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WLARIZATION CORRELATION OF PHOTONS EMITTED IN AN ATOMIC CASCADE

Carl Alvin Kocher
University of California
Berkeley, California

ABSTRACT

This thesis describes observations of the correlation in linear
polarization of two photons emitted successively in an atomic cascade.
1
Calcium atoms in an atomic beam are excited optically (4 S0 ~61pl)
by ultraviolet continuum radiation from a high-intensity low-voltage
H2 arc lamp.

Photon pairs emitted in the cascade 6

Q

III
So ~ 4 PI 44 So

Q

(5513A and 4227A) are detected by conventional photomultipliers fitted
with rotatable linear polarizers of the Polaroid type.

The coincidence

counting rate, recorded by a time-to-height converter and multichannel
pulse-height analyzer, is found to be consistent with the theoretical
correlation

(El ·E2 )2,

polarizations.

I;.;

'-'

where El and E2 denote the observed linear

1

I.

INTRODUCTION:

AN OUTLINE OF THE EXPERllo1ENT

One of the most remarkable· features of the quantum theory is its
prediction of correlations in systems of several particles.
ment made on one

particl~

A measure-

can affect the result of a subsequent measure-

.ment on another particle of the same system, even though the particles
may be non-interacting and separated in space. "The experiment described
in this thesis is an attempt to observe a photon polarization correlation
in a two-stage atomic cascade.

An isolated atom, optically excited,

returns to the ground state by way of an intermediate state, with the
spontaneous emission of t"10 successive photons.

Quantum theory predicts

that a measurement of the linear polarization of one photon can detennine
precisely the linear polarization of the other photon.
The plan of the experiment is simple:

photon pairs from excited

atoms are counted in coincidence, the coincidence rate being recorded
as a function of the observed polarizations.

If the cascade is chosen

so that the photons have wavelengths in the visible

region~

then the

linear polarizers can be of the Polaroid type, and photomultipliers serve
as single-photon detectors.
Several major reqQirements affect the choice of atonic levels for
the cascade.

First, and most 'important, the photon energies must be

large enough to allow photodetection with high quantum efficiency.

In

other words, the spectral lines should be near the blue end of the
\j

spectrum.

Second, the atoms should have zero nuclear spin, for the

hyperfine interaction iorould give rise to a mQltiplicity of total angula:'
momentum states ;Ii thin each level.

If h;y-perfine 's tructure were present,

cascades involving different sets of total angular momentQm states

2

might be observed in the various atoms of tbe ensemble, and the photon
pairs would not necessarily display the same correlation.

Finally, the

atom must have chemical properties and vapor pressure characteristics
which permit the construction of either a resonance bulb or an atomic
beam.
After an extensive search through tables of atomic energy levels,
the cascade 61 So

41 P
l

-7.

.11So in calcium (
Fig.)
1 was selected as the

-7L~

best candidate for the experiment.

Calcium vapor reacts with glass and

would destroy the transparency of a quartz cell.
to design an atomic beam oven for calcium.

It is, however, feasible

The wavelengths of the
o

cascade photons '1 and '2 are suitably short:
respectively.

\::: 5513A and

'2

0

= 4227A,

In the naturally occurring mixture of calcium isotopes,

virtually all of the atoms (99.8710) have zero nuclear spin [H-2].
1
initial atomic state6 S is Simple, with spherical
o

The

s~met!~, and there-

fore the method of excitation does not affect the polarizations of the
1
Since the 6 S state cannot be excited directly, the
0
1
calcium atoms are excited from the ground state to the 6 P state
l

observed photons.

o

(A ::: 2275A).

The excitation radiation is generated by a lOi-I-vol tage

H2 arc la'l1p, which emits an intense ultraviolet continuu.rn.
reson~~ce

A calcium

flow-la'll}) is unsuitable because it would produce a very large
O·

undesirable 4227A background which couJ.d not be removed effectively
by available filters (Section TV, Part C).

Optical interference filters,

o

installed in the excitation la'l1!> (2275A) and in. the detector asse:rlolies
o

0

(5513A and 42 2 7A) are necessary to reduc~ photor:-,uJ.tiplier pickup of stray
light from the oven and la'l1p.

A sketch of the basic appc.ratus is sho:,m

3

(
5000

em

-1

- -

-

-

-

-

-

-

-

-

-

-

fiRST IONIZATION LIMIT

"

4000
1

(4s4d}4 0 2 - 1

(4s5s}55 0 - 3000

----'!~ (4s4p) 4

1

PI

(4s3d}3 10 2 - 2000

1000

Fig. 1.

Level scheme for calcium.

4

in Fig. 2.

'-

The techniClue of time analysis permits a direct display of the
coincidence rate as a function of delay time.
multipliers are fed int6

a time-to-height

Pulses from the photo-

converter.

Its output pulse

amplitude, proportional to the time delay between the'll and 'l2 pulses,
is analyzed by a
..

multichannel pulse-height analyzer.

The exponential

1

4 P1 state can be observed in this way; its mean life is
known to be 4.5 X 10-9 sec [8-4]. Coincidence counts contribute to
decay of the

the time correlation peak in the analyzer display [K-3].

-.
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Schematic diagram of apparatus, top view.
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THEORY

The theory of polarization correlations is well known.

will discuss two approaches to the 'problem.

This paper

The first consists of an

explicit demonstration that the conservation laws of angular momentum
and parity imply a definite correlation in the photon polarizations
[F-l, W-2, Y-l].

The second exploits the rotational symmetries of

the states which take part in a cascade.

Because of its generality,

the latter approach is usually taken in the development of the theory
of angular correlations of radiations emitted by nuclei [B-6, F-3].
The annihilation of singlet positronium serves as a particularly
suitable example of the first method.

Linear momentum conservation

req.uires that in the center-of-mass reference frame the two garmna-rays
must be emitted in oppos'i te directions, with equal energies.

Two

polarization states which have the necessary zero total angular momentum
are 1++) (both photon helicities positive) and 1--) (both helicities
negative).

Since the initial particle-antiparticle pair has odd parity,

the correct final state It) is the linear combination of 1++) and 1--)
which has odd parity.

I-~) is defined to be the state obtained when the

pari ty operator is applied to 1++) •

Consequently, the parity operator

!..--[! ++) - 1--)]·
.[2
To write I'¢!) in terms of orthonormal base states I~) and Iy) of

transforms 1--) into 1++) •

Thus It) ==

definite linear polarization, we must define x- and y- axes which are
perpendicular to the emission direction.

By defining a separate set of

axes for each photon, we avoid the inconvenience of a left-handed coordinate
system for one of the photons.

The zl- and z2-axes, in opposite senses,

7

will be chosen along the propagation directions.

The Yl - and y 2 -axes

will be in the same sense, and the xl-and x 2 -axes will be oppositely
directed.

For either photon,

,1+)

= 2:.( Ix.> + i Iy. ») and
.[2

I-)

1

1

=

2:. ( Ix 0)

.[2

1

- i IYo) ) •
1

When these states are substituted into the expression for I~), the terms
having real coefficients subtract away, leaving

Let

~l

and

~2

be the angles between the polarizer axes and the

corresponding x-axes.

Then the probability amplitude is (~1~21~) for

the observed linear polarization state 1~1~2).

This amplitude is a

coherent superposition of the amplitudes (~1~2IxlY2) and (~1~2IYlx2)'
which interfere to produce the polarization correlation.
. probability is P

= 1(~1~21~)12.

The coincidence

This is the probability that both photons

Since I~o) ; cos ~ilxo) + sin ~o Iyo),
1
1
11·
h
the corre 1 a t-10n 1S g1ven b y P = 12 S1n2 ( ~2 + rn)
't'1 or p = 12 S1n2 m
't', were
are transmitted by the polarizers.
O O

~

0

0

is the angle between the polarizer axes.

0

In particular, the coincidence

probabilities for parallel and perpendicular polarizer axes are P
and PJ.

1

II

=0

= 2·

These arguments may be applied also to the photon pair 1 , 12 emitted
1
in the cascade in calcium.

However, by this method it is possible to

consider only the special case of anti parallel photon directions.

The

parities of the initial and final atomic states are even, and therefore
the photon state must have even parity:

8

I~) = ~[I++) + 1--)]·
.[2 .
The corresponding coincidence probability is P =

1

.2 cos

2

~.
',;

The second approach to the polarization correlation calculation
will yield this same result.

It is a method appropriate for the case

of photons emitted by an atom or nucleus, because there will be no
restriction on the angle

e between

the photon momenta (Fig.

3).

As

in

the positronium example, the coincidence probability is written as
the square of a probability amplitude for the transition from the given
initial state to the observed final state.

The system includes the

radiation field as well as the material particles, and the observed
final state is characterized by the momenta and polarizations of the
emitted photons, as well as by the final state of the atom.

If Ii), 1m),

and If) are the initial, intermediate, and final states, respectively,
for the system, and if HI is the interaction Hamiltonian which couples
the atom to the radiation field; then the final-state amplitude is the
coherent sum

a f "'"

I

(fIHllm)(m/H' Ii).

m

Constant factors will be dropped, and the time dependence of the amplitudes will be omitted.
1
1
1
In the cascade 6 So ~ 4 P ~ 4 So in calcium the initial and final
l

atomic states are simple, so that mixed ensembles are not involved.
description of the spontaneous emission of photons requires that the
radiation field be quantized.

The interaction is

A

9

"

/

Linear

Detecta~/~~l
I

#2

/

Atom

Fig. 3.

General y-y linear polarization correlation experiment.
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~ ~

H' ,... A'p ,.., -

1

.[w

~~

t -ik·r
~.p a e
,
~

~

~

~

where A is the vector potential, p and r are the momentum and position
~

of the electron, and where wand k are the energy and momentum of the
~

emitted photon.
polarization.

is a unit vector in the direction of the photon

The creation operator at for the observed photon has

a radiation-field matrix element

to unity.

e~ual

Thus, for electric dipole transitions,

a f ""

L(fl~2·1Im)(ml~1·1Ii).
m

atomic states
In the usual notation IJM) for the atomic states, this expression may
be written

a f ,...

L(001~2·1IlM)(lMl~1·1I00).
M

The operator

s-

I

/lM)(lMl

M

is a scalar with respect to rotations, and the matrix element
(00/1 S 1/00) is therefore a multiple of the unit dyadic.
a f ""

~1'~2

2
and P = °l a f I ,..,

(~1·~2)2.

Accordingly,

This result is the probability

that the photons Yl and Y2 will be observed with polarizations
It holds for an arbitrary angle

e between

~l

and

~2'

the observed photon momenta.

If the photon polarizations are not observed, then the coincidence prob-

11

ability is a sum over the two polarization states for each photon:

In the experiment of interest,

e

is fixed and equal to:l!.

Thus

1
2
P = 2" cos cp, where cp is the angle between the axes of the polarizers,
and where the normalization factor

L

! is chosen in order that

P = 1-

polarizations
For an ideal experiment in which there are no accidental coincidences,
P would represent the ratiu of the coincidence counting rate with
the polarizers in place to the rate when they are removed.

With the

axes of the polarizers parallel and perpendicular, respectively, we
1
expect PI! = 2" and P1 = O.

The effect of an external magnetic field will be considered in
Appendix B.

12

III.

THE PROBLEM OF MULTIPLE SCATl'ERING OF RESONANCE RADIATION

A hig}} coincidence counting rate is desirable but not easily achieved
in this type of experiment.

The coincidence rate, proportional to the

rate at which atoms are excited, increases monotonically with the density
of atoms in the atomic beam.

Unfortunately, it is necessary to limit

the beam density in order to reduce the reabsorption, trapping, and
multiple scattering of resonance radiation.

These effects result in

the loss of photon polarization, discussed in detail by Barrat [B-1].
A semiclassical treatment, to be presented here, is

~uite ade~uate

for

a determination of the maximum beam density which assures negligible
multiple scattering of Y2 photons.
When "wh?-te" light passes through an atomic beam, the band of
fre~uencies

absorbed in a resonance line will depend on the angle a

between the photon momenta and the axis of the beam.
directed along the axis

(a = 0),

broadening and a Doppler shift.

the absorption line will show Doppler
On the other hand, light directed

perpendicular to the beam axis (a
natural linewidth.

If the light is

= ~)

will be absorbed only within the

A general value of a will be considered.

denote the absorption coefficient for light of

fre~uency

Let

w passing through

an ensemble of stationary atoms whose most probable absorption
is.w'.

~(w,w')

fre~uency

The absorption coefficient is defined to be the probability of

absorption per unit macroscopic distance traveled.

Similarly, let

~(w)

.be the absorption coefficient for an ensemble of atoms in motion, such
as an atomic beam.

The Doppler spread can be

d~scribea

by a distribution

pew') such that P(W')dw' is the probability that an atom has a Dopplershifted center fre<luency between wI and Wi + dw'.

The absorption

13

coefficient for the ensemble of moving atoms is

!l ( W)

-

"

==

fo ~
rxl

(

W ,W I ) P ( WI) dw I •

The integral of !lew) over all frequencies is independent of p(w 1 ) because

f o ~(W,WI
.
rxl

is independent of w'.

)dw

Iln

6V ~ ~
6V • Doppler
N
D
max
max
broadening therefore reduces the absorption coefficient at the center of
a resonance line.
in calcium is 6V

N

Approximately)

The natural linewidth for the 41pl ~41S0 transition
~ 30 MHz, whereas the maximum Doppler width (a == 0)
0

for a calcium beam at 1000

K is 6V

D

~ 1000 MHz.

Clearly multiple

o

scattering is far less probable when 4227Aresonance radiation passes
along the beam axis than when it is directed perpendicular

t~

this axis.

o

A similar problem arises when 2275A continuum radiation is incident
on an optically dense calcium beam.

After the light has passed only a

short distance through the beam} the radiation at the center of the
resonance line may have been removed completely.

Under these circum-

stances the total excitation rate decreases slowly as a is increased from
0, and drops very sharply in the immediate vicinity of a ==

1C
2.

For these

reasons the experiment is arranged so that neither the excitation light
nor the observation axis is directed perpendicular to the atomic beam.
The oblique angles are about ~ in both cases (Fig. 2).
In an atomic beam the distribution of atomic velocities is
Mv

2

3 - 2kT
p()
v ..... v e
,
M being the atomic mass and T the source temperature.

If the light is

14

directed at an angle a with respect to the beam axis, then an atom
moving with speed v has a most probable absorption frequency w' given
by the Doppler formula
w' - w
o
w
o

v

= -c

cos a,

where w is the center frequency for an atom at rest.
o

Thus

2

p(w') ,..,

- wO)2 sec 2a] if
( w' - w0 ) 3 sec 3 a exp [ - Mc
2kT (w'. w
o

{ o if

w'

Wi>

w0

< wo •

Because ~(W,WI) is much narrower than pew'), the shape of ~(w) is
determined almost entirely by pew').
when a is very close

to~.

This approximation is valid except

If we define x ; x(w - w )' where A is the
o

Einstein spontaneous-emission coefficient for the transition, then

~(x)

=

K sec 3 a . x 3 e ~t3x

2

S(x).

Here sex) is the Heaviside unit function and

A is the wavelength corresponding to w.
o
for the natural line has the Lorentz shape
~o

~(x) =

1 + x

2

.

The peak absorption is
~o =

3n,,2
2;-

[C-5, H-5],

The absorption coefficient

15

where n is the number density of atoms in the beam, and where the factor
of 3 is the statistical weight of the P-level.

The constant K is

determined by the normalization condition

Thus

,

.

and therefore,

The peak value attained by ~(x) is
e
max = 211: (23 )

-3/2

J"p ~0 = 2.58 J"f3 ~0 •

J.L

~max is proportional to A3A, for given values of M, T, n, and a.
From Table I, Section IV, the A-coefficients for the relevant resonance
transitions are A4227

= 2.2

8

X 10

sec-

l

and

~275 = 3.3

X 10

7

sec-

l

The

ratio of the peak absorption coefficients is
o

~max (4227A)
b

~max (2275A)

The ratio is large, and consequently the limiting value of n is due to
o

multiple scattering of Y2 photons (4227A) rather than to loss of excitation
o

(2275A).

The dimensionless parameter f3 may be treated as a constant,

since it varies slowly with the absolute oven temperature T.
if M = 4 0 amu,

'
4 .23 X 10 -5 em, A
1\ =

= 2.2

~

.
108 sec - 1
,a

Numerically,

= 411: '

and

16

T - 1000oK, we obtairi the valuet3 == 2.6

X

4

10- •. ,

o

.

The maximum vaiue of the· 4227A absorption coefficient is therefore
!-L

max

=

4.2

X

10

-2

!-L •

o

For an· exCitation region whose typical dimension

is L, multiple scattering will be of minimal consequence if I-Lmax $

E.

This somewhat arbitrary criterion determines the maximum alloYTable value
of n.

n
max

=

1

4.2

X

10- 2 L .

Taking L = 1 cm for the atomic beam geometry used in the experiment,
we find that n
= 3 X laI° atoms/cm3 .
max

The beam density should not

exceed this limit, which is approximately the optimum density.

17

IV. .AN ESTIMATE OF THE COINCIDENCE COUNTING RATE
1

The calcium atoms are excited from the 4 So ground state to the

61 p state (2275A).
1

The expected rates of emission of the cascade

photons Y and Y will depend on various transitibn rates, in addition
2
l
to the intensity of the excitation source and the density of the atomic
beam.

61 PI

Most important is the branching ratio for the transition
~6

1

So to the initial state for the cascade.

rate calculations

re~uire

Theoretical transition

the evaluation of reduced matrix elements, which

are integrals involving radial wave functions.
numerical integration would be prohibitive.

The labor

re~uired

for

For the present purpose,

the transition rates can be computed to sufficient accuracy by means
of a Bates-Damgaard calculation [B-2, G-2].

This is a Coulomb approxi-

mation, in which the potential is replaced by its asymptotic form.
The Einstein A-coefficients given in Table I were computed by the
method of Bates and Damgaard.
Moore [M-2].

The term assignments are those of

o

For the 4227A resonance line there is surprisingly good

agreement (within 5%) between the calculated rate and the Hanle-effect
measurements reported by Lurio, de Zafra, and Goshen [L-4] and by
Smith and Gallagher [S-4].· There is also good agreement (wi thin 20%)
with hook-method measurements of relative oscillator strengths for the
resonance lines, published by several groups working in the Soviet
Union [0-1, 0-2, S-3].
strongest lines.

Most of these data are restricted to the

From Table I we can estimate that as many as 25%

(conservatively, at least 10%) of the excited atoms which do not return
1
directly to the ground state will enter the 6 s

o

state.

Since most of

18
TABLE I.

Ein,stein A-Coefficients for calcium, computed by the
Bates-namgaard" approximation
0

Initial state
41 p

1

Final state
1
4 8
4ls

5~1

1

0

A(sec-1 )

4221

8
2.2 X 10

2398

6
9.5 X 10

1
5 80

3.9

X

6
10

4~2

1.5

X

6
10

1
4 8

6 1p

0

,,(A)

0

2215

7.5

X

6
10

3.3

X

6
10

1
4 n

6.0

X

105

2

1
5 n2

X

6
10

51 8 0

2.8

X

6
10

6 18

4.1

X

105

1.1

X

6
10

2.5

X

4
10

8.6

X

2
10

1.2

X

103

1.6

X

107

6 8

2.1

X

103

1.7

X

6
10

4.2

X

6
10

3.0

X

103

0

0

71 8 0

2201

0

1
7 80
41 n
2
1
5 n2
6 1n
2
1
4 Pl

1

4.4 X 105
1.4

418

71 p
1

3.3 X 107

1
5 80
6 18

Q

1
5 p

1

41 p
1
1
5 P
1
1
6 p
1

<-

5513

~
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1

the remaining atoms reach the 4 P level by other routes, the rate R of
l
/2 emission will be about 10 times the rate of '1 emission·
detector counting rates are Nl
,L

= 10 -1

T)lR and N2

are the overall efficiencies of the detectors.
•

rate (with polarizers removed) is Nc

= 10

-1

==

The single-

T)2 R, where 1'11 and TJ2

The expected coincidence

T)1T)2R.

Table I indicates that

R should be approximately one fourth of the total excitation rate Rtot
1

for the transition 4 8

0

~6

1

Pl.

Thus R can be predicted if we know

the density of the atomic beam, the intensity of the excitation light
1
from the H2 lamp, and the A-coefficient for the 4 8

0

~6lpl transition.

o

When the 2275A excitation radiation passes through the calcium beam,
the

~ransmitted

power per unit area and per unit wavelength decreases

exponentially with the distance z:

At the optimum atomic beam density n, the total absorption probability
Awavelength
) Z ] " ) ./\ is fairly small for the 4227A0 line and
[1 - e - I J . (at
o

even smaller for the 2275A line.

Therefore the exponential can be

expanded to yield a simple expression for the power lost in the
distance z:
"\00

P

=

ozIo

I~I.J .

lJ.(x)dx

_00

where a is the cross-sectional area of the light beam.

The volume oz

will be set eClual to the volume V of the excitation region, which is
approximately 0.7 cm3 .

If we neglect excitations due to multiple
o

scattering, the total excitation rate at 2275A is

20

An intensity measurement taken with a radiation thermopile shm-Ts

that the ultraviolet intensity at the ,excitation region is approximately
2
2
3 X 10 ~watt/cm.

o

This is I

integrated over the 300A passband of the
o
,
0
2
interference filter; therefore I ~ 10 erg/(sec.A ·cm). The geometry of
o
the lamp and the details of the thermopile measurement will be described
in Section V, Part C.

If n

=3

10
3
7
-1
X 10 /cm and A = 3.3 X 10 sec ,then

R
~ 8 X 107 excitations/sec and R ~ 107/sec.
tot

An additional uncertainty
o

in this value arises from the fact that the 300A passband of the filter is
1

so broad that P-states other than 6 P are excited to some extent.
l

The

o

excitation of higher levels, up to the ionization limit at 2028A, contributes
to the useful population of the initial state for the cascade.
1

However,

1

0

the 5 P state (2398A) lies below the 6 So state, and its excitation
l
contributes only to the number of 'l2 photons not preceded bY'll photons.
A study of Table I and a knowledge of the transmission spectrum of the
filter (Section V, Part D) suggest that these complications should not
increase the ratio N /Nl by more than about 40%.
2
The detector efficiencies
to be approximately 10- 3 .
rate is N
c

= 10

-1

~,

to be discussed later, will be shown

With these values the predicted coincidence

~1~2R ~ 1 count/sec (polarizers removed).

This rough

estimate indicated that the polarization correlation experiment could be
performed successfully, although long observation times are
Sources of noise will be considered in a subsequent section.

re~uired.

.-,
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V.

THE EXPERrnENTAL APPARATUS

A.

Vacuum System
Figures 4 and 5 show the layout of the source chamber and the

I'. .

adjoining excitation chamber, to which are attached the
the detector assemblies, and the vacuum pumps.
standard vacuum techniques are ,employed.

~ydrogen

lamp,

Brass construction and

Only the two main chambers

are evacuatedj there are two oil-type diffusion pumps.

The source chamber

requires a large pump to remove the water vapor and other gases given
off when the oven is heated to operating temperature.
A liquid nitrogen trap is included in the top flange for the main
chamber.

A similar trap attached to the source chamber was found to be

unnecessary, as the fresh layer of calcium metal accumulating on the
steel bulkhead acts as an efficient getter.

The pressure in the source

chamber is monitored by a VGIA ion gauge, and is typically 5 X 10
during operation of the oven.

-6 Torr

Cutoff flags for the atomic beam and the

excitation light are adjustable through Wilson seals.
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H2 LAMP (see Fig, 8)

Beam inspection window,
Vacuum window

Refrigeration coils
Mu-metal :hield
5513 A filter
\

"Q/~ug

Photomultiplier
#2

Photomultiplier
til

)

RCA 7265

RCA 8575

~=EXCITATION
\

CHAMBER

mount

Gloss insulation plate
Filter heating coil

Lampblack deposited
on inside walls and baffles
Steel collimating pipe
and light shield
seal
. / StaInless steel bulkhead
/

~

o
A d - 0 U R C E CHAMBER

To d;"""oo p"m~

Fig. 4.

~

Cross-section of apparatus, top view.

2

4

6

Centimeters

8

10
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Fig. 5.

The apparatus.

This photograph shows the source chamber (left

center), excitation chamber (center), and photomul tipl ie r assemblies.
The excitation lamp is mounted on the far side.
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Fig. 6 . . An overall view of the apparatus.
the background.

The RCL analyzer is shown in

25

Atomic Beam Oven

B.,

The chlciumbt;!aIDoven (Fig. 7) is'~{large size (6.5 x 3.~ x:4~4,cm)
The \load~ng w~ll ,: loc~ted 'at therear,

.and of conventional design [R-l].

cylii1d~j.cal

is a

yolume 2 ~O cm in diame.ter

a~d 3.0

j

cmin height',1

fi~teq"

wi thats..Pered J?lug.A filll;load' copsists of< about 12 gm of calci1:,lIl1 in

,the fo~of,'a' soiid cylinder,turned down 'on a lathe' to,tl1eappropriate
Eight, heating coils'su~roui1d, the
well.
.

size.

Extending from the well

"

. .~

.

.

" , .

)

"

• to the,orif;ice .. at the front· face:.,of. tpe oven
.

. '.

.

.

..

\'

./

/.

... .

diameter;. surra.unded by sixteen ;h~ating .co·i,ls .. The 'orif:Lce
•

';';'

•

j ,'.

'.

'

.

.\

~

,

.

·0.5 em. in .

is~Channel

J tself

is

.

~

an in'sert }laving
a~ cirtUlar
aperture 0'.27
em in' . diameter.'
.
. '.
....
.'

,"

~(,

~.

.. O:riginB.lly the oven was 'made ffom cold~rOll~d.,s,teel.' However,
the inne:;- walls of thewell'beca:me' slightly etched, ~d calcium leaked
,

out aroUnd the edge of the pl1lg,; . Appa.rently th:Ls'difffcul ty was' the
result of a che,ni::Lcal reaction between s'teela.nd'
calcium vapor.
at '1000
.
.

0

\,",

A satisfaCtory 'o~e~and ,plug were
'r

K.

machi~ed:6·om~abiock6f;tantalum.

i~ a.ccomplish~ci
.

Therinalisolation . for the oven
.

Pi'n~ount'
and
"
.

bya

-~'.\

by a horizontal slot which separates, the channe:r regiorr,',from' the bottom
surface of the ,oven.

The heating coils a~c1wound( 'from t~taluni wire
•

,<

.

"',,

. ~:

•

."

_.

ofO~03B-cm d;i.ameter and' are set iIi s~ctionsof ceramic tubing.

variacscontrol the heaters.for the channela:pd the well.

'peparate

'rh~ corresponding

temperatures at the front and rear areniO~i tored bych-romel-:-alwnel
/

.

thermocouple
jurictions inserted into small'holes drilled in the top of
.
the. oyen.

.The operating temperature at ;the front .is 'abotit25° higher ~han

at the rear,. to insure that conden'sation of calcium vapor doe's not occur
in the channel.
A simple kinetic theory calculation shows that a vapor pressure of
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Fig. 7.

Atomic beam oven for calcium.
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1
approximately 10- Torr will provide the optimum beam density
n

=3

10
X 10
atoms/cm3 at the excitation region, which is 21 cm from

the front of the oven.
0

1000

K.

Calcium attalns this vapor pressure at about

This operating temperature is reached when the oven heaters

dissipate about 550 watts, in rough agreement with the dissipation
expected from Stefan's law.

Since the vapor pressure varies rapidly

with oven temperature, the thermocouple reading does not permit accurate
determination of the beam density.
o
The melting temperature of calcium is 1110 K, somewhat above the
normal oven temperature.

However, in early tests there was a tendency

for the orifice to become obstructed with melted metal.

The calcium

sample then in use was found to contain aluminum, which melts at 930

o

K.

Substitution of redistilled calcium solved this problem.
When a brass bulkhead was employed in front of the oven, the calcium
deposit tended to flake off and fall into the path of the beam.

Equally

serious, a cloud of calcium vapor was reflected back toward the oven.
At high beam densities, the cloud would form an unstable discharge around
o

the oven heaters.

The 4227A resonance radiation emitted by this discharge

would scatter into the '2 photomultiplier, causing an enormous counting
rate of unwanted pulses.
;

A test with a number of metals revealed that

calcium would stick well to a bulkhead of stainless steel #304.

When

a new stainless steel bulkhead and beam-collimating pipe were installed,
the discharge did not recur.

In addition, the calcium layer adhered so

uniformly that the thickness of the deposit could be measured with a
micrometer.
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The measured thickness 9f the calcium layer at the first collimating
_ ~li t pcrmj.ts ?- rea~)Qnably: accurate calculation (wi thin lO~) of the
quanti ty of calcium which has passed through in the bearD..

I'le can

therefore predi ct the running time t for the des ired bema dens i ty n:

t :::

where

[

--

reNo
8t-lkT

1 -. distance from oven opening to collimating slit

::: 7 cm

L

:::

distance from oven opening to excitation region. :::,,,:21 cm

p

:::

density of solid Ca ::: 1.54 glll/cm3

D

:::

thickness of Ca layer

:::

0.095 cm after a full oven load

has been exhausted
N ::: Avogadro's number
o

For these values the density n ::: 3 X lol0/cm3 will be maintained if
t

~

30 hours.

There is no simple way to calculate the precise variac

settings for this length of runj they are best learned by experience.
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c.

Excitation Source:

A-High-Intensity Low-Voltage H2 Arc of
Simplified Design

",

Special attention must be devoted to the urgent need for obtaining
-,

.

- • !

l
the highest possible excitation rate 4 S0
beam.

~ 6l pl (2275A) in the atomic

In a calcium resonance flow-lamp having a

~uartz

window, this

transition would receive about 10 -4 of the power concentrated in the
o
1
1
strongest resonance line (4227A), 4 PI ~4 So [G-l].

Even the best

available ultraviolet interference filters transmit approximately 0.1%
o

0

at 4000A (and no more than 25% at 2275A).

For a flow-lamp with one

0

filter, the intensity ratio I

o

(4227A)/I

0

-

region would be about 40.

0

'

(2275A) at the excitation
0

0

Since ~max (4227A)/~max (2275A) = 43 -(Section

o

III), the 4227A excitation rate in the atomic beam could easily be a
disastrous 103 times the 2275A.rate.

If the 4227A line were blocked

by additional interference filters, there is good reason to doubt that
I

o

o

(2275A) would be sufficient to satisfy the excitation reqUirement.

Excitation by electron bombardment leads to the same difficulty, as again
o

the 4227A transition would be the most readily excited, because it has
by far the largest dipole matrix element.
A high-intensity continuum light source in the ultraviolet
an attractive solution to the excitation problem.

offers

High-voltage mercury

and xenon lamps of very high pressure (5 to 20 atmospheres) are commercially

.'

available.

In

~uartzenvelopes
o

might be useful down to 2200A.
~uasi-continuum

they emit an ultraviolet continuum which
In the case of Hg, the spectrum is a

due to pressure broadening of strong spectral lines.

In both the Xe and the Hg lamps the spectral density is considerably
o

greater in the visible region than in the vicinity of 2275A [B-3].

A one-kilowatt Hg lamp having a narrow O.l-cm diameter capillary

'..
(Pek Laboratories type C) was tested as a possible excitation source.
The total intensity in the. visible region was very high, and could not
have been reduced adequately by interference filters.

A simple quartz-

prism spectrometer was installed between the lamp and the excitation
chamber.
o

It was designed to remove the visible light and to pass a
0

300A band at 2275A.

Narrow slits were reqUired.

Even when the spectro-

meter was carefully aligned, its output contained excessive visible
light, demanding the use of an interference filter at the exit slit.
o

Unfortunately, the intensity at 2275A was insufficient.

After it became

clear that this arrangement was unsatisfactory, the search for a more
suitable excitation source led to consideration of a molecular hydrogen
arc lamp.
The H2 spectrum displays an ultraviolet continuum which extends
from about 4500A to beyond 1800A.

The spectral profile is smooth in

this region, with no discrete lines or other sharp prominences; it has
o

0

a gradual peak between 2300A and 2500A [L-3].

According to the theory

of Winans and Stuekelberg [C-2, R-3, w-4], this continuum arises from
molecular transitions between the relatively stable lsa2sa3~

g

state and the unstable lso2po3~

u

excited

lower state, which dissociates into

unexcited atoms having kinetic energy.

Theoretical calculations for

these transitions in H2 and D2 are in satisfactory agreement with
the observed intensity distribution [C-4, J-l].

The large spread in

photon energies is due to contributions from a number of vibrational
levels belonging to the upper state •. For some reason, not well understood, the lamp output may be greater with D2 gas than with H2 [S-5].

.-

.-
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The highest-intensity H2 lamp available commercially (the Hanovia
"lamp) has a large, fragile, glass envelope and reqUires high voltages
;p'

(several kilovolts).

Low-voltage, high-current H2 arc lamps have been

described which provide between 50 and 100 times the intensity available
from commercial H2 sources (K-4].

A number of articles have been

published which furnish construction details for rugged metal-cased
low-voltage d.c. arcs, claimed to be reliable and of simple design
[A-l, F-2, H-4, R-2].

Except for the lamp described by Rendina [R-2],

they are in fact quite intricate and have complicated electrode arrangements.
The Rendina lamp is of brass construction and is easily built.
employs a dispenser cathode of the type pioneered by Hull [H-8].

It

A d.c.

voltage is applied between cathode and anode, and a heating current is
passed through the cathode to initiate the discharge by thermionic
emission.

The cathode consists of a cylindrical molybdenum screen

filled with barium aluminate granules.

It is protected by a molybdenum

shield supported by standoff insulators.

The heating current can be

turned off during lamp operation, as the cathode is kept hot by
positive ion bombardment.

The radiation from the discharge passes

through an exit hole in the anode, a small aluminum button fitted into
the body of the lamp.

.,.

The brass lamp body constructed for this experiment (Fig. 8) follows
closely the cylindrical design of Rendina.

Water cooling is provided for

. the top and bottom flanges) but not directly for the individual electrodes.
A number of electrode configurations similar to Rendina's were tested.
In all of the first attempts) the anode became badly pitted, especiaJ_ly
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inspection window

To
pump

Tungsten filament
and cathode support

UL--------~?r--=~

Tantalum anode

tung[ll.!a pressure
gauge

Porous
)I' dispenser cathode

Suprasil
Lens mount

2275

Fig. 8.

A

filter

Molecular hydrogen arc lamp, cross-section.
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when the current exceeded 5 amperes.

After several hours of operation

at 3 amperes, the cathode screen would become brittle and break apart.
Experimental cathode coatings with barium and strontium carbonates
did not last.

sputtering was so severe that the quartz exit window

readily acquired an opaque layer of unidentified material, presumably
from the cathode.

Under these conditions the discharge was unstable

and the ultraviolet intensity was low.
H2 pressures of 2 to 5 Torr.

These tests were conducted with

It is possible that some of the difficulties

just described are attributable to impurities in the H , since only a
2
mechanical forepump was used for the initial evacuation of the lamp
chamber.

However, it seemed worthwhile to experiment further with

electrode materials before proceeding to the use of a diffusion pump
and the elaborate gas purification systems customarily used with flow
lamps [B-14].
The first and most obvious improvement was the replacement of
the aluminum anode by a larger hollow cylinder of tantalum, threaded
for ease of replacement and for good electrical and thermal contact
with the water-cooled brass bottom plate, which is 2.5 cm thick.

In

the final anode the interior region is 1.4 cm in height and 0.95 cm
in diameter.

The cathode is mounted not above the anode, as in the

Rendina lamp, but almost entirely inside of it.

By far the best cathodes,

out of many types tested, were porous tungsten dispenser cathodes
impregnated with barium aluminate and calcium oxide.

They are similar

to the cathodes used in high-power vacuum tubes, and were made to order
by Spectramat, Inc.

The material is known as type 31180, which contains

Ba, Ca, and Al, in the ratio 3:1:1.

A satisfactory shape is a cylinder,

1.0 cm in length; 'I-rith inner and outer diameters 0.30 cm and 0.50 cm.
The cathode is supported from the feedthroughs by 0.089-cm diameter
tungsten wire, as indicated in Figs. 8 and 9.

The same tungsten wire

serves as the filament, and is heated to incandesence when the lamp is
to be started.

A

Tesla~coil

spark is not necessary.

is sustained, the filament current can be turned off.

After the discharge
A spot-weld

fastens the cathode to the filament wire, although a tight friction fit
is ordinarily

ade~uate.

With this electrode arrangement, the effects of sputtering become
noticeable after several hours, if the exit window is mounted immediately
belm.; the anode.

Since the base of the lamp must be mounted 12.5 cm

from the excitation region, no light is lost when the exit window is
moved 6 cm from the anode, to the end of a pipe, as shown in Fig. 8.
Here the effects of sputtering are barely noticeable, even after 25
continuous hours of lamp operation.

Complications such as self-reversal

and reabsorption are not present, because the pipe does not contain
molecules in the Isa2p~6u state.

The exit window is a converging

lens of 5.0-cm focal length, mounted in a removable threaded cap and
made of Suprasil, the highest
inferior grade of

~uartz,

~uality

optical

~uartz

available.

An

used in some of the tests, lost much of its

ultraviolet transmission (i.e., became solarized) after prolonged
exposure to the direct radiation from the arc.
The H2 gas is prepurified, furnished in standard small cylinders.
It enters just above the lEms and is pumped through the lamp at a constant rate.

The flow of gas entering the lamp is regulated by an

adjustable bleeder valve (V~ctronic VVB-50Q), usually set for a

flO'\oT

...
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Fig. 9.
.'

Photograph of lamp cathode and filament .

The forep~lp is attached to the side

rate of about 0.2 cm 3 /sec @ STP.

of the lamp body, the pumping rate being controlled by a small gate
valve.

No diffusion pump is used.

Two pressure gauges monitor the

pressure within the lamp, a thermocouple gauge calibrated for air,
useful primarily as a pre-run check for

le~ks,

and a Wallace-Tiernan

FAl60 absolute-pressure gauge for measurement of the H2 pressure during
lamp operation.

Its linear scale reads from 0.1 to 20.0 Torr.

The

adjustable valves are easfly set for const·a~t pressure",- ,Pressures below
1.0 Torr result in less than the maximum intensity of ultraviolet radiation.

may

Below 0.2 Torr, the lamp

emit radio-fre.quency radiation, which can

be picked up by the. countingcircui ts .

Above 5. 0,. Torr, the intensity

falls off because
the discharge
-bE{comes' UI.lstableand confined to one
.
..
',

'

"

'

side of the, cathode, usually the side closest to the inner wall of the
Ji'

anode.

B~tween2.0;and

•

'0",

2.5 Torrtlle maximum 2275Aintensity ,is attained.

The discharge is d·istributed uniforailythrough6ut :the region surrounding
•

)

. , '

,. .;

",',,_,

,

" . '

I

the cathode; .~nd ·appears unifo~ ev~n if the cathQ:de r s po'si tion is not
quite concentric within the anode.

Pressure drift is negligible, less

than 0.1 Torr during a 25-hour run.' The lamp can be run unattended.
Power for the lamp is taken from the 120-volt laboratory d.c.
generator.

The positive side (common) is grounded to the lamp body,

and the negative side connects to the cathode through an adjustable

5- to 9-ohm ballast resistor, which limits the current to between 10 and
20 amperes.

The voltage across the lamp depends on the H .pressure,
2

but is nearly independent of the current.

With a pressure. of 2.0 Torr,

this potential difference is about 30 volts, so that a typical power
dissipation for the lamp is 500 watts.
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o

The 2275A interference filter, 1.3 cm in diameter, is mounted in
the threaded cap which holds the SUJ.)l·asil lens.

Tne filter has a

Suprasil substrate and i.s of the multilayer type, made by Thin Film
Products, Inc.

The

It represents the best effort of present-day technology.

transm:i.ssion s:p2ctrwn is asymmetric, having 'a maximum tra.l1smission
0

0

0

of 2310 at 2250A and 12~-transmission points at 2130A and 2t~50A.
the visible region the transmission is 0.110 or less.

In

This filter is

contained wi thin the main va.cuum chamber, and is of a design intended

to withstand the pressure shock of pumping.
A useful fluorescent screen is a metal strip pa:i.nted i-Tith a
\...

paste of sodium salicylate in methyl alcohol.

'lhis screen emits a

bright blue glo'N i.n the presence of ultraviolet radiation, and p-2rmi ~s
the path of the focused

ligh~

to be traced.

When a Pyrex plate is held

over the lamp's exit window, the radiation is absorbed and the glow
disappears completely.

A cadmium sulfide cell coated with the flUorescent

paste'is installed within the main chamber to monitor the relative intensity
of the lamp duri.ng the progress of a run.
If the H2 pressure and d.c. current remain constant, the intensity
falls off by about 1010 in 25 hours.

(If desired,. comrensationcan be

achieved by rul adjustment of the ballast resistor.)
:

The gradual loss

of intensity is due to sputtering, which results in the deposit of a
thin metallic layer on the surface of the lens.

Before each run the le:1.s

is re'l1oved for cleaning ,.. ith dilute Eel, scouring .rith steel wool, and
a final cleaning ,-lith acetone.

T'ni s procedure restores the l2.:-:lp outpc.t.

T'ne anode and the quartz instLlating plate (Fig. 8) are c1eal1esl in the
..

same we..y; during; 18.'"":1.p operaticn they a.cq,ui:re a shir..y, dark deposit,

probably originating from the cathode.

In spite of this loss of cathode

material, the cathode most recently in use has withstood more thari60
hours of operation (t~o runs of the· experiment) with no apparent loss
in discharge intensity or ease of starting.

These cathodes can be

exposed to air during installation and cleaning, without noticeable
poisoning.

No activation is pecessary.

Development of the lamp included some experimentatiop with external
heating of the cathode by means of a continuous current through the
filament wire.

Although a sli.ght increase in intensity can be obtained

in this way (up to 15%), the cathode life is shortened and the sputtering
rate is as much as four times the rate for an unheated filament.

A

considerably lm-rer cathode temperature, aclllieved by removal of heat
through a larger-diameter support wire (0 .13 cm), led only to los.s of
intensity.

The optimum wire diameter is about 0.09 cm for the geometry

shown in -Fig. 8.
The temporary substitution of D2 for H2 made only a small improvement in the ultraviolet intensity.

H2 was used in all of the final

runs of the experiment •

.An estimate of the absolute intensity was made with a radiation
thermopile (Reeder thermocouple RP-~1-3) fitted with a CaF window and
2
2
3
having a sensitive area 6 X 10- cm • Its rated sensitivity is
12 \.lvolts!\.l>.fatt.

Tne manufacturer states that the sensitivity is
o

0

uniform behreen 2000A a.l1d 80,OOOA.

..
After passing through the .l.ocu:31ng

lens and interference filter, the radiation

~

be~~

focus near the axis of the excitation chamber.

converges to a crude
A 0.8-em diam2ter

baffle, shol-.'1l in Fig. 4, serves to cut off the flare surrounding the

....
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beam of excitation radiation.

If allowed to enter the photomultipliers,

the light, in this flare would increase the background counting :r:ates.
With the taffle in place and the thermocouple receiver pos'ition~d at,
';..

,.

"

the excitation region., the output voltage is 30, j.lvolts when the~amp ",
.

"-.

current'i?15 amperes.
edge of'the beam.
'"

'

. about 3 X,19

2

The, intensity falls off to

15 j.lvol ts ne'a:r the"

The average intensity at' this ,region is therefore
2

Ilwatt/cm. 'TP.is estimate was quot~d earlier in Section IV.

The measured voltage drops to J,.ess than

O.l~llvolt

when a plastic

or Pyrex plate is inserted into the path of the radiation, but only to
20 Ilvolts when a sheet of 'luartz is, inserted. 'These results serve as
evidence that the thermopile is responding to ultraviolet radiation,
rather ,than to visible or infrared.

Themeas~ed intensity 3 X 102 Ilwatt/cm2 for a 300A band implies
'12

2

a photon flUx of 10

0

0

photons/(sec'cm .A) at 2300A.

This is the flux

at the excitation region, after the lens, filter, and baffle, and with
the obvious solid-an:gle loss.

8

claimed to emit 3 X 10

The lamp described by Hartman [H-4] is
2

0

0

photons/(sec'cm .A) at 1930A.

However, quantitative

comparison is difficult, because Hartman used an exit slit of unspecified
width.
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Fig. 10.

H lamp mounted on excitation chamber.
2

D.

Photon Detectors
Each detector assembly consists of a lens, a linear polarizer,

an interference filter, and a photomultiplier tube.
8-cm focal lengths.

'Ihe lenses have

Mounted within the excitation chamber, they serve

to improve the effective solid angles subtended by the detectors and to
assure approximately plane wavefronts as the light passes through the
polarizer and filter.
Near the blue end of the visible spectrum, Polaroid polarizers
provide incomplete polarization.

A more suitable material for the

present experiment, where quantum efficiency is critical, is Polacoat
l05:MB.

It is made commercially by the application of an azo dye ,to

a glass substrate whose surface has been rubbed with an abrasive to
produce many very fine, parallel scratches [M-I].

Table II summarizes

the relevant polarization characteristics, which will be used in a
subsequent calculation.

Circular plates of 105MB polarizer,

7

cm in

diameter, are set in rotatable mounts outside the vacuum chamber (Fig.

4).

Great care must be taken to eliminate spurious photomultiplier
pulses.

In this experiment the

bac~ground

rates are determined not

primarily by photomultiplier dark nOise, but by stray visible light
reaching the photocathodes.

..

This visible light is too dim to be seen

with the naked eye, even in a dark room.
'

Its source is blackbody

radiation from the oven and wall fluorescence due to ultraviolet H2
radiation.

'Ihe H2 lamp emits no detectable visible radiation; the lamp's

effect on the pulse rates disappears when it is covered by a Pyrex
plate.

Carefully placed baffles help to decrease the scattering of

visible Light within the excitation chamber.

To reduce further the
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Characteristics of Polacoat +05MB linear polarizer

TABLE II.

'.

Wavelength

s

PII

P
1

0.46

0·32

0·05

0.80

0.06

0.42

0.27

0.05

0·75

0.06

P

0

"l

:;::

55l3A

::

4227A

0

"2

Defini tions:
a= Prob.of transmission of Ix) photon by polarizer, axis along x.

t3 :;:: Proh of transmission of Ix) photon by polarizer, axis along y.
P :;:: Prob. of transmission of unpol. light by single sheet of polarizer.
s
PII:;:: Prob.of transmission ()f unpol. light by 2

she~ts,

axes

II •

P :;:: Prol> of transmission pf unpol. light by 2 sheets, axes 11

1

1

2

s :;:: 2"(a + t3); PII :: 2"(a

P

2

+ t3 ); P1 :;:: Of3.

The expected relation ps2 :;:: ~(PII + P ) is not satisfied in practice

1

because reflections were not taken into account.

Transmission measurements were made on a

Bec~an

DK-IA spectrophotometer.
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fluorescence and scattering effects) the baffles and interior surfaces
of the excitation chamber are painted with Aquadag and then blackened
with soot deposited from a propane flame.

These precautions are necessary)

but not nearly sufficient to reduce the background rates to an acceptably
low rate.

Narrow-band interference filters make the crucial difference.

The filters for 11 and 12 were built specifically for peak transo

0

mission at the wavelengths ~ = 55l3A and ~ = 4227A) respectively.
Their transmission characteristics are listed in Table III.

Broadband

o

filters (6A ~ 150A) were used in the initial attempts) but th~y transmitted an intolerable background of scattered light.
a continuous spectrum.

This light has

Therefore) if the filters provide complete

rejection of wavelengths far from the peak) the background counting
rates will be proportional to the filter bandwidths.

Narrow-band

filters have recently been developed which offer excellent blocking)
high peak transmission (about 45%)) and bandwidths as narrow as 2A.

The

~ilters in Table III reduce the background to about 103 photons/sec in each
detector.

These rates are determined experimentally from the measured

pulse rates and a knowledge of the
multipliers.

~uantum

efficiencies of the photo-

They are sufficiently low that it is worthwhile to

cool the photocathodes.

The tubes are cooled to

-5 o C by a Freon-12

refrigerator whose evaporator consists of copper tubing soldered to
the photomultiplier mounts.

Dry nitrogen gas is passed through the

detector assemblies to prevent condensation' of water vapor on the cold
glass surfaces.
"The photomultipliers have cathodes 5 cm in diameter) and are
chosen for high

~uantum

effidency) low dark noise) and good time
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TABLE III.

Characteristics of interference filters for photon detectors

#2-

#1
Wavelength of max.
transmission

0

0

4227A

55l3A

0

0

FWHM 6.."A

l7A

4.2A

Peak transmission T

47'/0

43'/0

Blocking trans.

0.01'/0 to 0.11>

Temperature coeff.
Manufacturer

0~18A/degree

0.01'/0 to 0.1'/0
0

0

C

Spectrolab

o.18A/degree C
Thin Film Products
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resolution.

Photomultiplier No.1 (RCA type 7265) has 14 stages and

an S-20 cathode, with a quantum efficiency Q ~ 10% at 5513A; No.2 (RCA
o

type 8575) has 12 stages and a bialkali cathode, with Q ~ 20% at 4227A.

.'

Several tubes of each type (and of other types) were compared in
a testing chamber) where the photocathode could be illuminated by
a very low-intensity light source consisting of a lamp, an optical
attenuator (layers of drafting tape), and an interference filter peaked
at the desired wavelength.

The attenuation was adjusted for a photon

pulse counting rate between 103 and 104jsec) measured with the pulse
counters described in Part E.

The dynode resistors are wired according

to a standard low-current circuit; the focusing-electrode voltage is
adjustable for maximum signal.

It is possible to count virtually all

of the Single-photoelectron pulses.

In practice the counting rate is

found to be almost independent of the anode voltage, remaining constant
to within 10% from 1800 to 3000 volts, for example.
photon flux was applied to all tubes tested.

The same incident

The pulse rate) with

the dark rate subtracted) is proportional to the quantum efficiency.
Tubes having high dark noise were excluded.

From the remainder)

those having the highest quantum efficiency were selected.

The time

resolution) limited by the spread in electron transit times, is about
3 nsec (3 X 10- 9 sec) for the 7265 and 2 nsec for the 8575.

With

typical anode voltages (2700 and 2200 volts, respective10J the two
tubes have about the same multiplier gain, approximately 107 .

The

gain is irrelevant) provided that the electronic circuits have
sufficient sensitivity to respond to essentially all of the singlephotoelectron pulses.

The photomultipliers are provided with magnetic
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and

radio-fre~uency

shielding.

The overall efficiency

~

of each detector is

~

; QTn/4n, where T

is the peak transmission of the interference filter and
angle subtended by the detector.
steradians.

Thus

~l

n is

For the geometry of Fig.

=1 X 10-3 and

~2

=2 X 10. -3 .

by the lenses will result in somewhat lower values.

the solid

4, n ; 0.28

Imperfect focusing
The approximate

value ~ ~ 10- 3 was used in the coincidence-rate estimate made at the
end of Section IV.
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E.· Electronics
The electronic circuits, indicated in Fig. ll., include provisions

-.

for time analysis and for conventional coincidence counting.

Except

for the pulse-height analyzer, all components were designed by the
Lawrence Radiation Laboratory at Berkeley.
The negative output pulses from the photomultiplier anodes are
amplified by 50-ohm wideband d.c. amplifiers, which provide 100X amplification for each detector.

Because of the statistical nature of the

electron multiplication process in the photomultipliers, the pulses
have a wide range of amplitudes.
convert these pulses into a

The constant-delay discriminators

se~uence

of uniform pulses, all pf which

have the same amplitude (-1 volt) and risetime (about 3 nsec).

One of

the important properties of this discriminator design is that its time
delay does not vary appreciably with input pulse amplitude.
Three identical coincidence circuits and scalers, denoted by A, B,
and C in Fig. 11, are operated simultaneously.

Circuit B has no net

delay in its inputs, and may be said to have "correct" timing.

The

cable lengths between the photomultiplier anodes and the wi deb and
amplifiers are chosen so that circuit B will record a count when
coincident

flashes of light are received at the two detectors.

The

other two coincidence circuits, A and C, have long net delays inserted
in their inputs #1 and #2, respectively.
C are "accidental" coincidences.
background counting rate.

Couuts recorded by A and

They are a useful measure of the

In all three coincidence circuits the

clipping lines (RG-63, 125 ohms) are 1.0 meter in length.
corresponding resolving time (total width) is 2~

The

= 16 nsec. The
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PHOTOMULTIPLIER #1
RCA 7265
V1 = 2800 V

PHOTOMULTIPLIER #2
RCA 8575
V2 = 2200 V

15 nsec

20 nsec

100 x
WIDEBAND
AMPLIFIER

100 x
WIDEBAND
AMPLIFIER

CqNSTANT-DElA Y
DISCRIMINATOR

CONSTANT-DElAY
DISCRIMINATOR

rl SPLITTER

1m

'MroJ

1m

SPLITTER

'.

I

m~

,COINCIDENCE
50
CIRCUIT A
nsec

I SCALER A I
1m

1m

mill

I I COIN, CIDENCE I
'-----1 CIRCUIT B J

I SCALER B I
1m

(01
L--_-.,j

50
nsec

1m

m

COINCIDENCE
CIRCUIT C I - - - - l

I SCALER C J
10 nsec

l

15

6 nsec

FIXED-LEVEL
DISCRIMINATOR

m

f01

~

1m

f01

COINCIDENCE

I-....--;----~"',,.....,

80 nsec

CIR<;:UIT D
(GA TE)

I-----~

.,

,
CONSTANT-DELAY
DISCRIMINATOR

CALIBRATED
VARIABLE DElAY
(No rm ally abo ut
45 nsec)

15 nsec

STOP
START
'---------:-----;

Fig. 11.

TIME-IO-HEIGHT
CONVERTER

Block diagram of electronics.

I
I

PULSE-HEIGHT
ANALYZER

XBB 675-2604
Fig. 12.

A portion of the main electronics rack.

Shown from top to

bottom are the calibrated variable delay, coincidence circuits, scalers,
time-to-height converter, wide-band amplifiers and constant-delay
discriminators.
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discriminator thresholds on A,

~,

and C are set for

e~ual

coincidence

counting rates when the detectors are exposed to light of low intensity
(10

4 to 105 photons/se~ at each photocathode).

Normalization problems

result from an ever-present slow drift in the threshold settings.

~,

This difficulty is not present when the correlation is observed by
the time-to-height converter and pulse-height analyzer.
of the analyzer are analogous to

individu~

The channels

coincidence circuits.

From the singles counting rates it is possible to infer that almost
every single-photoelectron pulse is counted.

The evidence for this

conclusion is that when the photon flux into one of the detectors is
held constant, the signal counting rate is <Mmost independent of
photomultiplier anode voltage, over a broad range corresponding to a
factor of 10 in

gain~

,In ad.dition, the signal is almost independent

of the threshold adjustment on the constant-delay discriminator.

The

probability is very small that a, single-photoelectron pulse will be of
such low amplitude that the discriminator will not respond.
The time-to-height converter pr09.uces an output pulse whose
amplitude is proportional to

th~

time interval between the arrival of

the "start If pulse and the arrival of the

If

stoplf pulse.

Pulses due

to correlated cascade pqotons 7 , 72 will arrive at these inputs with
1
a distribution in delay timep whose shape depends on the time response
of the instruments and on the
atomic state.

expon~ntial

decay of the intermediate

The setting of the variable delay in the "start" input

shifts the zero-reference in the

tim~

scale.

The delay is adjusted

so that 7 ,7 2 pulse pairs provide an average output pulse amplitud.e
1
which is about half the maximum amplitude

av~ilable

from the converter.
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The maximum amplitude is about 8 volts and corresponds to a full-scale
c·
".

delay of about 120 nsec.
this converter.

Longer time intervals cannot be measured with

Coincidence circuit D, shown in conjunction with a

fixed-level discriminator and a constant-delay discriminator, serves as
a gate which passes a "stop" pulse only when it follows a "start" pulse
by less than 200 nsec.

c

These components are necessary because the time-to-

height converter would otherwise be affected by pulse pairs more than
240 nsec apart.
The pulse amplitude at the input of the analyzer determines the
channel in which the count will be stored.

The channel number is a

linear function of the time delay between the '1 and '2 pulses.

Two

analyzers were employed at different times during the development of
the experiment, a ~OO-channel RIDL model 24-2 and a 256-chan~el RCL model
20609.

A subgroup of 100 or 128 ch~nnels is chosen to correspond to

a time interval of about 100 nsec.

The analyzer memory can be printed

out or displayed on an oscilloscope screen.

The horizontal and vertical

axes correspond, respectively, to the channel number and the number of
counts stored per channel.

To calibrate the time scale, pulses from one

of the photomultipliers are sent simultaneously into both wideband
amplifiers, and the active analyzer channel is noted as a function of
the calibrated delay setting.
The overall time response of the system, including both detectors
as well as the electronics, can be measured by means of a radioactive
source and a fast scintillator.

A Co
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sample and a small block of

Pilot scintillator B emit flashes of visible light having a duration of
about 2 nsec [L-l].

This light source was mounted between the two

\.
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detector assemblies.

Each flash of light is

delta-function input to the system.

forpra~tica1

purposes a

The time-correlated photomultiplier

pulse pairs contribute to a peak in the analyzer display.

The peaked

curve, resembling a gaussian, has a full width at half-maximum of about

7 nsec, and is a good approximation to the Green's function for the
system.

After a small correction for the 2-nsec scintillator response,

6 nsec. This figure includes

the width of the Green's .function is

contributions from the photomultipliers, constant-delay discriminators,
time-to-height converter, and analyzer.

When cascade photons are

observed, the analyzer display will be a convolution of the Green's
function and the decay curve for the intermediate atomic state.
lifetime of the

The

41 PI stl:}te in calcium is about 4.5 nsec (less than the

instrumental resolution), apd therefore the shape of the decay curve
cannot be accurately determined in this experiment.
The background counting rate 21NlN2 depends on the resolving time
2~

of the coincidence circuit, or,

for the analyzer.

In each

~etector

equiv~ent1y,

most of the counts recorded during

a run are not due to p~scade photons.

In detector #1 most of the

counts are attributable to stray light, and in
photons not preceded by 11 photons.
N1

~d

N2 may be taken

tq

on the channel width

#2

most are due to 12

To a good approximation, therefore,

be the total pulse rates from the individual

detectors.
.:.
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Fig. 14

Fig. 13

Fig. 15
XBB 675-2621

Fig. 13.

Upper trace:

anode (10 nsec/cm).

Single-photoelectron pulses at photomultiplier

Lower trace:

Output of constant-delay discriminator

(10 nsec/cm). (Techtronics 585A oscilloscope with Type 82 plug-in).
~.

r

Fig. 14.

Pulses from time-to-height converter (1.0 ~sec/cm).

Fig. 15.

Analyzer display of timing check with radioactive source and

fast scintillator (1.0 nsec/channel).
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VI.

EXPERINENTAL PROCEDURES j

OBSERVED COUNTlNG RATES

Be·fore any serious attempts to observe the pblarization correlation]
trial runs were 1lIl:der,tSkeri With the polarizers removed.
of these tests.was' to

de~onstrate

The purpose

that cascade photons could be counted

and that a time correlation peak would b~.recorded "by the analyzer.
Preparation for a

runbe~ins

with cleaning of the lamp anode and

exit Window] cleaning of the beam oven] and loading With a 12-gm cylinder
of calcium.

The excitation and source chambers are evacuated, and the
o

refrigerator is switched on.

A special heater is provided for the 4227A

interference filter, which is mounted in a thermally insulated .chamber.
The heater current is adjusted to keep the filter at 20
by' a thermocouple in the filter mount.

o

C, as measured

These precautions are necessary
o

because the wavelength of maximum transmission shifts by about 2.lA (the
half-Width) when the filter temperature drops 120.
The beam oven is heated to its operating temperature] and then the
H2 lamp is turned on.

The relative lamp output is monitored by the CdS

detector (Section V, Par~ C).

Ordinarily the drift in ultraviolet

intensity is a negligible monotonic decrease of about 0.4% per hour.
The calcium beam density, on the other :rand, does fluctuate significantly,
since a one-percent

chang~

in a.c. line voltage causes a somewhat

larger change (perhaps 10%) in the observed excitation rate.

.

0,

The best measure of the excitation rate R is the pulse counting
rate N2 for detector #2, ~hich has an estimated efficiency ~2
Table IV shows

representa~ive

=2

X 10- 3 .

counting rates for the individual detectors,

and indicates the sourqep of noise.

Of particular interest are the

.,

,-
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TABLE IV.

Typical pulse counting rates during a time-correlation test

>,

with polarizers removed

Ca Beam

H2 Lamp

Nl (cOtmts /sec)

N2 (counts/sec)

off

off

150

120

Dark noise +
fluorescence

on

off

220

150

Dark noise +
oven light

off

on

370

250

Dark noise'+
fluorescence
+ oven light
+ signal

on

on

520

3380

80

3100

Dark noise

Signal only, by subtraction

N sig
Signal ratio:

1
--

N sig

=

80
3100

=

2.6%

2

Conditions:

Photomultipliers cooled to _5° C.
Ca beam density approximately 3

X

10
10 /cm3 .
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signal rates Nl sig

= 80 / sec

and N2 sig

= 3100/ sec.

Thus, experimentally,

6
. R ': N /T}2 = 2 X 10 /sec. In S~ction IV we predicted R ~ 107 /sec.
2
The ob served Signal ratio is Nl s ig /N sig = 2.610. The branching
2
1
ratio for the transition 6 pl ~61S0' discussed in Section IV, should
be T}2/T}1 (about 2) times the si~nal ratio, or about 5~.
is less than the
calculation.
difference.

25~

This value

branching ratio obtained by the Bates-Damgaard

1
Excitation of the 5 p, state can account for some of the
J.

Probably most of it should be attributed to an inaccuracy

in the Bates-Damgaard method, although the possibility remains that
the detector efficiencies T} are in error.

In any case, the small signal

ratio implies a coincidence rate lower than the estimate of Section IV.
We expect that the coincidence rate Nc
If

't

=

= T}2 N1sig

will be less than 10 -1 /sec.

10 -8 sec, the accidental coincidence rate 2't"NlN2 will be

about 3 X 10 -2/sec.

Even if the signal and background rates are

comparable, the time correlation can be distinguished without difficulty.
In a complete run the total

mu:nb~r

of Signal counts will be many times

the standard deviation, which is the

s~uare

root of the background and

signal together.
In the time correlation run made on September 29 and 30, 1966, the
total numbers of coincidence counts recorded by circuits A, B, and C
(polarizers removed) were n

A

= 1964,

counters were read every 30 minutes.

n

B

= 3437,

and n

shown in Fig. 16.
the 4lpl state.

= 1921.

The

The oven ~as in operation for 16.5

hours; data were recorded during a shorter time t
end of the run, the analyzer had

C

accum~ated

= 12

hours.

By the

the correlation peak

The asymmetry is due to the exponential decay of
In this run the photomultipliers were not cooled, and

'.
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...

,

XBB 675-2623

Fig. 16.

Time correlation, September 29 and 30, 1966, polarizers

removed. (0.80 nsec/channelj full scale

= 256

counts/channel).

exponential decay of intermediate atomic state.

Horizontal scale

reference should not be compared with reference in Fig. 15.

,0

I'

Note

the dark noise rates were correspontiing1yhigh.
.

.....

'.

."

1

B

i

rate for cascade photon pairs was Nc ~. t[n .- 2'( n
as measured by the co.incidence circuits.

The average coincidence
A

C

+ n )]

= 3·5

X10

-2

/ sec,

Since their resolving time is

sho.rter than the time-width of the analyzer .peak, so.me coincidence counts
are missed by circuit B.

A more precise value of N can be . obtained from
c

the printed,record of the analyzer memory ... The co.unts recorded ¥ithin the
peak are summed, and the background rate is subtracted, leaving in this
case a total of 1838 co.incidence counts.
coincidence rate was N
c

= 4.3

By this method the average

X 10 -2/sec.

After this test had proved that correlated Y , Y photon pairs
2
l
could be detected, the linear po1arizers were installed, in preparation
for attempts to. o.bserve the po.larization correlation.
When the lamp and beam oven are in operation; the singles rates
vary insignificantly with polarizer orientation.

The small variation

o.bserved is due to polarization of stray light reflected within the
vacuum chamber.

It co.ntributes to all analyzer channels with eClual

probabi1i ty.

\-

':
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VII.
...

RESULTS AND DISCUSSION
Because the calcium beam density tended to fluctuate with the line

voltage) measurements with the polarizer axes set parallel and Perpendicular
were made alternately.

One polarizer was fixed) and the orientation of

the other was changed by 90

0

every 15 minutes.

Two sets of analyzer

channels were used) one set for each orientation.

Runs were made with

different orientations of the fixed polarizer, and in each case the
correlation was found to depend only on the relative angle between the
axes.

Figures 17 and 18 show the results of a 2l-hour run) December 17

and 18) 1966.

They indicate clearly the difference between the coincidence

rates for parallel and

~erpendicular

orientations.

The coinci.dence counts recorded by the counters are nil

= 442j

n~

c = 475.

A

477;

=

The numbers of

signal counts) taken directly from the analyzer memory, are approximately
nil

sig

=

490 and nl

sig

= 70.

0.14.

The

nonzero value of this ratio can be attributed entirely to the incomplete
polarization of the Polacoat 105MB polarizers.
claim) we must show how the values of a and

~

To substantiate this
given in Table II (Section

V, Part D) are related to the experimental values of the coincidence
The photon state is I<p) = }2 [lxl x 2 ) - IY1Y2)]

probabilities PI! and Pl'

(Section II), where Ix) and Iy) are base states of linear polarization.
Let Ix) and Iy) refer to the polarizer orientations.
l(yly}1
P

II

= I

2

~

and

=

l(xly)1

2

=

2
l(ylx)1 •

(JS. x2 1<p) /2 = ~[I (xlx2Ixlx2) 12

= ~(~a2

+

~1~2]

=

Then

+ I (~x2IY1Y2) 12]

![(0.80)(0.75) + (0.06)2] = 0.30

a

=

I(xlx) 12 =

60

'.

(a)
XBB 675-2622

Fig. 17.

Analyzer display showing results from polarization correlation

experiment, December 17 and 18, 1966.
52 counts/channel).

(a)

(0.80 nsec/channel; fuli scale

=

Polarizer axes parallel; (b) Polarizer axes

perpendicular.

-.,
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41)

0° 8

•

•e

.,•-

Polarizer axes perpendicular ,Observation time - 10.5 hours
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I
- 30

••
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I
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I
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I

Delay time {seconds}
,-

Fig. 18.

Coincidence counts) as a function of relative time delay) showing

f'

polarization correlation.

'.

'"::

channels.

Each point represents a sum over three analyzer

Data were taken from printed record of analyzer memory.

December 17 and 18) 1966.
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Pl.:;: I (XIY21'ift)12 :;:

1

~(I(XIY2IXIX2)12 +1(~Y2IY1Y2)12]
1

:;: 2"(C).t3 2 + 131 °2] = 2[(0.80 + 0.75)(0.06)] = 0.046
0.046
0·30

..,--~:;:

0.15, in good agreement with the observed ratio 0.14.

The experimental results are consistent with a coincidence
probability of the form P ,... cos

2

cpo

VIII.

APPENDICES

APPENDIX A.

SOME RELEVANT EXPERIMENTS

The present investigation is probably the first observation of
photon polarization correlation in atomic spectrscopy.

Similar problems

have been pursued which involve correlations of radiations emitted by

.'

nuclei, most notably of gamma-rays in the MeV region.

All of these

experiments, directly or indirectly, are studies of the properties of
many-particle

~uantum

states.

One of the best known correlation experiments is the observation
of the linear polarization correlation of the 0.5 MeV photon pairs
emi..tted simultaneously in the annihilation of singlet posi tronium
(Section II).

The experimental verification, first proposed by Wheeler

(W-2], was undertaken by several groups [B-7, H-3, H-6].
precision was achieved by Wu and Shak~ov [W-5].

The greatest

In that experime'nt,

as in most nuclear cascade experiments, the linear polarizations are
inferred from the azimuthal asymmetry in Compton scattering of the gammarays.
For several reasons, cascade experiments involving more than one
polarization measurement are not ordinarily performed.

One reason,

discussed by Wightman (W-3], is that it is difficult to measure the
polarization of MeV gamma-rays.

Another is that although the determination

of the relative parities of the nuclear states

re~uires

measurement of

photon polarization, a single polarization measurement is sufficient
if the angular correlation is also observed. (H-l].
"

~

A search through

the literature has turned up only one gamma-gamma linear polarization
correlation experiment, by Robinson and Madansky in 1952 [R-4].

The

most common type of correlation experiment involves the study of angular
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correlations, without P91arization measurement, and is useful in the
determination of the ~ngular momenta of nuclear states [B-6].
.... "-"

In the domain of atomic phYSics, the polarization of resonance
fluorescence has been studied since the 1920's.
theory is described in t~e text by H~itler [H-5].
effects, observable in level

crossi~gs,

of photon correlations [C-3, K-2].
counting has not been fully

Most of the relevant
Quantum interference

are an interesting manifestation

The technique of single photon
in the visible region.

~xploited

A number

of experiments have been proposed
[A-2, B-12, B-13, C-l, S-l], but
,
'

comparatively few have been performed.

Noteworthy in the field of

<luantum optics is the study of Brown-Twiss correlations [M-3, for e,xample].
Except for the present observations on calcium, most of the photon
counting work in atomic physies has

~een

confined to the ultraviolet

I

re~ion,

where

photo~ulti?lier

rates comparatively low.

efficiencie? can be high and the background

Recently Kaul [K-l] succeeded in observing

coincidences due to ultraviolet cascade photons in mercury, and applied
time analysis to the

m~asurement

of

t~e

lifetime of a metastable state.

Earlier, Brannen et al. [B-13] measured a lifetime in mercury by
observation of a casc,ade in which the first transition originated from
the ionization continuum.
measurements of angular
in singly ionized

Lipeles, Novick, and Tblk (L-2] describe

~orrelations

heli~,

in the two-photon decay 2s

~ls

where the photon energy distributions are
,

0

0

continuous and the observed wavelengths range from 300A to 1200A.

In

this region polarization measurements have been regarded as impractical.
'"

Low counting rates are a serious obstacle to further applications
of the techni<lues described in this paper.

The presence of nuclear spin,

'..

on the other hand, would result in only a partial loss of linear polarization correlation.

"-.

.'

If some means of excitation is found which permits

the attainment of substantially higher counting rates, these methods
may become useful in radio-frequency spectroscopic studies of the fine
structure and hyperfine structure of excited atomic states.
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APPENDIX B.

THE EFFECT OF AN EXTERNAL MAGNETIC FIELD

An interesting

~uestion

concerns the effect of an external magnetic
-.

field at the excitation region.

The initial and final atomic states

have zero magnetic moment, and are unaffected by the field.

However,

...
:.

the intermediate state has a magnetic moment of one Bohr magneton, and
in the presence of the field its sublevels show the usual Zeeman
splitting.

If the field is so large that the splitting exceeds the

level width for the

41 Pl state, then the amplitudes for the states M =

-1, O,and +1 do not interfere, with the result that the polarization
correlation is destroyed.

In this case the Larmor period is much

shorter than the natural lifetime of the state.

The Larmor precession

can be observed directly, as it affects the correlation in the times
at which the cascade photons are detected.

Effects of this type have been

studied in nuclear angular correlation experiments [F-3, H-7].
The interaction Ha. . nil tonian for the applied field is H"
where w

= wJ z ,

= eB
2
is the Larmor fre~uency and where the z-axis is parallel
mc

to the direction of the field
states in the

(M:t.IH"IM2)

B.

This interaction does not mix the

sense that the off-diagonal matrix elements

are nonzero, but it does affect the phases of the probability

amplitudes for the three intermediate states.

The intermediate state

~ ~IM}
M

has amplitudes
the Schroding;r

~

which have a time dependence due to H", given by

e~uation

-,

"

= Hi

~

~IM) ).

[
M

It follows immediately that the amplitudes are ~(t) = ~(O) e
- (1MIAE1·~rIOO) e- iMwt •

The fOIn al -s t a t e amplOt
l ude a

f

-iMwt

now depend s on th e

time t spent in the intermediate state.

a

- L(OOlg2.1IlM)(lMIEl·1100) e-

f

iMwt

-

M

L

(-l)MEl -ME2 -M e-

iMwt

M

Two geometrical arrangements are of particular interest, and are illustrated in Fig. 19.

In case #1 the photons are observed along the z-axis,

and in case #2 they are observed along an axis perpendicular to z.
The spherical components of the vector E are
E

±l

= + ~ (E
.[2

and EO

= E.
z

= ~2 = 0

El

z

x

± iE )
Y

The transversality conditions

= E2 = 0

in case #1 and that El

z

Y

Case #1:

E.k = 0

°
- 1E2

+

in case

f/2.

Y
)

e iwt + !.(E
2 1

Y

= 1~ iCl'l. e -iCfl2 e iwt

imply that

+ iE2 )e
y

x

1 -iro, icp2 -iwt
(
~
T~e
e
= cos ~2

~ ~l

)
- wt ,

where ~l and ~2 are the usual azimuthal angles of polarizer axes #1 and

#2,

measured with respect to the x-axis.

probability is P

=~

cos

2

(~ - wt).

takes place in the xy-plane.

If ~

E

~2 - ~l' the coincidence

The classical Larmor precession

A simple interpretation of this expression

for the coincidence probability is that the atom precesses through an
angle (wt) between the emission of 71 and the emission of 7 .
2

If the

-iwt
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linear
polarizer
Photomultiplier
#1

linear
polarizer

x

-

[ Photomultiplier

- - - -.... B

~~

)'1

#2

z)'2
y

-

CASE 1: Observation axis parallel to B

linear
polarizer

linear
polarizer

Photomultiplier
#1

[ PhO. tomultiplier
#2
x

-

CASE 2: Observation axis perpendicular to B

Fig. 19.

Magnetic field experiments.

polarizer axes are parallel, then the probability P
expected to modulate the exponential decay
state of the cascade.

e-t/~

==

~

cos

The magnetic field strength should be chosen

~l

P

and
==

Case 2a:
'p

~.

1
-iwt
+ ~l E2 e
x x

#2:

=

where

wt is

for the intermediate

for a Larmor period 2n/w of the order of twice the lifetime
Case

2

~2

~l

1 ==

1

g(l

sin

~2

cos wt + cos

~l

cos

~2'

are measured from the z-axis.

~(sin ~l
~

==

sin

n
4" ,

-

sin
~2 ==

~2

~l

cos wt + cos

cos

~2)2.

- 4"n .

1
4 wt
cos wt)2 == 2 sin "2

.

Polarizers are removed.

Case 2b:

p:!.\

(sin ~l sin ~2 cos wt + cos ~l cos ~2)

2L,

2

unobserved
polarizations

==

1

2(1

+ cos

2

wt)

This is the result obtained from the angular correlation
when

,.

e

~l + cos 2 e)

is replaced by (n - wt), to account for the Larmor precession

of the atom.
The natural lifetime of the 4lpl state in calciwn is so short

.'

,'-'

that these effects are difficult to observe with the apparatus described
in this paper.

At best, the (1 + cos

at the first dip, where wt ==

f

An

2

wt) modulation will shm-r up only

attempt was made to resolve the
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precession in case 2b with a magnetic field B

= 100

gauss.

The time

correlation shown in Fig. 20 is the result of this 34-hour run.
average coincidence rate was N
c

= 3.7

X 10

-2

/sec.

The

There appears to

be a small porch at the expected location on the downward slope of the
distribution.

However, this result is inconclusive.

or case 2a might be more favorable.
sets of analyzer channels, forB

=0

Case #1 (~

= ~)

The run should be split into two
and B > 100 gauss.

71

....

XBB 675-2687

Fig. 20.

Time correlation, Case 2b, polarizers removed.

April 1, 2 and 3,1967.

.e,

"

(0.52 nsec/channel) .

B

100 gauss.
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APPENDIX C.

THE EINSTEIN-PODOLSKY -ROSEN PARADOX

The polarization correlation of cascade photons serves .as a
. beautiful illustration of a well-known problem in the qua.iJ.turn!theory
of measUrement, first described in1935.by Einstein, PodolSky, and Rosen
[E-l] and elucidated by Bohr [B-ll].· In the calcium experiment each
of the detected photon beams is unpolarized, since the orientations of
1·

the 4 P states are random.
l

Consequently, the transmission probability

is one-half for either of the linear polarizers, irrespective 'of its
orientation.

Einstein, Poqolsky, and Rosen would attempt to describe

the photon pair as "two systems. "They reason as follows: . "since at
the time of measurement the two systems no longer interact, no real
change can take place in the second system in conse'luence of,anything
that may be done to the first system." [E-l].

This assertion implies

that the polarization measurements on the two photons are independent,
and that the coincidence probability should be independent of the
orientation of the polarizers.
The conflict between this apparently reasonable conclusion and
the correlation predicted by quantum theory has been discussed in
various contexts [B-4, B-8, B-9, F-4, I-l].
agreed that

th~

Although it is generally

usual interpretation of quantum theory is sufficient to

explain correlation experiments, some authors have attempted to restore
the classical notion of causality through the introduction of "hidden
variables."

This idea is still the subject of some speculation [B-5, B..,lO].

However, it may well be argued that a hidden variable model contributes
little to our understanding of nature if the new theory cannot be
distinguished experimentally from standard quantum theory.

73

Furry [F-4] has explored the conseCluences of the assumption that
.-l.

• -J

a particle belonging to a composite system has independent reality .

,=

Taking the present experiment as an example, Furry would suppose that

'.

the polarization states of Y

and Y are definite.

2

I

A correlation in

linear polarization would be observed if the photons from each atom
were linearly polarized in the same direction.

All polarization

directions would be eClually probable, perhaps determined by some sort
of hidden variable.

Unfortunately, this linear polarization would pre-

clude a correlation in circular polarization.

Bohm and Aharonov [B-9],

considering the case of positronium annihilation, point out that Furry's
assumption is inconsistent with the experimental result of Wu and Shaknov
[W-5] •

The calcium cascade experiment may be examined from the point of
view of such an assumption.

This treatment is included here, not

because it has any relevance to physiCS, but because it answers a
Cluestion which has been raised on several occasions.

As usual, let

~

be the angle between the polarizer axes, and let 7jJ be the angle betioreen
the axis of polarizer #1 and the polarization direction for the photon
pair.

The transmission probabilities are PI

P2 = cos

•

2

(7jJ + ,cp) for Y •
2

a given value of 7jJ.

= cos 2

7jJ for Y

I and

The coincidence probability is P

==

P P for
1 2

The angles 7jJ must be distributed uniformly between

,,0.

o

and~.

Thus, on average,
P

=;IJ~
0

cos

2

7jJ cos

2

(7jJ + cp) d7jJ

=rr1

(1 + 2 cos

2

cp).

This "correlation function" resembles the result from Cluantum theory,
2
~ cos cpo However, its maximum and minimum values are ~ and~, i~stead

1

of' 2" and O.

If' Furry's model were meaningf'ul, PllP11 :::

1

'3

(perfect

polarizers); whereas the experimental ratio is close to zero, in agree ment with quantum theory.

,'"'

...

The paradox of Einstein, Podolsky, and Rosen arises from a disparity
between a f'ormal theory and the authors' intuitive sense.

Einstein said

of Bohr's interpretation, "To believe this is logically possible without
contradiction, but it is so very contrary to my scientific instinct that
I cannot forego the search for a more complete conception." [8-2].

The

search must continue, but it should be recognized that the common-sense
intuition cannot always be trusted to furnish a useful mental picture
of' phenomena which lie outside the domain of experience.

'7

..
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