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Department of Physics and Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

May 1972 

ABSTRACT 

* 

The. atomic beam magnetic resonance technique has been used to 

measure the g-factor ratio of the ground state of nitrogen to the ground 

state of potassium. The result is gJ(N14
, ~s%)/gJ(K39 , 2Sy) 

= 0.999 919 6(20), where the quoted error represents the 90% confidence 

level. Combining this result with that of other researchers, we find 

~e absol1.1te gJ factor for nitrogen to be gJ(N14 , ~s%) = 2 .002134(5). 

This value is in much better agreement with the result of a recent 

calculation carried out according to the theory of Kamhe ;md Van Vleck 

than is the earlier measured value,which was obtained by electron para-

magnetic resonance. The discrepancy between experiment and theory is 

reduced from 13.5 ± 2 ppm to 4 ± 2. 5 ppm. The atomic nitrogen was 

generated in an electrodeless discharge and detected with a new mass 

spectrometer-universal detector; this latter instrument is described in 

some detail. 
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I. INTRODUCTION 

In the last few years, several calculations of atomic g.J factors 

have been made using the theory of Kambe and Van Vleck and high-accuracy 

I-lartree-Fock wave functions. 1 The theoretical g.J factors c:Ilculated for 

the 3P1 and 3P2 states of atomic oxygen~ as well as for the 2 P% state 

or fluori.nc, were found to agree with experiment to within 1 p(>nl or 

better2 ; this result fostered the hope that such accuracy could be ob-

tained for all states of first-row atoms for which Hartree- Fock wave 

functions of comparable accuracy were available. Recent theoretical 

results for nitrogen, however, did not. encourage this hope; for the 

4 S~2 , 2D5h' and 2D~2 states the discrepancies with measured gJ values 

were foundto be 13.5 ± 2 ppm, 30 ± 8.5 ppm, and 15 ± 25 ppm, respec­

tively.3 The contrast between such exact agreement in fluorine and 

oxygen and such striking discrepancies in nitrogen suggested that a 

rerneasurernent of these latter gJ values was in order. The results of 

the rerneasurernent of the gJ value of the 4 S% are reported here. 

I I . lliEORY OF TI-IE EXPERIMENT 

The ground configuration of nitrogen is ls 2 2s 2 2p 3, giving rise 

to three rnultiplets: the 4 So/z ground state, the 2D%, % states, and 

the 2P%, 1;
2 

states, which are 19,230 and 28,840 ern -l above the ground 

state, respectively. 4 The Hamiltonian describing the hyperfine struc­

ture (hfs) and Zeeman effect of the 4 S% ground state of nitrogen is 5 

• 
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, X= ahi·J + bh 3(1·:1)2 + %Cl·J) - I(I+l)J(J+l) 
""..-. 2I(ZI+lJJ(2J+l) 

+ gJ~BC:!.·!i) - gr~BC}.:':.!) (1) 

where a is the hfs magnetic-dipole interaction constant, ~ the nuclear­

quadrupole interaction constant, Ih the nuclear angular momentum, Jh the 

electronic m1gular momentum, gi = ~r/I and gJ = -wJ/J the corresponding 

g factors (where JJI and JJJ are measured in Bohr magnetons, and I = 1 

for N14), and H the magnetic field. The energy levels for any value of 

H are obtained by diagonalizing this Hamiltonian on the set of hyperfine 

states (I, J, F, Mp) associated with the electroni<,: state of interest. 

Because the dominant configuration contains no unpaired~ electrons, the 

hfs magnetic-dipole constant a is quite small. Owing to the spherical 

symmetry of the half-filled p shell (S state), the quadrupole coupling 

constant is very nearly zero in the ground state. 

The operation of an atomic beam apparatus has been adequately 

described elsewhere. 5 Here it suffices to note that the apparatus used 

in this experiment is of the "flop-in" variety; thus, in order to be 

observable, transitions must change the sign of the projection of the 

magnetic moment along the direction of the magnetic field, and also 

satisfy the usual selection rules for magnetic dipole transitions 

between Zeeman-split hyperfine levels. 

The two transitions between hyperfine levels of the ~+s% ground 

state of N14 studied in this experiment are designated a and 6; see 

Fig. 1. They connect states characterized by the low-field quantum 
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numbers (F, MF) given by 

a: (2.5, -0.5) ++ (2.5, -1.5) 

B: (1.5, +0.5) ++ (1.5, -0.5) 

LBL-737 

·In order to make a high-precision measurement of the g
3 

factor, these 

transitions were observed at magnetic fields between 3 and 4 kG; in this 

region, the dependence of the transition frequency upon the g3 values is 

large (ov/ag3 = 5xl03 MHz/unit g
3

). 

II I. APPARATUS 

The atomic beam apparatus used in this experiment has been 

described previously. 6 Only those features pertinent to this experiment 

will now be· discussed. 

Atomic nitrogen is produced in a nitrogen microwave discharge 

powered by a 2450-MHz, 100-W diathermy unit. The beam source is very 

similar to that described by Brink. 7 Approximately 3% of the gas 

effusing from the source slit is atomic nitrogen, and virtually all of 

the atomic nitrogen is in the 4 S% ground state. Searches for the 2 P 

and 2D states were unsuccessful. 

The hairpiri. which causes the transitions consists of a 50-rl 

terminated coaxial line; the entrance and the exit slits are located 

off-axis to allow the beam to pass without interference from the center 

conductor. The radiofrequency equipment which drives the hairpin is 

shown in Fig. 2. A waveguideswitch allows either of two x-band klys­

trons to be connected to the hairpin. Klystron A is tuned to the x39 

• 
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calibration resonance, which is used to measure the magnetic field at 

14 the hairpin; klystron B is tuned to the frequency of the N transition 

being studied. The output frequencies of both klystrons are locked to a 

harmonic of the reference oscillator, a Hewlett-Packard Model SlOSA 

frequency synthesizer. Klystron A is directly phase-locked by means of 

a Schomandl FDS-3 syncriminator, while klystron B is phase-locked to a 

frequency displaced by approximately 300 ~lliz. Sweeping the reference-

oscillator frequency scans the output frequency of both klystrons 

simultaneously. The two frequencies are measured with a microwave 

frequency converter and a digital frequency counter. 

A. Universal Detector 

Detection of the nitrogen beam is accomplished by means of an 

electron bombardment universal detector (Fig. 3). Since this device is 

new, it will be briefly described. 

The beam is allowed to enter the ionizerof the universal 

detector, where it is cross-bombarded with electrons. The ions created 

are then extracted from the ionization region, accelerated, and directed 

into a magnetic mass analyzer. The mass analysis is necessary because 

most of the ions created are from residual gas in the ionizer rather 

than from the tenuous beam. During data taking, the magnetic field is 

set so that only ions with masses corresponding to beam atoms are de-

tected by the electron multiplier behind the mass analyzer exit slit. 

Details of the ionizer construction are shown in Fig. 4. The 

anode is formed by winding 0.002-in diarn tungsten wire on two lightly 
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threaded alumina support rods. On one of the rods, No. 26 nichrome wire 

was wound in the threads prior to the winding of the anode so that, 1n 

the finished device, each successive tum of the tungsten would come in 

contact with each successive tum of the nichrome wire. By passing a 

current through this nichrome resistor one applies an extraction poten­

tial to the ionization region within the anode structure. The electron 

emission current creates a space-charge potential well within the <mode 

structure, preventing ions from escaping out the sides of the structure. 

The operating characteristics indicate that the trapping within the 

structure is more effective than the extraction; beyond some critical 

emission current, detection efficiency declines rather than increases. 

As can be seen in Fig. 4, the ionization region is contained in the gap 

of a magnet. It was found that stable, reproducible operation could 

only be obtained at zero magnet current, so the windings were removed to 

reduce the gas load in the ionizer. 

In order to minimize detection problems caused by interfering 

residual-gas components, the mass spectrometer was designed to maintain 

as clean a vacuum as possible. It is constructed primarily of 304 stain­

less steel; the vacuum seals are of the Varian copper gasket type, and 

the entire beam-detector vacuum system is bakable to 400°C. The ionizer 

is cooled to liquid nitrogen temperature, and provision is made for 

cryogenically pumping the ionization region with a liquid-helium cooled 

surface. The effectiveness of these measures is demonstrated by', a· 

spectnun showing a cesium beam in the presence of residual gas (Fig. 5). 

, 
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During operation, the residual gas pressure in the spectrometer is about 
-11 . . -7 

SxlO Torr, although the beam apparatus proper operates at 2xl0 Torr . 

This pr~ssure differential was made possible by replacing the last 

chamber of the beam apparatus with a fast-pumped, metal-gasketed 

stainless steel chamber, and by separating the mass spectrometer from 

tl1e beam apparatus with a highly efficient directional entrance; this 

entrance consists of a matrix of 0.040-in diam, 0.002-in wall, 0.5-in 

long stainless steel tubes motmted in the rectangular aperture connect-

ing the two machines. 

The spectrometer ion path has a 12-in radius of curvature, so 

it is capable of reasonably good resolution; since the entrance and exit 

slit widths are externally controllable, the resolution may be varied 

from about 1/20 to 1/200. 

B. Data Collection System 

Data are taken automatically by a system built around a PDP-11 

computer (Fig. 6). When the experiment is in progress, the computer 

digitally sets the output frequency of the reference oscillator; the 

counter, which records the arrival of N14 ions at the mass spectrometer 

detector, is gated on for a preset period (usually 2 to 3 sec). At the 

end of this period, the counter is read by the computer and the informa-

tion stored; the reference oscillator is then stepped to the next 

progranuned frequency, the counter reset, and counting at the new fre-

quency connnenced. Thus, the computer steps the frequency of klystron B 

back and forth across the nitrogen resonance. Iri the present experi-



-8- LBL-737 

ment, 20 equally spaced frequencies are used and the counts stored in 

20 separate channels; the total number of counts in each channel vs 

frequency is continuously displayed on an oscilloscope •. When a suffi-

cient number of counts in each channel have .been accumulated to give the 

desired signal-to-noise ratio, data-taking is tenninated and the nlUTiber 

of counts in each channel is printed. A signal-to-noise ratio of 

between five and ten to one is obtained.after 30 min of data-taking-

90 sec per frequency point, distributed over 30 scans. A long integra-

tion time is necessary owing to the inefficiency of the atomic nitrogen 

source and to the high residual-gas background count at mass 14. 

IV. EXPERI.l\1ENTAL PROCEDURE 

Each resonance observation consists of a measurement of the 

magnetic field, 30 min of data-taking on the nitrogen resonance followed 

by a final field reasurement. The magnetic field is measured by observ­

ing the K39 calibration resonance on a hot-wire detector. Each field 

measurement involves recording six frequencies: the first and last 

locate the peak of the K39 resonance ; the other four frequencies give 

two pairs of points synnnetrically located on the shoulders of the res-

onance, the first pair 10% below the maximum hot-wire current, the 

second about 20% below the peak current. The calibration transition 

frequency is taken to be the average of these six frequencies. To 

account for magnetic field drift during the 30-min integration time, the 

magnetic field for a given N14 resonance 1s assumed to be the average of 

the field measured just before and just after the nitrogen resonance was 

,. 

.. • 
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observed. The error assigned to the magnetic field measurement is one-

half the total field drift during the integration period, or three parts 

in 107, whichever is greater; experience with the field indicated that 

random fluctuations are of this order. For more than two-thirds of the 

resonances observed, the assigned error in the magnetic field measure-
• . . 7 rnent 1s ±3 parts 1n 10 • 

The data analysis for both the nitrogen and the calibration 

resonances is carried out by computer. The nitrogen resonances are 

least-squares fitted to a Lorentzian line shape superimposed upon a 

nonzero baseline; the computer program varies the center frequency, 

width, and amplitude of the Lorentzian curve, as well as the amplitude 

and slope of the baseline. An example of a fitted nitrogen resonance 

is given in Fig. 7. 

V. RESULTS 

A total of 93 resonances observed at 3.0, 3.5, and 4.0 kG were 

used in the final calculation of g3 . The g
3 

value was obtained from the 

observed nitrogen and potassium transition frequencies with the aid of 

a computer program known as Hyperfine IV. This program, developed over 

a period of years by the Berkeley Atomic Beams Group, diagonalizes the 

Zeernan-hyperfine Hamiltonian; by an iterative process it finds the 

values of the various parameters in the Hamiltonian which yield the best 

least-squares fit to the experimental data. Here, only g.J was allowed 

to vary; the values of the fundamental constants assumed in the program, 
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11 I t d f K39 d N14 'I'able ·r·. as we as t 1e parame ers assume or an , are g1 ven 1n 

At each of the three values of the mag11etic field, the a and B 

transitions were observed with both orientations of the magnetic field. 

The gJ values obtained for each set of experimental conditions are given 

in Table II, and the distribution of all 9 3 measurements is shown in 

Fig. 8. TI1e high i values arise from the presence of a systematic 

error of about t2 ppm. We believe that the source of this systematic 

error is magnetic field inhomogeneity in the hairpin combined with the 

. 39 14 method of measur1ng the K transition frequency and the method of N 

resonance curve-fitting employed. The inhomogeneity is known to cause 

the observed resonances to be asymmetric. The asymmetry affects mainly 

the wings of the resonance. In the curve-fitting routine for the N14 

resonance, the wings are given the same weight as the peak, whereas in 

the method used for finding the K39 transition frequency, the wings are 

given zero weight. Systematic error in earlier experiments using the 

same apparatus for precision measurements of the alkali gJ values was 

at least a factor of 10 smaller; in those experiments, however, both 

d 
. E 

resonances were observe using the technique used here for the K 

calibration resonance. 8 

Taking this systematic error into account,.we have measured the 

14 39 
ratio gJ(N , 4 Sy)/gJ(K , 2 SV) to be 0 .9999196(20). Thus, using 

gJ(K39
, 2 S%) = 2.002295, we find gJ(N14

, 4 S%) = 2.002134(4). 8 Alter­

natively, we place gJ(N14
) on an absolute basis by using the ratios 

87 39 87 9 gJ(Rb )/gJ(K ), gJ(Rb )/g(e), and the latest value of g(e). One 

then finds gJ(N14
, 4 Sy) = 2.002134(5); the additional uncertainty 

arises mainly from the error in the ratio gJ(Rb87)/g(e). 

.. 
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VI. DISCUSSION 

The original measurement of gJ(N14 , 4 Sy) was made by Heald and 

Beringer by an electron paramagnetic resonance technique in 1954. 10 Our 

result differs from theirs by 10 ± 4. 5 ppm; in considering this diffe,r­

ence it should be pointed out that their result was based upon only two 

observations, and that no study of systematic effects was made. TI1eir 

main interest was the hyperfine structure, rather than the g.J value of 

nitrogen. fn their similar work on the g.J valu~ of hydrogen, they did 

observe systematic effects of the same order as the discrepancy between 

our nitrogen result and theirs. 1 1 

The value of gJ(N14 , 4 S%) reported here is nearly in agreement 

with the most recent calculated value, the discrepancy being 

4.0 ± 2.5 ppm, where the error quoted is entirely experimental. 

Harvey has measured the value of gJ(F, 2PIJ), and has found a 

discrepancy with the value calculated by Beltran-Lopez and Gonzalez of 

25 ± 3 ppm. 12 It is interesting to note that this discrepancy as well 

as the 4-ppm discrepancy in the value for nitrogen are both about 5% of 

the respective relativistic-diamagnetic corrections; in one case, 

however, the correction is overestimated, whereas in the other it is 

underestimated. So, in spite of the improved agreement between experi-

14 4 ment and theory for gJ(N , Sy), it does not seem likely that part-

per-million accuracy can be expected when uncorrelated Hartree-Fock 

wave functions are used in the Kambe and Van Vleck theory calculations. 

In fact, now it is questioned whether a theory which neglects effects of 

higher order than a2 can be expected to give results of this accuracy 
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even with exact wavefunctions. Leduc, Laloe, and Brossel have just com­

pleted a very careful measurement of the ratio giHe4, Z3St)/gJ(H, 12 SyJ-13 

They have found a discrepancy of two parts per million with the value of 

this ratio calculated by Perl and Hughes. 14 They tentatively ascribe 

this discrepancy to the neglected higher-order tenns (for example, to 

non-additivity of the anomalous moments of the two electrons), rather 

than to the use of inaccurate wave functions. 
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Table I. Values of physical constants used 

a 
~B/h = 1.399 610 8(5) MHz/gauss 

LBL-737 

·M /m = 1836.10(4) b 
p e 

c . gJ = 2.002 295 (2) 

gl = 1.419 24 (8) X 10- 4 c~I expressed in Bohr magnetons)d 

l:!.'J = 461.719 723 (30) e 

gl = 0.4035(1) (~I expressed in nuclear magnetons)f 

a = 10.450 929 (2) MHz g 

b = 0.000 00132(50) MHz g 

For footnotes a-g, see following page . 
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Table II. g3 values obtained for different experimental conditions. 

4 kG: 

The first five digits are 2.0021 in all cases; the residual digits 

are given below. The statistical error given in parentheses for 
each number is one standard deviation. These values assume that 

g3 (K
39 , 2 Sy

2
) = 2.002 295. 

Transition 

a 

Field Normal 

3 005(47) 

2 904(33) 

Field Reversed 

3 546(33) 

3 502(44) 

Average 

3 276(40) 

3 203(39) 

All 4-kG data (34 observations): g3 = 2.002132 40(19) 

x2 = 309 

3.5 kG: a 3 547(60) 

3 326(73) 

3 490 (62) 

3 586 (56) 

3 519 (61) 

3 456 (65) 

3 kG: 

All 3. 5-kG data (20 observations): g3 = 2.002135 OS (31) 

x2 = 44.9 

a 3 411(58) 

3 620(52) 

All 3-kG data (39 observations): 

All data (93 observations): 

3 761(49) 

3 616(41) 

3 586(54) 

3 618(47) 

gJ = 2.002136 17(24) 

x2 = 89.7 

gJ = 2.002134 06(14) 

x2 = 604 
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Figure Captions 

Fig. 1. Energy vs magnetic field for the hyperfine level of 

the 4 S% grmmd state of N14 . 

Fig. 2. x-band microwave generation and frequency control 

equipment. 

Fig. 3. Mass spectrometer universal detector. 

Fig. 4. Two views of the electron bombardment ion i zcr. 

J:jg. !). l{csidual-gas spectrum plus a full be;un or U.~SilUll. The 

cesium beam source is 3 meters distant from the ionizer of the universal 

detector. 

Fig. 6. Data collection system. 

Fig. 7. Fitted N14 resonance. 

Fig. 8. Histogram of results. 

. . 
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States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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