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The ratio of the free-precession frequencies of helions (He3 nuclei) and protons was determined for a 
gaseous mixture of He3 and hydrogen: fHe3/fH2 = 0.761 786 635(4). The screening constant of the helion 
was calculated allowing for the motion of the nucleus relative to the center of mass of the He3 atom: 
t 7 f i e 3  = 59.924(2)X The difference u,, - U H ~ O  = 0.59q13)X at 21'C was determined 
experimentally and used to find the screening of the nuclei in hydrogen. The published data on the 
screening of protons in water gave uH2 = 26.535(19)X These screening constants made it possible to 
determine the magnetic moment of the helion in units of the magnetic moment of the proton: pH,3/pp 
= - 0.761 812 070(16). Next, a comparison of the magnetic moments of the lightest nuclei and hypertine 

splitting of the relevant atoms was used to find the constants of the hypertine-structure anomalies 
characterizing the motion of an electron inside a nucleus. 

PACS numbers: 21.10.Ky, 27.10. + h 

The magnetic moments of the two lightest nuclei, 
deuteron and triton, were determined by us  earlier in 
units of the magnetic moment of the protonlV2 with an 
e r ro r  of In recent work on the magnetic mo- 
ment of the proton3 the e r r o r  was reduced to the eighth 
decimal place (lo-%) and the e r r o r  in the magnetic 
moment of the neutron4 was reduced by two orders of 
magnitude. This should make it possible to identify 
with a high precision the part  of the magnetic moments 
of the lightest nuclei which is due to the nucleon-nuc - 
leon interaction. The present paper reports a deter- 

one of the principal quantities used in verifying the val- 
idity of quantum  electrodynamic^.^ Moreover, the 
precision achieved in the determination of Av for light 
atoms and the corresponding nuclear .magnetic mo- 
ments makes it possible to consider the motion of an 
atomic electron inside a nucleus. A comparison of Av 
with the magnetic moments determined by u s  provides 
a good basis for checking the models of the interaction 
of nucleons in the light nuclei. These constants will be 
compared after presenting the main results of our in- 
vestigation. 

mination of the magnetic moment of the He3 nucleus 
The magnetic moment of the helion can be deter- 

(helion), which is a mirror-symmetric analog of the 
mined using the following expression: 

triton. 

The theory of systems with small numbers of nucleons  fa^ 
p a ~ c p ~  -[iSoae-oak 

cannot explain their magnetic moments with the same f t ~  

precision as they can be determined experimentally. 
Nevertheless, in view of the importance of the few- 
nucleon problem a s  a whole both in nuclear physics and 
in physics of elementary particles, the use of high-pre- 
cision magnetic moments of the lightest nuclei has be- 
come necessary a s  a consequence *of the theoretical 
work of Coester et u Z . , ~  ~ o k r o v s k i i , ~  and S p r ~ n g . ~  The 
magnetic moments have been found to be very sensitive 
to fine features of the nucleon-nucleon potential a t  
short distances where the scattering data a re  highly 
ambiguous. Therefore, it has been suggested6 that the 
magnetic moments of the deuteron, triton, and helion 
be used a s  the experimental parameters for the refine- 
ment of the nucleon-nucleon potentials at short inter- 
nucleon distances. The refinement of the nucleon-nuc- 
leon interaction is a pressing problem in connection 
with the need to check the capabilities of the potential 
approach in nuclear physics. 

On the other hand, determination of the magnetic 
moments of the light nuclei with an e r r o r  of -lo''% is 
essential in an analysis of the hyperfine splitting Av of 
the low-lying S states of the corresponding atoms. The 
splitting Av is one of the most accurately known physi- 
cal quantities and, therefore, i t  is used in investiga- 
tions of sufficiently fine effects. In particular, the 
splitting Av of the ground state of the hydrogen atom is 

where p, is the magnetic moment of the proton, fH,/ ' 

f,, is the ratio of the free-precession frequencies of the 
helion and proton in a gaseous mixture of hydrogen and 
He,3 and aH, -aH, is the difference between the electron 
screening of the'nuclei in the He3 atom and in the hydro- 
gen molecule. It should be noted that the magnetic mo- 
ments of the deuteron and triton can be determined by 
investigating the isotopic analogs of the hydrogen HD 
and HT (Refs. 1 and 2), whereas in the present case 
two experiments have to be carried out. The ratio of 
the free-precession frequencies of the spins of the hel- 
ion and nuclei in the hydrogen molecule a re  determined 
in the first experiment. In the second, the electron 
screening of the nuclei in the hydrogen molecule is 
found and this quantity is of intrinsic interest because 
there have been many attempts to determine it experi- 
mentally and the~re t i ca l ly .~  In the experimental deter- 
mination of the screening of the hydrogen nuclei it is 
sufficient to determine the difference between the pre- 
cession frequencies of the protons in hydrogen and in 
water, because the absolute screening of protons in 
water was recently determined by Phillips et a1.l0 with 
an e r r o r  of 1.4 x lo"% (this e r r o r  determines largely 
the current precision with which the magnetic moment 
of the helion is known). Moreover, to find the magnetic 
moment of the helion with an e r ro r  of we have to 
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calculate the screening of the He3 nucleus with the same 
o r  smaller error .  

EXPERIMENTAL INVESTIGATION 

The free-precession frequencies of nuclear spins 
were excited and recorded in a magnetic field of -15 
kG. A pulse spectrometer synthesizer produced a ref- 
erence network of quartz-oscillator frequencies for 
three channels (Fig. 1) in accordance with the relation- 
ships: 

where the integers in the parentheses a r e  the coeffi- 
cients of the multipliers and dividers of the quartz - 
oscillator frequency fa= 2 924 375 Hz. The three fre- 
quencies in Eq. (2) differ from the free-precession 
frequencies of the hydrogen, helium, and deuterium 
nuclei by amounts of the order of a few hundreds hertz. 
The quartz-oscillator frequency was selected s o  that 
the pass band of the three amplifying channels A n  = 2 
kHz wide did not coincide with any harmonics of the 
nearby electronic devices. 

The spin-precession frequencies of He3 and hydrogen 
differed by 24%, which was sufficient to match one 
resonance inductor to two channels by a pulse-con- 
trolled variable capacitor, a s  was done by us  earlier." 
On the other hand, this difference was sufficiently 
small to use a double parallel system of inductors.12 
An orthogonal inductor system could, generally speak- 
ing, give rise to  a systematic e r ro r  in the determina- 
tion of the ratios of the precession frequencies (for ex- 
ample, the ratio of the resonance frequencies of H,-D, 
obtained by smaller13 was underestimated by an amount 

FIG. 1. Block diagram of the apparatus used to determine the 
magnetic moment of the helion: 4 is a resonance inductor 
with an ampoule filled with hydrogen and ~ e ~ ;  MU is  a match- 
ing unit; AC is an amplifier and converter of free spin pre- 
cession signals; HFS is a high-frequency pulse shaper; FS is 
a frequency synthesizer; QO is  a quartz oscillator; N is a mul- 
tistage frequency divider; IU is  an interface unit between com- 
puters. 

equal to three errors).' 

Therefore, we used a single resonance inductor L, 
(Fig. 2) and matched it to  the proton and helium chan- 
nels by an antiresonance circuit L,C, tuned to the pro- 
ton resonance. The input 1 and output 1 were used to 
apply an excitation pulse and to obtain the proton free- 
precession signal (Fig. 2), whereas the input 2 and out- 
put 2 were employed to excite and extract the He3 sig- 
nal. The resonance inductor was tuned to resonance 
with the proton spin precession by a capacitor C, and 
to resonance with the ~e~ spin precession by C,. 

Our sample was a gas-filled glass capillary whose 
outer diameter was 6 mm and whose wall thickness was 
1.5 mm. The upper end of the capillary had a thicker 
part  which was screwed into a brass  faucet by a union 
nut and a Teflon seal. The lower sealed end of the 
capillary was inserted freely into the resonance induc - 
tor L, of the signal pickup. Facility for rapid inter - 
change of samples made i t  possible to ensure carefully 
the homogeneity of the magnetic field before record- 
ing of the spectra; this was done using a strong signal 
from a standard sample. It should be pointed out that 
in the earlier investigation of the magnetic moment of 
He3 by Williams and Hughesx4 the samples could not be 
interchanged readily. 

The automatic tuning of the frequency f, and of the 
magnetic field resonance was ensured by the deuteron 
resonance signal (Fig. I )  generated in an ampoule with 
D,O which contained a mixture of the salt  Gd(N03), t o  
reduce the deuteron relaxation time. The proton and 
helium spectra were acquired simultaneously by means 
of an klektronika-100 computer (E-100 in Fig. 1) which 
triggered excitation pulses in the two spin systems in 
turn a t  intervals of 0.12 sec,  and recorded during this 
interval a total of 528 signal amplitudes. This gave 
two sets  of data on the positions of the proton h2 and 
helion i&, signals relative to the reference frequencies 
given by Eq. (2). The stored data were transferred to a 
Minsk-32 computer (M-32 in Fig. I ) ,  which printed the 
spectra for  examination, and then-as in the earlier in- 
vestigation~'*~-to a BESM-6 computer, where the re- 
sults were analyzed by the conventional least-squares 

FIG. 2. ~atching of a resonance inductor L to the circuits 
for excitation and recording of free-precession signals of 
helions and protons; Ti and TI are KP303 vacuum tubes; T2 
and T3 are KP307 vacuum tubes; T5 and T6 are KT315 vacuum 
tubes; Di and D2 are D311 diodes; CH are chokes. 
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TABLE I. Experimental data for determina- 
tion of ratio of precession frequencies of hel- 
ions and protons in hydrogen. 

~ H ~ , H z  I ~ H . * z  I a*, Hz h i e d ! ~ ,  

Note. ( fb / fH2)== 0.761786 637(13). 

method. 

The ratio of the spin-precession frequencies of He3 
and protons in hydrogen were determined for a sample 
which was a mixture of gases: 7 atm He3, 52 atm H, 
and 1 atm 0,. The addition of one atmosphere of oxygen 
resulted in a slight additional broadening of the hydro- 
gen signal but this oxygen was sufficient to ensure that 
the spin relaxation time of He3 was -1 sec. When the 
acquisition time was -1 min, the signal from He3 had 
the signalhoise ratio of -10 and the signal from H, had 
the ratio of -300. The width of the He3 signal was -20 
Hz and that of the H, signal was -90 Hz. Although the 
hydrogen signal was wider, i ts  greater amplitude en- 
sured that the e r ro r  in the determination of i t s  f re-  
quency was approximately the same a s  the e r r o r  in the 
determination of the frequency of the Hehignal .  

Eleven pairs of spectra were recorded and analyzed 
for a sample with H, and He3. The results a r e  pres-  

, ented in Table I, where the last column gives the ratio 
of the signal frequencies calculated from 

The values off,,,&, obtained in our study and in earl-  
ier  investigations a r e  compared in Fig. 3. It follows 
from this comparison that either our value o r  that of 
Williams and Hughes14 suffers from a systematic error .  
In view of this, we shall describe how our e r r o r  was 
calculated. An analysis of the i-th set  of data by the 

W. L. Williams and V. W. Hughes. 1969 

2. - 
1) H. L. Anderson, 1949 --- --- - 

FIG. 3 .  Comparison of the ratios of the resonance frequencies 
of the ~ e '  nuclei and protons in hydrogen: 1) f  b d f  n2 
~ 0 . 7 6 1 7 8 6  6(12) h 1 . 6 .  10- 6, 2 ) f  & t / f  ~ ~ = 0 . 7 6 1 7 8 6 8 5 ( 7 . 6 )  
* 0 . 1 . 1 ~ ~ ,  3 )  f b d f  4 ) f  ~ . d f  ~ ~ = v & s / f  H*D] [ 1 ' " ~ * ~ - ~ 2 ] *  
5 ,  f ~ .df  HzP V m d f  HD *I V H D * , ~  1.151 - u H * ~  H 2  I ,  6 )  average 

f  b3/f 0.761 786635(4) * 0 . 0 0 5 Z 0 1 r  . 

least-squares method gave the average value of the 
square of the amplitude of random noise: 

where y ,  is the average level of the signal found by the 
least-squares method; N,=468 and N,= 528, i.e., the 
values of y, lie in the range of data corresponding to 
complete disappearance of the free-precession signal. 
Next, we determined the reduced value of x 2  from 

where f(t) is a function approximating the free-preces- 
sion signal of the type given by Eq. (2) and taken from 
Ref. 1; M is the number of the variable parameters; 
N4 -N3 is the number of points in the set  of data ana- 
lyzed by the least-squares method. 

The e r r o r  of the difference 

was deduced from the relationship 

where 6, is one standard deviation of the variable para- 
meter S l i , ,  deduced by the least-squares procedure. 
In this way we found the e r r o r s  o, given in parentheses 
in the third column of Table I. The agreement between 
the internal and external e r r o r  for a ser ies  of n pairs 
of spectra was estimated from the inequality ' $, (~i-Q.1)' < 1 + ( 2 )"' , 

n-l 
1-1 

asa n-l 

where 51, is the weighted average for n =  11 values of 
51,. The average value of the reduced x Z  was 1.1 for the 
set  of data on H, and 1.19 for He3. The ratio of the r m s  
scatter of the eleven values of 52, to the r m s  e r ro r  of . 
the individual pairs was 1.03, i.e., the inequality (7) 
was satisfied. Therefore, the final result was deduced 
from 

The stability of the results (Table I) was tested by 
dropping the first  points of the set. The final results 
a r e  given for N, -N3 = 300 and N, = 38. 

This method of analysis of the experimental data 
could underestimate the e r r o r  in the case of correla- 
tion between the random noise amplitudes. The ab- 
sence of this correlation was checked by means of the 
inequality : 

Unfortunately, Williams and Hughes14 did not describe 
the method of analysis of their spectra, although they 
did indicate a number of precautionary measures taken 
to eliminate the systematic errors .  The reason for the 
discrepancy of the results could be due to the consid- 
erable width of the hydrogen signal (Fig. 4). This sig- 
nal probably overlapped the signal due to an epoxy 
resin used by Williams and Hughes14 to locate the in- 
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TABLE 11. Experimental data for determina- 

FIG. 4. Fourier transforms of the free-precession signals of: 
a) hydrogen; b) ~e~ nuclei; c) protons of deuterohydro- 
gen H*D. The last two spectra were recorded simultaneously 
and the ratio of the frequencies for this pair of spectra 
is given in the first row of Table II. 

ductors. 

We checked our results for a systematic e r r o r  by 
preparing a second sample which was a mixture con- 
sisting of 83 atm HD, 6 atrn He3, and 1 atrn 0,. The 
proton signal from deuterohydrogen had a triplet struc - 
ture with components separated by J =  43.115 * 0.012 Hz 
(Ref. 1). For our gas mixture the triplet components 
were -26 Hz wide and the signal/noise amplitude ratio 
was -40. The method described above was applied to 
28 pairs of data. Fourier transformation of one pair of 
data gave the spectrum shown in Fig. 4. The main re -  
sult was obtained by analyzing 400 numbers from each 
set,  beginning from the 40-th and ending with the 
440-th (Table II). The difference between the isotopic 
screening of protons 

was determined by us earlier in Ref. 1. Application of 
the correction (10) to the data of Table II made i t  possi- 
ble to find the ratio of the free-precession frequencies 
for the He3 nuclei and protons in H, (Fig. 3). 

We carried out an additional experiment a s  a further 
verification of our data. We determined the ratio of the 
free-precession frequencies of the He3 nuclei and deu- 
terons in HD. In this case the resonance conditions 
were stabilized by reference to the proton signal, which 
was produced by a control sample with H,O and CuSO,. 
The investigated sample was a mixture of gases with 
71 atrn HD, 6 atm He3, and 1 atm 0,. The deuteron 

tion of ratio of precession frequencies of hel- 
ions and protons in deuterohydrogen. 

o n e s ,  Hz ( ~ E * D ,  HZ (  HE I frraJIa*o 

I I I 

. . 

N o t e .  (fH,ts/fH*D)a,= 0.761 786 661 2(45). 

and helion channels were matched using the same basic 
circuit f Fig. 2). The deuteron signal of HD had a doub- 
let structure with components -7 Hz wide and the sig- 
nal/noise amplitude ratio was -6. The results of an 
analysis of 20 pairs of spectra a r e  given in Table III. 

The ratio f,,/f,,* could be used to find the ratio of 
the precession frequencies of the He3 nuclei and of the 
protons in H,: 

fae/fa.=(fiiJfm.) [ I-o(H'D) +o(H2) I : (/a.o/fan.). (11) 

The ratio of the proton and deuteron resonance fre- 
quencies of HD was taken from our earlier paper1: 

Figure 3 shows the results of calculations based on 
Eq. (11) in which Eqs. (10) and (12) a r e  used. We can 
see that the results of the three methods for the deter- 
mination of the ratio of the precession frequencies of 
helions and protons in hydrogen a r e  in good mutual 

N o t e .  (fh3 /fHD*)ar=4.962 582 498(63). 

TABLE 111. Experimental data for determina- 
tion of ratio of precession frequencies of hel- 
ions and deuterons in deuterohydrogen. 
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agreement. Averaging of these three values gives 

The e r ro r  in the determination of this ratio is 5.2 x loa, 
which is 53 times less  than the difference still remain- 
ing between the value reported by Williams and Hughes'' 
and the new ratio given by Eq. (13). 

The second part of our experimental investigation 
consisted of a determination of the absolute screening 
factor of protons in hydrogen. We used the proton 
screening factor in water obtained a t  34.7"C by Phillips 
et al.lO: 

The factor o(H2) was found by determining the differ- 
ence between the screening constants of water and hy- 
drogen a t  some specific temperature and then making 
a correction for the temperature dependence of the 
screening constants. 

The difference between the screening constants of 
water and hydrogen can be found from the difference 
between the free-precession frequencies of protons in 
water and hydrogen determined in the same magnetic 
field, making correction for the difference between the 
bulk diamagnetic susceptibilities. This frequency dif- 
ference can be determined either by periodic recording 
of signals interchanging samples with Hz and H20 or  by 
recording signals produced by a rotating coaxial amp- 
oule in which the central capillary is occupied by the 
Hz gas and HzO fills the outer annular gap of the amp- 
oule. Both these methods suffer from shortcomings: 
in the former case, there may be accidental changes in 
the magnetic field when the samples a r e  interchanged, 
whereas in the latter case the field in the central cap- 
illary may differ from the average field in the annular 
gap. Moreover, i t  is difficult to make a coaxial amp- 
oule with precise dimensions such that the two signals 
a r e  of comparable amplitude. We used a method which 
combined the advantages of both these techniques. 
This was possible because of the two-channel record- 
ing of signals of our spectrometer. 

Two identical coaxial ampoules were prepared. The 
outer annular gap in both ampoules was filled with the 
same standard substance, which was D20. The central 
capillary in one ampoule was filled with twice distilled 
H20 and in the other it was filled with gaseous HD un- 
der a pressure of 90 atm. The high pressure of HD in 
the capillary was generated by a chemical reaction us- 
ing a method described in our earlier paper.' Air was 
evacuated from both central capilliaries s o  a s  to r e -  
move oxygen, whose presence would have affected the 
bulk diamagnetic susceptibility. 

In this way we determined the difference between the 
free-precession frequencies of HD and H,O by periodic 
recording of the signals when the coaxial ampoules 
were interchanged. These ampoules were rotated and 
the simultaneous recording, in the deuteron channel, 
of the standard signal from DzO provided the necessary 
monitoring of changes in the magnetic field. 

Table IV gives the results of an analysis of six deu- 

TABLE IV. Frequencies of spin precession of protons in deu- 
terohydrogen and deuterons in heavy water. 

Note. akD(2l "C),=97643(78) Hz. 

teron-proton spectra. The third column of Table IV 
lists the frequencies 

corresponding to the proton precession frequencies 
when the frequency of the standard signal of D,O coin- 
cides withfdO. The values of %, depend on the temp- 
erature of the sample because the screening constant 
of water changes considerably with temperature.15 
Therefore, corrections a r e  needed to allow for the 
thermal drift. 

We calculated these corrections using the method of 
Hindman,'' who determined the change in the screening 
constant of water a t  temperatures from -15 to 300°C. 
Phillips et al.1° give the results of approximation of the 
Hindman data by a quadratic polynomial. However, 
Phillips et al. included the experimental points obtained 
by Hindman for supercooled water (from -15°C to 0°C) 
and for water a t  a temperature above 70°C. These 
points were less reliable than the data of Hindman ob- 
tained in the temperature range 0-70°C (Ref. 15). 
Phillips et al.1° derived the approximation polynomial 
with zero a t  0°C although it  would be more reasonable 
to have zero near room temperature: this would mini- 
mize the large e r r o r s  in the determination of the co- 
efficients of the quadratic and cubic terms. 

We applied the least-squares method in deriving an , 

approximation polynomial for the screening constant 
of water1' in the temperature range 0-70°C. Zero of 
the polynomial coincided with 21°C. The degree of the 
polynomial N was selected so that the reduced x2 had 
i ts  minimum for this value of N. The results of our 
calculations for N = 4 were a s  follows 

Substituting the value of oH2,(34.7"C) from Eq. (14) in- 
to Eq. (16), we found that 

~ ~ , 0 ( 2 1 1 ~  C) =25.939(14). . (I7) 

The temperature dependence of the screening constant 
of gaseous hydrogen was due to a redistribution of the 
populations of the various rotational-vibrational levels. 
However, in the temperature range under consideration 
(20-40°C) i t  was s o  slight (Ao,,< lo'), that i t  could be 
ignored (compare with theoretical estimatesQ-16). 
Therefore, in averaging the data in Table IV i t  was 
sufficient to allow for the temperature correction given 
by Eq. (16). 

An analysis of the deuteron-proton spectra obtained 
using the second coaxial ampoule ( ~ ~ 0 - D , O )  estab- 
lished that the ratio of the free-precession frequencies 
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was independent of temperature, which was evidence 
of the agreement (within the limits of the experimental 
error)  of the coefficients of the temperature dependence 
of the screening constant deduced from Eq. (16) for 
H20 and D20. The average value of the ratio in Eq. 
(18) was 6.514 399 581(29). This value was in good 
agreement with the ratio obtained earlier for the H,O- 
D20 isotopic mixture." The value of Qi2, corres-  
ponding to the precession frequency of protons in water 
in the case of coincidence of the D20 signal with the 
frequency f,0 was 

This value and the corresponding value for deutero- 
hydrogen (Table N) were obtained in the same mag- 
netic field. Consequently, the difference between the 
screening constants of protons in deuterohydrogen and 
in water is 

Handbooks give two values for the bulk diamagnetic 
susceptibility of water x(H,O, 20°C)= -0.7205. and 
x(H,O, 20°C) = -0.719 -10% (Ref. 17). We shall use 
the average of these two values x(&0,20°C) 
= -0.720(2) 10". In the case of hydrogen the bulk di- 
amagnetic susceptibility is x(H2, 10°C, 1 atm)= -1.78 
x lo6 (Ref. 18). In our case the HD gas pressure 
was -90 atm and, consequently, x(HD)= -0.016. lom6. 
Substituting these values into Eq. (19), we found that 
at 21°C: 

Using the difference between the screening constants 
of protons in hydrogen and deuterohydrogen, given by 
Eq. (lo),  we obtained the corresponding difference for 
the screening of protons in H, and H,O: 

Table V compares the difference between the screen- 
ing constants given by Eq. (21) with the results of earl-  
ier  investigations. Reids and Raynes et al.16 found this 
quantity not by direct measurement but by combination 
of the chemical shifts known for a number of substan- 
ces. The new value (21) is in good agreement with the 
results of earlier investigations and is an order of 
magnitude more accurate. F'urther improvement in the 
precision of u(H,) - u(H,O) is at  present pointless since 
the e r ro r  of the final result-the absolute screening 
constant of protons in hydrogenu(~,)-is still governed 
by the e r ro r  in the determination of the absolute 
screening constant of water u(H,O) given by Eq. (14). 

TABLE V.  Differences between screening constants of pro- 
tons in hydrogen and water. 

DISCUSSION OF POSSIBLE SYSTEMATIC ERRORS 

One source of systematic e r r o r  could be inconstancy 
of the time interval between the pulses exciting the 
free precession signal. Thisl time interval was set by 
a program controlled by the Elektronika-100 computer 
and monitored with a ChZ -35A frequency meter. The 
inconstancy did not exceed 1 psec,  which could give 
r ise  to a relative e r r o r  of the order of 1 x on the 
frequency scale when the time interval was 0.12 sec. 
It is clear from the tables that the relative random 
er ro r  of the measured frequency was always greater 
than 3 x lo4. Consequently, inconstancy of the time 
interval could not have a significant influence on the 
results obtained. 

A strict  equality of the intervals between the succes- 
sive activations (:witching on) of an amplitude-digital 
converter of the Elektronika-100 computer was ensured 
by a special program and checked by control tests. One 
should bear in mind that the interval between a trigger- 
ing pulse and the first  activation of the converter and 
the interval from the last activation of the converter to 
the next triggering pulse were not equal to the inter- 
vals between the successive activations of the conver- 
ter.  The positions of the relevant points on the time 
scale could be found correctly by adjusting the interval 
between the triggering pulses (measured with a fre- 
quency meter) to allolw for this inequality. This was 
done by means of an Elektronika-100 program on the 
basis of 6 psec per machine cycle. The correctness 
of this procedure was checked by control tests. They 
showed that the e r r o r  in these calculations did not ex- 
ceed 2 psec and, therefore, also did not affect the r e -  
sults. 

A systematic e r r o r  could also ar ise  because of the 
distortion of the line profile. The x 2  test  was applied 
to check that the profile was Lorentzian. Moreover, an 
examination of the stability of the results was made 
when the position of the initial point (i.e., the first  of 
the experimental points used in the least-squares cal- 
culations) was varied. The spectra exhibiting consid- 
erable divergences of the results were rejected. The 
absence of a systematic e r ro r  in any one group of 
spectra was checked by the correspondence criterion of 
the internal and external errors .  In all  the experiments 
the discrepancy between the internal and external e r -  
ro r s  was slight. 

The coefficient 2n/3 in Eq. (19) corresponds, a s  is 
known, to the case of ideal infinite coaxial cylinders. 
A theoretical analysis of the influence of departure 
from the ideal cylindrical shape can be found in the pa- 
per of Zimmerman and Foster.33 The validity of their 
conclusions has been confirmed 
It has been found that when a sample is rotated, de- 
parture from the ideal cylindrical shape results in the 
broadening and, generally, distortion of the signal 
from the outer (annular) cavity. The signal from the 
inner cylinder (capillary) is then split. However, the 
centers of gravity of the signals a r e  not displaced and 
it is these centers that determine the required fre- 
quencies. Moreover, since there was no distortion or  
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splitting in our study, the departure of the cylinders 
from the ideal shape can be ignored completely. Ac- 
cording to Zimmerman and there may be a 
line shift due to a mutual inclination of the inner and 
outer cylinders. They give33 the following formula for 
this shift Av: 

Here, Ax is the difference between the diamagnetic 
susceptibilities of the substances in the outer and inner 
cylinders; @ is the small angle of inclination of one 
cylinder relative to the other; v,  is the resonance fre- 
quency. In our experiments the inner cylinder was 
specially centered. In estimating B we ignored this 
centering and estimated the upper limit of @. We des- 
ignated the diameter of the inner capillary by dl, the 
internal diameter of the outer cylinder by d,, and the 
height of the inner capillary by h. 

The relevant dimensions for our sample were a s  fol- 
lows: 

dl-3.9 mm, dz-4.6 mm, h-60 mm . 

Therefore, we found that 

Hence, we obtained 

Since the relative random e r r o r  in our investigation 
was a t  least 1 x lo-', one could ignore the e r ro r  due to 
the noncoaxial orientation of the two cylinders. 

Similar reasoning applied also to the e r r o r  associated 
with the inclination of the ampoules themselves relative 
to the direction perpendicular to the lines of force of 
the magnetic field. 

ABSOLUTE SCREENING OF NUCLEI IN  THE ~e~ 
ATOM AND HYDROGEN MOLECULE 

Glick2' calculated the screening of nuclei in two-elec - 
tron atoms. However, he ignored the relativistic cor- 
rections and those due to the motion of a nucleus rela- 
tive to the common center of gravity of a system of 
three particles. The need to allow for these correc- 
tions was first pointed out in Ref. 27 without explaining 
details of the calculation and without giving the final 
numerical results. In all  subsequent studies the Glick 
result oHe= 59.935 .lo4 was used. Since we were inter- 
ested in obtaining the final result to within -lo4%, we 
decided to calculate the relativistic corrections and 
those allowing for the motion of the nucleus. 

This can be done by transforming the relativistic 
Breit Hamiltonian of a system of three particles to a 
form convenient for the application of the standard per- 
turbation theory. Grotch and ~ e g s t r o m ~ '  performed 
this transformation and their results made i t  possible 
to  calculate the electromagnetic properties of hydro- 
gen-like atoms with an error-of the order of 
(Za)'m,2/rnn2 a n d a ( ~ a ) ~ m , ,  / m ,  where Z andm,are the 
charge and mass of the nucleus, me is the electron 
mass,  and a! is the fine structure constant. Hegstrom2' 

generalized directly the results of Ref. 28 to many- 
particle systems, i.e., he derived-in a form conven- 
ient for  calculations-the Hamiltonian of such systems 
in a homogeneous magnetic field, and he included rela- 
tivistic corrections as well as those for the motion of 
the nucleus and for the anomalous magnetic moment. 
Grotch and Hegstrom calculated the g ,  factors for the 
hydrogen, deuterium, and helium The re-  
sults of their calculations were in excellent agreement 
with the experimental data. In particular, the ratios of 
the g, factors of hydrogen and deuterium agreed to 
within 1 x 10'". This very good agreement between the 
theory and experiment allowed us to use the method of 
Grotch and Hegstrom to calculate corrections to the 
screening of the nuclei in the He3 atom. 

We shall now write down, transforming them to a 
convenient form, those terms of the Hamiltonian given 
by Eq. (21) in Hegstrom's paperZg that contribute to the 
screening of a nucleus in the He3 atom: 

where r,, is the radius of the i-th electron measured 
relative to the nucleus; pi is the momentum of the i-th 
electron in the laboratory coordinate system; I and g  
a r e  the spin and gyromagnetic ratio of the nucleus in 
nuclear magnetons; c(, is the nuclear magneton; H is the 
external magnetic field. 

We shall now consider the term x,,. Simple trans- 
formations yield the following expression for the rele- 
vant contribution to the screening constant: 

where Y,, is expressed in atomic units; o, is the classi- 
cal  Lamb diamagnetic screening. Using the value of 
(l/r,,,), obtained by Pekeris3' employing a 1078-term 
wave function and adopting l/o! = 137.035 987(29) given 
by Olsen and W i l l i a m ~ , ~ ~  we find that 

(with an e r r o r  of 3 x lo-"). 

Clearly, the term d:' can be rewritten as follows: 

Thus, the term relevant to the screening 0:) is 

We can show that if the wave function of the ground 
state is taken in the Hartree-Fock form, the contribu- 
tion to the screening a? due to the term $i2) vanishes. 
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An estimate of the corresponding e r ro r  can be obtained 
using the results of Pekeris,3l who obtained (r,,r,J 
= -0.0747 for the exact wave function of the ground 
state, which should be compared with ( r iJ= 1.193 (all 
the results of Pekeris a r e  given in atomic units). Con- 
sequently, we may expect @ to represent about 6%. 
of @, i.e., ~ u \ ~ I  < lo*. 

We shall now consider the term e). As above we 
shall ignore the correlation terms of the (p,p,) type, 
compared with terms of the ( p 3  type and we shall as-  
sume that the problem is spherically symmetric. Then, 
the corresponding contribution to the screening is 

Similarly for o',", due to the term p5'), we find that 

We shall combine these two contributions and apply the 
virial theorem, ignoring terms of greater orders of 
smallness : 

1 I ,,,-u,'i)+u~)-- -- 
2m, 3 

1 = - (1 -5) ".al~, 

3 gm. ma1 (29) 

where m, is the proton mass and E is the energy of the 
ground state of the He3 atom (in atomic units). Calcu- 
lations show that 1 usl - 1 x 10-lo. Consequently, this 
correction can also be ignored. 

We thus find that the final value of the screening con- 
stant of a nucleus in the He3 atom is 

The absolute screening of protons in hydrogen is found 
from Eqs. (17) and (21): 

Since the precision in the determination of this constant 
is an order of magnitude higher than before, we can 
estimate the e r ro r  in the theoretical calculations which 
have been carried out many times employing the above 
very simple procedure. 

We shall consider particularly one of the more-recent 
papers published by Reid.' He carried out a semiem- 
pirical calculation of u(H,) and u(D,) - u(HD *). The 
adjustable parameters used by Reidg were the constants 
of the spin-rotational interaction of various rotational 
states H, and its isotopic  analog^,'^-'^ and the isotopic 
shift was u(Hr)) -u(H,) (Ref. 22). The difference cal- 
culated by Reid was found to be in precise agreement 
with the results of our experiment reported in Ref. 1. 
However, this good agreement should be regarded a s  
accidental because Reid ignored the nonadiabatic cor- 
rections to the screening, but it should be mentioned 
that these corrections were included implicitly (al- 
though only partly) because of his use of the experi- 
mental parameters in the semiempirical calculation. 

Reid obtained the following value for the absolute 
screening constant of hydrogen: u(H,)= 26.366(70), a s -  
suming that the e r r o r  was equal to five standard devia- 

tions obtained in the least-squares method. Even after 
allowance for this clearly estimated e r r o r  the theoreti- 
cal value of Reid did not agree with the new experiment- 
a l  value (31). This discrepancy is evidence of the  need 
for rigorous inclusion of the nonadiabatic corrections. 
The question of proper inclusion of these corrections is 
of fundamental importance because they govern the dif- 
ference between the screening of the nuclei in the HD 
and HT molecules. A calculation of the difference be- 
tween the screening of the nuclei in these two molecules 
has enabled us  to determine the magnetic moments pd 
and pT with an e r r o r  of -lo4%. These magnetic mo- 
ments and also the magnetic moment of the helion, cal- 
culated using Eqs. (I) ,  (13), (30), and (31), a r e  given 
in Table VI together -for the sake of comparison - 
with the hyperfine splitting constants ke3/pp 
= -0.761 812 070(16)." 

COMPARISON OF HYPERFINE SPLITTING 
CONSTANTS AND MAGNETIC MOMENTS OF 
LIGHTEST NUCLEI 

The hyperfine structure anomaly AA of an atom A is 
given by 

where Av, is the hyperfine splitting for the S state 
whose principal quantum number is n; m, is the mass of 
the nucleus; me is the electron mass; c represents the 
relativistic and radiative coTrections; Avo is the Fermi 
nonrelativistic contact hyperfine splitting for a point 
nucleus of infinite mass: 

Here, 2, is the charge of the nucleus; R, is the Ryd- 
berg constant for the infinite nuclear mass; c is the ve- 
locity of light; pA/po is the magnetic moment of the 
nucleus in Bohr magnetons; I is the nuclear spin. 

The hyperfine splittings of the two S states of the 
same atom with different principal quantum numbers 
have practically the same anomaly because the wave 
functions of the s electrons near the nucleus a r e  simi- 
lar.  heref fore, a s  the first  stage, we can ignore all  
the effects associated with the fact that the nucleus is 
not point-like, and we can consider the quantity 

Here, Av, a r e  the values of the hyperfine splitting of 
the nS states of a hydrogen-like atom. 

The relativistic and radiative corrections for the 
hyperfine splitting of these two levels do not agree. 
Therefore, R,, can be used conveniently to check the 
limits of validity of quantum electrodynamics. More- 
over, a quantity similar to R,, can be obtained for the 
neutral helium atom. 

The quantity Av, has been analyzed theoretically for 
various states of the same a t ~ m . ~ ~ ' ~ ~  The agreement 
between the theory and experiment is good. Conse- 
quently, in analyzing AA we can use similar calcula- 
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tions for c .  (A detailed comparison of the theoretical 
and experimental data for R,, can be found in the paper 
by Pr ior  and Wang.38)2' A calculation of AA based on 
Eq. (32) is subject to a very large error .  This e r r o r  is 
mainly due to the e r r o r  in the determination of a. At 
present, the value of a is known to a precision four 
orders of magnitude poorer than the precision of Av. 
Therefore, i t  is desirable to introduce a relative anom- 
aly of the hyperfine structure A, which is independent 
of a: 

where Av, is the hyperfine splitting of the isotopes A 
and B; I,, , p,, and m, a r e  the spins, magnetic mo- 
ments, and masses of the isotopes. Since Av, and 
1+ n~,/n~, a r e  known'very accurately for light atoms, 
the e r ro r  in the determination of A,, is mainly due to 
the e r ro r  in the ratio of the magnetic moments. 

A theoretical calculation of A,,, which is the anomaly 
of the hyperfine structure relative to the hydrogen atom, 
suffers from much poorer precision. A qualitative des- 
cription of the effects responsible for this anomaly was 
was given many years ago by Bohr3' and They 
reduced to allowance for the motion of an electron in- 
side the nucleus. Calculations of A,, for the nuclei of 
interest to us  have been published in several p a p e r ~ . ~ l * ~  
However, these calculations have been carried out 
mainly over 20 years ago and they have been based on 
very imperfect wave functions for the ground state of 
the nucleus. Moreover, at that time the internucleon 
potential was known only very roughly. In particular, 
the results depend strongly on the admixture of the 
forces which vary with the velocity and which have been 
ignored in these calculations. The present state of the 
theory of few-nucleon systems46 makes i t  possible to 
calculate much more accurately A,, in the potential 
approximation. A comparison of these new more r e -  
liable theoretical values of A,, with our more accurate 
experimental values of A,, should make i t  possible to 
identify the contribution made to A,, by the meson cur- 
rents. Estimates of a possible value of this contribu- 
tion obtained by Drell and Sullivan45 indicate that i t  is 
greater than the experimental e r r o r  in the determina- 
tion of A,,. 

Williams and Hughes14 made an attempt to find this 
contribution. Their result applies to a hypothetical 
contribution of the meson currents: A, = (15 i 5 )  
However, the e r r o r  attributed to this quantity is clear- 
ly underestimated. The theoretical value is taken from 
the papers published in the f i f t i e ~ . ~ ~ ' ~ ~  The e r ro r  of 
the total theoretical value A,,, is taken to be the e r ro r  
of just one small correction calculated by Greenberg 
and F01ey.~~ Sessler and Foley41 reported calculations 
of the main contributions to he3 without giving any es -  
timate of the error .  In a similar calculation for the 
deuteron, Greenberg and F 0 1 e y ~ ~  gave the probable e r  - 
ro r  of the calculations as 4 0 x  10". Clearly, in the 
case of He3 this e r ro r  can only increase because the 
wave function of this nucleus is much more complex 
than the wave function of the deuteron. It is evident 
that the "meson current effect" identified by Williams 

TABLE VI. Comparison of hyperfine splittings and magnetic mo- 
ments of lightest nuclei. 

and Hughes14 disappears within the limits of this error .  

Table VI gives the theoretical and experimental val- 
ues of A,, for the lightest atoms. The first three col- 
umns give the experimental quantities used in the cal- 
culation of the experimental value of A,,. The hyper- 
fine splittings Av, a r e  taken from Refs. 51-54 and the 
values of the mass ratio m,/m, a r e  reproduced from 
Refs. 55 and 56. The ratios of the magnetic moments 
pA/pp a r e  taken from our earlier paperslV2 and a r e  
compared with the result obtained in the present study .% 

The e r r o r s  in the theoretical values of A,, for tritium 
and He3 have not yet been estimated.4145 Clearly, the 
lower limit of these e r r o r s  can be taken to be the e r ro r  
in A,, given by Greenberg and F01ey~~:  6(Ad,, theor.) 
-40 10". 

A number of papers have appeared recently on the 
subject of those properties of few-nucleon systems 
which cannot be described by the potential approxima- 
tion (magnetic and quadrupole moments, form factors, 
$-decay a n ~ m a l y ) . ~ ' - ~ ~  Therefore, calculations of A,, 
(theor.) in the potential approximation and separation 
from ~,,(exp.) of a new constant, the "meson anomaly" 
of the hyperfine structure Ap = A,,(exp.) - A,,(theor.), 
is of considerable interest because in this case a low- 
energy electron provides a very unique probe for the 
investigation of the structure of the lightest nuclei. , 

')The negative sign of the magnetic moment of the helion was 
determined earlier in an investigation of the hyperfine struc- 
ture of the ?3 states of the ~e~ atom.57 

')There is  an e r ror  in the paper of Prior and wang'': instead 
of the mass of the ~e~ nuclei, they used the mass of the ~e~ 
atom in their calculations. The same mistake was made by 
Rosner and ~ i ~ k i n ~ ~  in an investigation of A v  of the neutral 
helium atom. 

3)The relativistic and radiative corrections for the hydrogen- 
like atoms and ions depend only on the nuclear charge 2. 
Therefore, the differences (&# -cA) in Eq. (35) vanish for the 
deuteron and triton. In the case of (He3)+, these corrections 
were calculated using the formulas given in Refs. 14 and 59. 
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