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ABSTRACT

The first stuﬂy described here was intended to produce, identify
and investigate the magnetic properties of a'recently reported 685/2
metastable state of atomic nitrogen. However, we were umable to
demonstrate its existence among the constituents which we could detect
in the beam of the discharge products of the nitrogen molecule.

In the second study, the atomic beam magnetic resonance method

was used to compare the gy factor of >

S, state in atomic oxygen with
the g3 of 2 3Sl state of helium at H = 4228 and 3209 gauss; The
metastable oxygen and helium atoms were produced in a pulsed discharge
source. After traversing the beam appafatus these atoms were detected
by the Auger_process.' Helium and oxygen resonénces were accumulated
successively. By collecting the data only in a certain interval of

3S states

the time-of-flight distribution, we isolated the 5S and
from other discharge products. With 158 pairs of resonances taken
~ at four relative hairpin and field orientations, the final result

is
g3 =_2.0020910(10).
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INTRODUCTION

Being the most abundant gases in the earth's crust and
atmosphere and essential constituents of life, oﬁygen and nitrogen
have been the subject of extensive studies since the early days of
science. Aristotle defined the physical elements of nature as fire,
watef, air and earth. After the discovery of oxygen by Priestley
in 1774, a list of 33 elements, including oxygen and nitrogen as well
as lime and magnesia, was published by Lavoisier. Later, lime was
separated into. oxygen and calcium; and magnesié was found to be
composed of oxygen and magnesium. In the following decades, the
physical and chemical properties of nitrogen and oxygen have been
continuously investigated by scientists. |

In 1865, M. A, Morren1 reported the nitrogen afterglow.‘ Since
the glowing gas was found to be chemiéally active, it was called
"active nitrogen.'" The literature on active nitrogen which has been
published éfter 1945 is reviewed by Wright and Winklér2 and the work
of Mitra3 provides a survey of the experimental develbpments prior to
1945. The luminescent and active behavior of nitrogen may be attributed
chiefly tb the presence of ground state atoms and excited molecules.
However, it is believed that excited nitrogen atoms and nitrogen

molecules with higher energy content may be responsible for the



short-duration afterglows. Among these atomic species, Innes and
Qldenbufg4 postulated the existance of the 65 staté in the '‘auroral"
afterglow. This sextet state of the nitrogen atoms was considered
metastable with an energy of 13 ev above the ground state; Although

an evidence of possible existence in the laboratory by electron
bombardment of nitrogen was reported,5 it has not been detected

- experimeﬁtaliy until the lifetime measurement of Fairchild, Garg

and Johnéon.6 Using the time-of-flight technique, they obtained

100 + 25 usec for the natural lifetime of this species; and, combining
their lifetime measurement with their quenching results, they concluded

6

that nitrogen atoms are in the 25(2p)335 S. ,, metastable autoionizing

5/2
state. The motivation of the studies presented in the first chapter
of this thesis was to identify this species in the Atomic Beam Machine
and to explore the state further by using Stern-Gerlach and magnetic
resonance techniques. Here we present a summary of the theory of
dissociétion]and dissociation fragments, the features of the apparatus
and the experiment. Then we discuss our results and indicate some"
open questions. |

The second chapter concerns itself with the precision measure-
ment of the g; factor of atomic oxygen in its 5Szlm.etastable state.
This measurement was inspired by the fact that a certain signal had
appeared due to a minute oxygen contamination during some stages of
the previous nitrogen experiment. Atomic oxygen has two metastable
S states, i.e., 2p4(18) and 2p335(55).7 The g5 factor of the lg state

is zero. The first measurement of the gJ factor of 5S state of oxygen



was published by Kiess andShortley.8 They used Zeeman patterns of
red and infrared lines of oxygen to derive the g5 factor. Their
result is g;(°S,) = 1.999 + 0.002.

In 1967 Brink observed the 552 state of oxygen in a molecular
beam apparatus and reported a low precision 8y factor measurement.
Besides using the mass spectrometer in the detector he provided
further evidence for the presence of 5S state by obsefving 3947 A
and 7774 A atomic oxygen lines in the optical spectrﬁm,of the discharge.

5

These lines are due to the electronic transitions terminating in °S

state. By comparing the resonance frequencies of.SS and p states he

2 for atomic oxygen in the quintet state.

concluded gJ(SS) = 1.97 + 0.05
Although the lifetime of this state has been measured and calculated10
carefully, we could not trace any publication which either confimms
and imprbveé the precision of the gy results. It seems that our
measurement with a final result of gJ(O, 582) = —>2;002 091 0(10)
establishes good grounds for a theoretical calculation of high precision.

The experimental method used in our measurement is called the
Molecular Beam Magnetic Resonance Technique. In‘the literature,
Molecular Beam implies both atomic and molecular rays of particles.
The first beam of atoms was made by Dunoyer.11 He heated Na in one
end of an evacuated glass tube and neutral atoms fravelled through
slits, practically without colliding with each other, and formed a
thin layer of Na on the surface of the other end of the tube. Between

1920 and 1933, Stern, Gerlach, Knauer and their associates tested the

Kinetic Theory of Gases, spatial quantization, wave hypothesis and



Dirac's Theory by means of molecular beams. Their work is described
in detail by Fraser in his book.12 The next great advance was made
~ by Rabi and his collaborators. They introduced the Molecular Beam

13 in 1938. Their apparatus consisted of a source

Resonance Technique
called the oven, two inhomogeneous deflecting magnets which were
already used by Stern, a homogeneous magnet in which a radio—frequenéy
transition took place, and finally a detector. These are the main
parts of a modern molecular beam apparatus. The whole system is in

a low pressure vacuum envelope. Molecules emerging from the source
are collimated into the inhomogeneous magnetic field of A magnet. The
meaﬁ free path of the molecules in the apparatus is usually much
longer than the length of the apparatus. Therefore, molecules travel
iﬁ straight lines unless they experience a force. The A magnet, due
to its particular design, has a large field gradient. Under the force
F=- 3(- ; . Ej the molecules are deflected depending upon their
velocity and moment. K is the magnetic moment of the molecule. In
some literature, the A magnet is referred to as the "polarizer." The
molecules, deflected by the A magnet then enter into the region of

the homogeneous field of C magnet. Here they experience no force, but
see a time varying electromagnetic field of the rf loop, the so-called
hairpin, in addition to the constant homogeneous field. At this
point, they are also collimated further. The B magnet has the same
features as A magnet. The magnitude, direction and orientation of the
gradient of this field can be adjusted so that if a transition occurs

(i.e., a change in the direction of u takes place) in the oscillating



field of the hairpin, the beam is either deflected into or deflected
from the detector. Thus the resonance provides either a maximum
(flop-in) or a minimum (flop-out) in the beam intensity. The B
magnet is célled the 'analyzing magnet' or '"analyser.'" Although we
make use of the well known principles of molecular beams, the actual
geometry used in our experiment is quite particular and explained in
detail 1afer in Chapter II.

By observing a resonance at a certain constant homogeneous
magnetic. field and by measuring the exact resonance frequency of the
time varying magnetic field; one is able to study the energy difference
between the states comnected by that transition. By repeating the
experimént’at various C field magnitudes, one can obtain the field
dependence of the transition frequency, the Zeeman effect, and the
energy structure of the states under consideration.

The second chapter of this thesis is separated into three parts.
Part A contains an outline of the theory of fine structure, hyperfine
structure,and the interaction of atoms with the magnetic field.

We then diséuss the theory directly related to the experiment. Part B

is devoted to the features of the apparatus and experiment. In

‘this part, the gas feed system, discharge source, geometry, detector and
‘related electronics are explained in detail. Then we summarize the
information on the metastable states of oxygen and helium, Our data
collection system is worth a mention since it enabled us to select certain
species and reduce background. This technique was used for the first time

in this experiment. The remainder of part B gives the details of the



field locking and homoginizing by shimming, of the radio-frequency
system, and of the procedure of the experiment.

Part C deals with the fiﬁal steps towards the results (i.e.,
data handling and evaluation, least square fitting of the resonance
curves to the Lorenzian line, results, histograms of results and, at
last, concluding remarks on the results).

Appendices are added for the sake of completeﬁess. In the flow
diagram of the LFIT program, Appendix C, the outlines of the subroutines
are contained. Appendix D is the program AVERAGE which was used to

obtain the final g5 results.



I. STERN-GERLACH TIME-OF-FLIGHT STUDY
OF DISSOCIATION FRAGMENTS OF NITROGEN

A. Theory

Dissociation and Predissociation. The dissociation energy

D3 of a diatomic molecule is defined as the work required to disso-
ciate the molecule from the lowest vibrational level of the ground

14 If AG is the energy difference

state into the constituent "atoms."
between the successive vibrational levels of the molecule, disso-

ciation energy can be written as
DS = 2. AG , ' (I. 1)

where v is the number of vibrational levels. If one plots the AG
of the appropriate absorption band of the molecule, versus v, the
area under the curve represents the dissociation energy. (Fig. I. 1 and

15 por nitrogen,

2.) Such curves are called '"Birge-Sponer' plots.
the moleculéf specfrum of the vibrational levels can not be followed
for v > 27. In order to obtain a precise value for D3, v up to

about 40 would be desired. However, an extrapolation sometimes may

give a sufficiently accurate result.
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Similarly, each of the excited states has a dissociation energy
D% relative to its lowest state. Here the products.of the dissociation
may also be excited atoms. Therefore, as it is seen from Fig. I. 1,
if the atomic energy level differences AE of the dissociation prdducts
are known, then

DS = DL + Eq.y - AE

(I. 2)
where Eo-ovis the energy differences between the lowest vibrational
states.

In case the vibration rotation levels of the two excited
électronic states of a molecule have about the same energy, the
potential cufves of the two states may cross as in Fig. I. 3a. That is,
there is a mixing between the wave functions of two states of proper
symmetry. This will cauée a perturbation on the expected position of
the energy levels. But, if one of the states is a repulsive state, a
radiationless transition from the discrete state to this continuous
state may take place. Since the new state is repulsive, fhe molecule
now dissociates into its fragments. This phenomena is called pre-
dissociation. The dissociation energy of nitrogen is accepted as
D3 = 9.756(5)ev although a general agreement on it is still missing.16

The excitation of molecules from the ground electronic state
with v = o by electrbn impact may lead also into a bound (see Fig.
I. 3b) or a pure repulsive state (see Fig. I. 3c). In the case of a

bound state, the molecule dissociates from the repulsive part of the
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curve. Then E - (D3 + AE) gives the kinetic energy of the dissociation
fragments, where E is the excitation energy. Therefore, some fragments
may have zero kinetic energy. DS + AE represents the potential energy
of the gissoéiation fragments. However, it is always greater than

zero here. Certainly,after an excitation process,ionization, auto-
ionization, and re-radiation are also expected. In this research we are
mainly interested in excited or ground state fragments, i.e., neutral
atoms, From the conservation of momentum in the center-of-mass system,

for the fragments of dissociation having equal mass, we obtain
Vi =V, and Ekl = Ek2 (I. 3

Therefore, a study of the translational velocities of the fragments
would lead to information about the shape of the repulsivé part of the
potential curve provided that the ground state, vibrational wave
function is very well known. -

States of Atomic Nitrogen.

Among the dissociation fragments 453/2, ground state atomic
nitrogen is the most abundant in a beam produced by ‘an electron impact

or: a discharge source. The ground electron configuration of atomic

nitrogen is 1522522p3. This configuration gives the three states,

ground state and two low-lying metastable states, ZDS/Z’ 3/2 and

2P3/2, 1/2° respectively , 2.4 ev and 3.6 ev above the ground state.

2D has a long lifetimel’ of 26 hours, while the radiative lifetime of
2P is only 12 seconds. The concentrations of 2D and 2P nitrogen atoms,

compared to that of 4S atoms, are expected to be very low in the
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dissociation products.

The short-duration, high-intensity auroral afterglow of
nitrogen gives strong emission of N;(BZE; - xzzg) bands.17 This
indicates that highly energetic species must exist during the brief
duratioﬁ afterglow, since about 21.5 ev is required to bring a ground

. . . +
state nitrogen molecule into the excited NZ'

Neither N atoms nor N2
molecules have been reported to have energetic enough levels to

create N; bands. Comparing N I spectra with the known O II line

spectra, Innes and Oldenburg4 hypothesized that metastable (152252p33$)6s

nitrogen atoms colliding with normal atoms produce excited N; molecules.
NC®s) + N(*'S) » N exc. + €7 (1. 4)

This process provides a total energy of 23 ev which is more than required
for the ionization and excitation. The fact that the sextet system is
missing in the observation of N I spectrum is explained by very small
differences between the ionization energy and its energy level (13 ev).
Therefore, intense lines of the system were supposed to lie in the
distant infrared. Furthermore, they explained the high energy, short-

duration emission of neutral N, by the collision.
NCs) + N,z > NSy + N, ) (1. 5)

which provides 12.2 ev to excite the N2 bands. The prediction of the

energy of lowest sextet states of N I makes use of the analogy of the
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2 4
P1/2 and Dl/2 states. Prag

same sextet state of O II ;elative to its
and Clark18 disagreed with 13 ev because they stated that by changing
Z, the various electronicland magnetic interactions might not scale in
the same'rétios and cause some shifts in the expected valﬁe of the
energy level of sextet relative to doublets and quartets. By using
extrapolatidn methods, they proposed 17.2 * 0.2 ev. Since this value
is larger than the ionization potential of atomic nitrogen, in the
calculation of the lifetime of this state, the probability for auto-

19 Prag and

ionization and radiative transition must be considered.
Clark propoSed alternate excitation reactions to explain the short-
duration afterglow. Loosly bound (0.5 ev)N4 complex, containing an
N(6S) atom, has an internal energy of 17.2 + 9.8 =»27.0 ev. - This
highly energetic complex, colliding with NZ(ASZQ) molecules by exchang-
ing an electron, may create molecular NZ(CSIIu), N;(B2 Eu) and atomic
N(3s 2P) levels. On the other hand, the same spécies colliding with
N(4S) atoms:may produée N;(BZ Eu), NZ(C311U) and N+(3P) from which
the emissidn was attributed to the electrons which are produced in
the proposed reaction, thus depleting the N4 complex in the medium.
Feldman and Novick5 observed an excitation fhreshold of 30 ev,
admitting molecular nitrogen and bombarding it by electrons in their
apparatus. Allowing 9.8 ev for dissociation, 20 ev is the remaining
energy in the c.m. system for allegedlyvN(6S) atoms."The next
measurement on this state was reported by Fairchild, Garg and Johnson6

in 1973. They used two detectors along the beam. The first detector

was a 60% transparent metallic mesh Auger detector located about
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70 am from the electron gun and the second one was a solid metal

plate ldcated about 180 cm from the electron gun. By using the time-
of-flight technique, two plots of time of flight versus the number of
surviving atoms were obtained from the two detectors. The number of

atoms Nz(tz) detected by the second detector at time t, is given as
N, (t,) =C Ny (e)e” (F2 - t)/t (1. 6)

Nl(tl) is th¢ number of species detected by the first detector, C is
the constant which depends on the efficiencies of the detector and

T is the lifetime of the species. The above equation can be written "
in the logarithmic form as

zn(Nz/N =gn C - (t2 - tl)/r (I. 7)

1
Therefore, the slope of the straight line of Qn(NZ/Nl) versus-(t2 - tl)
gives - 1/T; Their experimental result was 100 * 25 ﬁsec. The life-
times of 2D and 2p states are much greater than this value. Since the
pressure in their excitation region was relatively high, Rydberg atoms
with a lifetime of the order of 1 to 100 usec ﬁere thought to be
eliminated before they emerge from the collimating slit into a detection
region. On the other haﬁd, species with T < lusec would have very
little chance to survive until they reach the first detector.

Before continuing the discussion of the N(6S) atom, we will outline

some relevant information about high-Rydberg states.
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A high-Rydberg state of an atom or molecule is a state with a
large principal quantum number n. Since the average radius of electron

orbit is
_ 1 3 ' :
{r)= 72—[3n - 2(2+1)] (1. 8

we expect a large radius for a large n. Then the atom or molecule can
be considered to consist of an ion core and a high-Rydberg electron.

Similarity between the behaviors of high-Rydberg electron and hydrogen
atom electron provides a good understanding of the properties of high-

Rydberg states. The ionization energy of hydrogen atoms is giveh by
E = 13.6/n% (ev) (1. 9)

For large n, this energy gets extremely small. Therefore, the
potential curve of a high-Rydberg molecule differs-&ery slightly from
the ion core molecule. This means that dissociation depends on the
ion core. After dissociation, the high-Rydberg electron remains bound
to ionic.dissociation fragment, thus forming a high-Rydberg atom.

The radiative lifetime of a high-Rydberg state with principal

quantum number n varies as 20

.~ D ’
T ~ D (1. 10)

for a fixed 2. For example, a state with n = 20 would have a
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radiative lifetime between 10 and 100 usec depending on %.

Now we refurn to the discussion of features of the time-of-
flight studies and related theories. We emphasize the theoretical
basis of the molecular beam time-of-flight lifetime meaéurement6 of
the metastable nitrogen atoms for two reasons. First, its conclusion
triggeréd our studies on oxygen. Second, we have employed similar
molecular beam time-of-flight methods in conjunction with the Stern-

Gerlach technique during our experiment.
Quenching Effects

In terms of electric field quenching, high-Rydberg atoms and
metastab1e>atoms have distinct characters. While a Rydberg state
‘remains unaffected by an electric field until a critical point and
then quenches completely,.the metastable state quenches cohtinuously
and linearly with the square of the electric field. If yR(E) |
represents.the field dependent decay constant of highly excited

hydrogen levels, it can be written as

0 when E < EC

o when E > EC (I. 11)

w® = {

where Ec is the critical electric field strength. Howéver, the decay

constant of 6S state is given by Johnson21 approximately as
Yo(E) = vg + (/LK E’ (1. 12)

Here Yo is the natural decay constant of 6S state, D is the length of
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the Quench plates, L is the total length of the flight path and kS is

the constant that represents the mixing of 15225.2p335 and 1522$2p4

configurations caused by the electric field.
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B. Apparatus

The épparatus we have used throughout these studies is the
Berkeley Atomic Beam Apparatus {room 86) which has.a total length
of 2.5 m from the source to the detector. (See Fig. 1. 4.) The
field gradient of its inhomogeneous magnets is about 10,000 gauss/cm
with a field of 10,000 gauss. The A and B magnet poles are 21 inches
long. EXcept during magnetic field quenching tests and the resonance
trials, we have not utilized the homogeneous C field. The beam
machine is pumped down to = 5§ x 1077 torr by seven diffusion and two
mechanical pumps. The collimating slit is 6-10 mils wide and placed
in the middle of the C magnet. The source slit varied from 3 to 8
mils and the detector slit from 12 to 25 mils.

A schematic diagram of the gas feed syétem’is shown in
Figure i. 5. Noble gases like helium and argon were used for
calibration purposes. The flow of the gas was adjusted coarsely by
means of two valves on the gas cylinder and finely by the variable
leak. Sometimes we cooled the gas either by placing the cooling
helix intc a liquid nitrogen dewar or filling the source attachment
cavity with liquid nitrogen. A mechanical pump, pumped on the
system continuously whenever it was not in use. During the flow of

gas, the typical pressure on the line was about 100-200 microns of Hg.
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The gases in the tank were high-purity grade, supposedly containing

less than .0001% oxygen. However, we have built and tried a tungsten

22

filament getter™™ in the hope of removing any remaining oxygen from

the nitrogen gas, but this did not improve our results considerably.

Throughout the experiment several types of sources were designed

and put into operation. Some surplus sources from the old experiments
were alsdrutilized. However, most of thé data was taken by using‘a
particular electron gun-type source. It is made of three iron pieces
Fig. 1. 6). The two pieces on the left-hand side hold the tungsten
filament in 5 mm deep, 3 mm wide groove and ére electrically isolated
from each other and from the source attachment arm on which ;hey are
mOUnted by mica spacers. The other piece, on the right-hand side, is
the anode. The anode is also separated from the filament holders and
attachhent arm by mica sheets. Gas is fed through the attachment
arm‘intd.the filament groove by a small opening between these three
pieces. Since these pieces are pushed tightly égaiﬁst each other and
there are mica layers between them, we domnytekpect any leak to the
source chamber between the pieces. On top of the main pieces, two
slit jaws are attached to fonn a vertical slit of 6.5 mm height.
Beihg eiectrically isolated from everything, these slits may be left
floating, grounded or at any potential with respect to the anode and

filament, The diameter of the tungsten filament was between 4 and 15

(see

mils and, therefore, the filament current varied from 2.5 to 12 amperes.

The schematic drawing and the photograph of our electron gun are given

in Fig. I. 6 and Fig. I. 7. A disadvantage of this electron gun was
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that the filament lasted only a short time (fromv3 to 16 hours of
operation, for example.)

Anode voltage was applied in the pulsed mode, each pulsé lasting
a certain time (such as 13.3 or 40 useconds) depending upon whether
the experimehters wi§hed to study faster or slower species. During
this timé, electrons which are emitted by the tungsten filament are
acceleratéd toward the anode and 5ombard the gaé molecules, and,
dissociate them into different fragments. Maximum anode voltage was
about 200 volts. A regular DC power supply output was switched on
and off by an electronic switching circuit. This circuit was
_controlled by a square pulse which also controlled the operation of
the data-collecting PDP 11 computer. Immediately after the anode
voltage is turned off, data was collected from the detector by the
PDP 11 computer in 64 channels, each channel corresponding to, let
| us say, 13.3 useconds. The computer then idles in a display mode for
about 5.9 milliseconds or, in other words, for about 448 channels
until a new pulse turns the anode voltage on and again off. The
total time between two successive anode voltage puises determines
the repetition rate. For the above example, it was 29 = 512 channels
or 6.75 milliseconds. Fig. I. 8 shows én illustration of the pulsed-
mode operation. (A more technical and detailed explanation and
block diagram of the data-collection system will be presented in
Chapter II.) At the end of each run, the data is printed by means
of a teletype printer which is connected to the PﬁP 11.

This pulsed-mode, data-collection technique thus gives the



Ist. ' an‘

Electron o Electron
gun pulse | gun pulse
I | , 2,3 ,4, ” ,62 ,63,64 165,66 67, 510 5 512 |
-~——Counting period - «—Waiting period —=

tem =13.3usec

XBL748-3937

Fig. I. 8. Data collection sequence. -

_V.Z_



-25-

number of particles which are able to reach the detector during their
1ifetime.and sorts them into different channels according to the time
the particles spent in traveling from the source to the detector. We
therefore obtain a time-of-flight spectrum of the.particles. Through—
~out the éxperiment two scalefs were also in operation. One of them
counted the total number of particles in all channels while the
other was set to a desired window of channels, counting only those
particles which are in the selected interval of channels, i.e., time.

The detector we used was a cold tungsten surface, emitting
Auger electrons when struck by energetic metastable atoms. This
tungsten surface is followed by a continuous semi-conduéting film
which serves as a secondary electron emitter and provides the electric
field to accelerate them. Electrons are re-difeéted towards the
surface film by the field of a permanent magnet. ‘The windowless,
Bendix Magnetic Electron Multipliers (MEM) have a gain of 107 and are
Very stable when exposed to the air. They are not sensitive to

visible and long wavelength ultraviolet radiation.
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C. Experiment

In researching atomic magnetic moments, the Stern-Gerlach23
technique has been very effectively used. If some of the dissociation
fragments of nitrogen molecules were nitrogen atoms in 6S metastable
state, they could be deflected by inhomogeneous magnetic fields.
Therefore, an experiment which combines the time-of-flight and the
Stern-Gerlach téchniques would give us important information on these
species and lead further to more precise measurements.

The deflection of an atom with an effective magnetic moment

‘“eff and mass M in an inhomogeneous magnetic field is given by

1 Veff aH .2 |
a= o dl, (I. 13)

where t is the time for the atom to traverse the field and gg- is the
gradient of the field. Using a calibration beam of atoms with known

Meff. c and Mc’ one can measure the unknown magnetic moment of any atom

- d
Vare © X M ;2- (I. 14)

where KC = (dc/tg) . (Mc/ueff.c)‘ The subscript c stands for

calibration. It is apparent that the constant K. depends also on the
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characteristics of the apparatus such as ggy geometry and the
system of units. However, a plot of deflection versus ti for the
calibration beam would provide us the constant KC since it can be

expressed also as

K, =m.x —M& (I. 15)

where slope, m. is readily available from the straight lines on the
graph.

Aithough the main scope of the eXperiment was to identify the
6S state of atomic nitrogen, meanwhile we studied various parts of
the time-of-flight spectrum. Among those parts sfudied are the so-
called fast peaks, high-Rydberg states, molecular excited states, etc.
We will mention these studies briefly as we proceed.

Johnson, Fairchild and Garg obtained the time-of-flight
spectrum, shown in Fig. I. 9. The distance from the source to the
detector was 1.83 meter. According to their conclusions, the peak

6S nitrogen atoms. This information

at 240 usecdnd corresponds to the
yields a flight time of 327 usecond for our machine. From quantum

- mechanics, in a strong magnetic field and omitting the nuclear effects

Meff, = 87MyUp (I. 16)

27

. where g is the Bohr magneton = 9.27 x 10 “’ erg/gauss, my is the

magnetic quantum number of atom and g5 is the Landé g factor,
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_q . JIr1D) +S(S+ 1) -L(L.+ 1)

gy = 270+ D) (117

m; can take 2J + 1 values between -J and +J. A schematic Breit-Rabi
diagram for N14(6SS/2) is drawn in Fig.I.10. Expected atomic magnetic
moments are on the right-hand side of the diagram.

The experiments we performed can be treated in three groups:

a) The efforts to obtain a reasonable peak in the metastable-
65 region of the time-of-flight spectrum.

b) Several tests on/the other species thaf appear in the fast
and the molecular regions of the time-of-flight épeétrum.

c) The studies to distinguish and to prove the identity of
those metastable dissociation fragments by deflection and resonance
methods .

The first group of experiments are preparatory studies of
nitrogen dissociation fragments of which we tried to develop the peak
at about 320 useconds to a workable degree by varying several
experimental conditions. Source pressure, source design, cooling and
cleaning the gas, source anode voltage, sourcerfilament current,
electron emission current, the width of the slit and collimator were
the variables. Each individual run lasted from two minutes to two
hours. The detector having higher work function, would not detect

24 2

the ground state®’ and the low-lying “D and 2P states of atomic

nitrogen. The electron gun pulse-repetition rate was also varied.
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In most of these studies, the magnets were turned off to avoid any
deflectihg effects. However, some of these runs were made to study
the throw-out percentages of various parts of the time-of-flight
spectrun and the quenching effect of magnetic fields on the atomic
and molecular species.

The tests mentioned in part’b)were done in the hope of
answering some unsolved questions and to regain our confidence in
our apparatus by detecting very well known physical phenomena of
Majoraha transitions and measuring the quantities which are already
established in the literature. R.F. and Majorana resonance studies
on the'SS1 states of helium,25 3P2 states of argon and alkali ground
states,26 deflection studies on the excited nitrogen molecules, and
the studies of the translational kinetic energy of very fast peak
of nitrogen time-of-flight spectrum versus accelerating voltage of
the electron gun can be considered in this group.

The experiments we expected to be most fruitful for our
purpose fall into the third group. Our general procedure was the
following. .With a certain set of conditions, we obtained a time-of-
flight spectrum of nitrogen fragments which gives a good peak in the
expected metastable region when the A and B magnets were off and the
source, collimator and detector slits were aligned properly. The
set of conditions were slit and collimator widths, electron gun anode
voltage, filament current, time duration per channel, repetition

rate, and magnet currents. The next step was to bring the detector
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to one side by a few mils, turn on the magnets and obtain a deflected
time—offfiight spectrﬁm. This routine was followed until the count
rate drops down to a very low value as the detector moves away

about 200-300 mils® from the center line. The distance between the
two successive detector position depends on the resolution of the
apparatus, i.e., the width of the slits, but a typical distance was
20 mils for 8 miis source slit, 10 mils collimator slit and 25 mils
detector slit. Data was collected for about 15 minutes at each
position. The electron gun accelerating voltage was held at 125-135
volts since it gave the best signal-to-background ratio. Although
most of the data were taken with a 13.3 usec electron gun pulse,
'(i.e., time per channel) we also had runs with 6 usec/channel, and
40 pysec/channel. The duty cycle of the electron gun for 13.3 usec/

channel was 0.2% which corresponds to 1/(6.8 x 10-3) = 147 sec’!

repetition rate.

_Figure I. 11 shows a schematic plot of the time-of-flight
spectrum of fragments of nitrogen similar to the oﬁe obtained by
Johnson, Fairchild and Garg. The solid line represents the data taken
when there is no magnetic effect on the beam. If the species had
magnetic moments, inhomogeneous magnetic field would deflect them
to various distances from the center, depending on their velocity
distribution. For a certain deflecting power of magnets, at various
positions of the detector one would obtain the peaks shown by dashed
lines. As it is seen from Bquation I. 13, the graph of d versus tz

gives us a straight line passing through the origin, its slope being

* 1 mil = 0.001 inch
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proportional to the Megs: However, in order to determine the Mo ff in
a reasonable precision, one should use calibration plots which were
obtained with the same geometry of the apparatus, the same inhomo-
geneous magnetic fields and the same time per charmel. The 381 and
3P2 metastable states of helium and argon, respectively, served very
well for this purpose. We had eight calibration plots with different
arrangements of magnetic fields, geometry and time.per channel. They
are listed in Table I. 1.

Certainly the best and most precise method to measure the
atomic magnetic moments is the atomic beam magnetic resonance method.
The theory and the principles of this method will bé’presented in
Chapter II. Here we outline the experimental attempts to induce an
r.f. transition betweeh the energy levels of 685/2 state of the'nitrogen
atom. A schematic Breit-Rabi diagram (Fig. I. 10) shows the a, B,
and y transitions. This state has 18 magnetic sub-levels which means
that only 1/18 of the atoms are available for a particular transition.

65

Another factor comes from the fact that the flight time of the
nitrogen atoms to the detector is approximately 3 times that of the
measured lifetime. In other words, only about 5% of the metastable
atoms are able to reach the detector without decaying. Thus the

total percentage of the atoms available for transition becomes roughly
0.3% of the metastable atoms.which are originally dirécted toward

the detector. In order to increase the transition probability, we used

a 3" long hairpin. A tuning box, containing a variable condenser, was

used to give a good impedance match. Furthermore, this system was
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TABLE I. 1. Calibration chart for determining the atomic magnetic moments.

" |S1it Widths Isotope IA Iy | Time/ch u K.
(mils) (amps) (amps) (nsec)  (ug)
Source 8 . He* 1.8 4.5 13.3 2.0 .206
Collimator 10  He® 5.0 5.0 13.3 2.0 .300
Detector 25 e 1.0 1.0 13.3 2.0 .106
A%0 5.0 5.0 40.0 3.0 2.67
Source 3 et 1.8 4.5 13.3 2.0 .208
Collimator 6 A%0 1.8 4.5 40.0 3.0 2.04
Detector 12 N 0.9 1.3 80.0 3.0 3.61
| 1.5 3,81
Source 8
Collimator 12  He® 1.8 4.5 13.3 2.0 .212
Detector 25
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controlled for a constant oscillation level by a servo-system which
contained an operational amplifier. A diagram in Fig. I. 12 shows the

details of the r.f. frequency and the control system.
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D. Results and Discussion

After many different arrangements of experimental conditions, we
have on occasion obtained encouraging time-of-flight spectra. A
typical good-looking distribution is given in Fig I. 13. The data which ~
belong to this time-of-flight spectrum are presented in Appendix A.
The gas line pressure was about 1 torr, electron gun anode voltage
was 150 volts; the detector was at the center of the beam line, magnets
were off and counting time was two minutes. The source slit, collimator
slit and detector slit were respectively 8, 10, and 25 mils. The time
per channel was 13.3 usec and the repetition rate was 1/(6.8 x 10" 3ysec™L,
The peak between channel 20 and 35 was expected to represent 68 meta-
stable state of atomic nitrogen. However, it was not readily re-
producable under slightly different conditions. We could not determine
a set of optimum conditions which always produce a peak in this
interval of channels. Also it must be noted that the signal-to-back-
ground ratio could not be improved any further. We cooled down the
gas by use of liquid nitrogen before entering into the filament cavity
of the electron gun and tried to clean the gas by sending through a
getter of hot tungsten. Neither of these precautions yielded a
positive effect on thé production.

Throw-out experiments with the B magnet off, the A magnet at
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maximum deflecting power (i.e., IA = 5.0 ampere) and the detector.
sitting at the center showed that the species between the channels

22 and 35, which covers a good portion of the peak, were most effectively
deflected toward the sides. The thrown-out percentage varied from
46.3% to 52.6%. The high energy photons, which we believe constitute
the first two channels of the time-of-flight spectrum, were also
affected as much as 15% when we turned the A magﬁet on. This fact
convinced usvthat the stray magnetic field of A magnet decreases the
productivity of the source. Similarly, the B magnet lowers the
counting efficiency of the detector. The C magnet alone did not
cause an observable effect on the coﬁnt rates, indicating that none
of the particles that we were interested in are quenched by the
magnetié field. '

The data given in the Appendix A has another peak with very
high counts between channels 4 and 20. This is called ''the fast peak"
in the literature and still has not been identified properly. Fair-
child, Garg aﬁd Johnson6 have speculated that these peaks probably
were due to neutral atoms or molecules produced by charge exchange of
the fast ions in the electron gun. We have studied the behavior of
this fast peak by varying the source pressure and electron gun anode
voltage. It is true that we were not equipped to identify whether
these particles were atoms or molecules. But, apparently they are not
ions since a magnetic field of 5000 gauss would cause them to move
in an orbit of a‘few millimeters radius. We have also noticed that

their translational kinetic energy was about half or about the same as
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the electron energy of the electron gun assuming, reépectively,
neutral nitrogen atoms and molecules. While the magnets were on,
this fast peak remained at the same position in the time-of-flight
distribution even when the detector moved about 200 mils away from
the center. Although the counting rate decreased with distance from
the centerline, it was the highest peak of all the distribution
throughout the experiment, except for the first two photon channels.
Therefore, one can also speculate that this fast peak might be due
to some photons emitted as a result of some secondary phenomena
taking place in the source. Throw-out studies showed that an
average of 25% of the particles in this part of the distribution
were missing or not reaching the detector while the photon counts
were reduced only 8% when A magnet current was turned on to Iy
= 5.0 ampere. Therefore, we tend to believe that fast‘peaks are
due to neutral nitrogen atoms or molecules, emerged from the source
at the end of some collisions with electrons, ions, neutral atoms
or molecules. By increasing the source pressure, the width of the
fast peak becomes larger and splits into two peaks. The higher anode
voltagg caused the peak to move toward the faster side (i.e.{ to the
left side of the time-of-flight distribution). We found that the
velocity of the particles in this peak is roughly proportional to
the square root of the voltage applied to the anode of the electron
gun.

In ah atomic beam magnetic resonance apparatus, Majorana and

low-field r.f. transition provide tests to the experimenter on
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the operation of his equipment and system. In various phases of this
experiment we utilized beams of noble gases such as helium and argon
and alkali metal potassium to induce Majorana and r.f. transitions.
We used both flop-in and flop-out geometries, with a terminated
hairpin. The source and detector slits were set at various times to
10, 60 and 30 mils wide. The A and B magnet currents were set at
various times to 1, 2, 3, 4, and 5 ampere. We observed low field
r.f. transitions between the enefgy levels of 3Sl metastable state of
helium and élso the Majorana pattern as shown in Fig. I. 14. Since
the detector was at the center, a Majorana transition caused a dip
(i.e., a flop-out resonance with this geometry which is also shown
on the figure)- The K39'resonance was observed using an oven- type
source, hot-wire detector and a three-inch shorted hairpin at a
magnetic'fiéld Ofv1.97 gauss. The Majorana resonance was also
easily obtained with K39. The details of alkali metal g5 factor
measurements are explaiﬁed in our earlier paper.26 We have observed
several Majorana transitions of argon during the deflection studies
for calibration purposes. | |

In an effort to convince ourselves that the déflectioﬁ studies
yield reasonable results for the magnetic moments, we deflected
nitrogen molecules in their metastable A 32; state, and, by means of
""the deflection versus the square of time-of-flight' plots, we
determined very roughly a series of effective magnetic moments.
The comparison element was argon with K = 3.61 and X = 3.81. As Seen

from the Table I. 1, the two molecular nitrogen runs were done with
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80 usec/channel, a 3 mils source, 6 mils collimator and 12 mils
detector slit widths. Although the very narrow slit dimensions
improved the resolution of the apparatus, one would desire much
better resolution for a more careful molecular study. Yet, our
results are in fair agreement with those listed by Freund, Miller,

27

De Santis'and Lurio. Table I. 2 makes use of the g5 and J's for

N =0 - 4 taken from the above mentioned publication and compares

Table I. 2. A comparison of the theoretical and experimental magnetic
moments (Bohr Magnetons) from deflection studies on meta-

stable molecular nitrogen.

Meff I8y 1Texp Mefe~JE] TJ.-exp
-- 4.15 0.67 0.65
-- 2.64 0.50 0.54 B
2.00 1.95 0.40 0.38
1.60 1.67 0.34 --
1.50 1.51 0.30 1 0.31
1.33 1.35 0.20 0.21
1.20 1.15 0.17 0.16
1.00 1.04 0.10 0.12
0.80 0.86

the calculated effective magnetic moments with the average obtained

from our two runs. Here N represents the total angular momentum of
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the molecule exclusive of both electronic spin and nuclear spin
angular momenta. In such a complicated structure it is impossible
to assign the correct quantum numbers to the effective magnetic
moments which are obtained by Stern-Gerlach time-of-flight method.
Therefore, we have listed our experimental average Heff values in
decreasing order of magnitude. The first two of'the experimental
‘values are even not comparable with the values calculated by using
their 1list. The interested reader is referred to the above mentioned
publication for the accurate molecular beam magnetic
resonance method and a thorough discussion of the theoretical aspects
of the spectrum of Nz(Asz;). |

The discussion in the first paragraph of the experimental part
of this thesis, which is about the deflection of an.atom with a
magnetic moment u in an inhomogeneous magnetic field, was doné assuming
a continuoﬁs inhomogeneous magnetic field over all the flight path of
the atom. In an atomic beam machine,-however, this is not the actual
case. We have two inhomogeneous magnetic fields separated from each
other by a distance of 1.5 times of their length. Since we make
comparison measurements, this fact does not play an important role.
A measurement of a known magnetic moment showed us the uncertainty
due to this assumption is net bigger than 5%. Especially nitrogen

6

85/2 metastable states having magnetic moments of 5Su_, 3u_ and luB

B’ 7B
should be observed with no difficulty provided that, of course, they
are produced effectively. The vital importance of production caused

us to try six different sources and many designs>and application
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variations on them. We had performed about 70 atomic ﬁitrogen
deflection runs to search for these magnetic moments. These runs were
evaluated By making use of the calibration chart, Table I.l., which
was obtained by calibration runs throughout the experiment. We have
selected a sample time-of-flight distribution of metastable nitrogen.
It is shown in Fig. I. 15. The distribution, when calibrated by

using the first helium run on the calibration chart, nicely indicates
the SuB,_3uB atomic magnetic moments. The magnet currents were

I, = 1.8 ampere, I, = 4.5 ampere. The source slit had a width of 8
mils, collimator slit 10 mils, and detector slit 25 mils. The detector
was 30 mils away from the alignment center. The timé forvelectron

gun pulse and for each channel was 13.3 u seconds. This data was

" collected in one hour. As it is seen from the plot, the statistics
are not very good, and,besides, the distribution could not be repeated
under the same conditions. Among the 70 complete rumns, each contain-
ing about se&en such distributions we have only a few time-of-flight
distributions giving us the expected 5, 3, and 1 Bohr Magnetons atomic
magnetic moments. We were not able to follow the displacement of
these magnetic moments on the Stern-Gerlach time-of—flight distribution
~as the detector moved away from the alignment center. They'were
intermittently appearing which could also be attributed to the poor
statistics. Even when good statistics were acquired, our efforts to
differentiate these magnetic moments by molecular beams magnetic
resonance methods have failed. At low magnetic field, the 685/2

gy = -2 nitrogen atom with nuclear spin I = 1 has F levels with g factors
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given by g, ~ -1.43, g, = -1.77 and g, = - 2.8 (See Fig. 1.10)
Using v = g(uB/h)H to predict resonance locations, we have swept a
large-range of r.f. frequency with no success in finding a resonance.

Although a systematic study of the Stern-Gerlach time-of-
flight spectfum for the magnetic moments of 5, 3, and 1 Bohr Magnetons
was not too successful, we have observed 4 and 2 ﬁB in a number of
runs. (See Fig. I. 17) A computer program was prepéred to search for
all possible L and S couplings which yield magnetic moments lying
between 4.25 g and 3.75 ug- Thus one could have a list of possible
states to which a certain atomic moment could be asSigned., This
program is ‘jgiven in Appendix B. Since atomic nitrogen has an 6dd
number of electrons, this program calculates u only for S = 1/2, 3/2,
5/2. L goes from 0 to 30. No satisfactory assignment to the 4uB
peak could be made, so we looked for other possible explanations.

Fig; I. 16 sumarizes the result of two different runs giving
rise to an atomic magnetic moment of 4 ug. Dates of the runs are
shown on the graph. -  Another interesting finding of this experiment
was a series of lafge atomic magnetic moments ranging from 6 up to
22 Hp- Certainly very large magnetic moments are not easily detected
in our apparatus, since they have to move very fast to be deflected
in the range of our detector. But,such fast particles would then fall
in the shadow of the fast peak in the time-of-flight distribution.

A sample distribution in Fig. I. 17 contains both a 13ﬂB and 4uB peaks.
However, 13ug peak may be a composite of several peaks since they were

expected to be very closely spaced on that part of the distribution.
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Fig., I. 17. A Stern-Gerlach time-of-flight distribution having

two main peaks of 13uB and 4uB.
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The deflection from the center.of'alignment was 80 mils for this
particular rﬁn. The data éollection time was one hour. On various
occasions we have observed the peaks corresponding'to 8, 9, 10, 15,
16, 20 g efc. We believe that these peaks are due to high-Rydberg
vnitrogen.atoms. On the other hand, the péaks corfeSponding'tb 4 ug
became smaller after we fixed an extremely small vacuum leak in the
gas?feeding system indicating that this peak was possibly due to a
constituent of air. Feeding somé air into the system cénfinmed this
idea, since it produced much bigger peaks at the,samevlocatién of the
~ distribution. We later proved thaf this beak is due to the meta-

stable 5S state of atomic oxygen. However, even with a reagent

2
mass-spectrometer-grade nitrogen, and a 1eak-fre¢ vacuum system,

this peak did not disappear totally until we replaced the two plastic
(Tygon) hoses in the gas feed system with copper tubing. From |
eleven out of thirteen plastic materials tested by Barton'and deier,28
the main component of the residual outgassing was HZO' Apparently

this remaining small peak owed its existence to the outgassing'property'

of the plastics.
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3., 5

II. gj FACTOR OF 3p”3s ’S

2 METASTABLE STATE ATOMIC OXYGEN

in the second phase of our experimental studies we measured the
g5 factor of 5S2 metastable state of atomic oxygen by the.mo1ecu1ar
beam mégnetic resonance method to a precision of O;S ppm. Although the
theory on‘which our experiment was baéed is relatively simple‘because
of the zero nﬁclear magnetic moment of 016, here we present the outlines
of the general theory involved. We try to indicate the physical
reality_behind the mathematical calculations. We then go to the
specific case of our‘méasurement by substituting particular quantities

into the general equations.

A. Theory
Multipole Moments of an Atom. The interaction between the

nucleus.and electrons of an atom can be considered under two main
catégories; electrostatic interactions and magnetic interactions. There
may be a non—spﬁerical distribution of the charge and the magnetic
dipole strength inside the nucleus since the nucleus is composed of
neutrons and protons and has a spin I which can have the values of

0, 1/2, 1, 3/2, . . . etc. Therefore, in general a multipole

expansion is necessary to descfibe the interactions between the

electrons and the nucleus.
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a) Electrostatic interactions.

Pe being the charge density of the electrons in the volume
element dVé and P being the charge density of the nucleus in the
volume element of an, the ' electrostatic interaction energy, WE’

can be written as

(T) o, (1)
Wg = /‘; /{, e:e _‘in n v, v II. (1)

where ;é is the position vector of the volume element dVé of the
eléctrons, ;n is the position of the volume element an of the nucleus.

If we use the cosine law and Legendre polynomials, we can expand

1
—— into the power series
Ire - T,
. = (r 2 e+ 2. 2rrcoso )-1/2 =
I‘{._;I e n en en
e n
:Z: T, - (k+ 1) rﬁ Pk‘(cqseen) I11I. (2)
k=0
where
1 & 2. .k
Pk = Zk X (cos @en—l) . I11. (3)

k! d(cos een)

Using the spherical-harmonic addition theorem29 the Legendre polynomial
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of cos Oen can be written as

k
P =3 (DCE (o, B € @, B I (4)
q = -k

with the definition

4

>Yk (cos 0, @) II. (5)
k+1/ 9 |

'clg cX) =<

where Yﬁ_is the normalized tesseral harmonic which includes the associated

Legendre polynomial. Angles C ¢e’ @n, Qn and een are shpwn in Fig.

II. 1.
Now the interaction energy can be written as
oo o /1 \k
= e n n
Wg = 3 fv fv = <§> P (cos 0, ) dVy dv_ 1. (6)
_ k e n
and finally

WE=Zwek=ZQk-Fk | II. (7)
k k _

where Wﬁk is the electrostatic interaction energy from the multipole

moment of the order Zk. Thus the k = 0 term corresponds to an electric

monopole, k = 1 to electric dipole, k = 2 to electric quadrupole, k = 3

to electric octupole moment. Qk and Fk are the irreducible tensors
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Fig. II. 1. Schematic diagram of the electrostatic interactions

in an atom.
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'~ given as
| Qﬁ ="/§h o X cﬁ (0., 8) av_ 1;. (8)
and
Fr - [Ve g, T KT Dk (o, ¢ej av_ I1. (9)

where pz indicates that the electronic charges are outside of the nuclear
radius. The interaction energy from the multiple moment of order A is

then written as

< q gk |
e =) (D) QFq II. (10)
_ q = -k
which is separated into the two terms containing, respectively, only
nuclear and electronic coordinates.
Conéidering the parity of Yﬁ, it can be shown that WEK = 0 for

odd k.0

In other words, electric dipole and electric octupole moment
interactions:do not exist. Furthermore, it has been proved that,
reSpecﬁively Qz and F%q vanish when k > 2I or k > 2J. So the number
of multipoles éfe limited either by I or J, whichever is smaller. For

I = 0, only the electric monopole is possible, However, in general

electric multipoles are

+ W

V) +'W * ... 'v II. (11)

E4



where the monopole interaction

Z
= £
LU Zez o) II. (12)
1. R

which is simply the Coulomb interaction. Wﬁz and WE4 represent the
electric quadrupole and electric 16-pole interaction terms.

- b) ‘Magnetic Interactions.

Magnetic interactions are due to the circulating currents in
the region of électrons and nucleons. The mutual magnetic pofential
eﬁergy between the nucleus and electrons can be written in terms of
nuclear current density jn and the vector potential Ke produced by the
electron current density je at the nucleus or similarly in terms of
‘electron current density at the regién of electrons.

n

- —l L] X — —1 [ ] . N
Wy = 2 J A, qvn Efve je Kn av, . II. (13)

Making use of the continuity equation for the stationary current

distribution
3-3=-‘alit’-=o 11 (14)

and deriving the nuclear current density jn from the magnetization

o > ' :
vector Mn at the nucleus

J =V x g%l. II. (15)
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Vector algebra leads to

@ Ve M) W M)
Wy = f ] 5 ; A II. (16)
e n '

where ﬁe is the magnetization vector at the region of electrons.

SchwartzSI,proved that this interaction energy can be expressed as

Wy =Z Wy II. (17)
where
k L
_ 4n &n1 “n
ka_ "7k + 1 V \p* uN<E T &hs §n>
u= -k
e Xy ) dv-f *1-2 —f—e-+§
"nTn Y™ | ¥ W v, Ve [ 2P\ K e/’
<ve re‘(k +1) qu(e)> v, dv_ 1. (18)

As it is seen clearly, nuclear and electronic temms are completely
seperated. Hy and up are the nuclear magneton and Bohr magneton, e
and g, aTe, respectively, the nuclear g factors of orbital angular
" momentum and spin angular momentum.

From the similarity between Equations II. (17)and II1.(10)one~can
put the following restrictions on k: k <2I and k g 2J, whichever is
smaller. Howe?gr, fhe parity of the operators‘in the integrals is

(-1)k * 1, indicating that the even order of magnétic multipole
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interactions vanish. Therefore, the existing magnetic multipoles are

M=yt W g II. (19)

the magnetic dipole, octupole, 32-pole, etc.
Now the Hamiltonian of an atom can be written as the summation
of the several terms |

H=3 +3 + ﬂ% rH 4 oo * Hofs IT. (20)

,M
The first two terms are respectively due to the kinetic energies of the
rotating nucleus and orbital motion of the electrons. The third tem
is the electric monopole interaction Hamiltonian which is given in

Equation I11I. (12). ﬁ% is the Coulomb repulsion interaction term

Z 2 .
_ e
S 1. (21)
i>j; M

which causes the electronic energy shells to be broken into the sub-
shells_and a mixing between the neighbor shells due to its shielding
effect. The other effect of the Coulomb repulsion interaction is the
‘coupling effect. Since the interaction energy depends on the magnitude
of the total orbital angular momentum L of the system and the choice
of L is restricted by S, energy of a certain configuration splits_ihto

25 + 1

a number of terms labeled by L according to the different sets

of L and S. Therefore, L and S are ''good" quantum numbers and J has
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not been determined yet. The spin-orbit interaction Hamiltonian

ﬂ;_o can be written as

1 it > B
ol o Ti S oI @2D)

It is apparent that the energy of interaction depends on 312 for the

fixed magnitudes of‘-fi and gi since

F2.12.395 | 1. (23)

where 31 = Ii.+ gi' For a non-closed shell, if the Coulomb repulsion
interaction is abéent, a different energy would correspond to every
allowed parameters (jl, j2’ e jk) of a’COnfiguratibn. Siﬁce there

is no orientation correlation between ji's, the total angular

momen tum is not unique. Therefore, the degeneracy cannot be removed only
by the spin'orbit interaction. But the combined effect of spin orbit

interaction and repulsion interaction forms a unique J.
k ‘
3=zi‘i=f+§ 1. (24)

where k is the number of electrons in the non-closed shell. The energy
levels depend ohly on the magnitude of J. Jis the new ''good"’ quantum |
number. There is still a degeneracy of energy levels due to the

orientation of J in the space.

There are two approximations which are used to calculate the

interaction cnergy.
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i) . L-S coupling: .

This is also called the Russell-Saunders coupling. It is
applied in the cases ﬂ; >> ﬂ;_o which represents the case in most of

the atoms.

il
=y

;——>(E, g) 3 II. (25)

5
>

ii.) j-j coupling:

ThiS is the case when a% < H;_O which is true for the highly

excited states of atoms. Here the scheme is

> @
L3, =3
s & o e o o <+
R — (3;'s)—=7 II. (26)
k" Sk T Ik |

The last term in Equation II. (20) is the hyperfine structure
interaction mhfs which is due to the nuclear spin dependent terms of
the electrostatic and magnetic interactions between the nucleus and

electrons. The Hamiltonian of this interaction can be written as

21

2J . | )
Hogs = . [ 2+ (D7 [mhkll/z[l - (7] I1. (27)
k=1

[}
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which excludes the electrostatic monopole interaction; The summation
is taken up to 2I or 2J, whichever is smaller. ﬁ%k and ﬂhk represent,
respectively, thé'electrostatic interaction Hamiltonian and magnetic
interaction Hamiltonian. |

It is evident that if J =.1/2; (i.e., k = 1) the only con- -
tribution to the hyperfine structure Hamiltonian comes from the
magnetic dipole moment. Schwartz31 derives the magnetic dipole moment
from Equation II. (17) by making use of Racah's technique.32 Using

his result, then hyperfine structure Hamiltonian is
Hes=hal-3J 1. (28)

where a can be called either the magnetic dipole interaction or the

hyperfine structure constant. ha is given by

>
: U+ Hy; j
I J
ha = -— I1. (29)
1 J-3J
where ﬁJ is the magnetic field at the nucleus due to the orbital

motions and spins of the electrons. “1 is the magnetic moment of the
nucleus. In the absence of an external magnetic field or even in a

weak magnetic field, according to the conservation of momentum, both
T and J precess about the direction of F which is simply obtained by

the vector summation of T and J.

F=1T+73 II; (30)
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Therefore one can write
t.3- %(?2 - 12 -3 B A€
and
W . (F) =I}-‘-"i[F F+1) -T (T+1) -J (J+i)] 1. (32)
hfs 2 _ S

The energy difference between the levels with F = Fand F = F -1 is

then
Aths = ths(F) - ths(F - 1) = haF | - IT. - (33)
or in terms of frequency

-

Av

IT. (34)

 where Av is known as the hyperfine structure separation. We do not
see any practical need to examine further details-of the theory of
hyperfine structure. Also higher interaction terms, such as electiic
quadrupole, magnetic octupole, étc., are beyond our need. Instead, we
shall discuss the beha?ior of an atom in the external magnetic field,

Atom in the External Magnetic Field. When an atom is placed in

a uniform external magnetic field, we ﬁsually expect three parameters

of the atom to interact with the field. These parameters are the



-60-

orbital angular momentum of the electrons, f, total electron intrinsic
moment KS and the nuclear magnetic moment KI' The energy of inter-

action for each of these parameters can be expressed as
W=-7 0 I1. (35)

a) Interaction of L with the Magnetic Field.

If the average current due to the orbital motion of electrons
. > | - .
is I and a is the average area swept by electrons, the magnetic moment

due to this motion is classically given by
= 12 = €h
-Ia-mf | 1. (36)

Thus we can directly substitute Equation II. (36) into Equation IT.

(35) to obtain the interaction Hamiltonian.
Ho=- 7. 1. (37)
We remember that the Bohr Magneton is given by

h -21
ug = é%E'=9'27 x 10 erg/gauss I1. (38)

Therefore

> >
JCL-=-1JBL-H II. (39)
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The angular momentum of the orbital electrons w111 vary in direction
because of the torque experlenced by orbiting electrons in the

external magnetic field:

x H II. (40)

and according to Newton's Law
%f_ ?=ehixﬁ II. (41)

which yields an angular frequency of precession
5 = (—e—-) i | 1. (42)

known as the Larmor frequency. The vector diagram in the Fig. II. 2 shows
the angular momentum hf, the magnetic moment due to orbital motions

of the electrons
W=, L II. (43)

and the angle © between I and ﬁl’ On the other hand, this precession
motion of the electron generates a magnetic field at the hucleus
causing a modification on the external magnetic field seen by the
nucleus. This effect is called the diamagnetic shielding effect.

Since the energy contribution due the precession of the electron is
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XBL748 -3944

Fig. II. 2. Schematic illustration of the Larmor precession.
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very small compared to Jqfwe will not discuss it further.

b) Interaction of S with the Magnetic Field.
Dirac's relativistic wave mechanics assigns an intrinsic angular
momentum to the e1~ectron33 which in turn creates a magnetic dipole

moment

T =g | ‘ 1. (44)
Then the interaction Hamiltonian is given by

H =20y 8 - | 1. (45)

¢) Interaction of T with the Magnetic Field.

By comparison with the above a) and b) cases we may write the

- nuclear magnetic dipole moment as
>
Wy = up g1 T II. (46)

where gI-is the nuclear g factor and T is the nuclear spin. If we

consider the nuclear magneton

W= ehC = 5.05 x 10724 erg/gauss I1. (47)

n Zmp

we see that g; must be of the order of 107> since
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171:“ 2 g 1 II. (48)

where mp is the mass of the proton. gp represents the gross structure
of the nucleus. Finally, the interaction Hamiltonian of the nuclear

magnetic moment with the external magnetic field can be expressed as

Ho=ugg 1-H IT. (49)

d)- Total Interaction of the Atoms with the Magnetic Field.

Certainly one can assign corresponding g factors to the orbital
magnetic moments and intrinsic magnetic moment of the electrons.
Using these g factors; the total magnetic field interaction Hamiltonian
of the atom will be written as a perturbation added to the total
Hamiltonian of the atom given by the Equation II.l(ZO). It should be
noted, howgver, that ths term in the Equation II. (20) is now °

considered as a part of the perturbation Hamiltonian.

Jcper. - mhfs * Hh : II'.(SO)
or

¥ =hal«J+u g L -H
B °L

per. § - H+yy g oA 11 (51)

- UB gs

The ¥, term is of the order of 1074 ev even at a reasonably high field
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such as about 104 gauss. The presence of g and gé generalizes.-the
equation for the cases in which g;, and gg> respectively, differ from
- 1 and - 2 due to the small correction terms. The above equation
can be written in a more compact form if we take the coupling between

T and $ into account

Hy o=+ iig IT. (52)
Then -
g = gL + g8 I1. (53)
or
g T=gl - T+gS 7 I1. (54)

which is obtained by multiplying both sides by J on the right. There-

fore, similar types of equations, as Equation II.(31),would give
sz _ & (jz 72 §z> s (32 , @2 _ 72
g = (J°+ - * + II. (55)

Dividing both sides by 3 and writing the equation in terms of quantum

numbers we -obtain

g = g~J(J¥1)V+ L(L*1) - S(8+1) , , J(J*D) *+ S(S*1) - L+1) 17 (56)
JooL 23 (J+1) S 2J(J+1)
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gy is called either as the electronic g factor or Landé g_faétdr. For

.gL'Tlanngz -2

g = - 1 - J(J*‘l) + S5(S+1) - L(L+1) : II. (57)
2J(J+1) :

which was already given in the'Equatioan.(l7). Now the total

Hamiltonian of an atom in the external magnetic field can be written

as

-5 : >
prer=ha_f-3-uBng-H-u‘BgIT-H II. (58)

since the relative coupling energy between T and J is very small, the

last two terms of Equation II. (58) may be regarded as

> .
J(mg = Up B F . H | : II. (59)

only for very low external magnetic fields. Here
F=1+73 o IT. (60)

Now we shall examine the various cases, i.e., the effects of
weak, strong and intermediate external magnetic fields on the atomic
system.

i)  Weak External Magnetic Field.

In this case, the energy eigenvalues of the Equation II. (58)
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are determined by |F mp > representation, since T and J form a
definite total atomic angular momentum ¥ which precess about the
direction obf the external magnetic field. The coupling of the
nuclear angular momentum T and orbital angular momentum J in the
weak magnétic field is shown in Fig.II.3a. The energy for the state

specified by the quantum numbers F and mp is given by

W (P, mF> =<F, mFIJCperIF, mg > II. (61)
It can be re-written as
chal. 3 F F oo
m%er =hal-+J- uBng . T%T-TET-. H
- upg; T-'%- ;l - f I1. (62)
where J + — represents the projection of J in the direction of ﬁ,

1.

components of T and J perpendicular to ¥ average to zero. By using

represents the projection of T in the direction of ¥. The

the Equation II. (60) in various forms we obtain
t.3-1[#- 1.9 | II. (632)

L Y| N N 1. (63b)

T r=1[#2.12.% I1. (630)
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(a) (b)

XBL748-3945

Fig. II. 3. Vector diagrams of the precession of'f, j and ¥ about

a) a weak and b) a strong external magnetic field a.
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Therefore, the energy corresponding to the Hamiltonian given in

Equation II. (62) is
W(F, m) = 2 [F(F+1) - I(41) - JE)| - pgmeH I. (64)

where

g = g FED) + J@+1) - I(1+1) , o FEA) + (I4) - JE*D) 17 (g5
oo 2F(F+1) 1 2F(F+1)

and m is the magnetic quantum number for £

ii)  Strong External Magnetic Field.

In the strong external magnetic field,_f and hj separately precess
about the direction of the magnetic field. (See Fig. IL.3b) Hence, they
can not definea constat ¥, However, if Il is in the direction; F, =1+

Jg. Therefore,F is not a good quantum number. Instead,now the

magnetic quantum numbers my and my of T and J are good quantum numbers.

Therefore, in ImI m;>representation
W (mp,mp) =<mg mJIJCperlmI my > II. (66)

W (mi,mJ) = ha<meJ[Tx3x + Tyjy + _I)ijlmI,mJ> -

.uBgJHmJ - uBgIHmI 11I. (67)
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and finally
W(mI,mJ) = ha MMy - Upgy H my - upgy Hmg II. (68)

because the diagonal elements of IX and Iy are zero.

iii ) Intermediate External Magnetic Field.

When a selection of proper representation in which the largest
matrix elements are diagonal is possible, the standard perturbation
calculation can be used in order to make corrections for the effect of
small non-diagonal elements. However, often the non-diagonal elements
are comparable to the diagonal matrix elemenfs. Then the energy levels
of the system are obtained by a solution of the secular equation. The

result is the well-known Breit-Rabi equation34’ 35 for J = 1/2 but

arbitrary I.
AW AW Amp 2\ 1/2
W(E,m) = - g mpugH W (1 _Exux 1. (69)
- 2(21+1) 2 21+1
where
M=hw=220re1 I1. (70)

and

u

B H

h Av
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The plus sign (+) is for F = I + 1/2 and the minus sign (-) is for
F=1-1/2. |

The general references for the theory of atomic interactions

46 30 by Ramse&, The

37

are the books Molecular Beams ° and Nuclear Moments

Zg.by Condon and Shortley, Nuclear Moments

38 y Schiff. Chan>>

Theory of Atomic Spectra
by Koﬁférnwmn, Quantum Mechanics also giﬁés a very
systematic discussion of the theor? involved in the molecular beam |
measurements.

Theory Pertinent to the Experiment. Since our main isotope

ol® and calibration isotope He* have no nuclear magnetic moment, the

equations which apply in our experiment are considerably simplified.

For example, the Equation II. (58) for I = 0 now reduces to

54

Koer =~ Vg gJ’j-ﬁ ' II. (72)

It is clear from Equation II. (65) that g = & and if we substitute
L = 0 into the Equation II. (54) we have_ngs -2. For this case any
one of the two representations would yield the energy

W=-ypgyHm; : II. (73)

or the energy difference between the levels

AW = - Vg &7 H AmJ _ I11. (74)
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The applied r.f. provides the energy for the transition with Amy = % 1.

AW = hv - II. (75)
Therefore
gJ = - h\) C . IT. (76)
Up H

The frequency v and magnetic field H are measured to determine the }

- electronic g3 factor. However, if one uses a calibration isotope
with a known g5 factor of good precision, a comparison of the
resonance ''transition' frequencies yields the unknown g3 factor of the
isotope in question. In our experiment the resonance frequency of
(3p3

frequency of (1s 2s), 381 metastable state of helium to obtain the'gJ

3s) SSZ, metastable state of oxygen was compared with the resonance

. factor of the former.

3 4, v(0'%

S, H
° ).v(He4)

16
) gJ(‘ 12

gJ(SSZ, 0 1. (77)

The schematic Breit-Rabi diagrams of both of the isotopes are shown in

Fig. II. g,
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N O

(b) MF=my
2/”’//

e —t

| 2 |
AF=0 Amg=t T~

H XBL748- 3946

Fig. II. 4. The Breit-Rabi diagram of a) 381 metastable state of

helium and b) 582 metastable state of atomic oxygen.

The transitions are indicated by arrows.
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B. Apparatus and Experiment

The flop-in technique was first employed by Zacharias.40

The main elements of the flop-in type atomic beam machine have been
explained in the literature. In addition to the monograph written

36

by Ramsey,” the review article by Kusch and Hughes41gives a full

description of the apparatus. Nierenberg,42 Marrus and.Nierenberg,43
and §aplako§1u44 also outline the flop-in experimental technique
\that has been used in the measurement of various atomic and nuclear
quéntities.

The beaﬁ machine used in this experiment is the same one which
served as the Stern-Gerlach time-of-flight analyzer in our previous
work on atomic nitrbgen. However, e xcept for the magnets, the detector
and the gas feeding system, we have made several modifications and the
ﬁwfhod' and experimental procedures were completely new and different.
Therefore, here we aim to explain the design modifications, apparatus,
and.experimental methods which are not already discussed in the first
chapter.

The Gas Feed System. The schematic diagram of the gas feed

system was given in Fig. I. 5. All plastic tubing in the system was
replaced by the clean copper tubing during the last phases of the
previous experiment. Therefore, we kept the main body of the gas

feeding system as it was. However, a high purity Qxygenrtank was
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connected in place of nitrogen, and a helium tank provided the He gas
which was used as the comparison isotope. We found it unnecessary

to clean the gaé by feeding through a getter and to cool the gas with
liquid nitrogen before it entered into the discharge source.

Source. The source was a U-shaped Pyrex tube (Fig. II. 5)
powered by a 500 w,=x50 MHz radio-frequency power supply. A tank
circuit with a one-inch diameter, 5-turn coil of 1/8'" copper wire
and a parallel connected adjustable condenser was attached between
the two electrodes of the discharge tube in order to draw the
optimuh power for the diséharge to be maximum. The slit from which
the beam emerges was 5 mils wide and 160 mils high. The whole
assembly of the discharge tube could slide sideways, back and forth,
to align the beam perfectly. The line or source pressures were'
about 0.4 torr for oxygen and 0.2 torr for helium. Actually, the
oxygen discharge in the tube at low pressure did n6t give enough
of the 582 metastaﬁle States, until we increased the line pressure
to the mentioned value. Then a unique discharge was developed between
the source slit and the buffer slit of the machine, producing the
states with very high efficiency. Yet, the production réte varied
in time, perhaps due to the instabilities of the r.f. power sources
and oxidation of the eleétrodes of the discharge tube. But we were
able to contfol the signal level by rearrangingbthe frequency, power
and gas pressure.

The procedure of obtaining the r.f. discharge and optimizing

the yield was the following: First,the line was pumped down to about
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10 microns Hg. After the r.f. power was supplied to the tube, the
oxygen pressure was increased slowly by turning the variable leak
valve while the source valve was kept wide open. Usually a very faint
bluish discharge developed at low pressure and got stronger with
increasing pressure. When the variable leak valve réad about 155,
the discharge jumped out of the tube and expanded into the whole
source chamber. Sometimes we had to close the Va1§e of the diffusion
pump connected to the source chamber to accomplish this situation.
Later the pressure was reduced by the variable leak valve to about
152, at which the discharge was localized as a glow between the
source slit of the tube and the fore slit which is about 1 inch from
the former. Then the frequency and power of r.f. was adjusted very
carefully to give the brightest so-called frontal discharge. The
counts in the matastable 5S region thus reached its maximum value.
However, helium discharge with the same setting of r.f. source was
straight forward, at lower pressure, and completely in the quartz tube.

With these optimum settings, all the magnets operating, and
detector at the center with a 25 mils stop on the beam line, the
total oxygen count was 4000-6000 per second and increased at most by
about 400 per second during the resonance. Total helium counts were
1600-2300 per second, increased by a maximum of 1000 counts per
second during the resonance. The superiority of the discharge source
over the electron bombardment source is very.remarkable here because
oxygen would corrode the filament of the electron gun, causing

frequent interruptions of the experiment to replace the filament. We
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do not have direct measurements of the efficiency of the discharge
source in producing the 5S2 states of oxygen and the 381 state of
helium, Being satisfied with a very good signal-to—background ratio
of about 7/1 in both of the isotopes during the resonance, we did not
measure the direct efficiency since it required a detector which is
sensitive to all kinds of particles'present‘in the beam including
ground sfates of the atomic oxygén and oxygen molecules.

However, another discharge source -- the electrodeless Brink

discharge source45

-- was tried during the preparation period of

this experiment. The ratio of the_counts in the 582 region of the
spectrum to the total counts in the 64 channels, each channel
corresponding to 13.3 usec, was about 0.001. Certainly, this ratio
depends.oh'several variables, such as pressure,‘r.f; power, frequency,
purity of the gas, design of the source. Bell and Kwong46 investigated
the dissociation of oxygen in a radio frequency discharge and obtained
experimental curves for the yield of atomic oxygen as functions of
power, pressure and gas flow rate. But, unfortunately, the ratio of

5S states in the atomic oxygen was not known.

the
The source in our expefiment was operated in the pulsed méde.
The r.f. power was applied for 40 usec; followed by a 6.4 msec interval
with no r.f. and again r.f. for 40 pysec. Thereforé, the discharge
products were released in packets or bursts from the source, but,

due to their masses, kinetic energies, and velocity distributions,

they arrived at the detector in different times. It was calculated
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and observed that practically nothing was left over beyond the 6.4
msec interval, so that the particles from successive bursts were
© isolated to avoid any misleading results.

The r.f. was provided by a master oscillator which is fed by
a 2.5 kv, 500 ma power supply (Fig. II. 6). A modulator was connected
to the masfer oscillator, but it was operated in the.continuous wave
mode. Thevduration of the r.f. pulses and the interval between them
was controlled by a remote 5v power supply ﬁhich used 1 MHz standard
signal as the time reference. When + 5v was applied, the r.f.
power was on, but Ov turned the r.f. power to zero by means of a
simple electronic switch. The duration and the interval could be
adjusted by means of 24 switches on the binary éontrol panel of the
dividers. We will mention again about the r.f. pulsing when we
explain the data-collection system as a whole.

Detector and Geometry. The detector was a cold tungsten

surface film of about 0.6 x 0.8 inches followed by a continuous semi-
conductor dynode faced by é;other dynode surface with a length of
about 1.5 inches. The spacing between the two dynodes is about 200
mils. A mesh of very fine wire is attached to the second dynode

and it is in front of the detector surface. Small permanent bar
magnets provide the deflecting magnetic field to the knocked-off
electrons. At the end of the dynode surfaces, electrons are collected
by an electrode and this signal is amplified in two ”high-rate,

linear ampiifiers" before it reaches the countef‘énd the computer.

The detector is a compact unit with the dynodes and permenent magnets,
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and called "magnetic electron multiplier" or simply MEM. We placed
a 25 mil diameter wire vergically in front of the detector surface
right in the middie and about 0.5 inches from the mesh. This wire
served as a stop for the undeflected elements of the beam. The whole
detector and multiplier assembly could be moved in the vacuum
perpendicular to the beam direction. Since we used another metastable
state -- 381 of He -- for the field calibration, we utilized only

6ne detector. Therefore, the size of the stop wire was optimized

for both of the states involved. A schematic drawing of the detector
assembly is given in Fig. II.7 . It shows the top view of the
system, the south poles of the magnets are inside the page.

One of the unique features of this experiment is the beam
geometry. In the conventional flop-in technique the atoms, which are
undergoing a certain transition, are deflected into the detector
through a narrow slit placed in front of the detector at the center.
As it is seen from the Fig. II 4,381 metastable state of helium has
three Zeeman 1evels'with my =% 1, 0 and 5S2 metastable of atomic
oxygen has five Zeeman levels with my =% 2, +1, 0. Both have
I = 0. This similarity of the Zeeman diagrams of the two species
allowed us to use the same geometry fof both of them. Besides being
able to use the same detector and the counting system for both of
the species, this geometry is advantageousAin avoiding some systematic
errors because of the similar trajectories in the machine. Thus some
of the expérimental conditions which affect the measurement are the

5

same for the states 3Sl of He and S, of oxygen. -
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The beam emerging from the source enters into the A chamber

through a 0.020 inch wide fore-slit. The A magnet has been operated

at its maximum deflecting power (IA = 5.0 amps). Considering the

5S2 state of oxygen for now, the beam splits into five different
trajectories according to the atomic magnetic quaﬁtum number my.

While the collimator slit, placed at the center of A magnet, collimates
the part of the beam with my = 0 to the second collimator, the rest
"of the beam with m; =+ 2, + 1 is deflected toward the sides of the
magnets and pumped away from the machine. The second collimator,
directly in front of B magnet, allows only the species with my = 0
originally to pass through. The beam consists of atoms with my = 0,

+ 1 and t 2. The atoms with mj = 0 remain from the original beam. The
atoms with mj =z i and fewer with my = £ 2 are due to the transitions
that take place in the hairpin. (See Fig. II. 4b). Between the pole
pieces of the B magnet, this beam splits into specific trajectories,
defined by the velocity, mass, magnetic quantum number‘mj of the species
and the gradient of the magnetic field. The diameter of the stop

wire allows almost all of the atoms which have a non-zero mj to hit

the detector surface. But the direct beam is very éfficiently

stopped by this obstacle. Thus a transition is indicated by an
inérease in the counts. The trajectories which arelshown in Fig. II. 8
represent the 5S2 state of oxygen. However, the trajectories

of the.calibration isotope (381, He) would be schemétically similar

except the parts of the beam with my = m} = # 2. (See Fig. II. 4a)
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The features of this new flop-in geometry can be summarized as:

a) Both species have the same trajectories through the radio-frequency
transition region. b) One can obsérve the flop-in reéonance with low
background. c) The single quantum resonances are observed in integral J
states. d) It allows the detection of the species with greatly differing

deflection_properties.

Metastable States of Oxygen and Helium. Usually when an atom
is excited to a higher energy level, a dipole transition takes ﬁlace
if there is a lower state that can be reached without violating the
selection rules. Since the change of state is allowed by the selection
rules, the transition probability is quite large, so the lifetime of

47

an excited state is about 108 seconds or even less. But, in the

case where no lower state can be reached by an allowed dipole transition,
the de-excitation will occur after a longer time by some higher order
transitions or collisions. A state of an atom which has a lifetime

considerably longer than 10_8 sec. is called a metastable state. As

1

a matter of fact, this concept was first introduced for the ~S and

¥ mnother example is the >S state of oxygen.

3S states of helium.
The'ground configuration of the oxygen atom is 1522522p4. This
configuratidn gives the 3P2 ground state and 1D2’ 180 metastable
states with the lifetimes of about 150 and 15 seconds,fespéctively.49
Thé energies of these two states are,respectively,1.97lev and 4.18 ev
above the ground state. Because of their relatively low energies, even
if‘they exist in the beam and are able to reach the detector, these

metastable states cannot initiate the Auger process. The next
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excited state with the configuration 252 2p3 3s is the SSE state.’

The superscript '"o" indicates that this state has an odd number of p
electrons. Usually we do not carry this superscript in the state
notation. 552 state is known to be metastable,and it lies 9.14 ev

- above the ground state. It is the lowest quintet state of atomic
oxygen. Principally it could décay to the ground state through the
spin-orbit interaction with the slightly lower Zp3 3s, 3P2’ 1P and D
states. But, theoretically, the main contribution to the lifetime

comes from the transition through 3s, 3

P2 state. The lifetime of the
5S2 state, calculated by Garstand was about 700 usec.so The measure-
ments were carried out by Wells and Zipf10 and independently by

>l in 1972, Although their experimental results (189 * 50 usec,

Johnson
and 185 * 10 psec, respectively) are almost 1/3 of the previously -
calculated lifetime, they agree very well with the results of a recent
many-electron calculation, reported as 192 usec, by Nicolaides.10
Another more careful measurement by Wells and Zipf52 determined the
lifetime 6f the 5S2 metastable state of oxygen as 170 + 25 usec.
In all of the experiments the time-of-flight_technidue was employed.
This quite short lifetime is a limitation for the experimenter
when measuring the g3 factor by the atomic beam magnetic resonance
method. Taking the Equation I. (1) into consideration, the deflection
of an atom in an inhomogeneous field is proportional to the square
of the time it spends in the field. In other words, in order to

have larger deflections the atoms must travel slower in the machine.

But slower metastable atoms would decay more before they reach the
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detector. In our experiment, the metastable 5S2 oxygen atoms
traverse the machine in about 350 usec. Therefore, only those atoms
which live longer than the transit time are observed. This would

be approximately 13% of the metastable 5S2 atoms- that started from

the source toward the detector if there were no deflection and
obstaclé in the machine. Considering the geometry, this percentage is
redﬁced to about 0.8% and further reduced by the transition probability
which is certainly less than 100%. However, as we shall give the
actual figures later, the number of metastable atoms in our resonance
peaks were very satisfactory. It is quite true that in such an
experiment,‘the efficiency of the source plays an important role,
since a high signal-to-background ratio is necessary in order to
determine the g3 factor with precision. The other precaution is to
reduce the background;

The process in which the 5S2 states are produced can be

formulated as
e+02+0(582) +0+e II. (78)

The ground state oxygen molecule can be excited into a higher
molecu{af ievel by electron bombardment during the discharge. The
new level may be any of the levels shown in the Fig. II., 9. If it
is in the proper level it dissociates directly into one 5S2 meta-

5

stable atom and one 3P ground state atom. But, S2 atoms may also
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be produced by cascade from higher lying atomic quintet states which

>3 in the

result in the dissociation of the high molecular levels
beam obtained by an r.f. discharge. Along with the 5S2 states,
ground state atoms, low energy metastable atoms, metastable molecules,
ground state molecules, electrons and photons may be present. The
Auger detector is not sensitive to the ground state atoms, molecules
and low-energy metastable atoms. Ions and electrons would be trapped
in the magnetic fields throughout the machine. Metastable molecules
move very slowly compared with the 582 atoms solthey can be spread
out easily in the time-of-flight spectrum. We believe most of the
photons hit the stop-wire and, therefore, cannot reach the detector.
The photons which are scattered into the detector, however, are
synchronous with the discharge excitation pulse, so that they only
occupy the first few channels of the time-of-flight distribution.
Since the metastable states of our calibration isotope --

54

helium -- are mentioned elsewhere,” we shall not discuss it here in

detail. The two electron spins s = 1/2 of helium can combine in four

different ways. One of these combinations yields singlet spin states

(para-helium) and three yield triplet spin states (ortho-helium). The
lowest metastable singlet state is 21s which is 20.6 ev above the

1

ground state 1°S. The lifetime of this state was measured by Van Dyck,

Johnson and Shugart as 19.7 + 1.0 milliseconds.55 The lowest state
3

of ortho-helium is 2 ~S state which is 19.8 ev above the ground state.

This state decays to 1 1S ground state with a decay rate of 1.27 x 10-4

-1 56
ec .

s The reciprocal of the decay rate gives the lifetime as about
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8000 seconds. The experimental determinations yielded about

half of the theoretical Value.57

But the uncertainty was as large as
the factor of 3. However, this sufficiently long lifetime together
with the similarity between the Zeeman levels of 381 state of helium
(see Fig. II. 4) with that of 5S2 of oxygen and the good precision

of the recent m.easurement25 of its g5 factor were considered favorable

when selecting it as the calibration state.

Data Collection System. The source and the detector units of

the data collection system were explained in the previous sections.

A general discription of the pulsed beam counting scheme was also

given in Chapter I while we discussed the time-of-flight method for the
- nitrogen experiment. Basically, the same method of counting was
utilized in addition to the atomic beam magnetic resonance technique
throughout fhe oxygen experiment. This data collection scheme, we
beliéVe; Has not been applied in any resonance study previous to this
experiment. By using this highly sophisticéted system, we could

5S and 3

isolate S atoms from the other discharge products. Therefore,
it deserves a detailed discussion. Although it is not explicitly
shown in the Fig. II. 10, a PDP-11 computer was the center of the
data collection system. Simultaneously it controlled the frequency
synthesizer to sweep the r.f. frequency within the given limits and
steps.. |

A1 Mz sine-signal taken from the standard frequency oscillator
was converted into square wave pulses by a saturated amplifier.

Divider I allows only one pulse to pass through in every 40 pulses.
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Thus thevtime duration*betWéen two successive pulses is now 40 useconds.
This determiﬁes the dﬁration of the dischargé pulse and the time.per
channel. The numbers given here’are_the numbers used in.the‘oxygen
experiment and can be changed by a series of switches on the |
Divider I and II to any desired value. Divider II allows one of the
163 pulses which are delivered by Divider I to passvthrough. The
éutput of Divider II then has 153 pulses per second which is fhe
repetition rate of the discharge pulses. The flip—flop goverhed .
by the pulses from the Divider I and Divider II sends one of the
40-uséc pulses in every 6.4 milliSeéond to the r.f. oscillator
and switches the r.f. power on and off. The rest of the circuit is
for channeling, storing ahd displaying the data which is received after
each discharge pulse. This is done in the following way.

~ The magnetic electron multiplier is connected into two counters.
One of them(Counter IT) counts the output ofvthe multiplier all
the tiﬁe.-”But, Counter I can be set to an interval of time-of-flight
spectrum by adjusting fhe Delay I and Delay II variable resistances.
Delay I determines the opening timé Qf tﬁe electronic gate between the
multiplier'and the Counter I by a flip-flop circuit, with respect to
the appearance of a pulse in the output of Divider II. Similarly,
Delay II determines thé closing time of the gate with respect to the
same pulse. Only during this interval the data can be registered in
Counter I.  For the experiment, Counter I was set to the interval
between 420 usec and 2100 psec after the discharge pulse. As it is

seen in the Fig. II. 10, the data is also fed to the computer through
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two pairs of gates and two scalers. The start-command pulse for the
dischargé.from the Divider II simultaneously actuates the Computer B-
Interrupt which in turn enables Computer A-Interrupt. However, the A-
Interrupt waits to order the computer to take data until the second
pulse from the Divider I is received, i.e., the 40 psec separated
pulses from Divider I. At one instant, only one of the ﬁpper gates

is open, for example, the gate above the Scaler 1. While the data is
being stored in the Scaler 1, the lower gate is kept closed. After
40 usec, the next pulse causes the flip-flop to close the upper gate
and to open the lower one. Thus, now the data stored in Scaler 1 is
transferred to the computer and stored, let us say, in Channel 1.
Meanwhile, the gate above the Scaler 2 being open now allows the

data to be stored inFScaler 2, and 40 usec later, the lower gate
allows all the stored data into the computer. Thié data is stored

in Channel 2. The data stored in the memory of the computer is
mohentarily displayed on an oscilloscope. The process of data

storing goes on for 64 channels. The number of channels, the duration
of each discharge pulse and channel, are given to the computer in

the content of machine Ilanguage programs. In the oxygen experiment,
at the end of 64 channels, the computer goes into a waiting period
until a new discharge pulse arrives into the computer B-Interrupt.
Then, the process is repeated up to the moment, the experimenter stops
data collection by the control button on tﬁe panel of the PDP 11,

The data collected in this way obviously gives us the time-of-flight

spectrum of the discharge products, and can be printed automatically
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by a teletype connected to the computer by switching one of the
control buttons of the PDP 11 on. The other duty of the teletype
is to read the program which is punched on a paper tape.

For tﬁe resonance, the time-of-flight distribution can be
divided into six groups by depositing the first and last number of
channels of each group in thevdesignated addresses. The r.f.
frequency is set on the}kaﬂletffpackard Frequency Synthesizer in the Mg
digits. The fhree_digits in the KHz order are fed to the computer
manually. The frequency step for thelsweeping should also be given.
With the program which we have used in the experiment, the synthesizer
| frequéncy was made to oscillate from the initial value to the largest
value in twenty steps. Thus one sweeping cycle was completed in
forty steps. Each step was 2 KHz. While the frequency was shifting
back and forth, the behaviours of the species in six different time-
of-flight distribution groups could be seen simultaneously on the
screen of the oscilloscope. The particles which we were interested in
for measurement and calibration were both in the group between the
channels 11 and 35. Since the two adjacent groups contained some

5S and 3S atoms we could also observe a small

faster and slower
reéonance effect in these groups.

The oscilloscope display could be shifted to resonance or to
time-of-flight distribution by two control buttons on PDP 11.
Similarly, the teletype would print either the resonance data of any

selected group or time-of-flight data by storing certain numbers in a

certain address in PDP 11 and switching the data print button on.
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In the second half of the experiment, the IBM data cards were punched
automaticaliy by a keypunch machine interfaced into the PDP 11. In
order to keep it clear, we have not included the computer, the
frequency synthesizer, display oscilloscope teletype and IBM key-

» puﬁch machine in Fig. II. 10. The high-rate linear amplifier and the
single-channel annalyzer, which were between the MEM detector and

counters, are also not shown.

Field Locking and Homogenizing. The Berkeley (Room 86) Atomic
Beam Appératus has a 12 inch diameter, circular pole pieces, commercial
Varian V4012A electromagnet in its C field region, and is driven by a
reguléted‘NMR controlled V1200 Varian Magnet Power supply. Although
the magnetic field between the pole pieces is homogeneous to about
60 ppm over a distance of 3 inches, three sets of shim coils were
placed on the outside of the walls of the C can. By means of these
shim coils, the homogeneity could be improved by a factor of 60 or
even better for the precision work over slightly narrower regions.

Field stability was achieved by using the Klein-Phelps58 type
nuclear magnetic resonance (NMR) system. Prior to the experiment, we
replaced“the mercury cell internal voltage reference source of the
V1200 magnet power supply. The new, highly stable Zener diode has
improved the current regulation further. The Berkeley Klein-Phelps
NMR system is explained in detail in the Reference 54. Another NMR
system with a movable probe in the C field was used in order to measure
the field at various points between the pole pieces. This second

system was essentially similar to the first one except it was
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frequency modulated. Here we shall discuss briefly the NMR field
locking system. (See Fig. I1. 11). The whole system operates around
the hybrid tee. .The 18 MHz NMR frequency is directed into D and C
terminals. By adjusting ¢y and Cé, one can provide an impedance
match between the éaBle comnected to C and the NMR coil at a certain
frequency. In this case, there is no r.f. refléction from the coil.
But, if somehow the balance conditions changes as a result of a‘
slight shift in the magnetic field, the NMR r.f. power is reflected |
back to the hybrid tee. It is amplified and then phase compared
-with the output of oscillator at the mixer. The modulation oscillator
output, fed to the NMR probe field coils, continuously sweeps through
the NMR resonance field. Thus a phase comparison of the reflected
and amplified signal may cause the lock-in amplifier to brovide a
correction voltage to the C magnet power supply propoftional to the
- magnitude of the difference from a specific relation.between the phases.
Fig. II. 12 represents a typical dispersion curve obtained by.using
the frequency modulated,magnetic-field-measuring NMR system. The
modulation frequency is Af = 800 Hz. Since the magnetic field sweeping
was not linear, the units in the frequency axis is arbitrary. But,
the larger symmetric dispersion curve corresponds to a frequency
difference of 800 Hz around the resonance frequency.

After the magnetic field was locked by NMR system, the chart
recorder was set running; until the end of that particular run. Thus,
any variation in the magnetic field could be observed momentarily and

the data taken with the unlocked field would be eliminated right away.
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Actually, out of 160 pairs of resonances, only very few were
discarded for this reason. Generally, the field remained constant
during most of the rumns, each lasting about 6 hours.

Other important factors affecting the precision of an atomic
beam mégnetic resonance experiment is the homogeneity of the field.
We found that the homogeneity of the field depends largely on the
history of hysteresis effects on the magnet pole pieces. However,
the homogeneity can be improved by just degaussing the magnet and
bringing it back to the set point. Further, adjustments now can be
carried on by making use of the shim coils. For controlling horizontal,
vertical, and circular gradients of the field, five sets of shim coils
are placed in the C field. In our experiment, wé have used the set
as Xz + X, for horizontal Y1+, for vertical and Ay and A, for the
circular hbmogeneities. The sets were derived by three D.C. constant
current supplies. They can deliver the currents regulated down to
1 y.a. Therefore, very fine adjustments on the field are possible.
Fig. II. 13 shows the plan of installation of the shim coil sets.
Coils on both sides of C can are wound so that the positive current
travels clockwise as one looks toward the coils. Each coil consists
of 10 turns of insulated 8 mil diameter copper wire. The design of

59 Fig; IT. 14 is an example

the shim coils is explained by Anderson.
of the process of field homogenizing. The NMR probe for measuring
the field was attached to the bottom part of the hairpin. In order
to map the field in the region where the beam passes and r.f.

transition takes place, we lifted the hairpin, i.e., the NMR probe,
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by a distance of 1 1/8". Then the hairpin was moved in the horizontal
direction toward the right side and the left side in 1/8" steps. The
field was measured at each step. The total distance covered in the
horizontal direction was about 3 inches. After a complete mapping,
the current in the appropriate set of coils were adjusted to yield

a better homogeneity. Then, the process was repeated many times
until a éatisfactory field homogeneity was obtained. By moving the
hairpin up or down at 1/8" steps, one can also map the field in the
vertical directions. The rest of the process of homogenizing is the
same as the horizontal. When the vertical homogeneity was achieved,
the field_should be mapped again in the horizontal direction, since
the current in the coils Y1 and Y, would affect the field to some
extent also in the horizontal direction. This way, going back and
forth to horizontal and vertical directions, the final adjustments
can be completed to have a field uniform to about 1 ppm in 2 inches
distancevhorizontally, 0.5 ppm in 0.5 inch disténce vertically.
Naturally, the homogeneity in the actual r.f. region was better since
the size of the r.f. region is smaller. After the field mapping was
finished, the hairpin was brought to the center in the horizontal
direction and lowered to-a level such that the beam could pass

through the hairpin slit.

Radio Frequency System. Equation II. (77) is the basic
relation on which our atomic beam magnetic resonance comparison
measurement was built. It clearly dictates that a precise and

stable radio frequency is most desirable in a resonance experiment.
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In fact, the technology of radio frequency sources, electronics and
circuitry has been improved tremendously in the past few decades
that a precision of 0.01 ppm can be achieved without much difficulty.

The Varian X-13 reflek klystron60 oscillator is the main
element of our radio frequency system. It can be set to any frequenéy
from 8.2 to 12.4 GHz by changing the cavity dimensions with the
micrometer mounted on it and adjusting the repeller voltage on the
klystron power supply. We have worked at two different C field
magnitudes, corresponding to four different frequencies for helium
and oxygen. However, at a certain field the helium and oxygen
frequencies were close enough to be alternated by the repellef
voltage. The helium and oxygen frequencies at 4228 gauss were,
respectively,11845.56 and 11844.71 MHz. The difference between the
actual resonance frequencies of this field was about 860 KHz. At
3209 gauss, the frequencies were about 8990.33 and 8989.67 MHz, and the
differencewas 655 Kiz.

Klystron frequency was locked on the smallest possible harmonic
frequency of the reference oscillator, Hewlett-Packard Model 5105A
frequency synthesizer. Since the frequency range of this device is
0-500 MHz, we set it to 493 MHz and used the 24th harmonic at 4228
gauss. At the lower field the frequency of the syﬁthesizer was 498.
MHz and the 18th harmonic was ﬁsed. Having an analog and digital
remote frequency control, the synthesizer could be ordered by the PDP 11
computer to sweep the frequency around the resonance frequency. As we

mentioned in the data collection section, the part of the
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synthesizer frequency in KHz order and the sweep steps weré fed
from “the computer.

Fig. II. 15 is the block diagram of the radio frequency
genération and the locking equipment. The synthesizer frequency is multi-
plied and amplified in two traveling wave tube amplifiers. The
second harmonic of this frequency is compared with the klystron
frequency in the mixer. The difference frequency of about 10 MHz
is fed to FD 3 Schomandl syncriminator. Throughout the experiment,
we have set the synthesizer frequency such that a certain harmonic of
it was ~ 10 MHz lower than the klystron frequency. The output of
the harmonic mixer is phase compared with the 10 MHz standard
frequency in FD 3 syncriminator. If a phase difference is detected, the
FD 3 puts a positive or negative correction voltage on the reflector
voltage of the klystron. Thus, the klystron frequency is always
controlled to keep the phase difference zero. When the phase
difference is kept zero, the klystron frequency is called ''locked"
on the output of the reference oscillator. The internal crystal
reference of the synthesizer is checked with the local general radio
100 KHz standard frequency oscillator. As it is seen in Fig. II. 15,
this standard in turn is compared with the WWVB 60 KiHz signél
received by the Gertsch phase comparison receiver. The 60 KHz signal

133 atomic clock by the National Bureau of

is obtained from a Cs
Standards at Fort Collins, Colorado. The origin of the 10 MHe
standard frequency going into the FD3 syncriminator was also the standard

frequency oscillator. The 100 KHz output was first amplified, then
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Fig. II. 15. Block diagram of the radio frequency system.
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multiplied by 102 in the multiplier to get 10 MHz.v The loop shown
on the left lower part of the diagram was to level the r.f. power
as the freduency varied due to scanning. The klystron frequency was
measured by theiiaﬂlett-Packard5267M frequency counter by making
use of the plug-in type 3-12.4 GHz frequency converter. The radio
.frequency power was measured first beforé the hairpin by the r.f.
power meter. A directional coupler and an attenuater were used to
reduce the power by 30 db to protect the power meter equipment. The
r.f. powér going into the hairpin was from 60 to 100 mw.

The r.f. hairpin which we have used in this experiment is
shown in the Fig. II. 16. It consists of a 50 Q coaxial line with
off-centered entrance and exit slits for the beam énd a 50 Q
termination pressed to the inner conductor by screwing a copper cap
on the outer conductor. In this terminated hairpin, due to its low
r.f. reflection property, ideally the standing waves are eliminated. So
the particles of the beam were exposed to a uniform amplitude r.f.
at various slit heights.

Experiment. The peak corresponding to 5S2 state of oxygen
atoms falls between the 5th and 30th channels of the time-of-flight
distribution when the time per channel is 40 usec.. In the preparation
sfudies, we tried to obtain an r.f. resonance of 4228 gauss on -the
5S metastable oxygen atoms. The time-of-flight distribution was
divided into six groups. Fig. II. 17a is the photograph of the
oscilloscope display at the end of the first >s oxygen resonance.

Data collection time was 30 minutes. Table II. 1 gives the number of
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Fig. II. 16. 50 Q terminated, low reflection hairpin.
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XBB 749-6598

Fig. II. 17. The first observed resonances in a) oxygen and

b) helium.
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channels included in different groups. The tail of the time-of-fiight

Table II. 1. Time-of-flight distribution groups on the

first 5S2 oxygen and 3Sl helium resonances.

Groups Intervals of TOF Channels
(decimal numbers)
1 st 46 - 64
2 nd 5-15
3 rd 46 - 64
4 th ‘ 8 - 16
5 th 46 - 64
6 th 16 - 40

distribution is in the 1st, 3rd, and th groups. The purpose of putting
these particles in-between the resonating particles was to be able to
separate clearly the resonance curve from the three different groups

of °s atoms. It is obvious that the channels fromIS to 8 increased

the background considerably. Therefore, in the actual measurements

we have nof included these fast particles. Runs between Ox 002 and

5

Ox 103 were done with the S2 atoms belonging to the time-of-flight
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interval between the 10th and the 30th channels. On the right
side of the photograph of Fig. II. 17b is shown a helium resonance curve,
taken at the same field with the same conditions except the frequency
was'a bit higher. Helium 351 atoms start to appear at channel 10,
reach a peak at 20 and disappear at 45 in the time-of-flight
distribution. This can be also seen in the resonance curve. While
the second and the fourth}groups have a small resonance effect, the
sixth group displays by far the best resonance curve. Naturally,
first, third and fifth groups, covering.the same channels (46-64)
contain very few 381 atoms, would not be affected by r.f.
During the helium runs from He 001 to Hé 104, the

channels on helium resonances were in the interval of channels 14
to 35. These decimal channel numbers were converted into octal
numbers for depositing into the PDP 11 computer. Later we
enlarged the interval of channels to cover both oxygen 5S atoms and
helium °S states. The time-of-flight interval for the runs from
He 105 and Ox 106 to He 372 and Ox 371 were between the channels
10 to 35. This change has not decreased the signal background ratios,
but the switching from one isotope to the other was much simplified.

The procedure that we have followed in the actual measurement
was the following. After the C field was locked to the desired value,
it was mapped and shimmed until we obtained a homogeheity of 1 ppm
over 2 inches distance. This process normally takes about 5 to 8 hours.
A magnet was operated at I = 5.0 amp. Iy was much lower (1.6 amps)

since, otherwise, helium 38 atoms would be deflected too much and miss
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the detector. Meanwhile, the frequency system and the PDP 11 computer
were turned on; Then, frequency was locked to a value which corresponds
roughly to helium resonance frequency at that magnetic field. Knowing
the NMR lock frequency, the magnetic field coﬁld be determined to a
precision of 4 ppm by making use of the NMR field tables. Power level
of the r.f. is adjusted to the optimum value and controlled by the
servo-loop. In order to find the optimum r.f. power for the resonance,
we have done several runs with both helium and oxygen at various r.f.
powers. Helium power-study runs were the runs from He 024 to He 034.
Oxygen runs from Ox 047 to Ox 051, when combined with the results of
the helium runs, showed us that r.f. power in the interval of 70 - 100
mw give the best signal-to-background ratio and the line shape for
both oxygen and helium.

Since the screw controlled, vacuum-tight sliding plate system
covered a limited distance, most of the time we isolated the C can
from the rest of the machine by closing the two values on the sides,

A and opened to atmospheric pressure by letting air into it. This

enabled us to slide the hairpin which carried the field measuring

NMR probe over a larger range for better field shimming and homogenizing.
After it was accomplished, we had to pump on the C can by mechanical
pumps and then, by opening the valves on the sides, we connected it to

| the rest of the apparatus. From this time, with all of the mechanical
pumps and diffusion pumps running, it,took about two hours to reach

a vacuum of 5 x 10_7 torr all over the apparatus. During the runs

however, the pressure in the B chamber was lower than the above value. The
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A chamber had higher pressure since it was closer to the gas inlet,
i.e., the discharge source.

Whén the homogeneity, vacuum and the r.f. lock were in good
shape, the MEM detector supply and counters were turned on. The time
per channel and the repetition rate of the discharge pulse was
checked. The source r.f. supply was turned on. A few minutes later,
allowing for warm-up time, the power was increased to a certain
setting. The valve between the mechanical pump and the gas feed
line was closed. (See Fig. I. 5). The first valves on the gas
cylinders were always wide open. The second ones were adjusted to a
low value such as 10 or 20. The last Valve before the source was
opened. Then, gradually the variable leak II would be unscrewed until
a strong helium discharge starts. Usually this happens at the
setting 140. An oscilloscope was hooked to the r.f. cable to
monitor the condition of the discharge during the runs. Sometimes the
source position should be re-arranged in the Z-direction to get the
maximum reading at the counter. The next step was to observe a
helium resonance on the Counter I by monitoring the r.f. manually
on the frequency synthesizer. This led us to the finer determination
of the helium resonance frequency. The oxygen resonance frequency was
also determined the same way. However, we needed to determine the
oxygen frequency only at the beginning of a series of runs at a
certain field. Afterwards, knowing the difference between the
resonance frequenéies of helium and oxygen, the information for

the helium resonance already establishes the oxygen frequency
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approximately.

The frequency 20 KHz lower than the helium reéonance frequency
was entered to PDP 11 as the initial scan frequency. The frequency
step was fixed as 2 KHz. The frequency was locked again by varying
the repeller voltage on klystron power supply. The C field lock was
checked and the monitoring chart recorder was started to operate.
Vacuum, discharge, and other systems were checked again, and data
collection was started. Extreme caution-was giveﬁ to keep the r.f.
locked during frequency scanning. An oscilloscope (see Fig. II. 14)
was connected to FD 3 syncriminator to watch the frequency locking
on its bigger screen. The resonance data was collected and displayed
at 20 data points each representing a frequency step. If the curve
was not symmetric, the initial frequency was re-adjusted to center
the curve. Adequate data was collected in two or three minutes for
helium runs. Previous to and during the first runs, the experimental
conditions were recorded on a mimeographed form. A sample is given
in Table II. 2. It contains also information on several runs. Data
collection was stopped after 2 or 3 minutes and data was printed by
teletype and punched on IBM cards by the keypunch machine. Then the
frequency was switched and locked to oxygen frequency, oxygen discharge
was started,and data collection was initiated. These processes
between the two consecutive helium and oxygen runs took about 4 to
8 minutes if nothing went wrong and no more adjustments were necessary.
Oxygen data was collected in either 10 or 15 minutes. Usually,

six oxygen and seven helium resonances were taken successively under
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Table II. 2. A sample of the experimental conditions page.

5 3
85(0,°S,)/g(He,S;) MEASUREMENT

EXPERIMENTAL CONDITIONS: DATE: June 6, 1974

Pressures (torr): A cham. 5 x 10-7(He) B. cham, 4 x 70.7 (He) Mag. Currents: IA=5.0 IB=1'6 (amps)
1.7 x10°%0) 4x 107 (0 1= 30-10-99(setting)

Gaussmeter Reading: 3700 gauss )

NMR Lock. Ereq: 13,662 320 sec Shim Currents: Ihc=>r.-”’4 IvgrjM.S Icflr. 55  (ma) )

Estimate of Field Stability [ ppm/hn Field Homogeneity: Hor. 1 x 10-6 Ver.l x 10

Disch. RF Power 74  (set.) Source Pres.: He tank 1200 He Pres. 17 He Set. 140.

Total Count Rates: Oxygen 7000 sec”’ O tank 1000 OPres. 9 O Set.131.5

' ~ Helium 2600 sec”!

Syn. In. Freq. 498.889 MHz (st He.) # of Pnts. 20 Incr.2KHz Harm. 1§ Freq. Dif. +10 MHz

Initial Klystron Freq. §990. MHz (1st He). Klystron Power &0 mw

TOF/Ch: 40 u sec - Rep. Rate: 6.5 msec v Hrp.Pos.: Hor. 0 Ver. 0 (unit 31;- in.)

TOF Chans. on resonance: He 10-35 (dec,) 13-43 (oct.) Other information: Field Lowered
0 10-35 (dec.) 13-43 (oct.) Hainpin nommal ornientation
Field noamal onientation

To be filled at the end of the measurement:
Is the C-Field still locked? yes X no

TIME RUN NUMBER SYN. IN. FREQ. DURATION OF SCAN. OTHER INFO

16.33 He 211 496.889 MHz 7 minutes Hup. Pos. ok
16.40 ox 212 495.853 10 minutes

16.53 He 213 - 498.889 2 minutes

17.00 0x 214 498.853 10 minutes

17.13 He 215 495.889 2 minutes

17.18 ox 216 495.853 - 10 minutes

17.29 He 217 ' 498.889 ? minutes

17.31 0x 218 496. §53 10 minutes

17.43 He 219 495. 889 7 minutes

17.46 Ox 220 495.853 10 minutes

17. 58 He 221 498.889 2 minutes

1§.03 ox 222 - T49s.853 10 minutes

16,14 |He 203 1498.489 T 2 minutes T
15.24 He 224 495.689 2 minutes Hap. Pos. Wor '
18.29 0x 225 495.§53 10 minutes

18.35 He 226 495. 889 3 minutes

18.39 Ox 227 495.853 10 minutes

WWWWWWWWWWWW

XBL 7410-1783
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the same conditions. Once started, three such sets were completed
varying hairpin position or r.f. power each time, if nothing goes
unexpectedly. At the end, all the data was inserfed into the data
book. Punched IBM data cards were cross-checked with the teletype
printout, the punch format, or information errors were corrected and

run numbers were punched on the cards manually.
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C. Data, Analysis and Results

In this experiment we have collected the data for 372 individual
~ Tesonances. Five okygen resonance and 11 helium resonance runs were
made to investigate the r.f. power debendance. They were not included
in the 83 determination. Only five oxygen resonances were eliminated

from the data because of random effects.

Data Handling. The IBM cards punched automatically by the

keypunch machine contain only the counts at 20 frequency points of
resonance. Later the run numbers are punched on these cards. The
information about the synthesizer frequency, frequency steps, the
harmonic énd the frequency difference taken from the mixer was given
on a separate card for each resonance. A third car& was put to be
used in the case to give some explanatory information about the
individual run. Therefore, each run was represented by four cards.
The first card had frequency, the second information, the third and
fourth carried the data of resonance counts.i

The data deck combined with the LFIT program deck was evaluated
in the Lawrence Berkeley Laboratory computer (CDC 7600). The program
LFIT fitted the expefimental resonance curves into the Lorentzian
line shape using the least squares technique. It plotted the experimental
and fitted resonance curves, printed the kz which is a test of the

reliability of the fit. It also listed the amplitude, background,
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resonance frequency, resonance width and the errors;on these quantities.
Fig. II..18 and II. 19 are the redrawn resonance curves using the
information plotted by the computer. This information was also punched
on the IBM cards with the run numbers for further processing. The
output of LFIT program was inspected for extraordinarily big xz and
strange-looking resonance curves. If there were mistakes in the

data given to the computer, théy were corrected and re-processed in

the computer with the following run data. If the data was bad due to
the random errors, they were discarded. Such cases, however, were

very few. The cards punched by the CDC 7600 were used togéther with the
program AVERAGE in order to calculate the g5 factor. This program
could be handled by the IBM 1620 which is located in the basement of
the physics building, Birge Hall. It calculated the ratio of g3

factors of oxygen 5S, and helium 35 atoms, by comparing the average
frequency of two hélium resoﬁances, one previous -- the other following-
with the oxygen resonance frequency. Then, using the value of helium
g5 it calculated the 85 value of 5S oxygen atoms for each individual
run. It éould also print the average g3 value of the desired group

of runs. The errors were printed for every calculated quantity as

well. We analyzed the data by checking the results. If we

suspected a value, we went back to the data book for this run and
‘followed the routine until we cleared out the problem. Next we
prepared the histograms, decided on the average g5 value and the

errors to be quoted. Both of the programs we have used LFIT and

AVERAGE were developed by Professor Howard A. Shugart.
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18. Line shape fitted to the He 033 resonance curve. The

dots represent the experimental data.
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Fig. II. 19. Line shape fitted to the Ox 048 resonance curve. Dots

are the experimental points.
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Analysis. The data of the runs can be considered in two major
grouﬁs. Ohe group of runs was made at a C field of 4228 gauss and the
other group‘corresponds to a C field of 3209 gauss. These groups can
be split into subgroups according to various C field and hairpin
orientations. And finally, each of these subgroups can be divided
into three smaller groups, each having a different hairpin position.
Table II; 3 summarizes the various groups, eight subgroups and gives
the Tun numbers included in them. Since we always sfart and end a
series of runs with helium runs, the run numbers which are shown on
Table II. 3 belong to all helium runs. Oxygen runs naturally are in

between., The normal direction for the field is the direction when the

Table II. 3. The groups of experimental data.

Mag. - Run Numbers C-field - Hairpin
Field . Orientation " - Orientation
- He 001 - He 068 Reverse Normal
: He 069 - He 130 - Reverse - Reverse
4228
gauss He 131 - He 169 Normal Reverse
He 170 - He 210 Normal | Normal
He 211 - He 249 Normal Normal
3209 He 250 - He 288 Normal Reverse
gauss He 289 - He 329 Reverse Reverse
"He 330 - He 372 Reverse Normal
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- current supply is operated in normal direction mode. The normal
direction in the hairpin orientaticn was taken arbitrarily, but it is
all consistent.

The data were processed three times with three slightly different
LFIT programs, namely four parameter, three parameter and four para-
meter gradient programs. The output of the LFIT program was evaluated
with the program AVERAGE. For all three types of LFIT programs, we
have three g5 listingsand averages. A fourth g5 listing and average,
which we called best fit calculation and averages, was obtained by using
the selected output cards of different LFIT programs for every individual
resonance. - The criteria for selecting the calculation LFIT of a
resonance was smallest XZ among the three existing outputs. However,
most of the calculations were taken from the four parameter fit program
outputs. A flow diagram of the four parameter LFIT program and basic
information about the subroutines are given in Appendik C. Appendix D
is the program AVERAGE, |

The transition probability from one atomic level to another is

. 36
given™ as

(2b)°
@)+ (wy - w

. sin’ l% [(zb)2 + g - w‘)z] 1/2 t} 1. (78)

where the W, is the resonance center frequency and w is any frequency.

b is related with the full half width, i.e., Aw = 4b. Because of the distri-
bution of t, the time that the atoms spends in the transition region, the
sin? term on the right side averages to a fixed value. Then, the experi-

mental resonance curve would be represented61 by alorentziandistribution
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II. (79)

4

P1 is the amplitude, P is.the parameter related to the line width,

2

LH is the channel number with i =1, 2 . . . 20, P3 is the channel

number of the resonance center and P, is the background.

The best fitting Lorentzian curve can be obtained if

2 _
. I1.(80)
dpP.
\ )
where j runs from 1 to the number of parameters, and X2 is defined by61
20
X = z [Yi(ObS) - vi(Py) ],2 X, - II. (81)
i=1 |

Observed resonance points and Lorentzién distribution points are,
respectively, represented by y;(obs) and yi(Pj). X; is the weight
factor. Obviously; when X2 approaches a minimum, the condition in
Equation II. 80 will be fulfilled. Inserting the Equation II. (81)
into the Equation IT. (80), we obtain j simultaneousbeQuations. Then,
the solutions of these equations would yield the proper parameters
for the best fitting Lorentzian curve. From here on the calculations
for the resonance frequency, half-full width and errors are quite
straight forward.

Errors. The most important problem in a precisionvatomic beam
measurement is to determine whether the experimental peak corresponds to

the exact energy difference between the levels concerned or there is a
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certain shift due to the distortions of the resonance. The cause of
the distortions may vary, such as Millman effect,63 Doppler effect,36
field inhoﬁogeneity and instability, high or low r.f. power, instability
in frequency and scan. However, the improved equipment, éxperimental
techniques reduce the sources and the effect of errors on the measure-
ment.

The accuracy of the result of our measurement might be influenced
by some, all or even additional effects to the ones listed above.
Although the number of potential error sources seems fo be big, we
believe thét we have a good control on them. The information about
the apparatus run conditions, ekperimental procedure and precautions
were explained under the'apparatus and experimenf’headline. Here we
will give é brief account only on thosé efforts which are directly
involved in the accuracy of the experiment.

The temperature of the laboratory and equipment were kept
constant by thermostat controlled air condition. This especially
improved the long term stability of the C magnet power supply. The
systematic errors due to field and hairpin were reduced by running at
various hairpin positions, hairpin orientations and field orientations.
The Millmén effect which arises from the variation of the direction
of r.f. field in the transition region was cancelled by changing the
orientation of the field and hairpin. The atom having a velocity v in

the r.f. region would cause a Doppler shift64

>
<
a2
<

0l<

cos O | I1. (82)
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where v is the resonance frequency and c is the velocity of light
and 0 is the angle between the propagation vectors.

Since .the radio frequency power in our hairpin travels
practically_perpendiéular fo the beam, the Doppler effect is expected
to be low. The shift, due td a small tilting of the hairpin, should
bé reveréed'when the hairpin is rofated 180°. If thefe are standing
waves in the hairpin, the atom would see the two waves travelling in
opposite directions. Consequently, the positive and negative Doppler
shifts broaden the resonance curve, assuming equal amplitudes of the
incbming and outgoing waves. However, a shift would accompany a
smaller brdadening if the amplitudes differ. Because of its highly
reduced refiected r.f. power and small transition region, the 50 Q-
terminated hairpin,we have used,is by far the best when compared
with shortened hairpins in obtaiﬁing consistent results.

The r.f. power studies helped us minimize thé resonance distortions
due to saturation, and avoid low signal-to-background ratio due to
weak radio frequency.

The factors causing the random errors were corrected as soon as
we noticed them during the eXperiment. These were mainly,an increase
in the pressure in the apparatus, a change of mode or weakening of the
discharge, magnetic field instability due to the la;k of lock and
external effects, and radio frequency shifting out of lock during the
scanning. Since wediéplayedtberesonance curve on the oscilloscope
during the dafa collection, any distortion in its shape warned us to

check the experimental conditions thoroughly. Most of the time, the
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distortions were associated with an unlocked radio frequency which
could also be detected easily on the screen of another oscillosCope.
Field instability was Very'infrequent, Field stability was monitored
“on a chart recorder and seemed to be pretty unchanged under external
electrical effects. We were cautious not to distort it by moving
magnetic materials close to the C field region. Immediately ﬁpon
observing a situafidn that stands to be a reason for a poor resonénce,
the data collection was stopped, the data that were collected so far
werecleared and the conditions were corrected. Very few resonance
data werexrejected'after they were processed in the.computer, since
they did not seem to be apparently unsatisfactory during the experiment.
Certainly, the error quoted in the final result also includes
the efféct of the uncertainty in the g3 factor of 351 helium, our
Combarison isotope.
| Results. The list of g3 values are shown in Table II. 4, at
~each of the magnetic field values used, with four relative normal and
reverse directions of the field and hairpin. As we pointed out
previously in other words, the C field was called in normal orientation
when it was in the same sense as the fields in the A and B magnet. The

g3 value of,SS state of helium was taken from Referance 25 and 54 as
g;Cs;, Heh) = - 2.00223735(60) . 1. (83)

As it is seen on the Table II. 4, various fit programs yield remarkably

consistent results. Besides, the agreement between the different groups



\

Table II. 4. A list of intermediate gy values and averages. N and R refer to the nommal and

reverse directions. 160 pairs of resonances are represented in the first three

fits.
- ORIENTATIONS FOUR PARAMETER FIT |  THREE PARAMETER FIT GRADIENT FIT BEST (X% MIN) RESULT
C-FIELD OF THE THREE METHODS
Field Hrp. g5 No.of gy No. of g7 No.of g5 No.of
Obsv. Obsv. Obsv. Obsv.
R N | -2.0020909(1) 21 -2.0020907(1) 21 -2.0020908(1) 21 -2.0020908(1) 21
R R {-2.0020021(1) 28 -2.0020920(1) 28 -2.0020921(1) 28 -2.0020921(1) 28% |
1228 gauss N R |-2.0020909(0) 18 | -2.0020904(1) 18 -2.0020909(0) 18 -2.0020909 (0) 18
N N | -2.0020906(1) 19 -2.0020907(2) . 19 -2.0020907(2) 19 -2.0020906 (1) 19
g; -2.0020912(1) 86 -2.0020911(1) 86 -2.0020912(1) 86 -2.0020912(1) 86 '
' X
(@)
K 1
N N | -2.0020908(2) 18 -2.0020908(1) 18 -2.0020906(2) 18 -2.0020908(2) 18
N R | -2.0020908(1) 18 -2.0020909(1) 18 -2.0020907(0) 18 -2.0020910(1) 18
3209 gauss R R | -2.0020909(1) 19 -2.0020909(2) 19 -2.0020907(1) 19 | -2.0020909(1) 19
R N [-2.0020905(1) 19  |-2.0020903(1) 19 -2.0020904(1) 19 | -2.0020976(1) 18%% |
EJ -2.0020907(1) 74 -2.0020907(0) 74 -2.0020906 (1) 74 -2.0020908(0) 73

_  XBL 7410-1782
* Ox 110 data with gy = -2.0020949 is included here. However, it is not included in the

histogram -- Fig. II. 20.

%% Ox 339 and Ox 361 are rejected.



i, -4

-127-

- of runs, with the exception of higher field R R relative orientation

results, is very clear. The last colum in Table II. 4 represents

the results obtained by using the best fitted caléulations out of all

the informétion furnished by the three slightly different LFIT programs .
The average ratio of the gJ's out of the calculations based on -

the best fitted resonance lines is

1
gJ(SSZ, 0%
7

)

- = 0.9999269 (4). ©IL. (84)
gJ( Sl’ He

when this value is combined with the g5 value of SSi helium given in

Equation II. (83), the final g5 value of SS2 metastable state of atomic

oxygen turns out to be
5¢  al6y -
- 85(°S,, 077) = - 2.0020910(10). II. (85)

The indiéated'error of 0.5 ppm covers about 82% of the individual
measurements in the case of best fit calculations. The calculations
built upon fhe other -fitting programs yield coverages between 74 and
80‘percent. A histogram of the results is shown in the Fig. II. 20.
It represents the results obtained by using the best‘fitted line

calculation%.

Conclusion. The measurement which has been described in this
report happens to be the first precision determination of the g5 factor

of 5S2 metastable state of atomic oxygen. The earlier of the two previous
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FINAL AVERAGE

- A
I58 MEA SUREMENTS ‘
OF gJ( ‘532 , OIG ) AVERAGES .

M
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N|

ORENTATIONS:

27777255

: A
FIELD HAIRPIN 2;%
N N AN
. N
. N
N
R R

% ONE MEASUREMENT

S /A S

ERROR LIMITS =

N

870 880 890 900 910 940 950

g.=-2.0020... t
) QUOTEDIVALUE

XBL749-4303

Fig. II. 20. Histogram of the best fit results.
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measurements (Ref.8) was carried out by Kiess and Shortly in 1949, They
made use of the optical spectrum of red light of atomic oxygen, with wave

> - 3p Sp in arcs in air

lengths at 7771 to 7775 A emitted from 3p3 3s
between metallic eiectrodes. Comparing the spectrums taken at no field
and at 34600 and 85400 gauss, they derived the gj splitting factor of

5S quintet state of oxygen as g5 ==1,999(2). This value, even with

its upper error limit, is smaller than our results.

"In the course of molecular beam magnetic resonance investigation
of the products produced by a microwave discharge in 02” Brink9 observed
"a strong resonance with a g factor of 2.1 Although the technique
was similar to that we used, geometry, detection method and comparison
- isotope were completely different. After attributing this resonance
to 5S state of atomic ‘oxygen he gave the result as gJ_=-1.97(5). The
sign is a matter of convéﬁtion.

In the survey of literature, we have met precision calculations65

and measurement®® of gy factors of 2p4 3 43

P1 and 2p P2 states of
atomic oxygen. But, due to the absence of a theoretical calculation
on the g5 factor of 5S atomic oxygen, during the progress of the
experiment, we were not able to evaluate our results in comparison to
the previous calculations. However, after our preliminary results were
presented by Professor Howard A. Shugart in the Fourth International
Conference on Atomic Physics in Heidelberg, wé had an immediate
response67 frdﬁ Roger A. Hegstrom who states: |

"As I believe I mentioned to you in Heidelberg, I have

formulated a very approximate, but simple scheme for
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calculating gJ'factors, which works very well for
the He 2 38 and Li. I was pleasantly surprised to
find that this scheme predicts your experimental
value for g5 of 5S oxygen to within 10 ppm; further-
more‘it Says that three unpaired 2p elecfrons |
contribute all but about 2 ppm to the bound state
correcfion, this being primarily due to the greater :
speed andconsequently by greater increase in relativistic
mass of the 2p electron. After testing this method |
more thoroughly, I may eventually write it up for
publication and will gladly send you a reprint."

It is possible that the theoretical calculations will soon
| approach the same accuracy of our results and, therefore, provide

the impetus for further measurements with better precision than ours.
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APPENDIX A
TIME-OF-FLIGHT SPECTRUM DATA OF THE DISSOCIATION
FRAGMENTS OF NITROGEN

13.3 usec/channel

18482 205547 67690 999 4843
39638 43586 33038 26321 18851
10235 4430 1717 738 472
388 344 331 297 267
263 266 251 283 - 283
309 292 298 292 269
225 201 220 192 196
187 191 145 169 164
157 155 143 \ 154 156
159 182 167 165 166
172 172 170 181 190
204 230 210 204 217

195 250 : 258 247
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~

APPENDIX B
Computer program to search for atomic magnetic moments

in all L, S coupling cases. 3.75 pB<;u<;4.25 g for

=0 _1 3 5
L—OtoSOandS—j,z—,—z-.

PROGRAM SEAPCH(INPUT,CUTPUT)
+¥F0RX54
*LISTPRINTER
AL'—‘-lo
DO 100 [=1,30
AL=AL+ L.
=—05 ' ]
DO 50 J=1,3
S=S+1.
AJ=AL+S
AJMIN=ABSF(AL-S)
15 ATEST=Al
AMJU=AY
GJ==le D+ (ALX(AL+4L)=S*(S+1.))/(2.%AJ%(AI+1.))
2 AMU=AMI%G U
- IR (AMU-4,25)25,40,40
25 IF(AMU-3.75)40,40,30
30 PRINT 35,AL,SsAJAMU,GIy ANMU
35 FORMAT({LH ,4F10.192F10.3)
40 AMJ=AMI-1.
IF (AMJ+ATEST)45,20,20
45 AJ=AJ-1l.
IF(AJ-AIMIMILBL,L,15,15
5C¢ CONTIHUL '
10C CONTINUE
-~ END



The flow diagram of the program LFIT.
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APPENDIX C

operations are given in the blocks.

NO

START

READ
Frequency,
Ste |?¥hormonic,

READD
Resonance
data

1 SET
Sets initial value.

pardmeters

]

SEARCH ,
Minimizes X
{gradient method)

]

FIT

derivatives

MAT 4
Minimizes X

Calculates p@————————m

NO

Information on the

-

potT 1 S\
Y

CALCULATE
v, Av, P, errors

1

PRINT
e; yl Ayl P4
errors

XBL 7410-4388
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APPENDIX D

The program AVERAGE calculates the g7 values ‘and their averages.

PROGKAM AVERAGE(I#PUT,QUTPUT)
F+4FORXS3
#FANDK2004 .
SLISTPRINTER o
DIMENSICY FU3),FE{3)sN1I3),N2(3),N3(3),R{1B0)+ER(180)
2 00 5 1=1,2
FlI)=r.
S FE(IY=0L,
1 K=0
1¢ F(3)=F(2)
F(2)=F (1)
FE(3)=FE(2)
FE{Z)=FE(1)
NLE3) =Wl (2)
N1 (2)=N1(1)
N2 {3)=N2(2)
N2(2)=N2(1)
N3 (3)=N3¢2)
N3 (2)=N3(1)
READ 11,51,62,N&, N5, .46
11 FORMAT (26X,FLU0,FB.0,18X,3A2)
IF (N& ~7973)115420,15
Fll)=ul
FE(L) =02
NL(1)=Ms
N2 (1)=05
N3 {1)=Né
[F(NL(2)-56067110,12,10
12 FAVE=(F{L)}#+F(3))%,5
FAE=SGRTF(FE(L)®%24F2(3)%82)
RATIU=F(2) /FAVE
RE=RATIN®SQRTF ((FAE/FAVE) *¥% 24 (FE(2)/F{2))%%2)
GJ=-2.90223735%RATIO
GJE=2.J0223735%RE
PRINT 50,NLI3) oNZ(3)4NI(3),FI3),FE(3)
50 FORMATULH 4342, 9XeFlla4lH{,FO.4,11))
PRINT SLoML(2) gN2(2)4N3(2),FAVE,FAE,F(2),FE(2)+RATIOWRELGJI,GIE
51 FORMAT(IH o3AZ 41X ,4HAVES, FLl.4olHl4F6,491H)s1XsFlla4ylHI,F6.4,1H
1) 92X 13HGJ(O)/GI(HE) =9 FlLlaB s 1H{sFLlUe8s1H) 4 2X96HGI(OV=4F11.741HL,
2F9.744H))
PRINT 50,NLIL)41201) +N3(1),F{1),FELL)
PRINT 50
K=K+l
R{K)=FATIO
ER (K} =PZ
GO 7O 10
27 S$=0.
00 30 I=1,K
S=S+R(1)
AK =K
S=S/aK
T=0,
Q=0.
u=0,
DO 40 !=1,K
VE1lo/ER([) %22
T=T+P.([)*V
Q=Q+ { (K{[)=S) %)%V
4. U=Ue+V
SIG=T/U
ESIG=SUKTF(C/ (U (AK=14)1})
GJ=-2.00223T755%S1G
GJE=2.00223735%ES1G
PRINT $4,SIG,LSIG,6J+CIE
S4 FORMAT (1H 52X, 13HGJ (U /GIIHE)I=gFLl1e8,1H(,FLO.8,1H),3X,6HGI(O) =,
LF1O0, 7o iH{4F9e 7 91H)) ) : ’
GO TC 1
END

|

3
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