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The	  experiments	  
•  The	  fountain	  atomic	  clock	  
– Paucity	  of	  slow	  atoms	  in	  a	  beam	  
– A	  really	  precise	  clock	  with	  laser	  cooling	  

•  The	  cosmic	  background	  as	  a	  velocity	  reference	  
– The	  galacJc	  interstellar	  dust	  got	  in	  the	  way	  
– The	  right	  choices	  for	  COBE	  

•  Tired	  light:	  cause	  for	  the	  Hubble	  expansion	  
– QED	  works,	  photon/photon	  collisions	  do	  not	  
– Experimental	  evidence	  for	  LIGO	  



Relevant	  properJes	  of	  atomic	  clocks	  

•  Single	  isolated	  quantum	  systems	  
– Well	  defined	  states	  and	  energy	  levels	  
– Each	  Cs	  atom	  the	  same	  as	  the	  next	  
–  Independent	  of	  epoch	  (maybe	  not?)	  

•  Accuracy:	  anyone	  can	  set	  it	  up	  and	  get	  the	  
same	  answer	  –	  control	  of	  systemaJcs	  

•  Precision:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  n	  atoms	  (no	  systemaJcs)	  

Δf
f
= 1
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= 1
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single	  atom	  

= 1
f × tobs n



Breit	  –	  Rabi	  plot	  Cs	  hfs	  energy	  vs	  B	  field	  
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Rabi	  magneJc	  resonance	  apparatus	  



Small	  Cs	  clock	  



Smithsonian	  exhibit	  



Ramsey	  separated	  oscillatory	  field	  excitaJon	  



The	  Atomichron:	  NaJonal	  company	  



The	  big	  clock:	  Zacharias	  fountain	  

 tobservation 1sec

Δf
f
= gh
c2

= 5x10−13 Jungfrau / valley

Δf
f
~ 10−10 per	  atom	  

Einstein	  red	  shi]	  



Velocity	  of	  atoms	  in	  a	  beam	  

I(v)= 2I0v
3

α4 e
− v

2

α2 dv α= 2kT
m

~2x104 cm / sec Cs	  @	  373K	  

I(h2 − h1) = I0

2h0
2 h2

2 − h1
2( ) ~  I0 × 2x10−6

Beam	  intensity	  between	  two	  heights,	  h/h0<<1	  

h0 =
α2

2g
~ 2.5km

h2=5m	  	  h1=3m	  	  
	  	  

v2
α

≈ 122





Scaling	  for	  the	  fountain	  

Quadrupole	  focusing	  magnet	  
uses	  steel	  magnet	  image	  
surface	  of	  structure	  for	  other	  
poles	  
	  
	  	  	  

Gears	  to	  make	  corrugated	  sheet	  
alternaJng	  with	  flat	  sheets	  for	  a	  
mulJtube	  Cs	  oven	  





Pulse	  measurement	  of	  velociJes	  

Apparatus	  had	  been	  extended	  through	  
the	  next	  floor:	  h2	  =	  6m,	  t0=27	  millisec	  



Big	  clock	  velocity	  data:	  what	  went	  wrong	  

QCs/Cs = 2x10
−13cm2

Idet ected = 10
6atoms / sec

Joven = 3x10
14 atoms / sec/ cm2

60	  hits/slow	  atom	  
for	  t/t0=22	  

Fast	  atoms	  scager	  
slow	  atoms	  in	  the	  
beam	  
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Cosmic	  Background	  as	  velocity	  reference	  

•  CriJcal	  issues	  a]er	  discovery	  of	  the	  Cosmic	  Background	  
–  Is	  the	  spectrum	  thermal	  –	  a	  Planck	  distribuJon	  in	  frequency	  
–  Is	  the	  angular	  distribuJon	  isotropic	  
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Peak	  in	  wavenumbers	  at	  2T	  

Spectrum	  

T(θ)=
T0 (1− v

2

c2
)

1− v
c
cos(θ)

Anisotropy	  due	  to	  moJon	  of	  detector	  relaJve	  to	  last	  scagerers	  
	  

Best	  esJmate	  in	  1970’s	  :	  v/c	  =	  1	  x	  10-‐3	  
due	  to	  rotaJon	  of	  our	  galaxy	  



Spectrum	  1972	  -‐	  1978	  

1972	  
1978	  

	  D.Muehlner	  



MIT	  anisotropy	  instrument	  
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Moon	  seen	  in	  anisotropy	  instrument	  



First	  look	  and	  the	  disaster	  



Small	  beam	  anisotropy	  instrument	  



Small	  beam	  results	  

D.K.Owens	  



GalacJc	  map	  of	  30	  cm-‐1	  data	  

2mK	  

M.	  Halpern	  



Dipole	  a]er	  much	  turmoil	  
(1988)	  



Astrophysical	  Foregrounds	  



COBE	  



COBE	  results	  

Comparing the Big Bang spectrum with Theory

Based on 9 minutes of 
data

55	  and	  90	  GHz	  DMR	  channels	  

First	  FIRAS	  data	  



Earth’s	  velocity	  around	  sun	  



Tired	  Photons:	  chipping	  away	  by	  collisions	  	  Finlay-‐Freundlich	  hypothesis	  
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LETTERS TO THE EDITOR 
Red-Shifts in the Spectra of Celestial Bodies" 

Stars of high surface temperature, that is B-stars (T-20 000"~)  and 0-stars 
(T-30000"~), show a very marked red-shift of their spectral lines. This is 
especially noticeable in the case of the stars embedded in the Orion Nebula, since 
in that case it is possible to deduct from the observed red-shifts the red-shift 
due to the recession of the system as a whole. If one considers these stars, it 
is found that, relative to the Orion Nebula itself, the B-stars show a systematic 
red-shift corresponding to a recession velocity of 11.4 km sec-l and a similar 
discussion of 0-stars gives a red-shift corresponding to 17.6 km sec-l.? 

I n  earlier discussions it was suggested that this red-shift might be due to 
the relativistic gravitational effect. From the known masses and radii of B-stars 
it follows, however, that the gravitational effect would only lead to red-shifts of 
the order of 1.2 km sec-l, which are by a factor 10 smaller than the observed red- 
shifts. 

While the observed red-shifts in the case of B- and 0-stars are by far larger 
than the relativistic red shifts, in the case of the sun the situation is just the 
opposite. I n  this case most detailed and accurate data are available, but while 
the theory of relativity predicts a red-shift Ahjh = 2 x the red-shift in the 
centre of the solar disc is only 8 x although the relativistic value is reached, 
and even surpassed, at the limb. A careful analysis of the red-shift in the solar 
spectrum shows that it follows the law Ah/h = a  + b sec 8, where 0 is the angle 
between the line of sight and the solar radius to the point where the line of sight 
cuts the solar surface. 

It is tempting to try to account for all these red-shifts by one process and we 
suggest the following formula : 

In  eqn (1) Ah/h is the relative red-shift, T the temperature of the radiation field 
through which the light has passed and I the length of its path through the 
radiation field. 
for T = 20 OOO'K, I = lo7 cm, which are the values for a B-star. Formula (1) implies 
that the red-shift is due to a loss of energy in the intense radiation field, perhaps 
due to photon-photon interactions. 

It turns out that eqn (1) can well account for most of the observed red-shifts. 
For the sun we get Ah/h =2-7 x sec 8, while the observed value of b is 
3.0 x 10-7. The constant term a may be due to a gravitational effect, which in 
that case would be about five times smaller than the theoretically predicted 
constant red-shift. 2 

I n  the case of A-stars eqn (1) predicts a red-shift of about 0.6 km sec-1, while 
the observed red-shifts lie between 0.1 and 0.9 km sec-l. In  the case of 

* A  more detailed account of the subject matter of the present note can be found 
elsewhere (Freundlich 1954 a, b). 

t I would like to express my thanks to T. E. Slebarski for critically discussing the 
available data. 

$ It is of interest to note that the red-shift in Sirius B, which can only be due to a 
gravitational effect, is also about five times smaller than the theoretical value. 

Ahjh = AT41, A = 2 x cm-l deg-4. ......( 1) 

The constant A is chosen in such a way that Ah/X=3 x 
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supergiant M-stars T is very small, but their enormous atmospheres-about a 
thousand times more extensive than the solar atmosphere-lead to expected red- 
shifts of about 5 kmsec-l. It is found that lines formed at the top of the 
atmosphere are, indeed, displaced by about 5 km sec-l to the violet with respect 
to lines formed at the bottom of the atmosphere. I n  the case of Wolf-Rayet 
stars (T240000"~)  eqn (1) leads to red-shifts of the order of 100 km sec-l, which 
also have been observed (Wilson 1949). 

Finally, it seems tempting to apply formula (1) to the case of the cosmological 
red-shift or Hubble effect. In  that case Ah/h is about 0.0008 for every million 
parsec ( = 3 x 1024 cm). Using eqn (1) this leads to an intergalactic temperature 
of about 1 .5"~ ,  which does not seem to be an unreasonable value. 

The  Observatory, 

7th December 1953. 
University of St. Andrews. 

E. FINLAY-FREUNDLICH. 

FREUNDLICH, E. F., 1954 a, Giittinger Nachr., No. 7; 1954 b, Phil. Mag., 45, in the press. 
WILSON, O., 1949, Ashophys. J., 109, 76. 

On the Interpretation of Freundlich's Red-Shift Formula 
Freundlich (1954) has suggested that his red-shift formula Av/v  = - AT41 

cm-l deg-4) may be interpreted as an effect of photon-photon 
The first step is to 

(A =2  x 
collisions. 
write the equation in a dimensionless form, 

I have investigated whether this is possible. 

AV l u  - = -c- - ...... (1) 
V 10 U0 

where U = aT4 (a = 7.66 x 
to Stefan's law. 

erg ~ m - ~  deg-4) is the radiation density according 
If one takes for Io and uo the atomic constants 

1 
(h, = Compton wavelength) 

(one electron per cube ZO3) 

A n  
mc2 6c 

U -- =-  

Io = g = mc 
...... (2) 

0 -  i03 4 4  

&C 
one has 

and obtains 

a value so near to unity that the assumptions (2) seem to be justified. 

Zouo = 2 = 5.54 x 1014 erg cm-2 ...... (3) 
10 

c= l,u,&1.45, ...... (4) 
a 

A simple analysis of (1) then leads to the result that it can be written in the form 

where n is the number of photons per unit volume and x the wavelength 
corresponding to the mean frequency of the radiation field defined by U = ntiw. 

Hence the red-shift can be explained as a sequence of N photon-photon 
collisions with an effective cross section lo2, each of which produces a small change 
in wavelength or frequency 

Ah/h = - Av/v  = CNh,/x, N = lloan ...... (5) 

Shjh = ch,/x, 6v  = - cv;/vo. ...... (6)  



Quantum	  electrodynamic	  photon-‐photon	  scagering	  

photon-‐photon	  cross	  secJon	  for	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  CM	  system	  	  	  	  	  	  H.Euler	  	  (1936)	  
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mean	  free	  path	  of	  a	  green	  photon	  in	  the	  3K	  cosmic	  background	  radiaJon	  

 
λ= 1

σ(γ ,γ )ncmb
 8x1062 cm  8x1044

Finlay-‐Freundlich	  hypothesis	  has	  nothing	  to	  do	  with	  QED	  

light	  years	  



The	  interferometric	  test	  of	  Finlay-‐Freundlich	  

results	  
Δf
f
= kL

Khubble=8.3x10-‐29	  /cm	  

Kexperiment=3.0x10-‐39	  /cm	  assuming	  scagering	  
varies	  as	  number	  of	  photons/cc	  

G.	  Blum	  
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