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This  a r t i c l e  p r e s e n t s  some r e su l t s  obtained in an exper imenta l  study of the c h a r a c t e r i s t i c s  and causes  
of the luminescence  at  the sur face  of t r a n s p a r e n t  d ie lec t r ics  under the act ion of l a s e r  radiat ion.  

The fluxes at  which luminescence  develops amount  to (2-5) �9 10 s W / c m  2 when the t a rge t  is in an a i r  
a tmosphe re .  The t r a n s p a r e n t  d ie lec t r i cs  used in our exper imen t s  were  quar tz ,  type Ka8 g lass ,  P lexig las ,  
r ock  sal t ,  and Pyrex .  We init ially employed a ruby  l a s e r  operat ing under  a s ing le -genera t ion  r e g i m e  (the 
total  energy  was of the o rde r  of 1 J and the genera t ion t ime  was 10-12 nsec at the signal half-width).  

With these  f luxes,  the luminescence  c r ea t e s  a pulse  at the t r a n s p a r e n t  t a rge t  amounting to 1-2 dyn.  
s e c / c m  2, which co r r e sponds  to a p r e s s u r e  of s eve ra l  hundred a t m o s p h e r e s  at the sur face .*  Such phenomena 
can cause  sur face  des t ruc t ion  of g l a s se s  and o ther  t r a n s p a r e n t  d ie lec t r i cs .  This might explain the fact  that  
d ie lec t r i c s  have a lower  s t rength  when the i r  su r f aces  a r e  exposed to l a s e r  radia t ion  (in compar i son  with 
their  volume s t rength) .  

The phenomenon i tse l f  is apparent ly  assoc ia ted  with l i t t le-s tudied p r o c e s s e s  occur r ing  in the thin 
boundary l aye r s  of the d ie lec t r ic  i r rad ia ted  by the l a se r  light. A number  of s tudies have been made on the 
mechan i sm of this phenomenon [1-3]. 

1. Photographic  and Spectral  Measu remen t s .  The luminescence  was photographed with an SFR-R scanning 
c a m e r a  with a r ecord ing  ra t e  of 5 �9 107 f r a m e s / s e c .  Development  of luminescence  at the su r f aces  of var ious  
d ie lec t r i c s  has  a uni form sphe r i ca l  cha rac t e r ;  the f ron t  speed r e a c h e s  20 k m / s e c  at  the t a r g e t  sur face  with 
f luxes of 109 W / c m  2 and then rap id ly  d e c r e a s e s  as  the dis tance f r o m  the sur face  i n c r e a s e s .  When the flux 
densi ty is reduced to 4.108 W / c m  2, the initial f ront  speed d e c r e a s e s  to 10 k m / s e c .  Luminescence  is a c -  
companied by development  of a shock wave,  whose movement  and detachment  f r o m  the luminescent  zone 
a r e  well  i l lus t ra ted  by a Tep le r  h igh-speed  photograph (Fig. 1). 

We also photographed the in tegra l  luminescence  spec t rum.  The spec t rum was found to consis t  of 
l ines which co r responded  to s ingly- ionized a i r  components  (nitrogen and oxygen). No lines cor responding  
to the t a rge t  m a t e r i a l  we re  detected.  The intense continuum obse rved  in the s p e c t r u m ,  as well  as  the p r e s -  
ence of l ines for singly charged  ions, indicate the t e m p e r a t u r e  in the luminescence  region to be high. Our 
invest igat ions give us grounds for  su rmis ing  that  the luminescence  is caused by ionized a i r .  

The spec t r a  for  di f ferent  t a rge t s  were  s im i l a r  and had an "a i r "  cha rac t e r .  The luminescence  is ap -  
pa ren t ly  not due to melt ing and vapor iza t ion  of the t a r g e t  mate r ia l ,  s ince it is not accompanied  by noticeable 
(under 50-power  magnification) sur face  damage,  although in some cases  the re  is s l ight  damage  consis t ing 
of slight s t r eaks  in the i r r ad ia t ed  a r ea .  

A coaxial  E L U - F  photocel l  was  used to r e c o r d  the in tegra l  luminescence  pulse as the p r e s s u r e  of the 
a i r  surrounding the t a rge t  was  var ied  (Fig. 2). The light flux r ema ined  a l m o s t  unchanged when the p r e s s u r e  
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was reduced f rom 760 to 100 to r r ,  while the pulse 
duration substantially exceeded that of the l ase r  
pulse.  At p r e s s u r e s  below 100 to r r ,  however, the 
pulse duration was reduced by a factor  of 2 or more,  
and its amplitude also decreased.  

The pat tern  became stabil ized over  the p r e s -  
sure range 1-0.1 to r r ,  but the pulse duration was 
only 5-6 t imes  that of the laser  pulse. The integral  
light flux over the wavelength range 400-600 nm 
(the region of I~ LU-F sensitivity) decreased  by an 
o rder  of magnitude in compar ison with that at a t -  
mospher ic  p re s su re .  As a resu l t  of the spectra l  
and photoelectr ic  measurements ,  we obtained e s -  
t imates  for the luminescence threshold as function 
of the a i r  p r e s su re .  The cr i te r ion  for development 
of luminescence was appearance of signal f rom the 
photocell and the presence  of a spect rum.  

Some resul ts  in measur ing the threshold den- 
sity 7 '  10-8 (W" cm -2) for a number  of mater ia ls  
at different p r e s s u r e s  p are  given below (K8 r e p -  
resen ts  glass,  Q quartz,  OG Plexiglas,  and PS poly-  
styrene):  

Fig. 1 

NaC1 KS Q O G  PS p 

T . 1 0 - s = 0 . 9  3 . 0  3 . 6  3 .0  3 . 0  760 
~ . t O - S ~  - -  5 . 6  5 . 6  5 .6  - -  tO0 
T . l O - S =  - -  5 . 9  6 . 9  6 . t  - -  10 
T - i O - S =  - -  5 . 2  4 . 7  12 .3  - -  t 

At f i rs t  glance, these data indicate that luminescence is caused by breakdown of the air ,  a p rocess  
having features in common with the breakdown trader the action of a focused laser  beam in f ree  space. The 
threshold levels for different d ie lect r ics  are  s imi lar .  A change in air  p r e s s u r e  f rom 1 arm to 1 t o r t  leads 
to only a slight change in the luminescence threshold.  Actually, the flux density requi red  for breakdown in 
the case of sharp focusing with no obstacles is 101~ W/cm 2, i.e., exceeds the thresholds  given above by 
more than two o rders  of magnitude. 

It should be noted that, in breakdown with sharp focusing, the threshold changes far  more  abruptly 
when the p r e s s u r e  is var ied.  

If we assume that ionization and luminescence develop by an avalanche mechanism in the case under 
consideration,  an electron avalanche obviously cannot develop at fluxes of ~3" 108 W/cm 2, since only one gen-  
erat ion of electrons is produced during the action t ime of the laser  (10-12 nsec).  Moreover , the  f reepa th  is 
comparable  to the dimensions of the luminescence region in a vacuum of the o rder  of 1 to r r ,  and impact 
ionization can sca rce ly  occur .  It is obvious that there  must be another mechanism that supplies the large 
number of f ree  e lect rons  needed in the luminescence zone. 

The slight dependence of the luminescence threshold on the ambient of the air  p r e s s u r e  indicates that 
the luminescence probably originates  di rect ly  in the surface layers  of the dielectr ic ,  possibly at gases ad-  
sorbed by the surface,  then extending to the adjacent air .  

2. Measurement  of Currents  for Dielectr ic Targe t  I r radiated with Laser  Pulse.  In o rder  to investigate 
the mechanism by which electrons are  "supplied," we measured  the cur ren t s  at the surface of t ransparen t  
dielectr ics  i r radia ted with ruby - l a se r  light. The dielectr ic  to be investigated 1 was located between the 
plates 2 of a flat capaci tor ,  to which a constant e lect r ic  field was applied. There were round aper tu res  in 
the plates for entrance and exit of the laser  beam 3o The current  in the anode c i rcui t  was withdrawn f rom 
a 75-~ r e s i s to r  and recorded  with osci l lograph 4. The measurements  were made at a p r e s s u r e  of 10-6tor r ,  
f reezing the vapor in a nitrogen trap.  The form and energy of the laser  pulse were monitored with Ft~K-09 
photocells.  
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Fig. 2 
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Fig. 3 

Figure 4 shows a typical osc i l logram for  the cur ren t  signal f rom the target .  
The signal f rom the ta rge t  had two charac te r i s t i c  segments  ("flashes").  The f i r s t  
flash developed during the operat ion of the laser  and its maximum usually coincided 
with the l ase r -pu l se  maximum. The second pulse, which was general ly  of far  g rea te r  
amplitude, occur red  after  laser  operation had ceased.  The amplitude of the f i r s t  
pulse increased when the flux density was changed, although substantial scat ter ing 
of its values was observed.  The scat ter ing probably depended on the s ta te  of the 
ta rge t  surface,  the type of surface t reatment ,  and the surface finish. 

However, the behavior of the targets  differed, as can be seen f rom the follow- 
ing data: 

Nacl Ks Q p PS 
~min't0-s ~ 0.3 t 2 5 5 w.cm "2 
Tmax.tO-S= 3 6 -- t0 -- w. cm "2 

/ = 0.3--80 0.t--90 -- 01.--40 -- A.cm "z 

Here Train is the minimum flux at which cur ren t  pulses appeared, the value 7max being given to cha r -  
ac ter ize  the range of flux variat ion and the value of j charac ter iz ing  the range of f lux-densi ty variation; P 
indicates Pyrex. 

It must  be noted that the high currents  lead to a change in the color  of the anode-plate surface in the 
immediate vicinity of the aper ture  after  a ser ies  of experiments  (the discolorat ion covered severa l  field 
gradients) o 

The experiments  were  conducted in the region where there was no visual surface damage, i.e., below 
the destruct ion threshold.  Isolated small  s ca r s  were  observed after  a se r ies  of i r radiat ions ,  but their a rea  
was smal l  in compar ison with the total a rea  i r radiated.  

3. Time Sequence of Laser  Signal, Current  f rom Target ,  and Luminescence Signal. In o rder  to com-  
pare  the laser  signal, the cur ren t  f rom the target ,  and the luminescence pulse with respec t  to t ime, a "red 
mark"  was supplied to the modulating electrode of the osci l lograph tube. The accuracy  in the t ime de te r -  
minations was 2 nsee. Figure 5 shows the relat ive a r rangement  of the pulses:  curve 1 is the l ase r  signal, 
curve 2 is the cur ren t  pulse, and curve 3 is the light pulse ("flash"). 

The maxima of the laser  and current  signals coincided,while the lat ter  was received later  than the 
fo rmer .  This phenomenon was due to  the nonlinear dependence of the cur rent  on the i rradiat ion.  

It should be noted that development of the cur rent ,  like appearance of the flash, had a threshold c h a r -  
acter .  The current  densities (Tmin) at which cur ren t  signals were detected are given above. No cur ren t  was 
r ecorded  when the flux density was slightly reduced.  Similar experiments  were conducted with longer laser  
pulses (of the o rde r  of 100 nsec at the half-width). The threshold cur ren t  densities corresponding to the 
cur ren t  signal remained unchanged. The duration of the current  pulse was increased  by a factor  of approx-  
imately 5, while the front amplitude increased by a fac tor  of 1.5-2. 

4. Discussion of Results .  We will now consider  the probable causes of the appearance of a cur ren t  
at the target .  

1) Multiquantum photoeffect. The possibi l i ty of photoeurrent  cannot be precluded but, in view of the 
stepwise dependence of the cur ren t  on the e lec t r ic - f ie ld  strength of the light wave, the form of the cur rent  
pulse should have been great ly  al tered (in compar ison with experiments  with short  signals) when the laser  
pulse was prolonged; the cur rent -pulse  front should at ieast have been great ly  prolonged. However, any 
photoeffect might be masked by another, more important  phenomenon. 
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Fig. 4 Fig. 5 

2) Thermionic  emission.  The action of laser  radiation on gases adsorbed on a dielectr ic  surface can 
cause them to overheat ,  fo rm a p lasma,  and emit  e lectrons.  If such heating occurs ,  the problem of how the 
energy necessa ry  for this p rocess  is adsorbed remains  unresolved.  

We calculated the tempera ture  neces sa ry  for e lect ron emiss ion f rom a p lasma with cur ren t  densit ies 
of 10-100 A / c m  2, using the Richardson-Dushman formula  

I = en2nR ~ (k / 2nm)'/, exp (--ee~ [ k T ) ] / T  

where R is the radius of the radiating hemisphere  and e~o is the e lectron work function for emiss ion from 
the p lasma.  

The work function was calculated as e~ = e2/d, where d is the Debye screening radius:  

d ~- (kT / 4gne~)V, 

When the air  is at a tmospher ic  p r e s su re  (the adsorbed air  is assumed to be at this p r e s su re ,  although 
its intensity at the surface can actually be above or  below this figure) and its t empera ture  is ra i sed  f rom 
3500 to 10,000~ [4], the e lec t ron concentrat ion changes f rom 1013 to 1020 cm-3o Inthis  case,  exp( -e~ /kT)  ~ 1. 

Calculation shows that a cur ren t  density j = 100 A / c m  2 cor responds  to a p l a s m a t e m p e r a t u r e  T =5000~ 
while j = 10 A / c m  2 cor responds  to T = 4000~ 

3. Mechanism of p lasma decay under the action of an applied e lec t r ic  field. P lasma decay begins 
with cold e lectron emission;  the ionic components then begin to move. The p la sma-decay  p roces se s  depend 
r a large extent on the p lasma tempera ture  and on the c h a r g e - c a r r i e r  concentrat ion,  the lat ter  in turn 
being related to the amount of adsorbed gas subjectedto heating. The presence  of a second peak in the cu r -  
rent  pulse may be due to these phenomena. 

Although we cannot hold with cer ta inty to one view or the other regarding development of the cur ren t  
pulse, it can be assumed that cur ren t  pulse 2 precedes  development of the flash. This follows f rom Fig. 5. 

The flash experiments  conducted in air  and the experiments  involving measurement  of the cur rents  
(with an e lectr ic  field and a high vacuum, in which case there was no flash), were natural ly different exper-  
iments.  However, the appearance of free e lect rons  in the dielectr ic  during laser  i r radiat ion,  a phenomenon 
that can lead to subsequent absorption of radiat ion and development of f lashes,  occurs  without an external  
e lect r ic  field. 

In this connection, the mechanism by which the dielectr ic  absorbs  the laser  radiation becomes ex- 
t r emely  important.  The dielectr ic  specimens used (5 mm thick) exhibited a lmost  no absorption in normal  
visible noncoherent light. When light fluxes of 108 W/am 2 were supplied f rom a ruby laser ,  absorpt ion oc -  
cur red  (the experiments  were conducted below the breakdown threshold and the specimen was held in a vac -  
uum of 106 to r r  to prevent  flashing), constituting about 10% of the total incident energy.  

It has been hypothesized that the absorption resul ts  f rom the surface state of the dielectr ic ,  which 
specifically depends on the surface finish and type of t rea tment  (grinding, polishing with abrasive powder, 
etc.). 

The development of a cur ren t  pulse is independent of the surface t reatment ;  measurements  made with 
sections showed the pat tern to remain unchanged. We are obviously dealing with nonlinear p roces se s  in the 
surface layers  of the specimens,  which do not behave like ideal d ie lect r ics .  

It is always necessa ry  to take into account the influence of local levels in rea l  d ie lect r ics .  Thus, for 
example, the forbidden-band width in A12O 3 is 10 eV. Transi t ion of a substantial  number of e lect rons  f rom 
the filled band to the conductivity band begins at a t empera ture  T = 2000~ and it seems that A1203 should 
be an ideal insulator at room tempera ture .  The res i s t iv i ty  of aluminum oxide is known to be 109-1012 ~ �9 cm. 
This comparat ively  low res i s tance  is due to impuri t ies  in aluminum oxide, which form local donor levels. 
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The energy  n e c e s s a r y  for the t rans i t ion  f rom a local  level  to the conductivity band is substant ia l ly  
l ess  than the forbidden-band width, amounting to 2 eV in A1203. 

A s im i l a r  pa t t e rn  can occur  in any d ie lec t r ic ,  pa r t i cu la r ly  in g l a s ses ,  on whose band s t ruc tu re  litt le 
r e s e a r c h  has been done. 

In addition to the local  volume levels ,  it is also n e c e s s a r y  to take into account  the superf ic ia l  energy  
levels ,  as was f i r s t  pointed out by I. E. T a m m .  

All this indicates  that,  when a r ea l  d ie lec t r ic  is i r rad ia ted  with r u b y : l a s e r  light having a quantum 
energy  of about 1.8 eV, the s ingle-photon p r o c e s s  in the conductivity band can by i t se l f  produce  a sufficient 
number  of f ree  e lec t rons ,  which a r e  respons ib le  for  subsequent energy  absorpt ion and development  of the 
phenomena under invest igat ion.  The exis tence of f ree  e lec t rons  is indicated by the expe r imen t s  of T. P. 
Belikova et  al.  [5], who de te rmined  the volume conductivity of ruby under the action of l a s e r  light. These  
authors  took spec ia l  m e a s u r e s  to e l iminate  the sur face  conductivity, which is f a r  g r e a t e r  than the volume 
conductivity.  

It can thus be a s sumed  that  a sufficient number  of f ree  e lec t rons  appea r s  in a d ie lec t r ic  under the 
act ion of l a s e r  i r rad ia t ion ,  as  is indicated by the cu r ren t  signal f r o m  the target ;  the p r e sence  of f r ee  e l e c -  
t rons  leads to fu r the r  absorpt ion  of l a s e r  radia t ion and heating of the gases  adsorbed  on the t a rge t  su r face  
and the a i r  surrounding the t a rge t .  The la t ter  leads to development  of f lashes .  

This mechan i sm is supported by a compar i son  of the flux densi t ies  ~ and ? .  [W. cm -2] corresponding 
to appearance  of cu r ren t  and development  of f l ashes  for  inorganic d ie lec t r i c s  (table sal t ,  type K8 g lass ,  and 
quartz} �9 

NaCl K8 Quartz 
�9 ; + . t 0  -8 = 0 . 3  i 2 
7,.i0 -s = 0.9 3 3.6 

It follows f r o m  these  data that the cu r ren t s  at the t a rge t  appea r  at lower flux densi t ies  than the f lashes ,  
i .e. ,  development  of a f lash r equ i r e s  format ion  of a sufficient number  of f r ee  cha rges  in the d ie lec t r ic .  

This pa t t e rn  was not obse rved  for  organic  d ie lec t r i cs ,  but it was n e c e s s a r y  to work  above the b r e a k -  
down threshold  in this  case ,  since nei ther  cu r r en t s  nor  luminescence  were  r eco rded  below the breakdown 
threshold.  

The development  of volume and surface  damage  in Plexiglas  and s ty rene  compl ica tes  the phenomenon 
under invest igation.  At the p r e s e n t  stage of our r e s e a r c h ,  it can thus be s ta ted that i t  is  n e c e s s a r y  to have 
d ie lec t r i cs  with a c r y s t a l  s t ruc tu re  as close as poss ib le  to ideal in o rde r  to e l iminate  f lashes  at  the sur face  
or  at l eas t  to inc rease  the f l a sh-deve lopment  threshold;  the forbidden band in the d ie lec t r i c s  mus t  be suf-  
f iciently wide. 
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