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Absolute luminescence efficiency of ion-bombarded solid argon
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We have directly measured the absolute efficiency of the 9.84eband luminescence from the decay of
Ar,* excimers in solid Ar bombarded by 1.5-MeV Hand 10-50-keV H ions. About 54% of the electronic
energy deposited by the projectiles is converted to 9.8-eV luminescence energy, or about 5.5 photons per
100-eV deposited. The efficiency is also found to be independent of ion and ion energy for those tested over
a range of stopping cross sections from 6.5 to 400 eVtA Hloms/cr). This work clearly establishes thé
band as the major relaxation pathway for electronically deposited energy in solid Ar, a pathway that is an
important source of radiation damage and sputtering and which can be affected by electron emission.
[S0163-18207)00535-3

[. INTRODUCTION posited in the form of electron-hole pairs and direct excita-
tions (excitong. The atomic holes and excitons diffuse pri-

Luminescence from ion-bombarded rare-gas solids andharily by resonant electron transfer processes. A hole can
liquids exhibits a rich spectrum dominated by the copiousstrongly attract a ground-state atom, trap by a structural re-
M -band peaking at 9.8 eV, resu|’[ing from the decay of moJaxation assisted by lattice vibrations, and form thezTAr
lecular excimers. The efficiency dfl-band luminescence, dimer hole in 10'°-10"**s. The mobility of this dimer is
together with a low Fano factor for good energy reso|uti0n,mUCh lower than the hole from which it was formed. After
makes rare-gas liquids effective scintillator detectors for ion-£lectrons have slowed down sufficiently, in a time of about
izing nuclear particled. The high luminescence efficiency 10 '° s!* they can recombine with the Arproducing an
also underlies the proposed used of rare-gas solids for lasers
in the vacuum ultraviolet:*

More fundamentally, however, luminescence provides
important information about energy pathways for relaxation - . : ]
of electronically deposited energy. While each feature in the 1l — A+ Ar uﬂK'E'_
luminescence spectrum arises from a different process, the Ar*

M band is particularly significant because of its relation to [ &» AF + Ar 1
such other observable processes as sputtering and electror 12 %’ = .
emissiom~’ However, because luminescence was deter- | b =~ A’ |
mined in relative units in previous studies, it was not pos-
sible to ascertain whether that luminescence was an impor-
tant precursor to sputtering from only the correlation of
M-band luminescence and sputtering yields. For this reason,
we have made careful measurements ofahsolute Mband
luminescence yields for solid Ar flms under energetic ion
bombardment. Results of these studies will serve to ascertain
the importance of this energy pathway and should also be
applicable to understanding radiation effects in other insula-
tors. Rare-gas solids were chosen as a model system since 4r
their electronic states are well known, and since the weak
van der Waals bonding allows these monoatomic solids to be
treated as dense gases with generally negligible chemical ac-
tivity in the ground stat&® Furthermore, the use of ion
beams allows these measurements to be made over a wide 0
range of electronic energy deposition rates.

To assess the significance of tifeband, it is important to internuclear separation (A)
understand the energy pathways involved. The sequence of
events is described by the following well-known matfél FIG. 1. Ar-Ar potential-energy curves in the solid state. The
(refer to Fig. 2. When solid Ar is bombarded by ionizing arrows indicate decay sequences. The decay of the dives rise
particles, such as keV or MeV ions, electronic energy is deto theM band.
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excited Ar atom (Af), a ground-state Ar atom, and kinetic ion beam

energy. If this recombination occurs near the surface, it cal

produce sputtering of the Ar or Arinvolved, or even of photon — | 2Smmaperture
neighboring atoms struck by the separating pair. Excitation: Spectmmety \) spectrometer
(Ar*) can also be produced directly by the projectile or by / \ L

its associated electronic collision cascade or by Auger re switched cooled anode
combination of a hole and electréhRegardless of how an atUvA a5

Ar* is formed, it can pair with a neighboring ground-state / \ e

atom in an attractive or repulsive state. If the interaction is ¢ uv

. . photodiode Al
repulsive state and at the surface, the excitetl@am desorb \ J /
by cavity ejectiont® In the attractive state, Arcombines
with a neighbor, again assisted by lattice vibrations, to form 7 -

\
the Ar* excimer. The vibrationally relaxed &t excimer
will then decay by emission of a 9.8 eM-band photon to gas doser & % window
the repulsive part of the ground state of,An ~3x10 ° s
or 1.4 us for the 1S and 33 excimer states, respectively.
The kil’.le'[iC' energy released in this decay can also resylt ?n FIG. 2. Composition drawing of the experimental setups at Vir-
Spu_tterlng_lf the decay occurs CIO.Se to the surface. A distri; inia and at Bell Labs. The UV photodiode occupied different ports
bution of internuclear distances in the ground state of thé;elative to the ion beam at the two labs.
Ar,* well gives rise to the width of th#1 band and contrib-

utes to the distribution of kinetic energies of sputtered atoms . o o .
(dotted Gaussian curves on Fig. 1 surface is maintained by the sputtering induced by the ion

. : - beam.
Several studies of solid argon have shown that lumines The Ar films were grown quicklyabout 1000 A/minand

cence and sputtering correlate with the electronic stopping\l.th ¢ int i d h ed to b
power of the projectil@!®1" There have been extensive II ou t'ﬂ_e;g‘;ps'on and_ arti tus texpece I(')d €
7.18-204¢ the anticorrelation oM-band luminescence POYCrystaliné. surrounding the targét was a cylinder
cooled to liquid-nitrogen temperatures which was used for

studies;
and charge collectiofseparationin liquid Ar bombarded by ‘additional pumping. By biasing the cylinder negatively with
respect to the target, it also served to suppress the escape of

fast particles which have quantified the contributions of ex
citation and ionization taVi-band luminescence. We have )
secondary electrons from the Ar film. In all the measure-
ents reported here, the cylinder surrounding the sample

recently reportedd similar work on solid Ar where the
as biased negatively with respect to the target holder to

M-band luminescence, charge collection, and sputterin
were measured simultaneously. The interplay of these pro- ) . i
y play P revent secondary electrons from leaving the Ar film. This is
portant since ejected electrons reduce luminescence by in-

cesses gives insight into the energy pathways involved an%\
underscores the importance of having a measurement of t ibiting the recombination chann®IThe UV photodiode,
sed to measure the absoluté-band luminescence effi-

absoluteM-band luminescence efficiency which can then

ggscgfy the importance of the energy pathway Olescrlbec?:Jiency, was calibrated by VUV associates with an uncer-

tainty of 20%2* An ultraviolet spectrometer also detects the
9.8-eV photons emitted from the Ar films. The spectrometer
at Virginia had a photomultiplier with a sodium salycilate
coating which detects visible and VUV photons; the effi-

The experiments were carried out at both the Universityciency of the spectrometer without the photomultiplier was
of Virginia and Bell Laboratories, Lucent Technologies un-calibrated at National Institute of Standards and
der UHV conditions(about 1x 10~ 1° Torr at the targetus- Technology?* The spectrometer at Bell Labs had a channel-
ing 10-50 keV H and 0.5-1.5 MeV H, He", and N&,  tron electron multiplier detector, sensitive only to VUV pho-
respectively, at incident ion fluxes of §4)x 10t ions/cn? ~ toNs. . .

s. Since both experimental setups were very similar, a com- TYPical Ar luminescence spectra, taken at a resolution of
posite one is shown in Fig. Gee Ref. 21 for details of the 20 A, are shown in Fig. 3. The main spectrum in Fig. 3
difference$. Argon films were grown by vapor deposition of shows the UV features induced by 2-MeV Héombard-
99.9995% pure Ar onto a substrate mounted on the rotatablent. Thew band at 11.3 eV has been shdwfPto be from
cryostat. The gas manifold at Virginia additionally had ansputtered, vibrationally excited Ardimers and to be propor-
absorption getter pump to further purity the Ar, making thetional to overall sputtering. The lines at 11.83 €1048 A)

Ar used at Virginia purer than in previous studies. The suband 11.62 e(1067 A) are interpreted to be due to sputtered
strate at Virginia was an optically flat gold coated quartzsingletP; and triplet®P; Ar*, respectively® Finally there
crystal microbalance cooled to 6—15 K, while at Bell two is a line at 11.58 e(1071 A) attributed to the decay of an
mirrorlike substrates cooledt8 K were used: a Si wafer Ar* trapped in the argon lattice, i.e., an atomic self-trapped
with its native oxide and a Si wafer with a 750-A gold coat- exciton (a-STE);?®?in this spectrum, the triplet ana-STE

ing. Gold substrates were chosen because their UV refle@re not resolved. This singlet, triplet, aWd-band features
tance is very stable over time in air and vacutfmit these are surface phenomena, while theSTE andM band are
temperatures, the vapor pressure of solid Ar is less thabulk phenomen&®?>?'The M-band dominates the lumines-
10 3 Torr and is therefore negligible; cleanliness of the Arcence spectrum with an intensity higher than that of the other

evaporator

window

II. EXPERIMENTS
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, , . where() is the solid angle seen by the photodiodgg) is
FIG. 3. UV luminescence spectrum of a 4000-A solid Ar film

; the angular_distribution of the luminescence emitted into
bombarded by 2-MeV He The inset shows a spectrum produced d_—O 017 is th iahted ffici f
by 30-keV H' on a 4000-A Ar film that includes lower-energy vacuum, and =0. IS the weighted average etficiency o

features. No luminescence features were seen in the range of 220(5rle photodiode over this! _bgnd. . .
5000 A. We assume that the initial distribution of luminescence

emission from each source inside the film is unpolarized and

peaks by orders of magnitude. This means that the contribu'§0tr0p'0:

tion of the other peaks can be neglected when using the |
photodiode, even though its efficiency increases by a factor d(a)= 2. 2
of two in the wavelength region of the atomic features. Any 4

features at wavelengths greater than 1500 A can also be Ngmere |, is the total number of photons created inside the

glected since the photodiode efficiency becomes negligiblg, per second. Self-absorption and scattering within the

for energies less than 8 eV. . _ film are neglected; refraction at the Ar/vacuum interface
The inset of Fig. 3 shows UV an_d _V|S|ble features inducedyggifies the external emission distribution and madés)

by 30-keV H" corrected for the efficiency of the spectrom- anisotropic. Here we assume that the films are flat and

eter (no differences in the spectra were seen for differentmooth. 1fd(a) represents the internal emission distribution

energies of H from 10-50 keV. Three features are appar- (see Fig. 4 then ®(a)sine da=®(B)sinddB, assuming

ent in the spectrum at 1265@.8 eV), 1650 A(7.6 eV), and  there are no reflection losses or multiple reflection gains that

2000 A (6.2 eV); no other features were seen out t0 5000 A.need to be included. Using Snell's law as well as its differ-

Similar spectra induced by ion bombardment were measureghia| form, we solve for

by Buschet al? and Riemann, Brown, and Johnsbiihese

latter authors attributed the features at 7.6 eV and 6.2 eV to

N, and Q impurities?® respectively. Langhotf and Grigo- cosB
rashchenket al. ! however, attribute the 6.2-eV feature, the O(B)= \/Z—i.nzq’(a)f €)
so-called “third continuum” in the gas phase, to the decay nyn“=sin'p

of (Ar?*Ar) to the repulsive ground state of A+-Ar*. An

alternat_ive exp_lanati_o_n is t_he breakup of impur_ity water mol-yheren=1.48 is the index of refraction for 10-eV photons
ecules in the film, giving rise to AO and ﬁzrzH lines at 6.2 i solid Ar (Ref. 33 and ¢ is a unitless factor that accounts
and 7.5 eV reported by Kraas and @er.>" Regardless of o sybstrate reflectivity and surface reflections. These will
the origin of these low-energy features, the 9.8-eV featurge giscussed in the paragraphs below. This expression is
clearly dominates, accounting for 94% of the energy in this ajig with the assumption that the film surface is flat on a
spectrum. spatial scale larger than the wavelength of 9.8-eV light.

Part of the luminescence will reflect from the substrate
and reach the surface of the film. The substrates had a mir-
rorlike finish and are thus assumed to reflect specularly. The

We determined that the response of the photodiode is difraction of the light reflecting from the substrateRé6), the
rectly proportional to the ion-beam current from 0.15 to 400reflectance of the substrate for an incidence amglehere
nA. If 14 is the current measured on the photodiode qrisl  #=«a. For 10-eV photonsR,,(0)=0.15 andRg;(0)~0.3 for
the elementary charge, then the photon flux measured by tH&i with an oxide layel(see the appendix for details of how
photodiode is given by these values were obtained he fraction of light(unpolar-

[ll. CALCULATION OF ABSOLUTE EFFICIENCY
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ized reflected at the Ar/vacuum interface, given by the 20 25 30 35 40 45 50 55 60 65 70 75
Fresnel formulaRg,~=[(n—1)/(n+1)]?=0.037, is rather
small. This is approximately constant up to the angle of total
internal reflection derived from Snell’'s lawe, = sin™(1/n)
=42.5°. The transmittance of the surface is tlug,~1
—Rgy=0.963.

The fraction of®(a) escaping through the front of the
film ¢ is then the sum of the light rays and associated reflec-
tions that are initially directed towards the surface, and the
light rays and associated reflections that are initially directed o+—+——+—+—+——+—+——+—+
towards the substrate, giving

B ( 1+R(6) )
§=Tsur T-R(6)Rouy’ (4)

-
nN

i ~—Si substrate

i |

Au substrate :
4k [ J

-
o

]

photodiode current (nA)

2k L N s

0.6 -

0.4} refraction

(see the Appendix for this derivatipninterference effects @ | ooormmerm T
were not clearly observed in this study, but they must be less 02t 1.5 MeV He* ]
than the spread of the data in the thickness dependence of th (o) 4000 A of Ar
M band, or about 4% and therefore have been neglected. —t

correction factors

o
<3

t } t t +— 0

Substituting Egs(2), (3), and(4) into Eq. (1), and solving gory gr;ﬁ::;e -
for 14 yields é os| ]
05 -
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)
The total-energy efficiency of the 9.8-eV luminescence,
i.e., the fraction of the electronically deposited energy per
secondP that is converted t1-band luminescence, is given

e
<)

by
FIG. 5. Absolute luminescence efficiency fgr-band lumines-
lofiw cence as a function of angle for 1.5-MeV Heéombardment. The
n= p (6) beam current is 103 nA. There is an additional 20% uncertainty in

the calibration of the UV photodiodéa) raw data(b) angle depen-
wherefiw=9.8 eV per photon. For MeV ions, the amount of dent corrections applied to the raw dafg), absolute luminescence

energy deposited in the film per second is efficiency.
— amounts to 5%, while for the keV projectiles and thick films,
_ Sed |_B it is less than 0.3%, since most ions deposit their energy far
" Ncoshg q° away from the substrate.
wherege is the average stopping cross section of the incident IV. RESULTS AND DISCUSSION

particle; d is the film thicknessN the number density of Figure 5a) shows the MeV ion-induced luminescence
solid Ar (2.66< 10°* atoms/cm); 6 is the angle the ion (photocurrent measured by the UV photodipées a function
beam makes with the normal to the surface of the Ar film;of the angle of observation with respect to the target normal
andl BE the ion-beam current. For the thin films used in thisfor both Au and Si substrates. Figuré)BshOWS the correc-
work, S;~S,(Ey), i.e., the projectile energy, projectile tra- tions applied to the data to account for different projectile
jectory, andS, do not change significantly as the projectile path lengths(and thus amounts of energy deposited in the
passes through the film. However, for keV particles and thdilm) and to account for refraction at the Ar/vacuum inter-
12 000-A films used with them, the projectiles stop in theface. Finally, Fig. ) shows the absolute luminescence ef-
film making P be determined by the projectile energy minusficiency as evaluated using E@). The incidence angle and
small corrections due to backscattering and energy loss irefraction corrections appear to account for most of the an-
elastic collisions. Monte Carlo simulaticfswere used to  gular dependence; effects such as ions backscattering into the
determine these corrections and derive the amourgled-  photodetector and energy not deposited as electronic energy
tronic energy deposited by each particle. Energy depositedre negligible for MeV Hé&. The difference in efficiency of
within 1~200 A from the substrate, the diffusion length of the Au substrate and Si substrate can be accounted for by a
holes, is effectively quenched by electron transfer processdswer reflectivity of the Si substrate. The reflectivity of Si
with the substrate and does not give rise to 9.8-eVdecreases as an oxide layer grawsnd the oxide layer on
luminescenceé. This is taken into account by using only the the Si substrate used here was not well characterized. We
energy deposited in a layer of thickness-1. For the thus use the data taken with the Au substrate and small
4000-A films used with MeV projectiles, this correction angles for determining the energy efficiency of MeV par-
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Eoif (o) © ] of this small dependence on energy we average the keV and
T ool " 20keVH, . . ‘ . MeV values to conclude that the experiments give a value
-10 0 1 20 30 40 30 60 for Ar luminescence efficiency of/=0.54+0.12. The mea-

~ angle of photodiode to target normal, p sured luminescence efficiencies are consistent with50,

the estimate of Huber, Emmons, and Leffiéor the 9.8-eV

FIG. 6. Absolute luminescence efficiency for-band lumines-  luminescence efficiency of solid Ar bombarded by 10-30
cence as a function of angle for 20 and 50-keV bbmbardment. keV electrons. Our values are higher than gas-phase values:
The beam current is 10 nA. There is an additional 20% uncertaintyStewartet al*® measuredy~0.29 for Ar gas at 400-Torr
in the calibration of the UV photodiodda) raw data,(b) angle = bombarded by 4-MeV protons.
dependent corrections applied to the raw dédaabsolute lumines- From the value of the energy efficiency extracted above
cence efficiency. we can obtain th& value for the photon producing process.

(The G value is a quantity often used in radiation physics. It

ticles: #=0.49+0.10, where the error is dominated by the is the number of reaction products of a particular kind, in our
uncertainty in the calibration of the photodiode. case 9.8-eV photons, produced per 100 eV of energy depos-

The angular dependences of 9.8-eV luminescépbeto-  ited) With an energy efficiency of 0.540.12, 5.5-0.8 pho-
current measured by the UV photodiodeduced by 20-50 tons are produced for each 100 eV of electronic excitation.
keV protons are measured for 12 000-A films which areAnother quantity,Ws, can also be evaluated: the average
thick enough to stop the incident ions in the films. They areenergy spent per luminescence dec#ys has a value of
shown in Fig. a), together with the angle correction due to 18.1+3.3 eV. Note that this is less thal, the mean energy
refraction in Fig. 6b), and the resulting luminescence effi- spent per ionization, which has a value’@7+1 eV. This
ciency in Fig. &c). Not shown in Fig. €) are small correc- difference is due to the fact that W direct excitations lead
tions, evaluated using a Monte Carlo simulatiéig account  to photon emission, whereas W direct excitations are en-
for ions backscattered into the detectar7% and 0.2% for ergy that is lostnot used for ionization
20- and 50-keV H, respectively, as well as a correction for From our data taken over a range of particles and energies
energy not deposited electronically in the film—either re-we can deduc& as a function of electronic stopping cross
flected back into the vacuum or going into elastic collisionssection. For MeV ions we have used data taken for 1000-A
(2.4% and 1.1% for 20 and 50-keV*H respectively. The  Ar films collected by the spectrometer and normalized by the
corrections for the keV data seem to effectively remove theabsolute luminescence efficiency determined by the UV pho-
angular dependence for the calculation of the absolute lumitodiode. The values are normalized to the data measured for
nescence efficiency although a small but reproducibl®-MeV He" at S,=59 eV/(1G%cn?).3* For keV protons,
“bump” near zero degrees remains in the data taken at thave did not use thin films to determin® because of the
lower energies. The calculated efficiencies go frgm0.65  uncertainty in theS, needed to obtain the energy deposited
at 10.1 keV top=0.57 at 50.1 keV, averaging=0.59+0.12 in the films. Rather, we used the UV photodiode to measure
where the error includes the uncertainty in the calibration ofight emission from films thicker than the range of the ions
the photodiode. These values are close to but slightly higheand derived the total number of photons excited in the film
than the values measured for MeV projectiles, which is posper incident ion,L(E). Then, G(E)=0.1dL(E)/dE] fol-
sibly due to a purer Ar used in the keV experiments. Becaus®ws from the definition ofG if the energy is given in keV.
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We approximate this differential by using luminescence datat both MeV and keV energies. This corresponds t& a

at two energies,E+AE and E—AE: G(E)=0.1L(E value of 5.5 photons/100 eV of electronic energy deposited

+AE)—L(E—AE)]/2AE, whereE andAE are in keV. which was shown to be roughly constant over a stopping
The quantityG is plotted in Fig. 7 for a wide range &,  cross section range of 6.5-400 eV/t¥@nv). From the en-

and has an average value of 541 photons/100 eV. The ergy efficiency, a quantum efficiency for the conversion of

values for MeV H and MeV N€ incident ions were mea- holes to 9.8-eV photons was calculated to be near unity.

sured using the UV spectrometer and normalized to the U\Clearly, theM band in solid Ar is the major energy pathway

spectrometer signal for the MeV Hemeasurements, from for electronically deposited energy. This pathways is further-

which we then normalized to the luminescence efficiencymore significant because it is an important source of radia-

of MeV He'. Angular dependences of the luminescencetion damage and sputtering, and because energy can be di-

efficiency were not performed for the MeV'Hand Mev ~ verted away from it by inducing electron emission

Ne" projectiles. The lack of any trend in these data indicategpreventing recombination

that direct proportionality between the luminescence and

S. continues up toS,=400 eV/(16%cn?). According ACKNOWLEDGMENTS
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efficiency of an ionization leading to a 9.8-eV photon can be_ . . :
approximated. In addition to ionizations, the ion-beam cre—sé'rr\?vgllgt'fg? sgslﬁgilstlaotr:asc'h?]?garoaiisstérY::/::Stley and F. C. Un-
ates direct excitations which can also lead to Iuminescenc% )
and which can account for up to 35% of the total 9.8-eV

luminescence for 2-MeV H bombardment. For each 100

eV of energy deposited by the fast protons, our results show Here we describe various details of the absolute lumines-
that 49-12 eV goes into 9.8 eV photons, corresponding tocence efficiency calculation, including the evaluation of the
5+1 photons. As mentioned, 35% of the luminescefic€5  gypstrate reflectivity and the summation of internal reflec-
+0.04 photongor of the energy(17.2+0.3 eV) is from di-  tions, The reflectivity of the substrate as a function of inci-
rect excitations, and thus 3t3.7 photons are from the de- gence angleR(#), is important in the calculation of the
cay of excited states originating in ionizations. We compareypsolute luminescence yield. Its effect on the observed light
this number to that of excited states which result when e|eCihtensity was evaluated using standard equations for reflec-
trons and holes recombine. Fokfvalue of 27-1 eV, 3.70  tjon and refraction at interfac&and compared with experi-
+0.14 electron-hole pairs are produced for 100 eV of deposmental measurements. The reflectivity of the Au/vacuum in-
ited energy. This gives a quantum efficiency of 0®2 for  terface for 9.8-eV photons at normal incidence was
conversion of holes to 9.8-eV photons. This value is consisgg|cylated usingi,=1.187 andka,=1.0703° where np,
tent, within uncertainties, with a value of 1 that would be gngk,  are the refractive index and extinction coefficient of
expected if theM-band transition were the only pathway to Ay respectively. This yields a value of 19.9%, very close to
the ground state, in the absence of impurities. This result ighe experimental measurement of 19.%ahe reflectance
thus significant for establishing the dominance of theygas then calculated for an Ar/gold interface as a function of
M-band pathway. N incident angle, using,, = 1.48 andk,,= 0.3 The average of
The M-band luminescence efficiency has been seen {0 bgye parallel and perpendicular polarization was used for the
dependent on irradiation do3e?! Reimann observed that, apsolute luminescence calculations because the light is not
using the known absolute sputtering yield, leband lumi-  known to be polarized. Nevertheless, the effect on the abso-

nescence inten+sity decreases faster than would be expectgfle |uminescence calculation of differently polarized light
for 1.5-MeV He" bombardment, based on the thickness deryeflecting from the Ar/Au interface amounted to less than

pendence of the luminescence measured from fresher¥lms.5o4. The reflectance is quite flat for incident angles from 0 to
In this work, we observed the same effect for 2-MeV'Ne 42.5°, the angle of total internal reflection, and it has a value
after measuring a 10% decrease in film thickness due to spugf 0.15.

tering, luminescence decreased by 75%, indicating that lumi- For the evaluation of luminescence of films deposited on
nescenceefficiencyactually decreased. We did not observeay sj substrate, we did not calculate the reflectance versus
this effect for MeV H" even for doses as high as<80"  angle of incidence since this substrate was not well charac-
H*/cr?, suggesting that damager formation of quenching terized. The reflectance was taken to be independent of angle
centers correlated with stopping cross section is responsiblgrom 0 to 42.5°, based on the results for the Ar/Au interface,
for decreasing the luminescence efficiency, though the reaand equal to about 30% based on published measurements
son for this efficiency decrease is not understood. The lumithat discuss the effect of an oxide layer or*Si.

nescence efficiency measurements made in this work were Calculating the fraction ofb(«) that escapes through the
done for doses that did not show a measurable efficiencjtont of the film & for a specularly reflecting substrate in-
decrease. volves evaluating the sum of the light rays and associated

In summary, it has been shown that the conversion ofeflections that are initially directed towards the surface,
electronically deposited energy in solid Ar films to 9.8-eV

luminescence is quite efficierty54% for ion bombardment E1=Toud 1+ R(O) Ryt (R(O)Rgy)>+ -]
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and the light rays and associated reflections that are initialljor |g|<1, we evaluate; + &, to get
directed towards the substrate,

§2= TsuR(0)[ 1+ R(0)Reyt (R(O) Rsurf)2+ ]

o 1+R(0)
(see Fig. 4 Using the infinite sum §=6t &= Tar 1-R(6)Rgyf’
- a
k_
,Z‘O aq T 1-q which is[Eq. (4)].
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