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An analysis  is made of Compton scat ter ing by an electron gas. The power absorption 
and heating of an e lectron gas are  calculated. The possible measurement  of the intensity 
of intense coherent  light beams is discussed.  

1. I n t r o d u c t i o n  

When a light wave passes  through an electron gas it is scat tered by electrons.  In the optical range, 
this scat ter ing occurs  without any significant change in the frequency of the incident wave. Absorption of 
power f rom an opt ical - range light wave by an electron gas is therefore  ext remely  slight and can be in- 
c reased  only by ~ntensifying the incident wave. 

There a re  two ways to calculate the power absorbed by an electron gas f rom a wave. The kinetic 
equation can be solved for the space charge in the field of an e lectromagnet ic  wave, as is the usual p roce-  
dure in problems involving passage of radiation through a plasma. Alternatively,  the Compton equation for 
the frequency of the sca t tered  light could be used to calculate the power t r ans fe r red  f rom the wave to the 
gas. 

Descript ion of the motion of an electron gas in the field of an e lectromagnet ic  wave by means of the 
kinetic equation is a phenomenological procedure  and yields no information about the mechanism for the 
interact ion of an electron with the photons. A charac te r i s t i c  resul t  found f rom the l inearized kinetic equa- 
tion [1, 3] is that power can be absorbed f rom the e lectromagnet ic  wave by an electron gas only through 
collisions of e lectrons with res idual  gas molecules present  along with the electrons.  E l e c t r o n - e l e c t r o n  
collisions alone cannot lead to absorption, since these collisions a re  not accompanied by a change in the 
net momentum of the e lectron gas. In a two-photon process  such as Compton scat ter ing,  on the other hand, 
there  is always momentum t rans fe r  f rom photons to electrons.  The frequency c0' of the scat tered light 
is lower than that c0 of the incident light, although it is t rue that (as can be seen in the famil iar  Compton 
equation) the frequency of the scat tered light changes only when te rms  on the order  of l%o/mc 2 a re  con-  
served;  these t e rms  a re  ve ry  small  in the optical wavelength range. 

A decrease  in the frequency of the sca t tered  light obviously implies that some of the energy of the 
light wave is absorbed by the e lec t ron gas, which becomes hotter as  a result .  The heating is observable 
only in intense incident light waves. In the last  section below we will analyze the possibility of constructing 
a power meter  for intense coherent  radiat ion f rom an e lec t ron device operating by means of heating of the 
e lec t ron gas. 

2. P o w e r  A b s o r p t i o n  b y  a n  E l e c t r o n  G a s  

Scattering of a light wave is general ly  different f rom Compton scat ter ing by a f ree electron: in a real  
e lect ron gas with a res idual  neutral  gas background, the electron energy can change as a resul t  of Coulomb 
interact ions between e lect rons  or as a resul t  of e lect ron collisions with neutral  molecules.  Let us evaluate 
the corresponding energy changes for the case of a f ree  electron. 

If there a re  no positive ions in the e lectron space charge,  the Coulomb-interact ion energy per pa r -  
t icle can be found f rom [2] 
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E c =  V~ea  V n ~-~., (1) 

w h e r e  n i s  the  e l e c t r o n  d e n s i t y  in  the  e l e c t r o n  ga s ;  and T i s  the  t e m p e r a t u r e  of th is  gas .  At  n ~ 109 c m  -3 
and T ~ 10a~ c o r r e s p o n d i n g  to the cond i t ions  in o r d i n a r y  e l e c t r o n  d e v i c e s ,  the  C o u l o m b - i n t e r a c t i o n  
e n e r g y  E C of an  e l e c t r o n  i s  on the  o r d e r  of 10 -5 eV, i . e . ,  four  o r d e r s  of m a g n i t u d e  be low the  e l e c t r o n  
t h e r m a l  e n e r g y  a t  t h i s  t e m p e r a t u r e .  

The  e n e r g y  a c q u i r e d  p e r  uni t  t i m e  a s  a r e s u l t  of e l a s t i c  c o l l i s i o n s  by a n  e l e c t r o n  du r ing  the  t h e r m a l  
m o t i o n  of r e s i d u a l  g a s  m o l e c u l e s  (whose d e n s i t y  i s  c o m p a r a b l e  to the e l e c t r o n  d e n s i t y  a t  a c h i e v a b l e  v a c u u m  
leve l s )  i s  [1] 

hee I = ~/-- . ~, (2) 

where m and M are the masses of the electron and molecule; v is the electron velocity (in this case, the 
thermal velocity); and u is the effective frequency at which electrons collide with gas molecules. Accord- 
ingtotheda~ain [1],this effective collision frequency v eff in air at a molecular density of 10 9 em -9 (cor- 
responding to a residual gas pressure of 10 -7 torr) is 8.5 sec -i. The energy acquired by an electron from 
residual gas molecules forthecase of a thermal energy on the order of 0.1 eV (~10~K) for the electrons 
in the electron gas is thus on the order of Eel ~ 10 -4 eV. Inelastic collisions are very improbable at ther- 
mal electron velocities. These estimates of E C and Eel show that the energy of an electron in an electron 
gas differs very slightly from that of a free electron; the primary contribution to the energy is the rest 
energy, me 2 = 0.5.10 6 eV. Below we can therefore use the Compton equation for the frequency change of 
light scattered by a free electron: 

~o = h,,, ' (3) 
14- 77c2(1-cos.~ O) 

w h e r e  | i s  the ang le  t h rough  which  the photon i s  s c a t t e r e d .  S ince  we a r e  not  i n t e r e s t e d  h e r e  in  d e t e c t i n g  
photons  s c a t t e r e d  th rough  s p e c i f i c  a n g l e s ,  we use  the  a v e r a g e  va lue  cos  | = 0 and expand e x p r e s s i o n  (3) 
in  a s e r i e s  in  t e r m s  of the  s m a l l  p a r a m e t e r  ~ c o / m c  2 ~ 4 -  10 -6 ( sma l l  fo r  the  o p t i c a l  r a nge ) ,  f inding,  w i t h -  
in  t e r m s  of a s econd  o r d e r  of s m a l l n e s s ,  

so  the f r e q u e n c y  d e c r e a s e  i s  

h~ 2 
A 0 J  ---~ tO - -  0 /  ---~ - -  

r o d "  " (4) 

The  s a m e  r e s u l t  fo l lows  d i r e c t l y  f r o m  the  equa t ion  g iv ing  the change  in  the  k ine t i c  e n e r g y  of an  e l e c t r o n  
s c a t t e r e d  th rough  an  ang le  ~o: 

a v e r a g e d  o v e r  cos  2 ~.  

hEkin= hho~ -- 
2m: 2 (h~) ~ cos 2 

(ho~ § m c ~ )  '~ - -  (h~o) '~ cos'-' ,~ ' 

Us ing  (4) and knowing the c r o s s  s e c t i o n  f o r  s c a t t e r i n g  of the l ight  by  e l e c t r o n s ,  we  can  e a s i l y  c a l -  
c u l a t e  the  power  a b s o r b e d  by an e l e c t r o n  f r o m  a wave  du r ing  the  s c a t t e r i n g .  The  p e r t i n e n t  s c a t t e r i n g  c r o s s  
s e c t i o n  h e r e  i s  ev iden t l y  cr = 6 . 7 . 1 0  -25 c m  2 - the T h o m s o n  c r o s s  s ec t i on ,  s i n c e  Compton  s c a t t e r i n g  of 
v i s i b l e  l igh t  does  not invo lve  a change  in f r e que nc y .  A c c o r d i n g l y ,  when a l ight  wave  of i n t e n s i t y  J i s  i n -  
c i d e n t  on the  e l e c t r o n  gas  the  power  a b s o r b e d  f r o m  the  wave  p e r  e l e c t r o n  i s  

Ap = Ya A~o = Jo h(o 
o~ rnc 2 (5) 

At  h igh  i n t e n s i t i e s ,  the  Compton  e f fec t  b e c o m e s  n o n l i n e a r ,  and the s c a t t e r i n g  c r o s s  s e c t i o n  and f r e -  
quency  change  b e c o m e  dependen t  on the in t ens i ty .  The f r e q u e n c y  of the s c a t t e r e d  l ight  i s  g iven  by  the 
Compton  equa t ion  excep t  a t  v e r y  high i n t e n s i t i e s  of the  i nc iden t  r a d i a t i o n  [4]: 
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(o 
t,/ = (6) / ' (~'0' -1-E (1 - cos O) 1 +  -m~c ~+ 2 

where the pa ramete r  

E = - -  
e2~ 

/77.2C2~ 2 

is approximately unity at a radiat ion density of p = 108 J / c m  3 at optical frequencies,  corresponding to a 
radiat ion intensity of J = 1019 W / c m  2. If such an intensity were achievable, the frequency change would be 
A ~  ~ - w ~  3, according to (6); i.e., the possible power absorpt ion would be five o rders  of magnitude higher 
than in the linear case. 

3. H e a t i n g  o f  t h e  E l e c t r o n  G a s  a n d  P o s s i b l e  M e a s u r e m e n t  

of  t h e  P o w e r  of  I n t e n s e  C o h e r e n t  R a d i a t i o n  

The power absorbed by the e lec t ron gas heats this gas. Some of the energy absorbed f rom the wave 
is dissipated in collisions between electrons and residual  part icles.  If the e lec t ron-gas  tempera ture  in the 
absence of the wave is To, and if this t empera ture  is increased to T as a resul t  of the interaction with the 
radiation, the energy t r ans fe r red  f rom elect rons  to neutral  molecules per unit t ime is, according to (2), 

•  n t c ( T _  To )_2m ~. (7) 
2 M 

The energy-balance  equation per unit volume can thus be wri t ten as [5] 

dlt 2 t~nT = n Z P - -  3 ntc (T--To)  2m 

F r o m  the preceding section we know that at a res idual  gas p ressure  on the order  of 10-6-10 -B to r r  
the second t e rm on the right side of (8) is negligible, and the heating of the e lectron gas over the i r r ad i a -  
tion time At is 

2 AP 
AT = T --  To -- At 

3 K  

or, when (5) is used, 

2 j~ h~ At. (9) 
AT 3 tctnc 2 

F r o m  this resul t  we can determine the threshold intensity J0 at which the electron gas warms  bYo a 
cer ta in  amount. For  the tempera ture  to increase  300~ per 1 sec, the radiation intensity at X = 6934 A 
would have to be at least  J0 = 1.6.109 W / c m  2, corresponding to an energy density of 0.05 J / c m  3. 

Using Eq. (9) we can find the intensity J of the incident radiation f rom the measured heating of the 
e lectron gas. 

We consider  a planar tr iode with a grid voltage of -U .  The current  density J0 which originally pene- 
t ra tes  the grid is governed by the Boltzmann distribution of electrons emitted f rom the cathode at t em-  
pera ture  T O with the grid at a cutoff voltage: 

eU 

1o = ]the ~r0, (10) 

where Jin is the cur ren t  density near the cathode. 

After the e lectron cloud between the grid and the cathode is i r radiated,  and after  the electron t em-  
pera ture  increases  to T, the cur ren t  density a r r iv ing  at the anode becomes 

eU 

j = / m e  ~r (11) 

1201 



F r o m  Eqs. (10) and (11) we find the inc rease  in the e lec t ron  t e m p e r a t u r e  to be 

In 1o In 
iin 

(12) 

Compar ing (9) and (12), we find (replacing the constant  f ac to r s  by their  numer ica l  equivalent) an ex-  
p re s s ion  for  the intensi ty of the incident wave: 

J =0"29" X,J--~ In" " 

Y~ 

(13) 

Here  U is in volts .  

By measu r ing  the anode cu r r en t s  J0 and j before  and af ter  i r rad ia t ion  of the space  charge  for  a t ime  
At, we can thus de te rmine  the intensi ty J of incident radia t ion at a f requency w. 

We note in conclusion that during the i r rad ia t ion  of the tube by an intense light beam a photoelectr ic  
effect  may  occur  at  the envelope and at  the e lec t rodes .  The resul t ing  photocurrent  may  contribute to the 
inc rease  in the anode cur ren t .  
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