
- .  
3 4 4 5 6  0 3 6 5 7 5 7  2 

ORN L-3485 
UC-34 - Physics 

TID-4500 (26th ed.) 

THE ANGULAR AND SPECTRAL DISTRIBUTIONS OF 

LIGHT EMITTED FROM ELECTRON-BOMBARDED 

SILVER FOILS 

Norma 0. Davis 
E. T.  Arakawa 
L. C. Emerson 
R.  D. Birkhoff 

(TheSLS) 

O A K  RIDGE N A T I O N A L  LABORATORY 
operated by 

U N I O N  CARBIDE CORPORATION 
for the 

U.S.  ATOMIC ENERGY COMMISSION 



Pr inted i n  USA. Pr ice:  $1.75 Avai lab le from the 

Of f ice of Technico l  Services 

U. S. Department of Commerce 

Washington 25, D. C. 

._~ -~~ LEGAL NOTICE 

T h i s  report w a s  prepared o s  an account of Government sponsored work. 

nor the Commission, nor any person act ing on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, w i th  respect  t o  the accuracy, 

completeness, or usefulness of the informotion conta ined i n  th i s  report, or that  the use of 

any informotion, apparatus, method, or process d isc losed i n  t h i s  report may not in f r inge 

pr ivate ly  owned r ights; or 

Assumes any l i a b i l i t i e s  w i th  respect t o  the use of, or for domoges resul t ing from the use o f  

any information, apparatus, method, or process d isc losed i n  t h i s  report.  

Neither the Uni ted States, 

B. 

A s  used i n  the above, "person act ing on behal f  of the Commission" inc ludes any employee or 

contractor of the Commission, or employee of such contractor, to the extent  that  such employee 

or contractor of the Commission, or employee o f  such contractor prepares, disseminates, or 

provides occess to, any information pursuant t o  h i s  employment or contract  w i th  the Commission, 

or h i s  employment w i t h  such contractor. 

. 



8 

! 

ORNL 3485 

c ontrac t NO.  w -7403 -eng -26 

THE ANGULAR AJJD SPECTRAL DISTRIBUTIONS OF LIGHT EMITTED 
FROM ELECTRON-BOMBARDED SILVER FOILS 

. 
Noma 0. Davis 
E .  T.  Arakawa 
L. C . Emerson 
R .  D. Birkhoff 

(Submitted as a t h e s i s  t o  the Faculty of the Graduate School 
of Vanderbilt University i n  p a r t i a l  fu l f i l lment  of the 
requirements f o r  the  degree of Master of Science i n  Physics).  

MARCH 1964 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

operated by 
UNION CARBIDE CORPORATION 

for the  

3 4 4 5 6  0365959 2 



ii 

The authors wish t o  express t h e i r  s incere  appreciation t o  

R.  H. Ritchie f o r  the t h e o r e t i c a l  calculat ions and a l s o  t o  J. A .  

Harter and D. Pittman f o r  t h e i r  ass is tance with the e lec t ronic  

problems. Thanks i s  a l s o  due t o  T .  Wilmarth for making t h e  

electron microscope pictures  of the s i l v e r  f o i l s  and t o  V.  A. E .  

Mi l le r  and others i n  the Health Physics machine shop f o r  t h e i r  

help i n  bui lding the new angular d i s t r i b u t i o n  chamber. 



iii 

TABU OF COFJTENTS 

Page 

ACKNOWLEXMENTS ....................................... ii 

LIST OF FIGURES ....................................... i v  

I . INTRODUCTION .................................... 1 

I1 . THEORY .......................................... 6 

I11 . 

I V  . 

APPARATUS ....................................... 10 

A . Electron Gun ................................ 10 
B . Accelerator ................................. 12 
C . Seya-Namioka Vacuum Scanning Spectrometer ... 13 
D . Angular Distr ibut ion I r r a d i a t i o n  Chamber .... 13 
CALIBRATION AND TECHNIQUE ....................... 18 

A . Preparation of Thin S i l v e r  Foi l s  ............ 18 
B . Wavelength Cal ibrat ion ...................... 2 1  
C . Data Correction ............................. 24 

V . PROCEDURE ....................................... 33 

VI . RESULTS ......................................... 36 

V I 1  . CONCLUSIONS ..................................... 58 

BIBLIOGRAPIFY .......................................... 61 

e 



i v  

LIST OF FIGURES 

Figure 

1. 

2. 

3. 

4. 

5.  

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13 

14. 

Comparison of Angular Distr ibut ions of the  
F e r r e l l  Theory and the Ritchie -Eldridge Theory 
f o r  the  Peak Wavelength of Ag ..................... 
Schematic D i a g r a m  of Accelerator, Angular 
Distr ibut ion I r rad ia t ion  Chamber, and 
Spectrometer ...................................... 
Angular Distr ibut ion I r r a d i a t i o n  Chamber (horizontal  
cross sect ion)  .................................... 
Angular Distr ibut ion I r r a d i a t i o n  Chamber ( v e r t i c a l  
cross sect ion ) ................................... 
Effect  of I r r a d i a t i o n  Time on Ag Emission .......... 
Electron Micrograph of a Ag F o i l  660 8 Thick Before 
I r r a d i a t i o n  ........................................ 
Electron Micrograph of a Ag F o i l  660 8 Thick After 
I r r a d i a t i o n  ....................................... 
Arrangement of Optical  Apparatus f o r  Cal ibrat ion of 
Spectrometer ....................................... 
Correction Curves f o r  Spec t ra l  Response of the  
Spectrometer ...................................... 
Uncorrected Spectrum of a A g  Foil 660 1 Thick Bombarded 
by 40-keV Electrons ................................ 

Page 

8 

11 

14 

15 

20 

22 

23 

25 

27 

29 

Corrected Spectrum of a Ag F o i l  660 8 Thick Bombarded by 
40-keV Electrons ................................... 30 

Typical Spectra of L i g h t  Polarized i n  the  P a r a l l e l  Plane, 
the Perpendicular Plane, and the  Difference Between the  
Two ............................................... 31 

Theoret ical  and Experimental Spectra from a Ag F o i l  
660 2 Thick ( 8  = 5 O  - 30°, E = 40 keV) ............. 37 

Theoret ical  and Experimental Spectra from a Ag F o i l  
660 2 Thick ( 8  = 40' - 87O, E = 40 keV) ........... 38 

e 



a 

Figure Page 

15. Theoretical  and Experimental Spectra for Corresponding 
Angles on Front and Back Sides of a Ag F o i l  660 2 Thick 
( e  = 50° and 130°) ................................... 39 

16. Theoretical  and Experimental Spectra f o r  Corresponding 
Angles on Front and Back Sides 05 a Ag F o i l  660 2 Thick 
( e  = 60° and TO0 vs 120' and 110 ; E = 40 keV) ....... 40 

17. Theoretical  and ExperAmental Spectra f o r  a Ag F o i l  1980 a Thick ( e  = Oo t o  30 ) 42 .............................. 

. 43 
i 18. Theoretical  and Experimental Spectra for Correspondin 

Angles on the  Front and Back Sides of a Ag F o i l  1980 
Thick ( e  = 30°, 409 and 60' vs 150°, 140°, and 120'. ... 

19. Comparison Between Theory and Experiment of the  Angular 
Distr ibut ion a t  X = 2700 8, 3300 8, and 4500 8 f o r  a Ag 
F o i l  660 a Thick (E = 40 keV) ........................ 45 

20. Comparison Between Theory and Experiment of the Angular 
Distr ibut ion a t  X = 2700 8, 3300 8, and 4500 2 f o r  a Ag 
F o i l  1980 8 Thick (E = 40 keV) 46 ....................... 

21. Wavelength of Ag Peak Determined Experimentally for a Ag 
F o i l  660 2 Thick as a Function of Angle of Observation . 47 

22. Experimental Results f o r  the Light Emitted i n  the Per- 
endicular Plane on the  Front Side of a Ag F o i l  1980 
Thick (E = 40 keV) .................................. 49 

23. Experimental Results for the  Light Emitted i n  the 
Perpendicular Plane on the  Front Side of a Ag F o i l  660 a Thick (E = 40 keV) .................................. 50 

24. Experimental Results for the  Light Emitted i n  the Back- 
ward Direction and Polarized i n  the  Perpendicular Plane 
for Ag Foi l s  660 8 and 1980 8 Thick (E = 40 keV) ....... 51 

25. Ef fec t  of Heat Treatment on Ag Emission ............... 52 

26. Comparison of Optical  Absorption of Heat-Treated Ag Films 
on Fused Quartz with a Non-Heat-Treated Film .......... 34 

27. Spectra from Ag Foiks Prepared With and Without Victawet 
(E = 40 keV, e = 30 ) ................................. 55 



v i  

Figure Page 
Electron Micrograph of a Ag F o i l  510 8 Thick Prepared 
Without Victawet ................................... 56 

Electron Micrograph of a A g  F o i l  520 a Thick Prepared 

28. 

29. 
With Victawet ...................................... 57 



v i i  

ABSTRACT 

. 

The s p e c t r a l  d i s t r i b u t i o n  of photons emitted by Ag f o i l s  660 8 and 

1980 8 i n  thickness bombarded by 40-keV e lec t rons  has been determined 

experimentally i n  the  wavelength region from 2500 8 t o  5600 8. 
spec t ra  were determined for photons emitted a t  0 

normal using an angular d i s t r i b u t i o n  chamber which permitted the  

spectrometer t o  be ro t a t ed  around the  f o i l  i n  a continuous fashion 

without breaking the  vacuum. 

separate  the  l i g h t  i n t o  a component polar ized p a r a l l e l  t o  t h e  plane of 

t he  e l ec t ron  and photon and another component perpendicular t o  it. 

Transi t ion rad ia t ion ,  as w a s  shown by Frank and Ginzburg, i s  polar ized 

i n  the  p a r a l l e l  plane, whereas bremsstrahlung has both a p a r a l l e l  and 

perpendicular component. 

found t o  be about lC% of t h a t  i n  the  p a r a l l e l  plane. The spectrum i n  

t h e  p a r a l l e l  plane showed a sharp peak a t  3300 8, t h i s  value being an 

average over photon d i rec t ions  from 10 t o  50 from the  f o i l  normal. 

This agrees with the  t h e o r e t i c a l  predict ions and i s  within the  limits 

of  e r r o r  of previous determinations a t  30 . I n  addi t ion  t o  the  peak, 

t h e  spectrum showed a continuum which decreased slowly w i t h  increasing 

wavelength, and w a s  character ized by a deep minimum a t  3200 8 and a 

r i s e  i n  the  shor t  wavelength region. All fea tures  of t he  observed 

spectrum are  accurately predicted by R i t ch ie ' s  generalized t r a n s i t i o n  

r ad ia t ion  theory. The angular d i s t r i b u t i o n  of photons emitted a t  the  

wavelength of t he  peak showed a maximum i n t e n s i t y  a t  30 

normal with zero i n t e n s i t y  a t  0 

The 

0 t o  150' from t h e  f o i l  

A Glan prism analyzer w a s  used t o  

The photon i n  t h e  perpendicular plane was 

0 0 

0 

0 from the  f o i l  

0 0 and near 90 , whereas the  photon 
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intensity at other wavelengths in the continuum, e.g., 2700 8 and 
4500 8, was a maximum at 50 
continuum for the Ag f o i l  660 8 thick was more intense in the forward 
than in the backward direction, in agreement with theory. The photon 

yield was found to agree with the theoretical prediction in all 

respects at all wavelengths except at that of the sharp peak f o r  

photon directions from 10 to 40 where the experimental values were 

about 3% lower. On the basis of the agreement between the absolute 

measurements of the photon intensity and theoretically predicted 

intensities it is concluded that the light observed is due almost 

entirely to transition radiation. 

0 from the foil normal. The long wavelength 

0 0 

. 

c 



I. INTRODUCTION 

. 
, 

When a uniformly moving electron passes through a meta l l ic  f o i l ,  

various processes may occur which give r i s e  t o  photon emission i n  the 

f o m  of t r a n s i t i o n  rad ia t ion ,  bremsstrahlung, plasma radiat ion,  

Cherenkov rad ia t ion ,  and rad ia t ion  due t o  heat ing of the f o i l .  

l a t t e r  two processes can be dismissed from consideration i n  t h i s  

invest igat ion.  Cherenkov rad ia t ion  is  not  emitted i n  the  region 

investigated,  because the  threshold ve loc i ty  is  not reached using 

40-keV electrons.  A simple calculat ion of the  heating produced 

i n  a t h i n  f o i l  shows t h a t  the  temperature r ise i s  a t  most a few 

degrees using 2 microamps of 40-keV electrons with 1% being stopped 

i n  the  foil-. 

The 

1 I n  1945 Frank and Ginzburg predicted t h a t  rad ia t ion  would be 

emitted when an electron of constant ve loc i ty  passed frm one medium 

i n t o  another. This rad ia t ion  they named t r a n s i t i o n  rad ia t ion .  To 

explain the  nature  of the  phenomenon, they considered an electron 

passing from a vacuum i n t o  a conductor. 

i n  the  vacuum, the  electromagnetic f i e l d  i n  the vacuum is  equal t o  

the  f i e l d  of the  e lec t ron  and of i t s  image moving toward i t .  

electron and i t s  image cease t o  e x i s t  once the electron en ters  the  

conductor and t h e i r  f i e l d  undergoes a rap id  col lapse.  

While the  electron i s  moving 

The 

The rad ia t ion  

'1. M .  Frank and V.  L. Ginzburg, J. Phys. (USSR) 2, 353 (1945). 



2 . 
emitted would be t h e  same as t h a t  which i s  due t o  the  sudden 

annih i la t ion  of the  electron and i t s  image a t  the  in te r face .  

2 Ferrel-1 i n  1958 predicted rad ia t ion  from the  decay of e lectron 

plasma o s c i l l a t i o n s  i n  metal films. The plasma decay should r a d i a t e  

a s i n g l e  s p e c t r a l  component a t  the plasma wavelength, 

theory for the  angular d i s t r ibu t ion  predic t s  t h a t  the spectrum 

exhib i t s  a cosine d i s t r i b u t i o n  modified by a damping due t o  interband 

t r a n s i t i o n s .  

F e r r e l l ' s  

A general izat ion of  the  Frank and Ginzburg treatment w a s  presented 

by Ritchie  and E l ~ k i d g e . ~  

expected from a s o l i d  not only a t  the plasmon energy but a l s o  around 

the  interband t r a n s i t i o n  energy where s ing le-par t ic le  exc i ta t ion  

OCCUTS. R i tch ie ' s  expression i s  shown t o  reduce t o  F e r r e l l ' s  when t h e  

charged p a r t i c l e  i s  n o n r e l a t i v i s t i c  and the  d i e l e c t r i c  constant i s  t h a t  

of a f r e e  e lectron gas. 

They showed t h a t  photon emission can be 

Transit ion rad ia t ion  is  polarized with the  E vector i n  the plane 

defined by t h e  incident  e lectron beam and the  photon direct ion.  This 

plane i s  hereaf te r  ca l led  the p a r a l l e l  plane, and the  plane perpendicular 

t o  t h i s  plane i s  ca l led  the  perpendicular plane. 

Cal-culations f o r  i s o l a t e d  atoms by Gluckstern and Hul l4  show t h a t  

. 

'R. A. Fer re l l ,  Phys. Rev. 111, - 1214 (1978). 

'R. H. Ritchie and H.  B. Eldridge, Phys . Rev. 126 

4 
1.935 (1962). -7 

R. L. Gluckstern and M .  E. Hull, Jr., Phys. Rev. 90 1030 (1953). -, 
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bremsstrahlung i s  p a r t i a l l y  polarized i n  the  perpendicular plane. 

The r a t i o  of photons polarized i n  the p a r a l l e l  plane t o  those 

polar ized i n  the perpendicular plane is  [y:) 9,: e] = 0.7035 for 

8 = 30 and E = 40 keV. 

by Arakawa, Emerson, Hammer, and Birkhoff showed good agreement 

However the  experimental work reported 

5 

with the t r a n s i t i o n  rad ia t ion  theory only i f  t h e  bremsstrahlung w a s  

assumed t o  be unpolarized. 

gold f o i l s  340 8 and 530 8 i n  thickness with observations a t  30 degrees 

Their experiment w a s  preformed with 

from the  f o i l  normal on the  emergent-beam s i d e  of the  f o i l .  

The element which has been invest igated i n  grea tes t  d e t a i l  i s  

s i l v e r  which emits a sharp peak a t  3300 8 i n  addi t ion t o  a continuum 

a t  longer wavelengths. The r e l a t i v e  i n t e n s i t y  of the  s i l v e r  peak 

for angles of 10, 20, 30, 40, 50, 60, 70, and 80 degrees from t k e  

normal on the emergent-beam s i d e  of f o i l s  500 8 th ick  has been 

reported by Brown Wessel, and Trounson. They used 20-keV electrons 6 

normally incident  on the  f o i l .  The angular d i s t r i b u t i o n  showed f a i r  

agreement with the F e r r e l l  theory.  

a r e  reported only f o r  30 and 72 degrees. 

The complete s p e c t r a l  d i s t r ibu t ions  

7 Wessel later showed t h a t  

the  l i g h t  a t  t h e  peak w a s  predominately polar ized i n  the p a r a l l e l  plane. 

'E. T .  Arakawa, L. C .  Emerson, D. C .  Hammer, and R.  D. Birkhoff, 
"Transition Radiation and Optical  Bremsstrahlung from Electron- 
Bombarded Thin Gold Foils, '' 

R. W .  Brown, P. Wessel, and E .  P. Trounson, Phys. Rev. Le t te rs  2, 
472 (1960). 

Phys . Rev. = 719 (1963) . 
6 

'P. Wessel, Bull. Am. Phys. SOC. 6, - 310 (1961). 
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a Frank, Arakawa, and Birkhoff reported the  complete spec t ra  f o r  

angles 2, 4, 30, and 72 degrees from t h e  normal on the emergent-beam 

s i d e  of s i l v e r  f o i l s  800 8 thick.  

a t  these angles showed good agreement with t h e o r e t i c a l  predict ions.  

Their data showed a stronger dependence on t h e  angle of observation than 

did the data  of Brown, Wessel, and Trounson. 

The comparison of the i n t e n s i t y  

The normalized i n t e n s i t y  from electron -bombarded, t h i c k  tungsten 

t a r g e t s  was reported by Boersch, Radeloff, and Sauerbrey’ f o r  angles 

of 10, 20, 30, 45, 60, and 75 degrees from the t a r g e t  normal on the  

incident-beam s i d e  of the  t a r g e t .  Their d i s t r i b u t i o n  showed agree- 

ment with theory t o  70 degrees. 

the  la rger  angles w a s  a t t r i b u t e d  t o  the  roughness of the surface of 

t h e i r  t a s g e t s .  

The higher i n t e n s i t y  observed a t  

All previous experiments have shown the  s i l v e r  peak t o  be 

broader and lower i n  i n t e n s i t y  than i s  expected t h e o r e t i c a l l y  and 

t h a t  there  is  more emission on the  long wavelength s i d e  of t h e  peak 

than predicted.  

for both s ides  of the  f o i l  has been repoxted. 

The primary purpose of t h i s  work w a s  t o  obtain a complete 

N o  angular d i s t r i b u t i o n  of the  complete spec t ra  

s p e c t r a l  d i s t r i b u t i o n  for photons emitted on both s ides  of s i l v e r  

‘A. L.  Frank, E .  T.  Arakawa, and R.  D.  Birkhoff, Phys. Rev. 126 
-J 

1947 (1962) 

. 

’H. Boersch, C .  Radeloff, and G. Sauerbrey, Z .  Physic I-& 464 
(1961) - 
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10 f o i l s  bombarded by e lec t rons .  A new i r r a d i a t i o n  chamber wa.s 

used t o  observe the l i g h t  emitted a t  a l l  the angles between 0 and 130 

degrees from the  normal on the  emergent -beam s i d e  of the f o i l  by 

a continuous r o t a t i o n  of the spectrometer around the i r r a d i a t i o n  

chamber. The l i g h t  polarized i n  the  p a r a l l e l  plane consisted of 

t r a n s i t i o n  rad ia t ion  and bremsstrahlung, while the  perpendicular 

plane contained only bremsstrahlung. The t r a n s i t i o n  rad ia t ion  

emitted from s i l v e r  w a s  compared with the theory of Ri tchie  and  

Eldridge. The complete s p e c t r a l  d i s t r ibu t ions ,  var ia t ion  of the 

photon i n t e n s i t y  as a function of angle a t  s p e c i f i c  wavelengths, 

and the spec t ra  a t  corresponding angles on the f r o n t  and back 

s ides  of the  f o i l s  were compared with theory. The angular d i s t r i b u -  

t i o n  of' bremsstrahlung rad ia t ion  was a l s o  investigated.  

I n  addition, observations were made on the  e f f e c t  of subs t ra te  

material ,  heat treatment, and the  c r y s t a l  s t r u c t u r e  of the s i l v e r  

f o i l s .  

"The pr inc ip les  used i n  designing t h i s  angular dis t r ibu t ion  chamber 
had or iginated w i t h  Verba and Hawrylak a t  the  University of Rochester 
who had b u i l t  a s imi la r  device t o  be used as a s c a t t e r i n g  chamber 
i n  nuclear research. J .  Verba and R .  Hawrylak, Rev. Se i .  I n s t r .  a 1037(1-961) - 
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11. THEORY 

F e r r e l l  has explained one source of o p t i c a l  emission from 

meta l l ic  f o i l s  bombarded by electrons as the re rad ia t ing  of photons by 

exci ted plasma o s c i l l a t i o n s .  The angular dependence of photon 

emission i s  given by: 

P I p )  = cos e [l + 
cos 2 I-’ 

Y w f i ~  s i n  8 
d P  

-1 w where Y = 

8 i s  the  angle between t h e  photon d i rec t ion  and the  f o i l  normal on 

t h e  emergent-beam s i d e .  

the plasma frequency, u) . 

i s  the r a t e  of damping by interband t r a n s i t i o n  and d 2x 

This angular d i s t r i b u t i o n  i s  v a l i d  only a t  

P 
Ritchie  and Eldridge have described the  o p t i c a l  emission from 

f o i l s  bombarded by charged p a r t i c l e s  i n  terms of the d i e l e c t r i c  

propert ies  of the f o i l s .  Their general  equation f o r  the  number of 

photons emitted per u n i t  s o l i d  angle i n  the  d i rec t ion  spec i f ied  by 

the angle 0 and per u n i t  frequency i n t e r v a l  a t  the frequency w per 

incident p a r t i c l e  i s  

where 

. 
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2 , i t a  2 - i t a  
A = (pE - a)  - ( p ~  + a)  e 9 

E = E + is2, B = v/c, p = cos e, t = aw/c, 1 

ii  E 
(5 = Re , @ = 1/2 tan-' [ 2 2], 

E: - l + p  
1 and 

R = [ ( C 1 - 1 + p )  2 2  + E  2 y  
2 

where 8 and E a r e  the  r e a l  and imaginary p a r t s  of the d i e l e c t r i c  

constant and a i s  the  f o i l  thickness.  This expression which i s  
1 2 

r e l a t i v i s t i c a l l y  correct ,  has been shown by Ritchie  and Eldridge 

t o  reduce t o  F e r r e l l ' s  when the  d i e l e c t r i c  constant E i s  t h a t  of 

a f r e e  electron gas and P << 1. The comparison between the  angular 

d i s t r i b u t i o n  a t  the Ag peak, as derived by Ritchie  and Eldridge and 

by F e r r e l l ,  i s  shown i n  Fig. 1. From zero t o  13 degrees, F e r r e l l ' s  

theory agrees c lose ly  with the  Ritchie and Eldridge theory, but 

F e r r e l l ' s  theory f o r  t h e  angular d i s t r i b u t i o n  reaches i t s  m a x i m u m  

around 8 = 20' while the  Ritchie  and Eldridge theory peaks a t  8 = 30'. 

Both theories  pred ic t  zero i n t e n s i t y  at 90'. 

From a microscopic point  of view t h e  o p t i c a l  emission r e s u l t s  

from the  coherent addi t ion of the  rad ia t ion  due t o  the changing 

dipole moments from the  atoms i n  the  f o i l  polarized by the  f i e l d  of t h e  

incident  charge. Thus, it would be expected t h a t  the  famil iar  peaking 

i n  the forward d i rec t ion  of the rad ia t ion  from accelerated charges 

i n  r e l a t i v i s t i c  motion would a l s o  be observed i n  the  case of t r a n s i t i o n  
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rad ia t ion .  This e f f e c t  i s  w e l l  known and has been described 

i n  standard t e x t s .  11 

'5. Landau, and E .  L i fsh i tz ,  The C l a s s i c a l  Theory of Fields  
(Reading, Massachusetts, Addison-Wesley Publishing Co., 1951) 
Chapter 9; W.K.H. Panofsky, and M .  P h i l l i p s ,  C l a s s i c a l  E l e c t r i c i t y  
and Magnetism 2nd Ed.  (Reading, Massachusetts, Addison-Wesley 
Publishing C o ., 1962) Chapter 20. 



111. APPARClTUS 

The equipment consisted of an e lec t ron  acce lera tor ,  angular 

d i s t r i b u t i o n  i r r a d i a t i o n  chamber, vacuum u l t r a v i o l e t  spectrometer, 

and photomultiplier (see Fig. 2 ) .  

Electrons emitted from the  gun are accelerated and a f t e r  t r a v e l i n g  

through a f i e l d - f r e e  region approach the entrance of the  angular d i s -  

t r i b u t i o n  chamber. An insulated coll imator with a 1.5-mm diameter hole 

i s  located a t  the  entrance and connected t o  a micro-microammeter. The 

beam can be directed through t h i s  coll imator by varying the  current  

i n  two mutually perpendicular degaussing c o i l s .  

The electron beam then passes through t h e  f o i l  and i s  co l lec ted  

by the inner cylinder.  This current is  read by another micro- 

microammeter. 

angle i s  focused by t h e  spectrometer gra t ing  onto the  ex i t  s l i t  of the 

spectrometer where the  photomultiplier tube i s  located. The photo- 

mul t ip l ie r  current  i s  amplified by a Keithley-model-410 micro-micrometer  

and recorded on a Brown recorder.  

The l i g h t  emitted by t h e  f o i l  within a small s o l i d  

A. Electron G u n  

The e lec t ron  gun i s  the same as t h a t  described by Frank, Arakawa, 

Birkhoff, Ri tchie ,  and Eldridge.12 The gun is designed for easy 

l2A. L. Frank, E.  T. Arakawa, R .  D. Birkhoff, R .  H. Ri tchie ,  and H.  B. 
Eldridge, "Optical Emission from I r r a d i a t e d  Thin Metal l ic  Foi l s ,  
Oak Ridge National Laboratory Report Om-3114 (July 2, 1962). 



11 

. 

I 

UNCLASSIFIED 
ORNL-DWG- 63-514 

SEYA-  NAMIOKA VACUUM 
UV SPECTROGRAPH 

600 L INES/mm 

ELECTRON ACCELERATOR 

EAM COLLIMATOR 

ELECTRON GUN 
POWER SUPPLY E M 1  6 2 5 6 8  

PUMP PHOTOMULTIPLIER 

BROWN KEITH L E Y 

Fig. 2. Schematic Diagram of Accelerator, Angular Distribution 
Irradiation Chamber, and Spectrometer. 



al-igrunent of the  filament with respect  t o  t h e  gun electrodes.  The 

fi lament used w a s  a ?-volt  Westinghouse-1709 l ight bulb from which 

the glass  envelope had been removed. The filament i s  coated with 

a s p e c i a l  emission coating manufactured by Kuli te  Tungsten 

Ridgefield, New Jersey. "he filament, s t i l l  on i t s  base, i s  inser ted  

from the s i d e  of the brass tube and can be viewed through a window 

over the  face of the gun t o  obtain proper alignment. The electron 

gun w a s  taken from a General-Electric-3MPl cathode r a y  tube with i t s  

base and filament removed. The def lect ion p l a t e s  were connected t o  

the second anode. The second anode was connected t o  the  end p l a t e  

of the accelerator ,  and thus t h e  f i n a l  p o t e n t i a l  difference through 

which the  electrons have been accelerated i s  the  sum of the p o t e n t i a l  

difference across the  accelerator  e lectrodes and the  p o t e n t i a l  

difference between the  second anode and t h e  fi lament.  

difference across the accelerator  may be var ied from LOO KV t o  25 KV. 

The p o t e n t i a l  difference between the filament and second anode var ies  

from 700 t o  2500 v o l t s  as the e lec t ron  gun is focused. The power 

supply f o r  t h e  electron gun w a s  described i n  d e t a i l  by Z e i m e r ,  

Company, 

The p o t e n t i a l  

Johnson, and Birkhoff. 13 

B. Accelerator 

The accelerator  consis ts  of a l t e r n a t e  ceramic insu la tors  and 

electrodes i n  a vacuum-tight arrangement. The electrodes are 

. 

I3P. L. Zeimer, R .  M .  Johnson, and R .  D. Birkhoff, '!Measurement of 
Stopping Power of Copper by Calorimetric Methods, " Oak Ridge National 
Laboratory Report Orn-2775 (December 17, 1959). 

. '  
I 
I 
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separated e l e c t r i c a l l y  by s ix  50-megohm r e s i s t o r s .  

voltage is  applied from a Beta-El-ectric Corp. 5-ma, 120-KV 

power supply with a meter accuracy of 2% and r i p p l e  voltage of 0.01%. 

The accelerator  i s  contained within a wire enclosure with double 

s a f e t y  inter locks a t  both entrances. The accelerator  vacuum system 

includes a l iquid-nitrogen t rap ,  an o i l  diffusion pump, and a f o r e -  

Pump * 

The high 

C .  Seya-Namioka Vacuum Scanning Spectrometer 

The l i g h t  emitted by the f o i l  w a s  analyzed with a Jarrell-Ash- 

model-78-650, Seya-Namioka Vacuum Scanning Spectrometer. Seya 14 

and Namioka15 developed the theory and constructed, respect ively,  

a new mounting f o r  the  concave d i f f r a c t i o n  gra t ing  i n  which the  

entrance and e x i t  s l i t s  a r e  s ta t ionary  while the  gra t ing  is  ro ta ted .  

The theory and construction of the  spectrometer have been described 

by Frank e t  a l .  16 

D. Angular Distr ibut ion I r r a d i a t i o n  Chamber 

The angular d i s t r i b u t i o n  chamber i s  composed of three coaxial  

cylinders (see Figs.  3 and 4 ) .  The electron beam enters  the chamber 

through the  entrance tube which i s  connected t o  t h e  middle cylinder.  

I 4 M .  Seya, Science of Light 2, N o .  1, 8 (1952). 

l5T. Namioka, Science of Light 3, No. 1, 15 (1954). 

I6A. L.  Frank, E .  T. Arakawa, R .  D. Birkhoff, R. H.  Ritchie,  and 
H .  B. Eldridge, "Optical Emission from I r r a d i a t e d  Thin Metal l ic  
Foi l s  , I '  Oak Ridge National Laboratory Report ORTVL-3114 (Ju ly  2, 1962) . 
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The outer cylinder,  which has a h e l i c a l  s l o t ,  r o t a t e s  and moves 

v e r t i c a l l y  s o  t h a t  the entrance tube l i e s  within t h e  h e l i c a l  s l o t .  

The 1-ight emitted from the  f o i l  passes through a cone-shaped b a f f l e  

(Fig. 3) i n  the  inner cylinder which i s  a t  t h e  same height  as the  

horizontal  s l o t  i n  the middle cylinder which i n  turn  crosses a v e r t i c a l  

s l o t  i n  the outer cyl inder .  The l i g h t  passes through the  opening 

formed by the  in te rsec t ion  of these s l o t s  and en ters  the spectrometer. 

The inner cylinder revolves with the  outer cylinder,  while the  middle 

cylinder i s  s ta t ionary .  The chamber i s  made vacuum t i g h t  with 

O-ring sea ls  around the  top and bottom of the outer cylinder,  the 

v e r t i c a l  s l o t ,  and the h e l i c a l  s l o t  of the  outer cylinder.  

The inner cylinder i s  insulated from the r e s t  of the  chamber 

and used as a co l lec tor  for the beam current .  The inner cylinder 

a l s o  contains f a c i l i t i e s  f o r  evaporation of those metals which 

oxidize rap id ly  i f  exposed t o  a i r  subsequent t o  t h e i r  preparation, 

emitted l i g h t  can be viewed a t  an angle of 0 t o  170 degrees from 

the d i rec t ion  of the electron beam. A magnet, located i n  the entrance 

arm of the  spectrometer, def lec ts  s c a t t e r e d  electrons v e r t i c a l l y  

s o  t h a t  they cannot en ter  the spectrometer where they may produce 

extraneous l i g h t .  The cone-shaped b a f f l e  sh ie lds  the spectrometer 

from light produced by s t r a y  electrons h i t t i n g  the b a f f l e .  

The 

The top of the  middle cylinder i s  sealed with a l u c i t e  window 

which permits v i s u a l  observation of the  f o i l s .  The rod on which 

the  f o i l s  a r e  mounted can be moved v e r t i c a l l y  t o  br ing the  desired 

f o i l  area t o  the  hor izonta l  l e v e l  of the  e lec t ron  beam. Foi l s  are 



3/1-6-inch wide and 3/4-inch long as compared with an e lec t ron  beam 

diameter of 1.m. The e lec t ron  beam is focused and t h e  f o i l  i s  

posi t ioned s o  t h a t  the  e c t r o n  beam h i t s  only the  foil and no p a r t  

of t he  f o i l  holder .  
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IV. CALIEWLTION AND TECHJTCQUE 

A. Preparation of Thin S i l v e r  Foi l s  

S i l v e r  f o i l s  were needed with a thiclmess of about 700 8 since 

previous data indicated t h a t  the  sharp peak i n  the emission spectrum 

would occur a t  about t h a t  thickness.  The desired f o i l  propert ies  

a l s o  included unwrinkled surfaces,  constant thickness,  and s m a l l  

c r y s t a l  s i z e .  The f o i l s  were made by vacuum evaporating s i l v e r  

onto g lass  subs t ra tes .  

The evaporation system consisted of a b e l l  jar sealed t o  a base 

p l a t e  which contained a pumping p o r t  and three  e l e c t r i c a l  terminals.  

A fore  pmp and an o i l  diffusion pump with a l i q u i d  nitrogen cold 

-6 t r a p  reduced t h e  pressure t o  5 t o  10 x 10 mm Hg. An ex terna l  

evaporation f a c i l i t y  could be used s ince s i l v e r  does not oxidize too 

quickly. The s i l v e r  (99.9% pure) w a s  contained i n  a molybdenum 

boat heated by a l t e r n a t i n g  current .  The mass of s i l v e r  needed for 

2 the desired thickness,  t, w a s  approximately M = 27[r Ptk where k is  

an experimentally determined constant equal t o  approximately 1/4 

for the  type of boat used, r is  the distance from the s i l v e r  segment 

t o  the  glass  s l i d e ,  and P i s  the densi ty  of Ag. 17 

18 A very small amount of a wetting agent, Victawet, 

With a pressure of 7 t o  9 x 10 

w a s  placed 
-6 on a second Mo boat.  mm Kg i n  t h e  be l l  

"L. Holland, Vacuum Deposition of Thin Films (John Wiley and Sons 
Inc. ,  New York, 1960). 

. 

l8Victawet 35B marketed by Victor Chemical Company, Chicago, I l l i n o i s .  



. 

-4 
jar, the Victawet w a s  heated slowly u n t i l  a pressure of 1 t o  2 x 10 

mm H g  w a s  observed and then kept a t  t h i s  pressure f o r  around 30 
-6 seconds. The pressure was then allowed t o  re turn  t o  7 x 10 mm Hg 

by turning off  the  heat on the  Victawet and the  Ag w a s  slowly heated 

u n t i l  it melted i n t o  a b a l l  which w a s  then evaporated as quickly 

as possible.  The time elapsed during evaporation w a s  usual ly  l e s s  

than 10 sec.  This t i m e  depended t o  some extent  upon the  amount of 

Ag being evaporated. For thicker  f o i l s ,  a l a r g e r  mass of Ag and a 

longer time were required.  

Kodak lan tern  s l i d e s  cu t  t o  8 x 2.5 ern were placed 15 t o  20 cm 

above the  boat depending on% thickness desired.  Points on the  

surface of the s l i d e  were from 0' t o  20 

of the  boat.  The f o i l  was cu t  i n t o  s t r i p s  while on t h e  s l i d e  and then 

gently immersed i n  a water bath.  A s  the Victawet dissolved t h e  

under the  f o i l  t h e  l a t t e r  f loa ted  off  onto the  water surface.  The 

f o i l  holder was then placed under t h e  f o i l  i n  the  water v e r t i c a l l y  

s o  t h a t  when it w a s  ra ised,  i t s  long f l a t  edge would come i n  contact 

with the  edge of the  f o i l ,  and the  f o i l  would remain on one s i d e  

of the holder. 

0 from the normal t o  the  plane 

A preliminary experiment had revealed t h a t  the i n t e n s i t y  of 

l i g h t  emitted decreases according t o  the  period of time the  beam has 

been on the  f o i l  (see Figure 5) ,  This i s  probably due t o  t h e  deposit ioc 

of foreign mater ia l  such as carbonized pump o i l .  Because of the 

change i n  the  i n t e n s i t y  of the spectrum with time, a f o i l  holder 

was made t h a t  would support a long f o i l  (3/16" x 3/4") which could 
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, .  

be moved vertical.ly t o  a new f o i l  posi t ion f o r  each angle of 

observation. 

The time elapsed a f t e r  f o i l s  were made and placed i n  the chamber 

had no e f f e c t  on the  spectrum when the  period w a s  no longer than 

a few days. 

E]-ectron micrographs were made of the  s i l v e r  f o i l s  prepared 

i n  the described manner. 

same area of the 660-8 Ag f o i l  t h a t  w a s  used i n  the experiment 

Figures 6 and 7 a r e  micrographs of the 

before and a f t e r  t h e  f o i l  w a s  bombarded by e lec t rons .  The f o i l  

had a few wrinkles on the  areas t h a t  had been bombarded and appeared 

t o  transmit light somewhat b e t t e r  than non-irradiated a reas .  The 

electron micrographs of the  bombarded areas show the same c r y s t a l  

s t r u c t u r e  as those areas t h a t  were not bombarded. The electron beam 

covered an area approximately 300 times the area shown i n  Figure 7. 

The c r y s t a l  s i z e s  var ie  from a diameter of 1 p t o  .O5 p. Their 

emission spectra  when bombarded by 40-keV electrons agree well  

with the  theory as w i l l  be shown l a t e r .  

The f o i l  thickness measurements were made by the multiple 

1-9 beam interferometr ic  method as described by Tolansky. 

B. Wavelength Cal ibrat ion 

Since the  monochromator d i a l  w a s  ca l ibra ted  t o  read the wave- 

length f o r  a 1200- lines/mm grating, whereas the grat ing used had 

600 l ines/m,  the  d i a l  reading w a s  mult ipl ied by two a f t e r  the 

19S. Tolansky, An Introduction t o  Interferometry (Longman, Green 
and Co., London, 1955). 
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Fig. 6. Electron Micrograph of a Ag F o i l  660 1 Thick Before 
I r rad ia t ion .  34,OOOX. Reduced 15%. 
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I 

Fig. 7. Electron Micrograph of a Ag F o i l  660 8, Thick A f t e r  
I r r ad ia t ion .  34,OOOX. Reduced 1%. 
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c e n t r a l  image d i a l  reading w a s  subtracted.  The wavelength c a l i b r a t i o n  

w a s  checked severa l  times during the invest igat ion using a low 

pressure mercury a r c  lamp as a source of monochromatic l i n e s  of 

known wavelength. 

Recordings of the c e n t r a l  image were made a t  300 .8 per min after 

each s p e c t r a l  distribu’Gion scan taken a t  1000 8 per min. 

t h i s  r e l a t i v e l y  high scanning r a t e ,  the  accuracy of the wavelength w a s  

approximately -E - 10 a f o r  the  recorded s p e c t r a l  d i s t r i b u t i o n .  

Because of 

C . Data Correction 

To determine the absolute response of the  spectrometer, two 

separate ca l ibra t ions  were made, one with t h e  polar izer  t ransmi t t ing  

l i g h t  i n  the p a r a l l e l  plane, and another with the polar izer  t ransmi t t ing  

l i g h t  i n  the parpendicular plane. A GE -AT/24/3 (NBS -U123) tungsten 

fi lament lamp ca l ibra ted  by the  National Bureau of Standards w a s  

used as a source of known s p e c t r a l  radiance. A concave mirror w a s  

used t o  focus the  filament a t  the f o i l  pos i t ion  with a magnification 

of un i ty  (see Figure 8 ) .  

a t  the f o i l  posi t ion and an m 1 - 6 2 3 6 ~  photomultiplier tube w a s  used 

t o  de tec t  t h e  l i g h t  from the  grat ing.  Both mirrors used were f r o n t  

surface mirrors coated with aluminm. The radius  of curvature for 

the  grat ing blank used as a concave mirror w a s  50 cm. 

A 1.98-rnm diameter col~limator w a s  placed 

The standard lamp had been ca l ibra ted  with 35 amps passing 

through i ts  fi lament,  and t h i s  sane current  wits employed here 

with the  current  being monitored during each run and kept constant 

. 
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t o  l e s s  than + 0 . 1  amp. The photomultiplier voltage w a s  reduced 

t o  one-half i t s  normal operating voltage t o  reduce the  gain during the  

time the  high-intensi ty  lamp w a s  i n  use. 

photomultiplier a t  1000 v o l t s  t o  500 v o l t s  w a s  determined t o  be 

- 

The r a t i o  of gain of the  

1170 + - 20. 

Because of the much higher i n t e n s i t y  emitted by the  tungsten 

lamp a t  4400 t o  6000 8 than a t  2200 t o  3000 8 and because the  gra t ing  

w a s  blazed s o  as t o  have very l i t t l e  second order d i f f rac t ion ,  there  

was not  a s u f f i c i e n t  amount of the second order contr ibut ion present  

t o  necess i ta te  correct ion.  

A correct ion w a s  made f o r  the  s c a t t e r e d  l i g h t  present a t  the  

shor t  wavelengths. When a glass  p l a t e  which would not  transmit 

those wavelengths l e s s  than 3000 8 w a s  inser ted  

pos i t ion  and the grating, a small amount of l i g h t  w a s  s t i l l  recorded 

from 2200 8 t o  3000 8 and increased, as expected, on the  longer wave- 

length side of 3000 8. 
extrapolated t o  approximately 4200 8 and t h i s  amount was subtracted 

from the spectrum without the glass  p l a t e .  

l i g h t  beyond 4200 8 w a s  negl igible  compared t o  the  d i r e c t  l i g h t .  

between t h e  f o i l  

The curve from 2200 8 t o  3000 2 w a s  

The i n t e n s i t y  of s c a t t e r e d  

The correct ion curve (see Figure 9) w a s  calculated i n  t h e  

following manner f o r  both the p a r a l l e l  and perpendicular posi t ions 

of the  polar izer .  

. 

(lamp output) (area of coll imator) (mirror r e f l e c t i v i t y )  2 
c&) = 1 1170 

( lamp) 



. a 

3 .O 

2 . E  

2 .c 

I .E 

h x 
0 

v 
w 

I .c 

.5 

C 

UNCLASSIFIED 
ORNL-LR-DWG 77502 

1 I I I I I I 

3000 40 00 5000 6000 
WAVE LENGTH (i) 

, 

Fig. 9. Correction Curves for Spectral Response of the Spectrometer. 



28 

where I is  the  photomultiplier current  with the lamp i n  lamp 

operation and 1170 is  the r a t i o  of the photomultiplier gain a t  

1000 v o l t s  t o  t h a t  a t  500 v o l t s .  The photon i n t e n s i t y  E(X) from 

the  e lec t ron  bombarded f o i l s  was determined by the  following 

e quat i on : 
-I- 

where Le, i s  the e lec t ron  beam current  co l lec ted  by the inner 

cylinder , 
spectrum f o r  p a r a l l e l  polarized l i g h t  i s  shown i n  Figure 10 and 

is the photomultiplier current .  An uncorrected and 'foil  

when corrected according t o  Equation (2), the  spectrum i n  Figure 

11 i s  obtained. All f igures  shown hereaf te r  have been corrected 

i n  t h i s  manner, and a l l  comparisons a r e  made on an absolute i n t e n s i t y  

s c a l e .  

The l i gh t  i n  the  p a r a l l e l  plane i s  thought t o  be composed of 

t r a n s i t i o n  rad ia t ion  and bremsstrahlung , whereas the l i g h t  i n  the  

perpendicular plane i s  assumed t o  be only bremsstrahlung. Since 

a previous investigation" on gold f o i l s  had shown t h a t  the  observed 

bremsstrahlung i s  unpolarized, the  l i g h t  i n  the perpendicular plane 

w a s  subtracted from the  l i g h t  i n  the p a r a l l e l  plane (see Figure 12), 

and the difference spectrum i s  assumed t o  be only t r a n s i t i o n  rad ia t ion .  

It should be noted t h a t  the r a t i o  of l i g h t  i n  the  perpendicular plane 

t o  t h a t  i n  the  p a r a l l e l  plane is  usual ly  very small, and therefore  the 

. 

Arakawa, loc  . c i t  . - -  
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uncertainty i n  t h i s  correct ion usua l ly  introduces only a small 

e r r o r .  All experimental- d i s t r ibu t ions  shown he rea f t e r  f o r  

t r a n s i t i o n  r ad ia t ion  a r e  the  p a r a l l e l  component minus the  pe r -  

pendicular component. 

. 
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V. PROCEDURE 

The s i l v e r  f o i l  was mounted on the f o i l  rod s o  t h a t  the f o i l  

would be i n  the center  of the i r r a d i a t i o n  chamber. The i r r a d i a t i o n  

chamber w a s  i s o l a t e d  by three  valves from the accelerator  vacuum 

system and the  two o i l  diffusion pumps. 

the  top  of the  i r r a d i a t i o n  chamber s o  t h a t  it would not be ruptured 

by the flow of a i r  when the system is  f irst  opened t o  the  pump. 

The valve between the  fore  pump and the o i l  diffusion pump of the 

spectrometer w a s  closed, and t h i s  fore  pump w a s  used t o  evacuate 

the  spectrometer slowly. 

i r r a d i a t i o n  chamber was 200 t o  100 p Hg, the o i l  diffusion pump w a s  

opened t o  the system. 

opened t o  the  i r r a d i a t i o n  chamber a t  t h i s  time. After ten  minutes 

the valve t h a t  separated the accelerat ing system from the i r r a d i a t i o n  

chamber w a s  opened. 

on and allowed t o  s t a b i l i z e  f o r  approximately t h i r t y  minutes. 

The f o i l  w a s  r a i s e d  t o  

When the  vacuum i n  the  spectrometer and 

An air-cooled o i l  diffusion pump was a l s o  

The current t o  the degaussing c o i l s  w a s  turned 

After t h i r t y  t o  f o r t y  minutes the vacuum i n  the electron 

-6 accelerator  reached 0.5 t o  2 x 10 

voltage was  turned on and r a i s e d  t o  the  desired operating p o t e n t i a l  

of 40 keV. 

temperature r a i s e d  u n t i l  a s u f f i c i e n t  e lectron emission w a s  obtained 

as indicated by the  beam current col lected by the coll imator.  The 

filament was  e i t h e r  d u l l  red  o r  orange i n  color. 

current was  maximized while the coll imator current w a s  minimized 

by adjust ing the  f i r s t  and second anode voltages on the gun and the  

mm Hg. The accelerat ing 

The electron gun w a s  turned on and the filament 

The inner cylinder 

. 
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current through the  degaussing c o i l s .  The e lec t ron  gun filament 

current w a s  then r a i s e d  u n t i l  the  inner cylinder current was 2.5 pa. 

This current was monitored during each run and kept constant t o  + - 
0 . 1  pa. 

of pos i t ive  current  because more secondary electrons were being 

emitted by the  f o i l  than primaries t h a t  were being absorbed. 

The f o i l  current w a s  a l s o  observed and was usual ly  0.1- pa 

The spectrum from 2500 8 t o  5600 a w a s  scanned a t  1000 2 per 

min f o r  th ree  runs with the polar izer  accepting l i g h t  polar ized i n  

the p a r a l l e l  plane. The photomultiplier current  w a s  amplified and 

recorded by a Brown recorder.  

a t  300 8 per min. 

i n  the  perpendicular plane. The f o i l  w a s  then r a i s e d  t o  the  top of 

t h e  chamber, and the  valves i s o l a t i n g  the  i r r a d i a t i o n  chamber and 

spectrometer were closed while the spectrometer was  r o t a t e d  around 

the i r r a d i a t i o n  chamber t o  a new angle. The valves were closed as 

a precautionary measure against  an accidental  leak i n t o  t h e  angular 

d i s t r i b u t i o n  chamber during ro ta t ion .  The valves were then opened 

again, and there  w a s  usual ly  no r i s e  i n  pressure.  The degaussing 

c o i l s  were re-adjusted with the f o i l  s t i l l  a t  the  top of the chamber. 

The f o i l  was then lowered t o  a new f o i l  pos i t ion  and the spectrum 

was measured. This procedure w a s  repeated for each new angle. 

Then the c e n t r a l  image w a s  scanned 

The spectrum was a l s o  recorded with the  polar izer  

The f o i l  holder was always posit ioned such t h a t  the  f o i l  w a s  

between the  holder and the  spectrometer. This was very important 

because the spectrum showed an increased i n t e n s i t y  i n  the  4000-2 

region when the f o i l  w a s  on the  accelerator  s i d e  of the  f o i l  holder.  
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Previous experiments had shown t h a t  light i n  the  bOOCF8 region was 

produced when the  beam w a s  allowed t o  s t r i k e  the  f o i l  holders.  

With the holder reversed, l ight  caused by electrons s c a t t e r i n g  i n  

the  f o i l  and h i t t i n g  t h e  edge of t h e  holder i s  shielded from the  

spectrometer by t h e  f o i l  i t s e l f .  

! -  
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V I .  RESULTS 

The experimental r e s u l t s  a r e  compared with the t r a n s i t i o n  r a d i a t i o n  

theory of Ri tchie  and Eldridge on an absolute s c a l e  f o r  emission 

from both t h e  f r o n t  and back s ides  of the  s i l v e r  f o i l s .  The t h e o r e t i c a l  

curves were obtained from Equation (1) using the  d i e l e c t r i c  constants 

of Ehrenreich and Phi l ipp2l .  

on a CCC -1604 A d i g i t a l  computer. 

The equation w a s  programmed f o r  so lu t ion  

A comparison of the experiment with theory of t h e  complete 

s p e c t r a l  d i s t r i b u t i o n  f o r  t r a n s i t i o n  rad ia t ion  f o r  the s i l v e r  f o i l  

660 8 i n  thickness a t  40 keV i s  shown f o r  the  angles on the f r o n t  

s i d e  of the  f o i l  i n  Figure 1-3 and 14. 

t o  40°), the  sharp peak a t  X = 3300 8 i s  l e s s  intense than the  

t h e o r e t i c a l  peak. The continua f o r  t h e  experiment on both s ides  

of the peak agree c lose ly  with the theory. 

found experimentally a t  the  la rger  angles ( 8  = 50' t o  87') show 

good agreement with the  theory f o r  a l l  wavelengths. 

For the  small angles ( 8  = 5' 

The s p e c t r a l  d i s t r i b u t i o n s  

The experimental s p e c t r a l  d i s t r ibu t ions  for the  angles on the 

back s i d e  of the f o i l  which i s  660 8 th ick  are compared with the  

theory i n  Figures 1-5 and 16. 

f o r  t h e  complete s p e c t r a l  d i s t r ibu t ions  a t  these angles. 

the same f igures  the  s p e c t r a l  d i s t r ibu t ions  on the  back s i d e  a r e  

Very close agreement w a s  observed 

Also i n  

2b. Ehrenreich and E. R .  Philipp, Phys. Rev. 128, 1622 (1962). - 
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I .  

compared with those on the f r o n t  s i d e  a t  corresponding angles. A s  

was shown e a r l i e r  t h e  t h e o r e t i c a l  spectrum i s  higher i n  the  forward 

d i rec t ion  because of the  r e l a t i v i s t i c  ve loc i ty  of the electron.  

The experiment shows the  same difference i n  the  i n t e n s i t y  as does 

the  theory f o r  the  f r o n t  and back s ides .  

I n  Figure 17 the  complete s p e c t r a l  d i s t r i b u t i o n  observed 

experimentally f o r  a s i l v e r  f o i l  1980 2 i n  thickness i s  compared 

with theory f o r  the  small angles. The experimental peak i s  broader 

and lower i n  i n t e n s i t y  than the  t h e o r e t i c a l  peak a t  8 = 10 , 20°, and 

30'. 

the  same f o i l  are shown i n  Figure 18. 

with theory is observed except f o r  8 = 150' where the  peak i n  the 

experimental data  i s  broader and the  continuum on the  shor t  

wavelength s i d e  i s  higher than predicted by theory. Also, i n  t h i s  

f igure,  the  s p e c t r a l  d i s t r ibu t ions  on the  back s i d e  a r e  compared 

with t h e i r  corresponding angles on the f r o n t  s i d e  f o r  both experiment 

and theory. The t h e o r e t i c a l  spec t ra  f o r  t h e  f o i l  1980 8 i n  thickness 

show no difference f o r  the corresponding back and f r o n t  angles i n  

cont ras t  t o  the  experimental r e s u l t s  f o r  the f o i l  660 2 i n  thickness 

where the  i n t e n s i t y  of the  continuum was greater  i n  the forward 

d i rec t ion .  

i s  more intense f o r  t h e  back angles than for the f r o n t  angies. %rAs 

s l i g h t  discrepancy i n  the  t h i c k  f o i l  i s  not  completely understood 

but may be due t o  multiple e lec t ron  s c a t t e r i n g  which has been 

neglected i n  the theory. 

0 

The experimental s p e c t r a l  d i s t r ibu t ions  on the  back s i d e  of 

Close agreement of experiment 

The experimental spectrum for the  f o i l  1980 8 i n  t h i c L - s s  
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The i n t e n s i t y  a t  the  s i l v e r  peak as a funct ion of angle f o r  t h e  

f o i l  660 2 i n  thickness is  shown i n  Figure 19. 

t he  theory while t he  + and o represent  experimental runs with two 

f o i l s  of t he  same thickness.  The experiment ind ica tes  a maximum i n t e n s i t y  

a t  30' from the  foi l -  normal i n  agreement with theory.  A comparison 

of the  experiment with theory of the  photon i n t e n s i t y  a t  h = 4500 8 

The s o l i d  l i n e  represents  

and 2700 8 i s  a l s o  made i n  the  same f igure .  

f o r  these two wavelengths for the  f o i l  660 8 i n  thickness .  

i n t e n s i t i e s  f o r  the  continua occur a t  0 = 50 , whereas t h e  m a x i m u m  

i n t e n s i t y  f o r  t h e  peak occurs a t  30°. 

Good agreement is  observed 

The maximum 

0 

The i n t e n s i t y  as a function of angle f o r  t he  s i l v e r  f o i l  1980 8 
i n  thickness is  shown i n  Figure 20. The m a x i m u m  i n t e n s i t y  a t  h = 3300 1 
again occurs a t  8 = 30 , while f o r  h = 2700 8 and h = 4500 8 t he  m a x i m u m  

i n t e n s i t y  occurs a t  e = 30 . 
and for the  angles between 8 = 0 

lower than the  t h e o r e t i c a l  value.  

0 

0 The experimental i n t e n s i t y  f o r  h = 4300 8 
0 and 70' a l s o  appears t o  be s l i g h t l y  

I n  Figure 2 1  the  wavelengths of  t he  s i l v e r  peak determined 

experimentally f o r  f o i l s  660 8 i n  thickness a r e  compared with the  

t h e o r e t i c a l  values as a function of the  angle.  The x, 0, and + 

represent  th ree  separate  experimental runs.  The wavelength of t he  

peak as determined experimentally shows a d e f i n i t e  tendency t o  

increase with increasing angle, whereas theory p red ic t s  a constant 

value of 3324 8. 
from h = 3280 8 a t  0 = 10' t o  3316 8 a t  0 = 50'. 

t he  peak wavelengths determined experimentally was 3300 8 + - 12 8. 

The wavelength of t he  peak increased l i n e a r l y  

The average of a l l  
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The experimental r e s u l t s  f o r  t he  l i g h t  emitted i n  the  perpen- 

d icu lar  plane by t h e  f o i l  1980 2 i n  thickness f o r  the  f r o n t  angles 

a r e  shown i n  Figure 22. 

t h i s  source of l i g h t  cannot be presented because the  i n t e n s i t y  

observed i n  t h i s  plane w a s  only t w o  t o  th ree  times the  noise  l eve l ,  

some general  t rends may be seen. 

d i rec t ion  of t he  e lec t ron  bean and decreases with increasing angle 

as is predicted t h e o r e t i c a l l y  f o r  bremsstrahlung. The experimental 

resul-ts f o r  the  f o i l  which was 660 2 t h i ck  a r e  shown i n  Figure 23 

with the  same general  decrease i n  i n t e n s i t y  with increasing angle.  

The photon i n t e n s i t y  f o r  t he  f o i l  1980 8 i n  thickness i s  grea te r  

than f o r  t he  f o i l  which w a s  660 8 t h i ck  as expected f o r  bremsstrahlung. 

The experimental spec t r a  f o r  t h e  angles grea te r  than 90 f o r  t he  s i l v e r  

f o i l s  660 8 and 1980 8 i n  thickness a re  shown i n  Figure 24 and show 

lower i n t e n s i t y  than i n  the forward d i rec t ion  as expected. 

Although de ta i l ed  conclusions concerning 

The i n t e n s i t y  i s  m a x i m u m  i n  the  

0 

The e f f e c t  of hea t  treatment on the  s i l v e r  emission i s  s,hown 

i n  Figure 25. 

w a s  taken a t  0 = 40 and E = 40 keV. 

for 15 min. i n  an oven and then returned t o  the  i r r a d i a t i o n  chamber. 

The peak a t  3300 8 had disappeared and the  i n t e n s i t y  a t  the  longer 

wavelengths w a s  much grea te r  than before the  heat  treatment.  The 

hea t - t rea ted  f o i l  had a d u l l  appearance, and it i s  bel ieved t h a t  

t h e  increased emission a t  the  longer wavelength i s  due t o  oxide 

formation on the  s i l v e r  surface.  These r e s u l t s  a r e  i n  agreement 

The s p e c t r a l  d i s t r i b u t i o n  of a s i l v e r  f o i l  720 8 t h i ck  
0 It w a s  then heated a t  142O C 
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. 

with the  s tud ies  of Yamaguchi2' on the o p t i c a l  absorption of hea t -  

t r e a t e d  s i l v e r  films on fused quartz which showed a la rge  increase 

i n  the  absorption a t  these wavelengths by heat- t reated films. (Figure 

26). 

A comparison of the  l i g h t  emitted from s i l v e r  f o i l s  prepared 

with and without Victawet as a wetting agent on the glass  subs t ra te  

used for vacuum evaporation is  shown i n  Figure 27. The s p e c t r a l  

d i s t r i b u t i o n  shows no s i g n i f i c a n t  difference.  Electron micrographs 

a r e  shown of the s i l v e r  f o i l  prepared without Victawet i n  Figure 28 

and of the f o i l  prepared with Victawet as the  wetting agent i n  Figure 

29. Both f o i l s  seem t o  have a f a i r l y  uniform crys ta l ine  s t r u c t u r e .  

Even with the crazing (minute cracks) on t h e  f o i l  prepared with 

Victawet, the spectrum w a s  i d e n t i c a l  t o  the  spectrum from the  

f o i l  without the  crazing. Subsequent t o  the  preparation of t h i s  f o i l ,  

the vacuum evaporation f a c i l i t i e s  were cleaned out with an at tendant  

-6 improvement of the vacuum from 1 t o  2 x mm Hg t o  5 t o  7 x 10 

mm Hg. The crazing has not appeared on any of the recent e lec t ron  

micrographs prepared with Victawet (Figures 7,8, and 9 ) .  

the  f o i l s  were e a s i e r  t o  f l o a t  off when Victawet w a s  used as the  

wetting agent, a l l  the f o i l s  i n  t h i s  experiment were prepared using 

Vie t awe t . 

Since 

22S. Yamaguchi, J.  Phys. SOC. Japan - 17, No. 7, 1172 (1962). 
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Fig. 28. Electron Micrograph of a Ag F o i l  510 Thick Prepared 
Without Victawet. 34,OOOX. Reduced 15%. 
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Fig. 29. Electron Micrograph of  a Ag F o i l  520 Thick Prepared 
with Victawet. 34,OOOX. Reduced 15%. 
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VI. C ONC LUS I O N S  

. 

The light emitted by s i l v e r  f o i l s ,  660 8 and 1980 2 i n  thickness,  

bombarded by 40-keV electrons w a s  invest igated experimentally between 

h = 2500 2 and 5500 8 and observed t o  be polar ized pr imari ly  i n  the  

plane of the electron and photon. The l i g h t  detected i n  the  plane 

perpendicular t o  the above w a s  assumed t o  or ig ina te  from an unpolarized 

component and w a s  subtracted from t h e  i n t e n s i t y  observed i n  the p a r a l l e l  

plane. The experimental r e s u l t s  obtained f o r  the  p a r a l l e l  minus 

the  perpendicular components were compared with the  calculat ions 

of Ri tchie  and Eldridge f o r  t r a n s i t i o n  rad ia t ion .  

The s p e c t r a l  d i s t r i b u t i o n  for the  s i l v e r  f o i l  660 2 i n  thickness 

showed a sharp peak near 3300 2 superimposed upon a broad continuum 

which decreased slowly with increasing wavelength. 

a l s o  noted on the shor t  wavelength s i d e  of the  peak. The experimental 

r e s u l t s  of the  complete s p e c t r a l  d i s t r i b u t i o n  showed good agreement 

with theory f o r  a l l  angles on both s ides  of the  s i l v e r  f o i l  660 2 
i n  thickness except f o r  the  s m a l l  angles ( 8  = 5 O  t o  40°), where the  

peak is about 30% lower than predicted by theory. The photon 

i n t e n s i t y  i n  the  foward direct ions is  higher than t h a t  a t  the  

corresponding angle on the  back s i d e  of the  f o i l  f o r  both the  

experiment and the theory because of r e l a t i v i s t i c  e f f e c t s .  

A r ise  w a s  

The general  agreement of- experimental spec t ra  with theory 

f o r  t h e  s i l v e r  f o i l  1980 8 i n  thickness w a s  good a t  a l l  angles i n  

the  f r o n t  and back except for a f e w  minor discrepancies.  

experimental peak w a s  s l i g h t l y  lower and broader than the theory a t  

The 
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I 

" 

0 8 = 10 , 20°, and 30'. 

on the  f r o n t  s ide  was lower than on the  back, whereas theory predicted 

equal i n t e n s i t i e s .  

be due t o  multiple s c a t t e r i n g  which has been neglected i n  the  theory. 

The general  fea tures  of the  i n t e n s i t y  of light emitted as a 

funct ion of angle from the  s i l v e r  f o i l s  660 8 and 1980 8 i n  thickness 

a r e  very similar. 

t he  m a x i m u m  occurring a t  an intermediate angle which depends upon the  

wavelength. For both f o i l s ,  t he  maximum i n t e n s i t y  of the  peak 

( A  = 3300 8) 
the  i n t e n s i t y  of t he  continua on both s ides  of t he  peak, e .g . ,  a t  

A, = 2700 8 and 4500 8, w a s  m a x i m u m  a t  30 

F e r r e l l ' s  theory for t he  plasma resonance predic t s  t h a t  t he  i n t e n s i t y  of 

the s i l v e r  peak occurs a t  8 = 20 . 

The i n t e n s i t y  of t he  experimental spectrum 

This s l i g h t  discrepancy i n  the  th icker  f o i l  may 

The i n t e n s i t y  i s  near ly  zero a t  8 = 0' and 90' with 

w a s  observed a t  30' from the  f o i l  normal, whereas 

0 from the  f o i l  normal. 

0 

The experiment showed a d e f i n i t e  increase of t h e  wavelength of the  

s i l v e r  peak from 3280 8 a t  8 = 10' t o  3316 8 a t  8 = 50°, whereas 

theroy predic t s  a constant value of 3324 8. 
peak wavelengths determined experimentally w a s  3300 8 + 12 8. 

The average of a l l  t he  

- 

The m a x i m u m  i n t e n s i t y  of t he  light detected experimentally i n  

the  perpendicular plane w a s  i n  t he  d i rec t ion  of the  e lec t ron  beam 

and w a s  found t o  be grea te r  f o r  t he  th icker  f o i l  as i s  predicted 

t h e o r e t i c a l l y  by Gluckstern and Hull  f o r  bremsstrahlung. 

conclusions concerning bremsstrahlung can not be made s ince  the  

i n t e n s i t y  observed i n  the  perpendicular plane w a s  only two t o  

three  times the  noise  l eve l .  

Detailed 
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0 
When a s i l v e r  f o i l  was heated t o  142 C for 15 min. i n  an oven, 

t he  peak a t  3300 8 w a s  washed out and t h e  i n t e n s i t y  a t  the  long 

wavelengths w a s  much grea te r  than before t h e  hea t  treatment.  

hea t - t rea ted  f o i l  had a d u l l  appearance, and it i s  bel ieved tha t  t h e  

increased emission a t  the  longer wavelength is due t o  oxide formation 

on the  s i l v e r  surface.  These r e s u l t s  are i n  general  agreement with 

the  s tud ies  of Yamaguchi who found increased absorption a t  these  

same wavelengths f o r  hea t - t rea ted  s i l v e r  f i lms on fused quartz.  

The 

The s p e c t r a l  d i s t r ibu t ion  frm s i l v e r  f o i l s  prepared with and 

without Victawet as a wetting agent on the  g lass  subs t r a t e  used f o r  

vacuum evaporation showed no s i g n i f i c a n t  d i f fe rence .  

micrographs of t he  f o i l s  a l so  showed the  same c rys t a l ine  s t ruc tu re .  

The e lec t ron  
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