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Exciton Sounding of a-Particle 
induced Radiation Defects in 
Ant hracene 
S. ARNOLD, H. T. HU 

Mew York University, Radiation and Solid State Laboratory 

and 

M. POPE 
Mew York University. Radiation and Solid State Laboratory and Chemistry Department 

(Received June 2, 1976) 

Anthracene crystals have been irradiated 1) to c' by a-particles at 28.3.30.00 and 32.26 MeV. A 
laser beam focused to a line I to the c' direction is used to generate triplet excitons at SO micron 
intervals in this direction. The spatial distribution of residual damage is determined from the 
variations in the delayed fluorescence and triplet exciton lifetime. The modulation of the triplet 
exciton lifetime in a magnetic field indicates that the defects are principally paramagnetic. The 
a-particle ranges at 30.00 and 32.26 MeV are 580 & 20p and 660 & 20p in agreement with the 
Bragg additivity rule. The G value for the production of the paramagnetic defects is 0.02. 

I INTRODUCTION 

The passage of heavy ions through solids produces long-lived defects. 
In organic solids such as anthracene some defects anneal at room temperature; 
however, most show no evidence of annealing.' These defects may be 
generally classified as either paramagnetic or nonparamagnetic. The spatial 
distribution of the defects is generally assumed to be proportional to the 
stopping power along the track. Neither the ratio of paramagnetic to non- 
paramagnetic defects nor the spatial distribution of these defects have been 
measured in organic crystals. The characterization of residual defects in 
organic matter is important for an understanding of the role which these 
defects play in the trapping of charge carriers and the quenching of excited 
states. In addition, due to the chemical similarities between biological 
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180 S. ARNOLD, H. T. HU AND M. POPE 

systems and organic crystals, and the sensitivity of biological systems to 
free radicals,’ the determination of the spatial distribution of free radicals 
and the yield of these radicals is important in evaluating the effects of 
radiation therapy. 

The ability of excitons to migrate in organic crystals may be used to 
detect radiation defects. For example, triplet excitons are readily quenched 
by free radicals3 and mechanical defects4 This quenching can be detected 
by observing the changes in the delayed fluorescence produced by triplet- 
triplet fusion reactions. In addition, these two quenching interactions behave 
differently in a magnetic field; quenching by nonparamagnetic defects is 
unaltered in a magnetic field, whereas the quenching of triplet excitons by 
paramagnetic species is reduced in a magnetic field.5 In the present study 
anthracene crystals were irradiated by monoenergetic a-particles at 28.3, 
30.00 and 32.26 MeV. The spatial distribution of the radiation damage in 
these crystals was detected by observing the triplet exciton lifetime as a 
function of position from the point at which the a-particles entered the 
crystal. Delayed light was generated in small selective regions of the crystal 
by focusing laser excitation on the crystal. In order to determine the relative 
influence of paramagnetic and nonparamagnetic defects, the magnetic field 
effect on the triplet lifetime’ was measured as a function of position. 

I I  THEORY 

The basic kinetic equation governing the time dependence of a triplet 
exciton density n(x, t )  generated by an incident intensity I (x ,  t )  is given by 

W x ,  t )  J’n 
- = al(x, t )  - pn - ytn2 + D - 

at JX’ 

where c1 is the absorption constant for direct singlet to triplet absorption 
( S o  -+ Tl), P is the monomolecular decay rate, yt is the bimolecular decay 
rate, and D is the exciton diffusion coefficient. In the present experiments, 
as we will verify in Section 111, both the third and fourth terms on the right 
hand side of equation (1) are small compared with pn so that when the 
excitation is cut-off the triplet density will decay exponentially with a time 
constant 1/b. In the presence of both paramagnetic and nonparamagnetic 
defects, the rate constant P may be written in terms of these contributions, as 

i =  1 j =  1 

where Po is the intrinsic exciton rate constant, y p i  and N P i  are the quenching 
rate and density of paramagnetic defects of the ith type, and, ynj and N,,  are 
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ALPHA-PARTICLE IRRADIATED ANTHRACENE 181 

the quenching rate and density of nonparamagnetic defects of the jth type. 
The H in parenthesis identifies the terms that are sensitive to the presence 
of an external magnetic field. As will be shown in Section V, all known para- 
magnetic quenching rates in anthracene are similar in magnitude and 
limited principally by diffusion. For this reason, equation (2) will be re- 
written in terms of an average paramagnetic quenching rate 7, and the total 
number of paramagnetic quenchers, N , .  

Experimentally, p is determined from the time constant of the decay of the 
delayed fluorescence (DF). This DF arises from bimolecular annihilation 
of triplet excitons and is proportional to the y l n 2  term in equation (1). 
It can easily be shown that p is half the rate constant for the decay of the 
delayed fluorescence. 

The relative role of paramagnetic and nonparamagnetic defects may 'be 
determined in a magnetic field, since p, is reduced by the field and y n i  remains 
constant. The change in p in the magnetic field, AHP, from equation (3) is 
therefore 

where AHYp is the change in the paramagnetic quenching rate. The ratio of 
the triplet decay constant in a magnetic field to that in the absence of a 
magnetic field is given by 

where 

In the above equation R represents the dilution in the magnetic field effect 
due to paramagnetic defects by nonparamagnetic defects. By fitting equation 
( 5 )  to the magnetic field effect on the triplet lifetime, (AHY,/fp)R may be 
determined. With a suitable value of (AH?/?,), R may be estimated. The yield 
of paramagnetic defects per unit energy absorbed, Up,  is then calculated from 
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182 S. ARNOLD, H. T. HU AND M. POPE 

where Fa is the total number of a-particles absorbed per unit target area, 
E, is the incident energy of the a-particles, x is the depth of penetration from 
the surface, r is the range of penetration and AdB is B(0) - Po.  

Ill EXPERIMENTAL PROCEDURES 

In this section we describe briefly the method of crystal preparation, of 
irradiation, and of radiation damage detection. 

Highly purified crystals of anthracene were cleaved along the ab plane 
and oriented so that they could be cut repeatedly into 1 mm plates per- 
pendicular to the ab plane along the a axis. The resulting ac’ plates were 
typically 5 mm square. The crystals were polished to an optical finish on a 
benzene soaked lens tissue. 

The irradiation was carried out at the Tandem Van de Graaff Facility of 
the Brookhaven National Laboratories. The a-particles were accelerated 
to energies of 30.00,32,26, and 28.3 MeV; the number of a-particles absorbed 
were (3.7 f 1.5) x los, (3.8 f 1.5) x 10’ and (1.0 & 0.4) x 10l2 cm-2, 
respectively. The a-particles were directed along the c’ axis of the crystal. 
The average current from the accelerator was calculated by measuring the 
charge collected per unit time in a Faraday cup positioned behind the target 
volume without the crystal in place. The a-particle absorption per unit area 
was calculated by dividing the absorbed charge by the area of the 2 mm x 4 
mm collimator directly upstream from the target. A mechanical chopper 
upstream from the sample was used to pulse the beam striking the sample for 
times varying from 4 msec to 56 sec. The overall charge entering the crystal was 
computed from the product of the pulse duration and the beam current. Due 
to possible beam inhomogeneity and beam intensity fluctuations, the un- 
certainty in the calculated flux is estimated to be &40%. The experimental 
set-up for the irradiation is shown in Figure 1. 

A diagram of the apparatus used to detect the radiation damage is shown 
in Figure 2. The radiation damage was detected by selective exciting portions 

SAMPLE SCATTERINQ 
CHAMBER 

FARADAY CUP 

/ 
/ 

CHOPPER 
PICOAMUETER 

- - 
FIGURE 1 Experimental arrangement for heavy ion irradiation. 
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ALPHA-PARTICLE IRRADIATED ANTHRACENE 183 

MIRROR 

CHOPPER 

P I  

P 2  

RED FILTER 

MI  CROYLTER 

C6L LENS 

ET 

S T A M  

- BLUE FILTER 

R 
FIGURE 2 Apparatus used for detecting radiation damage. 

of the crystals with a focused He-Ne laser beam. The laser beam was focused 
to a line by means of a cylindrical lens with a 51 mm focal length. The line 
of excitation found at the focal plane of the cylindrical lens was parallel to 
the crystal plate and perpendicular to the c’ axis. This geometry was used 
because triplet exciton diffusion in the c’ direction is at least an order of 
magnitude slower than in other directions so that distortions of the triplet 
exciton density due to this diffusion are thereby minimized. The crystal was 
moved along the c’ axis by means of a micrometer stage with a resolution of 
lop per division. In order to eliminate the widening of the line of excitation 
due to birefringence, polarizer P2 was rotated so that its axis of polarization 
was parallel to one of the optical principal axes of the crystal. Polarizer PI 
was used to attentuate the laser beam so that the steady-state luminescence 
was proportional to the square of the incident intensity. Under this con- 
dition the bimolecular term may be neglected in equation (1). The delayed 
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184 S .  ARNOLD, H. T. HU AND M. POPE 

fluorescence produced from bimolecular annihilation of the triplet excitons 
was isolated by a blue filter combination (Corning CS-5-58 and CS-4-72) and 
detected by a photomultiplier. The single photon pulses from this photo- 
multiplier were conditioned by an amplifier and discriminator and fed in 
parallel into a single scalar and a multichannel scalar. For steady-state 
measurements the scalar was gated on for 10 second intervals. Due to small 
fluctuations in the incident laser intensity with magnetic field, a photodiode 
followed by a current to frequency converter and a second scalar was used to 
record the incident intensity over the same period; the data were then normal- 
ized for fluctuations in this intensity. For transient lifetime measurements 
the multichannel analyzer was triggered to sweep synchronously with the 
chopper shown in Figure 2. 

The magnetic field of 3000G was directed in the ac plane and magnetic 
field measurements were carried out on samples in which luminescence could 
be detected for all depths shallower than the Bragg peak. 

The profile of the laser beam in the region of the focal plane was determined 
by measuring thelight intensity distribution at the focal plane of thecylindrical 
lens with a photodiode preceeded by a lop pinhole. A Gaussian shape 
was found at the skirt with a full width at half intensity of 30 & 8p. Such a 
width is consistent with the theoretical diffraction limit' for a laser beam with 
a 0.6 mm effective aperture and therefore indicates that the measured width 
is diffraction limited. The influence of scattered light and crystal defects in 
broadening the skirt width within the crystal cannot be estimated in any 
simple way, however, since scattered light certainly exists, it is important 
to have at least an empirical method for estimating the total width of the 
excitation. 

Levine et aI8 have shown that for excitation of width d within a crystal, 
the delayed luminescence F is given by 

where C is a constant and L is the triplet exciton diffusion length. Since d 
in our crystal is greater than 20p and L is less than 5,u6 the third term in the 
above expression can be neglected and 

For the case of an unfocused laser beam of width d,, Lfd, < 1 and the 
luminescence F, is 

(10) 
C 

F ,  = -. 
d m  
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ALPHA-PARTICLE IRRADIATED ANTHRACENE I85 

The ratio F I F ,  is 

- F _ -  
F ,  

and 

Experiments with and without a cylindrical lens were performed and it was 
found that F I F ,  was about 8.5. Since d ,  in these experiments was measured 
to be 560p and L is known to be less that 5p,6 the width of the laser excitation 
is calculated to be between 61 and 66p. Of course the precise distribution of 
excitons is not known. If this distribution is flat then the excitation and 
resolution widths will be identical. If, however, the exciton distribution is 
Gaussian in shape, the quadratic response of the luminescence will produce 
a lower limit for the resolution of 43p. In conclusion the resolution is no 
worse than 66p  and probably no better than 43p. 

The effect of the diffusion term in equation (1) will be to increase the decay 
rate of the delayed light. Numerical calculations of the decay of the delayed 
fluorescence using a focused laser beam with 50p width indicate that the 
perturbation of the lifetime of the luminescence is much smaller than the 
effect due to defects. For example, for a triplet lifetime of 20 msec and the 
upper limit on the diffusion coefficient of 1.5 x cm2/sec,6 the increase 
in the decay rate of the delayed fluorescence due to diffusion will be about 4 %. 
In the damaged area where the triplet lifetime is no larger than 3 msec, this 
perturbation will be less than 2 %. 

IV EXPERIMENTAL RESULTS 

Figure 3 shows the exciton decay rate, fl(O), as a function of position from the 
irradiated surface for samples irradiated at 30.00 and 32.26 MeV. These rate 
constants were calculated from the fastest decay rate that could be expressed 
as a single exponential. Due to the width of the focused laser beam, and the 
rapidly changing spatial distribution of defects within 50p of the Bragg peak, 
the delayed fluorescence decays became highly nonexponential in this region. 
Outside of this resolution limit, the decays were exponential over at least two 
and one-half time constants. Unfortunately since the laser intensity profile 
is not known within the crystals, the decays were not deconvoluted for the 
width of the laser excitation. For this reason, the data can only be considered 
to be an accurate indication of the defect concentration beyond 50p from the 
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186 S. ARNOLD, H. T. HU AND M. POPE 

1 1 1 1 1 1 1 1 1 1 1 1 1 1  
200 400 600 800 1000 1200 

x ( P I  
FIGURE 3 Triplet decay rate constant b(0) versus depth X in microns, p. -0- irradiated at 
32.26 MeV; -0- irradiated at 30.00 MeV. The number of @-particles absorbed at 32.26 MeV 
and 30.00 MeV were (3.8 k 1.5) x 10' cm-2 and (3.7 1.5) x lo8 cm-', respectively. The 
particle current densities at 32.26 MeV and 30.00 MeV were (8.5 5 3.4) x lo8 cm-'-s-' and 
(3.4 1.3) x 10''' cm-z--s-'. 

Bragg peak. As one can see in Figure 3 no data were taken at depths of 0 to 
1OOp since surface scattering in this region produced highly nonexponential 
decays. The position of the Bragg peaks at 30.00 and 32.26 MeV were 
established by noting the depth at which there was a minimum in steady-state 
delayed fluorescence intensity; these were found to be at 590 F 20p and 
670 & 20p, respectively. These points were also in correspondence with the 
points at which the decay rate was found to undergo a maximum. The 
profiles shown in Figure 3 were measured one hour after irradiation and no 
substantial changes were found in these profiles over the next five months. 

The steady-state luminescence L can be shown from equation (1) to be 
proportional to yta2/p2, where a is the So + TI absorption coefficient. 
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ALPHA-PARTICLE IRRADIATED ANTHRACENE 187 

Measurements of the steady-state luminescence L were also made as a 
function of penetration depth in order to see whether p was the only param- 
eters affected by the radiation. The values of Lp2 were found to be relatively 
independent of position up to within 50p from the Bragg peak. This constancy 
of Lp2 indicates that only p is affected by the irradiation, consistent with the 
model proposed in Section 11. 

Figure 4 shows the spatial variation of (p(0) - Po) for a crystal irradiated 
at 28.3 MeV with a substantially higher dose, 1012 cm-2, than was used for 
the crystals in Figure 3 (see Section 111). Experimentally no luminescence 
could be observed within the estimated Bragg peak for this sample. The 
calculated range of a-particles at 28.3 MeV is 532p. The profile shown in 
Figure 4 was measured 24 hours after the irradiation and no substantial 
changes from these values were noted within a period of one year. The 
exponential tail in Figure 4 has a characteristic decay length of 227p. Other 
crystals irradiated at 27 MeV with doses of the order of 10” cm-’ revealed 
similar tails. The lack of tails in the 30.00 and 32.26 MeV irradiations is most 
likely the result of the small radiation doses used in these experiments and 
the uncertainty of k0.5 sec-’ in the triplet rate constant measurements. 

The magnetic field effect p(H)/p(O) at a depth of 350p was measured in the 
32 MeV sample for Hllac. The magnitude of this effect is similar to measure- 
ments made by Ern and Merrifield5 for anthracene irradiated by x-rays. 
Resonances were found at angles of 20 2 3 and 74 k 3 degrees to either side 

I I 1 I I I I I I I I 

X (PI 
FIGURE 4 The change in triplet exciton decay rate constant after irradiation, AdP versus 
depth for the sample irradiated at 28.3 MeV with an absorbed dose and a particle current 
density of(l .0 0.4) x 10” cm-’ and 1.78 x 10” cm-’-s-‘, respectively. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

5:
42

 2
3 

Fe
br

ua
ry

 2
01

3 



188 S .  ARNOLD, H. T. HU AND M. POPE 

R = -0.07 

1 . 1  1 
1 

1 1 1 1 1 1 1 1 1 1 1  
200 400 600 800 1000 

FIGURE 5 Ratio of triplet exciton decay rate constant in the presence of a magnetic field H ,  
to that in the absence of a magnetic field, b(H)/fi(O) as a function of depth X in microns. The 
solid line represents the fit to equation ( 5 )  with RAnYp/Yp = -0.07 and Po = 45 s -  I .  

of the a axis in agreement with the01-y.~ The “on” resonance and “off” 
resonance values of P(H)/p(O) were found to be 0.935 f 0.010 and 0.980 f 
0.010, respectively. The spatial dependence of P(H)/j3(0) at the “on” resonance 
position is illustrated in Figure 5. As one can see j?(H)/j3(0) remains close to 
0.94 from 100p to 650p and increases to 0.990 & 0.007 beyond 7 5 0 ~ .  

V DISCUSSION 

The results in Figure 3 may be compared with theoretical estimates for the 
stopping power [linear energy transfer (LET)] of anthracene, - (dE/dx). 
The spatial stopping power profile in anthracene may be estimated from the 
stopping power of carbon and hydrogeng by the Bragg additivity rule. 
According to this rule the stopping power of a compound is the sum of the 
stopping powers of its constituents. The calculated stopping power profiles 
and the triplet rate constant profiles are compared in Figure 6. The ranges 
of 30.00 MeV and 32.26 MeV of 662p and 582p are in good agreement with 
the experimental values of 660 f 20p and 580 k 20p. Since the experimental 
resolution of -5Op is large compared with the 12p halfwidth of the Bragg 
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ALPHA-PARTICLE IRRADIATED ANTHRACENE 189 

0.3 3000 

;-554 !loo sec? 

3000 582,U 0.3 

1000 

;-554 sec? 

Adp 
- ). i - C e 3  

0. I 

d E  
d X  

.Of; . too 
0.3" 662 p - 3000 

- 1000 
8 -  725 sec-' 

-- dE dX 0.1) - 0 ; - ( s e t ' )  

I00 
200 600 1000 

FIGURE 6 Comparison of spatial distribution of simulated stopping power (-(dE/dx)) 
and triplet exciton decay rat2 change Ad@. -0- irradiated at 32.26 MeV; -0- irradiated at 
30.00 MeV. 

FIGURE 6 Comparison of spatial distribution of simulated stopping power (-(dE/dx)) 
and triplet exciton decay rat2 change Ad@. -0- irradiated at 32.26 MeV; -0- irradiated at 
30.00 MeV. 

peak, the actual damage at the Bragg peak is not measured. However, at 
depths less than the position of the Bragg peak minus - 50p a comparison 
between the simulation and the damage profile should be reasonable. As 
one can see the agreement is quite good within Sop of the peak. In the case 
of an initial energy of 30.00 MeV, the LET at a depth of 80p above the Bragg 
peak corresponds to a particle residual energy of 10 MeV. We can therefore 
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190 S .  ARNOLD, H. T. HU AND M. POPE 

say that the damage is proportional to the stopping power from 32 MeV to 
10 MeV. If we assume that the damage is also proportional to the absorbed 
dose per unit area F,, which is reasonable since Co y experiments3 show such 
a proportionality with more than one hundred times-the change in tri 
rate constant found in the present experiments, then we may write 

where B, in equation (13) is the amount by which the triplet decay ra 
changed for each erg/cm3 of energy absorbed. For the crystals irradiated at 
30.00 and 32.00 MeV, Ba is found to be (1.3 ? 0.5) x and (1.6 & 0.6) x 

sec- - cm3/erg. These values are consistent within their uncertainties 
even though the irradiation at 30.00 MeV was carried out at 34 times the 
particle current density used at 32.26 MeV. This correspondence indicates 
that the influence of bimolecular processes in the formation of the defects 
is relatively unimportant below particle current densities of 3 x 10" cm-' 
- s- '. In addition the values of B, in these experiments are close to the 
value of Bu of 1.2 x s - l  - cm3/erg obtained by Ern and McGhie'O in 
their experiments dealing with internal irradiation by 18 KeV b-particles 
produced by the decay of tritium. 

According to Burton et al," the energy loss events in a track can be 
relatively far apart, (such as is the case when high energy electrons pass 
through matter) producing a low LET track, or the loss events can occur 
in close proximity (such as the case when a-particles pass through matter) 
producing a high LET track. The high LET portions of the track, representing 
the energy loss events themselves, are referred to as short tracks and blobs 
by Burton et ul." Thzse authors point out that when chemical changes 
occur as a result of radiation absorption, the extent of these changes is 
roughly proportional to the fraction of the energy deposited in the form of 
short tracks and blobs. In the case of irradiation with 18 KeV &particles 
produced by radioactive decay of tritium, Burton et ul estimates that about 
60 "/, of the energy is deposited in the form of short tracks and blobs. It thus 
appears that the 18 KeV electrons produce a high LET track and the agree- 
ment between the results of Ern and McGhie" and of this paper confirm 
this conclusion. 

The magnetic field effect shown in Figure 5 may be fit to equation ( 5 )  by 
using the data in Figure 3. The fit shown in Figure 5 requires a value of 
RAHYp/Yp of -0.07. Within experimental error, this value is almost identical 
to the value obtained by Ern and Merrifield5 in their study of defect produc- 
tion in anthracene by x-rays. Ern and McGhie" have shown that such a 
magnetic field effect indicates a simple situation with only paramagnetic 
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centers, and therefore AHYp/Yp N -0.07 and R N 1. With this estimate of R 
the yield of paramagnetic defects may be calculated from equation (6). 

By substituting equation (13) into equation (7) with R = 1, we have 

Yp = - ' JorB, dE. 
Ea Yp 

In terms of the average value of B,, B, = [& B, dE]/E,, the yield in equation 
(14) reduces to B,/Yp. Since B, has been shown to be constant over the first 
68 of the energy loss is not expected 
to change the value of E, significantly, B, will be taken as the average value 
for the two samples: 1.4 x lop3  sec-' cm3 erg-'. The quenching rate of 
triplet excitons by paramagnetic radiation defects, Y p ,  has not been reported; 
however, its value may be estimated from luminescence and EPR measure- 
ments. Blum et d'' have reported that Co y produces spins per cm3 for 
a dose of lo7 r. Weisz et ai3 have reported the increase of the triplet decay 
rate constant for this same radiation to be 1.1 x 10- ' sec- ' - r - ' .  Therefore 
the rate constant for quenching, which is the change in p per spin/cm3 is 
1.3 x 10- ' ' cm3-sec-'. This number is in close agreement with the quench- 
ing rate of 7 x cm3-sec-' for triplets by trapped holes,l3 which are 
also paramagnetic. This correspondence implies that the quenching process 
is limited principally by diffusion. In anthacene such rates are typically - lo-' ' cm3/sec. Taking 7, = lo-" cm3/sec in equation (14), the yield of 
paramagnetic species for a-particle irradiation in the energy range from 
32 MeV to 10 MeV is found to be 1.4 x 108/erg. The G value for the produc- 
tion of these paramagnetic defects is approximately 0.02. 

The precise reason for the long tail shown in Figure 4 is not well under- 
stood. However, certain possibilities may be ruled out. The damage caused 
by the following should not reach far enough in the region of the tail. 

of the energy loss and the next 32 

a) Carbon K ,  x-rays 
b) Carbon recoils 
c) Secondary electrons 

Other mechanisms may not be ruled out in terms of range. These damage 
mechanisms are: 

d) Recoiled protons 
e) Channelled a particles and secondary protons 
f) Bremsstrahlung from secondary electrons, a-particles and secondary 

g) y-radiation arising from resonance excitation of the carbon nucleus. 
protons 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

5:
42

 2
3 

Fe
br

ua
ry

 2
01

3 



I92 S. ARNOLD. H. T. HU AND M. POPE 

Some slower mechanisms may also be important. Of these, molecular 
diffusion along grain boundaries and line defects is known to be fast from 
self-diffusion studies14 and may allow paramagnetic species, such as the 
radiation defects, to alter their distributions between the time of irradiation 
and measurement. In addition, both a-particles and secondary protons may 
be channelled into the region beyond the Bragg peak. The influence of such 
factors as channelling and diffusion may not be easily estimated although 
the others are amanable to calculation. Experiments are under way to 
ascertain the principle mechanism for the long tail in the defect density 
profile. 
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