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Spin and Hyperfine Structure of Arsenic-761™*
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Hyperfine structure in the 45 ground state of the radioactive atom As™ has been investigated by the
method of magnetic resonance in an atomic beam produced by microwave discharge dissociation of arsenic
vapor. AF=0 resonances were observed within both the F=% and F=j atomic levels at several values of
magnetic field up to about 5 oe, indicating that the spin of the As? nucleus is 2. An analysis of multiple
quantum transition spectra within the same F states gave a measurement for two of the hfs intervals:
Awipa,g= == (11744) Mc/sec and Ay, 3= 3= (69416) Mc/sec, with the same sign for both. From the value of
the hfs constant 4, the magnitude of the magnetic field at the arsenic nucleus is (1.33£0.15)X 108 oe in
reasonable agreement with the variation in this field among similar atoms. The value of g; has been found

to be 1.994-+-0.003 for arsenic.

INTRODUCTION

S part of a continuing program to determine the
spins and moments of various radioactive nuclei,
particularly the odd-odd nuclei, we have investigated
the hyperfine structure (hfs) in the atomic ground state
of 27-hr As8, The technique employed was atomic beam
magnetic resonance! with heavy emphasis placed on
investigation of multiple quantum transitions which
facilitated identification of resonances and, because of
the larger associated high-field moment change, per-
mitted better use to be made of the atom-optics in the
machine. Measurements of the spin of As’ have been
reported briefly by us? using this technique, and by
Pipkin and Culvahouse,® using double resonance tech-
niques in arsenic-doped silicon. The experiment of these
latter authors also gave the magnetic moment of this
nucleus, as well as the hfs separation of the %S} ground
state for the donor arsenic atom in the silicon lattice.
We report here on the details of our determination
of the spin and on the extension of this experiment to
include the measurement of the hfs interaction constants
in the free atom, whose ground state! (in the LS
coupling approximation) is 453 The measurement of
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the magnetic dipole interaction constant A leads to a
value of the magnitude of the magnetic field at the
arsenic nucleus, when use is made of the As’® nuclear
dipole moment. Unfortunately, the precision attained in
the measurement here reported of the quadrupole con-
stant B does not permit the drawing of conclusions
about the nuclear quadrupole moment of great signi-
ficance. Our results do, however, indicate a value for
the g value of the free arsenic atom.

TECHNIQUE AND PROCEDURE

The measurements here reported were made using
the atomic beam magnetic resonance apparatus with
six-pole focusing magnets which has previously been
described.® Among the modifications to this machine,
as described below, a lengthened C magnet (25 cm vs
the 5 cm of the original) had been installed. This per-
mitted the observation of a narrower (25 kc/sec vs
200 kc/sec) resonance line, due to the improved homo-
geneity of the static magnetic field.

The value of the static field was determined by the
occasional observation of resonances in an atomic beam
of K*® produced by an auxiliary oven and detected by
the usual hot-wire detector. This beam, in addition, was
useful in calibrating the strength of the rf oscillating
field H, for the purpose of analysis of the multiple
quantum transition spectrum in arsenic, described
later. Values of rf magnetic field strength up to about
0.1 oe, useful for such transitions, were produced from a
Rohde and Schwarz type SMLR power signal generator,
with output capability of about one watt. Frequencies
were determined to the nearest hundred cps by a
Hewlett-Packard 524B electronic counter.

Production and Detection of Atomic
Beam of Arsenic

Arsenic in the vapor state exists primarily as the
polymers As, and As,, which are inappropriate for an
atomic beam experiment; thus a method of dissociation
is required. The method chosen, on the basis of an ap-

8 A. Lemonick, ¥. M. Pipkin, and D. R. Hamilton, Rev. Sci.
Instr. 26, 1112 (1955).
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parently high resulting fractional dissociation and pos-
sible applicability to other elements, was a 3000-Mc/sec
microwave discharge. This was similar to the system
developed by the M.I.T. atomic beam group.®

This system consisted essentially of an open circuit
of about % in. gap length at the end of a coaxial trans-
mission line which was bridged by a discharge tube con-
taining arsenic vapor. A power level of about 50 w was
generated by a QK-61 magnetron; the S-band coaxial
plumbing was conventional” except for the right-angle
bend, or inverted “tee,” at the load end of the line.
This was designed especially for the arsenic work where
we require an elevated temperature (300-350°C) to
obtain sufficient vapor pressure to support the dis-
charge. Thus, the outer wall of the tee was of sufficient
thickness to contain, in holes drilled parallel to the axes
of the transmission line and atomic beam machine,
several molybdenum spiral heaters. The arsenic sample
(about 200 mg) was contained in an 8-X0.6-cm diam
quartz tube, sealed at one end and with a 0.07-cm orifice
drawn at the other, or “snout,” end. Because the central
conductor of the tee was drilled through, this tube could
be inserted from the back and positioned with the snout
protruding slightly from the front of the tee. Care was
taken that the arsenic crystals were located at the back
of the tube to preclude their being strongly heated by
the discharge.

After high enough temperature was attained in the
tee, the discharge was initiated by application of a
spark coil to a lead running down to the vicinity of the
snout. This lead was also useful as a probe to sample the
charged particle flux while the discharge was running
and so to provide an indication of discharge stability.
After breakdown, the tee assembly was moved slightly,
over greased O rings, to locate the orifice directly in
front of the circular stop at the entrance to the 4
magnet. This was verified by looking down the axis of
the machine, from detector to source ends, with a tele-
scope permanently aligned with the machine axis. After
the initial adjustments, resonance experiments were
performed in the usual way and as described below, until
the arsenic charge was exhausted (some 10 hr).

In an auxiliary experiment an approximate value
was measured for the fractional dissociation effected by
the microwave discharge. This was a form of Stern-
Gerlach experiment in which the atoms, by virtue of
their possessing magnetic moments of the order of Bohr
magnetons, were deflected, or focused, and the mole-
cules were not. Similar experiments on other elements
have been performed by others.®! We used a permanent,

6 J. G. King and J. Zacharias, Advances in Electronics and Elec-
tron Physics, edited by L. Marton (Academic Press, Inc., New
York, 1956), Vol. 8, p. 1.

7 G. L. Ragan, Microwave Transmission Circuits (McGraw-Hill
Book Company, Inc., New York, 1948).

8 J. M. Hendrie, J. Chem. Phys. 22, 1503 (1954); B. Bederson,
H. Malamud, and J. Hammer, Bull. Am. Phys. Soc. 2, 172 (1957).
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six-pole focusing magnet® of length 11 cm, gap diameter
0.3 c¢m, and pole-tip field strength 8000 oe. The dis-
sociation was determined from the comparison of rela-
tive beam intensities at an axial point at the exit from
the magnet, when the magnet was, effectively, turned
“on” or “off.” This was done by moving the magnet on
or off the beam axis; in the latter position a dummy
brass tube reproduced the magnet dimensions in so far
as the beam was concerned. These measurements indi-
cated a fractional dissociation (ratio of number of atoms
to number of atoms plus molecules) of 0.25 with a
probable error of 0.13.

The radioactive As’® was produced by neutron irradi-
ation of the single stable isotope, As?™, in the Brook-
haven reactor. The container during this process was
the same quartz tube (with the orifice temporarily
closed with aluminum foil) subsequently used as the
discharge tube, which facilitated handling of the hot
samples. The initial strength of each sample was about
40 Mc. Sample purity was assured by using arsenic of
99,999, (supplier’s spectroscopic value) purity. The
decay rates of the radioactivity on a number of beam
targets, described below, were found to be pure with
a half-life of 26.3+0.1 hr, which compares favorably
with the average reported value® of 26% hr for this
nuclide.

Radioactive beam detection was performed in the
usual manner of deposition followed by counting. The
substrate was copper which had been cleaned mechanic-
ally and by solvents, although such treatment was not
obviously necessary. It was found, however, that the
collection efficiency (i.e., sticking probability) was tem-
perature-dependent above about —90°C; it was vanish-
ingly small at room temperature. Therefore, the copper
disk was maintained at a temperature below —140°C
during exposure to the beam. This cooling was effected
by clamping the disk to an auxiliary, “backing” disk
which in turn was firmly pressed against a cold trap
charged with liquid nitrogen. The purpose of the auxil-
iary disk was to prevent the contamination of the
detector disk with the stray arsenic with which the
trap became coated over the course of a run.

The intensity of the beam was determined by remov-
ing the substrates from the vacuum, and sealing them
in a matrix of moisture-absorbing paper with Scotch
tape. They were then mounted on holders and placed
next to 2x scintillation 8 counters with conventional
electronics, as previously described.!

Beam Fluctuations and the Rotating-Disk
“Flop-Out” Procedure

The beam of arsenic atoms produced by the micro-
wave discharge was seldom as steady as required to

( ® R. L. Christensen and D. R. Hamilton, Rev. Sci. Instr. 30, 356
1959).

1 D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs.
Modern Phys. 30, 585 (1958).

11 J, B. Reynolds, R. L. Christensen, D. R. Hamilton, W. M.
Hooke, and H. H. Stroke, Phys. Rev. 109, 465 (1958).
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permit taking runs in the customary fashion. That
would entail exposing successive collector disks one at
a time, each for a period of about five minutes.'? Thus,
stability would be required for about an hour to com-
plete a run of about eight datum points.

However, an averaging scheme was devised whereby
the discharge fluctuations affected each exposed sub-
strate to approximately the same degree; this was based
on converting the machine from flop-in to flop-out
operation. At the plane of detection in this focusing
machine, i.e., immediately after the B magnet, those
atoms which have undergone an rf-induced transition
are located within an annulus between diameters of
0.3 and 1.0 in. The unflopped atoms are, by and large,
focused to a small region of about } in. diameter on the
axis. A resonance may therefore be observed either as
an increase in atoms deposited in the former region
(flop-in) or as a decrease at the latter position (flop-out).
Stops can be suitably arranged so that only one portion
is detected.

The advantage of the flop-out technique (which, in
this experiment, overweighed the usual disadvantage of
inherently lower signal-to-noise ratio) arose from the
smaller substrate required for beam detection. This
permitted dividing the 12%-in. diam copper disk into
eight sectors and offsetting the disk holder slightly
(£ in.) from the machine axis so one sector at a time
could be rotated onto that axis for beam condensation
purposes. This permitted the frequent change at fixed
time intervals from sector to sector, with each of which

was associated a particular rf frequency applied to the

transition region (including two sectors for which no
rf field was used, for beam normalization). In this way
the radioactive condensate was accumulated to the
desired level in many small increments. A typical
schedule called for 20-sec exposures and 15 rotations of
the disk, thereby providing 5-min exposure for each
sector over g total elapsed time of about an hour. The
exposure of any particular sector many times and only
shortly after that of any other provided the desired
averaging. The application of this technique in the case
of short-lived atoms effusing from ovens whose tempera-
ture was inconstant has been described elsewhere.™*

HYPERFINE STRUCTURE ENERGY LEVELS
FOR J=%, I=2

Hyperfine structure interaction energy in an atom,
caused by the electromagnetic interaction between
nucleus and electrons, can be expressed as a sum of
magnetic dipole, electric quadrupole, magnetic octupole,
etc. contributions.!"® To sufficient exactness for this
experiment, only the first two terms need be considered,
such refinements as his anomalies are neglected, and

2R, L. Christensen, D. R. Hamilton, A. Lemonick, F. M.
%’ipkin, J. B. Reynolds, and H. H. Stroke, Phys. Rev. 101, 1389
1956).

1B H, Kopfermann, Nuclear Moments (Academic Press, Inc.,
New York, 1956), 2nd ed.
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other atomic energy levels are far enough removed from
the ground state (*S3) to be ignored in our analysis.

Under these conditions, the hfs energy levels at zero
external field are describable in terms of the nuclear
spin 7, the atomic quantum number J, and the hifs
constants 4 and B, which are given by

1ur H(O)
A=—-D M
hI T
and
B=eqQ/h. (2)

In these equations, H(0) is the magnetic field produced
at the nucleus by the electrons, ¢ is the z component of
the electric field gradient so produced, and Q is the
nuclear quadrupole moment. The other symbols have
their usual meanings. One of the interesting results of
the present experiment is the deduction of a value of
H(0) for As and the comparison of the value with those
for other elements in the same group of the periodic
table.

For a given atom, the zero-field energy levels depend
only on the total angular momentum quantum number
F, and not on its z component »; hence, the levels are
(2F4-1)-fold degenerate. For an atom with J=% and
I=2, such as As’ these levels are given by

Eqp9=3hA+%hB,
Esjo=—1hA—%hB,
Esjo=—3hA,
Evjp=—(9/2)hA+(7/8)kB,

©)

where the subscripts indicate the possible values of F
which derive from these values of J and I. Our experi-
ment deals with the magnetic sublevels of the first two
levels and with the two intervals between the first three
levels. Application of an external magnetic field (static,
or “C” field), assumed to define the 2 direction, removes
the degeneracy by adding the perturbation term to the
Hamiltonian :

JC(mag)=xkAJ,, 4)

where x is the customary dimensionless parameter
indicating the strength of the C field:

xXx= gJ,LLOHC/hA . (5)

We have neglected a similar, but much smaller, term
involving the nuclear g value, which, it turns out, is
entirely satisfactory in these experiments.

The energy values corresponding to the various states
may be determined in the usual fashion by solution of
the secular equations. In general (and for the As"®
atom) these will be of order higher than two and so
recourse is customarily made to numerical methods and
machine computation for exact solutions. However,
another approach is to treat the external field as a
perturbation on the zero-field levels; this is appropriate
in the so-called Zeeman region.
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Sufficient accuracy for our purposes is provided by a
perturbation calculation carried to third order:

E'(F,m)=E'p+Rmx
N o) P[({?+1>2—,m2]]x2
Ep—FEp, E'p—E'p
l Q(F?—m?)
(E'p— E' p-)*(F—1)F (F+1)
B PL(FA1)2—m?] }
(E'p1— E'p)F (F+1) (F+2)
XTI+ —I{I+1)Jmad.  (6)

Here the prime indicates reduction to dimensionless
form by division by %A4. The first term on the right is
given by Eq. (3). The functions P, Q (obviously not
to be confused with nuclear quadrupole moment), and
R are given by

o P DT =DU TP+ F)
4(F+1)2(2F 1) (2F+3) ’

0 (F—J+I)(F+T =D (J+I+14+F) (J+I+1—F)
4F(2F—1)(2F+1) ’
R:f(f+1)—l(l+1)+F(F+1)

2F(F41)

I

i

M

Figure 1 shows the dependence of the hfs energy
levels upon external field for an atom with J=3 and
I=2. The region from 0<x<1 represents the results
of an exact computer solution for the energy values to
which the values given by Eq. (6) are an approximation.
The points at x=10 are the result of a strong-field
perturbation theory solution. The transition from the
Zeeman region (where <1 and F, m are good quantum
numbers) to the Back-Goudsmit region (where x>>1
and my, my, and m=mi+ms are the good quantum
numbers) is indicated schematically. Figure 1 is drawn
for A>0, B=0; the corresponding diagram for 4 <0,
B=0 can be obtained by reflecting the figure in a hori-
zontal line and reversing the sign of the m, ms, ms
quantum numbers associated with a given energy level
line in the diagram.

This figure illustrates the fact that for J=$% there are,
to first approximation, four different possible strong
field moments as given by p= —gmguc. It is also ap-
parent from the figure, and is true for arbitrary I (as
may be verified by using the relation m=mr+ms to
construct the connection between the Zeeman and
Back-Goudsmit states), that only for the two largest

4 We use the angular momentum commutation rules of E. U.
Condon and G. H. Shortley, Theory of Atomic Specire (Cambridge
University Press, New York, 1935).
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Fic. 1. Dimensionless hyperfine energy level diagram for
an atom with J=%§, I'=2, 4>0, and B=0. The magnetic field
parameter x is given by x=gyuollc/#A. The solid lines indicate the
result of an exact computer solution; the dashed lines indicate
schematically the transition to the values obtained by a high-field
perturbation calculation at x=10. Note change of both vertical
and horizontal scales between x=1 and 10.

values of F will any transitions with AF=0 (to which we
limit our attention throughout this paper) connect
states with opposite signs of strong-field moment. In
this apparatus only the states m,>0 will be focused by
the 4 magnet and enter the B magnet with appreciable
intensity; a strong resonance is to be expected only
when an atom in a state m,>0 makes a transition to
my<0. Thus at weak static fields (x<<1) resonances are
to be expected for AF=0 transitions at two frequencies
which are linear in A ¢ and which correspond to F=1I+4%,
I+%, as can be shown from Eq. (8) (below) carried only
through the linear term.

Measurement of either or both of these frequencies,
made at several values of He, determines I but not
the intervals between zero-field levels. For the latter
purpose, and short of going to AF=1 transitions, one
desires to go to a high enough x (i.e., static field) to
observe nonlinearities in the dependence of frequency
on field. But now one must live with, and if possible
capitalize upon, the availability of multiple-quantum
transitions,® of multiplicity N, for which AF=0,

15 M. N. Hack, Phys. Rev. 104, 84 (1956).
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|Amp|=N>1. From Eq. (6) the frequency vy cor-
responding to the energy difference in an N-quantum
transition for arbitrary I and J is given by

P Q
S L
Avpii,r Avp,p—a

]<N+2m> (eshy?

[ Q F2—3m?—3mN— N?
(Avp,ra)?  (F—1)F(F+1)
P (F+1)2—3m>—3mN — N?

(Avpyr,p)? F(F+1)(F+2) ]
X[T(T+1)—I(I+1)](gsk)

®

To allow writing this as a single equation applicable
to either sign of A (hence the & on the quadratic term),
the value of # which is to be used is selected by the
following convention : If 4 >0, # is the quantum number

CHRISTENSEN
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which characterizes the final state in the N-quantum
transition; for 4 <0, m is the negative of the m value
for the initial level.

The linear term in this equation provides an important
reference point in any given multiple-quantum spectrum
and is denoted by

rin=Rgsk. 9
In the above we have defined
Avp,pr=(Er—Ep)/h, (10)
and
k=Ax/gr=wcHo/h. (11)

It will be seen from Eq. (8) that the term in vy which
is linear in % is independent of N, but that the nonlinear
terms are dependent on both N and m. The multiple-
quantum resonances cluster around »;, and are sepa-
rated from each other by a spacing é» which is given to

'
m m
A>0 o.014 4
\I2 FOR MAXIMUM TRANSITION PROBABILITY ! .
N QUANTUM MULTIPLICITY l"159 'y I/2
KC/SEC THEORETICAL FREQUENCY PULLING ° 0-25!
< Kc/sEC THIRD ORDER FREQUENCY SHIFT s
"’“ w7
106 40 13.9 315 0,59 3
6 5 9 3
'—'I l—'Z 2‘-| }—Vlo 2 :"yz—l/2
E -2 -3 -3 -—2
225 101 43.4 16.1 4.7
7 6 5 4 3 ¥16. 2. Theoretical multiple
I—»z ‘»a IO l—-4 5<-| 3/2- 3, quantumspectrum for AF =0 tran-
o - - - 1 sitions among F=% levels of a
-~ J=3%, I=2 atom. Abscissa indi-
47 145 337 0‘35 0'?35 cates frequency separation, in units
of §v calculated to second order, be-
4 10 l—-3 I'-32 |*64 34 ¥, tween tramsitions; ordinate indi-
1 -3 . cates initial and final values of m
- 4 -4 4 and sign of 4. The bold number
A< O 0014 over each transition is the multi-
~——— plicity N. The significance of the
l"‘89 Ye-J»  other numbers is indicated by the
0 o key. They were calculated for the
2 values of static field and of rf
power parameter (V2=100) actu-
l” n %Y, ally used in the experimental runs
—3 of Fig. 6, and for early, approxi-
°§ 3'58 '8'3 29 0.35 mate values of the hfs intervals.
*——l |——2 2<-I ?.10 2.--' '/2‘3/2
- | -—2 -3 -3 -2
225 101 43.4 1641 A7
7 6 5 4 ¥
SR "
[+] -] -] -] 1= 0,098
238 34 Z
6~ )
1 1 1|/ : ! SV le 1 1 1 L
lin v

FREQUENCY
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terms cubic in # by the relation

dp== VN— VN1

1307

fact that atoms with negative m, are defocused by the
A magnet; (c) values are included corresponding to
transitions between the states my=% and }. This last
action might be thought inappropriate from the point

=4 { Q l (grk)? of view of atom optics in the machine. Thus, for example,

Avp,p—1 Avpip my=-+5 atoms are focused by the A4 magnet, but

0 1 whether their likelihood of reaching the detector is in-

[ creased or decreased by transition in the C field to a

(Avp,p-1)? (F—1F(F4-1) state ms=% is not apparent and undoubtedly differs

from velocity to velocity; in any case, the possibility of

_ P 1 } observation of such a resonance needs to be taken into
(Avpps,p)? F(F+1)(F+2) account,

(12)

where again the -£ option corresponds to A>0 or
A <0,

The second-order spectrum, whose spacing does not
depend on m and W, of resonance frequencies for I=2,
J=% expected from these relations is displayed in Fig. 2
for F=% and in Fig. 3 for F=3%, together with further
information which will be discussed shortly. It will be
observed that: (a) the quantum multiplicity N is
indicated for each transition and that the frequencies
are grouped in accordance with the initial ‘and final
high-field quantum number values #; and 75 ; (b) only
positive initial s are listed which corresponds to the

XL+ —I(I+1) (k) [3m+2N+1],

The “third-order frequency shift” recorded in Figs.
2 and 3, calculated from Eq. (8), refers to the specific
value of H¢ or k to which the principal experimental
data (Figs. 6 and 7) correspond, and further is calculated
on the basis of approximate values for the Ay’s in the
cited equation.

The “theoretical frequency pulling” indicated in
Figs. 2 and 3 has been calculated under similar condi-
tions by means of Hack’s theory'® of multiple-quantum
transitions, and first-order wave functions. This pulling,
which goes to zero in the limit of zero-order wave func-
tions, is proportional to terms in the square of the matrix
elements given in Eq. (14) below and to the square of
the rf field strength.

v2
N
I

Fre. 3. Theoretical multiple
quantum spectrum for AF=0 tran-
sitions among F=4% levels of a
J =3, I=2atom. Otherwise similar
to Fig. 3, except parameters here
calculated for the values of static
field and rf power (V2=0.115)
actually used in the runs of Fig. 7.

FOR MAXIMUM TRANSITION PROBABILITY
QUANTUM MULTIPLICITY

KC/SEC THEORETICAL FREQUENCY PULLING
KC/SEC THIRD ORDER FREQUENCY SHIFT

A>0 m; m
0.71 0.7 0,028 0,0028
4 2 |
A o
-—0 - | - | -]
0,66 .20 0,034
3 4 3 2
] %
[+} - 0 -0 |
A<O
o 0.7 0.028 0,0028
3 2
| | 2 Yo Yo
-0 - - | - 1
o 0.90 0.28 0,063
R 3 2
| %t
[o] - 0 -— 0 [
0,012
1
P % %
I I N 8 le | 2 -
v P
14 14

lin FREQUENGY
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RADIO-FREQUENCY POWER REQUIREMENTS IN
MULTIPLE-QUANTUM TRANSITIONS

As quantum multiplicity increases, the rf field re-
quired to produce the transition also increases. The
interpretation of the multiple-quantum spectra observed
in this work requires some knowledge of the transition
probability associated with a given resonance at a given
applied rf power; this will now be discussed, with par-
ticular reference to Hack’s theory.?®

At the frequency appropriate to maximizing a given
N-quantum transition, the transition probability accord-
ing to Hack (and in his notation) is equal to sin®(? 6).
Here ¢ is the time spent within the oscillating rf mag-
netic field, which has amplitude Ho. This field is assumed
to drop abruptly to zero at the boundaries of the transi-
tion-inducing region.

The numerator of § is the product of IV matrix ele-
ments of the rf perturbation between the adjacent states
lying between the initial and final states of the AF=0,
| Am| =N transition. The denominator of & is a product
of (W—1) resonance (frequency difference) terms.
Through the product of the resonance denominators,
8 depends on the static magnetic field since this deter-
mines the departure from uniformity of the intermediate
level spacings. This dependence on the static field is
most easily expressed to first (and suitable) approxi-
mation in terms of the quantity é», given by Eq. (12)
and carried to second order. That is, it is sufficiently
accurate here to use the approximation in which the
multiple-quantum spectrum is one of uniform spacing.
A straightforward calculation then yields

gimoeHN\Y  A'iirr A rpny
( ) i 13)

4 Qron) [ (N—1)IF

10
ol
ar
&I Hr¢ (sat VS Yin
o FOR POTASSIUM
3 1
'|9_.
g
6
Sr
ab
3
2
| | | | Ll

1
ST 2 3 ]
Vi, (Me /sec)—

F16. 4. Observed values of rf magnetic field, in arbitrary units
(H, in text), which causes saturation of 1, 2, 3, or 4-quantum
transition in K%, as a function of the linear (in static field) term
for the resonant frequency. The significance of the relative heights
and slopes of the straight lines drawn through the empirical points
is described in the text.

CHRISTENSEN

et al.

in which the initial --- final states are denoted by
subscripts 4, ¢—1---f+1, f. The normalized matrix
elements are given by

A= T+ T, (14)

in which J, is the usual angular momentum operator
JoE1Ty.

From Eq. (13) it will be noted that 6 = H™ and so,
for small values of Hy, i.e., for small values of sin?(43),
the transition probability varies as Hg#Y. This de-
pendence was used in earlier flop-in experiments!? on
Au®® and Au™ to determine the multiplicity of observed
transitions. However, in the present flop-out experi-
ments where the resonances were relatively small, it
was necessary to attempt for some transitions to maxi-
mize the transition probability, i.e., to adjust Hy so that
the product {8 approximated iz ; and for all transitions
it was important to know the relation between applied
and optimum rf power.

For ¢, we use the value given by the uncertainty
principle: {=1/8"», where §'» is the intrinsic (i.e., ex-
clusive of field inhomogeneity) linewidth of a single-
quantum transition. The optimum value of rf field is
then given by

2h
Hy=—([(V~1)1J2% 2}/
gIHo

&'y yN
X (————————) r)@-IN_ (15)
Ay Al pas

Before this expression could be used in the arsenic
experiments a value of §’» had to be obtained and some
method of measuring H, devised. Auxiliary experiments
with a beam of potassium atoms provided these tools as
well as a verification of the general multiple-quantum
relations here under discussion. The results of such ex-
periments are shown in Fig. 4. By means of a pickup
loop near the rf field and a calibrated almost-square-law
crystal detector, Hy was measured in arbitrary units
and its optimum value determined for values of i,
ranging from 3 to 10 Mc/sec. (At low frequencies the
multiple-quantum peaks are not resolved; at higher
frequencies the assumption of uniform spacing of
multiple-quantum resonances becomes increasingly less
valid.)

Both the slopes and the relative heights (i.e., inter-
cepts of the two-, three-, and four-quantum lines with
the one-quantum) are significant. Because é» varies as
the square of He, hence of v, Eq. (15) predicts that
the slopes vary as 2(N—1)/N and should equal 0, 1,
4, and § for N=1, 2, 3, and 4, respectively. The observed
slopes are 0, 0.91, 1.32, and 1.53 in the same order, in
good agreement. The static-field independent optimum
value of H, for N =1 also provides a means of converting
the arbitrary units of the observed rf field parameter to
absolute units. In turn, calculated absolute units for
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arsenic can be related to this parameter. For example,
Eq. (15), when the value of 8’» determined below was
inserted, showed that 0.3 units of the ordinate in Fig. 4
corresponded to H;=0.01 oe.

The values of 1, at which H, for the three multiple
quantum transitions of Fig. 4 equal that for the single
quantum can be used to determine §’» for potassium.
The ratio of the expressions [Eq. (15)] for Hy for N
quantum and for single quantum is set equal to 1.
This equation is then solved for 8» (hence, »1;) in terms
of 8'» and calculable matrix elements and the known
hfs interval for K¥, The data of Fig. 4 show intercepts
at values of v, of 1.25, 1.03, and 0.75 Mc/sec for N=2,
3, and 4. A good fit to the data (1.36, 0.96, 0.72 Mc/sec,
respectively) is provided by the indicated equation if
we take 8'v=13 kc/sec. This agrees well with an esti-
mate provided by the most probable (kinetic theory)
velocity in the beam and the dimensions of the loop.
The observed linewidth at this time was 25 kc/sec. It
seems most likely that the excess of observed over in-
directly deduced (intrinsic) linewidths is due to slight
static-field inhomogeneities.

The predictions of Hack’s theory with respect to
optimum tf power for a multiple quantum transition
are thus well verified. An estimate of §’» for potassium
has been obtained by combining the theory and the
potassium observations; and the potassium results may
be used to provide a calibration of rf power indicators
in terms of f field in the transition region.

To apply these results to beams of other elements,
we must provide for the possibility that they may have
most probable speeds, hence 8'v values, different from
that of the potassium beam. The desired relation is
provided by the fact that a given atom orbit through
the machine is characterized by uH/M3?, where p is
the high-field moment, —gsmyu,, H is some fixed
fraction of the maximum value of the 4 and B focusing
fields, and M is the mass of the atom. Because 8'v v,

1309

we then have the proportion
§'v(X) [mJ(X) gs(X) M(K)]*

= (16)
§"7(K)  Lms(K) gs(K) M(X)

For arsenic gs=~2, as for potassium; m,, which is
1 for focused potassium atoms, has the values § and 3
for arsenic. Thus, from the observed value of 13 ke/sec
for potassium, we calculate values of 16 and 9 kc/sec
for 8’v in the arsenic states ms=% and %, respectively.

We are now able to calculate optimum values of Hy
for the various arsenic multiple-quantum transitions
from Eq. (15). These values, in absolute units, can then
be converted to arbitrary units as indicated above. The
results [obtained by use of first-order perturbed wave
functions in Eq. (14)] are shown in Figs. 2 and 3, in
which the tabulated unit is V2 This is the square of an
arbitrary unit, the voltage at the input to the rf loop,
which is proportional to H,, Thus, V2 is proportional to
the optimum rf power for the indicated transition.

EXPERIMENTAL RESULTS
Determination of the Spin of As™

Using the apparatus and techniques described above,
hfs resonances were observed in As™ at several values
of static field up to about 5§ oe. Some of these are
shown in Figs. 5, 6, and 7. The counting rates involved
were in the neighborhood of 3000 cpm; with 5-min
counts the probable errors in relative intensity were
somewhat less than 19, as indicated by the error flags.

Tigure 5 shows a scan taken at a low field at the fre-
quencies at which one would expect the resonances as-
sociated with transitions within the F=4% and F=3
states for J=32, I =2; these frequencies, calculated from
Eq. (9) with the assumption that gs=2, are indicated
by arrows and the symbol »iin.

In the vicinity of the F=7 frequency, data were taken

——— T
100~  ——=—
F1c. 5. Hyperfine structure tran- &}
sitions in F=3 and F=7 states of @ |
As', Positions of resonances pre- é
dicted under assumptions that & |
I=2, gy=~2,and multiple quantum & o5
splitting unresolved at this valueof & B
field, are indicated by arrows. Shift o [
of F=% resonance to lower fre- w08}
quency as rf amplitude (Hgp) is Z
increased is ascribed to increasing <€ %
influence of higher multiplicity .84 x—H, =.10
transitions; see Fig. 2. & °—H, =.5
*—H, =.27
.80 a-H, =.50
[ 1l

— T T T
‘v“n (F="2,1=2)
(g;=

2)

Arsenic’®
¥, =0.439 0,002 Mc/sec

(k=0,873 Mc/sec)
(H*0.623 gauss)’
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FREQUENCY IN Mc/sec



Fic. 6. Multiple quantum spec-
trum observed among the F=7%
- levels of As™ in a static field of
4.682 oe. The data were taken in
four different runs, hence, the dif-
~{  ferent symbols. The large arrow in-
dicates the position of the transi-
tion occurring at the frequency »jin
- (i.e., dependent only to first order
on the static field) predicted on the
assumption that /=2 and gs=2.
-1 One value of rf power (V=100
in terminology of text) used
throughout.
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at three different rf powers, as indicated in the figure;
it is seen that the resonance shifts to lower frequencies
as power is increased. This is to be expected in conse-
quence of the increasing relative intensity, at higher
powers, of the higher quantum-multiplicity transitions;
increasing quantum multiplicity is associated with a
decrease in resonance frequency to approximately »iin
as shown in Fig. 2. At the value of the static field used
here, the several multiple quantum transitions are not
resolved.

The F=1 resonance was also observed at 1.482
Mc/sec at a static field of 1.223 oe (vin calculated,
as above, to be 1.468 Mc/sec, suggesting that quadratic
terms are now beginning to enter).

We note at this stage that the assignment I=2 is
already strongly indicated. The most nearly tolerable
alternative would be 7=3; for this assignment the two
resonances just ascribed to F=% would correspond to
F=9/2. The corresponding values of »;, would be
0.585 Mc/sec and 1.142 Mc/sec; the two resonances of
Fig. 5 would have to be adjacent multiple quantum
resonances, both associated with F=9/2, and to give
this large a multiple-quantum splitting (approximately
100 kc/sec) in the indicated static field, one would
require the zero-field splitting Awgje,7/2 to have a value
of approximately 5 Mc/sec. This value would be sur-
prisingly small; nevertheless, I=3 is not absolutely ex-
cluded by the data so far discussed.

The extensive data of Figs. 6 and 7 which correspond
to the frequencies for AF=0 transitions for F=7 and 3,
respectively, were taken at static fields of 4.682 and
1.540 oe, respectively, at which the multiple quantum
resonances are found to be resolved. We note imme-
diately that the data of either of these figures confirm
the assignment 7=2. The existence of a more or less
uniform multiple-quantum splitting of about 60 kc/sec
in Fig. 6 would not be possible at this field if 7=3; for
as just seen, if 7=23, then 6»=~100 kc/sec for F=9/2 at
a static field of 0.6 guass (Fig. 5) and from this one would
deduce dv=6000 kc/sec [ov o« Hc?; see Eq. (12)], or

100 times the observed splitting at a static field of 4.7
oe (Fig. 6).

Detailed Multiple-Quantum Spectra
for F=% and F=1

Deductions of g; and of the hyperfine structure inter-
vals Avgje s and Avs ; from the data require a more de-
tailed analysis of Figs. 6 and 7. The intervals can be
obtained from the experimental values of the multiple
quantum-splittings é», and Eq. (12). We note that
Awyje3 can be determined from the data of the F=7%
resonances alone. However, to obtain Avg; (both in-
tervals are necessary to calculate 4 and B; see below),
data from the F=3$ resonances are also required. Obser-
vation of the latter resonances was more difficult and
the resulting data much less good than for F=Z. The
basic reasons for this relate to the strong-field atomic
moments associated with the F=35 states, and to related
questions of atom optics. From Fig. 1 it will be seen that
the F=1 states have strong-field moments 3 uo, po, — go,
—3 ug, whereas for F=4% the only moments are 43 uo,
=40, and Fuo for 4 <0 or A>0. Thus, for the central
five AF=0 transitions for F=%, one sees that at suffi-
cient multiple-quantum power ;s changes from 4% to
—2, or the moment from —3 py to ~+3 po, giving maxi-
mum flop-out effect. But for F=4§ there are available
no transitions for which the moment changes from —3 pq
to +3 po. The F=$ resonances are therefore expected
to be less intense than for F=ZI; in Fig. 5 the difference
is a factor of 3.

For the resonances with less than maximum moment
change, there will enter to some degree an effect ob-
served!® with rubidium in this apparatus (adjusted for
flop-out operation). For Rb% (because of its large Av)
some atoms make transitions between states with 4-
magnet moment —puo and B-magnet moment in the
range —0.3 o to —0.7 po; the result is observed to be a
small signal which may be either flop-in or flop-out and

16, Ames, A. Bernstein, and W. M. Hooke (private com-
munication).
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Fic. 7. Three separate runs through the F=§ multiple quantum spectra at a static field of 1.540 oe, with rf power parameter at
0.115 v Boxes along horizontal axes indicate locations and uncertainties of resonance frequencies suggested by all three runs. Arrow
again indicates expected position of »1ia transition if /=2 and g;=2. Different symbols for datum points serve merely to differentiate

between disks used to collect the beam.

which is very sensitive to alignment. (This effect can be
understood in terms of atoms which are brought to a
focus before they reach the detector.) For J=1% (e.g.,
rubidium) such relative moment changes occur only
for a few combinations of Ay and of 4- and B-magnet
strength; but for 7>% (i.e., arsenic), they are common.
Thus the F=§ resonances and the other F'= resonances
are expected, by comparison with the five central F=3%
resonances, to be weaker and (because of alighment
sensitivity) to be less reproducible.

The points just made are borne out by a comparison
of the F=J resonances (Fig. 6) and the F=$ resonances
(Fig. 7). For F=1, resonances are seen at the following

frequencies (in Mc/sec) at a static field of 4.682 oe:

5.555::0.003, 5.795-0.007,
5.608-+0.003, 5.8674-0.007,
5.674-0.004, 5.910-+0.007.

5.735-£0.004,

For F=4£ three runs, each taken at 1,540 oe, are shown
separately; on the 0.90 relative intensity base line for
each run the horizontal boxes indicate the frequency
ranges which correspond to each of five resonances
the presence of which is suggested by the data, as
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follows (in Mc/sec):

1.5934-0.006,  1.6732:0.007,
1.622:20.006,  1.705:£0.006.
1.6530.007,

It is apparent, however, that without great difficulty
one could regard Fig. 7 as representing four resonances,
say at frequencies 1.593, 1.622, 1.663, and 1.705 Mc/sec.
The effects of this possibility are included in the sub-
sequent discussion.

Identification of v;;, and Determination of g

The procedure for interpretation of the multiple
quantum data is to match the observed spectra of Figs.
6 and 7 with the predictions contained in their theoreti-
cal counterparts, Figs. 2 and 3. Strictly speaking, this
would involve a process of successive approximation
because the corrections (for third-order perturbation
and frequency pulling) to the observed frequencies
depend on the identification of individual resonances.
However, such corrections are not large enough to
change the matching of observed with theoretical
spectra, We note that such matching supplies the con-
clusive evidence that the spin of As’ is 2.

The first step in interpretation of the data is to deter-
mine which of the empirical resonances in each spectrum
corresponds to viin. This will provide an origin from
which the other resonances may be identified. We note,
however, from Figs. 2 and 3, that most observed
resonances may consist of two multiple quantum tran-
sitions (even three for F=3%, A>0if m;=% — % tran-
sitions are observable). Thus, the relative weights of
each transition need to be considered. This is dealt
with below, but has only insignificant effect on our
determination of vyin.

Another important consequence of a measurement
of »in is the fact that this yields directly the value of
25; see Eq. (9).

A comparison of theory (Fig. 2) and experiment
(Fig. 6) for F=7 shows that the applied rf power
(V2=100 v?) is sufficient to excite at least one of the
contributing transitions at the frequency of each mul-
tiple quantum resonance; and since seven resonances
are observed, », must be one of the three lowest
frequency resonances in Fig. 6. For »1;,=35.555, 5.608,
and 5.674, with probable errors as stated above and
with corrections for third order and pulling as indicated
in Fig. 2, the corresponding values of g are 1.9774-0.002,
1.9960.002, 2.020-£0.002. For F=% the applied rf
power (V2=0.115 v?) is not sufficient to excite the pre-
dicted four-quantum resonance of lowest frequency. As
shown in the previous discussion [see Eq. (13)], the
transition probability for grossly underpowered N-
quantum transitions is proportional to (applied power/
optimum power)¥. A detailed analysis shows that at
V2=0.115 v, the lowest frequency transition in question
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has transition probability well below 10~2% Thus, a
comparison of theory (Fig. 3) and experiment (Fig. 7)
shows that in the five-resonance interpretation of Fig. 7
we must have 4 <0 and that the lowest observed fre-
quency is »im, corrected as indicated in Fig. 3 to
1.59440.003 Mc/sec; this gives gr=1.9904-0.004. On
the four-resonance interpretation, »i, is either the
lowest observed frequency (again, gs=1.9904-0.004)
or a diatance v below the lowest frequency; if d» is
taken to be 2943 kc/sec, this latter alternative gives
g=1.954-0.006.

The assignments of »);, in the F=% and F=7% spectra
must, of course, be consistent with each other. It is
seen from the above that the only possible value of
gs which is consistent with both these spectra is

gr=1.994+0.003,

and that »i, is the second lowest frequency resonance
in the F=% spectrum and the lowest for the F=3$
spectrum. It will be noted that this value of gs does not
depend on a choice between the four-resonance or the
five-resonance interpretation of Fig. 7 and is consistent
with either sign of 4. It should also be noted that the
theoretical frequency pulling by the rf power is so small
that if this frequency pulling were to be ignored com-
pletely the above value of g; would not be changed.

It should finally be noted that the optimum power
calculation is not an irreplaceable step in the deduction
of the above g;. Without the optimum power calcula-
tion, one would be forced to consider the following
possibility : 4>0, v, the second lowest resonance for
F=% and third lowest for F=1%, g;=2.0214-0.002. But
this interpretation is untenable for two reasons, aside
from optimum power considerations: first, it requires
that the my transition 3 ——#£ be invisible and 1 »>—1
be visible, which is completely unreasonable as a matter
of atom optics. Second, and most conclusively, in the
F=1% Zeeman resonance of Fig. 5, this g; would give
71in=0.756 Mc/sec which is not consistent with the
deduction from this figure that 711, <0.750 Mc/sec.

In our derivation of the expression for multiple-
quantum resonance frequencies in general and for vin
in particular, we have omitted terms in g;. This omission
leads to a fractional inaccuracy in our value of g
roughly equal to the ratio g7/gs;. However, from the
known value® of gr this is found to be about one-tenth
the fractional uncertainty we quote above for gs; hence,
our neglect of gr is justified.

Relative Frequency Pulling of Transitions

In theory,’® frequency pulling is proportional to rf
power. The rf power used in obtaining the F=7 data
of Fig. 6 (V?=100 v?) was optimum for a six-quantum
transition; correspondingly, the calculated pulling in-
dicated in Fig. 2 for the low-multiplicity transitions is
much greater than for those with N>4, for which it
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is at most several kc/sec. As Kusch!” has shown, theoret-
ical calculations of frequency pulling and of linewidth
cannot be relied on in the case of gross overpowering
of a transition; and the actual pulling is sensitive to the
geometry of the rf field. He has also shown that, at
optimum power for a high-multiplicity transition, the
linewidth increases when one examines transitions of
lower muitiplicity, although, again, the variation is
not as marked as theory predicts. The qualitative con-
clusions, however, are clear: at optimum power for
six-quantum transitions, as used in Fig. 6, the predic-
tions in Fig. 2 of the not over several-kilocycles-fre-
quency pulling for V>4 should be reliable at least to
better than a kilocycle; the predicted larger frequency
pullings for N=1, 2, 3 are not to be trusted in quantita-
tive detail. Also, the lower the quantum multiplicity of
a given transition, the broader the resonance. For F=1%,
we shall therefore draw quantitative conclusions con-
cerning frequencies from only the four lowest frequency
(i.e., highest multiplicity) resonances.

For the F=§ resonances (Fig. 7) the applied rf power
(V2=0.115 v?) was much lower than for F=1%, being
slightly less than the optimum for ¥=3 at this fre-
quency. The calculated frequency pulling is small and
represents no significant problems for F=3.

Determination of dv;2 and dv;

We have thus concluded that for F=% we shall
draw quantitative frequency conclusions from the four
lowest frequency resonances. We now note further that
consideration of the relative intensity of the several
components of these resonances, as given in the Ap-
pendix, indicates that we should ascribe to the strongest
associated component the frequency of the observed
resonance. Correspondingly, we use for each resonance
the correction for theoretical frequency pulling and
third-order shift which, according to the Appendix, is
associated in Fig. 2 with the strongest component. Thus,
we have for the relevant second-order frequencies of
the F=1 spectrum: 5.5552:0.005, 5.608=0.005(= »1ia),
5.67324:0.004, 5.736-£0.004 Mc/sec, giving for dvz/e the
three respective differences 5347, 6547, and 63346
kc/sec. Taking one-third the splitting of the extremes,
we have finally

Svyp= 602 kc/sec.

The determination of dvg is made relatively imprecise
by the scatter among the data of Fig. 7. The separation
of the first two resonances gives dvs=~29-46 kc/sec. A
four-resonance interpretation in which one interprets
the nominal third and fourth resonances as a single one
gives vy~ 3743 kc/sec. Finally, we take an all-inclusive
value

vy =319 kc/sec.

with which is associated a value of v, of 1.593 Mc/sec.

17 P, Kusch, Phys. Rev. 101, 627 (1956).
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Not only is the magnitude of the 8»’s significant, but
so is the sign, as shown in the next section. The positive
signs follow from the definition of é» and the observa-
tion that the multiple-quantum spectra extend from
»1in towards higher frequencies.

INTERPRETATION OF RESULTS
Shell Model Considerations of Spin

The first result of this experiment is a determination
that the spin of As”®is 2. Beta decay systematics!® have
indicated a spin-parity assignment of 2—. This value
of spin agrees with a simple prediction of the nuclear
shell model. Arsenic has 33 protons. In the region from
Z=128 to 38 there is competition between p; and f;
levels for the ground state. The fact that such nuclei
with odd mass usually are in the p; state (As™ is in this
category) is ascribed to a “pairing energy” which tends
to cause nucleons to fill the f; level in pairs, permitting
the odd proton to be in the p; state. The same effect
obtains in the case of odd-neutron nuclei with N between
38 and 50, except here the competition is between p;
and go» levels. The measured spins of odd-neutron,
even-proton nuclel in this region indicate that the com-
petition is quite close.

Of the four possible combinations of the two proton
and two neutron states in question, (rf;) (vges) is
chosen as the most likely odd proton, odd neutron con-
figuration. This is the only one of the four which agrees
with Nordheim’s rules in giving a spin of 2. However,
the observed® magnetic moment, —0.90 uy, does not
agree with the value (ueio=—1.43 ux) associated with
this assignment using empirical neutron and proton
moments from adjacent nuclei.

The most plausible shell-model state which has the
correct spin and parity and which, if mixed with the
above state, would provide a fit to the magnetic moment,
is (7 f5) (vg912>)172 (Meate=—0.52 ).

Hfs Intervals and Constants

Having determined the second-order multiple quan-
tum frequency intervals, é», above, we can now deter-
mine the two uppermost zero-field hfs intervals, Avyjs s
and Avz 3, by means of Eq. (12). It is to be emphasized
that the values of é» obtained above have already been
corrected for third-order terms, so we neglect the last
term in the cited equation.

For the F=% spectrum, Eq. (12) simplifies to

AV7/2,g=:f:(2/9)111m2(51l7/2)_1. (17)

18 J. D. Kurbatov, B. B. Murray, and M. Sakai, Phys. Rev. 98,
674 (1955); F. T. Kokoszka, D. R. Cartwright, and J. D.
Kurbatov, Bull. Am. Phys. Soc. 3, 207 (1958).

¥ L. A, Nordheim, Revs. Modern Phys. 23, 322 (1951).

2 A, M. Bernstein (private communication), see also M. H.
Brennan and A. M. Bernstein, Phys. Rev. 120, 927 (1960).
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Similarly, for the F=$ spectrum, we have

343 s vy S0
Avg 3= (

1 -1
Sl (il ). s
338 V1in2 169 [AV7/2,gI
Inserting the measured 6»’s and vim’s gives
AV7/2,§= =+ (117d:4) MC/SEC,
Avg 3= == (692=16) Mc/sec.

In the foregoing, the sign is to be chosen to agree with
that of 4. Thus, we have not determined whether the
hfs is “normal” or “inverted,” but only that the energy
levels F=1%, §, 4 are in monotonic order, either from
higher to lower energies or vice versa.

The intervals between the F=1%, §, and § levels are
related to A and B as shown in Egs. (3) which are

solved to give
A= =(30.543.5) Mc/sec,
B=4(124-14) Mc/sec.

Magnetic Field at Arsenic Nucleus

In principle it is possible to calculate the value of
H(0) from various atomic spectroscopic data by the
techniques described by Breit and Wills.** This would
permit determination of pr from 4 via Eq. (1). How-
ever, it turns out that we cannot rely on this approach
to calculate the magnetic interaction for this atom.
For example, a straightforward application of the theory
does not agree with experiment in the case of the similar
atom Bi?®, There, simple theory predicts 4 and ur to
have the same sign, whereas it has been observed that 4
is negative®® and w; positive® One cause of this dis-
crepancy is the assumptions which must be made about
the contribution of each valence (p) electron when in
either of the states j=3% or . A more refined, phenom-
enological estimate of these contributions was made for
this atom by Breit and Wills by means of Goudsmit’s
sum rule. This approach is not feasible for As because
the required input data (the values of 4 in the *Dy and
2P, terms arising from the same configuration) are not
available.

One important origin of the hfs interaction in these
453 atoms, hence of the discrepancy between experiment
and the cited theory which does not consider this point,
is configuration interaction. The ground state configura-
tion of As is 4s%4p?%; the paired s electrons contribute
nothing to the hfs. However, unpaired s electrons,
because of their close approach to the nucleus, contribute
strongly to this interaction, i.e., produce a large mag-
netic field at the nucleus. From parity considerations,
the most probable configuration to be so considered
is 4s4p%5s. From Kopfermann’s®® Sec. 26 (and using the
energy levels for As given in the NBS Tables) we may

2 G. Breit and L. A. Wills, Phys. Rev. 44, 470 (1933).

22 S, Mrozowski, Phys. Rev. 62, 526 (1942).
2 W. G. Proctor and F. C. Yu, Phys. Rev. 78, 471 (1950).
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F1c. 8. Magnetic field at nucleus for atoms of column 5-A of
periodic table calculated from nuclear spins and moments and
magnetic hfs interaction constants as described in text. Sign of H
is relative to that of J; single electron atoms have H <0. Signs of
hfs interactions in phosphorous and arsenic have not yet been
iietttermined; a smooth variation requires that 4 be positive for the
atter.

derive the @ values for those two s electrons: a4,=~300
Mc/sec; ass~ 100 Mc/sec. Thus, only a small admixture
of that configuration is needed to contribute sufficient
field to produce the value of A we have observed.
From the available spectroscopic information we are
not able to calculate H(0); thus, we cannot calculate
ur from A. Furthermore, 4 has not been measured
for the ground state of the stable isotope (As) (but
see below) which precludes a Fermi-Segré comparison’
of moments and hfs intervals. However, we may work
backwards, using the value of pr=—0.9028(=20.005)ux
recently determined for As”® by Pipkin and Culvahouse,?
and our value of 4, to determine H(0) from Eq. (1):

H(0)= == (1.33-£0.15) X 10° oe.

Optical hfs spectroscopy of As™ by Hults and Mro-
zowski?? has indicated that the total splitting in the
ground state is about 0.010 or 0.015 cm™. This cor-
responds to Ays of about 50 to 75 Mc/sec and thus,
H(0) of about 1.0 to 1.5X10° oe in excellent agreement
with the above magnitude.

Tt is interesting to calculate H (0) for the other atoms
of this column of the periodic table. This we have done,
using the data of the following references: N 2¢; P3 26;

2 S, Mrozowski (private communication).

25T, W. Anderson, F. M. Pipkin, and J. C. Baird, Phys. Rev.
116, 87 (1959).

26 H. G. Dehmelt, Phys. Rev. 99, 527 (1954).
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TaBLE 1. Measured values of g for atoms of column 5-A elements.

Atom g7 References
N 2.0021 a
P 2.0019 b
As 1.994 this paper
Sh 1.9705 c
Bi 1.6433 d

s M. A, Heald and R, Beringer, Phys. Rev. 96, 645 (1954).

b H. G. Dehmelt, Phys. Rev. 99, 527 (1954).

¢ P, C. B. Fernando, G. K. Rochester, 1. J. Spalding, and K. F. Smith,
Phil, Mag. S, 1291 (1960).

d R. 8, Title and K. F, Smith, Phil. Mag. 5, 1281 (1960).

Shizt 27, Bi29.22.28 The results are shown in Fig. 8. A
smooth variation of H(0) with atomic number Z is
indicated, regardless of the sign of 4 in phosphorus,
but providing 4 is positive for As’S.

Relation between B and Q

The electric quadrupole moment of the As™ nucleus
can be determined from B by means of Eq. (2) if the
factor ¢ is calculated. (From our value of B only an
upper limit can be placed on the magnitude of Q.) That
factor is given by'®

g=—e(r=3(3 cos?8—1));,

where the subscripts indicate the expectation value of
the indicated electron coordinates is to be taken over
the state J=2=m,. This expectation value is calculated
for our p* configuration as shown by Schiiler and
Schmidt? with intermediate coupling wave functions.?%
The result is that for the ground state of atomic arsenic,

Q(barn) = —0.58 B(Mc/sec). (19)
Our measured value of B therefore indicates

Qre=F (7-£8) barn.

Comparison of g,~-Values of Column 5-A Atoms

We have previously indicated that the value of g,
for As is 1.994-£0.003. This agrees reasonably with a
value calculated by Inglis and Johnson® of 1.988. There
are now measured values of gs for all the atoms in
column 5-A of the periodic table; these are shown in
Table I. The monotonic decrease in gy values from
lighter to heavier atoms is in agreement with the well-
known trend from LS coupling toward 77 coupling. The
P® electron configuration of these atoms has a ground
S state in pure LS coupling, which would be expected
to have the g, value of a single s electron, 2.0023. In
the other extreme (pure 7 coupling), the gs value would
be 1.333.

27 P, C. B. Fernando, G. K. Rochester, I. J. Spalding, and K.
F. Smith, Phil. Mag. 5, 1291 (1960).
28 R, 8. Title and K. F. Smith, Phil. Mag. 5, 1281 (1960).
2 H, Schiiler and T. Schmidt, Z. Physik 99, 717 (1936).
2D, R. Inglis, Phys. Rev. 38, 862 (1931).
( u D) R. Inglis and M. H. Johnson, Jr., Phys. Rev. 38, 1642
1931).
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Trees® has shown that in the case of nonrelativistic
LS coupling there is no hfs for S states not made up
of s electrons. The apparent slight deviation of As away
from pure LS coupling, evidenced by the g, value,
correlates with the presence of nonzero but modest
values for the hfs energy separations found in this
experiment.
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APPENDIX

At the values of external field of Figs. 6 and 7, a
given resonance has, in general, several components,
i.e.,, corresponds to several different transitions at
closely the same frequency, differing in fact only by the
third-order and pulling effects. We here consider the
question, “What is the relative intensity of these
several components of a given resonance?,” in order to
apply the appropriate frequency corrections for pulling
and third-order shift to each experimental resonance.

We note first of all by comparison with Fig. 2 that
no resonance in Fig. 6 can correspond to more than two
transitions. If transitions between states with mgs=3%
and % were observable (as is not expected) and if 4
were positive we could have three transitions for certain
resonances; but this probability is eliminated by the
absence of a resonance at (v)jn—28»).

Also from Fig. 2, we note that at optimum power for
N=06, the one N=7 transition is underpowered by a
factor of 2.2; but any deductions of exact reduction in
intensity from this fact alone will be very sensitive to
velocity-distribution assumptions and had best be
avoided.

Further conclusions concerning the relative weight
of the transitions which are listed in Fig. 2 must depend
on a detailed analysis of the intensities of the observed
resonances, and this analysis depends in turn on an
assumption concerning the effect of overpowering on
intensity. For this purpose we assume the overpowered
transition to have an intensity (0.6+0.1) times the
optimum-powered transition. The deduction of this
factor has two ingredients. The first is 0.5 (the average
of a sine-squared transition probability), which for a
beam of any velocity distribution having nonzero
velocity spread should give the reduction for a grossly
overpowered resonance as compared to the same reso-
nance when optimum-powered for a monoenergetic
beam. The second is 0.7 which gives the reduction in
going, at optimum power, from a monoenergetic to a
Maxwellian velocity distribution. Thus, for a grossly
overpowered resonance as compared to an optimum-
powered one, the reduction factor should lie between
0.5/0.7=0.7 for a Maxwellian distribution and 0.5/1

2 R. E. Trees, Phys. Rev. 92, 308 (1953).
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Fic. 9. Relative depth of resonance as a function of rf power for
three resonances (numbered from lower to higher frequency) of
the F=£ spectrum, Fig. 6. Cross-hatched areas represent expected
values based on assignment of m; values as discussed in text.
Points are experimental values, with their uncertainties.

=0.5 for a comparatively (but not completely) mono-
energetic beam ; hence, we use 0.6-£0.1.

We now summarize below the principal results of
of this analysis of the observed resonances of Figs. 6
and 7. Here we denote by D(msm’;) the depth of
resonance of a given transition at optimum power; the
D(mym'5) depend primarily upon the velocity distri-
bution provided by the microwave discharge source
and upon the atom optics of the beam apparatus.

The D(mgsm's) are largest for the my transitions
which correspond to reversal of sign, without change
in magnitude, of the initial high-field moment. More
specifically, we find D(3,—$)=0.094:0.02 and D(3,—3%)
=0.10-£0.03. On the other hand, the m; transitions
1 to —% and § to —% are comparatively weak; the
deduced D(my,m's) are slightly dependent on the sign
of 4 and on which of the two m; transitions is involved,
but are in any case all included in the statement

DE, —%)=D(%, —3)=0.045240.02.

Separate comment should be made concerning tran-
sitions between states having my=% and §, which
would be expected, from atom-optical considerations,
to be even weaker than any of those discussed above.
(Note that states with either ms;=% to § are focused;
note further that a change of m; either from % to £
or from £ to 2 could conceivably change the focused
beam intensity and produce an observable result ; hence,
we have used in the preceding sentence the phrase
“between 3 and 3" rather than the possibly expected
“from 2 to 1) If A>0 then, as already mentioned,
the 2 to 1 transition at (v1;n—26») in the F=7 spectrum
indicates D(£,3)=0. If 4<0 then a fifth resonance for
F=5 could only be the £ to } transition and conversely
the existence of a fifth F=% resonance, the suggestion
of which in Fig. 7 has already been discussed, would
prove A<0; but this is the only indication that 4 <0
and is not to be relied upon. If 4<0, the one 3 to
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TasLE I1. Relative intensities of the two contributions, identi-
fied by (ms,m’ ), which can make up the four resonances of Fig. 6
used to determine dv.

Relative intensities
@, ~%)
or (3, —%)

Resonance
(Mc/sec)

5.555
5.608
5.674
5.735

OOom
PN

transition in the F=7 spectrum should be so strongly
pulled as not to have been seen.

The net result of the above anaylsis of D(ms,m’s)
factors is that the m transition § to —2 (which cannot
occur in the F=$ spectrum) predominates in the central
five resonances of the F=Z% spectrum, while % to —3%
(which in the F=% spectrum is probably so strongly
pulled as not to have been seen) predominates in the
F=2% spectrum. In the F =1 spectrum the s transitions
(3 to —% and § to —% provide the two weak extreme-
frequency resonances, numbers 1 and 7 (in order of
increasing frequency), and make a minor contribution
to resonances 2, 3, 4, 5. In the F=% spectrum, because
of the level of the applied rf power, these transitions
should contribute only to a fourth resonance.

Experimental evidence which is in agreement with
the results of the considerations concerning power
dependence used in carrying out the above analysis is
shown in Fig. 9. We note that the lowest-power point
in resonance 7 could conceivably correspond to the
minimum in transition probability which occurs for a
velocity selected beam and a two-quantum transition
(like this one) at twice optimum power. Aside from this
one possibly anomalous point, the dependence of relative
resonance depth on rf power is seen to agree well with
the expected dependence.

We now use the above D(ms,m’s), together with the
assumed reduction factor of (0.620.1) due to over-
powering, to deduce the relative intensities given in
Table II. for the various (ms,m’;) components of
Fig. 6. In each of the three compound resonances given
in Table II, the weaker component has the lower quan-
tum multiplicity, hence a frequency width which is
greater by an unknown amount of that of the strong
component, and so an influence in locating the observed
resonance which is even less than the weights listed
above. All told, it seems best to ascribe the observed
frequency to the strongest component of each resonance
and to make corrections accordingly ; this was the ap-
proach used in the body of this paper.



