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CHAPTER V

MEASUREMENTS AND ERROR ANALYSIS

This chapter deals with the measurement procedures and
error analysis. What we are interested in here is the nuclear
magnetic resonance frequencies of sodium ions and Zeeman
transition frequencies of sodium atoms. All these measure-
ments of frequencies were measured with a digital frequency

counter with an accuracy of + 1.0 Hz.

5.1 OBSERVATIONAL MEASUREMENTS

g1+/gJ can be calculated with the aid of the Breit-Rabi
formula (see Appendix A) from the NMR frequency and the
Zeeman transition frequency (F = 2, M = -1l&«>»F = 2, M = =2).

The apparatus was turned on for at least two hours
before making the measurements. It was found that the
ultra-stable power supply, which supplied the current through
the solenoid, would operate better after two hours of
continuous operation. An effort was also made to shim the
magnetic fields prior to each run since the inhomogeneity
of magnetic fields would broaden the line-width of Zeeman
frequencies. The line-width could be greatly reduced by
adjurting the current through the second order correction

coil and the position of the end plates. The best optical
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pumping signals were obtained with a sodium atom vapor
pressure of’VlO"5 Torr. Figure 12 shows the vapor
pressufe of the sodium as a function of temperature.

The sodium vapor pressure is 10-5 Torr at 150°C. Two
pieces of fire bricks were used as the base for the |
Helmholtz coils and the heater, which was powered by a
variac. The variac was turned off while making a series
of measurements and was turned back on when the signals
became weaker. This series of measurements generally
consisted of four determinations of the NMR frequency
and five determinations of the Zeeman frequency. Each
determination of the NMR frequency consisted of four
NMR peak frequency measurements. Each determination

of the Zeeman frequency was the average of three
measurements of the frequency of the Zeeman signal

peak. The variac was turned on and off throughout

the entire run until we had made roughly twenty determin-
ations of NMR frequency and twenty one determinations

of Zeeman frequency.

Each measurement of gI+/gJ was based on one determin-
ation of the NMR frequency and an average value of two
determinations of the Zeeman frequency &to compensate for
field drift. There were approximately twenty g-factor
ratio measurements for every run except for a couple of
runs which contained more than twenty g-factor ratios.

All the measurements were done with the right circular



Tig.

12

The vapor pressure of the Na

as a function of temperature.

65



180}~
160}

140}

N
o
|

Temperature (°C)
- |
O
|

Vapor Pressure (Torr)

1 L1 ] i l
08 1007 108 1075 0% 107®

66



polarization of the pumping light. The measurements of
the Zeeman transition were taken using the one-turn
Helmholtz coil, while the NMR frequencies were measured
using the dix-turn coil and power amplifier.

In order to check whether the fluctuation of gI+/gJ
values was due to the systematic errors, a new run was
begun by either reversing the field direction, changing
the magnitude of the magnetic field, or slightly varying
the position of the sample bulb and end caps. In other
words, the condition and parameters of the entire system
for the measurements were different from rumn to run,
thus, we could easily identify the fluctuation of the
g-factor ratio due to the systematic error or random
error. The magnetic shields were demagnetized whenever

the direction or magnitude of the magnetic field was

changed.

5.2 ERROR ANALYSIS

1. Random Errors

In the calculation of gI+/g from the NMR frequencies

J
and Zeeman frequencies, the errors in gI/gJ11 and the
hyperfine splitting of the Na are completely negligible.11
Random errors arise from the measurements of NMR and
Zeeman transitions. If we assume the uncertainties of
each gI+/gJ measurement are all equal and the parent
population distribution is the Gaussian, the uncertainty

of the gI+/g data points § can be estimated from the

J
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data. Let Xi represents the ith point of gI+/gJ and N
is the number of data points, which is much greater than

1. The standard deviation is
69

% X

J

— Z X
where X = —47%2— is the average value of all Xi. If

we neglect correlations between the X; as well as second
and higher-order terms in the expansion of the variance
é:of the mean iﬁg the random errors of each run can be

expressed as the mean standard deviation

&, = ,J“

By the same token, if there is no other source of

error in the system except the random error, even varying
the parameter of the system from run to run, one can also
calculate the standard deviation as the error assign to
the final mean gI+/gJ from each of all eleven runs by
treating average gI+/gJ of each run as an individual data

point.

2. Sources of Random Error

(1) Magnetic field driftct

For most of the runs the Zeeman transition frequency
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occurred at ~40 MHz and NMR occurred at a frequency of A~61 KHz
when the applied static magnetic field was ~57 Gauss. The

small variation of the field strength would result in a larger
change in the frequency of the Zeeman transition than the NMR
transition. However, this error resulted from the field drift
would be almost eliminated by taking one determination of the
NMR frequency sandwiched between two determinations of the

Zeeman frequencies.

(2) The rf power line broadening of both NMR and Zeeman

signals

There was the poséibility of a rf power line broadening
contributing to the line~widths of both the Zeeman transition70
and the NMR resonance.7 The line-width of the Zeeman signal

relates to the strength of the rf field at the resonance

frequency as (cf., 2.1)

a /
AW = 3 +

(2

R
Q&

X R

where AQ@ is the line~width of the Zeeman signals.

<, is a composite of the longitudinal relaxation times

tf
1 N ) . .
100 T1 due to N different relaxation mecha-

nisms.

7. is a composite of the transverse relaxation times

T 1, ve. T N duc to N different relaxation mecha-

2

nisms.
&is the rf frequency.

However, fortunately the line broadening due to rf power
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can be greatly reduced by decreasing the rf power to a
level when the line-widths were minimum and the signals
were still be able to be detected. All the measurements
in this experiment were made at this minimum level of the
rf power and the rf power contribution to the line-width

would have been very small.

(3) The Zeeman line-width broadening due to the magnetic
field
The major contribution to the line-width of the Zeeman
frequency would be the inhomogeneity of the magnetic field
over the volume of the 300 cc bulb. The width was ~400 Hz
at the 57 Gauss of axial magnetic field, and is one of the
principal parameters to determine the degree of the pre-

‘o +
cision measurement of g1 /gJ.

(4) The NMR line~width broadening due to the inhomogeneity
of the magnetic field
The NMR line-width contributed by the magnetic field
can be roughly estimated from the Zeeman line-width to-
géther with either the value of gI+/gJ or the Zeeman
and NMR frequencies. Their relation can be shown in the

following

+
AV zeeman ~ 4 %
AVyug = . y/vﬁm = ‘”éw,,,m 7

Zeemahn
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where AxyNMR is the NMR line-width due to the magnetic
field.
4y is the Zeeman line-width due to the magnetic
Zeeman
field.
l/NMR is the NMR frequency.
A’Zeeman is the Zeeman transition frequency.

Under the weak magnetic field apprcximation and neglect-
ing the g1 term in the Hamiltonian, 4 in the above equation
comes from the fact that the alkali g factor, including
nucle ir spins, relates to the g factor of the free electron
as gy = t gJ/(ZI + 1)71 for F = I + 1/2, and I = 3/2 for Na.
The estimation of Al/NMR is 0.64 Hz, compared with ~ 250 Hz
of NMR total line~width of this experiment, which is rela-

tively small.

(5) The NMR line-width broadening due to the charge-
exchange collisions
Another important parameter of measuring gI+/gJ is the
NMR line-width. Since we are dealing with the precision
measurement of gI+/gJ, which is at least better than one
part in 108, the NMR line~width should be required to be
a narrow one. However, the width is ~250 Hz in this ex-
periment, which is mostly contributed by the charge-exchange

cellision process.
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3. Systematic Errors

Systematic errors are related to the incomplete knowledge
of certain appropriate factors during the observations, and
could mot be calculated analytically. The principal source
of systematic error in this experiment is the asymmetric line
shape due to a combination of the inhomogeneities in the rf

63

(Hl) and static (HO) fields. ‘This is the most important

+
parameter for the precision measurement of gI /gJ.
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CHAPTER VI

RESULTS, DISCUSSIONS, AND CONCLUSIONS

6.1 SUMMARY OF RESULTS

The results of our eleven final runs consisting of approx-
imately 20 g-factor ratio measurements ¢ ch are shown in Table
3. The mean standard deviation of the average g-factor ratio
of each run is also included in Table 3. The mean standard
deviation is calculated under the assumption that the errors
are random (cf., 5.2). However, the variation in the results
from run to run is larger than these errors predict. Our

final gI+/g ratio is the average value from each of the

J
eleven runs, and the assignment of the error teo the final
g=factor ratio would be the maximum spread in all the eleven
g-factor ratios. The maximum spread is taken to be the
standard deviation, and the distributionvis assumed to be the
Gaussian distribution. Thus, the final result is

[-4.01853 + 0.00015 ] x 10”4

Comparing with the g-factor ratio of the neutral Na atoms
11

~4.0184406 x 10™%, it is obvious that there is no

distinguishable difference between the gI+/gJ of the Na+

ions and gI/gJ of the Na atoms.
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TABLE 3

Summary of the results of this experiment

23

'ggé agements gI( Na+)/gJ(23Na) x 10_4 g%é? dev. x 10—4
20 -4.01860 0.00003
20 -4.01857 0.00002
20 -4.01851 0.00003
20 -4.01821 0.00003
20 -4.01847 0.00004
21 -4.01878 0.00005
21 -4.01875 0.00003
20 -4.01843 0.00003
20 -4.01853 0.00007m
42 -4.01852 0.00005:
25 -4.01841 0.00005
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6.2 SOME THEORETICAL RESULT OF SHIELDING CONSTANT
OF THE Na' IONS AND Na ATOMS
The nuclear g factor, 81 for the ground state neutral
Na atoms observed in rf spectroscopic experiments is less
than the g factor, éI’ of the bare nucleus, because of the
diamagnetic shielding effect, and that the g1 and éI are
related as
= -6) =
gy = (1 ) 8
where ¢ is the diamagnetic shielding constant for the ground
state sodium atoms,.
+ +
By the same token, for 81 of the Na ions would be

g, = (1 -6") g,

+
where 6 is the diamagnetic shielding constant for the
ground state positive Na+ ions.,
The difference of the shielding constant between the atoms

and ions can be written

6~ 6 = 9 2
%

We can rewrite the above equation as

= ~(s-o*) I
33 73 J
since _%_I /—!—21-
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This implies that the difference of shielding constants
between the atoms and ions can be deduced from the
differnece of g—~factor ratios.

It is worthwhile to tabulate all the shielding
constants of the Na and Na+ even theugh there is an
undistinguishable g~-factor ratio between atoms and
ions in this experiment. The shielding constant for the
ground state Na atoms and Na+ ions are listed in
Table 4 and Table 5 respectively. From the Table 4
and 5, one.can deduce 6~6+, and is 5.05 x 10—6 if

é and 6+ are the values taken from the report of
Malli and Fraga, 1966.52 In turn, the gI+/gJ - gI/gJ

value would be -2 x 10“9 which is very small.

6.3 DISCUSSION

The principal limitation of the precision measure-
ments were the width and the assymmetric line shape of
the NMR resonance. The assymmetric line shape was due-
to a combination of the inhomogeneities in the rf and
static fields. The degree of homogeneity of the magnetic
field in which the optical pumping cell situated could be
improved by using the smaller cell. Unfortunately the
smaller bulb we used, the smaller NMR signals we had.
The width of the NMR signal was contributed mainly from
the charge—-exchange collisions. The way to reduce the
line~width is to decrease the density of the Na atoms

and hence reducing the number of collisions. However,



TABLE 4

Shielding constant of ground state Na atoms

References Shielding constant 10-4
. 52
‘Malli and Fraga +6.2887
,Lamb35 +7.5529
Dickinson13 +6.29
51
~-Bonham and Strand +6.39087

(Hartree-Fock)

51 +7.

_Bonham and Strand
(Thomas-Fermi-Dirac)

297
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Shielding comnstant

TABLE 5

+
of ground state Na

ions

References

Shielding constnat

X

10

Malii and Fraga52

Dickinson

6.2382

6.2371
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‘the intensity of the NMR signal depends upon the polariz-
ation and number of the Na atoms. In.other words, there
is an optimum value between parameters of the NMR line-
width and the size of the NMR signal. 1In the conventional
optical pumping experiment, there would be an interference
filter to filter out the D2 line to increase the efficiency
of the pumping process. However, this is not the case for
this experiment since the sodium D lines are too close to
utilize the filter effectively. The advantage of a large
degree of polarization of the Na atoms is two-fold: -1) to
produce a strong NMR signal so one could afford to narrow
the NMR line-width by reducing the number of atoms in the
sample cell; 2) to produce a big Zeeman signal so that one
could afford.to narrow the width of the Zeeman signal-:by
decreasing the cell volume, there-by reducing the inhomo-
geneity of the magnetic field.

The other difficulty of this experiment arose from the
fact that sodium blackens glass, preventing the use of a
conventional rf light source which would supply a smaller

and quieter noise background.

6.4 CONCLUSION

Although the NMR signal of the Na' ions has been
observed, the value of gI/gJ lies within an error bar
of the gI+/gJ. The ‘undistinguishable result of g~factor

+
ratios between Na and Na afford us no information on
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the difference of the diamagnetic shielding constnats between
the atoms and ions unless the difficulties of this experiment
stated in the above section are overcome.

It was suggested that the use of a higher static magnetic
field strength should increase the precision of the measured
value of g1+/gJ by reducing the fractional line-width of the

NMR signal.7



10.

11.

12.

13.

14,

15.

16.

17.

BIBLIOGRAPH

A. Kastler, J. Phys. Radium 11, 255 (1950).

H. G. Dehmelt, Phys. Rev. 109, 381 (1958).
J. K. Mitchell, and E. N. Fortson, Phys. Rev. Lett.,
21, 1621 (1968).

J. K. Mitchell, and E. N. Fortsom, Phys. Rev. A 8,
704 (1973).

A. F. Oluwole, and E. A. Togun, J. Phys. B: Atom.
Molec. Phys. 6, L334, (1973).

H. Nienstadt, G. Schmidt, S. Ullrich, H. G. Weber,
and G. Zu Putlitz, Phys. Lett. A 41, 249 (1972).

8. J. Davis, J. J. Wright, and L. C. Balling, Phys.
Rev. A 9, 1494, (1974).

C. E. Moore, Atomic Energy Level (National Bureau of
Standards) Vol. I (1949), Vol. II (1952), and
Vol. III (1958).

J. J. Wright, Ph. D. Dissertation, University of
New Hampshire, 1969 (unpublished) P. 2.

L. C. Balling, Qgticél Pumping, Advances in Quantum
Electronics, Vol. III (Academic Press Inc.,
London, 1975) P. 2.

A. Beckmann, K. D. BBklen, and D. Elke, Z Physik 270,
173 (1974).

81

E. Hylleraas and S. Skavlem, Phys. Rev. 79, 117 (1950).

W. C. Dickinson, Phys. Rev. 80, 563 (1950).

G. Herzberg, Atomic Spectra and Atomic Structure,
(Dover Publications, New York, 1945) 2nd Edition.

R. B. Leighton, Principles of Modern Physics,
(McGraw-Hill Book Company, New York, 1959) P. 208.

R. A. Bernheim, Optical Pumping, (W. A.ABenjamin,
New York, 1965) P. 6.

L. I. Schiff, Quantum Mechanics, (McGraw-Hill Book
Company, New York, 1968) 3rd Edition P. 414,




18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28,

29.

30.

31.

32.

34.

35.

B.

Ll

H,

E.

W.

82

L. deZafra, Am. J. Phys. 28, 646 (1960).

Gallagher, Phys. Rev. 157, 68 (1967); 163, 206 (1967).

M. Jarrett, Phys. Rev. 133, A 111 (1964).

G. Dehmelt, Phys. Rev. 105, 1487 (1957).

—

E. Siegman, An Introduction to Lasers and Masers,
(McGraw-Hill Book Company, New York, 1971) P. 142.

C. Balling, Optical Pumping, Advances in Quantum
Electronics, Vol. III (Academic Press Inc., London,
1975) p. 11.

Franzen and A. G. Emslie, Phys. Rev. 108, 1453 (1957).

P. Slichter, Principles of Magnetic Resonance,
(Harper and Row, New York, 1963) P. 18.

E. Siegman, An Introduction to Lasers and Masers,
(McGraw—~Hill Book Company, New York, 1971) P. 147.

A. R. Samson and G. L. Weissler, "Absorption
Photoionization, and Scattering Cross Sections",
in Methods of Experimental Physics, ed. by
B, Bederson and W. L. Fite (Academic Press Inc.,
New York, 1968). Vol. 7A, P. 143.

Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931).

V. Buttlar, Nuclear Physics, An Introductiou,
(Academic Press Inc., New York, 1968) P. 257.

Kopfermann, Nuclear Moments, (Academic Press Inc.,
New York, 1958) P. 26.

L. Bean, Ph. D. Dissertation, University of New
Hampshire, 1975 (Unpublished) P. 11.

C. Balling, Optical Pumping, (Advances in Quantum
Electronics, Vol. III, Academic Press Inc, London,
1975) P. 13.

A. Bethe and R. W. Jackiw, Intermediate Quantum
Mechanics (W. A. Benjamin, New York 1968). 2nd
ed., P. 10.

U. Condon and G. H. Shortley, The Theory of Atomic
Spectra (University Press, Cambridge, 1953), P. 63.

E. Lamb, Phys. Rev. 60, 817 (1941).



83

36. N. F. Ramsey, Phys. Rev. 77, 567 (1950).

37. N. F. Ramsey, Phys. Rev. 78, 699 (1950).

38. N. F. Ramsey, Phys. Rev. 86, 243 (1952).

39. N. F. Ramsey, Molecular Beams (Oxford University Press,

London, 1955) P. 162.

40, L. Armstrong, Theory of the Hyperfine Structure of Free
Atoms (Wiley-Interscience, New York, 1971) P. 129,

41. L. H. Thomas, Proc. Cambridge Phil. Soc. 23, 542 (1927).
42, E. Fermi, Z. Physik 48, 73 (1928).

43, E. U. Condon and G. H. Shortley, The Theory of Atomic
Spectra (University Press, Cambridge, 1953), P. 336.

44, L., I. Schiff, Quantum Mechanics, (McGraw-Hill Book
Company, New York, 1968) 3rd Edition, P. 430,

45, R, M. Eisberg, Fundamentals of Modern Physics (John
Wiley and Sons, Inc., New York, 1961), P. 393.

46.. V. Bush, and S. H. Caldwell, Phys. Rev. 38, 1898 (1931).

47. J. D. Jackson, Classical Electrodynamics, (John Wiley
and Sons, Inc., New York, 1962) P. 1l46.

48. H. A. Bethe and R. Jackiw, Intermediate Quantum Mechanics,
(W. A. Benjamin Inc., Mass. 1968), Second Edition,
P " 56 .

49. J. C. Slater, Quantum Theory of Atomic Structure,
(McGraw~Hill Book Company, New York, 1960), Vol. II,
P. 4.

50. H. Kopfermann, Nuclear Moments (Academic Press Inc.,
New York, 1958) P. 158.

51. R. A. Bonham and T. G. Strand, J. Chem. Phys. 40,
3447 (1964).

52. G. Malli and S. Fraga, Theor. Chem. Acta 5, 275 (1966).
53. W. Happer, Rev. Mod. Phys. 44, 169 (1972).

54, GE Na-1 Light Bulb could be Purchased from V. W. R.,
Box 232 Boston, Mass. 02102.

55. S. J. Davis, Ph. D. Dissertation, University of New
Hampshire, 1973 €Unpublished) P. 42.



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

84

F. A. Jenkins, and H. E. White, Fundamentals of
Optics, (McGraw-Hill, New York, 1957) 3rd
Edition, P. 557.

M. Francon, Optical Interferometry, (Academic Press
Inc., New York and London, 1966) P. 124.

A. C. G. Mitchell and M. W. Zemansky, Resonance
Radiation and Excited Atoms, (MacMillan,
Cambridge, England, 1934) P. 21.

R. A. Bernheim, Optical Pumping: An Introduction
(W. A. Benjamin, Inc., New York, 1965) P, 22.

B. L. Bean, Ph. D, Dissertation, University of New
Hampshire, 1975 (Unpublished) P. 55.

R. J. Hanson and F. M. Pipkin, Rev. Sci. Inst. 36,
179 (1965).

L. C. Balling, Optical Pumping, Advances in Quantum
Electronics, Vol. III (Academic Press Inc.,
London, 1975) P. 154.

C. W. White, W. M. Hughes, G. S. Hayne, and
H. G. Robinson, Phys. Rev. 174, 23 (1968),

RCA Phototubes and Photocells, Technical Manual PT-60
P, 111.

Anderson Glass Company, 0ld Turnpike Road, Fitzwilliam,
New Hampshire, 03447.

Na Ampoules could be Purchased from Leico Industries
Inc., 250 W. 57th St. New York, N. Y. 10019.

Linde Specialty Gases Purchased from Welders Supply
Company, Inc., 128 Wheeler Road, Burlington,
Mass. 01803.

R. E. Honig, RCA Review, 23, 574 (1962).
P. R. Bevington, Data Reduction and Error Analysis

for the Physical Sciences, (McGraw-Hill Book
Company, New York, 1969) P. 70.

L. C. Balling, Optical Pumping, Advances in Quantum
Electronics, Vol. III (Academic Press, London,
1975) P. 59.

L. C. Balling, Optical Pumping, Advances in Quantum
Electronics, Vol. III (Academic Press Ine.,
London, 1975) P. 1l4.




85

Appendix A
Derivation of the Formula for the Calculation of

gI(ZBNa+)/gJ(23Na)

From the Breit-Rabi formula, a known gI/gJ and
hyperfine splitting of the neutral Na atoms, together
with a Zeeman and NMR frequency at a static magnetic
field along the z-axis, we could eome up with a formula
for the calculation of gI+/gJ. The derivation is the
following:

The energy levels in the ground states of Na in the
F, M representation as a function of an applied static

magnetic field are given by the Breit-Rabi formula,

AW AW
= o AW g g HME AW [T
EF,H - 2 (2T+) 0=y Ho .ZA//"L 214 X+ X p)

where sz‘biA‘(:&I*i), which is the hyperfine splitting

("?J t %-L);[I(OHO (A’i)
4w

]

silly = 4473

g1y = Mp/T

Mo is the Bohr Magneton.
U is the electronic magnetic moment.
M1 is the nuclear magnetic moment.
+ signs apply for F = I + 1/2 and I = 3/2 for Na.
If we take the largest energy separation between the

F=2,M=-1and F =2, M = ~2 Zeeman levels, and from the
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Breit-Rabi formula, the Zeeman frequency can be written

£,="%I};‘°H°+2‘%/(Jz—x+xﬂ — 1+ X)

-Rewrite the above equation, we get

—ﬂ%—"—i’:%,—%ﬁflw—xﬂ-yl—/"‘)@ (A2

-From the Equation (A.l) and (A.2), we have

?62°H°=§,—§‘—2'/(»[/"X+Xz“/ —X) . (A3)

By the use of the Equation (A.1), we also have

_ frlloy . __AWX
# JUEE

The goal is to set up an equation of —gJJ%HO/h, and

(A4)

solve for it in terms of aW/h, gI/gJ and Zeeman frequency
fl. For simplicity, let Y = —gJﬂOHO/h, and A = gI/gJ and
from (A.3) and (A.4) we could set up a quadratic equation

of —gJuOHO/h by cancelling X. The equation becomes

AY - [ W+3a) + £ FA]Y+ HF ) =0 (AS)

Solving for Y in terms of fl, AW, and A; the solution is

[ (I+3A)-+ jC,(:M) j( (138)+f (+A)]= 445, (f,+ “W} (A44)

Here we take "-" sign, since Y is positive, and A 1s negative.
The NMR frequency of the ion f2 can be expressed as
_'.
’f = - a:tzuoHo A
a 4 J (A-T)

+
where 81 is the g factor for the Na+ ions.
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.Then from equations (A.6) and (A.7) we get
+ Al ol
_gz - é;i = aAf, f[—‘m(f”"}) +F, (1+»4)]~/![7‘1‘:n‘;/_(,+34)+;I(/+A)Ji443cl(,c,+fﬂw E A8
T

There is another way to get gI+/g simply let £, = £, -AY

3 1
= fl + quOHO/h, and set up an equation of Y and solve for

J

Y in terms of AW/h, A, and f3. From equation (A.2) we get

f = (TR LX) (44)

Again use Bquation (A.4) to eliminate X of equation (A.9),

and take the square and rearrange it, we have

A AW
(Y (G- +3a) =Falhs+ )
The solution of the above equation is

v = £ (£3 + "A%\Al)
e S (4°19)

.Combining &quations (A.7) and (A.10), finally we have

4 _ L2 (A )+ £)
N A1)

‘Equations (A.8) and (A.11) are the equation which would be

used for the calculation of g1+[8g.
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Appendix B
Computer program for the Calculation of
23N

g, (*2na®) /g (*2na)

This program is designed to be used on the terminal for

calculating gI+/g . Double precision is used since we need

J
to know a small change of the g-factor ratio, about the order
of one part in 108, between sodium atoms and ions. This
program reads data either from typing or a set of data

files stored in the computer. A Zeeman frequency; (F = 2,
M= -1-F = 2, M= -2); and a NMR frequency of Na+ are taken

for the calculation of each gI+/g

3

As we have shown in Appendix A, there are two ways to
calculate gI+/gJ. Thus the average g-factor ratios and their
standard deviations, based on both calculations, would be
given explicitly.

The physical quantity of each notation used in this
program are shown as follows:

Fl is the Zeeman frequency between energy levels F = 2,

M = -1, and F = 2, M = -2 of the ground state Na atoms.
F2 is the NMR frequency of the ground state Na+ ions.

R1 and R2 stand for gI+/g based on equations (A.8) and

J
(A.1l1) in Appendix A respectively.

Y is —gJHOHO/h.

F3 = Fl1 + quOHO/h.

H is hyperfine splitting in frequency unit (Hz).

A is gI/gJ of the ground state neutral Na atoms and 1t

is a negative number.
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Notice that we designate A = 4.0184406 x 1074 as &
positive number in this program for the convenience of
éaiculations. Thus tﬁe formulaé of gI+/gJ would have to
set —A-= A in ordér to get the exact expression as these
equatibns of Appendix A. |

This program is shown as‘fpllows:
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46 120 FUHMATC('+F1,F2=")
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162w F3=r1(I)+AxY
1239 HE (1)=P2CT)%(l «PADA+AI*R (P SD=1%kH+F3)/(F3%x(H+F3))
1231 WRITE(H,3AM) RZ2CL) .

1032 302 FORMATC' ',F32.25)
1249 2 CONTINUE

15 Jopmp

10ed NS =DSORT (kD)

1279 SR =4.00 :

R . SH1P=Rr.PA

120y Spe=e. D

Lo P PETR L

allre py 3 I=1,N

f129 SHil=SR1I1+FLCI)

1132 COSRI2ESRIZHRICTII =R (1)

Jluy KR =SHP 1 +R2 (1)

Ling 3 SHRP=6R2QER2 ([ I*HP (1)

1l1ead SH11=SHLIL/ZFN

L7 SE12=SR1L/F N

11K SHY =SR2 /r N

[1o@  SRPP=SHYR /L :

12w Sl =DSAOBT (SR =-8W ] [ %SH 1) /FNS

1214 SHP=DRSOPT(SRP2 -SRI %8P ) /s )

192 VRITHCO,132) SREL,E8H),849],8K0

1937 14 FURbaT (" SaTlo ] =',F30 20, /1Y, "STH DU = , (9D, 16%
1w JUORATTIO P =LY e L, LY, ST DEY =0 0 1AY)
1254 MO TTR (N, RRAY 1D , ' '

[P0 28 FURNAT ('Y HECYVCLE' 5A4) ‘
127¢ Rea (0] 5A) Hris

P Tk CANS »EO.VES)Y 60 TO 4

1202 . ANED) '



