials.

The various pfoCesses for recombination of electrons and holes
fall into two classes, depending on whether the electrons and holes re-
cOmbiné directly by band-to-band transitions, or indirectly via inter-
mediate localized energy levels in the forbidden gap, such as shown in
ng.»h. |

conduction band

hy e~nnnl

DIRECT INDIRECT

valence band

Fig. 4. Competing recombination processes.

In difect'fe¢ombinatioh, the electrons mus t release an amount of
énergy‘approximately equal to the full gap energy, this energy is carried
away by the.phofoh of frequency, v, given by hv = Ey - E¢c. In indirect
recombination, some energy whfch,wouid:have been carried away by the
photOn’ihva‘direct transition is‘how carried away'by phonons, the fre-
quéncy,of the radiation associated with such transitfons is given by
hv = Ev - E.+ Ep wherevEp is the energy of the phonon involved.

These two recombination processes are‘always competing. For .

direct recombination, light emission is generally the important mechanism,
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while for indiréct“tkansitions, phonon emission predominates. Whether

an indirect recombinétion process will or will not produce Tight_de—

pends on the nature of the recombination center.

The statistical treatment of trapping of electrons and holes by

a localized energy level lying deep within the energy gap was first

investigated by Shockley and Read;s1 There arevfour basic processes

Fig.

(a)

(b)
(c)

(d)

‘involved in an ele;troh—holé recombination through trapping centers,

as illustrated in Fig. 5.

Ec e

[ TR AR

Ev
(a) (b) (c) (d)

5{ Four fUndamentél processes involved in recombinafion through traps.

The capture of an electron from the conduction band by an initially

neutral empty trap.

The energy loss of the electron is then converted into heat or light

or both dependihg upon the nature of the trapping process.

The emission of an electron from the trap to the conduction band.
The’capture.ofia hole from the valence band‘by a trap containing an
electron or the emission of a trapped electron to the valence band.

The capture of an electron from the valence band or the emission of

a hole from the trap to the valence band.

24



These trapping processes are characterized by an average capture
cross sectionifbr recombihation. The prObability that a free carrier
will make;a‘transitjqn to a jocaTized»]evel or across the gap depends
dn‘the;number of glecfrons in the conduction bahd_and.the cabture cross
section of the,traps. |

Comparatively, a more practical modél of electron hole recombina-
tion and trapping érocgsses was studied by Birks.29 A schematic diagram’
of thé energy levéi system for an impurity activated crystal phosphor is

.shown in Fig. 6.
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. [E—— _‘_ ——\

VALENCE BAND

Fig. 6. Energy bands in an impurity crystal phosphor showing excitation,

luminescence, quenching and trapping centers.

The luminescence centers and traps arise from crystal imperfection.
Electrons excited -from the valence band to the conduction band, moving in

the vicinity of luminescence centers or traps, may enter these centers or

traps if they are unoccupied. The electron captured by the trap may return

to the conduction.band by acquiring sufficient thermal energy or fall to

the valence band by a radiationless transition. When an electron-hole
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pair recombines at the luminescence center, a photon is emitted sub-
sequently. |f the recombination occurs at a quenching center, the
excitation energy will dissipéfe in the form of heat. Luminescence
requires the recombination of an electron and a hole at the activa-
tor center.

The indifgct recombination of electrons and holes, accompanied
by the phonon—emissibn process, can well be explained by the concept
of the configuration diagram. The configuration diégram, as shown in
Fig. 7, presents the energy, E, of the ground state and of the first
excited_étate-of an atom as a function of its configuration coordinate,

X, this atom being either an - impurity atom of a host lattice atom.

GROUND
STATE

D
A 1
[} 1
1 1
] )
) ]

2
>

Fig. 7. Configuration diagram.

A and C are the equilibrium potentials of‘an?electron in the
ground state and the first excited state, respectively, and correspond

to slightly different positions of the atom. Hence, when the electron
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is einted from the ground state at A to‘the exqitéd state at B, the
whole system partly relaxes to C.. The atom is displaced a distance
dX. The excited electron loses some energy fn this process and the
enefgy lost is dissipated in the form of an atomic displacement, i.e.
as a phonon. When the electron returns to the ground state at D, a
new atomic displacement is necessary for the system to relax to its
lower energy at'A, and takes the form of a phonon emission.

The energy curves of the ground and excited states usually in-
tersect or approach each other closely at some point F. If it has
sufficient thermal energy, the atom can move to a configurational
position;XF{_ At F the electron will make. a transition to the ground
state. _In such a process, the photon would not be emitted since when
the system relaxes to position Xp, the electron'is at the lowest energy
state.

We have learned that charge carriers generated in the volume of
the material will uhdergo recombination at a rate corresponding to a
vo lume 1ifetime T. They will also diffuse toward the surface due to
the gradient in number density and may recombine at the surface at a
réte whichvméy_be repreSented by a surface recombination velocity, s.
Undervthese circumstances, thetsurface_acts as a parfial absorber for
eiectrons and holes. The charge carriers, which are generated close
to the surface of the sample,_will,recombine more rapidly at the sample
surface than the charge carriers generated deep in the volume of the
sample. |If the.sample is sufficiently thin, electrons and holes may
recombine on both sample surfaces. The main difference between surface
recombination aﬁd volume recombfnation is that the former is non-radia-

tive, while the latter may be significantly radiative, and they are
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independent of one another.

The efféct-of surface recombination has been studied extensive-
ly by McKelvey.%? Consider a diagram of the particle flux interchange
betweén the surface and interior region of the sample, as illustrated

by Fig. 8.

9B Jds

—_— X
Rs

Py
(0] } .
B S N N NN N NSNS SSSSNSNNNY

: _ — FB—»s
INTERIOR
REGION

- SURFACE
.Fig.”8. Flux interchange.

Rg is defined as the probability that a carrier upon entering
the crystal will be seqt back by the bulk, and Rg the probability
that a carrier in a single collision with the surface will be sent
back by‘the surface.

gg is the flux orjgfnatiﬁg from the interior and g5 is the
surface generated fiux. Fg,gs the particle flux flowing from the
bulk to the'surfacé, is made up of gg plus that part of the flux
flowing from the surface to tHe bulk being reflected by the bulk.

F is the flux flowing from the surface to the interior of the

s—>B

crystal. Therefore

'FB+5 = 9% *Re Fs—>B

F = gg + Rg F

s>B B»s °
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The difference between F Bos and F -B is the net flux of carriers,
whlch is equal to the net dlffu510n current, -D d(An)/dX evaluated at

the surface ln the absence of an electrlc field

d(An) )
dX

Faos “Fsp = ° 0P [ ]
: : . surface

FB%S and Fs+B may be obtained on the grounds of general statistics. In.
" the .thermal equilibrium condition, the particle concentration, ng, is
the'Same.everywhere,ﬁthe number of particles per unit time croSsing a
 .pIane surface of unit area in either direction is just

| »‘FB_% -’=  Fs_;é’aa no'c'/h (- average thermal velocity).

The surface'therﬁal generation rate, 95; is clearly equal to the
surface recombination rate
gs = (1-Rg) ngT/h,
(I-RS)'befng the probability that a particle will be absorbed by the -
surface
When a dlffu5|on flow of partlcles is set up by a concentration
gradient o omE o . A
__FB-*S ¥+ Fs+B 4= ngc/ & .
The.sum of FB+$ and Fs%B

Boltzmahkdistribution is still correct

“in the surface.region.can be obtained if the

FB;*s * Fs—>B B nSC/ 2

where ng represents the concentration in the neighbourhood of the surface.

By solving these equations,-ohé‘ebtains

[d(An)

dax ] R (hsfno)'(?72)(I—Rs/»L+RS)
' surfacej S
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:D[d(An)

dx }sukface © (an)

surface

where s = (c/2)(l Rs/ L+R5) is the surface recomblnatnon velccuty This

‘surface boundary condltlon is genera]ly wrltten as

-D tRSV(An)] s - (An)

surface surface
'where>g[is a unit‘ethard vector normal to the surface.

Carrier diffusidq_processes and carrfer»recdmbihation at the surface
pf the'photeconductorsiWere,stpdied by DeVore>2 ih_analyzing the shape of
phofoéenduefivity.spectral distribution curves. Gergely53 applied DeVo;e}s
diffusion eduéfion in'analyzing the shape.ef cethodolumineSCence curves
for various types of phosphors. 'Teking into account the surface recombina-
Atlon and dlffu5|on processes, the nonllnear ‘dependence of cathodolumlnescence
|nten5|ty on the energy of |nc1dent electrons could well be explained. For
several phosphors; the_d:ffuslon length, L, was found to lie in the range
0.05 —-O.ISp and: the surface recombihation velocfty, s, was found to lie
in the rahge‘5><To3 -5 ij? ch/sec.

.ReCehtly the Russian workers, Makarov and Petrev,lspin studying the
Ionplumihescehce and>cathodoluminescence ef SiC single crystals,iclafmed
thaf the dependence Qf the ihfensity qf cathodeluminescence and ionolumines-
cence.on.the incident:partiele energy wes gevernedlby the state of the
surfaee~of the éample, as weITpas its impurify content.

The theoretieal fuhctfen, f(R), which allows for the influence, of
the energy losses in an inactive surface layer and for thernon-radiative

surface recombination was given by them as

f(n) - - Q% (1 -—e-RIL)

where \"QA = s /I(D/L) +s |



provided that the generation of non-equilibrium carrier pairs along

the path of an exciting particle is unifokm.i

lonoluminescence

A development of a'theoretlcal treatment of the |onolum|nescent
processes whlch contains the mechanlsms dlscussed in the prevvous sec-
tlons,and whlch |s |ntendéd to describe the particular ion-phosphor
:combinations hsed in'the-pfesent work is the topic of this sectlon.
The starting points-for this development are a continuity equation (5)
snmllar to. DeVore s and Lnndhard's eneroy loss‘theory

It is assumed that the dlmen5|ons of the crystal ‘are much larger
than thegrange R,of the incident partlcle and the diffusion length‘LD
of the releasedbcarriers, the volume lifetime, t, is a constant then
for a partlcular:sample.b ”

In consequence of the above assumptions, the problem can be
treated as a one- dlmen5|onal one. Consider now a thnck sample, the
partncle is incident perpenducular to the surface of the sample in the

x-dlrectlon. The followung notatlon is used:

Cnlx)

= concentratuon of charge carriers at a point x'in the
sample;
| Lp = diffusion length of charge carriers;
D = diffusion coefficient of charge carriers;
s = “the'surféce»recombination velocitm;
g{x) = rate of generation of carrier pairs within.the substance.

We consider that g(x) « (-dE/dx)e where,(-dE/dx)e is the energy loss per
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unit thickness by the incident partic]é»to the electronic system of
the crystal. We assume‘that'the'energy_]oss'pér_unit‘thickness is a

“constant

o
m.
m

_dE | K
dx R
P
where Ey is the projectile initial energy and Rp is the depth of

penetration.

Lindhard's theory predicted that the Specificrenergy‘loss is

For the case of IH", Since>$e >> 'S, we may write
dE - _ (4B} |
dR dR
N e

: i : 1
Since Sg varies as Ez, the range along the path R also varies as E

2

The projected range, however, varies nearly in direct prdpdftioh to E.
If the projected range Rp is considered, the rate of generation g(x)

will be- “g(x) = Ed/Rp.
or » |
g(x) = CEg/Rp

where C is a proportionality constant. g(x) is a constant proportional

to the,énergy loss per unit thickness of the stopping medium.

E
C?§~ 0<x<R
P :

g(x) p

C = O X>Rp ‘.

Under steady state conditions, dn/dt = O and the continuity equation,

Eqn. (5), reduces to
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 D(d?n/dx2) = n/t - g(x). (6)
Substituting_g(x) =:CE0/Rp intc Eqn. (6) yields
D(dzn/dxz) = n/t - CEg/R,
or’ _ _ - ¥
d?n/dx? = n/Dt - CEy/DRy. (7)
lFbr conveniénce; let 82 ;wl/Qr‘and Y = CEO/DRp for 0 <x<Rp and ¥ = 0
{for x> Rp.-VWfth'this nctation,»Eqn;‘(7)'bec6mésr
. fd?n/dx2 = gZn-Y. - (8)
The generél‘sdlutionSmférith;'(B) are
1h1(x)'=.C1 e*p(Bx) +:C2,exp(‘§k)'+ Y/82 0<x <Rp
n2(x) = C3 exp(Bx) + Cy exp(-8x) x >Ry

The constants, C1; Co, C3 andlcg, may be determined from the boundary

" conditions:

(1) 09, (0) = 5n,(0)
(2) n(Rp) *'"2(Rp)"
(3) m'(R) = ny' (Ry)
(g) | ngfg) =0 if xow

where the pﬁime'?ndiCatés a derivative. The values of the constants thus
obtained are

™

-¥ exp(-BRp) /282

¢ = [V exp(‘-BRp-)IZB’ZV) (s/DB+s) (1-D8/s - 2exp(BRy) ]

C3 =0

o
&
il

€2 - €y exp(28Rp).
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The total number of carrier pairs generated is

Ng = ’ ny(x)dx + [ ny (x) dx.
"p
We assume that the intensity of the light produced is proportional
to the total number of carrier pairs generated_

~ L(E) = No/Tl

where T is the lifetime of the carriers.

R v " oo
_ P
L(E) « 1/ ny(x)dx + ns (x) dx
g 'Rp
| e "
L(E) = ¢/t (|  np(x)dx + n (dx) dx
0 IR

After integrating and rearranging, we obtained

‘wherebk' = C'C,"LD = 1/8;'the diffusion length of the carriers, and Q =
s/|s+(D/Lp)| is a surface recombination loss parameter. For hydrogen

ions at high energy where Rp >> Lp, Eqn. (9) reduces to
Ly = k'Eg.
For the case of heévy_ions where ﬁuc]eéf collisions compete with
electronic’cdllfﬁions, a projectilé energy ﬁistribution‘fUnction within

the sample is approximated -as follows. It is assumed ;hat the energy

34



35

loss per unit thickness is a constant

where Rp'is'the depth bf‘pehetratioﬁ; Integrating from the surface (x=0)
where the particle's incident energy is Eg to a point x from the surface

where the particle's energy has been reduced to E gives

Eov 0
- E+ Eg = Egx /'Rp :
CE=Eg (1-x/Rp)

Since-theLStopping‘power“is expressed 'in terms of the range along the path
ié‘rangeAcorrection factor must be introduced to estimate the energy loss

per unit distance from the surface:
(-dE/dx)e = op (-dE/dR),.
The rate of generation g(x) is then

Ny

g(x) = (-dE/dx) o = op(-dE/dR)¢ = apNKE

or
L
g(x) = CopNKE™.
For-the’casélof 40a+* jons falling on ZnS, op takes the form12
where
uo= H2/M1 "”,l.



g(x) for #0prt jons on ZnS will then be

h_

-Thenv_alues of - the consténts’(in Eqgns. (12) that satisfy Eqns. (13) are

' L |
g(x) =-3~CNKEQ‘2 (1-x/Rp)  for: 0 <x <Ry
| _ (10)
g(x) =0 for  x>Rg
Applying the steady state continuity equafion (6) ‘and substituting Eqn. (10)
d2n_(x)/d2<;2, = 82n(x) - Y'(1 —x/'Rp) : (11)
3D
"ln;t"‘roducing't‘:hé-bnew variable, y = BI(RP‘-x), Egn. (11) becomes
Ul ey
Y B P
The general solutions to this equation are
: ) . Y © 2_] +%
niy) = Cy exp(y) + Cy exp(-y) — oo .z] 2jy 0<x<Rp
k=1
and
n2(y) = C3 exp(y) + Cy exp(-y) x>Rp . (12)
In terms of the new vafiab‘le, the boundary conditions become
(1) -bn'(BRp) = S,(BRy)
(2) ny(0) = ny(0)
(3) ny'(0) = ny'(0)
(4)  naly) = 0 if y»= . (13)
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X sYR,2exp (-BR;) - (8R)H YRpexp(-8Ry) = (8Rp) %
1 = 3 = - . - g " g . n
1= 2 +2 ~ 1= 2 +] ’ .
.- ,(S+DB) | J 0‘ Jn (k+) (s+D8) =0 Jn - (k+k)
k=1 | | k=1
and Lt = ey = 0.

The total number of carrier pairs generated:is therefore

8Rp 0
Nog =81 | nylyddy + 871 | naly)dy
N -
.and the }fght pr6ducedvi$>1
. N ‘ BRp 0
L(E) = =1/ {Bk—r. nyy)dy + 8-! nz(‘/)dy}'
Tt Jo .
or
BR, (0
s c! -1 | - p=1 ‘
L(E) = = {B» ny (y)dy + 87! nz(y)dy} .
0 -

After integration and reérranging, there results for argon.

| L o 3w (-Ro/Lp)?
LA = c:'c-;'-mﬂz(f2 Rp%— {1 -3q 1 -J.—,(—]P—l.—

| ~R_/Ly)J

g 0§y o3, 2 URp)
= k'E {l 5Q Z T (14)

TN (k)

k=1

J

where Eg0 = NSe(Eo)Rp and k', Q and LD have the same meaning as before.
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In general, we may write Eqns. (9) and (14) in the following form

 for hydrogen 

- Ly(E) = Kk'Eofy(Rp/ Lp)
where : | |
L Lo |
fu = 1-Q¢= (1 -exp(-Rp/ Lp)) (15)

and for'argon in the form

LA = Kk'Eg%fp(Ry/ Lp)
‘where

f = 1-20 5 TN
A“_‘,_zlj;.oj-l- ’ :

ey (k)

A comparison plot of f and fp versus Rp/Lp is shown in ng,A9 for
Q=1, Q;O.S'and Q=0. rlfjwe put Q=0, we may expect that Eqns. (9) and (14)
should reduce to Eqn. (1). The result of such a comparison is displayed
in Fig. 10. |

For the case of “0Af" ions penetrating_NaI(TZ), to the first ap-
proximation, and overfestiﬁéting the nuclearrstOpping; we may write the

range correction factbr,‘aR(E), as

Here S, is considered a constant, corresponding to the r~2 potential be-

tween atoms. Thus we méy write the generation rate, g(x), as

f!

g(x) = dEg/dx = ag(E)dE/dr

= uSpN

(i

or g(x) = CuSpN

which is a constant.
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(0—o0) .and fA(x—~-X) versus (Rp/Lp)

Fig. 9.. A combbsite plot of fy
' - for Q=0, 0.5 and 1.
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The solid curves are calculated from Egns. (9) and (14)
with Q = 0 and k! = 1. The points (_;_) are obtained
from Eqn. (1) with C = 1 for both 'H and “%Ar+ in ZnS.
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Using the same approach as above for 40ar* ions on a Nal(TZ) target,

L(E) takes the form -

L(E) = K'uNSqR, {1 -Q EP' (1 - exp (R, / LD.))}
| N E
L(E) = Kk'uNS,R,F(R, /Lp)

where

—_—
1-Q E-D— (1 - exp(-Ry / Lp))

_ P

which is identical to Eqn. (15).

(16)
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1V.

T

| APPARATUS’ AND TECHNIQUE
The generél,principlé‘of'opération of'the apparatus is illustrated
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Fig. 11. " Schematic diagram of the apparatus.

T HV

in Fig. 11. Positive ions produced in a gas-—électrph bombardment
source are accé]efa;ed between slits S; and S; by a high voltage power
‘éuﬁply, Hv (uvc Moﬂeﬂ BAL-130-1.5-LU) , whose output potential could be
varied from 0 to 130 KV and which was calibrated to an accuf#cy'of iﬂag

percent.

After acceleration, the ion beam passed through a collimating stage



consustlng of slit $3 and was directed into a magnet|c field B, produced
by an electromagnet which separated the varlous types of ions present
in the beam The desured ion.beam, in travelling a C|rcular path of
radius 45”, was bent through an angle of 30 The ion beam was then
further colllmated by the second co]lnmatlng stage coneisting of the
slif‘system; Sy and Ss.  The ion beam is collected in a amal] Faraday
cup, F; and‘;herbeam'CUrreht is measured by means of a high speed elec-
,tfemeper (Keifhleyihodel 46). In order to preveqt secondary electrons
ifrom:entering»or leaviné_thelFaraday cup, sl?tlss:js kept at a negative
potential of 2§.vo1ts.-'Thedimensions'of the~slit%, S1, So and‘S3,‘are
appreximately-0.0I“ by 0.50". " The divergence of the ion beam is.suffi-s
ciently large to produce an approximateiy uniform ion distribution@over
;he area of Ss so that the irradiatioh was effectiVely distributed over
a corbespondihg area of_the~samples_

ThelFaraday-cup'and the cylindrical sample holder were connected
together and'coula be mqved in an'are perpendicular to the'ion beam by
means of}a bellows ayapem. When the cup moved out of the ion beam, the'
ien.beam_impinged.Upon the'samp]e,

The sampie cohsisted of a thin layer of tiny phosphor crystals.
depesitedvtoba'depth of a few tenths of a millimeter on a 1.5" diameter
‘quartz diSk'hefd,by'a metal ring. In order to minimize the deterioration
of the phosphor»sampleshUnder‘proionged fon bombardment during the course
of the‘expeh{menta, ;hey,werevscanned rapidly acrosslthe beam.

.Thefsampie’disk was first mqved‘so that the sample was not in the
babh of‘the ion‘beam, the ion beam was collected in the Faraday cup as .
shown in Fig. jZ. 'Aftervthe iqn current was determined, the Faraday cup

was retracted and the phosphor sample then scanned perpendicularly across
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Fig. 12. The arrangement of the Faraday cup and the sample holder.

the path of the ion beam. The Faraday cup was then reinserted into the beam

and a second determination of the ion current was made. The mean time taken

to scan a sample across the ion beam was less than 5 seconds. As the sample

pasSed‘acfoss fhe'iqh beam, light emitted from the bombarded sample was de-
tected by méans df a pﬁotomultiplier'tube‘FMi(EMI'Type'9653Qb) whose output
was registered on.a-Keith]ey’electrometer;(Keithley Model 410A). The d-c
output of the elecfromefef wés retained on the same recorder used for the
ion current, which;indicated the lumingscence‘response of the sample to the
ion bombardment. The purpose of the second collimating stage iﬁ,to ensure
that the ion beam‘impiﬁges upon the sample in a fixed position'relative to
vthe photomultiplier the, so that the geometrical distributioh of the illu-
mination on the phétosensitive surface of the ﬁhotomultiplier tube was
constant. The target chamber was made of brass and was:maintained at a
pressure of about 1 x 1Q'7 torr. The pressure in the first collimating
stage was maintainedwatbabout 5 x 1076 torr.

The photomultiplﬁér fpbe is provided with a Spectrosil (fused silica)
window, giving a useful spectral range from,6500‘x down to 1650 3. The

major portions of the luminescent spectra of all the samples studied fell
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wfthin the range of sensitivity of the ph'otomultiplier.61 The tube was
mounted in:a muFmetaI shield (EMi Type ps. 6B) to reduce the variation
in the photomultipjiér output cqrrenf due to'stray maghetié'fie]dé f rom
 the magnetic'aﬁalyier, |
~ Fig. 13 which is madevﬁifh a tWO-pen recOrder'illustrates the

type of recorder tracing observed in the experiments. I; is the ion

4 111 I'l I

CUP IN THE | SAMPLE IN | FARADAY CUP

BEAM - THE BEAM IN THE BEAM
,' ! A .
Iy I;
|
v v >

Fig. ]3;"A regrodUCtion'of a‘tWOfpen'recorder tracfng
showing the ion beam current, Ij, and the photomultiplier
current, I;, as the sample is scanned across the ion beam.

beam current and I isfﬁhe,photomuffiplier output current. " The ion beam
éurrent:(li) isvmeaSUred by Meaﬁg of a Keithley electrometer (Keithley
Model bls)iwhich has aﬁ accuracy pf‘i 3 bercent of full scale on fheﬁ

3 x 1079 to 10713 amperevranges.i The reading accdracy of the meter is
aBout 0.5 percent; In the present experiments, the ion beam current
readings were,obtained with the electrometer on the 10712 and 3 x 10712

ampere scale. In these ranges, the linearity of the meter was about
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0.5 percent. All of;the’pﬁbtomu]tip]ier output currents (I ) were
m655ured with é‘Kéithley electrpmefer (Model 410A) on the 1078 to
107% amperérséale, accurate to about‘O.S.percentﬂ ‘Thereforé L,
wﬁich is IL/Ii, has,a fandom‘error of about 1-2 perpent,and‘péssibly
a syétematic errbrﬁof about 6 percent. The I;rger‘systematic error
is of little consequence since it does not affect the relative values
of L.

| The'phosphor samples were pfepared by first suspending the tiny
pho;phor.crystals in methanol. This suspension was theh poured into
a container with the quartz disk supported near the bottom. The phos-
phor particles Settléd'from the mixture and fofmed an éven coating on
thé surface of the slide. The alcohol was then drained away and the
sample é]lowed to dry. The uniformity of the surface layer of the
sample.depended on thévspeed of draining. The rate of deposition of
the phosphor from'the-suspénsion varies with the partfcie size, being
slower for the smaller particles.

In ofder to ensure that the values L = I /I; were representative
of the undamaged sample during the course of the experiments, the sam-
ple was first'bombarded‘with the lightest ion, 1H+, and then with L*H-",
P“N+, 20Ne+_and'“UArf in that order. The value of L undgr 1H+‘bombard-
ment was then reéhecked after each run. No significant changes were

observed.
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RESULTS

The lTight output as a function of energy was determined at room

temperature for the luminescent materials listed in Table I. The in-
»tegrétedulight output from the‘samplés was- found to be directly pro-
portfonal to the ion current in the range 10713 to 10712 ampere. In
suChVan,ion‘CUrrent range, the irradiationfdose per scan isvroughly
3 x 107 —3 x 108 ions/cmz; since the area of the slit is 0.1 cm? and
the scanning time is 5 sec. Accordfng to the results of earlier
“workers1®:37 such a dose is negligible and will not induce any appre-
ciable damage. Thus the light output per unit ion current, L, is a
measure of the light output per-impinging ton.

A composite plot of the relative luminescenqe efficiency of the
phosphors and stintillation;crystals under bombardment with gt ions,
as a function of energy, is shown in Fig. 14 on a double logarthmic
scale. It was found that ZnS:Ag (P-22 G.E.) has the highest iono-
luminescent response and the scintillator Plastifluor has the lowest
ionoluminescent response. We have given the L values of ZnS:Ag (P-22
G.E.) for a 100 KeV 14" jon a value éf 100. The light output for the
other samp]es was thgn normalized so that Fig. 14 fndicates the rela-
tive efficiency. Thé results showed that the ionoluminescent response
is a sensitive function of ion eneréy. In the energy range studied,
the experimental pointé lie approximate]y on_straight lines for ion
energies below 100 KeV, with different shapes.for different samples.

It is seen that of the poWdered‘phosphors the ZnS samples (curves 1,
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Relative luminescence efficiency of the phosphors and
scintillation crystals under H* bombardment.
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2, 3, 4 and 6) and the‘ZnCdS samples (CUrves_S and 7) have the Higher
luminescence efficiehcies‘and of the scintillators NaI(TZ) (curve 17),
CsI(TZ) (curve 8) and CsI(Na) (curve 19) are the best. -In general, the
light output L varfes‘approximately Qith the ihcident ion energy E ac-
cording to the relation L EW, and it may be classified into three

groups in whichw=a 1, w<1 and w>1 as follows:

w ~ 1 w < 1 w < 1
ZnéSiOH:Mn (9-14) CaWoy, | (16,18) Zn$s (1,2,3,4,6)
Zn0:Zn (15) Stilbene (20) zZncds  (5,7)
CsI(Na) (19) YVOQ:Eu (24) csI(TZ) (8)
Y505,S:Eu (21)' YVO,:Eu,Bi (22) “Nal(T2) (7)
Plastifluor (26) KMgF 3 :Mn (23)

Plastifluor (polished) (25)

The numbers in parentheses refer to the samples in Table | and Appendix I11.

The values of the relative luminescent response of all the samples
studied at 10 KeV, 50 KeV and 100 KeV energy under 1yt bombardment are
given in Table i.

The optical and physical properties of the samples are given in
Table Il (Appendix I11). The scintillators Nal(T1), CsI(TZ), csI(Na),
Plastifluor and stilbene were purchased from Isomet Corporation and
the powdered phosphors were purchased from the General Electric Company
and the Sylvania Company.

ln:these experiménts, the scintillation crystals have been subjected
to various surface treatments. Curve 26 in Fig. 14 represents the
luminescent response of Pléstifluor without any surface.treatmeht and

curve 25 is the luminescent response curve of the same Plastifluor which
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*]1 in. diameter, %

in. thick blanks.

TABLE |

NO. SAMPLE 0 KeV | 50 KeV | 100 KeV
1 ZnS:iAg (P-22) GE L.57 41.6 100

2 | znS:Ag (P-11) GE 3.97 31 69

3 ZnS:Ag (P-11) GE ultra fine** 3.54 25 53

L ZnS:Ag:Cu (P-2) GE 3.00 22 k6.5
5 | znCdS:Ag (P-22) GE 2.72 17.5 37 .

6 ZnS:Cu (P-31) GE 2.47 12.5 31

7 ZnCdS:Ag  (P-20) GE 1.51 9.3 18.6
8 CsI(T2) 0.92 4.9 10.8
9 Zn,Si0,:Mn (P-1) GE 1.25 5.4 9.9
10 Zn,Si0y:Mn (P-1) Sylvania #161 1.09 4.7 8.6
N ZnySiOy:Mn (P-1) Sylvania #221 1.16 k.6 8.5
12 Zn,Si04:Mn (P-1) . GE 0.92 4.2 7.8
13 Zn,Si04:Mn (P-1) Sylvania #160 0.85 4.1 7.6
14 Zn,Si0,:Mn (P-1) GE 0.77 3.5 6.4
15 . Zn0:Zn (P-15) Sylvania #137 0.61 2.7 5

16 CaWoy GE regular 0.70 3.60 L. 4
17 *Nal(T7) 0.20 1.70 - bhh
18 Cawo GE fine 0.53 2.10 3.5
19 %CsI (Na) 0.25 1.50 3
20 *Stilbene 0.4 1.30 2.2
21 Y,0,S:Eu  (P-22) GE 0.14 0.76 1.47
22 YVO,:Eu,Bi (P-22) GE 0.11 0.37 0.65
23 KMgF3:Mn  (P-19) GE 0.075 0.33 0.60
2L YVO,:Eu  (P-22) GE 0.068 0.32 0.55
25 *Plastifluor (Polished) 0.07 0.30 0.43
26 *Plastifluor 0.04 0.21 0.43

W‘—

**Details of particle sizes are given in Table I}, Appendix I11l.
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hés been polished with 5 micron alumina; the two curves are non-parallel
and show rather different behavior at low energiesf Curve 17 represents
the results for Nal(TZ) dry polished with extra fine emery polishing
paper. Curves 8 and 19 represent the results for tsI(fZ) and CsI(Na),
respectively, both poiished with paper and lens tissue. The ZnS response
curves with different activators and different particle size are non-
‘parallel and cross each other at very low energy. Moreover, the Zn,Si0y :Mn
curves corresponding to different particle sizes show slightly different
luminescent responses. It is evident that surface treatment affected
considerably the'iuminescence yield and the shape of the curves. This
strongly suggests that ionoluminescence is affected_both by the me thod

of the surface treatment and by the type and amount of impurity present
in the crystal:

The low 1light output of organic scintillators, such as stilbene
and Plastifluor, may be due to two causes:

1. The scintillators are of low density materials and contain only
elements of low atomic number (H =1, C = 6), and

2. High self-absorption in contrast to Nal(TZ) and CsI(TZ) which
are of small self-absorption.2?

The rare-earth-activated red emission phosphors, such as europium-
activated yttrium vanadate and yttrium oxysulfide, and europium-bismuth-
activated yttrium vanadate, in general, have much lower light output
than the other phosphors. This may be due to the different transition
mechanism assocfated with the (are—earth center, in which the electronic
transitions occur in inner shells, producing an emission spectfum which

consists of narrow lines.
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Scintillation Crystals

Figs. 15 to 21 show the observed relative light oﬁtput per
impinging ion L as a funcfion of ion energy E on a linear.scale for
various ions bombarding Samples of Plastifluor, stilbene, Nal(TZ),
CsI(TZ) and CsI(Na). The experimental values were all obtained at
room temperature. The observed value of the Iight produced by iy
at 100 KeV was normalized to a value of 100. All other vafues for a
p;rticular scintillator were normalized using the same constant.
Results of the measurements performed using the organic solid solution
scintillator; PIéstifluof, are shown.in Fig. 15 and Fig. 16. In Fig.
15 the relativevlfght output L under 14" jon bombardment has a linear
relationship with the ion energy E within the experimental'uncertainty
over the entire energy region investigated. The L versus E relation
for ”He+'and 1L'N+ is not linear, with curvatures concave and convex -
toward the energy axis._»Fig. 16 shows the results for Plastifluor
polished with 5 micron alumina. The slope of the curve decreased with
_ingreaSihg ion energy for.lH+ and became neérly constant above 20 KeV.
A comparison plot of L versus E curves for two types of Plastifluor
scintillator, as displayed in Fig. 17, illustrates clearly the differ-
ence in lumfnescent‘response from unpolished Plastifluor to that from
polished Plastifluor when bombarded by ions. The ratio of light out-
put from polished Plastifluor to that from unpolished Plastifluor is-
roughly (1.4-2):1 for I and “He' and (2-3):1 for 14yt Results of
obServation showed that surfaqe polishing greatly improved the lumines-
cent response of the crystals, especially for heavy iéns. This indicated
that an energy degrading surface existed on the unpolished Plastifluor

which reduced the Iight'output.



) o S S ;; é: é, Y - :
S
2 [+ x ~ © w < 37 a S. S
LJd
e
«
. ) ‘ + + + .
Fig. 15. A linear plot of L versus E for 14", “He and 1ty ions

impinging on Plastifluor.
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Fig. 16. A linear plot of L versus E for It wpet, l2¢, 1w,
“0Ar+ and ”“C02+ ions impinging on Plastifluor polished

with 5 micron alumina.
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Composite plot of L versus E for 1H+, “He+ and 1L*N+ ions
impinging on polished Plastifluor (IH*(®); “Het(4); Lan+
() and unpolished Plastifluor (lH+(o); “He*(a); l*N+(:)).
The solid curves are drawn through the points of polished

Plastifluor.
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Fig. 18. A linear plot of L versus E for IH
' ions impinging on stilbene.
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Fig. 19. A linear plot of L versus E for'1H+, L*He+,
20Ne+ and “OArt ions impinging on NalI(TZ).
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Fig. 20. A linear plot of L versus E for H*, “He*, 1uN*, 20ne*

and “0Ar+ ions impinging on CsI(TZ).
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A linear plot of L versus E for 'H*, “He
and “OAr+ jons impinging on CsI(Na).
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The light output from fhe organic scintillator stilbene was found
to be appfoximately five times larger than the light éutput from'Plésti-
fluor. The L versus E plot of stilbene shown in Fig. 18 is similar to
the plot for Plastifluor shown in Fig. 15. For 12C+ ions, a linear re-
lation between light output and energy was again obtained. ?or gt L
is a linear fuﬁction of E for E >25‘KeV, but.for E<20 it is nonlinear
with a curvature corresponding to a_higher value of dL/dE at low E. Al-
though Plastifluor and étilbene are of somewhat similar atomic constitu-
tion, stilbene is a cfystal;whefeas Plastifluor is a solution. This fact
may cause the greater relative separation between the light output of the
light and heavy ‘ions in stilbene as compared to Plastifluor.

Fig. 19 shows the results of measurements of a Nai(TZ) scintillator
where the surface has been_poliShed with extra fine emery paper. The L
versus E relationship for each of the ions ‘investigated is nonlinear,
all have curvatures concave toward the energy axis. The difference in
light- output between light and heavy ions is considerably larger than
in the other types Qf‘SCfntillation crystal. The large deviation from
linearity of tHe L versus E plot. for 14" and the low luminescent response
for heavy ions may be due to the fact that Nal is very hygroscopic, a
large amount of excitation energy has been lost due fo processes occurring
at the surface. This will be interpreted by considering surface recombina-
tion.

Results of measurements performed using CsI(TZ) and CsI(Na) are
shown in Fig. 20 and Fig. 21; both crystals have been polished with paper
and lens tissue to eliminate any contamination which might be present after
removal from the shipping container. It was observed in both CsI(TZ) and

CsI(Na) crystals that the relative light output L has a linear relation
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Fig. 22. A composite plot of L versus E for 1H+; “Het and 1Nt
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wjth ion energy E for iyt and “He® ions .over the entire energy range
studied within experimental‘errdr. For 148", 20Ne* and ”OAr+; L versus

E is linear in the energy range 20 — 100 KeV for CsI(fZ); for CsI(Na),
the lfnear relation was found in the energy range 30 — 100 Kev. A
comparison for the luminescent response from CsI(TZ) and CsI(Na), as
displayéd in Fig. 22, shows a number of‘differences. (In order to avoid
confusion, the 2QNe+ énd L’(’Ar+ curves are not shown in Fig. 22.) It

was found that the light output of CsI(TZ) is approximately 3.3 times
higher than that of CsI(Na) for a given mass and ion energy. That is,
the ratio of luminescent efficiency from CsI(TZ) to that from CsI(Na)
is approximately“l?0;3. The difference in luminescent'effféiency be-
‘tween CéI(TZ)Eand’CsI(Naj may be due to the presence of different im-
purities (TZ,bNa) in the crystal, but is more likely due to different
impurity concentrations. That this is true is strongly indicated by the
close agreemeﬁt.ofﬂthe‘norma]iZed curves for the two samples (Figs. 20
and 21). This observation is an indication that the L versus E relation
is governed by the ion-lattice energy tranéfer processes. That is, the
transfer of ion ehergy to the lattice is more important than the trans-
fer to the_impufitfes themselves and the Tuminescent efficiency is de-
termined by the impurity characteristics or concentrations.

The solid curves fh Figs. 23 to 26 represent theoretically
predicted values of L as a function of energy, calculated from Egn. (1.
The constant C in the equation was adjusted so as to normalize the curve
to one experimental qunt of one chosen impinging ion; the remaining
points then followed. The normalized value of C was then used in
calculating the theoretical L values as a function of ion energy for
the rest of the impinging ions. The broken lines were drawn through

the experimental points.
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Fig. 23.

A logarithmic plot of L versus E for H*, “Het and “OAr* ions
impinging on Plastifluor. The solid curves represent the appro-
priate theoretical function [Eqn. (1)] and the broken lines are
drawn through the experimental points.
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Fig. 24. A logarithmic plot of L versus E for lH*, 20Ne™ and “OAr+ jons
_impinging on stilbene. The solid curves represent the appropri-
ate theoretical function [Eqn. (1)] and the broken lines are
drawn through the experimental points.
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A logarithmic plot of L versus E for IHY, “Het, 14N*,
20Ne+ and “9Art jons impinging on CsI(TZ). The solid
curves represent the appropriate theoretical function

[Egqn. (1)].
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Fig. 26. A logarithmic plot of L versus E for 1H*, “He*, 1L*N+, 20Net
and *%Ar* jons impinging on Nal(TZ). The solid curves repre-
sent the appropriate theoretical function [Eqn. (1)].
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Fig;.23 shows the results obtained from a Plastifluor sample
with three singly charged positive ions 1H+, “He+ and L’OAr+ as im-.
pinging particles. It is not surprising that the theory does not
'predict_the'functional‘relationship of L and E, as well as the rela-
tive magnitude of ligﬁt output and the spacing of ions of different
masses, since the energy transfer mechaniém of the Plastifluor solid
solution is known to be different from the mechanism found in crystals.

The results of the stilbene scintillator are shown in Fig. 24.
For heavier ions, the predicted L versus E curves have a slope about
15 percent steeper than the experimental ones. Moreovgr, the difference
between observation and theory is larger‘for,lH+ than for the other ions.

The experimental points in Fig. 25 show the observed light output
as a function of energy for 1H+, 1Lb*N+, ”OAr+; l*He+ and 20Ne+ incident
upon CsI(TZ). The value of C was adjusted so that the theoretical and
experimental curves have approximately the correct slope, but do not
predict the correct relative magnitudes for the light produced by the
heavier ions.

Fig. 26 is a similar plot for NaI(TZ). It will be noted that the
theoretical curves do not agree with the experimental ones as well as
thgy did for CsI(TZ). The ekperimental curves have a higher slope and
seem to diverge more ahdrmore from the theoretical ones as the ion mass
is increased and the energy reduced. This effect is thought to be due
to surface recombination whose role is most important for heavy, short-
ranged ions and ions of low energy which do notrpenetrate the sample to
depths far from the surface.

Since Nal is hygroscopic, the surface is readily contaminated by

moisture in the air during sample handling. It is thus reasonable to



Fig. 27.
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A linear plot of L versus E for H' and “OAr* ions impinging
on Nal(TZ) at lower energies. The solid curves represent the
appropriate theoretical functions [Eqn. (9) and Eqn. (14)].

68



69

expect surface recombination effects to be present in this substance.
Csl, however, is much better in this regard and serious surface damage
during preparation is not expected. Since the experimental curves for
CsI (see Fig. 25) do not show a strong low-energy divergence from the
theoretical ones, it is assumed that no serious surface effects are
present.

Theoretical curves for Nal(TZ) with the surface recombination
effect are shown in Fig. 27. The points are experimentaT, the curve
for 1HY was computed using Eqn. (9) and for 4OArT was computed using
Eqn. (16) with a surface loss parameter Q = 0.9 and diffusion length
of 3000 R; The proportionality constant k'"was obtained by normalizing
the theoretical L values of !H' to the corresponding experimental value
at. 20 KeV. ;The‘general agreement between'theory and experiments seems
fair1y good.

The depth of penetration (projected range) R, for both 14" and
qOAr+ inrNaI were obtained_uﬁing the ratio Rp/ R predicted by Lindhard
et al.1? and by Schiott®® where R, the total path length, is calculated

éccording to Eg

where

Fig. 28 is a composite plot.of the theoretical curves for Csl
and Nal vefsus.energy computed from Egn. (1) and normalized so that the
14" curves were coincident. It will be noted that on the basis of this
theoretical mode], little difference is expected between the light out-
puts for these substances, although as was pointed out, the théory dbes

not agree particularly well with experiment for either substance. The
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The dotted circles e and dots * are experimental L values
of Nal(TZ) for H* and “OArt, respectively. The solid
curves were obtained by using the experimental L values
of €CsI(TZ) multiplied by Eqn. (15) and a constant.
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divergence of the‘theoretical CsI curves from experiment may well

be due to the fact that Seg is incorrectly estimated and that observed
Z; oscii]ations mustibe faken into account for a better fit. |In order
to compute the effect of surface recombination, the following assumptfons
were made:

(1) The bulk luminescent response of CsI and Nal has the same relative
dependence on ion mass and energy. This is consistent with the initial
tHeory.

(2) In Nal, surface recombination plays a strong role; in CsI, it does
not.

Thus one may consider that the L values of Nal may be obtained from the

correspohding L values of Csl by

Lexp(Nal) = € x F(Ry/ D) x Layp(CsI).

The results of such an estimation are shown in Fig. 29 with
f(Rp/LD) given in Eqn. (15). The dotted circles and dots are experimental
L values for H' and “OAr" in Nal(T2), respectively, and the solid curves
were obtained according to the above relation. It will be noted that

this treatment also yields an excellent overall fit.

Powdered Phosphors

- . : + +
The luminescent responses of powdered phosphors under IH", YHe ,

1uNt 200" and “0Ar" bombardment are shown in Figs. 30 to 54. In re-
viewing the experimental results describing the luminescent response,
Several general features are observed fn the various phosphors:

(1) The relative light output L increased with increasing ion energy

and decreased rapidly with increasing ion mass.
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‘A linear plot of L versus E for lH*, “Het, l4N*, 20Ne* and
“0Ar* ions impinging on ZnpSiO4:Mn (P-1, 2u size).
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?ig. 31. A linear plot of L versus E for g+, ”He+, lL‘N"', 20Ne* and 40Art
ions impinging on ZnySi0y:Mn (P-1, 5u size).
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A linear plot of L versus E for ¥, “He®, 14N', 20Net and “OArt
ions impinging on Zn,SiOy:Mn (P-1, 10u size).
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Fig. 33.
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A linear plot of L versus E for Iyt 4yet, 20Net and “0Art jons
impinging on Zn,Si04:Mn (P-1 regular).



Fig. 34.

L(E)

A linear plot of L versus E: for 1H+3 “He+, 20Ne+ and ”OAr+
ions impinging on Zn,Si0,:Mn (P-1 fine).
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Fig. 35.
ions impinging on Zn0:Zn.
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Fig. 36. A linear plot of L versus E
ions impinging on Y50,S:Eu.
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Fig. 37. A composite plot of L versus E for 1H+, ”He+, 1yt and QOAr+
ions impinging on ZnySi0y:Mn of different particle size: 10u
(*); 5u(x); and 2u(A). Solid curves are drawn through the
points of 10u size sample. '
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Fig. 38. A linear plot of L versus E for 14", 4Het, 18N
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Fig. 39. A linear plot of L versus E for H', “He,
ions impinging on ZnS:Ag (P-11, 10.5u size).
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Fig. 40. A linear plot of L versus E for 147, “He™, 1N

ions impinging on ZnS:Ag (P-11, 4y size).
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Fig. 41. A linear plot of L versus E for H', “He', 1*N*, 20Ne™ and “Oar"

ions impinging on ZnS:Ag;Cu (P-2, 21y S|ze)
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A composite plot of L versus E for H', 1*N* and 40arT jons
impinging on ZnS:Ag of different particle size: 4u(-); 10.5u
(x); and 7u(A). The solid curves are drawn through the points
of Ly size sample.
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Fig. 4. A composite plot of L versus E for 4He' and 20Ne” jons impinging

on ZnS:Ag of different particle size: 4u(+); 10.5u(x); and 7u(a).

The solid curves are drawn through the points of 4y sample.
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are drawn through the points of ZnS:Ag.
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Fig. 46. A composite plot of L versus E for "He and 4Ne ions impinging
on ZnS:Ag (-), ZnS:Ag;Cu (A) and ZnS:Cu (x). The solid curves are
drawn through the points of ZnS:Ag.
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Fig. 48. A linear plot of L versus E for 14", “He

40Art jons impinging on ZnCdS:Ag.
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Fig. 50.
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A linear plot of L versus E for 1H

Fig. 51. ]
“OAr+ jons impinging on YVO,:Eu.
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Fig. 53. A composite plot of L versus E for 1H+, “He+, 1uy* and L*OAr+
jons impinging on YVO,:Eu;Bi (+) and YVO,:Eu (0). The solid
curves are drawn through the points of YVO,:Eu;Bi.
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(2) The light output versus energy cdrVes are linear only within a
certain energylrange. For heavy ions, the curves are distinctly non-
linear with curvature concave towardrthe energy axis. For light ions,
the curves Qére efther'concave away from or toward the energy axis, de-
pending on the phosphor.
(3) Surface effects appear to play an important role in some of the
phosphors, especially in ZnS and ZnCdS phosphors.
(4) The shape of the L versus E curves, as well as the relative spacing
between the curves for ions of different masses, is different from
phosphor to phosphor.

The: shape of the observed curves can be classified into three
kinds according to the shape of 1yt and bhe " curves:
(i)  ZnySiOy:Mn, Zn0:Zn and Y20,S:Eu phosphors in which the L versus
E plots for 1H+ and “He+ are approximately straight lines.
(ii) ZnS and ZnCdS phosphors in which the experimental curves are con-
cave toward the energy axis. Surface effects are very pronounced in these
phosphors.
(iii) CaW0y, YVO, and KMgF3:Mn phosphors in which the 'H' and “He® curves
are concave away from the‘energy axis.
vlt is possible that satura;ion océurs due to the high specific electronic
energy loss of the low energy'ions.l Surface effects do not seem to appear
vin these phosphors, berhaps because of low mobility charge transfer hech—
anisms.

A compésite plot of L versus E curves for Zn,Si0,:Mn phosphors,
as displayed in Fig. 37, illustrates the luminescent response from 2u,
5u and Ibu particle size Zn,Si0,:Mn phosphors when bombarded by ions.

The'lH+ curves of 2y and 5y size samples were first normalized to yield
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the M curve of 10u size sample, the normalization constant was then
used to normalize the:rest of the curves. (In order to avoid confusion
thev2°Ne+’¢urve§ areinbt shown.in Fig. 37.) It is seen that the slopes,
'asfwéll as the relative maghitudés of L, are slightly different.

In Figs. 43 and 44 éfe:cémpared the luminescent responses of three
ZnS:Ag phosphors of'diffefeﬁt pa?ticle size (7u, 10.5u and 4yu), and in’
vFigS. 45 and 46 are displayed the differences in luminescent response
of ZnS:Ag, ZnS:Ag:Cu and-ZnS:CQ phosphors with different'activators, as
well as crystél structure. It is clearly illUétrated that the shape of
the L versus E curves and the relative spacing of the curves for ions
of different masses are essentially different, especially at lower energies.
The>relatively large'obse(ved differences at lower energies suggest that
surface effeCts play an important role in ZnS phosphors.

Results of experiments using ZnCdS:Ag (P-20) and ZnCdS:Ag (P-22)
phosphors are.shown in Figs. 43 to 46. - Overall, the shapes of the curves
are similar to those from ZnS phosphors. It is seen that the L values,
as well as the relative spacing, are slightly different especially for
heavy ions at lower energies.

Europium-activated and europium-bismuth-activated yttrium vanadate
phosphors have diffgrent luminescent responses, as shown in Fig. 53. The
difference in light output between 14" and 40ArT for YVO,:Eu is about
20 percent.larger than for the YVO,:Eu,Bi phosphor. Both phosphors
exhibit line speetra. The reason‘for the differences in luminescent
response of these phosphors is not clear; a possible exp]anation is that
the presence of the additfonal bismuth activator_hés'altered the lumines-
cence mechanism and thus influenced either surface recpmbination or

saturation effects.
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The curvature of the L versus E curves for IH" and “He® is likely
due to saturatfon of the luminescence mechanism. The broken lines pas-
~sing through the exper imental points in Figs. 55 to 66 show therobserved

- light output a§ a function of‘fon energy for 1H+; 1“N+; 4oart et and
2086 jon bombarding Zn0:Zn, Zn,SiOy:Mn, CaW0, and Zns samples. The
so]id curves reprgsent the predicted relationships between L and E given
<byrEqn. (1). -The constant C in this equation was adjusted so as to nor-
malize the fheoretfcaIICUrvé for “OAr+ to the correspondingly observed
lighf sutput at 50 KeV in all samples studied. THe value of C was theﬁ
used to}computevthe values of L as a function of ion eneréy for hydrogen,
helium, nitrogen and neon.

From‘Fiés. 55 and 56, which show the results obtained from the
 Zn0:Zn-sampIe, it may be noted that the experimental values of L lie
close to the theoretical curves. The light output at higher energies
is less than predicted. However, the discrepancy between corresponding
‘functional relationships is not large; the slopes of the predicted curves
for heavy ions are approximately 10 percent larger than the corresponding
exper imental curves, and for lighter ions the difference is roughly 6
percent .’

Thé‘resu1ts"of the Zn,Si0y:Mn sample, as shown in Figs. 57 and 58,
are identical to those observed by van Wijngaarden et al.,® the experi-
mental L values for nitroggn, neon and argon 1ie close to the theoretical
curves within experimental uncertaihty. - However, the observed differences
between the light output for helium and neon are both about a factor of
two higher than the correspondingly predicted differences. Figs. 59 and
60 display the results obtained from the CaW0, sample. The différences

between the experimental and theoretical results are similar to those
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Fig. 55. A logarithmic plot of L versus E for 14", 15\ and 40art ions
impinging on Zn0:Zn. The solid curves represent the appropriate
theoretical function [Egn. (1)]. The broken lines are drawn
through the experimental points.
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Fig. 56. A logarithmic plot of L versus E for bpet and 20Ne+ ions impinging
on ZIn0:Zn. The solid curves represent the theoretical function
[Eqgn. (1)]. The broken lines are drawn through the experimental
points.
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Fig. 57. A logarithmic plot of L versug E for Iyt 14N+ and “OAr" jons
impinging on ZnySi04:Mn (2u size). The solid curves represent
the ‘appropriate theoretical function [Eqn. (1)]. The broken
line is drawn through the experimental points of lH+,
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Fig. 58. A logarithmic plot of L versus E for “He* and 20Net jons impinging
on Zn,Si04:Mn (2u size). The solid curves represent the appropriate
theoretical function [Eqn. (1)]. The broken line is drawn through
the experimental points of “Het.
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Fig. 59. A logarithmic plot of L versus E for Iy*, 14N* and 49Ar" jons
impinging on CaW0,. The solid curves represent the appropriate
theoretical function [Eqn. (1)]. The broken line is drawn
through the experimental points of !H',
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Fig. 60. A logarithmic plot of L versus E for “He' and 29Ne® ions
impinging on CaW0,. The solid curves represent the appro-
priate theoretical function [Eqn. (1)].
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obtained with ZnZSiOH:Mn. Comparing the solid curves with the
expefimentél péints,.it can be seen that the relative magnitude of

the predicted L values for I*N*, 20Ne’ and “0Ar" agree roughly with

the experimenfsf There is a sma]l discrepancy between the predicted

and the observed functional relationships, especially at higher energies.
The overall agreement. between theory and experiment in Zn,Si0,:Mn and
CaW0, samples for ions heavier than helium, however, seems reasonably
good.

Thg large discrepéncy at lower energies between the predicted and
the observed functional relatidnships, as well as the differences in
relative maghifude'of L values in"ZnS:Ag, ZnS:Cu and ZnStAngu phosphors,
are clearly illustrated in Figs. 61 and 62, Figs. 63 and 6k, and Figs.
65 and 66, respeﬁtively. Since all the Zn$ curves are concave toward
the energy axis, a surface recombination is evident.

From the above results, it appears that the variation of the iono-
luminescence intensity with ion energy and ion mass can only be inter-
preted approximately on the basis of the theoretical expression, Eqn.
(1). This equation reduces to L(E) = CE for light projectiles in the
KeV enérgy range,'where Se >> Sp. For larger masses, Sp becomes an
appreciablé fraction of the total stopping cross section. The relative
importance of'Sﬁ increases rapidly with decreasing energy and thus there
is only a small amount of enérgy available for electron excitation. Thus
L(E) increases with increasing projectile energy and decreases with in-
creasing mass of the projectile. The discrepancy between the theory
and experiments indicates that C is not a constant. Several plausible
reasons may be considered:

(1) C might be a functiqn of the projectile velocity® because the ratio
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Fig. 61. A logarithmic plot of L versus E for 1%, 14Nt and 49Ar* jons
‘impinging on ZnS:Ag. The solid curves represent the appropriate
theoretical function [Eqn. (1)]. The broken lines are drawn
through the experimental points.
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Fig. 62. A logarithmic plot of L versus E for Yhe’ and 20Ne+ ions impinging
on ZnS:Ag. The solid curves represent the appropriate theoretical
function [Eqn. (1)]. The broken lines are drawn through the
experimental points. ‘
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Fig. 63. A logarithmic plot of L versus E for H', 14N and *0Ar" ions

impinging on ZnS:Cu. The solid curves represent the appropriate

theoretical function [Egqn. (1)]. The broken lines are drawn
through the experimental points.
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Fig. 64. A logarithmic plot of L versus E for 4He and 20Ne™ jons
impinging on ZnS:Cu. The solid curves represent the appro-
priate theoretical function [Eqn. (1)]. The broken lines
are drawn through the experimental points.
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Fig. 65. A logarithmic plot of L versus E for 1H+, 1L*N+ and "‘("Ar+ ions
impinging on ZnS:Ag;Cu. The solid curves represent the appro-
priate theoretical function [Eqn. (1)]. The broken lines are
drawn through the experimental points.
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Fig. 66. A logarithmic plot of L versus E for tHet and 20Ne’ jons
impinging on ZnS:Ag;Cu. The solid curves represent the
appropriate theoretical function [Eqn. (1)]. The broken
lines are drawn through the experimental points.



114

of the radiative to non-radiative transitions is expected to be
vélbcity dependent.

(2) Experimentai resﬁlts.for CaW0, and YVO, phosphors indicated that
the lUminescénce‘mechanism and saturation effects may have to be taken
into consideration.

(3) The‘oscillato;y structure of Se with Zl, the atomic number of the
projectile, at a constant velocity may cause considerable changes in
the relative spacing of the theoretical curves.

(4) Radiation damége produced along the p§th under low energy ion bom-
bardﬁentg'may alter the ratio of radiativeyto non-radiative transitions.
(5) - It may be necessary to take into account the properties of the
crystal and the state of the surface of the sample, as well.l?

A comparison of the experimental results from the ZnS phosphors
(Figs. 61 to 66) with the L values obtained from Eqn. (1) indicates a
large discrepancy in functional relationships at lower energies. Thus
a major influence on the light output under ion bombardment is non-
radiative surface recombination.

Figs. 67 (a, b and c) display the results of ZnS:Ag, ZnS:Cu:Ag

and ZnS:Cu phosphors when bombarded with 'H' and “0Ar* ions. The

point$ are experimental and the solid curves were calculated from
_Ednswv(9) énd‘(lh); respectively, with the suitable choice of diffusion
length Lp and the surface loss parameter Q (see Table I11), the constant
k' in Eqﬁ{v(9) was adiusfed so as to normalize the curve to hydrogen at
10 KeV; the remaining poiﬁts then followed. The normalized value of k'
was then used in calculating the theoretical L values as a function of

ion energy for the argon curve in Eqn. (14).
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Fig. 67. A linear plot of L versus E for 'H* and 40ar* jons impinging on
(a) ZnS:Ag (b) ZnS:Ag;Cu and (c) ZnS:Cu at lower energies. The
solid curves represent the appropriate theoretical function with
suitable choice of Lp and Q. ' ‘
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TABLE 111

= S

SAMPLE Lp (R) Q CRYSTAL STRUCTURE
ZnS:Cu 1000 0.80 Cubic
ZnS:Cu:Ag 1000 0.95 Hexagonal
ZnS:Ag ‘1000 0.90 Cubic

FromrFig. 67 it can be seen that the theory for Iyt agrees very well
with’experiment, and for “0Ar" the observed difference between the
experimental light output and the theoretical one was within 20 percent.
This discrepancy is eXpected considering the number of approximations
involved in Eqn; (14). The reSu]t indicated that the range correction
factor aR'for wopt ih ZnS which we approximated by 1 + 1/3u = 4/3
‘where we put p = Mp/M; = 1 is overestimated since ag must be a function
of energy.

The differences fn surface léss parameter Q as given in Table |11
for these ZnS phosphors may be due to the presence of different activators
in the crystai.and the ;rystal structure itself.

Comparing the results with Gergely's values,”3 Lp = 1130 X and
Q = 0.7 for a ZnS:Ag,Cl sample, the agreement is remarkable. The

latter were determined by cathodoluminescence.
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CONCLUSIONS

Twenty-six types of‘phosphor4activator—surface treatment com-
binations have‘been_éubjected to bombardment by five species of ions
with masses ranging from one to forty and with energies ranging fromr
three to one-hundred KeV. For each ion-phosphor pair an ionolumines-
cent efficiency has been determined under the same experimental condi-
tions so that it»ié now possible to make comparative statements about
the efficiences:of any of the phosphors subject to bombardment by any
of the ions in this energy range.

Luminescence is a result of the direct excitation of the lattice
electrons. The intensity of the light output, L, is a function of ion
energy and is approxfmately proportional to the total amount of energy
lost to electrons by the ion in the stopping medium. The transfer of
ion energy to the lattice is more important than the transfer to the
impurities themselves. Light production in the phosphor depends strong-
ly on the types of radiative and non-radiative transitions which may
occur in the bulk and on thg surface of the phosphor. For scintillators
such as Nal and ZnS, the major influence on the light output under heavy
ion bombardment is surface recombination. For the majority of low ef-
ficiency phosphors, CaW0,, YVO,, etc., it appears that saturation of the
luminescence mechanism may occur due to the high specific electronic
energy loss (dE/dR)e of the low energy ions. That such might be the
case is reasonable since the non-radiative recombination processes al-

ready completely dominate the radiative ones. |If the lifetime of the
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non-radiative process is shorter than that of the radiative one, then
it follows that ionoluminescence will be quenched for high excitation
densities. These phosphors should be characterized by low ambipolar
diffusion coefficients which help to keep the density of excited elec-
trons high enough for saturation phenomena to occur. In other phosphors,
such as ZnS, with high efficiencies and relatively large ambipolar dif-
fusion coefficients, the recombination of the electron-hole paifs at
short-lived, non-radiative centers at the surface has the dominant in-
fluence on the detailed behaviour of ionoluminescence. This type of
model has been shown to apply to ZnS and Nal, and may also apply in
Plastifluor in combination with the bulk saturation effect. In any of
the phosphors studied, either or both of these effectsrmay influence
the light output. For a phosphor in which neither is present, L versus
E for lH+ should be linear since Se >> Sp. |If the curve is concave to-
ward the energy axis, surface recombination must be the dominating re-
combination.éffect. 1f it is concave away from the axis, saturation is
the most likely candidate.

In general, it‘is hard to determine the validity of the simple
expression, Eqn. (1), for the number of electrons excited by a fast ion,
since both saturation and surface recombination will lower the light
oQtput for heavy ions.

For those phosph§fs in which the transfer‘of excitation energy
involves the motion of electrons, the major influence on the light out-
put under ion bombardment is surface recombination, the variation of

the ionoluminescent intensity with ion energy may be described approxi-

by Eq

_ S
L(E) = Cf(Rp/LD) : sovsy O
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in which C is a constant, F(Rp/LD) is a function that takes into account

surface recombination effects, such as Eqn. (15).
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APPENDIX 1.

DIFFERENTIAL NUCLEAR CROSS SECTION

- In analyzing fhe;differential cross section, a simple scatter-
ing parameter, which could describe all processes, is defined as t =
E-sin(6/2) where 6 is the deflection angle and E the energy in the
center of mass system, which can be obtained from the interaction

potential, V(r):

N N » 2,.27%
8 =" vz ap[ viLptez? J7)ez

where p is the impact parameter and z is the axis direction. The energy
transfer T is related to the maximum energy transfer Tm by T=Tp-sine2/2.

In this way is obtained a so-called universal differential cross section
. L
do = ma2. (dt/2t* )-f(t2)

where a is the screening parameter defined in Section ill. The scafing
function f(t%) is reproduced‘ih Fig. A-1.

At high values of t, f(t%) approaches Rutherford scattering where
f(t%) = ]/Zt%. At very low values of t, f(t%) behaves asympotofically
as 1.43 (t%)0-35.

Having obtained the scattering cross section do, S, can be cajcu-
lated by Sy = [Tdo or Sp = (T /e2)[to. By using p and € and Eqn. (2),
Lindhard introduced a reduced stopping cross sectién, S(e) = de/dp =

(dE/dR) - (e/E) - (R/p). Considering only nuclear collisions

NSn- (e/E) - (R/p)
(1/e) - [£(t3) /2¢%dt.

(de/dp)
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Therefore the final expression for (de/dp), is

€
(de/do)y, = (I/e)Lf(x)dX

1
where we have let X = t 2.

a5~ THOMAS-FERMI . RUTHERFORD
_ \ 4 SCATTERING
A‘L \
Sl \
4 N /*2 POTENTIAL \
] .
0|“ — ® 'Y — @ —y
o
=
~ 0.2}~
.-IN«;
=
0.1~
: | ] L | | | | |
10°° 10~ 10™

‘tl/2 = e£.5in0/2

L : .
Fig. A-1. Plot of f(t®) as a function of t for elastic nuclear collisions.
Estimated from Thomas-Fermi type interaction.



APPENDIX 1.

CONTINUITY EQUATION

Consider a small volume element of the crystal of unit cross

section and thickness,‘dx, as shown in Fig. A-2.

—dX—!
s
tdnx - 1JdnXx
X X+dX
Fig. A — 2.

The particle flux densities, Jpn and Ips of electrons and holes, respec-
tively, are flowing perpendicular to the unit cross section into the
region at point X, and leaving the region at point X+dX. The flux
density of electrons entering the volume element at the point X is
denoted by‘Jnx(deX). Jnx (X+dX) can be obtained by making a Taylor

expansion and taking the first two terms
Jnx (X+dX) = Jpx(X) + (dIpx/dX) -dX.

Therefore the net increase in the number of electrons (or holes) within
the volume element per unit time arising from a difference of Jnx enter-

ing and leaving the region is
{JInx(X) - Inx(X+dX)} = -(dJnx/dX)dX.

If the number of electrons generated per unit time within the

volume element is gphdX and the number of electrons lost per unit time
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by recombination is (n/Tn)dX, then the total net increase of the number
of electrons in the volume element per unit time, which is (dn/dt)dX,
is the algebraic sum of.the contributions arising from the three
different processes (drifting'énd diffusion, generation and recombina-

tion). Thus we may write

(dn/dt)dX = - (dJpx/dX) + gndX - (n/t,)dX
dn/dt = - (dJpx/dX) + g, - (n/1,).
Similarly a calculation for holes within the same volume element
will yield dp/dt = = (ddpx/dX) + gp - (p/7p).
In general for the thfee-dfmensional case we write
dn/dt = - V-Jy + g, - n/1p (A-1)
and
dp/dt = - v-gp + gp - p/Tp- (A-2)

The flux densities themselves may be written in the form

[
3
]

= Dnvn - nu,E (A-3)

C
©
I

= - Dp¥p + pupk (A-4)
where D, and up are‘the diffusion coefficient and mobility of electrons
and Dp and Bp are the diffusion cﬁéfficient and mobility of holes. E
is any electric field which might be present.

The second term on the right-hand side of the last equation is
the drift current density arising from an electric field (external or
internal) which might be present. The first term on the right-hand
side represents the diffusion flux density. That is, whenever there
is a gradient of density, the particles will diffuse from a high con-
centration region to a low concentration region, and the particfe flux

density is therefore proportional to the gradient of concentration.
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Substituting the current equations (A-3) and (A-4) into Egns.

(A-1) and (A-2) we obtain

dn/dt = Dnv2n'+ unv- (nE) + g, - n/tp
and dp/dt = Dpvzp + Wp -(pE) + 9p - p/Tp.
Expanding v-(ﬁg) = nv-E + E-Vn
dn/dt - DpV2n + up {nV-E + E-Vn} + g - n/1, (A-5)
dp/dt = Dpvzp - Hp {pv-g + E-Vp} + g, - p/Tp. (A-6)

we may use the 'quasi-heutral approximation' or 'charge balance'

assumption*8=50 with the conditions
n-ng = An = Ap = p-pg-

Consider a homogeneous sample where ng and py are constants and
the gradients and time derivatives of n and p are simply equal to the

gradient and time derivatives of An and Ap, respectively:
dn/dt - d(an)/dt = d(ap)/dt = dt/dt

and Vn = v(an) = v(Ap) = Vp.

Since we already know that gp 9p and n/t, = p/'rp we may there-

fore write g = gn = gp and r 1n/rn p/Tp and Eqns. (A-5) and (A-6)

have the following form

d(An)/dt = Dhv2(An) + up {nV-E + E-v(An)} + g - r

and

d(ap)/dt = Dyv2(an) - p {PV-E + E-V(an)} + g - r.

We now multiply the first of these equations by upp and the

second by upn, add them together to eliminate the term involving V-E

p D + puD H_U (P'n) : ‘
d(an) _ 'n'p PN v2(an) + —B———— E-v(An) +g - r .
dt Ny + Pip Min * PYp =




Noting that Dpup = Dpup (Einstein relation) we obtain

d(an) _ __ n+p 2 p-n _
dt = /by + p/by v2(an) + "Tig ¥ 7om Ev(an) + gg - r .
. n+
By defining D*x = n/Dp +pp/Dn
d 5o PO
an H ~ n/u, + p/ug

whére D* and u* are called the ambipolar diffusion coefficient and

mobility, we obtain the so-called ambipolar continuity equation

~d(an) =

It .D*VZ(An)'+ u*EvV(An) + g - r .

129



APPENDIX I11.

TABLE 11
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Optical and physical properties of the phosphors and scintillation crystals
obtained from the manufacturers' specifications.

SAMPLE PARTICLE SIZE | EMISSION WAVELENGTH | DECAY CONSTANT
1 | ZnS:Ag (P-22) | 6.7 —=11.3u 4500 A 0.075 msec
2 | ZnS:Aq '(P-11)  10.5u 4500 A 0.09 msec
5 | InS:Ag (P-11) 4. 0u 4500 A 0.09 msec
¢ | Zns:Ag:Cu  (P-2) 21.0u 4500 and 5200 A 0.09 msec
5| Zncds:Ag  (P-22) | 6.3 —11.54 5490 R 0.052 msec
6 | ZnS:Cu (P-31) 11.50 5350 A 80 msec
7 | ZnCdS:Ag (P-20) L, ou 5350 and 5700 & 0.052 msec
8 | CsI(Tz) | 4200 and 5700 A 1.1 msec
9 | In2Si0y:Mn  (P-1) 10.5u 5250 R 10.0 msec
10 { Zn,Si0,:Mn  (P-1) 5.0y 5250 A
11 | Zn,5i0,:Mn  (P-1) 10.0u 5250 A
12 | In,Si0,:Mn (P-1) :IO.Su | 5250 A 10.0 msec
13 | Zn,5i0,:Mn  (P-1) 2.0u 5250 A
14 | Zn,Si0,:Mn (P-1) 5.2y 5250 A
15 | Zn0:2n (P-15) b.0u 4800 and 5200 A
16 | CaWo, (P-5) 11.0p ' 4200 R 7.0 usec
17 | NaI(T2Z) ‘ ' 4100 A 0.25 psec
18 Cawoq (P-5) 5.5y 4200 A 7.0 usec
19 | CsI(Na) %
20| Stilbene 4100 A 0.008 usec
21| Y,0,5:Eu  (P-22) 8.3y 6270 and 6175 A
22| YVO ,:Eu:Bi (P-22) | 7.2 =11 7030, 6140, 6190

' ‘ and 7000 R

23 | KMgF 3 :Mn 10.0u 5950 A 75 msec
24| YVO, :Eu 7.2 =11 u
o 0
26 Plastifluor 4250 A 0.004 usec




