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ABSTRACT

The spectral distribution of the two-photon emission from the
metastable 22 S1/a state of singly ionized helium has been veri-
fied. Two-photon coinc.dence counting rates were observed experi-
mentally and agree! with those calculated from the theoretically
predicted spectral distribution of the two-photon emission. In
addition, radiation due to the impact of low-energy metastable
singly ionized helium on helium and on the other rare gases has
been detected.

An rf resonance experiment has been initiated to make a high pre-
cision determination of the fine-structure intervals and the quad-
rupole coupling constant of the (1s2s2p) 4p° metastable autoioniz-
ing state of lithium. A summary is given of the current status
of the experimental work.

The quenching of optically excited atoms by foreign gases can
greatly improve the efficiency of optically pumped devices by
eliminating the f luor escently scattered light and the concomitant
depumping of the atoms. An experimental method which makes use
of the optical pumping of alkali vapors is presently being em-
ployed in a systematic study of the quenching of excited alkali
atoms.

Intensity modulation of light at the 6.835 GHz hyperfine fre-
quency of Rb87 has been observed for the first time. In addition
to affording possibilities for several practical applications,
hfs light modulation experiments are of considerable intrinsic
interest since they present one with an ideal system for detailed
investigations of parametric frequency conversion in the optical
region.

A magnetic rotation spectrum of molecular cesium has been ob-
served for the first time. A partial rotational analysis of the
(l, 0) band of the 7500-k band system of Cs2 gives a value of
0.00104 cm-3' for B"-B'.  The extrapolated band-head frequency
from the rotational analysis and the observed MRS line frequency
are in excellent agreement.

A general theory has been developed to account for the echo be-
havior due to the interactions between the echo atoms and the
magnetic nuclei of neighboring atoms. The theory has been applied

1
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to both electron spin and photon echoes in Cr 3+ doped Al,2 O,j (ruby) .
A prciuram has also been initiated for studying Raman echoes in
scattered light.

A rocket-borne x-ray polarimeter, which makes use of the polari-
zation dependence of Thomson scattering, was successfully flown
on July 26, 1968. During this flight, x-ray polarization data
were obtained for the bright x-ray source Sco MR-1 of the con-
stellation Scorpio. In addition, a new x-ray telescope is being
constructed to study the soft x-ray stars in the 44-100 A region
of the spectrum.

i
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I. ATOMIC PHYSICS

A. METASTABLE LTOMS AND IONS

1. Properties of the Metastable State of Singly Ionized
Helium

a. Direct Detection of the Two-Photon Decay Mode*
(C. J. Artura, R. Novick, N. Tolk)

In order to study the spectral distribution of the decay

photons, we have replaced one of the "hard" uv phototubes with

a "soft" uv phototube. While keeping the system in operation,

we are able to place various broadband filters over the face of

the "soft" uv phototube. These filters, which include MgF2,

CaF2, SrF2, BaF2, Al203, and Suprasil (fused silica), have

various low-wavelength cutoff limits and transmission charac-

teristics. The coincidence counting rates with the various

filters give us information about the two-photon spectral

distribution. Table I presents the data obtained.

In Table I, S/So is the ratio of the single-photon count-

ing rate with a specific filter to that with no filter; R/R o is

the ratio of the coincidence counting rate with a specific

filter to that with no filter. Columns 3 and 4 give the experi-

mental values for singles and coincidences with their corre-

sponding uncertainties. Columns 5 and 6 give the singles and

coincidence values computed from the theoretical expressions

V3 T (v)71 (V) A(v) dv

S _ V1

S°	
v2 

T1 (V)A(v) dv
vl

V
3 T (V) In (V)11' ( V o-v)A(v) dv

R
Ro _
	

v2 '1 M q I (v o—V)A(v) dv

V 

and

/	 d
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where vl and v 2 are the frequencies corresponding to the wave-

lengths of 3500 A and 1050 A. respectively, and v 3 is the fre-

quency corresponding to the low-wavelength cutoff limit of the

specific filter. T(v) is the transmission of the filter, A(v)

is the two-photon spectral distribution, 71 is the efficiency of

the "soft" tube, and 71' is the efficiency of the "hard" tube,

The transmission characteristics of our filters were measured

to within 5% by Dr. J. A. R. Samson of the GCA Corporation.

A paper by Samson and Cairns (1) provided information on the

approximate efficiency of the "hard" tubs; information on the

efficiency of the "soft" tube was provided by the manufacturer.

For the two-photon spectral distribution, we used the carefully

calculated values of Spitzer and Greenstein. (2)

We have chosen to present the comparison between experi-

mental and theoretical results in terms of the ratios of count-

ing rates rather than in terms of absolute counting rates. The

calculation of the latter would require the use of frequency-

independent as well as frequency-dependent quantities. Some of

these frequency-independent quantities are complicated and dif-

ficult to calculate; furthermore, some are not very well known.

However, when we deal with the ratios of counting rates, these

troublesome frequency-independent quantities cancel out, thus

removing one cause of uncertainty from our theoretical results.

Furthermore, the phototube efficiencies used in the calculation

could differ from the actual efficiencies by a factor of pro-

portionality without affecting the calculated ratios of counting

rates; however, this would cause an error in the calculated

absolute counting rates. In other words, the former calculation

requires only relative phototube efficiencies, while the latter

requires absolute phototube efficiencies. Besides, uncertain-

ties in the phototube efficiencies would affect the former

calculation less seriously than the latter calculation. In

5
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view of these considerations, the relative counting rates provide

a better test of the theoretical two-photon spectral distribution

than the absolute counting rates,

Table I shows that the theoretical relative coincidence

counting rates agree with the experimental relative coincidence

counting rates. On the other hand ., the singleS, counting rates

show no such agreement. But we should not expect to find agree-

ment in this case. The two-photon emission is the only source

of true coincidences resulting from the metastable component of

the beam. However, it is not the only source of a singles count-

ing rate resulting from the metastable component of the beam.

Another source is the radiation due to the impact of metastable

ions on the background gas. Thus the coincidences provide the

only true test of the spectral distribution of the double-photon

decay spectrum of metastable He +. Therefore ., the agreement

between the theoretical and experimental values of the relative

coincidence rates serves as a verification of the theoretical

two-photon spectral distribution.

In order to test the sensitivity of our experiment to the

spectral distribution of the two-photon emission, we calculated

S/S. and R/Ro using three other spectral distribution functions

A(V). The simplest test spectrum to consider is a uniform spec-

tral distribution. This distribution ., denoted as Aflat (V) , is
ccindependent of frequency and has the form Aflat(V)	 1 for 0

V < Vo. The second test spectrum, ANU3(V), is defined as propor-

tional to the cube of the product of the frequencies of the two

photons, i.e., ANU3 (V) cc v 3 (v 
0- 

V )3 . Such a distribution results

from considering only the phase space factor in the theoretically

predicted two-photon spectral distribution, Anormal(V)5 and

neglecting the matrix element factor. The final test spectrum

to be considered ., the reverse spectrum, is obtained by reflecting

the theoretically predicted spectrum about Vo/4 for 0 < V < Vo/2

and about 3V O/4 for v o/2 < V < vo . Therefore-, Areverse M

100
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Anormal C (vo/2) -v] for 0 < v < vo/2, where Anormal (v) is the
theoretically predicted spectrum tabulated by Spitzer and

Greenstein. The results of these calculations are presented in
Table II. 'The values of R/Ro calculated with these various spec-
tral distributions fall within the uncertainties of the experi-
mental values except for Suprasil in the case of the flat spec-
trum, strontium fluoride and calcium fluoride in the case of the
NU3 spectrum, and Suprasil in the case of the reverse spectrum.
Only the values calculated using the normal spectrum agree with

the experimental values in all cases. This fact and further
comparison of experimental and calculated values in Table II

show that the values calculated from the theoretically predicted
(normal) spectrum provide the best agreement with the experi-
mental data.

We have mentioned that in the two-photon decay one photon

has a wavelength lying between 304 A and 608 A, and the comple-

mentary photon has a wavelength greater than 608 A. This is due

only to conservation of energy. Since the "soft" phototube is
0	 O

sensitive from 1050 A to 3500 A. two such "soft" phototubes can-

not detect a two-photon coincidence. To verify that indeed there

are no "soft"-"soft" coincidences, we set two "soft ie phototubes
at an angular separation of 120 0 and look for coincidences be-

tween these two tubes. Since cosm.^._ rays produce a troublesome
coincidence background, we surround each phototube with a con-

centric cylindrical shell of plastic scintillator which acts as

an anticoincidence shield against cosmic rays. "Soft"-"soft"

coincidences are accepted but "soft"-"soft"-scintillator triple
coincidences are rejected, thereby Eliminating the coincidences
due to cosmic rays. In this way, we eliminate at least 70/ of

the cosmic-ray coincidence background.

We are prevented from observing a truly null signal
because of statistical fluctuations in the chance coincidence

background, i.e., the beam-dependent coincidences due to

if
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uncorrelated events. Therefore, we can only set an upper limit
to the occurrence of a "soft"-"soft" coincidence. This upper
limit decreases as t -lx , where t is the running time; we can make
this upper' limit as small as we like by accumulating data for a
sufficiently long time. However, since t- lz approaches its
asymptotic value of zero slower and slower as t increases, we I
soon reach a point of diminish.Lng returns. By collecting data
for 56 hours, we are able to establish an upper limit of 0.098
counts per minute, i.e., "soft"--"soft" coincidence rate _-^ 0.098
counts per minute. To get some idea of the smallness of this

quantity, we compare it with the "hard"-"soft" coincidence rate,
which is typically 6 counts per minute. Thus we have shown that

the "soft"-"soft"" soft " coincidence rate is at least a factor of 60
smaller than the "hard"-"soft" rate and that our observations
are consistent with the theoretical prediction of a zero rate
for this quantity.

In summary, we have verified the spectral distribution of
the two-photon emission from the metastable 2 2 S 1/2 state of

singly ionized helium. We observed the two-photon coincidence

counting rates with a "hard" uv phototube and a "soft" uv photo-

tube over whose face we were able to place various broadband
filters. These experimental coincidence counting rates agree
with the coincidence counting rates calculated from the theoreti -
cally predicted spectral distribution of the two--photon emission,
but we have not been able to provide a critical test of the

theory in the sense that other spectral distributions are also
consistent with our observations. However, we have certainly

shown that the coincidence spectrum is continuous. We have also

shown that the theoretically null "soft""--"soft" coincidence
counting rate is less than 1/60 of the "hard"-"soft" coincidence
counting rate. This residual coincidence counting rate is due
only to statistical fluctuations in the chance coincidence back -
ground. Furthermore, we have detected radiation due to the

9



impact of low-energy metastable singly ionized helium on helium
and on the other rare gases.

Program for the next interval: We shall resume work, on
the lifetime of metastable He

*This research was also supported by the National Aero-
nautics and Space Administration under Grant NGR 33-005-009.

(1) R. B. Cairns and J. A. R. Samson, GCA Technical
Report No. 66-17-N, pp. 10-12.

(2) L. Spitzer and J. L. Greenstein, Astrophys. J. 1141
407 (1951) .

2. Metastable Autoionizing Atoms

a. Rf Spectroscopy of Metastable Alkali Atoms
(R. Novick, G. Sprott)

The magnetic resonance apparatus has been changed some-

what to allow for future installation of components which would

improve the versatility of the anticipated measurements. The

main change has been to move the A magnet from the source chamber

to the detector chamber. With this alteration, it will be pos-

sible to reinstall an electron gun of the design originally used

by Feldman. (1) His design was not used for the resonance experi-

ments because it was felt that the electron beam produced would

be severely attenuated by the fringing field of the A magnet.

However, the present electron gun yields electron fluxes signif-

icantly smaller than the earlier design, and this makes it impor-

tant that we try to reincorporate Feldman's electron gun in the

present apparatus. A second modification involves the installa-

tion of a 7 1,2- in. extension to the detector chamber, This would

give us enough room to install a metastable atom detector which

is movable along the beam axis. With such a movable detector,

it should be possible to measure the lifetimes of the individual

metastable states in potassium.

10
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The modified apparatus has been tested, and measurements

of the metastable rubidium atom are under way. The technique

used is the same as that reported in reference 2 except that the

A and B magnets have inhomogeneous fields. This allows calibra-

tion of the C magnets from Zeeman transitions in the rubidium

ground state. Preliminary results indicate that the metastable

autoionizing state of Rb is a (4p 5 5s5p) 4D7/2 state.

In addition to the new series of experimental measurements,

we are continuing to study the results obtained, for potassium.

Two recent developments have encouraged further study of the

metastable potassium atom. First, we were informed that W. R. S.

Garton and M. Mansfield of imperial College in London have meas-

ured the optical KIb absorption spectrum of potassium, and it is

likely that their spectra include several lines terminating on

states of the (3p 54s3d) configuration, which contains one of the

observed metastable autoionizing states. From the position of

these lines, which had not previously been observed, we might be

able to ascertain the strengths of coupling between the electrons

in this configuration. Secondly, Hartree-Fock calculations of

the wave functions and Slater parameters for the (3p 54s3d) and

(3p 54s4p) configurations were recently undertaken by W. Martin

and M. Wilson at the National Bureau of Standards in Washington,

D. C., and they have supplied us with their results. Since our

analysis of the potassium spectrum is not yet complete, we do

not give the details in this report. It will suffice to say that

we will use the data given us by Martin and Wilson to obtain a

reasonable estimate of the level structure of the (3p 54;s3d) con-

figuration, and we hope to be able to achieve a fit between these

theoretical estimates and the experimental data of Garton.

In a previous Progress Report, (3) we gave an argument for

our conclusion that the observed 4D7/2 state in potassium belongs

to the (3p 54s4p) configuration rather than to the (3p 5 4s3d) .

11
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This argument rested on the fact that the quadrupole coupling
constant should be of equal but of opposite sign for the

(3p54s3d) 4D7/2 and (3p54s4p) 4D7/2 states. Since the experimental

value of B agreed in sign with that predicted for the (3p54s4p)4D7/2

state, we concluded that the observed metastable state was from

the (3p54s4p) configuration. It was assumed at the time that both
states under consideration were eigenstates of L and S. However,
the (3p 54s3d) 4D7 /2 state is most probably not a pure state but is

mixed with other states with J = 7/2 in the same configuration,
and conceivably this mixing might be sufficient to change the sign

that we would predict for B. The major restraint on the amount of

mixing is that the measured gJ value of the metastable 4D7/2 state
would be expected to differ from the projected Russell-Launders

value if appreciable mixing occurred.. We derive below a mathemat-

ical expression for the range of values that B may assume in the

(3p54s3d) 4D7/2 state subject to the constraint provided by the
experimentally determined g J value.

Any J = 7/2 state of the (3p 54s3d) configuration can be
expanded in terms of eigenstates of L and S in the following way.

k7/2 )  = b l l ( 3p 54s) 3P , 3d, 4D7/2)

+ b21 (3p54s) 3P, 3d, 4F7/2)
+ b3 (3p 5 4 s)  3P, 3d, 2F7/2)

+ b 4 (3p5
	 l4s) P,	 23d, F7/2)	 ,	 (l)

where the parent L-S eigenstates are shown explicitly. Since

the expansion coefficients must satisfy the condition

2
I b i)	 = 1	 a	 (2)

i

we can make the following substitutions;
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(3)

1	 .

b 1 " Aeio , where A > 0

"ab2 = elf [ l-A2 	b3 1 2 + I b4 I 2 ) 1 

where ep and 0 are the phases of the complex numbers b  and b2.
The quadrupole coupling constant and g j for the mixed J = 7/2
state are given, in terms of the expansion coefficients, by:

	

B = b3p [ I blI 2
	 3i b2I 2 - ( l b 3I 2 + lb4 1 2 ) - r6 Re (b 1b(4)

and	 gJ = - 1.42961 b 11 2 - 1.23861b 2 1 2

	

-1. 1432 (I b3 1 2 + I b4 1 2 )	 (5)

where the quadrupole interaction with the 3d electron has been

assumed negligible, (4) and the gJ values for the L-S eigenstates
in Eq. (1) are given explicitly. The single-electron coupling

constant bap is defined by bap = 5e 2Q(r" 3 ) 3p . in terms of the
constants defined in (3), we obtain

	

B = b3 [-	 L 	 + lb
p	 3	 3	 31	 41 `)

4 ^1-A2 - (l b 3 1 2 + I b4 I 2)J
12

 cos (cp - 8) ]	 (6)

and	 gJ = -1.2386 - A2 (0.1910) + 0 o 0954(Ib 3 I 2 + Ib4I2)	 (7)

From the experimental value of g j, i.e.,  g J	 1.42945 + 0 , 0002,
we can state that gj > 1.4292. This requires that

A2 > 0.9979 f 0.05 (I b3 12 + I 
b4I 

2 )

(8)
or	 A Z 0.999
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If we lapply k"2), we also obtain

b3 2 + ( b4^ 2 e 0.0021	 (9)

Finally, by substituting (8) and (9) into (6), we find that

B > +0.996 bap 	(10)

Thus, the amount of mixing allowed by the experimental value of

gj is not sufficient to change B by more than 1/, let alone change
its sign, to make it agree with the negative value observed exper-

imentally (in ref. 3, bhp was shown to be positive). This vali-
dates our previous argument.

The above conclusion is also in agreement with the results

obtained by Martin and Wilson for the (3p 54s3d) configuration.
Using the Slater coefficient f^-om the output of their Hartree-Fock

program, they diagonalized the combined spin-orbit and electro-

static interaction matrix to obtain the expansion coefficient of

Eq. (1) . Their results give a 7/ admixture of one of the short-
lived 2F 7/2 states with the 4D7/2 state. Not only would the
lifetime of this impure 4D 7/2 state be too short to have been
observed in our atomic beam experiment, but the value of g J cal-
culated for the state (gJ = -1.407) disagrees with our measured
-w°alue for the 4D 7/2 state.

(1) CRL Quarterly Progress Report, December 15, 19625
P. 11.

(2) CRL Progress Report, April 30, 1966, p. 4. 	 e

(3) CRL Progress Report, October 31, 1967 5 p. 7.
(4) This assumption has been substantiated by a recent

Hartree-Fock calculation.

b. Zeeman Quenching*
(M. R. Levitt, R. Novick, S. Skwire)

In the last Progress Report (1 ) we summarized and inter-
preted the experimental results  der ived from an atomic-beam

14
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Zeeman-quenching experiment on the (ls2s2p) 4po metastable auto-

ionizing state of Li. (2) We also indicated that the determina-

tion of the energies (to an accuracy of 100-300 ppm) and life-

times (to an accuracy of about 50%) of the 4Po fine and hyperfine

levels could serve as the basis for more precise measurements by

use of rf resonance techniques. We now describe this program in

somewhat greater detail.

In an earlier report, (3) we identified the three pairs of

differentially metastable levels of Li z for which two states

interact over localized, magnetic field regions, thereby giving

rise to observable anticrossing signals. It was found that for

Liz , the states of interest, as specified by the quantum numbers

appropriate at low field, are I J = 1/2, F = 2) , 1 J = 1/2, F = 1)
J = 5/2, F = 4) , and I J = 5/2, F = 3) . A plot of energy vs field
for most of the magnetic sublevels of these states is shown in

Fig. 1. It can be seen that in addition to the three anticross-

ing., there are a i.-?mber of fields at which states having differ-

ent magnetic quantum numbers cross. Of special interest are

those pairs of crossing levels whose wave functions (and hence,

lifetimes) are similar to the respective members of an anticross-

ing pair. If it is possible to produce strong coupling of these

states with an rf magnetic field, one can then effect a change

in metastable beam strength which is comparable to that of the

anticrossing case. As an alternative to the point of view that

a photon is created or annihilated in conjunction with the tran-

sition of an atom from a long-lived to a short-lived state, one

can adopt the view that in a reference frame rotating with the

angular frequency of the applied rf field, the two levels anti-

cross. The difference between the case of anticrossing in a

static field as opposed to "anticrossing" in an rf field is that

in the latter case the linewidth is limited only by the natural

width of the short-lived state since one can continuously vary

the size of the interaction which couples the two levels.

15
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The two levels associated with the largest anticrossing

signal are shown as solid lines in Fig. 2a. The variation of the

state lifetimes with magnetic field is shown in Fig. 2b, which

also clearly indicates why a symmetric dip in metastable beam

strength is observed experimentally. In addition, the figure
shows the energy and lifetime behavior of a third level which is
short lived and becomes degenerate in energy with the long-lived

member of the anticrossing pair at a field value below the anti-
crossing point. On the basis of our previous discussion, the
crossing levels are appropriate selections for resonance studies
if suitable rf coupling can be provided. It can be shown that
the rate of stimulated magnetic dipole transitions from the long-

lived to the short-lived state is given by

2

	

4 Y SL I V I 	 -1
W = — 2	 1	 2 sec	 (1)

(v-^) + 4	 ySL	
9

and the first-order expression for the resonance signal is (4)

S = C	
I V, 

2	 (2)
I	

-

4(v-w) 2 + Y SL2 + (Y SL/YLL ) I V! 2

In expressions (1) and (2), YSL and YLL are the decay rates of
the short-lived and long-lived states, respectively; b y is the

energy separation of the two states; W is the circular frequency
of the applied rf field; and hV is the matrix element of the
interaction energy between atom and rf field. In Fig,, 2c, we
plot S as a function of magnetic field for various values of the

rf magnetic field amplitude.

A small extension of the previous remarks is required to

complete the plan for the proposed atomic-beam resonance experi-
ment. Imagine that the long- and short-lived states of interest

are produced by electron bombardment of neutral ground-state
atoms. If the atoms travel only 0.1 cm before entering a region

r1
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containing an rf field, practically all of the short-lived atoms

will have decayed (about one in 10 4 survive), while most of the

long-lived atoms have not autoionized. The rf field will then

have a beam-quenching effect since transitions will be induced

preferentially to the short-lived level. The differential meta-
stability of the two states in question thus serves as a state-

selecting mechanism before  the rf region and as a state-analyzing

mechanism afterward.
In practice, the rf transition fields are produced in a

loop which consists of a length of coaxial waveguide which is

shorted at one end. The coaxial cable which is used as the rf

transmission line is chosen to be about one fourth as long as the

rf wavelength, so that the L-nnedance of the line and loop is
purely resistive for 30-MHz propagation. An rf magnetic field
antinode is therefore obtained at the shorted end of the loop

through which the beam passes. Using a tuned Miller_ rf amplifier
as the last stage of the rf generation and amplification system,
we have produced rf fields of the order of 1 G in the region of
beam traversal, which is almost sufficient for resonance satura-
tion.

The experimental determination of the energy splitting as

a function of magnetic field for two crossing levels must be re-
lated to the Zeeman Hamiltonian for the 4Po state in order to

extract the fine- and hyperfine-structure interaction constants.
We will not go into the details of this problem here except to

indicate tl^e form of the appropriate first-order energy terms and
associated correction terms. The first-order Hamiltonian for the
4po state can be written in the form(5)
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Cso L ,, S + CSS ((3/2) (L°S) + 3 (L os) 2 - L (L+l) S (S+1) ] + ac z •S

+ C {z•L+,S (2T:,-1) (2L+3)
1 	

((I-S)L(L+1)- 2
3

( 1 -L) (L S) - 23MD(L - S) (I L)

[3(z•J) 2 + 2(=•1) - z(z+1)J(J+l)]
+ CQ	 21 (2z-1) J (2J-1)	 fJ + ( gLLZ + gS SZ - gI I Z ) µo

(3)

where the interaction constants are as follows: CSO: fine-struc-

ture spin-orbit; C SS : f s spin-spin; ac : hyperfine Fermi contact;

CMD : hyperfine magnetic dipole; CQ : hyperfine electric quadrupole.

Manson (5) has estimated that CmD (Li7 ) N 0.002 cm-1 , CQ(Li7)

10-4 cm-l . A precision determination of the quadrupole coupling

constant therefore requires taking into account the motional

correction to the Zeeman effect (gL gL) since we have estimated

that it causes a shift in energy of order 10 -5 cm-1 . A determina-

tion of the fine structure to better than one ppm requires con-

sideration of the relativistic corrections to the Zeeman effect,

the higher-order nuclear moments, and the breakdown in L-S cou-

pling. The latter effect has been estimated to contribute shifts

to the quartet Zeeman energies of order 10 -7 cm-1.

Our experimental work has so far consisted of several

searches over the magnetic field region of interest for the re-

sonance transitions described earlier. The experimental tech-

nique involved setting the electron bombardment voltage several

eV above the metastable threshold, applying 100/ amplitude modu-

lation to the rf, and using a phase-sensitive lock-in detector

to measure changes in the autoionization current. Since we were

unable to discern any resonance features during single, slow

sweeps over the appropriate range of magnetic fields, we sub-

sequently used a digital signal averager, which stored the lock-

in detector output signals from a number of successive sweeps.

However, resonance signals have still not been observed. This

appears to be related to the fact that the stability of the
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field over the data-acquisition time period has been about one
part in 104 . This means that the amplitude of a resonance signal
of width 0.25 G would be reduced by a factor of about 4, so that

sixteen times as many sweeps are required relative to the case of

perfect field stability to obtain a given signal strength. We

are presently working to improve the stability by a factor of 103

by either manually or electronically compensating for drifts.

The search for resonance signals will then be resumed,

This research was also supported by the Air Force Office
of Scientific Research under Grant AFOSR-68-1454.

(1) CRL Progress Report, April 30, 1968, p. 11.

(2) P. Feldman, M. Levitt, and R. Novick, Phys . Rev.
Letters 21, 331 (1968) .

(3) CRL Progress Report, October 31, 1967, p. 9.

(4) W. E. Lamb, Jr. and T. M. Sanders, Jr., Phys. Rev.
119 3 1901 (1960) .

(5) S. T. Manson, "The Theory of Autoionization," Ph.D.
Thesis, Columbia University, 1966 (unpublished) .

c. He- Ion
(L. M. Blau, R. Novick, D. Weinflash)

A number of modifications have been made to improve the

performance of the experimental equipment used to study the He-

i on beam. A cable-and-spool driving mechanism for positioning

the detector assembly was substituted for the screw drive, which

caused trouble by damaging the internal signal cable. Added

protection was given to the signal cable by increasing the indi-

vidual wire sizes and twisting in a strength member. The new

drive controls the positioning of the detector to ±0.100 in.

instead of the previous value of ±0.010 in., but the coarser

adjustment will have an insignificant effect on the over-all

determination of the component lifetimes.

The .front of the detector assembly was modified by the

addition of an OFHC copper grid with 93/o transmission. The grid

will serve to prevent leakage down the tube from the electrostatic
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fields on the detector suppressor arid, in ceneral, will define

the regions over which electrostatic fields are applied.
Various additional changes have been made on the external

experimental equipment to improve the reliability of operation.
Measurements are now being made on the He+ beam to deter-

mine the exact effects of the modifications. A new power supply

for the magnet is being installed to allow magnetic fields of
about 1.5 kG in the solenoid to be reached.

Program for the next interval: To resume the investiga-

tion on the He- ion beam and to improve the determination of the

component lifetimes as a function of magnetic fields by more

precise measurements of the beam energises and applied magnetic

field.

B. LEVEL-CROSSING AND OPTICAL DOUBLE-RESONANCE SPECTROSCOPY

1. Lifetimes and Stark Effect of Excited Atomic States
(W. Happer, A. Lur io, R. Schmieder)

Because of a change in personnel, this program has been

temporarily interrupted.

2. Fine Structure of Singly Ionized Lithium
(A. W. Adler, T. Lucatorto, R. Novick)

We have continued our effort to measure the 23p J.5 F = 2 -
►

F = 1 hfs energy separations in Lit by an rf magnetic resonance

method. In our previous work we had employed as the source of
	

I

the microwave field an adjustable rectangular cavity with a

sliding joint. While this cavity conveniently provided external

adjustment of the resonant frequency, -the fringing fields in the

region of the sliding joint created a breakdown of the residual

gas in the cavity. This breakdown effect has been eliminated by

installing a new fixed-frequency cavity and by reducing the
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residual gas pressure- through improved oven shielding and the
installation of cooling baffles.

Data taken with the now cavity have indicated the possible
presence o^ a resonance near the predicted region. However, the
signal-to-noise ratio was no better than the best of the previous
results, and a definite identification of the line still cannot
be made. Calculations based on our observation of resonances
between the Zeeman levels (l) suggest that the expected signal-to-
noise ratio should be about five times that observed. We attrib-
ute the increase in noise to a small, unstable microwave power
modulation of the light emitted from the lithium beam. Although
our present scheme of data averaging (l) compensates somewhat for
this effect ., the low frequency components of this unstable source
of spurious signal have not been totally eliminated.

Program for the next interval: 1) in order to eliminate
the spurious signals generated by the interaction of the micro-
wave field and the lithium beam, two new methods of signal modu-
lation will be tested. One will involve the simultaneous modula-
tion of the detected polarization and the microwave power ., and
the other the simultaneous modulation of the detected polariza-
tion and magnetic field. 2) The strength of the signal will be
increased by the use of a new "Super S-11 11 phototube whose
quantum efficiency is 60% higher at X = 5485 1 than the currently
used S-11 tube. The use of a Lavalle nozzle to increase the
lithium beam density is also being investigated.

(1) CRL Progress Report ., October 31 ., 1966, p. 19.

C. COLLISION PHENOMENA

1. Optical Excitation with Low-Energy Ions*
(S. Dworetsky, R. Novick)

Our investigation of low-energy collision phenomena (1) has
continued during this period. Previous work (2 ) had established
the fact that low-energy He + ions, when colliding with ground-
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state He atoms, were surprisingly efficient in producing excited
Re atoms. Observation of the resultant photons showed a strongly
oscillatory dependence on bombarding energy. Theoretical work in
progress seems to indicate that these phenomena are due to a com-
plex electronic interaction hitherto unanticipated. Specifically,
the potential curves representing the energy values of the vari-
ous states of the He + -die molecular system exhibit a number of
pseudocrossings. Calculations seem to indicate t1lat these pseudo-
crossings are responsible for our experimental results. This
theoretical work has stimulated an experimental search for light
resulting from the 2 1P - 1 1S transition (584 AO ). A significant

motivating factor is the relative ease with which the theoreti-

cians can handle this problem as compared with excitation of

higher states.

We have consequently embarked on a program to observe the

584-A transition. Formidable difficulties have been anticipated

in our attempt to observe this radiation. Since this transition

is a resonant one (connects the ground state with an excited

state) and since the target atoms are all in the ground state.,

the Probability is very great that an emitted 58440, photon will

be reabsorbed by the target He atoms. If the detection system is

cylindrical, the process of absorption and re-emission will

"transport" the resonant photons to the walls of the system be-

fore they can reach the detector.

A second and perhaps more formidable difficulty is due to

the relative positions of the 2 1S and 2 1P states of He. The 21P

state lies above the 2 1S state, and when a resonant photon is re-

absorbed ., there is a finite probability that it will be emitted

as 2-µ light (2 1P - 2 1S transition) and will be lost to our 584-OA

detector. Calculations of this trapping effect show it to be a

considerable one.

A third difficulty which we are forced to accept is the

0lack of a filter for 584-A light. Instead of a filter, we must,
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therefore, use a grating spectrometer. Its large f number and
low-efficiency grating reduce the signal considerably.

A number of experimental setups were considered and tried.
The most successful one is illustrated in Fig. 3. re have em-
ployed the following improvements to handle the aforementioned
difficulties.

(1) The target chamber was termir ated with a collodion

film backed on 80`x-transparency copper mesh 1 cm from the beam.

This allows the passage of 584-A radiation and yet holds back the

He gas in the target clamber. The small distance of high-pressure

He through which the 584-A 1.;.ght has to consequently travel mini-

mizes the trapping and absorption problem.

(2) The differential pumping chamber minimizes the effect

of pinholes in the film by maintaining a low pressure of any He

which might escape the target chamber.

(3) A McPherson Model 225 normal-incidence 1-meter vacuum
0

uv spectrometer was purchased to provide selection of 584-A radi-

ation.

(4) The grating is platinum coated to maximize its

reflectance at 584 Ay.

(5) A low-noise E.M.I. 9603 open-face particle multiplier

was used as a detector.

Because of the uncertainty in the efficiencies of the

collodion film and grating, as well as the difficulty of making

an exact calculation of the trapping effect, only an order-of-

magnitude estimate can be made of the expected signal. On this

basis we expect a signal of approximately 5-10 counts/sec. No

signal was observed with a beam of ground-state He + atoms. How-

ever, by increasing the electron-bombardment voltage in the He+

source, we may obtain a larger beam. It should be noted that

this beam now contains metastable He + as well as He+ in the

ground state. In this mode a signal was observed.

i
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9

i-
FIG. 3. Experimental apparatus for detection of 584-A

r adiation in low-energy u^ +- He collisions.
1) Source chamber; 2) He + source; 3) intermediate
pumping chamber with differential pumping slits and
electrostatic ion lenses; 4) mercury diffusion
pumps; 5) oil diffusion pumps; 6) spectrometer;
7) grating; 8) detector vacuum chamber; 9) photo-
multiplier; 10) beam detector; 11) collodion film;
12) target chamber; 13) He + beam; 14) path of
584-A radiation; 15) differential pumping chamber.
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The resultant signal vs a wavelength scan on the spectrom-
eter is shown. in Fig. 4. Closing the s' 	 halfway narrows the
width of the line (see Fig. 5), as expcjted if we are observing
true line radiation.. The spectrometer resolution was previously
calibrated with a He discharge, and this calibration agrees well
with our data. On the basis of these results, we feel confident

0
that we have observed 584-A radiation resulting from low-energy
He+ - He collisions.

Program for the next interval: We will try to observe the

584-A signal with a beam containing only ground-state He +, and to

study this signal as a function of energy.

*This research was also supported by the National Aero-
nautics and Space Administration under Grant NGR 33 - 008- 009.

(1) CRL Progress Report, October 31, 1967, po 33.
(2) S. Dworetsky et al., Phys. Zev„ Letters 18, 939 (1967)

2. Ion-Photon Coincidence in Inelastic Scattering*
(R. Smick, W. W. Smith)

A new ion-beam apparatus is nearly completed for the pur-
pose of studying the detailed kinematics of :Low-energy ion-atom

excitation processes. The initial experiment will permit the

determination of the inelastic energy loss for a 50-1000 eV ion

beam scattering from a gas target at a fixed angle. Photons
emitted as a consequence of excitation of a specific state of
the target are detected in delayed coincidence with the scattered

ions. (See Ref. 1 for signal-to-noise calculation.)

We have completed all design, and all parts except the

mounts for the optical system have been fabricated. A schematic
diagram showing the general design of the apparatus is given in
Fig. 6. The complete vacuum system and control unit, the ion

source and ion lenses, and the energy analyzer have been assembled.,
and we have successfully performed preliminary tests of the main

nN^

29



C
O

tU
C
C

U

C

Cll

C
0
Ua

•C

a^

O

Ni
O
CO

i^ O
U '`-U

0 N
O. 'a

i
Cll

0

O

Q

C	
93^
	 ^-

•0	 \I 1CP-^- y	 -N	 I ^	 ( ^	 U
I ^ a
	

+=fiI ^ o
O.

F
I

ICI
J—I O-

^^ E
O_

rd

04
m

LH
0

UlN	
^

^	 U

rd

U

^o

c7H
w

30



if
	

I

M1 / k

I^

I^

I^

I	 ^

I	 ^
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M2	 I y
iIi

L1

FIG. 7. Diagram of the optical
system showing imaging
properties.

Ml , M2 = spherical, mirrors

C I = center of curvature
of mirror 1

C2 = center of curvature
of mirror 2

L2	 L13 L2 = lenses
i I 13 I 2 , 1 3 -= image,

Slit	 - I

P. M.

Light rays emitted from O toward the right are reflected by

M2 to form an enlarged image at I l , and are then reflected
by Ml to form a further enlarged image at I 2 . Lenses L  and
L2 transfer the image at I 2 to I 3 , the plane of the slit, and
provide a region of nearly parallel rays through the inter-
ference filter. Light emitted to the left would first be

reflected by Ml to form an image above C l , and would then
proceed as does light emitted to the right. If O had been

outside the region for ion scattering into the energy analyzer,

light from O would have been blocked by the slit.

er
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parts of the system with the exception of the energy analyzer.

The energy-spread characteristics of the ion-source ion-lens

combination have been measured ., and beam spreads of 2 eV are

easily obtdined.

In order to make high-resolution measurements in a reason-

able time, we have designed an optical system which will gather

as much light as possible from the "coincidence volime .," and as

little as possible from outside it. Light from the atoms excited

along a specified length of the beam is imaged on adjustable

slits in front of the photomultiplier. The imaging system is

designed to permit an interference filter to be inserted at a

position where the collected light rays are almost parallel.

(A monochromator can be used in place of the interference filter.,

slits ., and photomultiplier.) The optical system consists of two

spherical mirrors (one with a hole cut in the center) and two

high-speed lenses arranged as shown in Fig. 7.

The cylindrical electrostatic analyzer for the ions scat-

tered through a fixed angle is shown schematically in Fig. 8.

The design used here is our own; however, similar analyzers and

their properties have been discussed previously in the liter a-

ture. (2) The primary purpose of the analyzer is to eliminate

elastically scattered ions while transmitting and efficiently

refocusing the inelastically scattered ions. The inelastic

energy loss in a collision event is determined primarily by wave-

length analysis of the emitted photon.

,Program for the next interval: First ., we will test the

energy analyzer under experimental conditions; we will then try

to observe differential inelastic scattering of He + on He with

the new technique.

This research was also supported by the Office of Naval
Research under Contract N00014-67-A-0108-0002 and in part by the
National Aeronautics and Space Administration under Grant NGR 33-
008-009.

(1) CRL Progress Report, April 30, 1968, p. 29.

(i
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(2) V. V. Zashkvara, M. I. Korsunskii, and 0. S. Kosmachev,
(in translation) Sov. physics-Technical Physics, 11 3 96 (1966)
N. Z. Sar-el, Rev. Sci. Inst. 38, 1210 (1967).

3,, Relaxation of Excited Atoms*
(B. R. Bulos, W. Flapper)

The quenching of optically excited atoms by foreign gases

can greatly improve the efficiency of optically pumped devices by

eliminating the fluorescently ,scattered light and the concomitant

depumping of the atoms. The quenching mechanism itself is of con-

siderable interest since wide variations in quenching cross sec-

tions occur for different gases. Unfortunately, there are few

data on the quenching of the atomic species commonly employed in

optical pumping experiments. We have therefore undertaken a sys-

tematic experimental study of the quenching of excited alkali atoms.

Our experimental method makes use of the optical pumping

of alkali vapors. The attenuation of a light beam in s vapor is

a measure of the rate of production z of excited atoms. Let us

denote the number of excited atoms in the vapor by N e . Then

z = N  (F + rQ )	 (1)

Here r is the natural radiative decay rate of the excited state

and 17 Q is the quenching rate of the excited state. If the quench-

ing is due to binary collisions between the excited atom and the

foreign gas molecule, the quenching rate will be proportional to

the foreign gas pressure p.

F= qp	 (2)	 6

The quenching constant q can be interpreted in terms of a velocity-

averaged quenching cross section a.

a = (kTµ/2) 
1/2q	

(3)

Here µ is the reduced mass of the binary system which is composed

of the alkali atom and the foreign gas molecule.

A change in the rate of production of excited atoms may be

caused by inducing magnetic resonance in the atomic ground state.
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The corresponding change in intensity of the transmitted light

would be

Al A  = a Az =  a AN  (r + qp) 	 a
	

(4)

Flere . is a constant which depends on the sensitivity of the

photodetector and on the gain of the recording circuits.

The rate of emission of fluorescent light into all solid

angles is rNe . However, the intensity distribution of the fluo-

rescent light may be quite anisotropic. The degree of anisotropy

will depend on the polarization of the pumping light, on the

foreign gas pressure, and on the degree of optical, pumping of

the ground state. Because of the anisotropy of the fluorescent

intensity, a measurement of the fluorescent light emitted into

the small solid angle subtended by a photomultiplier is not

necessarily proportional to the decay rate of the excited state.

The effects of ti p,;, anisotropic intensity distribution can be

avoided by pumping with axially symmetric, circularly polarized

light and by observing fluorescent light of the appropriate

linear polarization. Mien due precautions are taken with respect

to the anisotropy ; the fluorescent light intensity IB scattered

into a photodetector at right angles to the pumping beam is

I  = bhNe	(5)

The constant b depends on the solid angle subtended by the photo-

multiplier and on the gain of the recording system. The change

in the fluorescent light intensity when magnetic resonance is

induced is

LIB = br6Ne	(6)

The ratio of the transmission signal 61A to the fluorescent sig-

nal AI 	 is then

6A =all+_qp)	 •A I 	 b	 1
	 (7)
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The ratio (a A /A I B can be easily measured experimentally ., and a

plot of til A /Ai B as a function of pressure yields a straight line.

The ratio of the slope of the straight line to the intercept with

the vertical axis yields the ratio q/1' of the quenching constant

to the natural decay rate r of the excited state. Since r is a
well-known experimental quantity, one can use the experimentally

determined ratio q P.' to determine q, and, using Eq.(3), one can

determine the quenching cross section.

Our experimental method has the following advantages.

The apparatus and the electronics are simple. The measurements

can be easily and quickly performed. The effects of the aniso-

tropic fluorescent light intensity are eliminated. Broadening

of the absorption profile of the atoms cannot be mistaken for

quenching since the rate of production of excited atoms is meas-

ured directly by observing changes in the intensity of the

transmitted beam. The sensitivity of the photodetectors need

not be known ., nor is it necessary to know the solid angle sub-

tended by the detector of fluorescent light. Instrumentally

scattered light is eliminated by observing signal changes which

result from magnetic -resonance in the ground state. The measurve-

ments are independent of alkali vapor density as long as the

vapor is optically thin.

Program for the next interval: We intend to measure the

quenching cross sections of all of the commonly used buffer gases

for both the 2P 3/2 and 2p1/2 excited states of the alkali atoms.
	 'OF

We shall look for systematic features in the experimental data;

for instance ., is there a significant difference in the quenching

cross sections of N 2 15 and N214 or of H2 and D2 ? We shall in-

vestigate possible theoretical models for quenching and determine

which ones are most consistent with the observed quenching rates.

*This research was also supported by the National Aero-
nautics and Space Administration under Grant NGR 33-008-009.
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4. Study of electron Impact Excitation of Atoms by a
Coincidence Technique*
(M. Eminyan, M. Levitt)

In the past few years a considerable number of papers (l)
were published concerning the polarization of atomic line radia-
tion produced by electron impact excitation. Much of this work

has failed to yield unambiguous values of the threshold polariza-

tion. In particular, measurements of the polarization of the

Lyman a iine (2) have such low precision for the low-energy excita-

tion that it is not possible to obtain the extrapolated value of

the threshold polarization.

For helium, early work gives experimental values which

are much lower than those predicted by theory just above thresh-

old. An attempt was made to show that the theoretical values

were too high, (3) but recent experimental work (4p 5) indicates

that there is a large increase in polarization P in the last few

tenths of a volt above threshold, so that P approaches the theo-

retical value predicted by the conservation of angular momentum.

In all the experiments performed up to the present, it has

not been possible to obtain the value of polarization precisely

at threshold because of the finite _--nergy spread (z 0.05 eV) of

the exciting electron beam,, A proposed new method (6 ) in which a

coincidence technique is used to eliminate this difficulty will

enable us to measure the exact value of the threshold polariza-

tion.

This technique is based on the fact that the coincidence

process of impact excitation above threshold is related to the

threshold polarization. We can define the coincidence process of

the impact excitation simply: An electron of energy E excites an

atomic level with the threshold energy E O ; the inelastically

scattered electron of energy E - EO and the photon of energy

EO = by are observed in coincidence. We now consider the special

case of inelastic forward scattering of the colliding electrons

Jr
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and attempt to determine the probability of finding the emitted

photon of the excited atom in an angle range Aw around the obser-
vation angle W. Since the coulomb and exchange interactions are
:.:y far the largest interactions ( spin-orbit and spin-spin inter-
actions are very small by comparison), the angular momentum con-
servation law can be applied separately for orbit and spin angular
momenta of the projectile and target particles;

m^ + M' = m; + M;	 ,	 (1)

ms +M = ms + MS	 ,
	

(2)

mI = MT (3)

MA and M s or Mi and Ms are the orbital and spin angular momentum
components (related to the axis of the incoming electrons) of the

incoming or outgoing electrons before or after the collision
process; ml and ms or mi and m; are the orbital and spin angular
momentum components of the atomic electron (or the sum of these

quantities in the case of more than one outer electron) before
or after the collision; and mI and mI are the nuclear spin angular
momentum components. From a consideration of the process of in-
elastic forward scattoring of the electron, it follows that M A =
M! = 0, or according to Eq. (1) , mA = ml; that is, the selection
rule L i = 0 should ba valid for -the case of the forward scatter-
ing process. In other words, the inelastic forward scattering is
governed by the same selection rule as the excitation at the

threshold energy. Accordingly, the angular distribution of the
emitted photons (and the polarization) should be the same for
both processes.

Based upon the selection rule Am, = 0 and the well-known

intensity relations of spectral lines, Fig. 9 shows the calculated
angular correlation between the inelastically scattered electrons

in the forward direction and the emitted photons for the following
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line excitations: a) excitation of the helium resonance lines

(transitions n lP to 1 1S) , and b) excitation of Lyman lines (tran-

sitions from the states nP to 1S). Within the validity of the

above assumptions, the angular correlation between the forward

scattered electrons and the photons is independent of the primary

energy of the electrons. The angular distribution of the photon

radiation corresponds to a polarization (related to the forward

direction) of 100/ (case a) and of 42.9/ (case b) . Hyperfine-

structure interactions have not been taken into account for case

b) because their influence is negligible (the polarization is

diminished by not more than 1%). No hyperfine-structure influ-

ence is expected for case a) when we consider the resonance lines

of He4 (nuclear spin zero) . In practice, the polarization can be

obtained by measuring the amplitude of the correlation function,

I (9 ), at two arbitrary angles and by using the expression

P = 100(1 - R)/(cos 2 9 1 - R Cos 2 9 2 )	 ,	 (4)

where R = I(9 1 )/I(9 2 ) .

Aside from the fact that the angular correlation of the

forward scattering process is directly related to the threshold

polarization, the observation of the excitation coincidence proc-

ess makes possible a great many interesting experimental investi-

gations. For example, since our technique eliminates the energy

dependence of P for a pure coulomb interaction, any measured

change of P with excitation energy can be related to such effects 	 6

as spin-exchange excitation (7) or nar_ ow resonances. Sucl: reso-
	 1

nances have been observed in H (8) and He. (93 10) Also, the use

of the coincidence technique eliminates cascading when the parti-

cle detection device contains an analyzer to determine the loss

of energy of inelastically scattered electrons. This feature

thus permits the measurement of the energy dependence of the

differential cross section for excitation of radiating atomic
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states. Lastly, the use of single-particle detection of do-exci-

tation radiation will allow us to make measurements on many uv

lines (e.g., He 3 1P .-) 1. 15) not previously studied. The apparatus

planned for these experiments is outlined in Fig, 10. Since con-

struction has -just been started, a comprehensive description of

the performance of various components will be given in the next

report.

*This research was also supported by the Air Force Office
of Scientific Resea. ch undea Grant AFOSR-68-1454 and in part by
the National Aeronautics and Space Adminis-ration under Grant
NGR 33-008-009.

(l) Partial bibliography given by B. L. Moiseiwitsch and
S. J. Smith in Rev. Mod. Phys. 40, 238 (1968).

(2) W. L. Fite, W. E. Kauppila, and W. R. Ott, Fifth
International Conference on the Physics of Electronic and Atomic
Collisions, Leningrad, USSR, 1967, p. 534.

(3) Lue-Yung Chow Chiu, Phys. Rev. 168, 32 (1968) .
(4) D. W. 0. Heddle and R. G. W. N aesing, Pr oc. Roy. Soc.

(London) • A299, 212 (1967) .

(5) R. H. McFarland, Phys. Rev. 156, 55 (1967) .

(6) H. Kleiripoppen (private communication) .

(7) R. H. McFarland and M. H. Mittleman, Phys. Rev.
Letters 20, 899 (1968) .

(8) J. W. McGowan, to be published.

(9) G. E. Chamberlain and H. G. M. Heideman, Phys. Rev.
Letters 14, 58 1 (1965) .

(10) H. Ehrhardt, L. Langhans, and F. Linder, Z. Physik
214, 179 (196S).

D. ATOMIC FREQUENCY STANDARDS

1. Interaction of Light with Atomic Vapors
(B. R. Bulos, W. Happer, H. Y. Tang)

During this interval we have observed the intensity modu-

lation of light which has passed through a vapor. of Rb 8 7 atoms,

coherently oscillating on the 0-0 ground-state hfs transition.

The mechanism of this effect can be understood by the following
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simplified model. Let us represent the electric field E of a
quasi-monochromatic light wave by

E = P exp i(k.r - wt) + c.c.	 ,	 (1)

where c.c. denotes

tude P, remain esse;

cal wavelength and

The electric field

complex con;ju.gate. We require that the ampli-
atially constant over the distance of an opti-
over the period of an optical oscillation.
will induce a dielectric polarization P in

the medium.

	P = p exp i(k-r - cat) + C.C.	 (2)

The polarization amplitude p is related to the electric--field
amplitude 8 by

P = (X,)^

where the susceptibility dyadic (X) is the expectation value of

the susceptibility operator X. If hfs coherence has been pro-
duced by a microwave field of frequency ca m, the hfs component of
the oscillating magnetic dipole moment of the atoms will be of

the form

( ^ ?hfs -	 exp(-iG'mt) + C.C. 	 (4)

The associated susceptibility will be

(X ^ h f s _ f a exp (- iW mt) µ 1X + f  exp ( iw mt) µ ^X	 ,	 (5)

where fa and fb need not be equal.
Suppose that the initially monochromatic light beam

propagates along the z axis of the system and passes through a

slab of vapor which fills the space U < z < A. On the assump-
tions that the moments 4 1 of the vapor are all equal and parallel
to the z axis and ;hat the atomic density is low enough that the

a
slab of vapor is optically thin, the electric field E of the
transmitted light beam will have the form

43

F



CnJ
Ov
H
O

J
i \440

H
a
c^

CtC=
Lli

N

Cam') J
cr Q

U Q\

crW_
F-0
 J
CL

a.

0 WOO J
® 00l-

m
U ^

QX
a^
CIO

N

\OI

OM

0

N J

°0 J W

w
Ucr-
W

Q X

m

W^
U W
z

Q XJ ^
Q

Q

rd

rd
-P

N

CU

04
ry

N

m

H

H
w

r„

W
U _.ZW W =:>o 
^ U")F--  U
W ^z^
AC CL W W

Cn

cr-
Wm
C7^
O

W

cr-
O

Q

I• 1 ,= ,
 

WJ
Z W

n

D
_0
Lr- J

0NW Np
g N

Ln

O
^Z^^

>- Li- C!3
Cn

a OJ
U)C-)-^
O O 'j
d	 cnO

44



F=1

-150-

Y -100 —
2 	F=2z
U

;4-50—

a

F—z	
2S„21

/
Rb 7)

UQ-j
Q_

v 50—

w

Cr

l.^

100—

(b)	 ^.

i

(b)

150—

200—

FIG. 12. The optical absorption lines of (a) Rb-87,
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E = e  exp i (2Tr.Z}c(X) s c ) exp i (kz-wt)

+ 4Tr ^m sin TT)	 (w)µx^ exp i (^(k+k ) z	 (W+Ji )t]C{ f
a 	 l o	 L	 m	 m

rn

+ fb M4 XPo exp i [ (k-km) z - (w-w
m) t]	 .
	 (6)

The firstst ter. m in (6) describes the carrier beam, which has been
attenuated and phase-shifted by an amount exp i (2TrkA (Y,} sc ) • Here
(y, ) sc is the scalar susceptibility of the vapor. The remaining
terms represent a sideband at angular frequency w + w m and a
sideband at angular frequency w - wm.

From Eq. (6) one can see that the light intensity E-E will

be modulated at the hfs frequency wm . The amplitude of the mod-

ulation will be proportional to µ 1 • (8oX8o) . Since (8oxP,o) is
proportional to the average photon spin, intensity modulation
can only be observed if some degree of circular polarization is
present in the light.

The above discussion may be extended to light with broad

spectral profile , by considering such light as an ensemble of
monochromatic light waves o •ith random phases.

A schematic diagram of the experimental apparatus is shown
in Fig. ll. A Rb87 filled cell was placed in a microwave cavity
tuned to resonate at 6.835 GHz in the TE011 mode. A beam of Rb85
resonance radiation passed through the vapor and pumped the Rb87
atoms into the lower hfs .level ( see Fig. 12) o A small static
magnetic field along the axis of the cavity removed the degener-
acy of the hfs transitions. The F = 2, m = 0, and F = 1, m = 0
sublevels of the Rb87 ground state were coupled by the microwave
field of she cavity. The emerging light from the cavity passed
through a circular analyzer and a D-line interference filter.
The light intensity was then detected by a crossed-field photo-

multiplier tube which has a current gain on the order of 50 dE

P-j
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(a)

1kHz

jr

(b)

FIG. 13. Typical 6.83:-GHz light modulation signals for
7800-A D,? Rb--85 light; a) with circular analyzer
in place; b) without circular analyzer. The
vertical scale is the output of the 30 --MHz
balanced mixer in arbitrary units.
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and a bandwidth on the order of 10 GIIz. The output of the photo-
tube was mixed with a 6.805-GHz signal from a local oscillator.
The 30-MIIz difference frequency signal was amplified and mixed
with a 30 -MHz reference signal. The resulting do signal was
amplified and recorded while the microwaves exciting the cavity

were swept in frequency through the hf s resonance of the Rb87
0

atoms. A typical signal for 7000-^ D2 light is shown in Fig. 13ae
Similar signals were observed with 7947-k D 1 light and also with
isotope-filtered Rb87 Light. The signal in Fig. 13b, recorded
with the circular analyzer removed, shows that unpolarized light

is not modulated, which is in agreement with theory. The index
of modulation was observed to be between 10 -3 and 10-4, which is
also in agreement with theoretical estimates.

Program for the next interval: We plan to continue with

our theoretical and experimental studies of light propagation in
optically pumped vapors.

2. Rb85 Maser
(R. Novick, W. A. Stern)

The Rb85 maser oscillator discussed in the last report (l)
was completed and assembled. This oscillator will operate in the

TE021 mode at a frequency of 3035 MHz and has a vacuum-tight

copper-plated stainless-steel cavity. A conventional vacuum

system was used to achieve pressures of the order of 10-6 Torr
in the cavity. When the cavity is closed to the vacuum station,

the rubidium metal reacts with the residual gases in the cavity

and reduces the pressure to less than 10-9 Torr.
Detailed studies were made of the filtering of Rb 85 light

by Rb87 vapor buffered with helium. Figure 14 shows the ground-
state hyperfine: levels in Rb85 and Rb87 . As shown in the diagram,
the highest lying F = 3 hyperfine ground-state level in Rb 85 is
very close to the highest lying F = 2 ground-state hyperfine

I
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FIG. 14. Ground-state hyperfine levels
in Rb-85 and Rb-87.
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T= 77°C

FIG. 15

Scan of the filtered Rb-85
0

7949-A line at a Rb-87
filter-cell temperature of
40.5°C.

FIG. 16

Scan of the filtered Rb-85
0

7949-A line at a Rb-87
filter -cell. temperature of
77°C.
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level in Rb87 . With proper pressure shifting and broadening, the

F = 2 absorption line in Rb 8 % can be made to filter the unwanted

F = 3 emission line in Rb 85 , thereby resulting in a Rb85 emission

spectrum of the F = 2 line alcne. A high finesse, 2-in. piezo-

electrically scanned Fabry-Perot interferometer was used for

these studies.

Figure 15 shows a scan of the filtered Rb 85 79494 line

at a Rb87 filter-call temperature of 40.50 C. Both hyperfine com-

ponents of Rb85 are pvesent, since at this temperature sufficient

shifting and broadening have not occurred. Figure 16 shows a

scan of the 7949-A line at a filter-cell temperature of 770C.

Here the unwanted F = 3 Rb 85 hyperfine line disappears, while

the desired F = 2 hyperfine line is attenuated by 62/.

Program for the next interval: The Rb85 maser w 11 be

operated in the oscillatory mode and will be used as a tool to

study light modulation in the ground state; frequency shifts due

to pumping light, buffer gas, and cavity pulling; and finally

the quenching mechanism in the Rb 85 system.

(1) CRL Progress Report, April 30, 1968 5 p. 43.
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11. PHYSICS OF MOLECULES

A. ELECTRON EXCITATION OF MOLECIDLAR HYDROGEN
(P. Cahill)

The polarization of the light emitted in six rotational
vibrational transitions of the Fulcher band system of No has been

measured, as a function of the energy of the exciting electrons.,

at 0.2 eV intervals. For the para, N = 2 ,, Q-branch transition,

which is unperturbed by neighboring electronic states ., a threshold

polarization of 12% was determined wl-., ere the intensity of light

perpendicular to the electron beam was greater than the corre-

sponding parallel component. These results will soon be submitted

for publication.

The Percival-Seaton theory for 'Che polarization of atomic

impact radiation is extended to the case of diatomic molecules.(l)

Similar to the atomic case ., it is shown that for excitation by

electron impact involving a change of electronic angular momentum

along the molecular internuci par axis ., the threshold polarization

can be determined from the symmetry of the total molecular wave

function without a detailed knowledge of the inelastic cross sec-

tions. General expressions were developed for the cases of fine

and hyperfine splitting, and explicit relations are obtained for

the first two rotational levels of a 3 11u state undergoing a radi-

ative transition to a 3Z 9 state where the fine and hyperfine

separations are much larger than the natural linewidth. This

theory is valid when the radiative state is populated by a direct

interaction, and the radiative transition between rotational

states is resolved. The experimental results for the unperturbed

levels of the 3 1,u state are somewhat smaller than those predicted

by theory but are of the correct polarization as referenced to

the electron beam.

*This research was also supported by the Air Force Office
of Scientific Research under Grant AFOSR-68-1454 and in part by
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the Office of Naval Research under Contract N00014-67-A-0108-
0002.

(1) A. Norman Jette and Patrick Cahill, Phys . Rev. (to
be published) .

B. MOLECULAR SPECTRA OF CESIUM k
(M. M. Hessel, P. Kusch)

A magnetic rotation spectrum (MRS) of molecular cesium not

previously found has been observed in the 7500-A band system of
cesium. Approximately 250 MRS well-defined lines have been meas-

ured in the region 7500 - 8300 .^. These lines correlate with the

band heads of the absorption spectra. It has been difficult to
locate band heads in absorpt^.- n with precision, almost certainly
because these occur at J values for which the thermal population

is very low. Vlie MRS Lines, therefore, fall much better into the
conventional v'", v' array than do the absorption heads. This is
analogous to the behavior of the MRS spectrum in other alkali
molecules (Li 2 , Na2 , K2, Rb2) observed by Loomis and co-workers. (1, 2)
A vibrational analysis has been made and is in general agreement

with that of Loomis and Kusch (3) for the region 12,300 to 13,300
cm-1 . In the low= frequency region (v < 12 ; 300 cm-1) , the bands
no longer fit into a good array.

Marginally resolved rotational structure was observed in

absorption for the (1, 0) vibrational band of the 7500-A band
system. A series of approximately 60 rotational lines were meas-
ured and an arbitrary integer n was assigned to each member of
the series. A least-squares fit of the observed frequencies v
to an equation of the form

V = a - bn - cn 2
	

(1)

fit all 60 observed lines to an RMS error of ±00009 cm -1 . The
identification of n with the true rotational quantum number J

cannot be made with the available data. However, the constant c
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is to a good order of approximation equal to B"--B' . We find

c = 0.00104 cm-1 . Equation (1) has a maximum or band head at

V = a - b2/4c = 13074.00 cm-1 . The first of the lines in our

series (n=0) occurs at about J = 67 if the observed series is a

P branch. The extrapolation of this series to a head is a long

one, approximately 60 quantum numbers. The frequency of the ob-

served value from the MRS line is 13074.21 +_ 0,,06 cm-1 . in excel-

lent agreement with the value obtained from the 'long extrapola-

tion of the rotational data.

Program for the next interval: To continue the analysis

of the cesium spectrum.

*This research was also supported by the Air Farce Office
of Scientific Research under Grant AFOSR-68-1454 and in part by
the Office of Naval Research under Contract N00014-67-A-0108-0002.

(1) F. W. Loomis and R. E. Nusbaum, Phys. Rev. 40, 380
(1932) . See references contained therein.

(2) P. Kusch, Phys. Rev. 49,	 218	 (1936).

(3) F. W. Loomis and P. Kusch,	 Phys. Rev. 46,	 292	 (1934).

C. LASER STUDIES OF MOLECULAR BIREFRINGENCE AND OPTICAL ACTIVITY`

1. Molecular Quadrupole Moments
(R. L o Disch)

Due to a change of personnel, this work has been suspended

and will be continued elsewhere.

2 0 Molecular Magnetic Anisotropy
(R. L. Disch, J. Matuska)

Measurements were completed upon a series of diamagnetic

gases, and the results have been prepared for publication. (1)

Measurements aimed at elucidating the role of spin-orbit coupl-

ing in paramagnetic birefringence are underway elsewhere.

i
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0 3. Anisotropy of Molecular Optical Rotation
(R. L. Disch, D. I. Sverdlik)

The second paper in this series is in press, (2) and fur-
ther experimental work is being conducted. elsewhere.

*This research was also supported by the Army Research
Office under Contract DA-31-124-ARO-D-305.

(1) J. A„ Matuska and R. LU Disch, "Magnetic Anisotropy
Of CO2, COS, CO, and CH3F" (to be published),,

(2) R. L. Disch and D. I. Sverdlik, "Apparent Circular
Dichroism of Oriented Systems .," Anal. Chem., January 1969 (in
press) .

S

D. OPTICAL LASER SPECTROSCOPY OF FLUIDS*
(D. Ealzarini, L. R. Wilcox)

A project begun in 1962 at the Columbia RadiFition Labora-
tory to explore the applications of lasers to physics is now con-
cluded. Results of technical and scientific importance are re-
ported in earlier progress reports and in formal publications.
Ir, this final report we wish to summarize the project in broadest
perspective.

Development of a Heterodyne Spectrometer

With laser sources typical interference measurements be-
come easy, while some entirely new measurements become possible.

The project began with the construction of a classical interfer-
ometer of the Mach-Zender type. Because the laser is so powerful,
one may plan measurements in which one corner mirror of the inter-

ferometer is replaced by a diffuse scatterer. In interesting
cases, the phase and amplitude of the scattered field fluctuates
in time. Let S (t) be a complex factor which expresses the in-
stantaneous phase and amplitude of the optical field at the

detector relative to the reference beam with which it interferes.
At the output of the interferometer there will be a fluctuating
intensity i a [I + 2Re S + S 2 ] o In applications, S ^ 10-8 so
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that the last term may be dropped. The small, slowly varying.,

interference term must be amplified in the presence of the large

constant term, and this presented technical problems. To over-

come these problems and make an instrument suitable for the study

of quasi-coherent scattering, the interferometer was modified by

introducing a Debye-Sears modulator into the reference leg of

the interferometer. This had the effect of changing Re S into

Re Se2TTift so that the interference term is given a high fre-

quency carrier (f = 34 MHz) . This was then amplified and demod-

u.ated to recover S (t) within bandwidth limitations. Thus, a

unique instrument was created for optical scattering studies;

i.e., one which extracts the phase and amplitude S (t) of a scat-

tered wave and not simply the intensity (I SI 2 ) av as hitherto.

Quasi-Coherent Scattering Studies

Applications to physics depend upon the fact that some

physically interesting process generates an ensemble of values

S (ti) with statistical properties determined by the physics of

the process. The simplest, important statistic is the autocor-

r elation function or power spectrum of S(t).  Early in the

project it was demonstrated that one might measure the mean-

square velocity of micron-size particles undergoing Brownian

motion in a fluid medium. The average velocity of particles car-

ried along in a streaming fluid was also measured. This tech-

nique is now incorporated in a commercial instrument by Brown

Instrument Company for application to biology and fluid mechanics.

The first investigation of the time dependence of critical

opalescence was performed with the study of a binary mixture,

aniline-cyclohexane. The critical opalescence of pure carbon

dioxide was next studied. The main result of that study was

particularly interesting because it snowed what few expected —

namely, that the thermal conductivity of a pure fluid diverges

at its critical point as a power of the temperature interval

/-J."s
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•	 from the critical temperature. This is an important constraint
in the formulat ion of theories of transport Irocesse s near crit-
ical phase transition. ,Much work of this kind is continuing in

other laboratories.

Coherent Scattering—Thermodynamic Data

A unique design feature of the interferometer developed
at CRL made it possible to observe light scattered at a small
angle in a vertical plane. This design was motivated by the
realization that by measuring downward refraction through a thin
vertical slab of fluid we should obtain the coefficient of com-
pressibility of the fluid. Since this coefficient diverges at
the critical point, we planned, to locate the critical density
and temperature by refraction measurements. Our expectations
were correct but somewhat naive. Far above the critical tempera-
ture one observed the expected downward refraction:, but as the
critical temperature was approached within a few hundredths of a
degree a beautiful interference pattern developed. From this
Fraunhofer pattern we learned how to extract a wealth of new
information. We found that the inverse compressibility of the
fluid on the critical isochore vanished according to

dp* = 28.57 G11s28 (dimensionless units)

over four decades in E = 6T /Tc . Below the critical t!:,,mperature,
at the liquid-vapor boundary, the inverse compressibility van-

ishes according to

p

*	 .^

* = 141 (-E)1'`8

Below the critical temperature, the liquid-vapor density differ-
ence vanishes according to

P liquid - P vapor = 3.53 [ l 0. 34 6
P cr it
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over four decades in 0. We found that these three quantit.,es all
vanish at the same temperature within o.opozf (-moo.6 Inil.l.idegree 0)
For these measurements, development of precise thermostatic con-
trol was essential. At the conclusion of the experiments, we
were able to hold a set temperature, within 0,1 m llidegree for
many hours.

The Fraunhofer pattern at T = Tc is determined by the
shape of the critical isotherm µ = 1.1 (p,Tc) .# Ap p . Our data

determine A and 8, but the computations needed to extract these

parameters are not completed.

Xenon appears to be a good candidate for the prototypical

critical phase transition. As such, it repays painstaking study.

The value of our optical determinations is enhanced by a pains-

taking analysis of older work which is being carried on at the

National Bureau of Standards. In so far as the principle of

corresponding states holds, the result for xenon applies to all

nonpolar gases.

Outlook

Though the project at the Columbia Radiation Laboratory

is ended, ideas generated here continue to lead a vigorous exist-

ence elsewhere. Laser optical measurements will continue for

some time to reveal the static and transport properties of

materials around critical points. Presently, many experimental

programs are being initiated. Particularly interesting to us

are the similarities and dissimilarities between the various

critical transitions. Are the anomalies well described by power

laws? If so, what are the precise values for the exponents; are

they the same for all systems? What general properties of inter-

actions are responsible for identical critical behavior in dis-

parate systems? How valid is the idea that critical systems

have one universal equation of state? Is that universal equation
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derivable from the Lens-Ising model? Answers to such questions
,AI IA be forthcoming in the next decade ., and laser-optical meas-
=ements will play an important part.

*This research was also supported by the Army Research
Office under Contract DA-31-124-ARO-,D-296.

R
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aITT.. SOLID STATE PHYSICS

A. INTERACTION BETWEEN A NEUTRAL BEAM AND A CONDUCTING SURFACE*
(P. Kusch, D. Raskin)

The ultra--high vacuum chambers described in the previous

Progress Report (l) have been constructed (by Varian Associates,

Palo Alto, Calif.) and are presently being tested at the factory.

New instrumental components to be mounted in the ultra-high

vacuum system have been designed.

After delivery of the vacuum system, the vacuum properties

of the system will be tested with all components in place, and

procedures to obtain the best vacuum under operating conditions

will be determined. The beam producing, defining, and deteotiog

components will then be aligned, and the experimental work on the

deflection of neutral particles by a metal surface will be resumed.

An article describing the previous work on this experiment

has been accepted for publication by The Physical. Review.

*This research was also supported by the Army Research
Off ice (Durham) under Grant DA-ARO-D-31-124-G972.

(1) CRL Progress Report, April 30, 1968, p. 64.

B. EFFICIENCY OF IONIZATION ON METAL STJRFACES*
(P. Kusch, A. Shih)

An experiment has been initiated to study the dependence

of surface-ionization efficiency on the amplitude and the fre-

miency of an applied oscillating electric field. We are inter-

ested mainly in the effect of electric fields of low amplitude

(Ptr,0. 1 V/cm) . The detection system consists of a large cathode

(0.4 in. diam) within a cylindrical collector. This geometry

allows the application of a small electric field to the ioniza-

tion surface while a substantial potential difference between

the cathode and collector is maintained.
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The background noise from the molybdenum ionization sur-

face was originally very large because of the large cathode area.
A modification in which only the central part of the cylinder
served as collector and the complementary area acted as a guard
ring provided some reduction in noise. Further reduction was
obtained by baking out the cathode at a high temperature.

*This research was also supported by the Army Research
Office (Durham) under, Grant DA-ARO-D-31-124-G972.

C. ADIABATIC DEMAGNETIZATION IN THE ROTATING FRAME*
(S. R. Hartmann, D. T s e)

Research on this project has been completed, and the re-

sults are being prepared for publication.

This research was also supported by the National Science
Foundation under Grant NSF-GP 6312.

D. NUCLEAR MAGNETIC RESONANCE IN FINE PARTICLES*
(S. R. Hartmann, G. R. Mather)

ONone of our observations of the NMR' s from the 100-A and
0

20-a platinum samples suggest that these samples behave like

collections of fine particles whose conduction electron levels

are quantized. Because signal-to-noise ratios were in all cases

poor, it is possible that some of the details of the NMR proper-
ties were obscured; nevertheless, the gross features of the data
(including the Knight shifts and spin-lattice relaxation rates)
are more suggestive of bulk-raetal than fine-particle behavior.

The precise interpretation of our data is not at all clear
at this point, but in order -to account for the fact that at low
temperatures (T „ 1.5 0 K) the 20-A sample behaves rather like bulk
platinum, it would seem to be necessary to postulate the exist-

ence of an interaction which broadens the conduction band levels

by an amount greater than their avrrrage separation. Estimates

'71J,11
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indicate that while none of the more obvious interactions are
0

sufficiently effective to smear the conduction band of a 20-A

particle into a continuum, there is one mechanism that may pos-

sibly be far more effective than the others this is the spin
flip scattering of electrons off lattice defects in the surface
regions of the particles, a process which can take place because
of the coupling of the electron spin to the translational de-

grees of freedom via the spin-orbit interaction. Using the

expressions of Elliott ( ' ) and Dyson (2) for the interaction time,
and assuming that the electron is scattered each time it trav-

erses the particle, we arrive at an estimate of AE ;.-, 10 -16 erg
0for the lifetime broadening of the electronic levels of 20-A

platinum particles. This is considerably smaller than the aver-

age level separation of 6 N 4 x 10-15 erg, but it is possible

that our estimate is low because of the crudeness of the calcula-

tion. In any event, if the level broadening is intimately re-

lated to such a mechanism, then our failure to observe the
expected fine-particle effects in platinum may result from the

relatively large spin-orbit force in this metal.

It is possible to understand some of our data in a quali-

tative way if, in addition to level broadening, we assume that

the electronic state density at the Fermi surface varies from

particle to particle and that the lattice of each particle is
badly distorted; in view of the smallness of the particles, such
assumptions may not be unreasonable. However, there seems to be

little of physical interest in such an interpretation, and for
this reason we regard further experimental and theoretical work
on the platinum samples to be of little value at this point.

The problem of interest is the apparent necessity for assuming
broadening of the electron levels in fine-particle platinum, for
if this is a condition prevalent in all metals, fine-particle

effects of the sort we hope to see may not be observable at all.

i

Tom,
o
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