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POLARIZATION CORRELATION OF PHOTONS EMITTED IN AN ATOMIC CASCADE.
Carl Alvin Kocher .
University of California
. Berkeley, California

May, 196 T

ABSTRACT
This thesis describes observations of the correlation in linear

polarization of two photons emitted successively ih an atomic cascade.

Calcium atoms in an atomic beam are excited optically (hlSo —>6lPl)

by ultraviolet continuum radiation from a high-intensity low-voltage

H, arc lamp. Photon pairs emitted in.the cascade 61SO —9hlPl éahlSO
(5513& and h227&) are detected by conventional photomultipliers fitted
with rotatabie.linear polarizers of the Polaroid type. The coincidence
counting rate, recorded by a time-to-height éonverter and multichannel
pulse-height analyzer, is found to be consistent with the theoretical

correlation (?l e2)2, where @l and 32 denote the observed linear

polarizations.

iii



I. INTRODUCTION: AN OUTLINE OF THE EXPERTMENT
vOne of the most-remarkable-féaturesidf the quantum theory is its
prediction of corrélations in systéms of several particles. A measure-

ment made on one particle can affect the result of a subsequent measure-

.ment on another particle of the same system, even thqugﬁ the particles

may be non-interacting and séparated»in space. “The éxperiment described
in thié thesié is an attempt to observe a photoﬁ polarization correlation
in a two-stage atomié cascade. An isolated atom, optically excited,
returns to the ground stafe by way of an intermediate.state, with the
épohtaneous emission of two successive photons. Quantum fheory_predicts
that a measurement of the linear polarization of one photon can determine
Precisely the linear.polarization of the othér photon:

The planvof the experiment iIs simple: photon pairs from éxcited
atoms are counﬁed in coincidence, the coincidence rate being recorded
gs a function of the observed polarizations. If the cascade is chosen
so that the photons have wavelengths in the visible region, then‘the
iineaf polérizers can be of the Polaroid type, aﬁd photomultipliers éerve
as single-photon detectors.

Several ﬁajor requirements affect the choicé of atomic levels for
the céscade. :First, and most’important, the photon energies must be
large-eﬁough to allow photodetecfion with high quantum efficiency. 1In
other words, ths spectral lines should be nesr the blue end of tha
spectrum. Second, the atoms should have zero nuclear spin, for thé
byperfine interaction woﬁld give risevtd a multiplicify of total angular
momentum states witﬁin each levél. If hyperfine~structuré<were presant,

cascades involving difTerent sets of total angular momentum states



might be_Qbserved in the various atoms of the ensemble, and the photon
pairs‘woﬁid th neéessarily dispiay_the same correlétion. Finally, the
atom must. have chemical propertie$ énd vapor pfessure characteristics
ﬁhich permit thé conétruction éf elther a_resonance bulb or an atomic
begm.

_After aﬁ extensive search thfough ﬁableé of atomic energy levels,

the cascade 6180 —aklPi —;hlSO in calcium (Fig; 1) was selected as the
best candidate for the expefiment.'.Calcium Yapdr reacts with glass and
would destroy the itransparency of a quértz'éell. It is, however, feasible
to design an atoéic beam oven for calcium. Thekwavelengﬁhs of the

cascade photons 2 and 7, are suitably short: }l = 55132 and )2 = h227£,
respectively. _In‘the naturally occurring mixture of calcium isotopes,
virtually 211 of tﬁe atoms (99.87%) have zero.nucleér spin [H-2]. The

initial atomic state-6ls i1s simple, with sphericalVSymmetry, and there-

0
fore the method of excitation does not affect the polarizations of the
obsefved photbns._ Siﬁce the 6180 state cannot be excited directly, the
calcium atoms are excited from the ground.staté to the 61Pl state

(A = 22752). The excitation‘faaiation'is generatéd by a low—voltagé

H2 aré lamp, which emits an intense ultraviolet continuum. A calcium

~ resonance flow-lamp 15 unsuitable because it_would\produce a very large
undésifable hEQTR background which could not be removed effectively

'by available filters.(Seétion IV, Part C). Opfical interference filiers,
installed in the excitation lamp (22752) and in . the detector assenmtlies

o . o
(55134 and L227A) are necessary to reduce photomultiplier pickup of stray

light from the oven and lamp. A skatch of the basic apparatus is showm
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The technigpe of time ahalysis permits a direct display of thé
coincidence rate as a function of delay time. Pﬁlses from thé photo-
multipligrs>are fed into a timé-to—height conférter.‘ Its.output pulse
amplitﬁde, proportional to the time délay between the 71 and 75 pulses,
is analyzed by & multichannel pulse-height analyzer. The exponential
"deCay of the hlPi state can be observed in this way; ité mean life is

known to be Lk.5 X 10-9 sec [S-4]. Coincidence counts contribute to

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

The theory of PolériZation coffeiafions is well_known. This paper:
wiii discuss two approacheS‘to thé‘p;oblem. The first consists of an
explicit demonstration that the cénservation laws of angular momentum
and parity imply a definite correlation in the photon polarizations
[F-1, W-2, Y-1]. The second exploiﬁs the rotational symmetries of
the ;tates which take part in a cascade. Because of its geherality,
the latter'approach is usually taken in the development of the theory
of angular~corrélations 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 conservatién
requires that in, the center-of-mass referencé frame the two gamﬁa—rays
must be emitted in opposite directions, with equal energies. Two
polarization states which have the necessary zero total angular momentum
are |++) (both photon helicities positive) and [--) (both helicities
negative). Since the initial particle-antiparticle pair has odd parity,
the correct final state |¢) is the linear combination of |[++) and |--)
which has oddnﬁarity. [-=) is definea to be the state obtained when the
parity operator.is applied to |++). Consequently, the parity operator
transforms |--) into |++). Thus [¢) =:5#{1++) - |==)1.

To wrife lw) in terms of orthonormai base‘states [X) and Iy) of
definite linear polarization, we must define x- and y- axes which are
perpendicular to the emission direction. By defining a separéfe set of
axes for each photon, we avoid the inconvenience of a left-handed coordinate

system for one of the photons. The Zy = and z5-axes, in opposite senses,



will be chosen'along the propagation directions, The ¥i- and yy-axes

will be in the same sense, and the x, - and x,-axes will be oppositely

directed. For either photon,

|+) =i(|xi) +1ly,)) end |-) =:/'—§(I,Xi) - )

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

¥ =.-Z-[|xl.y2> + yx)]-

7

Let gl and $2 be the angles between.the polarizer axes and the
corresponding x-axes. Then the probability amplitude is (¢l@2|¢) for
the observed linear polarization staﬁe |®l®2).‘ This amplitude is a
coherent superposition of the amplitudes (@lwglxlye) and <¢i¢blyix2)’

which interfere to produce the polarization correlation. The coincidence

. probability is P = I(¢1@2|¢>12-\ This is the probability that both photons

are transmitted by the polarizers. Since ]wi) = cos @ilxi) + sin @ilyi),

the correlation is given by P = %-sin2 (qb + @l) or P = % sine ®, where

@ is the angle between the polarizer axes. In particular, the coincidence

probabilities for parallel and perpendicular polarizer axes are P“ =0
! .
and P.L —§.

These arguments may be applied also to the photon pair UL 75 emitted

in the cascade in calcium. However, by this method it is possible to
. . /

consider only the special case of antiparallel photon directions. The

parities of the initial and final atomic states are even, and therefore

the photon state must have.even parity:
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The corresponding coincidencevprobability-is P = % cos2 Q.

The éecond approach to the polarization correlation calculation
will yield this same result. It is a mefhod approériate for the case
of ﬁhotons emitted by an‘atom or nucleus, because there will be nb
restriction on the angle 6 between the photon momenta (Fig. 3). A4s in
the positronium example, the coincidence probability is written as
the Squaré of a probability amplitude for the transition from the given
initial state to thé'obéerved final state; Thé system includes fhe
radiation field as well as the material particles, and the observed
final state is characterized by the momenta and polarizations of the
emi tted photons, as well as by the final state of the atom. If |i), |[m),
‘and lf) are the initial, intermediate, and final states, respectively,
for the systém, and if H' is the interaction Hamiltonian which couples
the atom to the radiation field; then the final-state amplitude is the

coherent sum
ap ~§z (£|H" [m){m|H"[1).
m :

Constant factors will be dropped, and the time dependence of the ampli-
tudes will be omitted. o

In the cascade 6180 —ahlfi —ahlSO in calcium the initial and final
atomic states are simple, éo that mixed ensembles are not involved. A
describtién of thé spontaneouSémission of photons réquires that the

radiation field be quantized. The interaction is
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where A is the vector potential, and T are the momentum and position

= ol

of the electron, and where w and are the energy and momentum of the
emitted photon. € is a unit vector in the direction of the photon

polarization. The creation operator af for the observed photon has

a radiation-field matrix element equal to unity.

Thus, for electric dipole transitiouns,

ap ™~ Z (f[€2?|m><m"€‘l?|1)
m ‘
atomic states

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

be written

a ~Z (00]2, -F|110) (1] 2 -7 00).
M

The operator

s = Z | 10) {124

M
is a scalar with respect to rotations, and the matrix element
(00|T 8 T]00) is therefore a multiple of the unit dyadic. Accordingly,
. 2 A 2 . N s
& ~ €€, and P = [af] ~ (el-gg) . This result is the probability
1

It holds for an arbitrary angle € between the observed photon momenta.

that the photons 7, and 7, will be observed with polarizations €, and €,..

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

10
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' ability is a sum over the two polarization states for each photon:

P~ ;Z (€1'€2)2 =1 + cos2 6 (angular correlation).

€172

In the experiment of interest, 6 is fixed and equal to x. Thus
1

P = 5 0052 ¢, where ¢ is the angle between the axes of the polarizers,

end where the normalization factor L is chosen in order that

2
e

polarizations
For an ideal experiment in which there are no accidental ‘coincidences,
P would represent the ratio 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, wé
expect P = % end P, = O. |

The'effect of an external magnetic field will be considered in

Appendix B.
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ITI. THE PROBLEM OF MULTLPLE SCATTERINGmOF RESONANCE RADIATION

A high coincidence countiﬁg rate is desirable but not easily achieved
in fhis type of experimeﬁt. 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 limiﬁ
the beam density in order to reduce the reabsorption, trapping, and
multiple scattering'of resonance raediation. These effects result in
the loss of photon polarization, discussed in detail by Barrat (B-1].

A semiclassical treétment, to be presentedvhere, is quite adequate for
a determination of the maximum beam density which assures negligible
multiple scattering of 75 photons.

When "white" light passes through an atomic beam, the band of
frequéncies'absorbed in a reéonance line will depend on the angle &
between the photon momenta and the axis of the beam. If the light is
directed along the axis (@ = 0), the absorption line will show Doppler
broadening and a Doppler shift. On the other hand, light directed
perpendicular to the beam axis (Q = g) will be absarbed only within the
natural linewidth. A genefal value of & will be considered. Let pN(w,w')
denote the absorption coefficient for light of frequency w passing through
an ensemble of stationary atoms whose most probable absorption frequency
is. w'. The absorption coefficient is defined to be the probability of
absorption per unit macroscopic distance traveled. Similarly, let p(w)
‘be the absorption coefficient for an ensemble of atoms in motion, such
as an atomic beam. The Doppler spread can be dg;cribed by a distribution
P(w') such that P(w')d@' is the prbbability that an atom has a Doppler—

shifted center frequency between w' and w' + dQ'. The absorption



coefficient for the ensemble of moving atoms is
1(6) = [ o, )P )aw
o'W

The integral of p(w) over all frequencies is independent of P(w') because

b/;?“N(w,m')ciw

. . 13 . =~ .

is independent of w'. Approximately, Hp AMD o ANN Doppler
max T max

broadening therefore reduces the absorption coefficient at the center of

a resonance line. The natural linewidth for the hlP —>hlS transition

1 0
in calcium is AvN =~ 30 MHz, whereas the maximum Doppler width (a = 0)
for a calcium beam at 1000° K is Avj =~ 1000 MHz. Clearly multiple

scattering is far less probable when h227zvresonance radiation passes
along the beam axis than when it is directed perpendicular to this axis.

A similar problem arises when 2275& continuum radiation is incident
‘on an optically dense calciﬁm 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. Undér these circum-
stanceé the total excitation rate decreases slowly as & is increased from
0, and.drops very sharply in the immgdiate viginity of a = g_.. For these
reasons the experiment is arranged so that neither the excitation light
nor the observation axis is directed perpendicular to the atomic béam.
The oblique anglés are about E in both cases (Fié. 2). |

In an atomic beam the distribution of atoﬁic velocities is

P(v) ~v3 e T,

M being the atomic mass and T the source temperature. If the light is

13
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directed at an angle @ with respeét to the beam axis, then an atom
moving with speed v has a most probable absorption frequency w' given

by the Doppler formula

v o
= — cos Q,
c .

where wo is -the center frequency for an atom at rest. Thus

3 2 tw' - wo)2

Me
2kT Wy

(w'- wo)3 sec® o exp [~ sec2 al if w' > W,
Plw') ~

T ifw Cw .
o)

Because uN(w w') is much narrower than P(w'), the shape of u(w) is
determined almost entlrely by P(w') This approximation is valid except

when o isvvery close to g. If we define x = %(w - wo), where A is the

Einstein spontaneous-emission coefficient for the transition, then

3 -Bx2

3a - x e. e(x).

u(x) = X sec
Here ©(x) is the Heaviside unit function and
Mc2A?sec2 a MAQA?8e02 a

p=E - = H
2 ‘ 32n2kT

N is the wavélength corresponding to w, - The absorption coefficient

for the natural line has the Lorentz shape

i

() = —2— .
1 +x
The peak absorption is
2
_ 3nA
Ho - 2 [C'SJ H 5]
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where n is the number density of atoms in the beam, and where the factor
of 3 is the statisticalbweight of the P-level. The constant K is

determined by the normalization condition

f: sxlan = [ iylax.

Thus

w0 2 ©
Ksec3afx3e-axdx=uof __ix__?’
0] -0 1 + X

and therefore,

K sec3 a = 2n52po.

The peak value attained by u(x) is

2 -3/2

W = 2 ~3—) JB b, = 2.58 st. e
i is proportional to k3A, for given values of M, T, n, and Q.

max
From Table I, Section IV, the A-coefficients for the relevant resonance.

= 2.2 X 108 sec-l and A2275 3.3 X lO7 sec;l. The

t

transitions are A4227

ratio of the peak absorption coefficients is

o
ey (422TA) (h227y3 2.2 x 18 43
ho (22758) 22T 3.3 x 107 .

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

multiple scattering of 7, photons.(h227;) rather than to loss of excitation

(2275&). The dimensionless parameter B may be treated as a constant,

since it varies slowly with the absolute oven temperature T. Numerically,

-1

if M = 40 amu, A=4.23x10'5 cm,A=2.2xlO8sec ,a=)1—‘,and
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. ; R T

T = 1000° K, we obtair the value B = 2.6 X'10 . -
The maximum velue of the L227A absorption coefficient is therefore
Hoax = h.2 x lO-2 Mo For aﬁ'exéitation*regioh whose typical dimension

is L, multiple scattering will be‘of'minimal_consequence if Hoax < % .

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

2““0 2% . - 1

nmaﬁ = 2 = 2 )

3A 3N

4.2 x 1072 1

Taking I: = 1 cm for the atomic beam geometry used in the experiment,
we find that n = 3 X 104 atoms/cm3. The beam density should not

exceed this limit, which is approximately the optimum density.
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IV. AN ESTIMATE OF THE COINCIDENCE COUNfING RATE

The calcium atoms are excited from the hlSO ground state to the
‘61Pl state (22751). The expected rates of emission of thé cascade
photons 41 and 12 wili depend on various transition rates; in addition
to the intensity of the excitation source and the density of the atomic
beam. Most important is the braﬁching ratio for the transition
61Pl —>6lSO to the initial state for the cascade. Theoretical transition
rate calculations require the evaluation of reduced matrix elements, which
are integrals involving radial ﬁave functions. The labor required for
numerical integration would be prohibitive. For the present purposé,
the transition rates can be computea to sufficient accﬁracy 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. Tﬁe term assignments are those of
Moore [M-2]. For the héE?K resonance line there is surprisingly good
‘agreementv(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-k].- There is also good agreement (within 20%)
with hook-method measurements of relative oscillator strengths for the
resonancé lines, published by several.groups working in the Soviet
Union [0-1, 0-2, 5-3]. Most of theée data are festricted to the
- strongest lines. From Table I we can estiﬁate that as many as 25%

(conservatively, at least 10%) of the excited atoms which do not return

directly to the ground state will enter the 6180 state. Since most of



TABLE I. Eingtein A-Coefficients for calcium,computed by the

Bates-Damgaard approximation

Initial state Final state i_A(R) A(sec™)
1 1 , : 8
L Py L Sq L227 2.2 X 10
4ls, 2398 9.5 X 1
. e 6
SlPl 58, | 3.9 X 10
“lDe 1.5 x 1
ulso 2275 3.3 x 107
slso | | 7.5 x 10
1 . 1 6
6 P, 6 SQ 3.3 X 10
ulnz 6.0 x 100 -
51D2 k.4 x 105
yls 2201 s 6
o 7.4 x 10
5'8, 2.8 x 1°
6130 4.1 x 10
o . 6
T P T8g 1.1 x 10
thQ 5.5 x 104
51D2' 8.6 x 10° -
6'p, | 1.2 x 103
ylp 5513 1.6 x 107
61s 1 '
0 SlPl 2.1 x 103
_ulPl 7.7 % 1°
7lso slPl, L.2 x 106- '
6'p 3.0 x 103

18



the remaining atoms reach the hlPl‘level by other routes, the rate R of

75 emission will be about 10 times the rate of 71 emission. The single-

detector counting rates are Fl = 10 an and N, = n5R, where qi and n,

- are the overall efficiencies of the detectors. The expected coincidence

¢

rate (with polarizers removed) is N, = 107t n1noR- Table I indicates that

R should be approximately one fourthvof the total excitation rate Rtot )

for the transition hlSO —>6lPl. Thus R can be predicted if we know

the density of the atomic beam, the intensity of the excitation light

from the H2 lamp, and the A—coefficient for the hlSO ->6lPl transition.
When the 2275& excitation radiation passes through the calcium béam,.

the itransmitted power per unit area and per unit wavelength decreases

exponentially with the distance z:
I(N) = 1, e (N2

At the optimum atomic beam density n, the total absorption probability
(1 - e-“(x)z] at wavelength A is fairly small for the h227ﬁ line and
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:
) 2
b = da | = A4
P = ozl Idx’;/_m pu(x)dx = 0zI [+ T,
where o is the cross-sectional area of the light beam. The volume 0z
will be set equal to the volume V of the excitation region, which is
3

approximately 0.7 cm”. If we neglect excitations due to multiple

scattering, the total excitation rate at 22753 is
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3VI n?xSA
R, | = —o o .
tot hmo l6ﬂ2hc2

An intensity measurement taken with a radiation thermopile shows
that the ultraviolet intensity at the\excitationvregion is approximately
3 X lO2 uwatt/cmg. This is IO integrated over the 300& passband of the
interference filter; therefore I_ ; 10 erg/(sec'ﬁ -cmz). The geomefry of
the lamp and the deﬁails of the thermepile measurement will be described
in Section V, Part C. Ifn = 3 X lOlO/cm3 and A = 3.3 X 107 sec’l, then
Rtot ~8 x 107 excitations,/sec and R =~ 107/sec. An additional uncertainty
in this value arises from the fact that the 300& passband of the filter is
so broad that P-statee other than 61Pl are excited to some extent. The
excitation of higher levels, up to the ionization 1imi£ at 2028&, contributes
to the useful population of the initial state fer the cascade. However,
the SlPl state (2398&) lies below the 6180 state, and its excifation
contributes only to the number of 75 photons not preceded by 7 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 thevfetio NE/Ni by more than about 40%.

The detector efficiencies n, to be discussed later, will be shown
to be approximately 10"3.‘ With these values the predicted coincidence
rate is N = 107t MR ~ 1 count/secv(polarizers removed). This rough
estimate indicated that the poiarization correlation experiment could be

performed successfully, although long observation times are required.

~Sources of noise will be considered in a subsequent section.
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V.. THE EXPERIMENTAL APPARATUS

'AA. Vacuum System. |

Figures 4 and 5 show the layoﬁt of the source chamﬁer and the

) adjoining excitation chambef, to ﬁhich are attached the hydrogen lamp,

the detecﬁor assemblies, and the vacuum pumps. Bréss construction and
standard vacuum techniques are employed. Only the two main chambers

are evacuated; there are two oil-type diffusioﬁ pumps. The source chamber
requires a large pump to remove the watef vépor and other gases given

off when the oven is heated to 0perating temperature.

A liquid nitrogen trap is included in the top flange for the main
chamber. A similar trép attached to the source chamber was found to be
unnecessary, as the fresh la&er 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 lO-6 Torr
during operation of the oven. Cutoff flags for the atomic beam and the

excitation.light are adjustable through Wilson seals.
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Fig. 5. The apparatus. This photograph shows the source chamber (left
center), excitation chamber (center), and photomultiplier assemblies.

The excitation lamp is mounted on the far side.
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Fig. 6. An overall view of the apparatus.

the background.
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The RCL analyzer is shown in

2l



Bfl-Atomicvheam Owen':- 5:’f - :' T_v “"},T"Q.f11”-‘:}5. f;::il -
i.The calc1um heam oven (Fig. 7) is’ of large size . (6 5 x 3 M x: h 4 em)
iand of conventlonal de51gn [R l] The‘loadlng well, located at the ‘rear,
is a cyllndrlcal volume 2.0 em in dlameter and 3 O cm in helght flttedp )
o w1th a tapered plug ' A full load con31sts of about 12 gm of calc1um 1n
(the form of & solid cyllnder, turned down en-a lathe to the appropriate
151ze Elght heatlng c01ls surround the well Extendlng from the well
}to the. orlflce at the front face of the oven 1s a channel O 5 cm 1n -
dlameter, surrounded by 51rteen heatlng c01ls\ The orlflce 1tself is

'n“an 1nsert hav1ng 8. c1rcular aperture O 27 cm in dlameter ;fi -

Orlglnally the oven was made from cold*rolled steel However,.‘

| f~the inner walls of the Well became sllghtly etched and ca101um leaked

_ out around the.edge of the plug.‘vApparently'thls dlfflculty was the

%

‘result of a chemical reactlon between steel and ca101um vapor at lOOO K.
A satisfactory oven ‘and plug were machlned from a block of tantalum
Thermal 1solatlon for the oven 1s accompllshed by a pln mount and

by a horlzontal slot which- separates the channel reglon,from the bottom

L)

' surface of the oven The heatlng c01ls are wound from tantalum w1re
of O 038 ~Ccm dlameter and are. set tr sectlons of ceramic tublng "Separate

':varlacs COntrol the heaters for the channel and the well The correspondlng

temperatures at the front and rear are’ monltored by chromel—alumel
thermocouple Junctlons 1nserted 1nto small holes drllled in the top of
the.oven. The operatlng temperature at the front is’ about 25 hlgher than

.at the rear, to insure that condensatlon of" calc1um vapor does not occur

in the channel.

A simple kinetic theéory calculation shows that a vapor pressure of

Lo

.
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Atomic beam oven for calcium.
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approximatelj lO_l Torf will provide the oﬁtimumvbeam density

n=3X lOlO atoms/cm3 aﬁ the excitationlregion, which is 21 cm from

the front of the oven. Calcium attains this vapor pressure at about
lOOOO K. This operating temperature is reached when the oven heaters
dissipate about 550 watts, in'rough‘agre¢Ment with the,dissipation'
expected from Stefan's law. Since the vapor prussufe varies rapidly
with oven temperature, the thermocouple reading does not permit accurate
determination of the bean density.

The melting temperature of calcium is lllOo K, somewhat above thé
normal oven temperature. However, in early tésts there was a tendency
for tﬂe orifice to become obstructed with melted metal. The calcium
sample thenvin use was found to contain aluminum, which melts at 9300 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 dischafge around

the oven heaters; ‘The H227£ resonance radiation emitted by this discharge
would scatter into the 75 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 steél #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 of the calcium layer at the first collimating

~s8lit permits a reasonably accurate calculation (within lO%) of the -

guantity of calcium which has passed through in the beam. We can

therefore predict the running time t for the desired beam density n:

t = lepD iy
' L2n EMkT
where £ = distance from oven opening to collimating slit = 7 cm

I, = distance froﬁ oven opening to excitation.region,=wéi cnl
p = density of solid Ca = 1.54 gm/cm3

D= thickneés of‘Ca layer = 0.095 cm after a full oven load

has been exhausted
Nb='Avogadro's number 2

For these valuss the density n = 3 X lOlo/cm3 will be maintained if
t = 30 hours. There is no simple way to calculate the precise variac

settings for this length of run; they are best learnsd by experience.



C. Excitation Source: A:High—Intensity Low-Voltage H2 Arc of
Simplified Design | -

Special attention must be devdted to the urgent need for obtaining
the highest possible excitation rate hlSo —aélPi (2275&) in the atomic
beam. In a calcium resonance flow-lamp having a quartz window, this
transition would receive aﬁout 1o'u of the power concentrated in the
strongest resonance line (4227A), hlPl —>hlSO [G-1]. Even the best
available.ultraviolet interference filters transmit approximately 0.1%
at L4O0OA (and no more than 25% at 22751). For a flow-lamp with one
filter, the intensity ratio I0 (42273) /IO (22753) at the exc’itation |
region would be about L4O. - Since Moas (h227ﬁ)/umax (22752) = 43 (Section
III), the M227K excitation rate in the atomic beam could easily be a
disaétrous 103 times the 2275K.rate. If the 4227K line were blocked
by additional interference filters, there is goocd reason td doubt that
IO (22753) would be sufficient to satisfy the excitétion requirement.
Excitation by electron bombardment leaﬁs to the same difficulty, as again
the 4227K transition would be the most readily excited, because it has
by far the largest dipole matrix elementf

A high-intensity continuum light source in the ultraviolet offgrs

an attractive solution to the excitation problem. High-voltage mercury
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and xenon lamps of very high pressure (5 to 20 atmospheres) are commercially

available. In quartz envelopes they emit an ultraviolet continuum which
might be usefulvdown to 22002. In the case of Hg, the spectrum'is a
quasi-continuum due to pressure broadening of strong spectral lines.
In both the Xe and the Hg lamps the spectral density is considerably

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



A one-kilowatt Hg‘lamp having a nérrowtéfl~¢ﬁ diameter capillary

(Pek Labqratorieé type C) Waé_testéd as a-possible excitation source.
Thé total intensify in thevvisiﬁle‘fegion was very high, gnd could. not
have been reduced adequafely by intérference filters. A simple quartz-
prism spectromeﬁef was ins£alled between the lamp and the excitation
chamber. It was designed to remove fhe visible light and to pass a
SOOK.baéd at 2275&. Nérrow slits were required. Even when the spectro-
‘meter was caréfully aligned, its output contained excessive visible
light, demanding the uée of an intérference filter at the exit slit.v_
Unfortunateiy, the intensity at 2275& was insufficient. After it became
clear that this arrangement was unsatisfactory, thg.search for a more
suitable excitatioq source led to consideration of a molecular hydrogen
arc lamp.

The H2 spectruﬁ displays an ultraviblet continuum which extends
from about MSOO& to bgyond 18603. The spectral profile is smooth in
fhis region, with no discrete lines or other sharp prominences; it has
a gradual péak-between 2300& and 2500& (L-3]. According to the theory
of Winans and Stuekelberg [C-2, R-3, W-41, this continuum erises from
mo}ecular transifions between the relatively stabie 13025032g excited
state and the unstable lso2p032u lower state, which dissociates into
unexcited atoms having kinetic energy. Theoretical calculations for

these transitions in H, and D2 are in satisfactory agreement with

2
the observed intensity distribution [C-4, J-1]. 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 under-

stood, the lamp output may be greater with D2 gas than with H2 [s-5].



The highest-~intensity H2 lamp available commercially (the Hanovia

.lamp) has a large, fragile, glass envelope and requires high voltages

(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-1, F-2, H-4, R-2]. Except for the lamp described by Rendina [R—?],
they are in fact quite ihtficéte and have complicated electrode arrange-
ments.

The Rendina lamp is of brass construction and_is easily built. It
employs a dispenser cathode of the type pioneered by Hull [H-8]. 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 fhe 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 braés 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, especially
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whén the‘éurrent,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 aﬂd strontium' carbonates

did not last. Sputtering was so severe that the quartz exit window
readily acquired an opaque layer of unideﬁtified material, presumably
from the cathode."Under these conditions the discharge was‘unstable
and the ultravioiet intensity was low. These tests were conducted with

H2 pressures of 2 to 5 Torr. It is possible that some of the difficulties

Just described are attributable to impurities'invthe H2, since only a

mechanical forepump was used for the initial evacuation of the lamp
chamber. However, it seemed worthwhile to experiment further ﬁith
electrode materials before proceeding to the use of a diffusion pump
and the elaborate gas purification systems customarily used Qith flow
lamps [B-lh]; 

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 fdr gbod electrical and thermal contact
with the water-cooled brass bottom plate, which is‘2.5 em thick. In
the final anode the intérior region is 1.4 cm in height and 0.95 cm
in diameter. The caihode is mounted not above the aﬁode, as in the
Rendina lamp, but almost entirely inside of it. By far the best cathodes,
out of many types tested, weré 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, ﬁﬁich contains .

Ba, Ca, and Al, in the ratio 3:1:1. A satisfactory shapé is a c¢ylinder,



1.0 cm in length; with'inner:and outer diameters 0.30 cm and 0.50 cm.
The cathode is‘suppbrted from the féedthroughs by 0.089—cm diameter
ﬁungsten wire, as indicafed in Figs. 8 and 9. The same tungsten wire
serves as the filament, aﬁd is heated to incandesence when the lamp is
to be started. A Tesla-coil spark is not ﬁecessary. After the discharge
is suétained, the'filament current can be turned off. A spot-weld
fastens the cathode té the filament wiré, although a tight friction fit
is ordinarily adéquate.

With this electrode éfrangement, the effects of sputtering become
noticeable after several Hours, if the exit window is mountéd immediately
below the anode. Since the base of the lamp must be mounte@ 12.5 cm
from the excitation region,ino light is lost when thé exit window is
moved 6 cm from fhe anode, td 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 reabSorpﬁion are not pfeéent, because the pipe does not contain
molecules in the lsd2pc32u state. The exit window is a converging
lens of S.O-cmvfocal length, mounted in a removable threaded cap and
made of Suprasil, the highest quality optical quartz available. An
inferior grade of quartz; used in séme of the tests, lost much of its
ultraviolet transmission (i.e., became solarized) after prolonged
exposure té the direct radiation from the arc.

The H2 gas is prepurified, furnished in standard small cylinders.
It enters just above the lens and is pumped.through the lamp at a con-
stant rate. The flow df gas entering the lamp is regulated by an

adjustable bleeder valve (Vactronic VVB-50Q), usually set for a flow

LY
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Fig. 9. Photograph of lamp cathode and filameﬁt.
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rate of about 0.2 cm3/sec @ STP. The forepump is attached to the side
of the lamp body, the pumping rate being controlled by a small gate
valve. No diffusion pump is used. Two pressure gauées monitor the
Ppressure within the lamn, a thermocouple gauge calibrated for air,
useful primarily as a pre-run check for leaks, and a Wallace—Tiernan
FA160 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 eas:ly set for constant pressurew. - Pressures below
1.0 Torr result in less than the maxirum 1nten51ty of uitraviolet radiation.
Below 0.2 Torr, the lamp may emlt radlo frequency radiation, which can
be picked up by the countlng c1rcu1ts. Above 5 O Torr, the 1nten51ty
falls off because the dlscharée becomes unstable and conflned to one
side of the cathode, usually the side closest to the 1nner wall of the
anode. Between 2 O'and 2 5 Torr the max1mum 2275A 1nten51ty is attained.
The dascharge 1s dlstrlbuted unlformlythrouchout the reglon surroundlng
the cathode, and appears'uniform even 1f the cathode s pos1tlon is not
quite concentr;c within the anode. Pressnrevdrlff is negllglble, less
tnan 0.1 Torr during a 25-hour run.: The iamp 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,
vand the negative side connects to the cathode through an adjustable
5- to 9-ohm ballast fesistor, which limits the current to between 10 and
20 amperes. The voltage across the 1amb depends on the Hztpressure,
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 pover

dissipation for the lamp is 500 watts. : 2 ) .



The 2275& interference filter, 1.3 cm in diameter, is mounted in
the threaded cap vhich holds the Suprasil lens. The filter has a
Suprasil substrate and is of the multilayer type,'méde by Thin Film
Products, Inc. It represents‘the best effort of present-day technology.
The transmission'spectrum is asymmetric, having a meximum transmission
of 23% at 2250& énd 12%-transmission points at 2130& and 2&503. In
the visible region the transmission is 0.1% or less. This filter is
contained within the main vecuum chamber, and is of a design intended
to withstand the pressure'shock of pumping.

A uvseful fluorescent screen is a metal strip painted with a
paste of sodium salicylate in methyl alcohol. This screen emits a
bright bluevglow in the presence of ultraviolet radiation, and permits
the path of the focused lighP 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 flucorescent
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paste is installed within the main chamber to monitor the relative intensity

of the lamp during the progress of a run.

If the H2 pressure and d.c. current remain counstant, the intengity
falls off by about 10% in 25 hours. (If desired, compensation can be
achiéved by an adjustment of the ballast resistor.) The gradual loss

of intensity is dus to sputtering, which results in the deposit of a

thin metallic layer on the surface of the lens. Before each run the lans

1s removed for cleaning with dilute HCLl, scouring with ste=l wecol, and
a finel cleaning with acstons. This procedurs restores the lamp outputb.
The anode end thes gquartz inswlating plate (Fig. 8) are cleanad in the

same way; during lamp operaticn they acquire a shiny, dark deposit,

-



probably originatihg from fhé cathodé.,‘In spite Of this loss of cathode
material, the cathode most recently in use has:withStdod more than 60
hours of operation (two runs of the'expefimént) with no aﬁparent loss

| in discharge intensity or ease of starting. These cathodes can be
exposéd to air.during installétion and cleaning, without noticeable
poisbning. No acpivation is.éecessary.

Development 6f the lémp included some‘¢Xperiﬁentation with external
heating of the catﬁode by means of a continuous current through the -
filament wire. Aithough a slight iﬁcrease in intensity can be OBtained
“in this way (ﬁp to 15%), the cathode life is shérﬁened'and the sputtering
rate is as much aé four times-tﬁe raté for an unheated filament. A
considerably lower cathode temperature,-achiefed by removal of heat
through a larger-diameter supporf wiré'(o.l3 em), led only to loés of
intensity. The optimum wire diameter is ;bout 0.09 cm for the geometry
shown in Fig. 8.

The temporary substitution of D2 for H2 made only a small improve-
ment in the ultraviolet intensity. H2 was used in all of the final
.runs of thevéiéériment.

An estimate of the absolute intensity was made with a radiation
thefmopile (Reeder thermocouple RP-3M-3) fitted with a CaF, window and
having a sensitive area 6 X 10‘3 cme. Ité rated sensitivity is
12 pvblts/pwatt. The manufacturer states that the sensitivity is
uniform between 20004 and 80,000&. After passingrthrough the focusing
lens ard interferencevfilter;_the radiation beam converges to a crude
focus near the axis of the excitation chamber. A 0.8-cm diamster

baffle, shown in Fig. b, serves to cut off the flare surrounding the
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beam of excitation radiation. If'allowea to enter the photomultipliers,
the light in. thls flare would increase the background countlng rates
- With the baffle in place and the thermocouple recelver pos1tloned at |
the exc1tatlon reglon, the output voltage is 30 pvolts when the lamp S
currenpn;eelS amperes The 1nten51ty falls off to lS pvolts near the
edge éfiéﬁé beam. The ;verage 1nten51ty at’ thls‘reglon is therefore
'aﬁbut:3 x_lbe uwatt/cme. ‘This estimate wae’éﬁeted eaflier“iﬁ Section.IV.
The:measured veltage'dyops to lessvthee 0.1 pvolt QhehAa plaetic
or Pyrexiplate is inseffed in?o the paih df the radiefion, but only to
20 uvoltefﬁhen a shee£ of qﬁerﬁz is_inserte@. ‘These results sef&e ae:.
evidenee thét £he thermopileeiS'responding to ultraviolet ra&iatiQn,.
father_then'tobvisible:or infrared.; | |
Tﬁe‘measﬁfed intensity 3 X lO? uwatt/cm2 for a 300& band implies
a pho%on flux'of 1012 photons/(sec-cmeQX) at 2300A. This is the flux
at the excitation region, after the lens, filtéf, and baffle, and with

the obvious solid-angle loss. The lamp described by.Hartmanv[H-h] is

claimed to emit 3 X 108 photons/(sec'cme-A) at 1930&. However, quantitative

comparison is difficult, because Hartman used an exit slit of unspecified

width.



Fig. 10.
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H2 lamp mounted on excitation chamber.
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D. Photon Detectors

_Bach detector assembly consists of a lens, a linear polarizer,
an interference filter{ and a phbtomultiplier;tubé.‘ The lenses have
8-cm foqal lengtﬁs: Mounted within the excitatioﬂ chamber; they serve
to imﬁrove the effective solid angles subtended by thé deteéfors‘and to
assure approximately planevwavefronts as the light passeé through'the
polafizervaﬁd filter. |

Near the blue end of the visible spectrum, Polaroid polarizers
proyide incomplete polarization. A mofe suitable material for the
preséht experiment,‘where'quantum efficiency is critical, is Polacoat
lOSMB. it is ﬁade commercially by the application of an azo dye,tq
a glaéé substrate whose surfacé has been rubbed with an abrasive to
produce many very fine, parallél scratches [M—l].‘ Table I summarizes
the relevant polarization characteristics, which will be used in a
subsequent calculation. Circular plates of 105MB polarizer, T cm in
diameter, are set in rotatable mounts outside the vacuum chamber (Fig. k).

Great care must be taken to eliminate spurious photomultiplier
pulses. In this experiment the backgrouﬁd 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, evén in a dark room. Its source is'blackbody
radiation from the.oven and wgll fluorescence due to ultraviolet H2
radiation. The H2 lamp emits no detectable visible radiation; the lamp's
effect ohvthe pulse rates disappears when it is covered by a Pyrex
plate. Carefully placed baffles help to decrease tﬁe scattering of

visible light within the excitation chamber. To reduce further the



TABLE II. Characteristics of Polacoat 105MB linear polarizer

Wavelength PSA P“ Pl : a B

A, = 55134 0.6 0.3z 0.05 0.80  0.06

A, = 142274 o.k2 . 0.27 0.05 0.75  0.06
Definitions:

- = Prob. of transmission of lx) photon by polarizer, axis along x.

B = Proh of transmission of |x) photon by poiarizer, axis along y.
Ps= Proh of transmission of unpol. light by single sheet of polarizer.
P“= Prob. of transmission of unpol. light by 2 sheets, axes H.

Pl= Prob of transmission of unpol. light by 2 sheets, axes L.

P, = 5o+ 8) By = 5" + %) P = om.

The expected relation PS2 = %(P“'+'Pl) is not satisfied in practice

because reflections were not taken into account.

Transmission measurements were made on a Beckman DK-1A spectrophotometer.

L2
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fluorescence and scattering effects, the ﬁaffles and interior surfaces
of the excitation chamber are painted with Aquadag and then blackengd
with socot deposited from:a propane flame. These precautions are necessary,
but not nearly sufficieﬁ£ to reduce the background rates to an acceptably
low rate. Narrow-band intefference fiiters make the crucial difference.
The filters for 4 and 7glwere built specifically for peak trans-
mission at the wavelengths %1 = 5513& and %2 = h227&, respectively.
Their transmission characteristics are listed in Table III. Broadband
filters (AN = 1503) were used in the initial attempts, but they trans-
mitted an intolerable background of scatﬁered light. This light has
-a continuous spectrum. 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 béen developed which offer excellent blocking,
high peak transmission (about hB%),‘and bandwidths as narrow as 2R. The
filters in Table III reduce the background to about lO3 phofons/éec in each
detector. ‘These rates are determined experimentally from the measuréd
pulse rates and a knowledge of the quantum efficiencies of the photo-
multipliers. They are sufficiently low that it is worthwhile to
cool the photocathodes. The tubes are cooled to -5° C by a Freon-12
réfrigerator whose evaporator consists of copper tubing soldered to
the photomultiplier mounts. Dry nitrogen gas is passed through the
detector assemblies to prevent condensation of watér vapor on the cold
glass surfaces.
The photomultipliers have cathodes 5 cm in diameter, and are .

chosen for high quantum efficiency, low dark noise, and good time
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TABLE III. Characteristics of interference filters for photon detectors

#1 #o
Wavelength of max. ° ‘ e
transmission 5513A h22(A‘
FWEM AN 178 4.2A
Peak transmission T 47% 43%

Blocking trans.
Temperature coeff.

Manufacturer

0.01% to 0.1%
O,lB&/degree c

Spectrolab

10.01% to 0.1%
0.184/degree C

Thin Film Products
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resolution. Photomﬁltiplier No. 1 (RCA type 7265) has 14t stages and

an 8-20 cathode, with a quantum efficiency Q ~ 10$ at 5513A; No. 2 (RCA

tybe 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

& 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

3 ana th/sec, measured with the pulse

pulse counting rate bgtﬁeen 10
counters described in Part E. The dynode resistors are wired according
to a standard low-current circuit; the focusing-electrode voltage is
adjustéble 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, reméining constant
to within 10% from 1800 to 3000 volts, for example. The same incident
photon flux was applied to all tubes teéted. The pulse rate, with
the dark rate subtracted, is proportional to the quantum efficiency.
Tubes having high dark noise were éxcluded. From the remainder,
those having the highest guantum efficiency were selected. The time
resolution, limited by the spread in electron transit times, is about
3 nsec (3 X 1077 sec) for the 7265 and 2 nsec for the 8575. With
typical anode voltages (2700 and 2200 volts, respectively% the two
tubes have about the same multiplier gain, approximately 107. The
gain is irrelevant, provided that the electronic circuits have

suf ficient sensitivity to respond to essentially all of the single-

photoelectron pulses. The photomultipliers are provided with magnetic
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and radio-frequenéy shieiding.

The overall efficiency n of each detector is n = QTQ/4x, where T
is the peak transmission of the intérference filter aﬁd 0 is the solid
angle subtended by the detector. For the geometry of Fig. 4, o = 0.28
steradians. Thus n; =1 X 1073 and Ny =2 X 1073. Imperfect focusing
by the lenses will result in- somewhat lower values. The approximate
value n = 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, indiqated.in Fig. 1, 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 ére
amplified by 50-chm wideband d.c. amplifiers, which provide 100X ampli-
fication for .each detector. Because of the statistical nature of the
electron multiplication proceés in the photomultipliers, the pulses
have a wide range of amplitudes. The constant-delay discriminators
convert these pulses into a sequence of uniform puises, all of which
have the séme 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 appreciébly 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 ﬁetween the photomultiplier anodes and the wideband
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 éircuits, A and C, have long net delays inserted
in their inputs.#l and #2, respectively. Couuts recorded by A and
C are "accidental" coincidences.. They are a useful measure of the
background counting rate. In all three coincidence circuits the
clipping lines (RG-63, 125 ohms) are 1.0 meter in length. The

corresponding resolving time (total width) is 2t = 16 nsec. The
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Fig. 11. Block diagram of electronics.
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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.

k9



50

discriminator thresholds on A, B, and C are set for equal coincidence
counting rates when the detectors are exposed to light of low intensity

(101" to 107

photons /sec 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. The channels
of the analyzer are analogous to individual 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 thet when the photon flux into one of the detectors isv
held constant, nhe signal codnting rate is almost independent of
photomultiplier anode voltage, over a broadAfange corresponding to a
-factor of 10 in gain. 'In eddition, the signal is almost independent
of fhe threshold adjustment on:the consfant-delay discriminator. The
probability is very small that a, 51ngle-photoelectron pulse will be of
such low amplitude that the dlscrlmlnator will not respond.

The time—to-height converteruproduces an output pulse whose
amplitude'is proportfonal to the time interval between the arrival of
the "start" pulse and the arrlval of the "stop" pulse. ‘Pulses due
to correlated cascade photons 71, 72 w1ll arrive at these inputs with
a distribution in delay times whose ehepe depends-on the time response
of the instruments and on the exponential'deeay ofvthe intermediate
atomic state. The setting of the variable delay in the "start” input
shifts the zero—reference_in.the time scale. The delay is adjusted

so that 7,7, pulse pairs provide an average output pulse amplitude

1

which is about half the meximum amplitude aveileble from the converter.



The maximum amplitude is abéut 8 volts and cofresponds to a full-scale
delay of about lEO‘nsec. Longer time intervals cannot be measﬁred with
this converter. Coincidence ciréuif 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. 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 ofvthe time delay between the 7y and 75 pulses. Two
analyzers were employed at different times during the development of
the exﬁeriment, a L00-channel RIDL model 24-2 and a 256-channel RCL model
20609. A subgroup of 100 or 128 channels 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 thé>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 respénse of the system, including both detectors
as well as thevelectronics, can be measured by means of a radioactive
source and a fast scintillator. A Co60 sample and a small block of

Pilot scintillator B emit flashes of visible light having a duration of

about 2 nsec [L-1]. This light source was mounted between the two

51



detector assemblies. Eaéh_flash of,light is fdr.pragtical purposes a

" delta-function input to th¢7system. The'time-correlated photbmultiplief
pulsé pairs COﬁtributé to a peak iﬁ the analyzer display. The peaked
curve, resembling a gaussién, hés é full width at half-maximum of about
7 nsec, and is a good apprdximation to the Green's function‘for the
syéfém.x After a small cdrrection for the 2-nsec séintillator fesponse,
the widtﬁ of the Green's\fuﬁction is 6 nsec. This figure includes
contfibﬁtions from the photdmultipliers, 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. The
lifetime of the hlP;

1

instrumental resolution), and thereforé the shape of the decay curve

state in calcium is about 4.5 nsec (less than the

cannot be gccurately determined in this experiment.

The background counting.rate ETNiNé depends on the resolvihg time
21 of the coincidence circuit, or, equivalently, on the channel width
for the analyzer. In each detector most of the counts recorded during
a fun are not due to gaséade photons. In detector #1 most of the
counts ére éttributable to stray light, and in #2 most are due to‘yé
photons not preceded byvyl photons. To a good approximation, therefore,

1 2

detectors.

N, and N, may be taken to be the total pulse rates from the individual

52



Fig. 13 Fig. 14

Fig. 15

XBB 675-2621

Fig. 13. Upper trace: Single-photoelectron pulses at photomultiplier
anode (lO_nsec/cm). Lower trace: Output of constant-delay discriminator

(10 nsec/em). (Techtronics 585A oscilloscope with Type 82 plug-in).
¢ Fig. 14. Pulses from time-to-height converter (1.0 usec/cm).

Fig. 15. Analyzer display of timing check with radiocactive source and

wr

fast scintillator (1.0 nsec/channel).
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VI;' EXPERIMENTAL PROCEDURES§ OBSERVED COUNTING RATES

g v

Qefo:e aﬁy,sefiéus-atﬁémpts to.obSere the polarization correlation,
triai runs wergﬂuqd@rﬁékeﬁ:vith the poiafiiers reﬁéved. The‘?urpose
of these testSiwaS'ﬁo de@@hsfrate that éaécade photéns could be counted
and'fhat a time cor%elation»peak woﬁld bgfrecorded‘by the analyzer.
o Préparatfon fof a fﬁh1begins with ciéaning.of the'lamp anode and
exit window, cleaning of the Beam oven, and loading with a 12-gm cylinder
of 'calcium. The excitatioﬁ and source chambers are evacuated, and the
refrigerator is switched on. A special_heater is provided for the MEEYZ
interference filter, which is mounted in a thermally insulated phamber.
The heater current is adjusted to.kéep the filtef at;20°»C, 53 meaéured
by a thermocouple in the filter mount.  These precaﬁtions are necessary
because the wavelength of maximum transmission shifts by about 2.1& (the
half-width) when the filter'température dfops 12°.

The beam oven is heated tovits operating temperature, and then the
.H2 lamp is‘turned on. Vihe relative lamp output is monitored by the CdS
detector (Section V, Part C); Ordinarily the drift in ultraviolet
intensity is a negligible monotonic decrease of about 0.4% per hour.
Thé calcium beam density, oﬁ the other hand, doés fluctuate éignificantly,
since a one-percenﬁ change in a.c. line voltége causes a somevhat
larger chaﬁge (perhaps 10%) in the observed excitation rate.

\ Thevbeét.measuré of the excitation rate R is the pulse counting

rate N, for detector #2, which has an estimated efficiency n, = 2 X 1073,
Table IV shows representative céunting rates for tﬁe individual detectors,

~and indicates the sources 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

H, Lamp| Ca Beam | N, (counts/sec) N, (counts /sec)
Dark noise - off off - 150 120
Dark noise + on off 220 150
fluorescence ,
Dark noise +
oven light off on 370 250
Dark noise '+
fluorescence '
+ oven light on on 520 A 3380
+ signal
Signal only, by subtraction 80 3100
Signal rétiO' ?liif = —§9— = 2.6%
g © oysie | 300 T %
2
Conditions: Photomultipliers cooled to -5° C.

Ca beam density approximately 3 X lOlO/cm3.
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signal rates lelg = 80/sec and Nésig = 3lOO/sec. Thus, experimentally,
‘R= Ne/ne =2 x'106/sec. In Section IV we predicted R = 107/sec.

- . ., o slg, sig ‘ .

The observed signal ratio is Ni v /Na. = 2.6%. The branching

ratio for the transition 6;P - 6Ys , discussed in Section IV, should

1l 0’
be nz/ql (about 2) times the signal ratio, or about 5%. This value
is less than the 25% branching ratio oﬁtained by the Bates-Damgaard
calculafion. Excitation of the SlPl state can account for some of the
difference. Probably most of it should be attributed to an inaceuracy
in the Bates-bamgaard method, although the possibility remains that
‘the detector efficiencies 7 are in error. In any case, thevsmall signal
ratio implies a coincidence rate lower than the estimate of Section IV..
We ekpect that the coincidence rate N = nlesig will be iess than 1o'l/sec.

If v = 10-8 sec, the accideqtal coincidence rate 2TNlN2 will be

aboﬁtls X lo-e/sec. Even if the signal and background ratee are
comparable, the time correlatien can be distinguished without difficulty.
In a complete run the totel number of signal counts will be many times
the standard deviation, which is the square root of the background andv
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? = 196k, 2P = 3437, and nc = 1921. The
countere were read every 30 minutes. The oven was in operation er 16.5
hours; date were recorded during a shorter time t = 12 hours. By the
end of the run, the analyzer had eccumulated the correlation peak

shown in Fig. 16. The asymmetry is due to the exponential decay of

1
the L Pl state. In this run the photomultipliers were not cooled, and



XBB 675-2623

Fig. 16. Time correlation, September 29 and 30, 1966, polarizers

removed. (0.80 nsec/channel; full scale = 256 counts/channel). Note

- exponential decay of intermediate atomic state. Horizontal scale

reference should not be compared with reference in Fig. 15."
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the dark n01se rates wvere correspondlngly high The ayeragencoincidence
rate for cascade photon palrs was N = —[ - —(n +n )] = 3.5 X'lo—e/sec,
as measured by the c01nc1dence c1rcu1ts.' Since their resolving time is
shorter than the time-w1dth of the analyzer peak, some.COincldence counts
‘are missed by c1rcuit B. A more precise: value of N can be” obtained from
the printed'record of"tne analyzer memory. -The counts recorded within the
peak are summed, and the background rate is snbtracted ‘leav1ng in this
case a total of 1838 coincidence counts. By this method the average
coincidence rate was N, =14.3X 10-2/sec. | '

After this test had'proved that correlated 71, 12 photon pairs
. could be detected, the linear polarizers were installed, in preparation
for attempts.to observe the polarization correlation.

‘When the lamp and beam oven are in operation; the singles rates
vary insignificantly with polarizer orientation. The small variation
observed is due to>polarization of stray light reflected within the
vacuum chamber. lt‘contributes to all analyzer.channels with equal

probability.



VII. RESULTS AND DISCUSSION

Because the calcium beam density tended to fluctuate with the line

'voltage, measurements with the polarizer axes set parallei and pefpendicular

- were made alternately. One polarizer was fixed, and the orientation of

the other was changed by 900 every 15 minutes. Two sets of analyzer
chénnels were used; one set for each orientation. Runs wére made with
different orientations of the fixed polarizer, and in each case the
correiétion 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 fof parallel and perpendicular orientations.

The coincidence counts recorded by the counters are n“A = 477;
nlA = 476; n“B = 936; n_LB = 569; n“c = Lh2; nlC = 475, The numbers of
signal counts, taken directly from the analyzer memory, are épproximately

8

n“ g _ 490 and n 81

1

nonzero value of this ratio can be attributed entirely to the incomplete

& - 70. Thus n_LSig/n“Sig = 70/490 = 0.14h. The

polarization of the Polacoat 105MB polarizers. To substantiate this
claim, we mustAshow how the values of « and B given in Table II (Section
V, Part D) are related to the experimental values of the coincidence
probabilities P“ and P . The photon state ;s |¢) -1

L J2

(Section II), where |x) and |y) are base states of linear polarization.

[lxlx2> = Iyly2>]

Let |X) and |Y) refer to the polarizer orientations. Then « = l(Xlx)l2 =
[(21y) 12 ana 8 = (x| = [(x]x) |2
P = I{xlxelzv)lg = UK ey 12+ [, vy v) [P

= éioioé * BByl = %[(0.80)(0.75> + (0.06)%] = 0.30
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Fig. 17. Analyzer display showing results from polafization_correlation
experiment, December 17 and 18, 1966. (0.80 nsec/channel; full scale =
- 52 counts/channel). (a) Polarizer axes parallel; (b) Polarizer axes

perpendicular.
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Fig. 18. Coincidence counts, as a function of relative time delay, showing

polarization correlation.

channels.

December 17 and 18, 1966.

Each point represents a sum over three analyzer

Data were teken from printed record of analyzer memory.
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= LY, 17 = B Y, ) 2+ 100 Y, lva) 17

i

%[0162 + BlOé] = é{(o.8o + 0.75)(0.06)] = 0.046 -

1 %;%%é = 0.15, in good agreement with the observed ratio 0.1k. ‘

The experimental results are consistent with a coincidence

probability of the form P ~ c032 P.

4
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VIII. APPENDICES
APPENDIX A. GSOME RELEVANT EXPERIMENTS

The present investigation is probably the fifst 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—particlé quaﬁtum states.

One of the best known correlation experiments is the observation

of the linear polarization correlation of the 0.5 MeV photon pairs

emitted simultaneously in the annihilation of singlet positronium

(Section II). The experimental verification, first proposed by Wheeler
[(W-2], was undertaken by ;everal groups [B-7, H-3, H-6]. The éreatest
precision was achieved by Wu and Shaknov [W-5]. In that experiment,

as in most nuclear cascade experiments, the linear polarizations are
inferred fromvthe azimuthal asymmetry in Compton scattering of the gamma;
rays.

Fof 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
polarizétion of MeV gamma-rays. Another is that although the determihation
of the relative parities of the nuclear states requires measurement of
-photén polarization, a single polarization'measurement is sufficient
‘if the angular correlation is also observed. [H-1]. A search through
the literature has turned up only one gamma-gamma linear polarization

correlation experiment, by Robinson and Madansky in 1952 [R-k]. The

most common type of correlation experiment involves the study of angular
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correlations, without polarization measurement, and is usefulvin the
determination of the angular momenta éf nuclear states [B-6].

In the domain of atomic physids, the polarization of resonance
fluorescence has been studied siﬁce the l920's. Most'of the relevant
theory is aescribed in the text by Heitler (H-5]. Quantum interference
effects, observable in level crossings, are an interesting manifestation
of photon correlations [C-3, K-2]. The technique of single photon
counting has not beenvfull& exploited in the visible region. A number
of éxperimenté have been proposed (A-2, B-12, B-13, C-1, S-1], but
comparatively few have been performed. Noteworthy in the field of
qﬁantum optics is the study of Brown-Twiss correlations [M-3, for gxémple].'
Exgept for the present observations on célcium, most of the photon
counting work in atomic physics has been confined to the ultraviolet
region, whére phptomulti?lier efficiencies can be high and the background
rates comparatively low. Recently Kaul [K-1] succeeded in observing
coincidences due to ultraviolet cascade photons in mercury, and applied
time analysis to the mgasurement of the lifetime of a metastable state.
Earlier, Brannen et al. [B-l3]vmeasured a lifetime in mercury by
obsérvation of a cascade in which the first transition originated from
the ionization continuum. Lipeles, Novick, and Tolk tL-E] describe
measurements of angular correlations in the two-photon decay 2s —»is
in singly ionized helium, where the photon energy distributions are
continuous and the observed wavelengths rangé'from 3001 to 12008. In
this region polarizaﬁion megsurements have.beeh regarded as impractical.

Lowlcounting rates aré a serious obsfécle to further applications

of the techniques described in this paper. The presence of nuclear spin,
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on the other hand, would result in only a partial loss of linear polari-
zation correlation. If ‘sbome 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 structurs of excited atomic states.



APPENDIX B. THE EFFECT OF AN EXTERNAL MAGNETIC FIELD
An interesting question concerns the effect of:an external magnetic
field at the excitationvregion. The:initial'and'finel 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 hlfi'state, then the amplitudes for the states M =
-1, 0, and +1 do not interfere, witﬁ the result that the polarization
correlation is destroyed. In thie.case the Larmor period is much
-shofter 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-T7].
The interaction Hamiltonian fer the applied field is H" = wJ_,

Z
where w = %EZ is the Larmor frequency and where the z-axis is parallel
to the direction of the field B. This interaction does not mix the
states ‘in the =~ = sense that the off-diagonal matrix elements

(M1|H"|M2) are nonzero, but it does affect the phases of the probability

amplitudes for the three intermediate states. The intermediate state

Z 2y [M)

M
has amplitudes &, which have a time dependence due to H", given by

the Schrddinger equation

66
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) a) = 3 O alw).

It follows immediately that the amplitudes are aM(t) = aM(o) o 1T

~ (lM|El°§100) e Mt me finel-state amplitude a, now depends on the

f

time t spent in the intermediate state.

' ’ -iMwt M M M -iMwt
2, ~Zv(oolge-?lm)(mlel?loo) e ~Z (-1)7% ey, T e *
M M

Two geometrical arrangements are of particular interest, and are illus-
trated 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 € are

+ -
P —l;-(e * ie )
NEREE y
and ° = €, The transversality conditions 2.k = O imply that
= = 1 = = i '11 .
€ €5 0 in case #l and that e €, 0 in case #2
z z y v
| - 1 . . iwt | 1 . ‘ . ~iwt
Case #1: N 2(61 +ieg )(e2 - ie, Je + E(el - ieg )(e2 + ie, e
X Yy X s X Yy X Y

- %el@le-l¢gelwt + %e—lqleIQQe-lwt = cos (@2 -9 - wt),

where ? and P, are the usual azimuthal angles of polarizer axes #L and
#2, measured with respect to the x-axis. If @ = P = P the coincidence
probability is P = % 0052 (Q - wt). The classical Larmor precession
takes place in the xy-plane. A simple interpretation of this expression

for the coincidence probability is that the atom precésses through an

‘angle (wt) between the emission of 7, end the emission of 7,. If the
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Fig. 19. Magnetic field experiments.
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polarizer axes are parallel, then the probability P = 5 cos wt is

t /7

expected to modulate the exponential decay e ' for the intermediate
state of the cascade. The magnetic field strength should be chosen

for a Larmor period 2x/w of the order of twice the lifetime T..

: 1 1 ~iwt
Case #2: ap ~ 3¢ €, € te €, +5¢

sin P sin P, cos wt + cos P, COS 9y,

where P and P, are measured from the z-axis.

1, . . 2
P = 5(31n ¢, sin @, cos Wt + cos @) cos @2) .

s %
Case 2a: P =Fs %=1
P = é(l - cos wt)2 = % sinh %; .

Case 2b: Polarizers are removed.

1
P z;}i

unobserved
polarizations

. . 2
(sin ¢, sin @, cos wt + cos @, cos @2)

%(l + cos2 wt)

This is the result obtained from the angular correlation %{l + cos2 e)
when & is replaced by (n - wt), to account for the Larmof precession
of the atom.

The natural lifetime of the hlPl state in calcium is so short
that these effects are difficult to observe with the apparatus described
in this paper. At best, the (1L + cos® wt) modulation will show up only

at the first dip, where wt ='g1 An attempt was made to resolve the
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precession in case Eb with a magnetic fiéld B = 100 gauss. The time
correlation shown in Fig. 20 is th§ result of this 34-hour run. The -
average céincidence rate was Nc =v3.7 X 10-2/sec. There appears to
be a small porch at the exﬁected location on the downward slope of the
distribuﬁion. However, this result is inconclusive. Case #1 (m = g)
or case 2a ﬁight be more favorable. The run should be split into two

sets of analyzer channels, for B = 0 and B > 100 gauss.
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Fig. 20. Time correlation, Case 2b, polarizers removed. B = 100 gauss.

April 1, 2 and 3, 1967. (0.52 nsec/channel).
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APPENDIX C. THE EINSTEIN-PODOLSKY-ROSEN.PARADOX
The polarization correlation of cascade photons serves as a

“pbeautiful illuétr;tion éfﬂa #elilkﬁOanproblém.iﬁ-fhé éuahtﬁﬁ:theory

of measureméﬁt, first described in.l935_5y Einstein, Pddoléky, and Rosen
[E-1] and elucidated by Bohr (B-11]." in the caléium éx?eriméﬁf each

of the detected photon beéﬁé is unpolariégd, since the oriégtétions of
the hlPi states ére random, 'Consequeﬁtly,AthevtransmissiOn ﬁggbability
is one-half for eithér of the linearvpolarizers; irrespectiv§fof its
orienta%ién; Einstein, Podoisky,'and‘Roseﬁ would attemptth.Aescribe

the photon pair as "two systems."

'Théy reason as follows: . "since at
the time of measurement the two syéﬁems no ;onger inféract, n§ real
change‘can take place in the secénd system in‘conSequence of{ahything
that may be done to the first system." [E-1]. This assertion implies
that the polarization measurements én the two photons are independent,
and that the coincidence probability should be independént of the
orientation of the polarizers. |
The conflict between this apparently reasonable conclusion and ‘
the correiatidn‘predicted by guantum theory has been discussed in
various contexts [B-4, B-8, B-9, F-4, I-1]. Although it is generally
agreed that the 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, Bqu].>

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 guantum theory.

Fa
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furry [F-h].has explored the consequehces of the assumption that
a particle belonging to a composite system.has independent reality.
Taking the @resent experiment as an>example, Furry would suppose that
the polarization states of 7i and 7, are definite. 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 equally 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
question which has been raised on several occasions. As usual, let @
be the angle between the polarizer axes, and let ¥ be the angle between
the axis of polarizer #1 and the polarization direction for the photon
pair. The transmission probabilities are P. = cos2 ¥ for 71 énd

1

P, = cos® (¥ + @) for 75+ The coincidence probability is P = P P, for

a given value of ¥. The angles ¥ must be distributed uniformly between

0 and n. Thus, on average,

1

1
P = Eg/; cos2 ' cos2 (v + o) ay = é-(l + 2 cos2 D).

This “correlation function" resembles the result from quantum theory,

1 2 . .
5 cos Q. However, its maximum and minimum values are % and %3 instead

T3



o

| of,% and 0. If Furry's model were meaningfui, PL/P“ = % (perfect

vpolarizers); whereas the experiﬁental ratio is close to zero, in agree- -

menf with quantum theory. "
The‘paraddx of Einstein, Podolsky, and Rosen arises from a disparity -

between a formal theory and the authors' intuitive sense. Einstein said

of Bohr's interpretation, "To believe this is logically possible without

contradiction, but it is 80 very contrary to my scientific instinet that

I cannot forego the search for a mdrevcomplete conception.” [S-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 experiencé.

ie
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