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High-resolution spectroscopy studies of hyperfine structures of stable terms in '“N 1, 11, and 11 by
quantum-beat and rf resonance spectroscopy after grazing-ion—surface scattering are reported on. From
the data, the electric quadrupole moment of the '“N nucleus Q =20.0+0.2 mb and the quadrupole cou-
pling constants eQq,, /h of N atoms in 2p and 2p? configurations have been deduced. Extrapolation
yields eQq,, /h =11.2+0.2 MHz for a single electron in the ground term of the 2p* configuration of the

neutral atom.

PACS number(s): 32.30.Bv, 21.10.Ky, 35.10.Di, 35.10.Fk

I. INTRODUCTION

The ‘spectroscopy of hyperfine (hf) splittings of elec-
tronic terms in free atoms and ions provides the basis for
experimental tests of atomic structure calculations, stud-
ies of hf interaction, and in particular the determination
of nuclear properties. As a consequence, magnetic dipole
and electric quadrupole moments of many nuclei have
been deduced from data obtained by atomic spectrosco-
py. In this paper a detailed report is given on hf studies
of (meta) stable terms in "N atoms and ions using two
different techniques. By extending quantum-beat and
radio-frequency (rf) resonance methods in fast ion-beam
spectroscopy we have established procedures to investi-
gate the hf structures of stable atomic terms. The appli-
cation of these techniques results in the resolution of the
hf splittings of most of the stable terms of N 1, 11, 111
Our measurements represent the consequent studies of
these structures. Since the quadrupole interaction in
1N 1 2p? atoms is small, the data on hf splittings in N 11
and N 111 are of relevance for determining the electric
quadrupole moment of the N nucleus Q(!*N) and the
quadrupole coupling constants of *N atoms in 2p”
configurations (n =1, 2, 3).

II. EXPERIMENTAL METHODS

The main feature of our experiments is the preparation
of stable electronic terms of atoms and ions by scattering
fast ions from a solid surface under grazing-incidence
conditions. In this extreme geometry of ion-surface col-
lisions, the low symmetry of the interaction processes is
characterized by three vectors: the surface normal y and
the velocity vectors v,; and v, of the incoming and out-
going projectiles. The trajectories of projectiles are given
by two vastly different velocity (and time) scales, i.e., a
fast motion with v, ~v, parallel to the surface and a slow
perpendicular motion v, =v,sing;, <<v, (¢;, is the graz-
ing angle of incidence). As a consequence, projectile ions
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interact only with the topmost atomic layer of the (ideal)
surface in a sequence of soft quasielastic small-angle col-
lisions (v, ~v,,), so that projectiles are specularly
reflected at the surface with well-defined angular and en-
ergy distributions. A second relevant feature of grazing-
ion—surface collisions is a large vector polarization of or-
bital angular momenta associated with atomic terms in
an ensemble of scattered atoms. This anisotropy has been
found in many ion-target combinations where generally
an orientation P, =(L,) /L >0.5 of orbital angular mo-
menta L is observed [1] (the axis of quantization is chosen
along —yXv,). P, can be probed directly by investigat-
ing the emission of polarized light from excited atomic
terms, where P; is in good approximation proportional
to the degree of circular polarization fraction given by
the normalized Stokes parameter S/I=[I(c")
—I(c™)1/[I(c™)+I(c1)]; I(oF) are the intensities of
light with negative and positive helicities, respectively.
In experiments S /I of up to 96% has been observed after
the excitation of atoms by grazing surface collisions [2].
Through spin-orbit and hyperfine interactions, part of the
atomic orientation P; is transferred into the electronic
and nuclear spin ensembles with spins S and I, respective-
ly. Since, for light atoms, the times of formation of elec-
tronic terms (=10~ 1 5) are generally smaller than corre-
sponding inverse fine- and hf-interaction frequencies, the
transient transfer of anisotropy is well separated from the
excitation process. This transfer leads to nonzero spin
polarizations Pg=(S, ) /S and P;=(1,) /1. The transfer
of collision-induced anisotropy P;(t=0) to the nuclear
spin ensemble (P;) via fine and hf interaction is described

by [3]

1
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where, assuming LS coupling, the quantum numbers L,
S, J, I, and F denote atomic |LSJIF ) terms with total an-
gular momenta F and o JF F, = @JF, T @F, hyperfine-

interaction frequencies. With times of integration
AT>>1/coJF1F2 terms with F;7F, average out in the

sum of the denominator in Eq. (1), and one obtains a con-
stant nuclear polarization P;=({P,(¢)),. This condition
is generally met in experiments of grazing-ion-—surface
collisions to obtain nuclear spin polarized fast beams [4]
where solid targets of lengths Ax >>v/w JF,F, are used (v

is the projectile velocity). In those experiments it is cru-
cial to have stable atomic terms with nonzero orbital an-
gular momenta to obtain P;70. Depending on the
atomic electronic structure and nuclear spin, P; of up to
25% is observed with this technique at projectile energies
between several kilo-electron volts and mega-electron vo-
1ts [5].

In those studies the detection of: P, is performed using
an “optical method” [4], since the projectile energies used
are generally too low to apply standard methods of nu-
clear physics. The interaction of the fast nuclear spin po-
larized beam with thin solid foils (“beam-foil excitation”)
yields excited atomic terms. Since symmetry of the foil
excitation at ¢t'=0 postulates P;(¢'=0)=0, and since P;
is not affected by this interaction, the retransfer of anisot-
ropy from the nuclear spin ensemble to the electronic
shell yields P; (¢’ >0)#0, which serves as a direct mea-
sure for P, at t'=0. Observation of the degree of circu-
larly polarized light S /I emitted after foil excitation al-
lows P, =a 'S /I to be determined, where the ““analyzing
power” «a is determined by properties of the atomic tran-
sition (angular momenta, lifetime and hf interaction of
the upper term, etc.) and of the detection geometry. For
the work reported here, a precise knowledge of «a is not
needed, since relative variations of P; contain the
relevant information. As a consequence, in most of our
experiments we average over a number of spectral lines
(“broadband detection”) without specifying individual
contributions of terms in detail.

Based on the property of grazing-ion—surface scatter-
ing to populate ensembles of stable terms in atoms and
ions with large polarization, and detecting P; by an “op-
tical” beam-foil method, we have applied these features
to measure hf splittings of stable terms using two
different methods.

(I) Recording the transient transfer of anisotropy be-
tween nuclear spin and electronic ensembles of free atoms
and/or ions after surface scattering via P;(t) yields a
modulation (quantum beats) according to the hf splittings
of relevant atomic terms [see Eq. (1)].

(IT) Modification of P; after surface scattering due to
M1 transitions between hf levels of atoms or ions induced
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by a resonant rf field allows the hf splittings of stable
terms to be deduced.

In two separate sections we will outline the method, ex-
periment, and results of both techniques in some detail.
Before this we will describe a technique which allows the
terms that are preferentially populated after surface
scattering to be identified. This information is essential
for the application of the two methods.

III. “ZEEMAN QUANTUM BEATS”
AFTER GRAZING-ION-SURFACE SCATTERING

The two techniques reported here allow hf splittings of
stable atomic terms to be resolved. However, the
schemes of detection do not provide unambiguous infor-
mation on the terms that contribute to the signals. Since
the population of atomic terms after grazing surface
scattering was unknown until now and their hf splittings
have not been resolved before, information on the relative
contributions of stable terms in our experiments is
relevant. Andrda and Winter [3] demonstrated the feasi-
bility of the quantum-beat method (method I). The lack
of information on the population of atomic terms has led,
however, to an incorrect term assignment of the mea-
sured hf splittings. In order to investigate the contribu-
tions of possible (meta) stable atomic terms, in a drift
zone between target and detection, we have applied an
additional ‘longitudinal magnetic field Hy. In this field
the total angular momenta of levels |(y LS )JIF ) precess
because of their associated magnetic momenta p=gruzF
(up is the Bohr magneton) around the Hy direction
(beam axis). By using a target length Ax >>v/@p F,»

with Egs. (1) and (2) we obtain

S/I=a(P/(1))=a 3 0,.5""°P/(Hy)
v,L,S .
LU+1)

=a ¥ o LsiYLSPL
s T+

XY Ajpcos[gplupg /AATgHy] , (3)
JF

where A;;=A'/3A° are transfer coefficients
(F=F,=F,),ATy the interaction time with the magnetic
field H,, and 0,5 and YLSp, the populations and orien-
tations, respectively, of LS terms. g denotes the gp fac-
tors of (LS)JIF terms which generally differ for different
times. In Table I the g factors and coefficients A, are
listed for stable terms in NI 2p3*S,2P,2D. It is evident
from the table that the g spectrum can be considered as
a “fingerprint” for a term.

In our experiments we thus obtain information on the
contribution of atomic terms to the overall nuclear polar-
ization P; by recording the modulation in S /I due to a
variation of TyHy [see Eq. (3)]. No information is ob-
tained for terms with L =0. From the modulation ampli-
tudes we deduce o, 7“P,, i.e., the product of popula-
tion and anisotropy of LS terms. In conclusion, the ap-
plication of a longitudinal magnetic field induces selec-
tivity with respect to atomic terms in our method of
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TABLE 1. Factors for the transfer of orientation from the
ensemble of the atomic orbital angular momenta to the nuclear
spin system; the electronic and nuclear spins are assumed to be
unpolarized at the instant of the excitation process.

Transfer
Term L J F, F, g gr factor

is 0 1.5 05 05 2.0 3.333 0
0 1.5 15 05 20 0
0 1.5 15 15 20 1.466 0
0 1.5 25 1.5 20 0
0 1.5 25 25 20 1.200 0

D 20 15 05 05 038 1.333  —0.019245
20 15 15 05 0.8 —0.076 980
20 15 15 15 038 0.587 0.033 871
20 15 25 15 038 —0.083 138
20 15 25 25 038 0.480 0.145 492
20 25 15 15 12 1.680 —0.064 663
20 25 25 15 12 —0.086218
20 25 25 25 12 1.060 0.040 909
20 25 35 25 1.2 —0.087977
20 25 35 35 12 0.857 0.197949

p 10 05 05 05 0666 —0.222 —0.024691
1.0 05 15 05 0.666 —0.098 765
1.0 05 15 15 0.666 0.222 0.123 457
10 15 05 05 1.333 2222 —0.030864
10 15 15 05 1.333 —0.123 457
1.0 15 15 1.5 1.333 0.978 0.054 321
10 15 25 1.5 1333 —0.133333
1.0 15 25 25 1.333 0.800 0.233 333

detection, thus achieving unambiguous assignment of
measured hf splittings to atomic terms in our studies.

A. Experimental setup

The experimental setup for our ‘“Zeeman quantum-
beat” studies is sketched in Fig. 1. This setup was also
used for the rf resonance experiments (method II) which
will be discussed in Sec. V. The target—a thin, highly
polished Si(111) wafer of 4 in. diameter —is positioned by
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a manipulator in a UHV chamber at a base pressure of
about 107 !° mbar. Differential pumping stages on both
ends of the chamber with slits of 0.7X 10 mm? provide
sufficient isolation against the pressures in the beam line
and the section of detection (typically 107 7-10" mbar).
The slits provide a good collimation of the projectile
beam (divergence about 1 mrad). The first pumping stage
contains electric field plates to deflect eventually the pro-
jectile beam, and field plates are used in the other stage to
separate the charge states of the scattered beam. About 1
m behind the target a coaxial rf transmission line of 4.0 m
in length was installed (details are given in Sec. V). This
line consists of two coaxial copper tubes with a 6.5-mm
spacing for the passage of the scattered projectiles. Earth
and stray magnetic fields in the line are reduced over the
total length by a coil consisting of 735 windings of a 5-
mm copper strip, and an additional coaxial u-metal
shield.

In our “Zeeman beat” studies we made use of the coil
to generate a longitudinal magnetic field; a current of 2.2
A results in a magnetic field of about 5 G. A system of
magnetic coils 1.5 m in diameter centered at the target
and directed along the Earth magnetic field provides a
field compensation in the drift zone between the target
and the transmission line. The transmission line is
mounted in a vacuum tube (50 mm inner diameter) which
is connected at both ends to vacuum chambers pumped
by turbo pumps and liquid-nitrogen cold shields to a
pressure of some 10”7 mbar. The chamber at the end of
the beam line contains a Faraday cup and thin carbon
foils (=5 ug/cm~?) in a holder which is mounted on a
linear motion feedthrough. These foils (circular hole 6
mm in diameter) are used to excite a fraction of transmit-
ted atoms to monitor the nuclear orientation P; of the
beam [4] by means of an “optical method.”

The detection of circularly polarized light after foil ex-
citation is performed along z (axis of quantization) with a
quarter wave plate in front of a linear polarization 90°
beam splitter and two cooled RCA Model 31034-A02
photomultipliers. The emitted light is collected by a
fused quartz lens (f =50 mm) covering a solid angle of
detection of 0.04 X 41 sr. This setup of detection allows a
simultaneous measurement of the intensities /(o) and

Vet

coaxial
transmission line

detection

l 50-Q terminator

B 22‘;’42” FIG. 1. Sketch of the experi-
mental setup for Zeeman-beat
and rf resonance studies. Mag-
netic coils shielding the drift

zone are not shown.

carbon foil
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I(c™), so that fluctuations in the ion-beam current affect
the normalized quantity S /I only minimally. Since the
variation of S /I in our rf experiments (see Sec. V) turned
out to be extremely small, this detection method is a basic
prerequisite to successfully carrying out such an investi-
gation.

B. Experiments and results

The experiments start with an adjustment of the Si tar-
get in the UHV chamber, which is dictated by a
compromise in intensity and quality with respect to the
angular and energetic spread of the scattered beam. We
found grazing angles of incidence ®;, and exit @, of a
few 0.1° to be a good choice. Information on the target
position and the angular spread of the beam is obtained
by scanning a thin wire (0.1 mm diameter) through the
scattered beam. This wire is directed parallel to the z
axis at a distance of 0.8 m behind the target, and the
current (primarily due to kinetic electron emission) serves
as a signal to monitor the intensity of the beam.

Figure 2 shows as an example the angular distribution
after the scattering of 300-keV N7 ions from a Si(111)
surface. A fraction of the beam passes over the target
without interaction and serves as a reference for the
direction of the projectile beam (see inset of figure). The
distribution in Fig. 2 represents a well-defined scattered
beam with an angular full width at half maximum
(FWHM) of about 0.4°. For the experiments a portion of
scattered projectiles as given by the dashed part in the
figure is used. The peaks of the distributions of direct
and scattered beams determine the most probable angle
of scattering ®4=0.6", i.e., ¥;,, =P ,,~0.3° for the spec-
ularly reflected fraction of the beam. Energy loss and
straggling of the scattered projectiles amounts to about
1.5% (see Sec. IV).

Since our studies will focus on hf interactions in atoms
of different charge states, the distribution of charge states
after ion-surface scattering is important information. In
Fig. 3 the fractions of charge states as a function of ener-
gy for N7 ions interacting with the Si(111) surface are

shown. The different charge states are analyzed by
0.6
N _
! >3
>
G | Si(111)
I
£
1 L 1 da
0.0° 0.5° 1.0° 1.5° 2.0° 2.5°

angle of scattering

FIG. 2. Scattering distribution after the interaction of 300-
keV N7 ions scattered from a Si(111) surface.
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FIG. 3. Charge state fractions in a nitrogen beam after
scattering of N7 ions from a Si surface (&, ~®,,~0.4°) as a
function of projectile energy

means of electric field plates in the second pumping stage.
As the data show a pronounced dependence on energy,
the proper choice of projectile energy is relevant to op-
timize the contributions of atoms in corresponding
charges states. Energies below about 150 keV are favor-
able for investigating atomic terms in neutral N1, and
for studies in *N 111 energies larger than about 300 keV.
We start the “Zeeman beat” experiments with an in-
vestigation of the neutral fraction of the scattered beam
which is separated by applying a high voltage to the
plates between the target and the wave guide. The wave
guide and the detecting device are adjusted in such a way
that the neutral fraction of the beam is transmitted
through the carbon foil. In order to obtain an oscillatory
signal in S /I [see Eq. (3)], we keep the interaction time
with the magnetic field ATy fixed and vary the strength
of the longitudinal field Hy. To identify the contribu-
tions of various atomic terms by their gp spectra a
sufficient number of periods of oscillations must be ob-
served; i.e., gp(up /A)ATyHy >>1. Since we also have to
keep gp(up /A)H, <<wyp,p, to maintain defined gp fac-

tors (Hy <10 G), ATy must be sufficiently long. This
condition is met by the length of the region of interaction
with the magnetic field (2.2 or 4.0 m). The interaction
time of 100-keV N projectiles with the field is 1.9 or 3.4
us.
In Fig. 4 the dependence of S /I on the magnetic field
H, for 100-keV neutral N atoms is displayed. The
curve shows a complex oscillatory structure, and its
Fourier transform given in Fig. 5 is referred directly to
gr factors. A comparison of Fig. 5 with Table I shows
the dominant contribution of the 2D term; the complete
gr factor spectrum of this term is clearly resolved, and
the relative intensities of the components are reproduced
reasonably well by the factors A in Eq. (3). The spec-
trum in Fig. 5 reveals only a small contribution of 2P.
This selective population of *N12D is interpreted in
terms of a model of the consecutive capture of 2p elec-
trons with a large orientation of orbital angular momenta

(6].
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FIG. 4. Zeeman-beat oscillations in the nuclear orientation
P;~S /I of the neutral charge state fraction after the interac-
tion of 100-keV N7 projectiles with a Si surface (maximum
magnetic field, £9.2 G; solid line is a guide to the eye).
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FIG. 5. Fourier transform of the data shown in Fig. 4. All hf
levels in N1 2D3/2,5/2 and two levels in 2P3/2,1/2 are identified
by their g5 factors.
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FIG. 6. Fourier transform of a Zeeman-beat measurement in
N 111 (E;, =320 keV).
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Our investigations of N 11 result in comparable con-
tributions of N1 2p23P and “Nu 2p2'D. Figure 6
shows a Fourier spectrum obtained after separation of
N 111 at a projectile energy of 320 keV. The data show a
dominant contribution of the N 111 2p 2P term, whereas
N 111 252p3 4P is only weakly populated.

In summarizing the “Zeeman beat” experiments, we
have identified the stable atomic terms in the scattered
beam which are relevant to our hf studies outlined in
Secs. IV and V: N1 2D, N1 *P and 'D, N1 ?P. It
turns out that all hf splittings observed in our studies can
be unambiguously ascribed to those terms.

IV. ZERO-FIELD QUANTUM BEATS
IN STABLE ATOMIC TERMS

After grazing scattering of fast ions from surfaces,
well-defined beams are obtained. The monoenergetic
motion of atoms and ions with velocity v =Ax /At allows
us to profit from a unique feature of fast-beam spectros-
copy: time resolution in the subnanosecond regime (v =
mm/ns) by an observation in geometrical translation
along the beam axis [7,8]. Knowledge of the ion velocity
v allows the transformation from length to time scales.
To resolve hf-interaction frequencies, the transient
transfer of anisotropy between electronic shell and nu-
clear spin ensembles after surface scattering is observed.
Taking into account the finite length &x of the target, i.e.,
the definition of the interval of time of excitation
8T =28&x /v, from Eq. (1) we have

_L(I+1)
Pr= T
S A'R (@5 g ,8x)cos(wyp p x/V)
J,F‘,Fz 172 172
> 4° ’
J,FF,
4)
where R, is given by
R (0,5x)=sin(wdx /2v)/(wdx /2v) . (5)

Thus the finite length of the zone of excitation reduces
the amplitudes of the modulation signal by a factor R,.
R, can be considered to be the frequency response of the
‘“‘quantum-beat spectrometer.” An inspection of Eq. (5)
shows that rather high frequencies are observable, but at
the cost of a reduction in signal amplitude. Assuming a
linear dependence of beam intensity I on 8x, optimization
based on a figure of merit R,J'/? results in
8x =2.33v/w. In our studies we expect frequencies be-
tween about 10 and 500 MHz, therefore at beam veloci-
ties of about mm/ns, 6x should be chosen in the millime-
ter domain.

The frequency response of detection R, is given by
the geometrical extension of the foil along the beam axis
(or better still, the surface at the entrance side of the foil).
The definition of the position of detection is therefore of
the order of microns, and R4,=1 can be assumed
throughout our studies.
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A. Experimental setup

A sketch of the experimental setup and procedure is
shown in Fig. 7. The setup is similar to the one used in
studies by Andra and Winter [3] to demonstrate the feasi-
bility of the method. However, quite a number of con-
ceptual and experimental improvements have been intro-
duced. The experiment is performed in a vacuum
chamber at a base pressure of a few 10~ 7 mbar obtained
by a turbo pump and a cold shield kept at liquid-nitrogen
temperature. N7 or (in a few cases) "*N,* beams with
current densities up to 10 uA /mm? and energies ranging
from about 50 keV to 1 MeV are well collimated by a set
of slits (0.8 X8 mm? and 0.1X8 mm? 270 mm apart) and
bent onto the target surface by means of electric field
plates. The target is cut from a Si(111) wafer rectangular
in shape and 15 mm in width; target lengths between
8x =2 and 5 mm are used in various experimental runs.

Grazing angles of incidence ®;,=0.5° are chosen in
our studies by bending the projectile beam and tilting the
target so that the specularly reflected fraction of the
beam is parallel to the axis of the beam line. This adjust-
ment is performed from outside the vacuum chamber by
a flexible feedthrough. The specular fraction of the scat-
tered beam is selected by a slit (0.3 X 10 mm?) about 45
mm behind the target. The position of this slit is adjusted
in height with the beam on target. A second pair of elec-
tric field plates (25 mm long) is positioned behind the tar-
get and can be used to isolate a charge state in the scat-
tered beam. Slits, field plates, and target are mounted on
a carriage which can be translated precisely parallel to
the beam axis via stepmotor control. With this drive the
distance between the target and the carbon foil of the
detecting device can be varied to record the transient
transfer of anisotropy due to hf interaction. The detec-
tion system used in this setup is comparable with the one
described in Sec. IIT A.

The exit side of the vacuum chamber is equipped with

1

S/I{x)= 3 A;cos[w;(x +x,)]exp 2

cT),-(x +x0) Sv

2
/ In2

v
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an energy analyzer to determine the actual energy (veloci-
ty) of the scattered beam. The electrostatic 90° cylindri-
cal energy analyzer 500 mm in radius has an energy reso-
lution better than 1072 and is calibrated by two different
techniques: (1) zero-field quantum beats of the 658-MHz
fine structure in Hel 3p 3P (J=2, J'=1) after beam-foil
excitation [9] and (2) dissociation of molecules in a gas
target kept at a high voltage [10]. Both calibration pro-
cedures result in correction factors 0.985+0.002 for the
energy deduced from the geometry of the analyzer.

B. Experiments and results

In our quantum-beat experiments we vary the distance
between target and detection by a translation of the tar-
get in equidistant steps and simultaneously record I(o )
and I(c*). In Fig. 8, data after the interaction of 300-
keV N7 ions at ®;,~0.5° with a Si(111) surface of
length 6x =4.4 mm are shown. The geometry of the set-
up limits the distance of the closest approach between the
target and the carbon foil (detection) to about 65 mm.
The data show a pronounced modulation structure lead-
ing to the Fourier transform given in Fig. 9, where the
frequency scale is based on a determination of the veloci-
ty v of scattered ions. The linewidth of the components
of the transform is about 10 MHz and corresponds to the
time interval of observation of about 120 ns. From the
distribution of charge states (Fig. 3) we expect contribu-
tions from N1 and N 1I terms. To isolate the components
of hf splittings in NI, we apply an electric field behind
the target and obtain the data shown in Fig. 10. The
Fourier transform in Fig. 11 reveals only four frequency
components. The results of the Zeeman beat experiments
described in Sec. III, theoretical calculations [23], and the
work of Radford and Evenson [11] imply that these com-
ponents must be related to the hf splittings of the N1
2p32D term. The solid line in Fig. 10 represents a best fit
to the data by

+ (constant background) , (6)

S/1

x=0 X,

polarizer

field plates

prism

/)

fiber to monitor

/ N

energy analyzer

detection

’ carbon foil

beam - profile monitor

FIG. 7. Sketch of the setup and principle of measurement for a quantum-beat experiment.
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FIG. 8. Quantum-beat signal without charge state selection
(E;, =320 keV; ®;,=0.5°; A4 =568 nm; 6x =4.4 mm).

where &, =w; /v, X, is the starting position of the mea-
surement. The exponential term in Eq. (6) takes into ac-
count a damping of amplitudes due to the spread in ve-
locity 6v /v, neglecting a small asymmetry in energy
straggling. In our experiment we find 6v /v =0.01, so
that the reduction of amplitudes is generally small.

An interesting feature of the quantum-beat technique
presented here is the possibility of a superposition of con-
tributions from terms in different charge states. It was
therefore intended to make use of the hf splittings in
N1 2D given by Rev. [11] (see Table II) as calibration
standards. A relative comparison of our quantum-beat
frequencies with the results obtained by Radford and
Evenson [11], however, results in deviations from lineari-
ty. Due to this discrepancy we decided to establish an in-
dependent frequency calibration with a precise measure-
ment of the velocity v of the scattered beam.

Figure 12 shows the energy distribution of 195-keV
“N* ions after scattering from a Si(111) surface at
®;,=0.5° and an integral detection of the polar distribu-
tion of scattering. Tests with a horizontal slit (0.3 mm) in
front of the entrance slit of the energy analyzer yield a
variation of about 1073 within the relevant part of the
polar distribution of scattered ions. Energy loss and
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FIG. 9. Fourier transform of the data shown in Fig. 8.
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FIG. 12. Energy distribution of 195.1-keV '*N™ ions after
scattering from a Si surface under ®;,=0.5".
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TABLE II. Zero-field hf splittings in *N12p®2D; , 5,, obtained in measurements of Ref. [11] (a)

and in our quantum-beat experiment (b).

Frequency v (MHz)

Splitting
“NT12p° F,—F, (a) (b)
’Ds 5-1 401.00+0.33 400.88-0.28
313 287.33+0.35 287.7340.22
’Dspy i-2 162.88+0.56 163.86+0.14
-3 98.63+0.54 99.08+0. 10

straggling amount to about 1.5% of the projectile energy.
The uncertainty of the mean energy is estimated conser-
vatively to 50% of the FWHM of the energy distribution.

Table II gives the hf splittings of N 1 2D resulting from
six independent runs. Comparison with Ref. [11] shows a
discrepancy of about 1 MHz for the J=3, F'=3—F=3
splitting which is also confirmed by our rf experiments
outlined in Sec. V. This discepancy and the lower pre-
cision of the splittings given in Ref. [11] led us to analyze
our quantum-beat data for N 1I and N III on the basis of
our evaluation for data for N1. We note that the split-
tings of N I 2D obtained by the quantum-beat method are
in excellent agreement with our rf experiments (see dis-
cussion in Sec. V).

The solid line in Fig. 8 represents a best fit to the data
given by Eq. (6), where we have taken into account the hf
splittings of all relevant terms in N I, II, 1II. The overall
good description of data by the fit also gives consistent
relative beat amplitudes of hf splittings of single terms
deduced from Egs. (2) and (4); the damping of amplitudes
is consistent with an energy straggling of about 1.7% [see
Eq. (6)].

In a number of experiments with *N* projectiles with
energies ranging from 140 to 300 keV, we investigated
the hf splittings in N I, II, III, using the quantum-beat
method and obtained the results given in Table III. Since
the yield of N2% ions at those beam energies is low, it was
not possible to observe the splitting of NI 2P;,,
F'=3—F=3 at about 250 MHz. Using a Van de Graaff

accelerator (IPN, Lyon, France) we were able to increase

the projectile energies up to 1.5 MeV for N," ions
(molecular ions were used because of the beam intensity)
which leads to a significant increase of the N*>* charge
fraction. As an example Figs. 13 and 14 show data and
the Fourier transform obtained by selective detection of
the N III terms after the scattering of 1.1-MeV N, at
@, ~0.5°. In both figures the two components of the hf
splittings of N 111 2P5 ,, are clearly identified. Experiment
and results in N 111 have already been published elsewhere
[12]; however, the hf splittings for N III given in Table I1I
are obtained here by a reanalysis of data based on refer-
ence frequencies in N I, I with improved accuracy.

An analysis of our quantum-beat data shows that this
technique is well suited for resolving hf splittings of
stable terms with an accuracy of several 0.1 MHz. The
range of frequencies that are accessible with the present
setup is limited from a few 10 MHz up to about 500
MHz. We therefore did not succeed in resolving the hf
splitting of N 111 2P, ,,, which we expect to be at about
730 MHz. At very low frequencies the application of this
technique also causes problems because the modulation
period is comparable with the length of the data set and
it is difficult to separate the signal from possible modula-
tions of the background. By a selected detection of N II
we found two frequency components at 4.5£0.5 MHz
and 12.2+0.5 MHz. Based on theoretical studies (see
Sec. VI) one may ascribe these splittings to N 11 *P,, but
the status of experiment and analysis does not allow any
definite statement to be made on these low-frequency
components.

TABLE III. Results of quantum-beat measurements in N II and I1I (the data are calibrated by the hfs

splittings of N1 D).

Measurement Relative deviations
Zero-field by quantum beats to rf measurements
splitting (MHz) (units of 107
YN *p,
F'=2—F=1 201.18+0.24 +2.2
F'=3—F=2 275.75+0.50 +4.1
“Nu 'D,
F'=2—F=1 264.73+0.21 +1.8
F'=3—F=2 447.30£0.37 —3.0
YN 111 2P5 )y
F'=3/2—F=1/2 126.23+0.38 —7.8
'=5/2—F=3/2 252.29+0.62 —11.9
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FIG. 13. Quantum-beat signal obtained with '*N 111 ions after
scattering of 1.1-MeV *Nj molecules from a Si surface under
@, ~0.5".

In the study demonstrating the feasibility of this
quantum-beat technique on stable terms [3] extensive dis-
cussions of possible contributions to the data by excited
terms via cascades can be found. It turned out, however,
that in contrast to beam-foil excitation for example, graz-
ing surface scattering results in a poor population of ex-
cited terms [2]. Since, in addition, the lifetimes of those
terms are significantly smaller than the times of observa-
tion, an analysis on the influence of excited terms yields
negligible contributions to our final results.

V. rf-RESONANCE EXPERIMENTS
IN STABLE ATOMIC TERMS

The concept of our rf-resonance experiments is to
modify the population of atomic hf levels after the sur-
face scattering. In this way our method is similar to pre-
vious rf resonance studies using fast beams [13]. The
modification through M1 transitions between levels
|LSJF,M,)=|F,M,) and |LSJF,M,)=|F,M,) slight-
ly alters the collision-induced anisotropy of the |LSJ)
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FIG. 14. Fourier transform of the data in Fig. 13.

term and thus also the nuclear polarization P;. Detec-
tion of P; dependent on the rf frequency leads to a tech-
nique to resolve hf splittings in stable terms. Between ex-
citation and detection we apply an oscillating magnetic
field parallel to the y axis H,=H cos (.t of amplitude
H, and frequency w,s. The probability of inducing transi-
tions between |F,M,) and |F,M,) levels after an in-
teraction time AT with the rf field is given by a Rabi-type
expression [14]

0%

P o, — o+ 02
OJF F, ™ Orf R

X sin? ——T[(wjplpz—a)rf)z—l-ﬂﬁ]l/z] (7

with the averaged Rabi frequency [15]
JU+ 12T+ 1D)(2F,+1) ]1/2

R

3
xﬁ!ﬁ’iF‘lpz )
817 |\ 1 J|°

where F, > F, and AM =M, —M,==+1.

In order to provide an estimate of the signals in the ex-
periment, in Fig. 15 we give relative level populations and
relative transition probabilities of a 3P, term,
F,=2—F,=3. The level populations are obtained by as-
suming initial populations of orbital angular momentum
sublevels o(LM;)=o(M;): o(—1)=0.5, 0(0)=0.4,
o(1)=0.1, which results in an orientation parameter
P; =—0.4, a typical value after grazing incidence
scattering.

From Fig. 15 and Eq. (7) it can be seen that interaction
times AT in the microsecond regime are required to
achieve a substantial change in population. Since, in ad-
dition, a number of further levels from different terms are
not affected by the nonresonant rf field but contribute to
the signal detected via P; with a constant background,
relative variations in S /I of 1074-1073 are expected.

A. Experimental setup

The experimental setup of the rf resonance experiments
has been partly described in Sec. III A and is shown in

M, -3 -2 -1 0 1 2 3
F,=3 300 280 252 216 172 120 60

0/ @®/ @/ @
@\ ®\ @\
F, =2 290 255 210 155 90
FIG. 15. Relative level population and transition probabili-

ties for (AF=+1, Amp=+=1) transitions in a >P, term
(Fy=2—F,=3); model parameters are given in the text.
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Fig. 1. The rf magnetic field H, is generated by a coaxial
transmission line 4 m in length made of copper tubes, the
inner electrode 10 mm and the outer electrode 23 mm in
diameter. The impedance of this wave guide is Z =50 (Q,
and by terminating one end with a high-power Ohmic
load of 50 , voltage standing-wave ratios (VSWR) < 1.4
for rf frequencies of up to 500 MHz are obtained. The rf
was provided by a frequency synthesizer Marconi Model
2019A and a linear broadband amplifier ENI Model
525LA. rf powers of less than 30 W were used. A
discharge in the wave guide triggered by the ion beam
limits the rf power and field amplitudes H, in the experi-
ments. The interaction time intervals AT result from the
length of the wave guide of 4 m. Since the inner spacing
of the two coaxial tubes is only about 6.5 mm, it is a
difficult procedure to align the line along the path of the
scattered beam. The interaction times AT <3.5 us and
the rf powers available limit the Rabi frequencies to
AQg <0.8 MHz.

To monitor the small variations in S/I due to a reso-
nance with the rf field, the method of detection must to a
large extent eliminate any source of disturbance (beam
fluctuations, modification of the carbon foils, etc.). It
turns out that a simultaneous detection and gating of
both optical channels is an essential prerequisite for a
successful performance of the experiments.

B. Experiment and results

In the geometry of our experiment the rf wave propa-
gates at about the speed of light v ~c collinear with the
beam axis. Thus frequencies v, in the rest frame of the
fast atoms moving with velocity v are shifted in the labo-
ratory frame. These can be calculated from vi=vtv™,
where v denotes the two cases for parallel and antiparal-
lel propagation of the fast beam and the rf wave. The
Doppler effect is eliminated by measurements of hf split-
tings in both directions of propagation [16].

To obtain larger S /I modulation signals we perform a
selection of the charge states of the scattered projectiles
by an electric field in the drift zone between the target
and the transmission line. Contributions from atoms in a
given charge state are then detected by tilting the
transmission line and the detector at an angle to the beam
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axis. The inner spacing of the wave guide and the diame-
ter of the foil holder (6 mm) limit the acceptance angle
for scattered projectiles to about 1 mrad. Despite this ex-
treme collimation, beam currents of up to several
nanoamperes and counting rates of about 10° counts/s
are observed after the beam-foil interaction.

Data obtained for N I are displayed in Figs. 16 and 17,
where the variation of AS /I with rf frequency is plotted
for antiparallel and parallel propagation of the rf wave
with respect to the fast beam. The data were obtained at
a projectile energy E, =100 keV and the hf splittings of
N12Ds,), F;=3—F,=1 and N12D;,,, F|=3—F,=3
were observed. The solid lines represent best fits to the
data by Eq. (7) which give a satisfactory description of
the line shape of the resonance signal. The data clearly
reveal the expected Doppler shift of ~+4X1073. The
experimental linewidth of 250 kHz is dominated by tran-
sit time broadening, which 1is expected to be
6v=0.85/AT for these experiments. A direct compar-
ison of the data in Fig. 17 and the hf splitting calculated
from hf parameters reported by Ref. [11] [162.88(56)
MHZz] shows the discrepancy which has already arisen in
the discussion of our quantum-beat data in Sec. IV. The
intrinsic accuracy of the rf method allows us to conclude
that the hf splitting of the N 1 2D term deduced from Ref.
[11] is not as precise as regards the errors quoted by the
authors. This explains our difficulties, reported in Sec.
IV, in relating the hf splittings of N 1 2D given in Ref. [11]
to our results.

For measurements in N II we show in Fig. 18(a) as a
representative example data for N11 'D,, F,=1—F,=2.
The linewidth in the experiments obtained with NII is
about 310 kHz due to AT =2.8 us. All hyperfine split-
tings in N 11 !D, and N 11 3P, are observed. We also tried
to investigate N 11 °P, and found a “resonant structure”
at about 12.5 MHz. However, the quality and reproduci-
bility of the data did not allow a reliable analysis. In or-
der to obtain a sufficient fraction of N III ions in the scat-
tered beam, we have to increase the beam energy to
E,=350 keV. The reduced transit time AT =1.9 us
leads to a linewidth Av=~470 kHz. Figure 18(b) shows
data for N 111 ?P; ,, F;=1—F,=21. Both hf splittings of
N 11 2P, , are observed. The hf splitting of N 111 2P, , is
expected at a frequency about 730 MHz, which could not

10° AS/]
10° AS/I

_g LI 1 | _6 I

FIG. 16. rf-resonance signal of the
“N12Ds,,, Fi=3—F,=1 splitting detected
via the nuclear polarization of the N1 beam
after scattering of 100-keV *N™ ions from a Si
surface at ®;,=0.5° (U =0.5 MHz; AT=3.4
ps; Av=253 kHz). The variation of the degree
of circular polarization AS /I is displayed as a
function of the frequency of the rf wave. Left
figure: counterpropagating rf wave and ion
beam; right figure: parallel rf wave and ion
beam. Note a Doppler shift between both data
| | sets.
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FIG. 17. rf-resonance signal of the NI
’D;,,, Fy=2%—F,=3 splitting detected via
the nuclear polarization of the NI beam after
scattering of 100-keV N ions from a Si sur-
face at ®;,=0.5° (Qz=0.34 MHz; AT=3.4
us; Av=256 kHz). The variation of the degree
of circular polarization AS /I is displayed as a
function of the frequency of the rf wave. Left
figure: counterpropagating rf wave and ion
beam; right figure: parallel rf wave and ion
beam.

TABLE IV. Results of measurements with our rf-resonance method. (a) Data obtained from the ex-
periment. (b) Same as (a), but corrected for fine-structure perturbations.

Hyperfine
splitting Frequency (MHz)
Term F'F (a) (b)

“N12Ds,, Tl 401.227(28) 401.159(31)
33 287.751(20) 287.775(26)
“N12D,, EDI ] 163.742(24) 163.718(29)
3ol 99.068(24) 99.024(26)
“N1 'D, 32 447.438(56) 447.438(56)
251 264.682(32) 264.682(32)
N1 3P, 32 275.634(32) 275.646(32)
251 201.133(40) 201.129(40)
“N 1 2P; Sl 252.592(28) 252.593(28)
il 126.331(28) 126.330(28)
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FIG. 18. (a) rf-resonance signal of the "“N 11
'D,, Fy=1—F,=2 splitting detected via the
nuclear polarization of the NI beam after
scattering of 150-keV “N™ ions from a Si sur-
face at ®;,=0.5° (2 =0.64 MHz; AT=2.8
us; Av=309 kHz). The variation of the degree
of circular polarization AS /I is displayed as a
function of the frequency of the rf wave (coun-
terpropagating to the ion beam). (b) rf-
resonance signal of the N ?P;,,
F,=1—F,=23 splitting detected via the nu-
clear polarization of the NI beam after
scattering of 350-keV *N™ ions from a Si sur-
face at ;,=0.5° (A =0.77 MHz; AT=1.9
us; Av=466 kHz). The variation of the degree
of circular polarization AS /I is displayed as a
function of the frequency of the rf wave (paral-
lel to the ion beam).
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TABLE V. List of contributions to the uncertainty in rf-resonance measurements in N 11 and N 111
(maximum observed errors are noted, all numbers are given in kilohertz). Row 1 shows the uncertain-
ties of the center frequency as given by a fit according to Eq. (7), row 2 of the deviation from this if a
background slope is allowed for. For the total energy stability, i.e., for the performance of the accelera-
tor and the scattering from the surface, we regard as uncertainty a value of AE =1 keV for energies up
to 150 keV and AE =2 keV for energies higher than 150 keV, a conservative assumption, as measure-
ments of the long-time stability of surface scattering show. As the final error we give 4 times the max-

imum of rows 7 and 8 in order to include possible unknown systematics.

Resonance 447 264 275 201 252 126
Source of
error
Fit 11.2 4.5 12.5 8.6 8.7 13.1
Different background
models 7.4 23 2.1 3.5 2.3 1.0
Total energy
stability of ion beam 9.0 5.3 5.5 4.0 5.1 2.5
Variation of rf power
over frequency interval 2.0 2.0 2.0 2.0 2.0 2.0
Calibration of
rf generator 0.7 0.4 0.4 0.3 0.4 0.2
Number of independent runs 3 2 2 2 2 2
Mean error 8 5 8 10 7 7
Maximum deviation
from mean frequency 14 8 6 10 4 7

be handled with our setup.

The results of the rf experiments are summarized in
Table IV. At our level of precision second-order effects
in hyperfine structure caused by interactions between
fine-structure levels of the same configuration have to be
taken into account. This small deviation of J from being
a “good quantum number” introduces perturbative terms
(17],

IJFmg|Hy, | IJ'Fmg)|?
8J,F)= 3 A ;JJ)*‘_”}IVU,) A ©)
J(F))
with respect to the hf energies. In Table IV the experi-
mentally observed hf frequencies and those corrected for
fine-structure perturbations are given. The correspond-
ing 8(J,F) have been calculated with configuration-
interaction wave functions described below. The largest
corrections of 40—70 kHz are deduced for levels in N 1 2D
due to the small femtosecond splitting of 260.5 GHz [11].
As fine-structure intervals increase for more tightly
bound ground term electrons in ionized nitrogen,
second-order effects are reduced and amount to about 10
kHz for N 11 3P,, and less than 1 kHz for N 111 2P, ,. It
should be noted that the N 11 !D, term is not affected by
the perturbations considered here.
The splittings in N II and N III given in Table IV have
been determined for the first time; for N1 our measure-

ments improve the precision of former data (zero-field
|

(JIFMg|H,, +Hy|JIFM) =E,, +E,

splittings) by factors of about 10-20 and remove an in-
consistency in these data. The errors quoted in Table IV
result from conservative estimates of possible sources of
uncertainties in our experiments and do not exhibit the
ultimate precision achievable with this method. In this
respect it must be stressed that for each measurement of
an hf component, more than 107 counts per channel have
to be accumulated to analyze the small variation in S/I.
This takes several hours and it is very time consuming to
produce the larger number of independent runs needed
for an analysis of data on the ultimate level of accuracy.
Some sources of uncertainties are listed in Table V. At
the present status in the deduction of nuclear moments
from the data (see Sec. VI) there is no need to push the
accuracy to the limits.

VI. THEORETICAL DESCRIPTION
AND EVALUATION OF THE DATA

In this section we briefly discuss the theory of
hyperfine interactions in free atoms and present results of
self-consistent calculations of the hf splittings observed in
our studies. We then deduce from theory and experiment
the nuclear electric quadrupole moment Q('*N) and the
quadrupole coupling constants eQgq,, /h. With respect to
the theory of hyperfine interaction in free atoms we refer
to the literature [17]. Magnetic dipole and electric quad-
rupole interactions result in corrections to the electronic
energies [18],

IK(K+1D—IUI +DJ(J +1)

—é—A,K +B,

(10)

2121 —1)J(2J —1)
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TABLE VI. Comparison of experimental and theoretical hf parameters of stable terms in "N 11 and
11. The left-hand side lists theoretical results in RHF and CI approach for single-electron parameters,
which result in term-dependent 4 and B factors (values given in megahertz).

b Expt.
Term Method a, asp a. (20 mbar) Ay B, Ay B,
YN 2p?
'D, RHF 144.25 0 0 17.602 144.25 14.082 144.105(14) 13.444(20)
CI 143.42 0 0 16.808 143.42 13.446
p, RHF 14759 147.76 0 18.011 88.573 —7.204 94.487(10) —6.946(18)
CI 147.42 15044 8.23 17.304 92.867 —6.921
YN 2p
2P3/2 RHF 180.09 180.30 O 21.977 96.022 8.791 96.833(10) 8.409(10)
CI 179.91 190.54 1.256 20.940 94.950 8.376

with K=F(F+1)—J(J+1)—I(I+1). The interval fac-
tors A; and B; can be expressed in single-electron pa-
rameters a; and b, on the assumption of LS coupling.

In Table VI we give the single-electron parameters ob-
tained in restricted Hartree-Fock (RHF) [19] calculations
for terms with 2p and 2p? configurations. We compare
the calculated 4; and B; with our experimental results
where we use Q(*N)=20.0 mbarn (see Sec. VIA) to
deduce the theoretical B factors. In order to take into ac-
count the polarization of the core by electrons of the
open shell [20], we also perform calculations in a
configuration-interaction (CI) approach by using the
computer code CIv3 by Glass and Hibbert [21]. For light
atoms, the effects of configuration interaction are rela-

tively more important than relativistic effects [22]. In our
calculations we take into account all one- and two-
electron excitations allowed by symmetry up to the prin-
ciple quantum number n =4. With these restrictions in
excitations a successful description of hyperfine interac-
tion in stable terms of other first row atoms has been ob-
tained [23].

The RHF method provides an excellent description of
A factors for 'D, and 2P, ,, but for 3P, the deviation
from the experimental results amounts to 6.3%. The ex-
perimental data for the B, factors are reproduced within
5%. In the CI calculations the discrepancy with respect
to the A, factor of 3P is largely removed. An inspection
of the single-electron parameters a, indicates that the rel-

TABLE VII. Variation of single-electron hf parameters for the '*N 2p23P term by inclusion of addi-
tional configurations with excited electronic orbitals to the wave function. All one- and two-electron
excitations allowed by symmetry are taken into account up to n =4. The first row gives RHF parame-
ters, with single-electron parameters resulting from one radial integral (r_3)2,, and no contact term.
An admixture of one- and two-electron excitations to the wave function results in different radial in-
tegrals for spin dipole (SD), orbital and quadrupole parts of hfs and a nonvanishing contact interaction.
With the exception of the contact term the last row gives the relative difference of parameters in the
RHF and the configuration-interaction approach. Note that for a., contributions from K-shell excita-
tions are overcompensated by those of the L shell, a result which has already been reported on in the
literature for ground terms in B, C, N, O, and F by Glass and Hibbert [23].

Excitation a. asp a; b
None (RHF) 0.00000 147.764 26 147.59297 18.0111
Is—ns —1.965 37 147.763 87 147.592 94 18.0111
1s—nd —1.51566 150.301 65 147.594 59 18.0525
2s —ns 7.42952 150.18213 147.594 63 18.0524
2s—nd 7.711 54 150.51080 147.439 86 18.0197
2p—np 7.751 67 150.838 89 147.766 38 18.0595
1s2—ni? 7.75244 150.83908 147.766 53 18.0588
1s?—ninl’ 7.75242 150.839 08 147.766 53 18.0588
1s2p—ninl’ 7.74106 150.838 12 147.765 53 18.0587
252 —nl? 7.8882 39 150.792 62 147.737 31 17.3392
2s2—ninl’ 7.88226 150.792 62 147.737 31 17.3392
1s2s —nl? 7.897 04 150.792 43 147.737 04 17.3392
1s2s —ninl’ 7.89700 150.792 43 147.737 00 17.3392
2s2p —>nl'nl’ 8.22841 150.441 59 147.41672 17.3037
CI-RHF 8.228 41 +1.8% —0.1% —3.9%

difference
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atively large contact contribution introduced by CI mix-
ing found in 3P is the origin of the poor description of the
hf interaction by RHF. In Table VII we list the variation
of the single-electron parameters for 3P for a successive
number of CI excitations. In general A4; is reproduced
for all three terms of better than 2%.

A striking feature of our CI calculations is an overall
agreement of the theoretical B; factors with the experi-
ment of better than 0.4%. This consistent description of
the quadrupole interaction in the *N 11 and N 111 atoms
is the basis of a determination of Q('*N) with improved
accuracy (see Sec. VI A). We expect only small contribu-
tions from CI excitations into even higher electronic
shells and into the continuum.

A. Nuclear electric quadrupole moment Q(!*N)

In the theoretical analysis of data in the preceding sec-
tion the final results sensitively depend on the size of the
nuclear moments. Whereas the magnetic moment of the
N nucleus is established with good precision [24], this
does not apply to the electric quadrupole moment
Q(N). The electronic ground state 2p3*S of the N1
atom is almost spherically symmetric, and from the ex-
tremely small B factor [25] a determination of Q is not
possible. As a consequence, Q(!*N) has so far been ob-
tained from experimental nuclear quadrupole coupling
constants in molecules and recently also in ionized atoms
with the help of the theoretical electric field gradient at
the position of the *N nucleus. The lack of knowledge of
precise geometrical structures and vibrational corrections
in the case of molecules, and the use of higher symmetries
makes calculations of field gradients more simple and re-
liable for atoms than for molecules [26].

A compilation of values for Q('*N) over the past de-
cades reveals a gradual increase by about 30% [27],
which reflects the problems and the progress in the com-
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putation of ab initio electric field gradients by
multiconfiguration approaches, particularly in a variety
of molecules containing *N nuclei. In Table VIII we
give a summary of some representative values for Q('*N)
so far proposed. The presumably most accurate moment
listed here has been obtained in an analysis of hf split-
tings of an excited term in the N1 atom [37] by
Scuseria and Schaefer [26].

The data presented here and our calculations form an
excellent basis for deducing Q('*N) from N II and N 1L
Relating the single-electron parameters b,; obtained from
the measurements (B;) to our CI calculations, i.e., using
the theoretical values for the quadrupole radial parame-
ters, we find Q(1*N) as listed in Table IX. The errors of
the theoretical analysis are difficult to estimate. At the
current state of the evaluation we give increased weight
to Q('*N) derived from the !D, term, where the lack of
spin-dependent contributions simplifies the analysis. In
this analysis the discrepancies between experimental and
calculated A factors must be taken into account, which
have served as a guess of the theoretical uncertainties in
the B factors. The resulting total uncertainties are listed
in Table IX, where the final value for Q stems from the
weighted mean of the individual evaluations. Note the
good agreement of results for the quadrupole moment Q
in the table, deduced from independent measurements in
different atomic terms of two charge states. From our
analysis we conclude that Q('*N)=20.0(2) mbarn. This
value is in line with the results of recent evaluations as
listed in Table VIII. However, we believe that our work
has set a new “‘standard” in the knowledge of the nuclear
quadrupole moment of *N by achieving a high level of
consistency in the independent derivation from three
different atomic terms. A more sophisticated theoretical
analysis of data as outlined for the excited N11 2p3p 'P,
term in Ref. [26] is expected to obtain Q('*N) with even
higher accuracy.

TABLE VIIIL. List of representative values for the nuclear electric quadrupole moment of N in past

decades.

Q (mb) Derived from Year Ref.
16(7) NO 1960 [28]
15.6 ‘“average” mol. 1968 [29]
16.6 “average” mol. 1969 [30]
14.9 and 15.8 NH, 1971 [31]
16.7 and 17.5 NH, 1972 [32]
21.6 and 22.0 NH, 1972 [33]
16.3 NH, 1973 [34]
17.4(2) electron scattering 1974 [35]
15.0(1.6) ‘“average” mol. 1980 [36]
19.3(8) Nu'p, 1980 [37]
20.2 N, 1980 [38]
16.7(3) NH, 1983 [39]
19.5 NH, 1983 [40]
20.8 NH, 1986 [27]
20.0 HCN 1986 [41]
20.5 NO*t, N, 1986 [42]
20.7(4) Nu 'P, 1987 [26]
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TABLE IX. Nuclear electric quadrupole moment of '*N deduced from a comparison of our experi-
mental results and theoretical analysis based on the B factors given in Table VI.

Term Factor Q (mbarn)
N1 2p? 'D, B,=0.8b,, 0 =20.00£0.10
N1 2p23P, B,=—0.4b,, 0=20.0740.36
4N 1 2p 2P, , By, =0.4b,, 0 =20.08+0.44

O eighied =20.01£0. 10

B. Quadrupole coupling constant eQq,, /h

The electric quadrupole interaction can be used to
study electronic configurations and structures of mole-
cules. Townes and Daily [43] showed that the contribu-
tions of atomic field gradients g,, play a dominant role in
the description of hf interactions in molecules, and they
proposed a method for detailed studies of molecules. The
application of this method refers to field gradients gen-
erated by atomic constituents of the molecules which
dominate the quadrupole interaction, i.e., atoms in stable
electronic configurations.

Studies of molecules containing *N atoms thus need
information on the g,, of a single electron in the stable
2p34S term, given by the coupling constant eQq,, /h (*S).
Because of the very small field gradient g, in the 2p>
configuration of the neutral *N atom, this coupling con-
stant cannot be deduced directly from atomic data, and it
is therefore derived from studies in different molecules
with low precision. An evaluation of available experi-
mental data can be found in the literature, where eQq,, /h
(*S)=10 MHz with about 20% uncertainty is reported
[44]. O’Konski and Ha [45] derived the coupling con-
stant from calculated field gradients in '*N atoms and ob-
tained 9.09 MHz. In this analysis the commonly accept-
ed value at that time for the nuclear quadrupole moment
Q(*N)=15.6 mbarn has been used (see Sec. VIA).
Based on the concept discussed in Ref. [45], the coupling
constant eQq,, /h in *S is deduced here from hf splittings
in stable terms of N II and N III.

Our analysis is discussed with the help of Table X.
First we calculate or take from the literature electric field
gradients for “Nm 2p2P;,, “Nn 2p?°P,, and
“NI2p34S;,,. Then we compute the ratios of gradients
in atoms with adjacent charge states which relate the cor-
responding coupling constants. These ratios are obtained

from Ref. [45], RHF, CI, and MCDF (multiconfiguration
Dirac-Fock) calculations [46]. The coupling constants
for N1 2P, ,, and N 11 *P, are obtained directly from
our experiments:

eQq,,/h(2p *P5,,)=2B;,,=16.818+0.040 MHz ,
eQq,, /h(2p*>P,)=—2B,=13.892+0.036 MHz .

As we have said, for atoms with 2p?® configurations this
quantity cannot be determined by an experiment, and we
therefore deduce this coupling constant by an extrapola-
tion based on calculated ratios of field gradients. The
analysis is started by taking the coupling constant for
NI derived from our experiment and comparing the
theoretical extrapolations for N II with the experiment
(Table X). The agreement between theory and experi-
ment is about 8X 1073 for RHF and within the experi-
mental error of 2.6 X103 for the multiconfiguration
method. This may be interpreted to mean that ratios of
electric field gradients in light atoms can be calculated
with good precision. Extrapolation along the same lines
for N1 yields, as for N 11, a slightly larger constant from
MCDF compared with RHF, where we again expect the
analysis based on MCDF to be more accurate and reli-
able.

At the present status of evaluation we give the conser-
vative estimate for the quadrupole coupling constant in
the ground term of N1I: eQq,, /h(2p3*S5,,)=11.240.2
MHz, which significantly improves the knowledge of this
constant. A more detailed discussion on this subject will
be published elsewhere [47].

VII. CONCLUSION

We present two experimental techniques which allow
hyperfine structures of stable terms to be resolved with

TABLE X. Quadrupole coupling constant for a single electron in the ground-state configuration of
N7+, ¢=0,1,2, obtained by different theoretical approaches and extrapolations. In the right-hand
column we give the experimental results. For N1 this constant cannot be deduced from experimental

data.
Theory
State RHF Ref. [45] CI MCDF Experiment
2p 2P, 16.818 16.818+0.040
? 1.22013 1.22044 1.21021 1.21339
2p*3P, 13.784 13.780 13.897 13.860 13.89240.036
$ 1.236 96 1.23626 1.234 54
2p3*S,, 11.143 11.147 11.227
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good precision. The potentials of the quantum beat and
of the rf resonance technique have been demonstrated by
investigating the hyperfine structures of different terms in
three charge states of '*N. The knowledge of hf interac-
tion in stable terms of N 1, 1, and III has been
significantly improved by our studies. In combination
with self-consistent atomic structure calculations it is
possible to derive the nuclear quadrupole moment of “N
and the nuclear quadrupole coupling constant for a single
tlalectron in the 2p3 configuration of the ground term in

NI

The two techniques are time-of-flight methods. The
quantum-beat method uses the frequency resolution
gained with the fast beam by a variation of the distance
between excitation and detection along the beam axis. In
our experiments we vary this distance up to several hun-
dred millimeters and with velocities in the mm/ns regime
we therefore obtain observation times of several hundred
nanoseconds. This results in corresponding linewidths of
a few megahertz and uncertainties of about 1073 to
several 10~ * for the data. A higher frequency resolution
is achieved with a new kind of rf resonance method,
which can be regarded as an adaptation of the classic
Rabi-type experiment for fast-beam surface scattering.
The velocity of projectiles determines the time of interac-
tion with the resonant rf field, which corresponds to the
C region of the classic Rabi setup. The length of the
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wave guide used in our experiments provides times of in-
teraction of several microseconds and linewidths of a few
hundred kilohertz. Relative uncertainties of 10 *-107>
are easily obtained without going to the limits of the
method.

Application of the rf method to higher charge states
than those discussed here seem to be attractive for fur-
ther atomic structure studies. In the C region a resonant
laser field could then eventually be applied, which would
expand the regime of frequencies applicable in this
method. With the use of magnetized targets, where a po-
larization of atomic terms with vanishing orbital angular
momentum is achieved by a capture of spin-polarized
electrons, our method is also applicable then for investi-
gations of .S terms.
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