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SUMMARY 

Measurements of  magnet ic  f i e l d s  of  t h e  E a r t h  and i n  space a r e  expec ted  to  
provide very  u s e f u l  information a b u t  geophys ica l  c h a r a c t e r i s t i c s ,  as w e l l  as 
i n t e r p l a n e t a r y  phenomena. F r e q u e n t l y  t h e  magnet ic  f i e l d s  involved are q u i t e  

o rde r  of 1 b a c e n t  or b e t t e r  are r e q u i r e d  f o r  r e l i ab le  i n t e r p r e t a t i o n  of  t h e  
magnetometer ou tpu t .  Th i s  p a p r  ana lyzes  t h e  concept  of a h i g h l y  s e n s i t i v e  
magnetometer based 3n t h e  d e f l e c t i o n  o f  low energy e l e c t r o n  beams i n  magnet ic  
f i e l d s .  Because of i ts ext remely  low mass and consequent ly  high e / m  ra t io ,  a 
low energy e l e c t r o n  is e a s i l y  d e f l e c t e d  i n  a magnet ic  f i e l d ,  t h u s  provid ing  a 
basis for very  low f i e l d  measurement. C a l c u l a t i o n s  f o r  a s p e c i f i c  ins t rument  
des ign  i n d i c a t e  t h a t  a low energy e l e c t r o n  magnetometer (LEEM) can  measure 
magnet ic  f ie lds  as low as  nT. The a n t i c i p a t e d  performance of  LEEM is 
compared w i t h  t h a t  of t h e  e x i s t i n g  h igh- reso lu t ion  magnetometers i n  s e l e c t e d  
a p p l i c a t i o n s .  The f a s t  response time o f  LEEM makes i t  e s p e c i a l l y  a t t r a c t i v e  
as a p o t e n t i a l  ins t rument  f o r  magnet ic  s i g n a t u r e  a n a l y s i s  i n  l a r g e  e n g i n e e r i n g  
sys tems.  

low (rangiTg from about 10” nT to  1 0  s nT) , and measurement a c c u r a c i e s  of t h e  

INTRODUCTION 

Magnetic measurements are expec ted  to  provide u s e f u l  information i n  a num- 
ber of a r e a s  such as minera l  p r o s p e c t i n g  su rveys ,  p l a n e t a r y  f i e l d  measurements, 
and a r c h a e o l o g i c a l  i n v e s t i g a t i o n s ,  a s  w e l l  a s  l a b o r a t o r y  s t u d i e s .  There a re  
s e v e r a l  t ypes  of magnetometers c u r r e n t l y  a v a i l a b l e ,  p r i n c i p a l  among which are: 
(1) Pivoted needle  instruments  which inc lude  t h e  Swedish mine cmnpass, t h e  
Hotchkiss  supe rd ip ,  and t h e  Thalen-Tuberg magnetometers. The accuracy  of t h e s e  
instr lunents  seldom exceeds ? l o 0  nT (1  nT = 1 gamma = IO-’ g a u s s ) ,  and t h e y  a re  
no t  used much i n  c u r r e n t  h igh- reso lu t ion  a p p l i c a t i o n s .  ( 2 )  The Schmidt and 
compensation-type var iometers  a r e  p r e c i s i o n  magnetometers having a c c u r a c i e s  
b e t t e r  than t5 nT, a l though t h e i r  f i e l d  a c c u r a c i e s  a r e  o f t e n  i n  t h e  range of 
+ ( 2 5  to  50) nT ( r e f .  1 ) .  ( 3 )  Fluxgate  ins t ruments  can d i r e c t l y  measure t h e  
vector  components of t h e  magnet ic  f i e l d .  One p r o p e r t y  t h a t  makes f l u x g a t e  
magnetometers s u i t a b l e  f o r  ground a s  w e l l  as space use is t h e i r  wide measure- 
ment range and l aw n o i s e  l e v e l .  A s e n s i t i v i t y  o f  1 nT is r o u t i n e l y  p o s s i b l e  
w i t h  a i r b o r n e  f l u x g a t e  meters, a l though s e n s i t i v i t i e s  approaching 0.01 nT i n  
t h e  0 t o  1 0  Hz bandwidth and z e r o  l e v e l  s t a b i l i t y  of t h e  order o f  C O . 1  nT have 
been r e p o r t e d  for l o w  f i e l d  f l u x g a t e  meters  designed f o r  deep space miss ions  
( r e f s .  2 and 3 ) .  The NASA Goddard f l u x g a t e  magnetometers onboard Voyager 1 
have been r epor t ed  ( r e f .  4) to  have a p r e l i m i n a r y  accuracy  of 50.2 nT t10.1 per-  
c e n t  OF f u l l  scale. ( 4 )  Proton p r e c e s s i o n  magnetometers weasure p r e c e s s i o n  of 
sp in-a l ined  p ro tons  around t h e  test  f i e l d  a f t e r  a s t r o n g  magnet ic  f i e l d  is 
removed from a sample of water .  The sp in-a l ined  p ro tons  p r e c e s s  around t h e  
test f i e l d  H a t  a frequency g iven  by g@, where gp is t h e  pro ton  gyro- 
magnet ic  r a t i o .  These magnetometers o f f e r  a s e n s i t i v i t y  of 1 nT a t  a 1-sec 
sampling ra te  ( r e f s .  4 ,  5, and 7 ) .  (5) O p t i c a l l y  pumped magnetometers, s u c h  a s  
helium and a l k a l i  vapor magnetometers, a r e  among t h e  most s e n s i t i v e  t y p e s  of 



magnetometers and can measure f i e l d s  as low as 0.01 nT ( r e f s .  5, 6,  8 ,  and 9 ) .  
(6) A superconduct ing quantum i n t e r f e r e n c e  device  (SQUID) is t h e  most s e n s i t i v e  
magnetometer today ( r e f s .  5, 6 ,  10, and 1 1 ) .  A S Q U I D  magnetometer is essen-  
t i a l l y  a superconduct ing  f l u x  t ransformer  t i g h t 1  coupled to a SQUID and can 
r o u t i n e l y  achieve  r e s o l u t i o n s  of better than  1 O-{ nT/(Hz)l/*. 
SQUID magnet ic  f i e l d  grad iometers  are more p r a c t i c a l  t h a n  t h e  absolute SQUID 
magnetometers. The gradiometers  cal l  for  t h e  use o f  a f l u x  t ransformer  wi th  
two p ickup coils of equal a r e a  a r ranged  to induce z e r o  s u p e r c u r r e n t  i n  a 
uniform magnet ic  f i e l d  and have r epor t ed  s e n s i t i v i t i e s  of  less than  
5 r lo-’ nT,’cm/(Hz)’/2. 

Frequent ly ,  

To d a t e ,  t h e  f l u s g a t e  magnetometers have had t h e  h i g h e s t  u s e  i n  geomag- 
netic as w e l l  as i n t e r p l a n e t a r y  f i e l d  m?pping s t u d i e s .  These ins t ruments  have 
a r o u t i n e  s e n s i t i v i t y  of -1 nT, a l though some designed f o r  p l a n e t a r y  and i n t e r -  
p l a n e t a r y  f i e l d  measurements have been r. po r t ed  to have much b e t t e r  s e n s i t i v i -  
ties. (For example ( r e f .  12)  , the  l o w  f l e l d  magnetometers on t h e  Voyager 1 
2nd 2 miss ions  have an e s t ima ted  absolutcv measurement accu racy  of 0.09 nT, 
a l though changes i n  f ie lds  smal le r  than  0.09 nT can be d e t e c t e d  s i n c e  t h e i r  
o b s e r v a t i o n  is l i m i t e d  on ly  by t h e  senso r  RMS no i se  (0.006 nT) and t h e  quan t i -  
z a t i o n  s t ep  s i z e  (0.@04 nT fo r  t h e  most s e n s i t i v e  r a n g e ) . )  Thus, it would 
appear  reasonable  to cons ide r  t h e  development of an  ins t rument  t h a t  has  a rou- 
t i n e  s e n s i t i v i t y  of a t  least  t w o  o r d e r s  of magnitude b e t t e r  (i.e. , 50.01 nT).  
Among t h e  e x i s t i n g  ins t ruments ,  t h e r e  a r e  t w o  t y p e s  t h a t  meet t h i s  s e n s i t i v i t y  
requirement  , namely, t h e  o p t i c a l l y  pumped magnetometers and t h e  SQUID msgnetom- 
e t e r s .  However, t h e  S Q U I D  magnetometer needs l i q u i d  helium f o r  its o p e r a t i o n .  
Hence, d e s p i t e  its ext remely  high s t a b i l i t y  and s e n s i t i v i t y ,  it seems d e s t i n e d  
to be used i n  t h e  l a b o r a t o r y  f o r  special purposes only .  The o p t i c a l  a b s o r p t i o n  
magnetometers, which can measure t h e  t o t a l  f i e l d  as w e l l  as t h e  v e r t i c a l  g rad i -  
e n t s ,  have a r o u t i n e  s e n s i t i v i t y  of  (0.1 nT and are  s u i t a b l e  f o r  d i v e r s e  labo- 
r a t o r y  and fie1.d ( i n c l u d i n g  space) a p p l i c a t i o n s .  The rubidium magnetometer has  
commonly been used wi th  low-a l t i t ude ,  Ea r th -o rb i t i ng  s a t e l l i t e s  to o b t a i n  geo- 
magnet ic  maps above t h e  ionosphere.  The Vector helium magnetometer has been 
flown on p l a n e t a r y  miss ions  t o  Mars, Venus, and J u p i t e r .  

I n  t h i s  paper, a magnetometer concept  based o n  t h e  d e f l e c t i o n  of a low 
energy e l e c t r o n  beam i n  t h e  t e s t  f i e l d  w i l l  be desc r ibed .  The s e n s i t i v i t y  of 
a low energy e l e c t r o n  magnetometer (LEEM) can compare q u i t e  f avorab ly  w i t h  t h a t  
of t h e  o p t i c a l  a b s o r p t i o n  magne tme te r s .  Using s t a t e -o f - the -a r t  s o l i d - s t a t e  
techriology, LEEM response time can be reduced to  micrcsecond range,  t h u s  making 
it e s p e c i a l l y  a p p r o p r i a t e  f o r  a p p l i c a t i o n s  r e q u i r i n g  f a s t  magnet ic  t r a n s i e n t  
ana I ys  i s . 

THEORETICAL PACKGROUND 

Cons t ruc t ion  of electron-beam d e f l e c t i o n  magnetometers has  been desc r ibed  
by Cragg ( r e f .  13 )  and by Marton e t  a l .  ( r e f .  1 4 ) .  The ins t rument  c o n s t r u c t e d  
by Cragg used a m i n i a t u r e  ca thode  r a y  t u b e  (CRT) i n  con junc t ion  wi th  a photo- 
mul t ip l ie r .  A meta l  s h u t t e r  obscured  one-half of t h e  CRT s c r e e n ,  d i v i d i n g  i t  
along a diameter  p a r a l l e l  to t h e  d e f l e c t i n g  p l a t e s .  A feedback c i r cu i t  auto-  
m a t i c a l l y  compensated t h e  d e f l e c t i o n  of t h e  e l e c t r o n  beam by c o n t r o l l i n g  t h e  
p o t e n t i a l  between t h e  d e f l e c t i o n  p l a t e s  of t h e  CRT. A measurement of t h e  



d e f l e c t i o n  p o t e n t i a l  thus  c o n s t i t u t e d  a de te rmina t ion  o f  t h e  magnetic f i e l d  
p r e s e n t  i n  t h e  device.  Cragg (ref. 13) found t h a t  t h e  l i m i t a t i o n  on the  per- 
formance of h i s  dev ice  was t h e  i n s t r u m e n t a l  d r i f t  amounting to  1 mV/min i n  t h e  
s i g n a l  of  1.25 x V/nT. H e  estimated, on the  basis of a S/N ra t io  o f  1, 
that t h e  s e n s i t i v i t y  of h i s  dev ice  was about 10 nT. where t h e  n o i s e  was t h e  
d r i f t  of t h e  s i g n a l  t h a t  occu r red  i n  a t i m e  of  1 min. Marton e t  a l .  (ref. 141 ,  
however, have demonstrated t h a t  t h e  response of an electron-bean magnetometer 
can be pushed down to 2.9 x A/nT and have a c t u a l l y  c o n s t r u c t e d  a device 
w i t h  a response of 3.15 x 10-l' A/nT. 
cou ld  be d e t e c t e d  e a s i l y ,  such a d e v i c e  would have a s e n s i t i v i t y  of abou t  
0.01 nT, e q u a l  to t h e  s e n s i t i v i t y  of t h e  best a l k a l i  vapor devices .  

Assuming t h a t  a c u r r e n t  of -3 x A 

Actual ly ,  good reason e x i s t s  for b e l i e v i n g  t h a t  even a simple e x t r a p o l a -  
t i o n  o f  t h e  Marton device,  when used w i t h  a current- to-frequency c o n v e r t e r  
(CFC), would provide g r e a t e r  s e n s i t i v i t y  t h a n  t h e  widely used a l k a l i  vapor 
magnetometers. The i n t r i n s i c  s e n s i t i v i t y  of t h e  a l k a l i  vapor magnetometer is 
determined by t h e  Larmor p r e c e s s i o n  frequency of t h e  ~ L k a l i  atom (3.498 Hz/nT 
for Cs and 4.667 Hz/nT for R b  (ref. 5) 1 .  Commercially a v a i l a b l e  cu r ren t - to -  
frequency c o n v e r t e r s  produce 1 H z / ~ O " ~  A. Thus, t h e  s e n s i t i v i t y  of an 
electron-beam dev ice  of Marton design using a current- to-frequency c o n v e r t e r  
would be a3.15 x lo4 Hz/nT (i.e., approximately two orders of magnitude higher  
t han  t h e  Cesium vapor dev ice  for a minimum detectable c u r r e n t  of A ) .  

ANALYSIS OF PARAMETERS LIMITING MAGNETOMETER SENSITIVITY 

Problems associated w i t h  t h e  design and c o n s t r u c t i o n  o f  an electron-beam 
magnetometer can be a p p r e c i a t e d  by c o n s i d e r i n g  t h e  dev ice  c o n s t r u c t e d  by Marton 
et  al. (ref. 141, which is shown i n  f i g u r e  1. The i r  instrument  w a s  55 cm long, 
used a Steigerwald e l e c t r o n  gun ( r e f .  151, and had an a c c e l e r a t i o n  p o t e n t i a l  of 
700 V, achieving electron-beam c u r r e n t  of =2 x A, with a f i l a m e n t  tem- 
p e r a t u r e  of =3000 K and a beam spot s i z e  of *lOO-'m r a d i u s .  De tec t ion  was 
accomplished by d i v i d i n g  t h e  beam image spot between t w o  collector p l a t e s  and 
measuring t h e  d i f f e r e n c e  i n  c u r r e n t  between t h e  two plates. The c r i t i c a l  
parameter i n  such  a d e t e c t i o n  scheme is t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  i n  
t h e  image spot a t  t h e  p l a t e s .  T h i s  is so because it is t h e  c u r r e n t  d e n s i t y  
t h a t  determines how much " d i f f e r e n c e "  c u r r e n t  is gene ra t ed  by a s m a l l  change 
i n  t h e  l o c a t i o n  of t h e  c e n t e r  of t h e  beam spot. 

Figure 2 i l l u s t r a t e s  a s impler  design sugges t ed  for an e l e c t r o n  magnetom- 
e t e r .  For direct comparison w i t h  t h e  Marton instrument ,  it w i l l  be assumed 
t h a t  a l l  e s s e n t i a l  parameters ( e l e c t r o n  energy, e l e c t r o n  pa th l eng th  i n  t es t  
region,  total  electron-beam c u r r e n t  i n  t h e  image spot, and t h e  image spot s i z e )  
a r e  t h e  same i n  t h e  t w o  designs.  The t o t a l  c u r r e n t  i n  t h e  image s p o t ,  
given by 

io, is 

where j is c u r r e n t  d e n s i t y  and R is t h e  r a d i u s  of t h e  image spot. A sma l l  
s h i f t  i n  t h e  p o s i t i o n  of the  beam s p o t  y results i n  s h i f t i n g  an a r e a  bA of 
t h e  beam from one p l a t e  to ano the r .  The a e r i a l  beam s h i f t  AA is given approx- 
imately by 
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and aerial  difference 2 &  between t h e  two plates equals 4Ry. If im is t h e  
minimum detectable c u r r e n t  d i f f e r e n c e  between t h e  two p l a t e s ,  t hen  t h e  minimum 
d e t e c t a b l e  beam s p o t  s h i f t  ym is given by 

i m  

4Rj 
Ym = - 

For a p a t h l e n g t h  L and a c c e l e r a t i o n  p o t e n t i a l  V, t h i s  spot s h i f t  would be 
produced by a weak magnet ic  f ie ld  Bo given by t h e  fo l lowing  equa t ion :  

where e and m a r e  t h e  e l e c t r o n  charge and mass, r e s p e c t i v e l y .  S u b s t i t u t i n g  
t h e  va lues  of va r ious  parameters and assuming t h a t  im = 1 . O  x 1 0-1 A g i v e s  

8, = 2.32 x w3 nT (6) 

Thus, t h e  s e n s i t i v i t y  S of such a d e v i c e  would be 

If the  c u r r e n t  from each collector p l a t e  was f e d  to  a CFC dev ice  w i t h  a conver- 
s i o n  f a c t o r  of 1 H Z / ~ O ' ~ ~ ,  t h e  system s e n s i t i v i t y  would be a4.31 x l o 4  Hz/nT. 
Thus a measurement of magnetic f i e l d  as low a s  0.01 nT could be made w i t h  high 
accu racy  i n  a 1-sec coun t ing  time. A measurement of 0.1 nT could be made wi th  
a moderate accuracy i n  a count ing time of 10  msec. 

An e s t i m a t e  of t h e  dynamic range of t h e  t y p e  of i n s t rumen t  d e s c r i b e d  
bere  oould be made by determining t h e  magnet ic  f i e l d  
? -pe rcen t  non l inea r  response i n  t h e  instrument .  

B t h a t  would induce a 
For i n s t a n c e ,  w e  no te  t h a t  
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AA = Beam area change on a collector plate 

Actual field, a 
nT 

0.059 
.59 

2.95 
5.90 

11.80 
17.70 
23.60 
29.50 
35.40 
41.30 
47.20 
53.00 
59.00 

= R2[: sin (arc cos :) + arc sin - y1 R 

i 

The nonlinearity of the device is displayed in the following table: 

Ratio of actual to measured 
magnetic field 

1.0000 
1 .oooo 
.9996 
.9983 
.9933 
.9848 
.9727 

_. -. _. - I ._-- - 
Fraction of the range of 

ins t r I' -en t 
.- -.. _I - - . - 
0.001 . 01 
.OK 

.20 

.30 

.40 

.50 .5566 
.9363 
.9109 
.E796 
.E400 
.7 854 

.60 

.70 

.80 

.90 
1 .oo 

.,I, 

1 I 

ZThe actual fiela ha5 been determined for the specific instrument design 
parameters described earlier. 

Thus the instrument as presently conceived is linear to 21 percent over 
three decades (i.e., Eran under nT to over 1 O+l nT). Since the nonlin- 
earity of the instrument is well understood, such nonlinearity could easily be 
removed in the course of data analysis and should not be detrimental to the 
successful operation of the instrument over a range of four decades (i.e., 
5.9 x to 5.9 Y lof1 nT). 

DISCUSSION OF LIMITATIONS ON SENSITIVITY 

Figure 2 illustrated the schematic diagram of the instrument previously 
discussed. Its resolution is limited by the following factors: 

1 .  Monochranaticity of the electron beam. 

2. Uniformity of the beam spot on the collector plates. (This is d ectly 
related to the angular distribution of the electrons emitted from the source 
E ilame2t. 1 
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Electron-Beam Monochromaticity 

The deflection of the electron beam in the test magnetic field is depen- 
dent on the electron velocity. Because the hot filament source electrons 
(filament temperature -3000 K) can have an energy spread of a 2  eV, the nominal 
energy of the electrons subjected to the magnetic field could rang< from 700.0 
to 702.0 eV. This electron energy spread will produce a slight beam-spot dis- 
tortion in magnetic field and m..v adverse1 affect the magnetometer sensitivity. 
However, an energy spread, AE/E = 3 x is negligible for a 1- ercent accu- 

possible to obtain near-monoenergetic electrons using Rydberg atoms. (See 
appendix A for details.) 

racy instrument. In wrtain applications where AE/E must be :lo’ B , it may be 

Beam-Spot Uniformity 

Spatial uniformity of the beam is essential for optimal linear operation 
of LEEM. The spatial homogeneity of the beam can be assured by using low- 
divergence electron beams in an arrangement shown in figure 2 .  This arrange- 
ment should ensure symmetry, although not necessarily the uniformity, of the 
electron density distribution in the image spot. However, for a suitably 
designed hot filament emitting electrons randomly in all directions, this 
arrangement should provide both a symmetrical and a uniform intensity electron 
image spot on the collector plates. 

As seen from equation (61, the sensitivity of LEEM is determined by the 
following parameters: 

1 .  Electron energy 

2 .  Electron pathlength in test field 

3. Electron-beam intensity in the image spat 

4.  Image-spot size 

It is possible to use lwer electron energy without adversely affecting the 
resolution of LEEM if the initial energy straggle in thermionic emission could 
be eliminated. The thermionic energy straggle cou;d be eliminated either by 
using an electrostatic analyzer or by using Rydberg atoms as discussed in 
appendix A. The electron pathlength OE 55 cm cannot be increased much further 
without making the instrument impractical for certsi;] .ipplications (aerial 
survey or interplanetary field mapping). The electron image current could be 
increased by using field emission sources or by using a microchannel plate at 
the image location. Ordinarily, the image-spot size and the electron current 
go hand in hand. The reduction in image-spot size, effected by reducing the 
angle of divergence of incident electron beam, also results in reducicg the 
electron-beam current. Perhaps the use of a focusing type of electron analyzer 
might simultaneously meet the requirements of higher electcon image current and 
smaller image-cpot size. Such an arrangement would also reduce the overall 
dimensions of the instrument and is described in appendix B. 
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For s t a t i o n a r y  a p p l i c a t i o n s ,  higher  r e s o l u t i o n  could o f t e n  be o b t a i n e d  i f  
t h e  instrument  were used i n  a g r a d i a n e t e r  arrangement. Th i s  would involve t h e  
use o f  two LEEM u n i t s ,  a convenient  d i s t a n c e  a p a r t ,  ope ra t ed  s imultaneously.  

The electron-beam d e t e c t i o n  could also be more e f f i c i e n t l y  e f f e c t e d  by 
using microchannel p l a t e s  ( r e f .  16) i n s t e a d  of over lapping p l a t e  d e t e c t o r s  m n -  
s i d e r e d  e a r l i e r .  The microchannel p l a t e s  provide an a d d i t i o n a l  g a i n  of l o 4  (or 
1 O6 f o r  compound p l a t e s ) ,  thereby making t h e  
The use of microchannel plates would appear to be p a r t i c u l a r l y  advantageous 
when t h e  e l e c t r o n  beam w i t h i n  an a n g l e  2a = 2 x r a d  is much less than 
lo-* A. Detect ion of t h e  change i n  t h e  e l e c t r o n  image-spot p o s i t i o n  3n t h e  
channe l t ron  p l a t e  can be e f f e c t e d  w i t h  e i t h e r  a succeeding CFC dev ice  o r  a pro- 
gramed microprocessor i nco rpora t ed  i n  t h e  microchannel p l a t e  c i r c u i t .  

S/N r a t i o  c o n s i d e r a b l y  h ighe r .  

APPLICATIONS 

App l i ca t ion  i n  Mass Spec t r ane t ry  

Measurements of mass spectrometer  f r i n g i n g  f i e l d s  a r e  becoming more impor- 
t a n t  as specialized mass s p e c t r a n e t e r s  are being designed wi th  inhomogeneous 
magnet ic  f i e l d s .  Focal p l anes  of g r e a t e r  than 1 m a r e  c u r r e n t l y  being used 
f o r  t h e  s i m u l t a n e o u s  d e t e c t i o n  of ions .  F u r t h e r ,  t h e  u s e  of reverse-biased 
p-n j u n c t i o n  d e t e c t o r s  f o r  d e t e c t i n g  mass-spectrometer i o n  beams r e q u i r e s  a 
more d e t a i l e d  knowledge of t h e  e x t e r n a l  f r i n g i n g  f i e l d  ( r e f .  1 7 ) .  U s e  of an 
electron-beam magne tme te r  t o  measure t h e  f r i n g i n g  magnetic f i e l d s  i n  a mass 
s p e c t r a n e t e r  would r e q u i r e  t h e  c o n s t r u c t i o n  of a very s m a L l  i n s t rumen t ,  about  
1 c m  i n  length ,  s i n c e  mapping of  f r i n g i n g  f i e l d s  involves  de t e rmina t ion  of t h e  
s p a t i a l  v a r i a t i o n  of a magnet ic  f i e l d  over a d i s t a n c e  on t h e  o rde r  of 1 cm. 
Presumably t h e  phys ica l  dimensions of t h e  f i l a m e n t ,  a p e r t u r e  l e n s ,  and collec- 
t o r  p l a t e s  can be s c a l e d  down to permit  t h e  c o n s t r u c t i o n  of a dev ice  a s  small 
a s  1 cm. 

The e f f e c t  of such a shor t ened  l e n g t h  on t h e  s e n s i t i v i t y  of t h e  dev ice  
can be determined by equa t ion  ( 6 ) .  The magnitude o f  t h e  s m a l l e s t  d e t e c t a b l e  
f i e l d  change Bo is p r o p o r t i o n a l  to t h e  squa re  of t h e  l e n g t h  L of t h e  device.  
Thus, dec reas ing  t h e  l e n g t h  from 55 cm to 1.0 c m  would dec rease  t h e  s e n s i t i v i t y  
by a f a c t o r  of (5512, or 3025. 
Bo = 7 nT. 
t i v e  than  t h e  decrice p rev ious ly  d i s c u s s e d ,  i t  should be s u f f i c i e n t  f o r  f i e l d  
mapping and might prove u s e f u l  in  t h i s  regard.  However, the s e n s i t i v i t y  of 
such an instrument  would n o t  be s u b s t a n t i a l l y  b e t t e r  than a good H a l l  e f f e c t  
gaussmeter.  

The new minimum d e t e c t a b l e  f i e l d  would be 
Although performance of  t h i s  instrument would be much less sensi- 

App l i ca t ion  i n  Archaeological  Magnetic Surveying 

Archaeoiogical  surveying r e q u i r e s  both high s e n s i t i v i t y  (4 nT) and high 
s p a t i a l  r e s o l u t i o n ,  with r ead ings  sometimes nee.9ed as close toge the r  as e .very 
1 0  c m  ( r e f .  18) .  The a l k a l i  vapor magnetometer can a p p a r e n t l y  make magnetic 
f i e l d  measurements w i t h  a s e n s i t i v i t y  of 0.1 nT i n  a count ing pe r iod  of 
1 0  msec, c h a r a c t e r i s t i c s  which 3 r e  q u i t e  adequate for  such work. An e l e c t r o n -  
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beam instrument  would need to  be b u i l t  a s  small as t h e  spa t ia l  v a r i a t i o n s  
which a r e  to be observed ( i .e. ,  about  1 0  c m  l o n g ) .  I f  an  ins t rument  were 
b u i l t  to a l e n g t h  of 5 .5  cm, wi th  i ts  o t h e r  parameters as g iven  be fo re ,  i t  
would have an expected s e n s i t i v i t y  of approximately 4.31 x lo2 Hz/nT 

hin = 0.23 n T ) ,  which is not  quite as good as an a l k a l i  vapor ins t rument .  
Thus, un less  t h e  electron-beam ins t rument  could  be b u i l t  s i g n i f i c a n t l y  cheaper  
than an a l k a l i  vapor ins t rument ,  t he  peculiar needs for spa t ia l  r e s o l u t i o n  i n  
a rchaeo log ica l  su rvey ing  would seem to favor  t h e  a l k a l i  vapor ins t rument  over  
an electron-beam magnetometer. 

App l i ca t ions  i n  Geophysical  P rospec t ing  

Aeromagnetic surveys  have p layed  an  i n c r e a s i n g l y  impor tan t  role i n  geo- 
p h y s i c a l  p rospec t ing  s i n c e  t h e  e a r l y  f i f t i e s .  The magne t i za t ion  of rocks ,  
which a r i s e s  from i nduc t ion  i n  E a r t h ' s  f i e l d  as w e l l  as t h e i r  magnet ic  c o n s t i t -  
uents ,  is usua:ly surveyed wi th  low-flying (2300 m )  a i r c r a f t .  A v a i l a b i l i t y  o f  
higher  r e s o l u t i o n  ins t ruments  should  permit t h e  su rvey  c r a f t  to f l y  a t  a h igher  
a l t i t ude  (a1 km) I thereby  p e r m i t t i n g  g r e a t e r  aer ia l  coverage  as w e l l  a s  reduced 
s e n s i t i v i t y  to manmade i n t e r f e r e n c e .  Usual ly ,  magnetometer s e n s i t i v i t i e s  of 
t h e  order  of 0.1 nT have proved q u i t e  adequate  f o r  d e t e c t i n g  magnet ic  anomalies  
a s s o c i a t e d  wi th  s i g n i f i c a n t  mine ra l  d e p o s i t s  or outcrops .  However, t he  r e c e n t  
developnent  of optical  a b s o r p t i o n  aeromagnet ic  grad iometers  ( r e f s .  5 and 6 )  
w i t h  t h e i r  higher  s e n s i t i v i t i e s  has  improved t h e  q u a l i t y  o f  aeromagnet ic  data 
cons iderably .  Thus, LEEM, which is expec ted  to be s u p e r i o r  to  t h e  optical  
a b s o r p t i o n  magnetometer, should  be even more u s e f u l  i n  d e t e c t i n q  Einer magnet ic  
anomalies a s s o c i a t e d  with basement rocks bur ied  beneath sever  ;;I hundred meters 
of nonmagnetic sediments  or l i q u i d  hydrocarbons. 

App l i ca t ions  i n  Mapping I n t e r p l a f i e t a r y  F i e l d s  

The s t r e n g t h  of  t he  i n t e r p l a n e t a r y  magnet ic  f i e l d  is w e a k ,  having decreased 
to a value of about  5 IT a t  a d i s t a n c e  of 1 a s t ronomica l  u n i t ,  and is expec ted  
to cont inue  to decrease wi th  d i s t a n c e  from t h e  Sun, reaching  a va lue  o f  about 
0.1 nT a t  t h e  o r b i t  o f  Uranus ( r e f .  1 9 ) .  Furthermore,  t h e  magnet ic  f i e l d  of 
V e n u s  is less than 1 0  nT and t h e  f i e l d  o f  our own Moon less than 1 nT a t  p o i n t s  
on  t h e  s u r f a c e  ( r e f s .  1 9  an6 20) so t h a t  s t r i n g e n t  requi rements  on  s e n s i t i v i t y ,  
accuracy ,  and clynanic range a re  imposed on any  d e v i c e  measuring t h e s e  f i e l d s .  
Any new i n s t r u m n t  m i l s t  a t  least  meet, and p o s s i b l y  exceed,  t h e  r eqa i r emen t s  
p l aced  on  t h e  ins t ruments  used i n  t h e  Pioneer  and Voyager miss ions .  For 
in s t ance ,  t h e  Pioneer  1 0  i n s t r  ? n t  was required to posses s  an accu racy  of 
0.025 nT and a s e n s i t i v i t y  of U.01 nT. That ins t rument  was r e q u i r e d  to  have a 
l a r g e  dynamic range  since t h e  f i e l d  o f  J u p i t e r  was known to  be s e v e r a l  times 
1 Os nT. 
r e s i s t a n c e  t o  s u b s t a n t i a l  nuc lear  r a d i a t i o n ,  and t h e  maintenance of c a l i b r a t i o n  
under these  c o n d i t i o n s  f o r  a p e r i o d  of  yea r s  dere a l s o  t h e  .equi red  c h a r a c t e r -  
istics of t h e  ins t rument  ( r e f .  1 9 ) .  Furthermore,  t h e  new ins.-ument m u s t  be 
a b l e  t o  make vec tor  meaturements as r equ i r ed  i n  p l a n e t a r y  and i i .  e r p l a n e t a r y  
magnet ic  f i e l d  measurement miss ions .  It appea r s  l i k e l y  t h a t  an electron-beam 
d e f l e c t i o n  ins t rument  inco rpora t ing  t h r e e  mutua l ly  o r thogona l  beams, de r ived  
€ran a common f i lament  e l e c t r o n  source ,  couid be developed to  meet a l l  t h e s e  

In  a d d i t i o n ,  minimal weight ,  a b i l i t y  to wi ths tand  launch v i b r a t i o n s ,  
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c r i t e r i a .  (It may even be possible to  make a two-component f i e l d  de te rmina t ion  
with a s i n g l e  beam instrument  using a microchannel p l a t e  d e t e c t o r  f o r  measuring 
image-spot s h i f t . )  With f u r t h e r  developnent and improvement i n  its beam-spot 
s h i f t  d e t e c t i o n  procedure, it is p o s s i b l e  t h a t  t h e  s e n s i t i v i t y  requirement  
could be exceeded. T h i s  might prove to be an important  c o n s i d e r a t i o n  s i n c e  
sane space missions may very w e l l  r e q u i r e  g r e a t e r  s e n s i t i v i t y  t h a n  can be  
provided by t h e  e x i s t i n g  magnetometers. 

De tec t ion  o f  Phencsnena Products  by F a s t  Magnetic T r a n s i e n t s  

Sane o f  t h e  most i n t r i g u i n g  as w e l l  as p r a c t i c a l  p o t e n t i a l  uses  of an 
unproved electron-beam magne tme te r  have y e t  to be made. I n  fact ,  a whole 
new f i e l d  o f  "maqnetic s ic jnature  a n a l y s i s "  can be expected to complement o t h e r  
forms of  spectroscopy. The b a s i c  c h a l l e n g e  w i l l  be to develop a p r a c t i c a l  
a n a l y t i c a l  device of high s e n s i t i v i t y ,  with a response time i n  t h e  lO-'-sec 
regime. Using charge-coupled dev ices  i n  con junc t ion  with microchannel p l a t e  
amplif' xs, exceedingly small electron-beam displacements  can be c o r r e l a t e d  to 
f a s t  ti a n s i  e n t s  . 

In t h e  g e n e r a l  area of power t r ansmiss ion  and d i s t r i b u t i o n  systems, t h e r e  
e x i s t s  a need f o r  p r e c i s e l y  l o c a t i n g  underground f a u l t s  and monitor ing electric 
u t i l i t y  s u b s t a t i o n  c i r c u i t r y .  The d e t e c t i o n  of corona i n  high-vol tage t r a n s -  
mission l i n e s  and/or t r ans fo rmers  p r e s e n t s  another  cha l l enge .  I t  has been sug- 
gested t h a t  the  real-time " t r ack ing"  of l i g h t n i n g  storms may be amenable to 
measurement by means of t h e  remote s e n s i n g  of l i g h t n i n g  by multiple magnetme- 
ters. The f i n a l  product  t e s t i n g  of arc i n t e r r u p t e r s  also makes use  of magnetic 
s i g n a t u r e  a n a l y s i s ,  for t h e s e  dev ices  a r e  "packaged" so t h a t  a c h a r a c t e r i z a t i o n  
of the  arc d i scha rge  cannot be measured by o p t i c a l  or classical electrical mea- 
surements.  Switches of a l l  t ypes  could ,  i n  p r i n c i p l e ,  be monitored remotely by 
means of t h i s  new form of nondes t ruc t ive  t e s t i n g .  Of course, some r e f e r e n c e  
magnetic signatures would have to be e s t a b l i s h e d  i n  order to  i n d i c a t e  what is 
"normal," as opposed to those  c h a r a c t e r i z e d  by i n c i p i e n t  f a i l u r e .  

There  also e x i s t s  a growing need for on-l ine,  n o n i n t i u s i v e ,  r ea l - t ime  mon- 
i t o r i n g  of motors and r o t a t i n g  machinery. P rope r ly  i n t e r f a c e d  to a computer, 
e l e c t r a n a g n e t i c  s i g n a t u r e s  could complement o t h e r  methods of checking e l e c t r i c a l  
brushes and o v e r a l l  systems i n t e g r i t y .  The f a c t  t h a t  small  magnetic t r a n s i e n t s  
can a l s o  accompany impact phenanena of some m a t e r i a l s  a l s o  s u g g e s t s  a p o s s i b l e  
a p p l i c a t i o n  i n  loose-parts monitoring. 

With an u l t r a f a s t  response time, an electron-beam magne tme te r  can be u t i -  
l i z e d  i n  t h e  presence of s lowly varying f i e l d s  ( i .e. ,  60 Hz). I n s t a b i l i t i e s  i n  
plasmas, t h e  magnetic t r a n s i e n t s  a s s o c i a t e d  w i t h  a r c s ,  i o n i z i n g  gases ,  and t h e  
minute c u i r e n t  v a r i a t i o n  i n  s o l i d - s t a t e  c i r c u i t r y  a r e  a l l  amenable to magnetic 
monitor ing aril t e s t i n g .  I n  r e sea rch ,  it would also appear t h a t  magnetic s ig -  
n a t u r e  a n a l y s i s  could u l t i m a t e l y  be adapted for selected s t u d i e s  i n  electro- 
chemis t ry  and a p p l i e d  qhys ic s .  
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I t  has been shown t h a t  it should be possible to  c o n s t r u c t  an e!ectrobr-bam 
d e f l e c t i o n  magnetaneter w i th  a s e n s i t i v i t y  of  <O.O! n r .  U s e  of a c u r r e n t - t +  
frequency conve r t e r  might push t h e  s e n s i t i v i t y  of such a d e v i c e  ts a much lower 
value or a i g h t  permit the  s i z e  and/or coun t ing  i n t e r v a l  to be re9ured belw t h e  
proposed va lues  of 55 an and 1 sec. Indeed, t h e  f a c t  t h a t  such a n  -nsti 'umer+ 
should produce a response of 4.31 x l o 4  Hz/nT (compared w i t h  3.cc IP 'n? for a 
cesim vapor m a g n e t m e t e r )  would scm t o  i n d i c a t e  t h a t  a n  i n s t r u m c i t  which  
would r e p r e s e n t  ar enormous improvement i n  s e r s i t i v i t y  and/or res;. I : z  t i m t  

might be cons t ruc t ed .  Such an in s t rumen t  might have sane l i a b i l i k i e s  Ior use 
i n  nass-spectrameter f r i n g e  f i c l d  mapping or archaeological siirvzying, bb*t i t  
has  d e f i n i t e  possibilities for use  i n  t r a n s i e n t  magnet ic  a n a l y s i s  i n  l a r g z  sys- 
tem d i a g n o s t i c s ,  geophysical  p rospec t ing ,  and p o s s i b l y  i n t e r p ? - a r e t a r y  magnet ic  
f i e l d  s t u d i e s .  

Langley Research Center 
N a t i o n a l  Aeronaut ics  and Space Admin i s t r a t ion  
Hampton, VA 23665 
November 1, 1979 
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APPENDIX A 

RIGB RYIXSERG ATOMS As MONOENERGETIC ELECTRON SOURCE 

Recent advances i n  atamlc a y s i c s  have made it p o s s i b l e  to excite a t u n s  to 
very high quantum s t a t e s .  For t h e s e  high (idberg states, t h e  Bohr node l  is 
i e g i t i m a t e l y  va l id .  For example, the hyd. agen- l ik s  states near the contintiurn 
may be daf ined by 

where E, is the ;S e l e c t r o n  b ind ing  energy and II is t h e  p r i n c i p a l  ~ i i a n t u m  
number of t h e  excited s t a t e .  The radius of orbit  n is 

where ro is t h e  1s orbit r ad ius .  As is obvious f-om equa t ion  ( A X ,  the 
atoms i n  the h igh  Rydberg s ta tes  can a t t a i n  ve ry  large dimensions. 
c i rcumstances,  t h e  excited state e l e c t r o n  is so f a r  away from the rest of t h e  
atomic charge t h a t  t h e  atan beha:.es l i k e  a weakly bound hydroyenic atom. when 
t h e s e  high Rycikrg state  atoms collide w i t h  gaseous molecules,  t h e  follwilrg 
type of i n t e r a c t i o n  takes place: 

Under t h e s e  

A* + B + A* + (I3 E )  (A31 

Because of t h e  l a r g e  radi l :  of t h e  Rydberg orbit ,  t h e  i n t e r a c t i o n  between t h e  
molecule and t h e  Rydberg e l e c t r o n  takes place almost  independent ly  of t h e  
A' core. .he A t  core merely acts as a spctator i n  p rov id ing  an =l.most 
free e l e c t r o n  ( t h e  binding eneryy En i n  t h e  Rydberg atom is 120 mV) 
(refs. 21 and 22). 

B 

It  is t h e  purpose of t h i s  appendix to i n d i c a t e  t h a t  equatim (A31 can 
provide a means of producing n e a r l y  mooochromatic low energy e l e c t r o n  beams. 
If t h e  Rydberg atoms can be produced i n  well-def'ned h igh  n states, a 
c o l l i s i o n a l  i o n i z a t i o n  experiment of t h e  type  i l lus t ra ted  i n  f i g u r e  A1 can 
provide a beam of electrons of energy E5 

(hecause 6 20 mv) (A41  

The fo l lowing  technique is suggested for Sroducing R ! ~ 4 b t ~ j  a t m s  i n  w e l l -  
dezined s t a t e s  (see f i g .  A 2 ) :  a selected i n e r t  gas ;tomic beam is subjected 
to  two pulsed dye lasers pmped synchronously by +.',e sme N2 laser. One dye 
laser is used to  saturate a s u i t a b l e  atomic s t a t e ,  which car. then be exciLea 
to highe;. Rydberg s t a t e s  by t h e  second t u n a b l e  laser. 
a r e  then allowed to ~ S S  through a H e  gas chamber, where electr., .is of energy 
Etherrnal - En (Of order of a few m i l l i v o l t s )  a r e  produced. These near-  
zero energy electrc 
ure A1 to  o b t a i n  IC, 

These high Rydberg atolls 

a r e  then  f u r t h e r  a c c e l e r a t e d  i n  t h e  manner shown i n  f i g -  
ncrgy e l e c t r o n  beams of d e s i r e d  energy. 
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APPENDIY A 

A n  alternate scheme for producing near-monoenergetic electron beams would 
involve f i e l d  ionization cf t h e  Rydberg atoms. 
time of about 1 m s e c ,  is applied to  a pair of conducting plates, 1 cm apart, to 
produce on t h e  atoms a pulsed electr ic  f ie ld  of t h e  order of 1000 V/cm. The 
f ie ld  ionizes the  Rydberg a t m s  and accelerates the electrons through a grid 
placed i n  the upper conducting plate. 
concept. 

A pulsed voltage, rising i n  a 

Figure A3 shows a schematic of t h i s  
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APPENDIX B 

ELECTROSTATIC ANALYZERS AS MAQUETOMETERS 

Electrostatic a n a l y z e r s  focus  charged p a r t i c l e s  i n  an a n g l e  and disperse 
them according to  the i r  energy. They may t h u s  be used as monochromators to 
d e f i n e  and select t h e  energy o f  e l e c t r o n s  t h a t  are t h e r m i o n i c a l l y  emitted. 
Energy-selected e l e c t r o n s  might be used i n  a magnetometer to a v o i d  ch romat i c  
a b e r r a t i o n  i n  focusing,  to decrease t h e  spot s i z e ,  and to i n c r e a s e  t h e  uni- 
fo rmi ty  w i t h  which t h e  electrons are d e f l e c t e d  by t h e  magne t i c  f i e l d .  
e l e c t r o s t a t i c  ana lyze r  might also be used as an e l e c t r o n  l e n s ,  r e p l a c i n g  t h e  
lens used i n  the h o r i z o n t a l ,  rectilinear electron-beam magnetometer (ref. 14). 

An 

A number of  e l e c t r o s t a t i c  ana lyze r  d e s i g n s  are a v a i l a b l e  f o r  use i n  a mag- 
netometer:  s p h e r i c a l ,  127O c y l i n d r i c a l ,  c y l i n d r i c a l  mirror, f i r s t - o r d e r  paral- 
lel plate, and second-order p a r a l l e l  plate. The a u t h o r s  are aware o f  no l i t e r -  
ature on t h e  e f f e c t s  of small magnet ic  f i e l d s  on ana lyze r s .  For the purpose o f  
p r e s e n t i n g  such a d i s c u s s i o n ,  we choose to examine t h e  simplest ana lyze r ,  t h e  
f i r s t - o r d e r  p a r a l l e l  plate ana lyze r ,  a l t hough  it may be t h a t  t h e  second-order 
parallel  p l a t e  ana lyze r ,  or t h e  c y l i n d r i c a l  mirror a n a l y z e r ,  would prove more 
u s e f u l  i n  the a c t u a l  design of a magnetometer because of  t h e  s t r o n g e r ,  second- 
order focus ing  p r o p e r t i e s .  

Cocsider an e l e c t r o n  i n c i d e n t  on t h e  e n t r a n c e  slit of a parallel plate 
ana lyze r  a t  an ang le  8 w i t h  t h e  lower plate and a t  a speed o f  vo. (See 
f i g .  B1.1 I f  an electric f i e l d  E, directed along n e g a t i v e  Y-axis, e x i s t s  
between t h e  p l a t e s  to d e f l e c t  t h e  e l e c t r o n ,  then e q u a t i o n s  of motion are: 

-. 
x = o  

.. eE 
Y = - - =  a 

m 

where a is the  a c c e l e r a t i o n  and e and m are t h e  charge and mass of 
t h e  e l e c t r o n ,  r e s p e c t i v e l y ,  subject to t h e  i n i t i a l  c o n d i t i o n s  

x(0)  = y ( 0 )  = 0 

and 

i r ( o )  = vo e 

j r ( O )  = vo s i n  e 

I n t e g r a t i o n  of t h e  e q u a t i o n s  of  motion l e a d s  to  

x = (vo cos O ) t  



APPENDIX B 

so t h a t  t h e  time requ i red  for t h e  e l e c t r o n  to  r e t u r n  to y = 0 is 

VO 

a 
t* = 2 - s i n  0 

a t  which time t h e  e l e c t r o n  has covered a range R i n  the x-d i rec t ion ,  which is 
given by 

2v02 s i n  0 cos a vo2 s i n  20 .. - 
a a 

It is e a s y  to  s h o w  t h a t  t h e  range is a maximum for 0 = "/4, so that f i r s t - o r d e r  
focus ing ,  dR/de = 0, occurs for t h i s  angle .  The maximum range  is given by 

vo2 2K 
% = - = -  a ma 

where K is the k i n e t i c  energy of t h e  n o n r e l a t i v i s t i c  e l e c t r o n .  

If a weak magnet ic  f i e l d  B, 
negat ive  Z-axis, the equations of motion become 

is also presen t  and directed a l o n g  t h e  

with 
I n t e g r a t i o n  of these equa t ions  l e a d s  to 

w = e B d m ,  subject to  t h e  same i n i t i a l  cond i t ions  p rev ious ly  given. 

S ince  w e  are a n s i d e r i n g  smal l  magnetic f i e lds ,  !Jt << 1 and mo << a. We 
may t h u s  expand these l a s t  two equa t ions ,  r e t a i n i n g  f i r s t - o r d e r  terms i n  3, 
to o b t a i n  

1 4  
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W wa 
2 6 

x = (vo cos e ) t  + (v0 s i n  8)- t 2  - - t 3  

1 

2 
y 21 (vo s i n  3 ) t  - -(a + wo cos e ) t 2  

One can see that t h e  magnetic f i e l d  changes t h e  range of t h e  e l e c t r o n  i n  t h e  
ana lyze r  by changing t h e  time t h e  e l e c t r o n  remains i n  the ana lyze r  and by 
a l t e r i n g  t h e  x component of v e l o c i t y .  The t i m e  r e q u i r e d  to  r e t u r n  to y = 0 
is 

2vo s i n  0 

a + uvo cos 4 
t* = 

Using t h e  f a c t  t h a t  
f i e l d  correct to f i r s t  order i n  

8 = S/4 for t h i s  ana lyze r ,  t h e  range i n  t h e  weak  magnet ic  
wvo/a is then  found to be 

and t h e  ckange i n  t h e  range AR caused by t h e  magnet ic  f i e l d  is 

Using equa t ion  (B1 01, t h i s  may be w r i t t e n  as fol lows:  

m 
AR = - 

F ina  11 y , 

This  should be compared w i t h  t h e  corresponding d e f l e c t i o n  
weak  magnetic f i e l d  Bo i n  a s imple dev ice  d i s c u s s e d  on paoe 4, where hy is 
given by 

hy produced by a 

J2 



A P P m I X  B 

Thus, for dev ices  of similar l e n g t h ,  L = k, tne ra t io  of the  d e f l e c t i o n s  is 

4R 

*Y 
- -  - 2  

Thus t he  d e f l e c t i o n  i n  t h e  parallel plate ar.aT.fzer would be twice as g r e a t  as 
i n  a simple dev ice  of similar s i z e .  I n  a d d i t i o n ,  t h e  u s e  of an ana lyze r  as a 
mnochrana to r  would decrease t h e  spot s i x e  ar-3 would i n c r e a s e  t h e  u n i f o r m i t y  
w i t h  which t h e  magnet ic  f ie ld  deflects t h e  e l e c t r o n s  i n  t h e  beam. 
would, of course, be achieved a t  t h e  cost of  a loss i n  electron-beam i n t e n s i t y .  
F i g u r e  B1 shows a conceptual  des ign  of d lor. ene rgy  e l e c t r o n  magnetaneter u s ing  
focused e l e c t r o n  beams. 

These gains 
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Figure A1.- Schematic diagram for producing monoenergetic electron beams. 

Figure A2.- Schematic diagram for producing low energy electron beams of 
well-defined energy. 

RYOBERG ATOMS % 
-// HIGH VOLTAGE PULSE 

DYE LASER ;I 
t DYE LASER 2 

N2 - LASER t 
Figure A3.- Suggested scheme of experimental setup for field ionization of 

Rydberg atoms. Region of interaction between Rydberg atomic beam and 
lasers 1 and 2 becomes source of field emission electrons. 
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