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Nuclear electric quadrupole moment of °Li
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The molecular beam electric resonance technique has been used to examine the hyperfine spectrum of
6Li 19 for the purpose of obtaining an improved value of the ratio of the electric quadrupole moments of the
two lithium nuclei. A total of 29 transitions in vibrational states 0-2 and rotational states 1-4 have been
included in a fit to determine the Li nuclear quadrupole interaction along with the magnetic spin-rotation and
spin-spin interactions. The magnetic interactions are consistent with values calculated from the previously
reported’Li 1% values, but those have been refitted to take advantage of the new informatiofLirb# The
electric quadrupole moment ratio of the two lithium isotopes determined from measurements on the two forms
of LiF is Q(®Li)/ Q("Li) =0.020 161 0.000 013(one standard deviation estimateS1050-294798)08504-1

PACS numbdss): 31.30.Gs

I. INTRODUCTION there are in principle several ways by which a nuclear quad-

rupole moment may be determined:
In 1938-9 Kellogg, Ramsey, and Zachar{ds, working (1) The nuclear quadrupole coupling constants may be
in the laboratory of I. I. Rabi at Columbia University, dis- measured in molecules, atoms, or solids. But the constant,

covered that the molecular beam magnetic resonance speeQgq, is a product of two factors: the nuclear moménand

trum of the deuterated hydrogen molecules could be exthe gradient of the electric field at the nuclear siteThus in

plained only by including a contribution from an electric order to obtainQ from these measurements, has to be

quadrupole of the deuterium nucleus. That discovery waidependently calculated or estimated.

particularly significant in that it proved that the nuclear force  (2) The hyperfine spectrum of muonic atoms can be ob-

binding the proton and neutron together in the deuteron waserved. One still needs to separately determine the field gra-

not entirely scalar. Subsequent measurements on other atomients to obtainQ, but this is somewhat simpler than for

and molecules have yielded values of the nuclear quadrupokectronic atoms.

moments of most nuclei, stable and unstable, provided the (3) Nuclear scattering using polarized beams can yield

nuclear spin was greater than 1/2. The next simplest nucleusformation about the multipole moments of the nuclei.

after deuterium with a quadrupole momenfls. It also has The first method fails in the case of alkali-metal atoms

the smallest known quadrupole moment. This paper desuch as lithium, since their S ground states have no field

scribes molecular beam electric resonance measurements grfadient at the nucleus. On the other hand, molecules con-

the hyperfine spectrum ofLiF that yield a significant im- taining these atoms can be used, for which molecular beam

provement in the precision of this quantity. techniques can yield accurate valuesei®q Urban and
The status of the nuclear quadrupole moments of the firsBadlej[3] have calculated, for the lithium site in LiH, LiF,

20 elements has been described by PyyKoHe notes that and LiCl, and, combining this with experimental values for
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eQq, have found a value dp= —40.1 mb for’Li. They did  nuclear site and that of the nuclear moment itself. There is no
not quote an uncertainty, but the values they found variesguch interaction for fluorine because its spin, equals 1/2.
from —39.4 mb for LiH to —40.8 mb for LiCl. This varia- The second and third terms are the spin-rotation interactions,
tion thus corresponds to an uncertainty of 1% or 2% andvhich arise from the nuclear magnetic moments and the
evidently is due to the limitations of the calculation gf magnetic field due to the rotation of the molecule, The
rather than the experimental uncertaintye@q They also fourth term is the tensor interaction between the two nuclear
considered the nuclear moment &fi, but in this case their magnetic moments and involves the rank 2 ter@orThe
precision was limited by the available experimental values otonstantc; primarily reflects the “direct” spin-spin effect,

eQq which can be calculated from the distance between the nu-
Method (3), which avoids the problem of calculating mo- clei, but also contains a smaller contribution due to the
lecular wave functions, has been used bykvand Fick[4]  “electron-coupled” interaction. The last term, the scalar

to obtain a value o= —40.0+0.6 mb for the’Li nucleus.  spin-spin interaction, is due only to the electron-coupled ef-
Their experimental uncertainty by this method is thereforefect. Each of these terms has its own characteristic effect on
comparable to that in the calculationagfnvolved in method the different hyperfine states so that they can be separately
(1). They did not attempt a determination fBki. evaluated by fitting the experimental spectrum.
We have been able to improve the experimental precision The pure hyperfine spectrum 8EiF is dominated by the
of eQqin °LiF so that it now surpasses that of the theoret-fluorine spin-rotation interactiofthe third term in Eq(2)],
ical value ofg. Since we have experimental valuesedq  So that the appropriate representation to use is the one de-
for both lithium isotopes in LiF, andj (as corrected for fined by the coupling
vibrational and rotational effedtss the same for the lithium
site in both, we can circumvent the problem of calculating it Fi=J+lg, F=Fi+l. 4
by finding the ratio of the two lithium nuclear moments.
In our previously reported study of Lif5] we found four
weak lines, which we attributed to the natural abundance
8Li in the sample, and used them to obtain a tentative valu
of eQqfor SLiF. By using an isotopically enriched sample,
we have now obtained a much more accurate value of thi
constant. It turned out that one of tif&iF lines observed 1
previously in the natural sample was actually a superposition E=cp=[Fy(F1+1)=J(J+1)—1c(1g+1)]
of the assumed transition with another of a higher vibrational 2
level. This caused a small systematic error in fhé con-
stants reported. The much stronger signal available with the 1 J forFy=J+I¢
enriched sample has made it possible to enhance the resolu- _CFEX —(J+1) forF;=J—I¢
tion of our apparatus by decreasing the potential of the elec-
trostatic lenses to select slower molecules from the beanThe separation between these two levels is therefore equal to
This has allowed us to resolve the@nd othey transitions.  cg(J+ 1/2).
We have used a total of 29 transitions involving vibrational The two levels are each split into three sublevels by the
statesv =0—2 and rotational state3=1—4 in a fit to de- nuclear quadrupole interaction of tif&i nucleus, with its
termine the Li nuclear quadrupole interaction as well as th&pin of 1. The Li spin rotation and the spin-spin interactions

Standard techniques using thg 8ymbols were used to find
ot|he matrices for each of the interaction terms of the Hamil-
onian for this representation. The energy levels that result
rom the fluorine spin-rotation term alone then simplify,
g\/ithin each vibration-rotation state, to

®)

spin-rotation and spin-spin interactions. produce some further shifts of these levels, but no further
splitting. The pure hyperfine spectrum thus consists of a
Il. DATA group of lines for each rotational state, centered on the fre-

] ] ] ] ) quencycg(J+1/2), with a separation within each group of a
In dealing with diatomic molecules the conventional fe\y kilohertz. The successive vibrational states contribute
Hamiltonian[6] is of the form lines with a similar pattern but shifted by about 1 kHz with
eachv, and reduced in size by the Boltzmann factor for the
temperature of the oven. This spectrum, with its clear sepa-
ration of the different rotation states, is simpler and cleaner
than the corresponding spectrum @fiF. For that molecule
the Li nuclear quadrupole interaction and #hespin-rotation
=V ;- Qutcyly-Jteglgd+csly-D- g interaction were of comparable size, so that there was con-
siderable overlap of the lines from different rotational states.
el e (2)  For both molecules the electric field could be increased to
separate Stark components. This proved to be useful for the
and positive identification of the lines.
In our molecular beam electric resonance spectrometer, a
Hsian= — m- E. (3)  pair of electrostatic quadrupole lenses is used to focus the
beam and as a state selector analyzer. It is the top two levels
Here the first hyperfine term, expressing the lithiumof the six associated with each rotation-vibration state that
nuclear quadrupole interaction, is a scalar product of the ranire selected, with transitions detectable to the other four
2 spherical tensor representing the field gradient at thstates. In addition to the transitions between the two groups

H= Helect+ Hvib+ Hrot+ thperfine+ HStarku (1)

where

thperfine
h
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TABLE |. Comparison of experimental data with fll frequencies in kHe

v J Fi—F— F,—F Measured Uncert. Predicted Difference Ratio
0 1 3/2-5/2 1/2-3/2 58.6425 0.0010 58.6438 —0.0013 —-1.26

1 1 3/2-5/2 1/2-3/3 57.7576 0.0020 57.7586 —0.0010 —-0.49

2 1 3/2-5/2 1/2-3/2 56.869 0.020 56.8970 —0.0280 —1.40

0 1 3/2-5/2 1/2-1/2 52.0190 0.0020 52.0169 0.0021 1.05
1 1 3/2-5/2 1/2-1/2 51.2720 0.0070 51.2591 0.0129 1.85
2 1 3/2-5/2 1/2-1/2 50.544 0.015 50.5183 0.0257 1.71
3 1 3/2-5/2 1/2-1/2 49.830 0.020 49.8108 0.0192 0.96
0 1 3/2-3/2 3/2-1/2 5.067 0.020 5.0765 —0.0095 —0.48

0 1 3/2-3/2 1/2-3/2 57.9510 0.0010 57.9513 —0.0004 —-0.35

1 1 3/2-3/2 1/2-3/2 57.0660 0.0030 57.0656 0.0004 0.14
2 1 3/2-3/2 1/2-3/2 56.203 0.020 56.2041 —0.0011 —0.06

0 1 3/2-3/2 1/2-1/2 51.3275 0.0070 51.3245 0.0030 0.43
1 1 3/2-3/2 1/2-1/2 50.580 0.010 50.5661 0.0143 1.43
0 1 3/2-1/2 1/2-3/2 52.8752 0.0020 52.8748 0.0004 0.19
0 2 5/2-7/2 3/2-5/2 95.520 0.010 95.5230 —0.0030 —-0.30

1 2 5/2-7/2 3/2-5/2 94.110 0.050 94.0901 0.0199 0.40
2 2 5/2-7/2 3/2-5/2 92.54 0.10 92.6951 —0.1531 —-1.53

0 2 5/2-7/2 3/2-3/2 91.5960 0.0050 91.5855 0.0105 2.10
1 2 5/2-7/2 3/2-3/2 90.232 0.015 90.2458 —0.0138 —-0.92

2 2 5/2-7/2 3/2-3/2 88.940 0.020 88.9389 0.0011 0.06
0 2 5/2-5/2 5/2-3/2 6.380 0.020 6.3603 0.0197 0.99
0 2 5/2-5/2 3/2-5/2 94.087 0.015 94.0671 0.0199 1.33
0 2 5/2-5/2 3/2-3/2 90.134 0.010 90.1296 0.0044 0.44
1 2 5/2-5/2 3/2-3/2 88.810 0.030 88.7987 0.0113 0.38
0 2 5/2-5/2 3/2-1/2 92.660 0.100 92.6386 0.0204 0.20
1 2 5/2-5/2 3/2-1/2 91.270 0.030 91.2447 0.0253 0.84
0 3 7/2-9/2 5/2-7/2 132.270 0.010 132.2697 0.0003 0.03
0 3 712-712 712-5/2 7.315 0.020 7.3064 0.0086 0.43
0 4 9/2-11/2 7/2-9/2 168.945 0.010 168.9337 0.0113 1.13
of levels, we were able to see some between the sublevels of £=(R—Ry)/R,, (6)

the top group, at frequencies in the range of 5-8 kHz. All the

observed lines are listed in Table I. . . .
The identification and fitting of the observed spectral "nesfollowmg t_he results derived by Schh@ﬁ]._He shovx_/ed that
. ; . ny quantity[such as, for example, the field gradiey(t) ]
has been made possible by a procedure described prewou:ﬁ}/ : :
; - X at can be expanded in the series
[7], where a velocity-averaged Rabi line shape is used to
deconvolute overlapping transitions. Nevertheless, the same ) 5 .
overlap of lines that caused the confusion in interpreting the A(§) =get 018+ 026+ 038”+0sé (7)
SLiF data in Ref[5] continued to make it difficult to analyze
transitions withv>2. The problem is that the vibrational will have an expectation value in a given vibrational state
shift in frequency nearly matches the separation due to the Land rotational staté that is of the form
nuclear quadrupole interaction, so that tf® 1 3/2-3/2
—1/2-3/2 line nearly coincides with thél 1 3/2-5/2— 1/2-
3/2) line, etc. The weakening of the signal with increasing
vibrational state makes the deconvolution procedure less ef- +6B3(v+1/2)3+ eB2J(J+1)
fective.

q(v,d)=(ge+ aB?)+ BB(v + 1/2) + yB2(v + 1/2)?

+ 7B3(v+1/2)J(J+1), (8)

Ill. ANALYSIS
, ) wherea- - - 7 are known functions of thg; and the Dunham
We began the analysis of the spectrum by using the consgential coefficientss;, and B=B,/w, is the ratio of the

71 i . . .
stants from‘LiF and converting them by the expected fac- rotational constant to the vibrational constant. In what fol-
tors of moment of inertia and nuclear magnetic and quadru,ys this expansion will be written in the form

pole moments. This conversion is based on the assumption

that the strength of each interaction depends on the internu-

clear distance in a way that can be represented as a power q(v,d)= 2, a;(v+1/2'[II+1)]. 9)
series in the parameter i
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White [9] showed that the spin-rotation interaction for the TABLE II. Molecular constants determined from fit.
ith nucleus in a molecule should be given approximately by _ -
an expression of the form Values refitted from LiF values calculated
i previous’LiF data from "LiF values
Ci:giBem 4MOB<£3> > M_ N ) Li quadrupole €Qq;):
h r’/“" En~Eo CR 0,0 420.810 +0.028" 8.4841 +0.005%
(10) 1,0 —9.898 =*0.077 —0.2113 =*0.0016
. . . . . 2,0 0.170 =*=0.052 0.0038 *=0.0012
In this expressiow; is the nuclear gyromagnetic ratiB, the 30 —0.0130 +0.0097 0.00031 +0.00023
equilibrium rotational constantyugy and weg the nuclear 0'1 0'0030 :0'0025 60000650.000057
magneton and Bohr magneton, respectivelig the distance _° A e A '
from theith nucleus to the valence electrons, and the sum i]%_i,lspin rotatio?1.0@068)~ +0.0029 0.000163-0.000068
Liij)-

over the states of the valence electrons, which are excited

by the rotation perturbation. The first term in the bracketsO:° 1.8935 +0.0011 0.804110.00046
gives the effect of the magnetic field produced by these val0 —0.0281 *0.0020 —0.01265 20.00089
lence electrons on the nucleus in question. The last terrf:0 —0.00036 £0.00070 —0.00017+0.00033
represents the effect of the magnetic field produced by th&:1 —0.000077-0.000055 —0.0000370.000026
chargeqy of the other nucleus and its bound electrons, cenf spin rotation €g;):
tered at the internuclear distanBe 0,0 32.9504 +0.0043 36.9547 +0.0049
If we regard the entire quantity in brackets as a function.0 —0.463 +0.012 —0.550 +0.014
of the internuclear distance, then this should also be expan-0 —0.0008 *0.0076 —0.0010 *0.0096
able in the same manner @é£) to give a form similarto Eq. 3.0 0.0014 =*0.0013 0.0018 +0.0018
(9), and all we need to do to transform between isotopes is t0,1 —0.00160 =0.00017 —0.00201 =0.00021
include the extra dependence on nuclear magnetic momentl 0.00027=0.00026 0.00036+0.00035
and the rotational constant. A similar argument should als@ensor spin-spindy;;):
apply to the spin-spin interactions. This is the justification0,0 11.4294 +0.0036 4.3279 =0.0014
for our seeking to find experimental values for the coeffi-1,0 —0.2128 +0.0072 —0.0853 *0.0029
cients of p+1/2)[J(J+1)]' to represent the vibrational 20 0.0036 +0.0025 0.0015 +0.0010
and rotational dependence of all the interactions, and alsg,1 0.00001+0.00042 0.00000+0.00018
provides the basis for the transformation of the coefficientsscg)ar spin-spindy;):
with isotopic substitution. _ _ 0,0 0.1753 +0.0018 0.06638+0.00066
With the interaction constants obtained by this procedure; g —0.0055 +0.0020 —0.00221 +0.00081

the full Hamiltonian matrix was obtained, within each sepa-
rate vibrational state, for rotational statés= O to 6. This  3Constants determined independently for the two isotopes.
made it possible to include the effects of the matrix elements

of the quadrupole interaction which connect states differing  the resuits are shown in Table Il. The uncertainties listed

by 2 in the rotational quantum numhbérEigenvalues of this i, the table are one standard deviation estimates, which have
matrix were then found. The line frequencies predicted byyeen adjusted to take into account the reduced chi value of
this process came close to matching the observed frequegse fit.

cies, but with significant discrepancigs. Allowing tihei To find the nuclear quadrupole moment ratio we have
quadrupole moment to be determined in a fit of the spectrum,ggq simply the ratio of the consta®ay,, which is
as we had intended as a means of more accurately determin- ’

ing the nuclear quadrupole moment ratio for the two lithium

isotopes, improved the match, but still left a small but sig- °Q €%Qqy, 8.4841+0.0052 kHz
nificant discrepancy. Then we realized that the older values TR =7 =

of B, andw, that we had been using had been superseded by Q ©Qdep 420.810-0.029 kHz
a more recent investigation and analysis by Maki]. When =0.020161 0.000013. (11

we used these values, the discrepancy dropped to a level

consistent with our estimated experimental uncertainty.

There still remained the question of which values of theln doing this we have neglected the fact tlyg and g, are
constants to use. Our lack 8LiF data forv>2 meant that not quite the same. The difference between them is the term
we could not determine the coefficients of 1/2)° forany  aB? in Eq. (8). Comparing Schlier's expressions, we note
of the interactions, but théLiF data did have that informa- that «B? is about an order of magnitude smaller thg?,
tion. On the other hand, the fluorine spin-rotation valueswhich is the value of the coefficient of ¢ 1/2)%. According
were more precisely determined by thieiF data. We there- to our fitted value ofeQayg, this should be small in com-
fore combined all the measurements from both isotopes intparison with the uncertainty irQqy. It also neglects any
a single fit, incorporating the proper transformations. Thecontribution to the experimental nuclear quadrupole interac-
e Qo terms for the two isotopes were fitted separately, bution from a pseudoquadrupole effect. Pyykkud Linderberg
for all others the’LiF values were used as the fitted param-[11] have estimated that the pseudoquadrupole contribution
eters, with the®LiF values calculated from them. The re- would be less than 0.1 Hz, which is just barely negligible
duced chi value of this combined fit was=1.28. with respect to our experimental uncertainty.
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By comparison, the best previous values of this ratio,g,=—0.04415(88) a.u., to giv&(’Li) =—40.57(81) mb
based on measurements in LiF and LiBr, were 0.0205(20)1ndQ(6Li) =—0.8178(164) mb.
and 0.0204(10), respectively, as computed by PyyKkp
from earlier molecular beam data. Our measuremengQxf ACKNOWLEDGMENT
can be combined with Urban and Sadlej’s value for the equi- The authors wish to thank the National Science Founda-
librium field gradient at the Li site in LiF, g, tion for its support of this work.
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