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Hyperfine structure of Nli 2pap I'& after ion-beam surface interaction at grazing incidence
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The high degree of orientation of atomic angular momentum states obtained by the interaction of fast ions
with a solid surface at grazing incidence allows the application of the zero-field quantum-beat technique for
high-resolution studies in atomic spectroscopy. With this new technique the authors have measured the
hyperfine splitting of ' Nii 2p3p 'P& and deduce for the hyperfine constants values of A = 102.9+1.0 MHz
and B = —4.58+0.05 MHz, and for the quadrupole moment Q(' N) = 19.3+0.8 mb.

I. INTRODUCTION

Observation of zero-field quantum beats after the
excitation of a fast ion beam is a powerful method
in high-resolution atomic spectroscopy. i The con-
ditions for the application of this technique are the
coherent excitation of fine or hyperfine (hf) levels
and an anisotropic sublevel population. The differ-
ent kinds of excitation media (foil, gas-target,
laser) usually fulfill these conditions. Excitation
of an ion beam with a crossed laser beam works
only in those cases where the transitions from
ground or metastable states lie in the domain of
currently available 1aser wavelengths. On the
other hand, excitation by a foil or gas lacks suffi-
cient anisotropy for high-resolution studies in
heavier atoms (tilting the foil produces an orienta-
tion of atomic states and improves the situation).

Since the ion-beam surface interaction at grazing
incidence (IBSIGI) produces large degrees of orien-
tation of atomic angular momentum states, ' the co-
herence and anisotropy inherent in this kind of
light source guarantees a wide range of applica-
bility for high-resolution studies in atomic spec-
troscopy.

In recent papers different IBSIGI techniques for
hyperfine studies have been described which allow
investigations of atomic and ionic states which
have been inaccessible to previously known tech-
niques. ' '

In continuing the former work we show that the

degree of precision of data by IBSIGI quantum
beats is comparable to other high-resolution tech-
niques. We describe in this paper the study of the
hyperfine structure (hfs) of the ND Is'2s'2p3p'P,
state via zero-field quantum beats in the fluores-
cence of circularly polarized light emitted after
ion-surface interaction.

In Sec. II we first discuss some aspects of the
application of this new technique. We then present
in Sec. III a description of the experimental setup
followed by the actual measurements in Sec. IV.
Since the conversion of the results obtained in Sec.
V into the frequency domain requires knowledge of
the average ion velocity, we devote Sec. VI to the
extensive determination of this velocity. We then
extract the nuclear quadrupole moment of ' N from
our hfs data in Sec. VII, compare it with previous-
ly reported values, and conclude with general re-
marks relevant to the future application of our
technique in Sec. VIII.

II. QUANTUM BEATS

The time dependence of the intensity of light of
wave vector k and polarization e is given by ex-
pressions in the appendix of Ref. 1. With the ex-
citation-density tensor components in I.M~ sub-
space ~~p~, the polarization-density tensor com-
ponents P~(k, «), u&~z z ——ariz —&uzi, and I, re-0

ferring to the angular momentum of the lower
state, we have

I

q,'(k, E)"P"(o)~(f II~I"~~L.) I'
kq 0

(2J'+I)'(2F, +l)(2~,+1) J J k
'" E, I', k '

(2I+ I)(2S+ 1) L L S cl J I

The highly oriented states prepared by IBSIGI cor-
respond to tensorial components with k= 1; the
alignment is usually small so that 4= 2 contribu-
tions are neglected. From the last 6j symbol in

Eq. (1), it follows that frequencies corresponding
to the hf splittings of states with AE= I', —I', =+1
are observable in the circular1y polarized fluores-
cent light. This results, for the ' N II 2p3p'&,
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The energy distribution of the scattered ions is
measured with a 90' electrostatic energy analyzer
with an energy resolution of about 10 '. The cal-
ibration of this analyzer is known to be better than
10 ' by a direct comparison with a second analyzer
of the same type previously calibrated by the He I
3p'P quantum beats. '

IV. EXPERIMENT
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FIG. 2. Normalized Stokes parameter S/I as function
of the distance between excitation and detection zone.

For the experiment we chose the 2p3p Py state
of NII where we expected, because of missing
contact terms in the hf interaction, beat frequen-
cies resolvable by the IBSIGI quantum-beat tech-
nique. From our former work we estimated two
frequencies of about 100 and 200 MHz. Further-
more, the lifetime .of this state v = 24.1 nsec, as
measured by Desesquelles, ' is long enough to ob-
serve several periods of oscillations.

%e observed the 2p3p'P, state via the A. = 648.2-
nm 2p3s'P, -2p3p'P, transition with a maximum
count rate of about 1000-2000 counts/sec. The
other branch from this state, the A, =489.5-nm
2s2p'D'-2p3p'P, transition, was weak and was not
investigated owing to a blend with a line from
NIII at A, =486 nm.

The quantum-beat structure in Fig. 2 was ob-
tained by recording the intensity of the spectrally
analyzed, circularly polarized light of positive and
negative helicities I', I as the distance between the
target and the fixed detection zone was varied in

steps of 1 mm. At each step the quarter-wave
plate was rotated to two positions as to successive-
ly accumulate I and I+-photon counts into two
separate memory blocks of a PDP 11/10 minicom-
puter synchronized with the target position. The
spectrometer was set at A, = 648.0 nm with a reso-
lution of 4X= 5 nm at 2-mm slit width. Choosing
the z axis as the quantization axis and the direc-
tion of detection, we get from Eq. (1) for the nor-
malized Stokes parameter S/I = (I —I')/(I +I'),

S/I t =
v 3(9+ 4 cos&diot+ 5 cos(d»t) po

-36& 2p', + (5+ 4 cost@»t+ 9 cosset»t) po

V. RESULTS

The solid line in Fig. 2 is a best fit to the data
using a function of the type

S/I(x) =a, +a, cos(a, x+a, )+ a, cos(a, x+ a,) (4)

resulting from Eq. (3); a, describes a flat back-
ground, p, and a4 the amplitudes of the "frequen-
cies g~ and g5.

In the final stage of the evaluation g, and g, were
replaced by appropriate expressions containing the
hf parameters A and B. For a 'P, state we have

g, = A. ——", B and a, = 2A+ —',B.
The fit yields for the hf constants, in reciprocal

length units, A' = 4.937 x 10 ' mm ' and B'
= -2.198x10 ' mm '. These values of A' and B'
are equivalent to two observable frequencies of
5.76&&10 ' and 9.54 X10 ' mm ', respectively,
which correspond to the prominent features (lines)
in the Fourier transform of the data in Fig. 3. In
extracting these results from the data we have neg-
lected a maximum possible shift of the observed
frequencies of about 5 x 10 ' mm ' due to the
earth's magnetic field.

The ratio g, /g4 -—1.18 of the beat amplitudes of
these two components resulting from the fitting
procedure as well as from the Fourier transform
deviates from the theoretical value 0.80 as given
in Eq. (3). Including the correction due to the finite
length of the excitation and detection zone, how-
ever, the theoretical value shifts to 1.20, which
is in good agreement with the experiment.

Since p', exceeds p,
'

by a factor of about 10 and the
oscillatory part in the denominator of Eq. (3) is
damped according to Eq. (2) by factors of 0.57

(e») and 0.15 (&u») at our experimental condi-
tions, the modulation amplitude due to the align-
ment is in the order of 0.5%. Thus it is justified
to neglect the contribution of the alignment in the
denominator of Eq. (3).

Therefore in using the normalized Stokes pa-
rameter S/I the influence of the exponential decay
is eliminated and we have the modulation on a flat
background. The beat pattern in Fig. 2 shows the
superposition of two frequencies. The first part
of the curve is disturbed by light emitted in the
surface region where the contribution of atoms is
considerable, which have experienced large scat-
tering angles and consequently show small polar-
ization. ' These data are therefore omitted in the
analysis.
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FIG. 3. Fourier transform (sinusoidal apodisation) of
the data in Fig. 2.

VI. VELOCITY DETERMINATION

The conversion of the hf parameters into fre-
quency units via A= A'v, B=B'u requires knowledge
of the average velocity v of the atoms after the ion-
solid interaction.

Since the energy loss in the ion-solid interaction
depends on the scattering angle of the ions, a de-
tailed analysis of the scattering under our experi-
mental conditions is necessary for a reliable de-
termination of this average velocity. Figure 4 dis-
plays the geometry of that part of ihe setup which
is of interest for the study of the scattering pro-
cess.

The incoming "N+-beam first passes through a
diaphragm 0.2 x 8 mm and is then bent away from
the original beam axis and onto the target by two

electric field plates. At a distance E, = 70 mm be-
hind the target the vertical current distribution of
the ions is scanned by a thin wire along the y axis.
The resulting curve (Fig. 4) is marked by two
strong peaks in the current distribution. One peak
at y= d, stems from the fraction of neutralized
atoms which are not deflected by the electric field
and thus defines the axis of the incoming beam.
(The current picked up by the wire is due to sec-
ondary electron emission and to the fraction of the
neutral beam which has been ionized by the back
ground gas between the field plates and the wire. )
The other peak at y = 0 is generated by those ions
missing the target without interaction and deflec-
tion.

From these two vertical positions —separated
by a distance d, = 6.4 mm —one deduces a bending
of the incoming beam by arctan [d, /(l, + l,)] = 2.4'
([,= 86 mm), which is consistent with a calculation
taking into account the geometry of the field plates
and an applied voltage of 1400 V.

The distribution of scattered ions starts at a
position y= d„where the wire lies in the plane of
the target surface and ions with the smallest pos-
sible scattering angle are detected. From y= d,
an angle of incidence of the ions onto the target
surface of 1.2' can be deduced.

The maximum of the distribution of the ion cur-
rent ai y= d, corresponds to a scattering angle of
2.8' and verifies an earlier observation' that the
exit angle at maximum (1.6') exceeds the angle of
inci.dence (1.2').

The angular spread of the surface scattered-ion
current in the y direction has a FTHM of 3.2 .

The limited angular acceptance of the energy

beam profile

diaphragm
(0.2 x 8 mm)

field

not to scale

FIG. 4. Vertical scattering of ions.
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analyzer used for the energy measurement of the
scattered ions is also shown in Fig. 4. Since the
overlap is smaller than the angular FWHM, one
has to determine the average velocity of the scat-
tered ions by taking into account the dependence
of the energy loss on the scattering angle.

In order to obtain information on this dependence
the current pickup wire was replaced by a horizon-
tal slit of 0.2 mm width and the energy distribu-
tions for different scattering angles in the angular
acceptance of the energy analyzer were recorded.
A typical scan recorded sweeping the high voltage
of the energy analyzer is shown in Fig. 5.

With the energy of the incoming beam Eo, the
mean and the maximum energies E, , E of this
distribution define two energy losses g, = E,-E, and q = E, —E . For the angular range
under study we find for both g, and g a linear
dependence on the scattering angle. This is a re-
sult which agrees for the latter with a postulate
given by Marwick et &E.'

The linear change of q, by 2 keV/deg scatter
ing angle weighted with the angular intensity dis-
tributions in Fig. 4 yields an averaged energy of
E= 318.0 keV.

The surface scattering in the horizontal plane—
measured in the same way along the z axis as the
vertical distribution along the y axis —is signifi-
cantly smaller and g', changes only by. about 1
keV/deg. This z component of the surface scatter-
ing was taken into account by a reduction of E by
2.0 keV.

As the final result we get for the average energy
after the target interaction E„=316.0+6.0 keV as
compared to the actual mean energy E, (exp)
= 322.2 keV measured with the angular acceptance
indicated in Fig. 4 during the quantum-beat mea-
surements. The rather large uncertainty at E„
of 2% stems from our conservative estimates of
possible sources of error inherent in the averaging
procedure applied.

As shown in Fig. 2 the reduction in the beat am-
plitude with increasing distance from the target is
almost negligible. This can be understood as a
further justification for our averaging procedure
since it clearly indicates that the contribution of
low-energy ions to the total energy distribution is
small.

VII. DISCUSSION

N' Cu

E0 = 330 keV

AE= 11 keV

AE

4
~ ~

~ ~

~ ~ o ~ ~ ~
~ ~ ~ ~ ~ '~

I I I I

290 300 310 320

energy (keV}

l I

330 340

FIG. 5. Energy distribution of ions after the target
interaction.

is normally used. For the configuration under
study only the orbital operator with

shape —in a negligible deviation from the value de-
rived from E„.)

From a single-configuration Hartree-Pock cal-
culation' one obtains for the 2p3p'P', configuration
(r ')»=4. 694a,' and (r ')»= 0.389a,'. The agree-
ment of the A factor A= 97.9 MHz, deduced from
these integrals, with the experiment is satisfac-
tory.

An important aspect of our measurement is the
fact that the measured A and B factors allow' a de-
termination of the quadrupole moment of "N
Q("N), exceeding the precision of previous re-
sults.

Since the ground state of the neutral ' N atom is
a 'S state, even precise magnetic-resonance ex-
periments are unable to deduce the quadrupole
moment. " Therefore, Q(' N) has previously been
determined for the most part from data of hf split-
tings in molecules where uncertainties in the theo-
retical description cause errors in the extracted
value for Q('~N) of about 40%%d or more.

In order to derive the quadrupole moment Q(' N)
froDl our measurement on NII 1g'2s'2p3p'I „we
consider the two-electron system 2P, 3P.

For the magnetic dipol'e interaction a Hamilton-
ian of the form"

From E„wederive the average velocity v„
= 2.085 +0.020 mm/nsec and calculate our final
results for the hyperfine structure constants A
=A'z „=102.9 +1.0 MHz and B=B'v„=-4.58 +0.05
MHz. (The direct determination of u„from the
velocity distribution is in principle the better ap-
proach but results —despite the asymmetric line

is relevant, where p~ is the Bohr magneton and
p~= 0.4037 gem, /m~ (Ref. 12).

Following the discussion of Hosdn" we first have
to derive the quadrupole moment on the base of
unrestricted wave functions from (r ')~ and then
apply the Sternheimer correction.

Since the relativistic correction factors for
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nitrogen are small with respect to the uncertainty
inherent in the Sternheimer correction, we do not
account for relativistic effects and determine
(r ')~ directly from the measured magnetic hf
cons tant.

For a two-electron system (t„f,) we have the A
factor

1 /2
(2L, + 1)(-1)"""2

x [E,(E, + 1)(2l,+ 1)]'~'a
1 1 2.

+ [l,(l,+ l)(2l, +1)]"'a„,L L 1

2 2 1 "2'2

and for 'P, (l, = l, = 1) in particular,

A = 0.5(a,~+ a,~) .
%e thus obtain for the sum of the radial integrals:

(r ')»+ (x ')» AI/psij—-
z 5.352+0—-.052ao'.

The B factor for a two-electron system is

2J) JI, &

~= ( 1,) ~""~"2"2(28+ l)(2f, + 1)

Molecule atom Q("N}mb

NG

FCN'
NF3
ClCN

jHCCN'

NH, g

N2 (solid)"
R-CN ("average") '
"average"~
BrCN
N

16 +7
21.5
17.9-22.4
15.7
10
16.1

~20
16.6
8.9-22
8.9-16.6

15.1
14.7
16.6
15.6

~20
19.3+ 0.8

Hef. 19.
Kapral and Allen, Richardson, Hansil, see Hef. 15.
McLean and Yoshimine, see Hef. 15.
Bef. 20.
McLean and Yoshimine, see Ref. 15; Hef. 21.
McLean and Yoshimine, see Ref. 15.

gKaldor and Shavitt; Kern; Fink and Allen, see Ref.
15; Ref. 17.

h Kern; Kern and Karplus, see Ref. 15.
' Bef. 16.
' Bef. 17

Bef. 21.
~ This work.

TABLE. I. Zero-field quantum-beat quadrupole mo-
ment compared with various molecular-physics values.

~ ( ].)'2(21 + j,)
2

)~b

with b~ = e'Q(r ')~
For the 2p3p'P, configuration Eq. (4) reduces to

a= 0.2(b„+b„),
so that we obtain the so-called "experimental"
quadrupole moment

Q("N) = 5B/e'((r ')-„+(r ')„)'
= 18.22 + 0.27 mb,

assuming that (x ')» and (r ')» are the same for
the magnetic dipole and electric quadrupole hf
interaction. That is, we neglect magnetic-shield-
ing effects.

For the configuration under study, Sternheimer"
estimates a shielding factor of 8= 0.06 +0.04, so
that the corresponding correction" factor C= 1/
(1 —R) for the quadrupole moment is 1.06 +0.04.
Hence we finally obtain the quadrupole moment of
14N,

Q("N) = 19.3 ~0.8 mb.

In Table I we compare our result with values ob-

tanned from molecular physics.
Although no error limits are given in most

cases, the uncertainty of the Q values in Table I
should be considerable for those values which have
been derived with the help of computed electric
field gradients. Attempts of listing "average val-
ues" for Q('4N), as derived from different mole-
cules, have been made by Bonaccorsi et gl."and
by O'Konski and Ha" to yield Q= 16.6 and 15.6 mb,
respectively. Although the latter authors quote an
estimated uncertainty of +5% in a later publica-
tion, "the discrepancy with our result may still be
due to the principle difficulty of using computed
electric field gradients.

The only value derived from molecular quadru-
pole constants in NO without the necessity of com-
puting the electric field gradient is given by Lin":
@=16+7 mb. This value is in agreement with our
result. Hence one cannot conclude at present that
a fundamental discrepancy exists between the val-
ues of Q derived from molecular and atomic hfs
measurements. It is, however, evident that the
"atomic" value exceeds the "molecular" ones with
respect to accuracy and reliability.
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VIII. CONCLUSION

We have measured the hf structure of "NII 2psp
'I', by the zero-field quantum-beat technique after
interaction of fast ions with a surface at grazing
incidence.

We determined the hyperfine interaction con-
stants A. = 102.9+1.0 MHz and B= -4.58+0.05 MHz,
from which we deduce the nuclear quadrupole mo-
ment of "N to be Q("N) = 19.3+0.8 mb with im-
proved accuracy in comparison to previous values.
An extensive theoretical treatment of the config-
uration under study will cex'talnly reduce the un-
certainty in Q("N). While the error limit of Q is
due mainly to the uncertainty of the Sternheimer
correction, the experimental error limit of +1%
for the hf interaction constants stems predomi-
nantly from the uncertainty in the determination of
the average velocity of the surface scattered ions.

In order to improve the experimental situation
for future applications of this IBSIGI quantum-beat
technique one can use a smaller angle of incidence
and a target material with higher Z. Both lead to

a considerable reduction of the angular and energy
spread after surface scattering. An even further
reduction of these spreads is obtained for ions of
higher nuclear charge Z. Hence, based on the
universal production of large anisotropy by IBSIGI,
one can expect the IBSIGI quantum-beat technique
to be very well suited for hfs studies with an ac-
curacy of a few parts per thousand. It may be ap-
plied to any state with hf beat frequencies in the
range studied here, if the emitted radiation can be
analyzed with respect to its circular polarization.
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