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PRE FACE

This final technical report for NASA grant number NGL 33-008-009

covers the ten-year period from January 1, 1963, to December 31, 1972.

It is believed that the time has been well spent and that the results

which are summarized here more than justify the support that the National

Aeronautics and Space Administration has given for research on the prop-

erties and interactions of simple atomic and ionic systems.

Most of the work undertaken has been brought to a successful con-

clusion. At least two of the projects, namely, work on the metastable

autoionizing states of the helium negative ion and the lifetime measure-

ments of the metastable 22S1/2 state of singly ionized helium, are contin-

uing with the support of the National Science Foundation's grant GP 13479.

The cooperation and help that we have received from the National

Aeronautics and Space Administration .for this program are deeply appreciated.

It is hoped that NASA will see fit to provide additional support in the

future for work in this area of research.

R. Novick
Professor of Physics;
Principal Investigator

August 5, 1974



DESCRIPTIO N OF RESEARCH

I. PROPERTIES AND INTERACTIONS OF SIMPLE IONIC SYSTEMS

METASTABLE AUTOIONIZING STATES OF THE HELIUM NEGATIVE ION

Studies of the.metastable autoionizing He ion were initiated in

1963 and are continuing at the present time under grant GP 13479 from the

National Science Foundation with Professor R. Novick serving as Principal

Investigator. Work accomplished under NASA grant NGL 33-008-009 is de-

scribed in the publications listed below.

1) P. Feldman and R. Novick, "Polarization of He
3 Negative Ions,"

in Cornunications, Comptes Rendus du Congres International de Physique

Nuclgaire, Paris, France, 2-8 July 1964, ed., Madame P. Gugenberger (Edi-

tions du Centre National de la Recherche Scientifique, Paris, France, 1964),

Vol. II, 4a/C144, pp. 785-786.

It is proposed to produce beams of polarized He3 negative ions

by exploiting the differential metastability of the hyperfine

and fine structure levels of the (ls2s2p) configuration of the

ion. Such a source could be very compact and does not require

deflecting magnets.

2) L. M. Blau, R. Novick, and D. Weinflash, "Lifetimes and Fine

Structure of the Metastable Autoionizing (ls2s2p)4 P States of the Nega-

tive Helium Ion," Phys. Rev. Letters 24, 1268-1272 (8 June 1970).

The decay of the differentially mnetastable autoionizing (1s2s2p)P states of the 4He-ion
has been studied by time-of-flight techniques in an axial magnetic field, and Zeeman
quenchin has been observed. Two distinct lifetime components (11 jsec, 210 tsec) have
been identified in a 100-eV beam with an axial field of 400 G. The zero-field lifetimes
obtained from these and other measurements are 11 ±5 psec for J = , 3, and 345 :,:90 psec
for J= . The - fine-structure interval is estimated to be 0.050 -0.015 cm - 1.

3) R. Novick and D. Weinflash, "Precision Measurement of the Fine

4p *
Structure and Lifetimes of the (ls2s2p) P States of He and Li ," in Pre-

cision Measurement and Fundamental Constants, Proceedings of the Interna-

tional Conference Held at the National Bureau of Standards, Gaithersburg,



2

Maryland, 3-7 August 1970, eds., D. N. Langenberg and B. N. Taylor

(Superintendent of Documents, U. S. Government Printing Office, Washington,

D. C. 20402, 1971), NBS Special Publication 343, SD Catalog No. C13.10:343,

pp. 403-410.

A series of measurements has been completed and others are in progress for the precise deter-
mination of the energies and lifetimes of the metastable autoionizing (ls2s2p)4Pj states in He- and
Li*. Since these states have lifetimes in the range from 5 to 500 us and since the fine and hyperfine
structure intervals are of the order of a wave number, it will be possible to determine the splitting
with a relative accuracy of one part in 106 or better. Present measurements in 6Li and 7Li are at the
level of one part in 104 and a preliminary crude estimate has been made of the 'Ps/2-

4 P3/2 interval
in He-. Further work is in progress with radio-frequency techniques to obtain very much more
precise results. Considerable theoretical effort must be made before these results can be interpreted
in terms of fundamental constants. However, it is clear that if the necessary numerical wave func-
tions can be obtained with sufficient accuracy, and if the various radiative and relativistic correc-
tions can be evaluated, then these results will provide a precise new independent value for the
Sommerfeld fine structure constant.

4) David Weinflash, "Lifetime and Fine Structure of the Metastable

Autoionizing (ss2p) P  States of the Helium Negative Ion," Ph. D. Thesis,

Faculty of Pure Science, Columbia University, New York, New York, 1971.

5) D. L. Mader and R. Novick, "Fine Structure of the Helium Negative

Ion," Phys. Rev. Letters 29, 199-202 (24 July 1972).

Fine-structure transitions have been observed in the metastable (1s2s2p)4Pj state of
the negative helium ion 4He- using an rf resonance technique. Preliminary determina-
tions have been made of the energy separations: IE5/2-Ei1 =825.23±0.92 MHz and
IE/2 --El/2 1= 863±56 MHz. We have shown that the J = 2 level lies between the 2 and 2

levels. These results are to be compared with the current theoretical estimates of
Esh -E 3 1 =-2030 MHz and E 5/2-E/

= - 9410 MHz.

6) D. L. Mader and R. Novick, "Fine Structure and Hyperfine Structure

of the Helium Negative Ion," in Atomic Physics, Proceedings of the Third In-

ternational Conference on Atomic Physics, August 7-11, 1972, Boulder, Colorado),

eds., S. J. Smith and G. K. Walters (Plenum Press, New York, 1972), Vol. 3,

pp. 169-180.

Preliminary fine-structure and hyperfine-structure measurements

have been made in the helium negative ion with the isotopes 4He
and 3He. The measurements can be performed to high precision and

provide an excellent test of the theory of three-electron atomic

systems. If accurate wave functions becomeavailable, these mea-
surements will lead to the possibility that our understanding of
three-electron atomic systems can be tested on a fundamental level
comparable to that obtained in hydrogen and in neutral helium.
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7) D. L. Mader and R. Novick, "Radio-Frequency Spectrum of He

and 4He-, Phys. Rev. Letters 32, 185-188 (4 February 1974).

All independent energy intervals have been measured in the metastable ls2s2p 4 P state
of the helium negative ions 4He" and 3He-. These results are of sufficient precision to
provide a critical test of any proposed wave functions for this state and, when adequate
wave functions become available, can be used to test relativistic and radiative correc-
tions in three-electron atomic systems.



TWO-PHOTON DECAY SPECTRUM OF THE METASTABLE He+ ION

Studies on the two-photon decay-spectrum of the metastable 22S1/2

state of singly ionized helium were in progress from 1964 to 1969. A

number of noteworthy publications resulted from this work.

1) M. Lipeles, R. Novick, and N. Tolk, "Direct Detection of Two-

Photon Emission from the Metastable State of Singly Ionized Helium," Phys.

Rev. Letters 15, 690-693 (25 October 1965).

"The direct detection by coincidence counting techniques of the
two-photon decay of the metastable 22 S1/ 2 state of singly ionized
heliumwas first reported.

2) Martin Lipeles, "Two-Photon Emission from the Metastable State of

Singly Ionized Helium," Ph. D. Thesis, Faculty of Pure Science, Columbia Uni-

versity, New York, New York, 1966.

3) C. J. Artura, N. Tolk, and R. Novick, "Spectrum of the Two-Photon

Emission from the Metastable State of Singly Ionized Helium," Astrophys. J.

(Letters) 157, L181-L186 (September 1969).

Verification has been made of the theoretically predicted spectral distribution of the two-photon
emission from the metastable 2 2S1/ 2 state of singly ionized helium by means of a broad-band spectro-
scopic coincidence counting technique.

4) Carmine John Artura, "The Spectral Distribution of the Two-Photon

Emission from the Metastable State of Singly Ionized Helium; Optical Colli-

sional Excitation with Very Low-Energy Metastable He+ Ions," Ph. D. Thesis,

Faculty of Pure Science, Columbia University, New York, New York, 1969.

5) R. Novick, "The Two-Photon Decay of the Metastable Helium Ion,"

in Physics of the One- and Two-Electron Atoms, Proceedings of the Interna-

tional Symposium, Munich, Germany, 10-14 September 1968, eds., F. Bopp and
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H. Kleinpoppen (North Holland Publishing Co., Amsterdam, Netherlands, 1969),

pp. 296-325.

A review of work to test the theory of the metastability of the

hydrogenic 2S state is presented. It includes the history of the

hydrogenic metastable state, the theory of the two-photon decay
process, and the effect of perturbations on the metastable state.

The apparatus is described in detail, and results and conclusions

are presented. All of the tests performed indicate that the 2281/2
state of He+ decays by two-photon emission as predicted by Breit

and Teller. It has been shown that photon coincidences are observed

when and only when metastable ions are present in the ion beam; We

have demonstrated that the angular correlation function for the co-

incidences agrees with the theoretically expected function and that

the spectrum of the photons is consistent with the predicted func-

tion.

6) R. Novick, "The Metastability of the 22S1/2 State of Hydrogenic

Atoms," Comments on Atomic and Molecular Physics 1, 97-103 (October-November

1969).

A review similar to that presented in paper 5).

7) R. Novick, "Two-Photon Decay of Metastable Hydrogenic Atoms,"

Science 177, 367 (28 July 1972).

It is noted in this Letter to the Editor that all the essential

features of the theory of the decay of the metastable 22S 1/2 state

of hydrogenic atoms were verified by the present author and col-

leagues in a series of experiments on the helium ion and that this

work culminated in the first observation of two-photon spontaneous

emission.
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LIFETIME MEASUREMENT OF THE METASTABLE He ION

Upon completion of the two-photon coincidence 
observations of the

metastable 22 S1/2 state of singly ionized helium, an experiment was under-

taken to observe the decay in flight of metastable helium ions. The work

resulted in the determination of the lifetime and is continuing 
at present

under grant GP 13479 from the National Science Foundation. Professor R.

Novick is the Principal Investigator.

1) C. A. Kocher, J. E. Clendenin, and R. Novick, "Lifetime 
of the

22S1/2 State of Singly Ionized Helium," Phys. Rev. Letters 29, 
615-618

(4 September 1972).

The natural lifetime of the 2S state of He + has been measured in a decay-in-flight ex-

periment. The result, T=2.041+0 msec, is consistent with the theory of two-photon spon-

taneous emission and determines an upper bound XA 8 10 5 for the coupling constant of

the pseudoscalar "anapole" interaction.
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OPTICAL EXCITATION WITH LOW-ENERGY IONS

Incident to the study of two-photon decay of the 2S state of He ;

observation was made of radiation due to the impact of very slow helium

ions on the rare gases and on some molecular gases. Reference is made

to the following publications and theses which resulted from these studies.

1) M. Lipeles, R. Novick, and N. Tolk, "Optical Excitation with

Very Low Energy Ions," Phys. Rev. Letters 15, 815-819 (22 November 1965).

Observation of radiation due to the impact of very slow helium

ions on the rare gases and on some molecular gases is reported.

The dependence of the cross section for this process on the ki-

netic energy of the He
+ beam shows unexpected features down to

the lowest energies studied (5 eV). The absolute cross sections

are typically of the order of 10-16 cm
2 and in some cases are al-

most an order of magnitude larger. In at least one case the radi-

ation has been shown to result from charge exchange with simultan-

eous excitation.

2) Norman Tolk, "Optical Excitation with Very Low Energy Ions,"

Ph. D. Thesis, Faculty of Pure Science, Columbia University, New York, New

York, 1966.

3) S. Dworetsky, R. Novick, W. W. Smith, and N. Tolk, "Gross Fail-

ure of the Conventional Adiabatic Criterion; Structure and Coherence in the

Low-Energy Excitation of Helium Atoms by Helium Ions," Phys. Rev. Letters

18, 939-941 (29 May 1967).

Recent work on low-energy ion-atom and ion-molecule collisions

indicates that these processes can be highly effective in producing

optical excitation, in contradiction to the well-known "adiabatic

criterion." Further evidence is presented for this conclusion in

the important case of excitation of helium atoms by He+ ions.
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4) S. Dworetsky, R. Novick, W. W. Smith, and N. Tolk, "Electron Bom-

bardment Ion Source for Low Energy Beams," Rev. Sci. Instr. 39, 1721-1723

(November 1968).

A high current, electron bombardment ion source of simple design and suitable for low energy ion beam pro-
duction is described. The source produces ion beams in the energy range from a few electron volts to several kilo-
electron volts with an energy spread of a fraction of I eV, with high current density (5 pA/cm2 at 25 eV), and with-
out the problems associated with rf ion sources. The source has been used successfully to produce low energy beams
of noble gas ions such as He+ and Ar+ without metastable contamination; as well as for H 2+ and N2+.

5) S. H. Dworetsky, R. Novick, and N. Tolk, "Total Excitation Cross

Section for the 21 P State of He in Low-Energy He +-He Collisions," in Abstracts

of Papers, Sixth International Conference on the Physics of Electronic and

Atomic Collisions, Massachusetts Institute of Technology, Cambridge, Massa-

chusetts, July 28-August 2, 1969, pp. 294-298.

6) R. Novick, "Low-Energy Ion-Atom Excitation," in Program and Ab-

stracts, NASA Sixth Intercenter and Contractors Conference on Plasma Physics,

Langley Research Center, 8-10 December 1969, pp. 192-195.

Experimental and theoretical studies have been made of the exci-

tation cross sections of various neutral excited states of He in

low-energy He+-He collisions. Two striking results of the experi-

mental observations are the large value of the cross section at low

energies with thresholds slightly above the final state energies,

and the strong oscillatory dependence of the cross sections on

projectile energy. These phenomena can be interpreted in terms

of the molecular-potential energy curves of the He 2+ system.

7) S. H. Dworetsky and R. Novick, "Experimental Tests of the Post-

Collision-Interaction Model for the He +-He Excitation Functions," Phys. Rev.

Letters 23, 1484-1488 (29 December 1969).

New data on the excitation of helium by low-energy helium ions have been obtained

that provide strong support for the post-collision-interaction model proposed by Rosen-

thal and Foley in a companion paper. Certain details of the results that are not present-

ly predicted by the theory are pointed out.
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8) Samuel H. Dworetsky, "An Experimental Study of Excitation in Low-

Energy He -He Collisions," Ph. D. Thesis, Faculty of Pure Science, Columbia

University, New York, New York, 1971.
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LIFETIME MEASUREMENTS OF SINGLY IONIZED LITHIUM (Li*)

WITH A RADIO-FREQUENCY MAGNETIC-RESONANCE TECHNIQUE

Studies were initiated with the hope of measuring the fine structure

of the 23 P term of Li*. hile this objective was not attained, the lifetime,

electron-impact excitation cross section, and polarization of the 23 P term

of this ion were determined, and our results are available in the following

publications:

1) Thomas Lucatorto, "A Radio-Frequency Magnetic Resonance Method for

Determining the Hyperfine Structure of the 23 P State of Singly Ionized Lithium.

Observation of Electron Bombardment Polarization and Zeeman Resonances," Ph. D.

Thesis, Faculty of Pure Science, Columbia University, New York, New York, 1969.

2) A. Adler, W. Kahan, R. Novick, and T. Lucatorto, "Measurement of

the Lifetime and the Electron-Impact Excitation Cross Section and Polariza-

tion of the 23P Term of Singly Ionized Lithium," Phys. Rev. A 7, 967-972

(March 1973).

The lifetime of the 2 3Pi states in singly ionized lithium has been measured using an rf
magnetic-resonance technique; the value is r = 45 ± 5 nsec. Neutral lithium was ionized and excited by
a unidirectional beam of electrons which produced an alignment in the excited state. The cross section
for the electron-impact excitation Is' 25 2S- s2p 3P near threshold was measured to be 10- ±L cm'.
Implications for the feasibility of rf resonance spectroscopy on the fine and hyperfine structure of
the 2 3P term will be discussed.



II. PROPERTIES OF SIMPLE ATOMIC SYSTEMS

METASTABLE AUTOIONIZING ATOMIC ENERGY LEVELS

IN THE ALKALI (GROUP I) ELEMENTS

A new class of long-lived autoionizing states in the alkali atoms

was discovered and studied. The several publications which have appeared

in the open literature as well as the dissertation of Dr. Paul D. Feldman

fully describe the results of this work.

1) P. Feldman and R. Novick, "Autoionizing States in the Alkali

Atoms with Microsecond Lifetimes," Phys. Rev. Letters 11, 278-281 (15 Sep-

tember 1963).

The existence of atomic energy levels in lithium, potassium,

and rubidium which lie between the first and second ionization

potentials and which are metastable against both radiation and

autoionization with lifetimes in the microsecond region are

first reported.

2) P. Feldman and R. Novick, "Observations on the (ls2s2p) F5 /2

Metastable State in Lithium," in Atomic Collision Processes (Proceedings

of the Third International Conference on Physics of Electronic and Atomic

Collisions, University College London, 22-26 July 1963), ed., M. R. C.

McDowell (North-Holland Publishing Co., Amsterdam, Netherlands, 1964),

vD. 201-210.

The (ls2s2p) 4jP configuration in He- and Li is metastable against radiation and auto-
ionization via the Coulomb interaction. Lithium atoms in this state can be produced by
exchange excitation (energy = 56 eV) of ground state Li atoms. Experimentally, we bombard
a neutral lithium beam with low energy electrons and collect ions resulting from the decay
of metastable atoms 3 cm from the source. We have measured the excitation function,
production cross section (a ~ 10-19 cm 2) and the lifetime (c = 5.1 ± 1 psec). A theoretical
estimate of the probability of autoionization resulting from the spin-spin interaction gives a
lifetime of 16 psec.

3) Paul D. Feldman, "An Investigation of Metastable Autoionizing

Atomic Energy Levels in the Alkali Elements," Ph. D. Thesis, Faculty of

Pure Science, Columbia University, New York, New York, 1964.
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4) P. Feldman and R. Novick, "Auto-Ionizing States in the Alkali

Atoms with Microsecond Lifetimes," Phys. Rev. 160, 143-158 (5 August 1967).

Discrete atomic energy levels lying between the first and second ionization potentials which are metastable
against both auto-ionization and radiative decay have been observed in the alkali elements. These levels
arise from the excitation of an electron from the outermost closed shell of the atom and have characteristic
lifetimes in the microsecond region. A beam of metastable alali atoms is produced by electron bombard-
ment of neutral ground-state atoms and is detected by colecting the charged products of the decay. Stern-
Gerlach magnetic-deflection experiments have been performed to show unambiguously that the signals
arise from paramagnetic atoms and not from possible stray-photon effects in the apparatus. The excitation
energies, electron-bombardment production cross sections, natural lifetimes, and the tentative spectro-scopic assignments of these atoms are listed below:

Electron-
bombardment

Energy above production
ground state Tentative Lifetime cross section

Element (eV) assignment (psec) (cm 2
)

Li 57.3-0.3 (ls2s2p)4P 5.11.0 10-m19A.5)

Na 31.8-0.3 (2p 53s3p)-D ......

K 19.9z-0.3 (3p 54s3d) F 90L20 10-('13..

Rb 15.8d-0.3 (4p 55s4d)'F 75z-20 10-'S-5

(5p6s7s) 4P

Cs . 12.6-0.3 (5p 56s5d)4F 40-15

(5p 56s4f) 4G

The energy and lifetime of the metastable lithium atom are in good agreement with the available
theoretical estimates. The metastable states in the heavier alkali atoms are classified in relation to theknown Ib spectral terms. Magnetic and electric fields have been found to be effective in reducing the life-
time of the metastable atoms. The Zeeman quenching is discussed in a separate paper. The Stark quenching
rate has been found to be proportional to the square of the electric field and to increase rapidly with atomic
number Z. It is suggested that the Stark quenching results from a second-order interaction which involves
the product of the electric field and the spin-orbit or other magnetic operators.



13

LIFETIME MEASUREMENTS OF THE ALKALI METAL ATOMS (GROUP I ELEMENTS)

WITH LEVEL-CROSSING SPECTROSCOPY

This program was in progress under the Joint Services Electronics

Program of the Columbia Radiation Laboratory at the time of the initiation

of grant NGL 33-008-009 (formerly NsG-360). The program produced a number

of publications enumerated below.

1) Alfred Landman, "Fine and Hyperfine Structure in the 3P State 
of

Li 7 and Hyperfine Structure and Atomic Parameters in Zinc," Ph. D. Thesis,

Faculty of Pure Science, Columbia University, New York, New York, 1963.

2) B. Budick, S. Marcus, and R. Novick, "Level-Crossing Spectroscopy

with an Electric Field: Stark Shift of the 32P Term in Lithium," Phys. Rev.

140, A1041-A1043 (15 November 1965).

The method of level-crossing spectroscopy has been extended to a study of the Stark effect on the 3P
term of lithium. Lithium atoms in a broad atomic beam are subjected to collinear electric and magnetic
fields. The field values required to produce a level crossing or degeneracy are determined by observing the
change in the angular distribution of the fluorescence resulting from the optical excitation of the 3P term.
The magnetic field required to produce the crossing is found to shift to higher values as the electric field
is applied. The shift increases as the square of the electric field and is given by AH= +0.056 (11)E 2, where
All is in gauss and E is in kilovolts per centimeter. The coefficient is in good agreement with the value 0.048
obtained from second-order perturbation theory and the Bates and Damgaard approximation.

3) B. Budick, H. Bucka, R. J. Goshen, A. Landman, and R. Novick,

"Fine and Hyperfine Structure of the 32 P Term in Lithium," Phys. Rev. 147,

1-5 (8 July 1966).

The fine and hyperfine structures of the 3'p term in Li7 have been studied by the technique of level-
crossing spectroscopy. A preliminary value for the fine-structure separation is Av=2882.9+1.2 Mc/sec. It
is expected that the present technique can be extended to obtain a result that is reliable to a few parts per
million. It is noteworthy that the fine-structure intervals in lithium are 8% and 12% smaller for the 2p and
3p levels, respectively, than the corresponding intervals in hydrogen. A theory is developed for interpreting
the separation between hyperfine level crossings. Its application depends on a detailed knowledge of the
core-polarization effects of the 3p electron. Evidence is presented indicating that the core-polarization

effects in the np states (n=2, 3) scale as (1l/r),, for the valence electron. Assuming this to be true, we
estimate that a,(3p)= -3.05(12) Mc/sec for Li7. The limited precision achieved so far in this work has
prevented observation of the Li7 quadrupole interaction.

4) A. Khadjavi, W. Happer, Jr., and A. Lurio, "Electric-Field Level-

Crossing Spectroscopy," Phys. Rev. Letters 17, 463-465 (29 August 1966).

The first observation of pure electric-field level crossings
at finite electric field are reported, and the use of these
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observations to determine the differential Stark effect in
the second excited state of the alkali metal atoms is de-
scribed. In previous work Stark parameters have been meas-
ured by level crossing in combined electric and magnetic
fields. This work is the first experimental demonstration
that the application of an electric field will cause certain
hyperfine structure levels to intersect at other than zero
electric field. Results are reported for Cs1 3 3 and Rb8 5 and
compared with other experimental and theoretical work.

5) Abbas Khadjavi, "Stark Effect in the Excited States of Rb, Cs,

Cd, and Hg," Ph. D. Thesis; Faculty of Pure Science, Columbia University,

New York, New York, 1967.

6) Stephen Marcus, "Level-Crossing Spectroscopy in the 32P and 42p

Terms of Lithium-6 and Lithium-7," Ph. D. Thesis, Faculty of Pure Science,

Columbia University, New York, New York, 1967.

7) R. C. Isler, S. Marcus, and R. Novick, "Fine Structure of the 32p

and 4 P States of Lithium," Phys. Rev. 187, 66-75 (5 November 1969).

The fine-structure intervals of the 3 2P state of Li6 and Li? and the 42P state of Li7 have been
measured by observing the level crossing signals from the P3 / 2

3 /2 and P1/21/2 levels. Results
for the magnetic fields at which the center of the crossing signals occur are the following, in
terms of the proton NMR frequency in kHz for a mineral oil sample: 32P(Li7 ), 3897.163(22);
32P(Li), 3896.89(20); 42P(Li7), 1621.71(15). By using a theory of the Zeeman effect that in-
cludes estimates of the normal and specific mass effects and relativistic effects, we find the
following values for the zero-field fine-structure intervals: AW(Li -3P) =2882.903(18)MHz;
AW(Li -4P) = 1199.65(11)MHz. The uncertainties are three times the standard error for the
measurement.

8) R. C. Isler, S. Marcus, and R. Novick, "Hyperfine Structure of the

3 2Pand 4 2P States of Lithium and Lifetime of the 32 P State," Phys. Rev. 187,

76-84 (5 November 1969).

The technique of level crossing spectroscopy has been used to study the hyperfine structure
of the 32P and 4 2P states of Li7 and the 32 P state of Li6. Both low-field (< 2 G) and high-field
( 915 G) level crossings were observed for the 3 2P state of Li7. With the assumption that the
ordinary magnetic-dipole coupling constants are related by ad12 5ad3/2, values have been
obtained for ad3/ 2 and the core-polarization constant a c . In the 42 P state of Li 7 and the 32 P
state of Li we have inferred from our measurements individual values for ad3/2 and a c which
are consistent with the assumptions that both constants scale as the ratio of nuclear g factors
among different isotopes and that they scale as 1/n 3 among all the n2P states. The lifetime
of the 3 P state has also been obtained from the high-field level crossing data. The results
for the hyperfine constants in MHz are the following: 32P Li7 : ad 3 / 2 = 2 .11( 3 ), ac= -3.08(3),
4 2P Li 7 : ad3/2= 0 . 8 (2 ), ac=-1.30(2), 3 2P Li': ad3/2=0.80(2 ), ac=--1.20(2). The lifetime
of the 32P state is 7 (32P Li7 ) = 182(6) nsec.
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LIFETIME MEASUREMENTS OF GROUP II-A ISOTOPES

WITH LEVEL-CROSSING SPECTROSCOPY

The technique of zero-field level-crossing spectroscopy was used to

determine the lifetimes of the group II-A isotopes. The published results

are listed below:

1) Allen Lurio, R. L. deZafra, and Robert J. Goshen, "Lifetime of

the First IP 1 State of Zinc, Calcium, and Strontium," Phys. Rev. 134, A1198-

A1203 (1 June 1964).

The lifetime of the first excited 1P1 state of zinc, calcium, and strontium has been measured by the zero-

field level-crossing technique. The results are: zinc 7r(1P)=l.41+:0.04X10- sec, calcium 7 ('P)=4.48

-0.15X 10-9 sec, and strontium r7(P)=4.97=0.15 X 0-9 sec. The results are compared to earlier experi-
mental results and also to theoretical predictions. It is found that our results are in excellent agreement with

the Bates and Damgaard. Coulomb approximation method for estimating the oscillator strengths.

2) Robert J. Goshen, "Lifetimes and g Factors in Excited States of

Calcium, Strontium, Zinc, and Chromium. Hyperfine Structure of Cr-53," Ph. D.

Thesis, Faculty of Pure Science, Columbia University, New York, New York,

1965.



LIFETIME MEASUREMENTS OF CHROMIUM-53 ATOM (GROUP VI ELEMENT)

WITH OPTICAL DOUBLE RESONANCE AND LEVEL-CROSSING SPECTROSCOPY

The 7p terms of two excited chromium configurations were studied

with optical double resonance and level-crossing techniques, and theoret-

ical and experimental values for the contribution of core polarization

to the hyperfine structure of excited states of Cr
5 3 were determined.

The following results were published:

1) Robert J. Goshen, "Lifetimes and g Factors in Excited States of

Calcium, Strontium, Zinc, and Chromium. Hyperfine Structure of Cr-53,"

Ph. D. Thesis, Faculty of Pure Science, Columbia University, New York, New

York, 1965.

2) H. Bucka, B. Budick, R. J. Goshen, and S. Marcus, "Lifetimes and

53 ,
gj Factors in Excited States of Chromium. Hyperfine Structure of Cr

Phys. Rev. 144, 96-102 (8 April 1966).

The 7P terms of two excited chromium configurations have been studied by the techniques of level-

crossing and double-resonance spectroscopy. The lifetimes of the J levels of the two terms were found by

observation of the Hanle effect to be (3.34±0.5)X 10- 8 sec and (6.51t0.9)X 10- sec for (3d 54p)'P and

(3d*4s4p)7P 4, respectively. gJ values for the three J levels of the (3d54p)'P term were also determined:

g (J= 4) = 1.7512(3), g(J= 3) = 1.9178(2), and g (J= 2) =2.3351(3). For the purpose of studying core polariza-

tion in chromium, measurements were made of the magnetic hyperfine constants in both configurations.

For 3ds4p, la(J=4) =11.6 +0.15 Mc/sec, la(J=3)l j .5±t2.0 Mc/sec, la(J=2)1 =26.16-0.10 Mc/sec,

and for 3d'4s4p, Ia(J=3) 1= 70.4± 2 .6 Mc/sec.

3) B. Budick, R. J. Goshen, S. Jacobs, and S. Marcus, "Core Polariza-

tion in Cr53 , Phys. Rev. 144, 103-109 (8 April 1966).

Theoretical and experimental values for the contribution of core polarization to the hyperfine structure of

excited states of Cr5 3 are compared. A theory is developed for extracting the core contributions to the

magnetic field from the measured hyperfine constants. It is necessary to take account of configuration inter-

action with an actual configuration of unpaired s electrons. A value of -525 000 G is deduced for the mag-

netic field at the nucleus produced by core polarization. The minus sign indicates that this field is anti-

parallel to the net spin of the atom. This is compared with theory and with the results of other experi-

ments. Corrections due to relativity, the second-order Zeeman effect, and the breakdown of LS coupling

are considered.



17

INSTRUMENTATION

1) B. Budick, R. Novick, and A. Lurio, "Light Sources for Double

Resonance and Level Crossing Spectroscopy," Appl. Optics 4, 229-235 (Febru-

ary 1965).

The requirements on light sources for double resonance and level crossing spectroscopy are reviewed.
A modern version of the Cario-Lbchte-Holtgreven flow lamp is described and its performance for a
number of elements is compared with that of sealed-off electrodeless discharge lamps and Schtiler-type
hollow cathode sources. None of these sources is useful under all circumstances. The electrodeless
lamp is particularly effective in the case of the group IIb intercomnbination lines. The high atomic
density available in the flow lamp makes it useful for partially forbidden resonance lines for a number
of chemical species including highly reactive metals, such as Ca. The hollow cathode lamp is well
suited to the fully allowed resonance lines of a wide range of elements including highly refractory metals.



III. MISCELLANEOUS STUDIES

1) - W. Happer and E. B. Saloman,- "Observation of Different Lifetimes

for Atomic States Excited with Linearly and Circularly Polarized Light,"

Phys. Rev. Letters 15, 441-443 (6 September 1965).

At very low atomic densities all Zeeman sublevels of an excited

atomic state decay with the natural radiative lifetime of that

state. Under these conditions the widths of the Hanle effect

and optical double-resonance signals may be used to measure the

lifetime of the state. However, at higher atomic densities the

Zeeman sublevels can relax to each other through collision and

radiation trapping so that, in general, (2J + 1)2 parameters are

necessary to specify the decay of the excited atoms. These proc-

esses result in a broadening or narrowing of the level crossing

or optical double-resonance linewidths and can be ascribed to a

change in the lifetime of the excited atomic state. These exper-

iments demonstrate that under a wide range of experimental. condi-

tions the different multipole components of the density matrix

describing excited atoms in a vapor relax with measurably differ-

ent time constants. More detailed studies of this kind should

yield considerable information about the mechanisms involved in

depolarizing collisions.

2) R. E. Miller, W. G. Fastie, and R. C. Isler, "Rocket Studies of

Far Ultraviolet Radiation in an Aurora," J. Geophys. Res. 73, 3353-3366

(1 June 1968).

Auroral spectra have been obtained in the wavelength region

1050-1550 X over the altitude range 90-160 km in an Aerobee
rocket at Fort Churchill, Manitoba. Spectral lines of atomic

hydrogen, nitrogen, and oxygen, and 18 bands of the Lyman-Birge-

Hopfield system of molecular nitrogen were identified. The

primary electron flux and the 3914-X emission of N 2+ were also

measured throughout the flight. Altitude profiles for several

spectral features and the electron flux are given, and correla-

tions among the various observations are discussed. The hydrogen-

Lyman-a radiation at 1216 X is found to be independent of the
aurora. Other origins for this radiation are suggested.
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3) Carl A. Kocher, "Time Correlations in the Detection of Success-

ively Emitted Photons," Ann. Phys. (N. Y.) 65, 1-18 (15 June 1971).

An analysis is given of the correlation in detection times of two successive radiations
emitted spontaneously in a sequential decay. By a resolvent operator method, the time
evolution of the coupled particle-field state is derived for a system consisting of a three-level
atom coupled to the photon field. Photons A and B, emitted in the first and second stages of
the cascade, are detected at distances rA and r. from the atom. When one of the photons is
detected, the state vector for the system is assumed to be reduced, by projection onto the

observed state. After this measurement, the system again evolves continuously, until the
second photon is detected. The probability that a retarded time interval T = (ts - r./c) -

(r - rA/c) will elapse between the detection of photon A, at time tA , and the detection of
photon B, at time t,, is found to be proportional to exp (- TT) if T > 0 and to be zero if

T < 0, where 1/F is the mean lifetime of the intermediate state. This result is consistent

with a prequantum view of successive photon emission, but is obtained by a method which

avoids the conceptual difficulties of a point-particle photon model.

4) W. A. Stern and R. Novick, "Light and Buffer Gas Frequency Shifts

85
in the Rb Maser Frequency Standard," IEEE Trans. Instr. Meas. IM-21, 99-105

(May 1972).

Recently we reported the operation of an optically pumped
8 5Rb maser oscillating at 3.035734 GHz on the field-independ-
ent transition 52 S1/ 2 (F = 3, m F = 0 + F = 2, m F = 0). Apart

from cavity pulling, the two major sources of frequency shifts

are those due to the buffer gas and the pumping light. The

short-term phase stability of the standard is not appreciably

affected by these shifts. The buffer-gas shift can be used to

advantage to select an output frequency that is different from

the ground-state hyperfine frequency.

5) Carl A. Kocher, "Vanishing of Dipole Matrix Elements at Level

Crossings," Phys. Rev. A 6, 35-37 (July 1972).

The vanishing of certain coupling matrix elements at level crossings is shown to follow from
angular momentum commutation relations. A magnetic dipole transition having A1i= ± 1,
induced near a crossing of the levels in a nonzero magnetic field, is found to have a dipole
matrix element comparable to or smaller than the quotient of the level separation and the
field. This result also applies in the analogous electric field electric dipole case.


