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An extension of the 1962 Denisyuk method to record reflection holograms in Lippmann emulsions has per-  
mitred us to reconstruct monochromatic images with white light (e. g. sun) and demonstrate possibilities of 
simulating three-dimensional gratings for crystallographic studies. 

Fig. l a  shows an a r r angemen t  which we have 
used for record ing  ho lograms  of two- or t h r ee -  
d imens iona l  objects in such a way that i l lumina t ion  
of the hologram with ord inary  sun- l ight  (or other 
white light, e .g .  f rom a flash light), as  infigo lb  
will produce a ' s i n g l e - c o l o r '  image of the object 
by wavefront  r econs t ruc t ion .  An example of a 
r econs t ruc t ion  of the image of a grasshopper  
which we have obtained with sun- l igh t  i l lumina t ion  
of such a hologram is  shown in fig. 2. The o r ig i -  
nal  object  in this case was a 24 x 36 mm 2 Koda- 
chrome t r a n s p a r e n c y  placed at about 1 inch f rom 
the photographic plate (along the z -d i rec t ion) ,  so 
as to produce a ref lect ion ve r s ion  of a ' p ro j ec -  
t ion'  hologram [1], by record ing  in 6328/~ l a se r  
light. Recons t ruc t ions  with t h r ee -d imens iona l  
objects,  both diffusing and speculary  ref lec t ing  
have been equally successful .  

The physical  p r inc ip les  of holographic imaging 
with the method i l lu s t r a t ed  in fig. 1 may be r ead -  
ily given in s imple  t e r m s .  Basica l ly  the ' s i ng l e -  
color '  se lect ion in the r econs t ruc t ion  with white 
light may be a t t r ibuted  to a mul t i l ayer  i n t e r f e r ence  
effect, r esu l t ing  from the s t ra t i f ica t ions  of the 
emuls ion  caused in the r ecord ing  fig. l a  by the 
i n t e r f e r ence  between the r e f e r ence  field and the 
field sca t te red  by the object,  very  much like in 
the or iginal  Lippmann color photography method 
[2], f i r s t  descr ibed  in 1894. The spacing of the 
s t ra t i f ica t ions  (along the z -d i rec t ion)  in the r e -  

1 • cording is  ~Xzn case where both fields a re  plane 
waves incident  normal ly  on the plate.  In the case 
of sca t te r ing  by an a r b i t r a r y  object (fig. la),  the 
mu l t i l aye r  s t ra t i f ica t ion  maxima are  local ly 
displaced along z, according to the local values  

* Parts of this work were first publicly presented by 
G.W.Stroke on 5 January 1966 in the board room at 
the National Science Foundation, Washington, D. C., 
by special invitation from Dr. John M. Ide, NSF Di- 
vision Director for Engineering. 
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Fig. la. Recording (in laser light) of crystal (grating)- 
like hologram capable of b. reconstructing single-color 
images upon white-light illumination, using a Lippmann- 

Bragg diffraction effect. 

of the phase of the resu l tan t  sca t te red  e l e c t r i c -  
field vector  (as m e a s u r e d  with respec t  to the 
r e fe rence  field). In addition, the resu l tan t  local 
in tens i ty  modulat ion of the p rocessed  photo- 
graphic emuls ion (in depth, say along z, for a 
given x -coord ina te  in the plane of the hologram) 
is  de te rmined  by the r e su l t an t  magnitude of the 
sca t te red  field vector .  

In the r e scons t ruc t ion  (fig. lb) white- l ight  
i l lumina t ion  of the hologram from the re fe rence  
beam side produces ,  just  like from a diffract ing 
crys ta l ,  one spec t ra l ly  se lec ted  s ing le -co lo r  
' r econs t ruc t ed  wave' ,  capable of forming  an image 
by wavefront r econs t ruc t ion ,  according to the 
p r inc ip le s  f i r s t  descr ibed  by Gabor in 1948 [3]. 
In the ' r econs t ruc t ed  wave' ,  (1) the local phase 
modulat ions  a re  de te rmined  by the local d i s -  
p l acemen t s  of the ref lec t ing  mul t ip layer  s t r a t i -  
f icat ions,  (2) the local ampli tude modulation is  
de te rmined  by the local  in tens i ty  modulation of 
the hologram,  and (3) the color select ion is  ob- 
ta ined by Bragg diffract ion from the gra t ing-  
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like s t ra t i f i ca t ions .  (The spacing of the s t r a t i f i -  
cat ions may be sui tably var ied  by omit t ing photo- 
graphic fixing and other techniques [6, 7]. 

A bas ic  theory of this  type of ref lect ion holo-  
gram record ing  was f i r s t  given by Yu. N. Denisyuk 
in 1962 [4], for the case  when the object  was 
actual ly i l lumina ted  through the hologram, r a the r  
than with a separa ted  beam (split before the in -  
cidence on the hologram,  as in fig. la).  An ex-  
pe r imen t  with m i r r o r s  used as objects and r e -  
cording with m e r c u r y  light was also descr ibed  
by Denisyuk, but no photographic r e su l t s  were 
shown, p re sumab ly  because  of the well known 
diff icul t ies  of r ecord ing  good holograms before 
the advent of l a s e r s  [3]. The readi ly  obtained 
very  good r e su l t  which we show here  was ob- 
tained with sun- l igh t  r econs t ruc t ion  from a holo-  
gram recorded  in 6328/~ l a s e r  light. (Equally 
good and readi ly  observable  images  a re  obtained 
with very  sufficient  b r igh tness  with the light f rom 
a smal l  pocket f lash light. )(It may be of i n t e r e s t  
to note that an a r r a n g e m e n t  s im i l a r  to that which 
we use  for the record ing  of L ippmann-Bragg  
ref lec t ion  holograms has been descr ibed  in ref .  5. 
for the purpose  of demons t ra t ing  the poss ibi l i ty  
of us ing " inver ted  r e f e r ence  beam" i l lumina t ion  
in the r ecord ing  of 'monochromat ic  t r a n s m i s s i o n  
ho log rams ' ,  such as those in genera l  use  h e r e -  
tofore, and not for the purpose  of r ecord ing  the 
'whi te- l ight  ref lec t ion  ho log rams '  which we des -  
cr ibe  here .  The inver ted  r e f e r e n c e - b e a m  i l lu -  
minat ion in the record ing  of t r a n s m i s s i o n  holo- 
g r ams  has the impor tan t  advantage,  pointed out 
in r e f ' 5 . ,  of pe rmi t t ing  one to place the r e fe rence  
m i r r o r  c lose  to the l a s e r  source ,  r a the r  than 
next to the dis tant  object,  when a sufficient coher -  
ence length [1] in the l a se r  is  avai lable .  Ref lec-  
tion images  from conventional  ' t r a n s m i s s i o n '  
ho lograms upon i l lumina t ion  with monochromat ic  
l a s e r  light have also been widely observed.  In a 
genera l  way all methods of holography are  based 
on the or iginal  work by Gabor E3 ].) 

The theore t ica l  descr ip t ion  of the white- l ight  
ref lect ion holography p roces s  which we desc r ibe  
he re  may be readly  given in the form of a 'modu-  
lated L ippmann-Bragg  r e f l ec t ion -g ra t ing '  f o rmu-  
lat ion.  Detai ls  will be given in a more  extensive 
publ icat ion [6]. For  the case  of a sca t te red  field 
desc r ibab le  by A (x)exp i~(x) on the hologram 
surface(x-plane) ,  say upon norma l  incidence 
along the z -d i rec t ion ,  and with the r e fe rence  
field a lso  incident  along the z -d i rec t ion ,  the 
in tens i ty  recorded  in the hologram emuls ion may 
be wri t ten as I(x, z)  cc 1 + A(x) cos{2kz + ~(x)}, 
where k = 2y/~ and k is  the record ing  wavelength. 
I l luminat ion  with a 'p lane '  whi te- l ight  wave r e -  
cons t ruc t s  the field A (x)exp i ~(x) in a s ingle 
wavelength by a holographic L ippmann-Bragg  
diffract ion p roces s  f rom the t h r ee -d imens iona l  

Fig. 2. Image of a grasshopper reconstructed with sun- 
light illumination of a hologram according to fig. lb. 
(The original 'object' in this case was a 24><36 ram2 
Kodachrome transparency, placed at about 25ram in 
front cf the hologram which was recorded in 6328~ 
laser light, see text.) Very bright, sharp images were 
obtained by reconstruction from the same hologram 
upon illumination with only the light from an ordinary 

pocket flash light. 

gra t ing descr ibed  by the equation. 
(It may be of i n t e r e s t  to note that pa r t i cu la r ly  

b r i l l i an t  r econs t ruc t ions  a re  obtained in this  
m a n n e r  by record ing  the hologram in an a r r a n g e -  
ment  where the sca t te red  field is  brought to 
focus, say with a lens ,  at some dis tance behind 
the hologram,  on the r e f e r e n c e - b e a m  side, after  
the i l lumina t ing  beam has been sca t te red  by the 
object, e .g .  the t r anspa rency  used in the r e c o r -  
ding of the hologram for fig. 2. Among many other 
exper imenta l  r e f inement s  which we have i nves -  
t igated, we have also found most  useful  the tech-  
n iques  of t r ea t ing  Lippmann emuls ions  descr ibed  
by Ives [7 ] in 1908, especia l ly  in control l ing the 
spacing of the e lementa ry  s t ra t i f ica t ions .  ) 

In our ref.  6. we shall  a lso fur ther  d i scuss  
extensions  of our method of ' re f lec t ion  holography'  
to the genera t ion  of t h r ee -d imens iona l  c r y s t a l -  
l ike gra t ings  in photographic emuls ions ,  which 
may be of a pa r t i cu l a r  in te res t  for the purpose  
of s imula t ing  c rys ta l lographic  la t t ices  for dif-  
f rac t ion s tudies  in the v i s ib le - l igh t  domain,  and 
poss ib ly  for s impl i fying or aiding some aspects  
of X - r a y  image synthes is ,  e .g .  in c rys ta l lography 
and prote in  s t ruc tu re  invest igat ions .  Applicat ions 
to i n t e r f e rome t ry ,  spectroscopy as  well as to 
color holography, among others ,  have also ap-  
peared  to be poss ible .  

We wish to especia l ly  acknowledge most  f ru i t -  
ful conversa t ions  with Gi lber t  B. Devey which 
were  at the or igin  of genera t ing  our i n t e re s t  in 
inves t iga t ing  poss ib i l i t i e s  of 'whi te- l ight  holo- 
graphy ' ,  such as that descr ibed  here .  We a lso  
wish to acknowledge the in t e re s t  and frui tful  
conversa t ions  with seve ra l  col leagues,  notably 
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with R. C. Res t r i ck .  We a r e  m o s t  grateful for  a 
mos t  generous  grant  f rom the National Science  
Foundation in support  of ma jo r  pa r t s  of our r e -  
sea rch .  
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The electrical breakdown of a gas by a high voltage pulse will excite various sound waves. The propaga- 
tion of an axial shock wave and a radial standing sound wave in afterglow plasmas ha~ been studied by 
means of Tonks-Dattner r e s o n a n c e s .  

Recent ly ,  we have been using the e l e c t r o -  
acous t ic  Tonks -Da t tne r  r e s o n a n c e s  to m e a s u r e  
e lec t ron  dens i t i e s  [1] and e lec t ron  t e m p e r a t u r e  
t r ans i en t s  [2 ] in nob le -gas  af terglow p l a s m a s .  
During these  inves t iga t ions ,  we a lso  obse rved  
pe r tu rba t ions  on the Tonks -Da t ine r  r e sonance  
c u r v e s  due to sound waves  in the neut ra l  gas.  

Other  i nves t i ga to r s  [3 ] have r e p o r t e d  on a 
standing sound wave, or  a shock with Mach num-  
ber  ve ry  c lose  to unity, following the breakdown 
of the gas in a d i s cha rge  tube with a r ec t angu la r  
c r o s s  sect ion.  They de tec ted  the sound wave in 
the pa r t i a l ly  ionized gas  by means  of the changes 
that w e r e  produced  in the t r a n s m i s s i o n  of a 
m i c r o w a v e  signal  and in the intensi ty  of the r e -  
combinat ion light.  By m e a n s  of the new Tonks -  
Dat tner  r e sonance  technique,  we have d i s c o v e r e d  
a r ad ia l  sound wave following the e l e c t r i c a l  b r e a k -  
down of the gas  enc losed  in a cy l indr ica l  d i s -  
charge  tube. The  breakdown pulse  a l so  produced 
a shock wave that  t r a v e l e d  pa ra l l e l  to the tube 
axis .  

A schemat i c  drawing of the hot f i l ament  d i s -  
charge  tube i s  shown in fig. 2. Fo r  s impl ic i ty ,  

*This work was supported in part by the Air Force 
Cambridge Research Laboratory, Office of Aerospace 
Research, under Contract No. AF19(628)-4183. 

370 

we have excluded al l  e l ec t ron ic  equipment.  A 
m i c r o w a v e  signal  was applied to the s t r ip  l ine,  
which could s l ide along the tube. The dipolar  
e l e c t r i c  f ield between the a r m s  of the s t r ip  l ine 
will  exci te  local  e l ec t roacous t i c  r e sonances  at 
ce r ta in  e lec t ron  dens i t i e s .  The exci tat ion and 
detect ion of these  r e s o n a n c e s  is  well  known f rom 
the l i t e r a t u r e  [4]. The mic rowave  signal that i s  
r e f l e c t e d  f rom the p l a s m a  c a r r i e s  with it in -  
fo rmat ion  per ta in ing  to the Tonks -Da t tne r  r e s o -  
n a n c e s a s  seen in fig. 1. Th is  i s  an en la rged  
p ic tu re  showing only the f i r s t  r esonance .  Of 
pa r t i cu l a r  i n t e r e s t  h e r e  i s  the modulat ion of the 
r e sonance  curve .  Higher  o rde r  r e sonances  ex-  
hibit  a s i m i l a r  modulat ion.  The ampli tude of 
this  modulat ion was found to i n c r e a s e  with the 
e l e c t r i c a l  energy d iss ipa ted  in the tube. T h e r e -  
fore ,  in the following m e a s u r e m e n t s ,  we used 
max imum avai lab le  breakdown energ ies ,  which 
were  of the o rde r  of 0.1 joule.  The per iod  r o of 
the modulat ion was found to be independent of 
neu t ra l  gas p r e s s u r e s  f rom 1-10 T o r t  and inde-  
pendent of exci t ing f r equenc ie s  between 500 and 
1800 Mhz. We also found that the per iod  did not 
depend on the posi t ion of the s t r ip  l ine along the 
tube. F u r t h e r m o r e ,  m i c r o w a v e  heating of the 
e l e c t r o n s  did not change ~'o" Finally,  the modu-  
lation was v e r y  weakly damped, s ince  it  could 
be obse rved  as  la te  as  2.5 m s e c  af te r  breakdown. 


