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The hyperfine structure of the (3d94s4p) 4F9,2 and 4P5,2 metastable levels in Cu® and Cu®
have been measured by the atomic~-beam magnetic-resonance method. When corrected for
second-order interactions with neighboring fine-structure levels from the (3d94s4p) configu-

ration, the hfs interaction constants are

AB('F,,,) =1323.891(1) MHz, A®('Fy,) =1418.123(2) MHz,
A®(P; ;) =2031.239(1) MHz, A®('P;,;)=2175.811(2) MHz,
BB('Fy,,) = 137.874(5) MHz, B®(‘Fy,)= 127.586(19) MHz,

BS(p, ) =

78.993(4) MHz, B®(‘P;,)=

73.111(9) MHz,

The octupole interaction constants are of the order of the experimental uncertainties. From
the Zeeman effect of the hfs, we find g,j(!Fy,) = 1.3340(2) and gs(*P;/,) =1.600(2). By making
use of the ratio A®%/A% in the 281/2, the 4F9,2, and the 4P5,2 states, we infer that g_,63/g165
=0.933524(5) and that A% (5;,,)=0.000048(5). We also find that Q®*/Q%=1.08054(14).

I. INTRODUCTION

This is the third in a series of papers' devoted
to the study of the hfs of various metastable
levels of the stable isotopes of the group IB ele-
ments: Cu®;%, Ag!®, 1% and Au'®’, The mea-
surements were made by the atomic-beam mag-
netic-resonance method. In this paper we con-
sider the (3d°4s4p)*F,,, and *P;,, levels of the
copper isotopes, both of which have I= 2. Fig-
ure 1 shows the low-lying energy levels of Cu I,

We cannot observe the lowest metastable levels
of copper, the (3d°4s?)D, 12,52 levels, because
their excitation energy above the ground state is
only about 1.3 €V while our detection technique
requires an energy difference of about 1.8 eV.

The 3d°4s4p configuration of copper has been
studied much more extensively than the equiva-
lent levels in Au and Ag. All its levels have
been identified. Landman, Levin, and Lurio®
(LLL) have obtained wave functions for the levels
of this configuration, and have given a detailed
analysis of the hfs of this configuration. Here
we will make use of this analysis in interpreting
our results.

II. APPARATUS

The apparatus used, except for the detection
system, was essentially the same as that de-
scribed in the previous papers.!>® In brief, the
metastable atoms in the beam were produced by
cross electron bombardment of the ground-state
beam and detected by causing the refocused beam
to strike a Cs-coated surface and then collecting
the electrons produced by their resulting Auger
de-excitation. The electron bombardment heated
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source oven was run at ~1550°C.

In making a sensitive detector surface, the
cesium coating is produced by a spray from a
small cylindrical oven located near the surface.
The oven is supported by a thin-wall stainless-
steel tube connected to a separate flange mounted
on the detector flange. The cesium for this oven
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‘FIG. 1. Low-lying energy levels of Cu 1.
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is stored in sealed-off cylindrical glass ampoules
which have been filled by transfer from a large
ampoule under vacuum. The last step in closing
the apparatus is the loading of the oven as fol-
lows: The apparatus is rough pumped and back
filled with nitrogen gas and the cesium oven is
removed. A cesium ampoule, cooled in liquid
nitrogen, is cracked in two and the part contain-
ing cesium is loaded into the oven. The oven is
then put into the apparatus which is quickly evac-
uated. The cesium does not react appreciably
with air during the procedure which takes about
a minute or less.

The detector for the Auger emitted electrons
is a Bendix M-306 magnetic multiplier., We have
found this multiplier to have a stable gain and
low noise (1-2 pulses/sec) over many years
with repeated exposures to air., We have occa-
sionally cleaned it with procedures recommended
by Bendix, but more for periodic maintenance
than necessity. For detecting high-energy meta-
stables such as the noble-gas %P, states, the
metastables are caused to strike the tungsten
cathode surface and Auger de-excite. To detect
low-energy metastables one needs a Cs-coated
surface which must be located at the cathode po-
sition, since the magnetic field of the multiplier
makes it very difficult to get external electrons
into the dynode region. We therefore replaced
the tungsten cathode with a brass surface at the
same location, but connected to a liquid nitrogen
trap by a sapphire rod. Cs was sprayed onto
this surface, care being taken to prevent any di-
rect spray from reaching the dynodes.

III. EXPERIMENTAL RESULTS

The (3d°4s4p)*F,,, and *P;,, metastable compo-
nents of the beam were identified by comparing
the ratios of the observed AF=0, |Amp|=1low-
field Zeeman transition frequencies with those
predicted theoretically.

In Fig. 2 we give a schematic energy-level di-
agram for the *P;,, hfs in an applied magnetic
field. A similar diagram for the *F,,, state has
already been given in the second paper of Ref. 1.
The procedure for search and measurement of
the low-field hfs transitions was the same as that
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FIG. 2. A schematic plot of the magnetic field de-
pendence of the hfs of the 4P5,2 level.

described in the previous papers. The results
are given in Table I. We were unable to observe
the Cu®® AY[*F,5; (6,m) (5, m )] transitions
even with a beam of separated Cu®, probably due
to insufficient klystron power. After making the
small field-dependent corrections for each line,
we obtain the values for the hfs separations shown
in Table II. The error quoted in each of these
(and subsequent) results is three times the stan-
dard deviation of the mean.

Using these hfs intervals to analyze the observed
intermediate-field Zeeman transitions, we ob-
tain the values g;(*F,,,)=1.3340(2) and g;(*P; ;)
=1.600(2). The g factor of the *F, ; level is in
excellent agreement with the predicted value of
1.3341 (neglecting configuration mixing). The
&y factor of the *P; ,2 level also agrees perfectly
with the intermediate coupling value of 1.599
which was calculated using the wave functions
presented in LLL,

A lower limit of ~1 msec is obtained for the
lifetimes of both the *F,,, and *P;,, levels from the
transit time of the beam down the apparatus.

IV. DISCUSSION OF RESULTS
A. The hfs Interaction Constants

The zero-field hfs separations can be written to second order (for either isotope) as
AV(*F, 53 F =6 — F=5)=6A(*F, ;5)+ $B(*F, ;5) +3£C(*F, ;) + 1™ [ W B*F, ) — Wy P(4F, ,5)]
AV(*Fy 53 F=5 «= F=4)=5A(F, ;) = £B(F,,5) = BC(*F, ;5) + k™[ W5 P F, ;) = W, D(*F, 5)]

AV(*Fy 53 F =4~ F=3)=4A(F, ;) - 3B(F, ) +3RC(F, 5)+ h™ [ W, P(*F, ;5) = Wy P(F, )],
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AV(P, s F =4 = F=3)=4A(*P;5) + $B(*Py ;5) +2C( P, ) + 17 W, PP ) — Wy B4R )],

AV(Pg 5 F =3 « F=2)=34(P;5) ~ $B(P; ) - BC(P; ) + 1™ [ Wy DCP; ) = W, (P )],

AV(*Py p; F=2 = F=1)=2A(P; ) = $B(P; 5) +28C( Py ;5) + B [W, Py ) = W, D(AP; )],
where A, B, and C are the magnetic dipole, electric quadrupole, and magnetic octupole hfs interaction
constants, and WF‘z) is the second-order contribution to the energy due to states with angular momentum
F arising from other fine-structure levels. Neglecting the second-order terms we get the uncorrected

values shown in Table IIl. The values A(*F, )%= 1270 MHz and A(*P;,,)*® = 2010 MHz were obtained pre-
viously by optical measurements.* ’

TABLE 1. Experimental low-field hfs data. (All units are MHz).

Level Isotope Transition Frequency MoH
Fo 65 (6, m) «— (5, m’) not observed
‘Fora 65 (5,m) ~— (4, m) 7064.184 a
7064.199
7064.166
7064.193
7064.190
7064.190
7064.190
7064.190
7064.193
Fys 65 4,0~ (3,0) 5586.607 0.46
5586.605 ©0.46
5586.604 0.46
5586.595 0.86
5586.601 0.86
5586.600 4.16
5586.602 1.95
Fo 63 (6,m) = (5, m) 8036.898 a
8036.894
8036.898
8036.898
8036.894
8036.908
Foa 63 (6, m) ~ (4, m) 6590.872 a
6590.874
6590.870
6590.880
6590.874
6590.869
6590.880
6590.880
Py 63 4, m) (3, m) '5202.922 a
4, 0) (3, 0) 5202.916 0.77
5202.920 0.77
5202.920 0.77
5202,922 0.77
4,=1) = @,~1) 5203.285 0.77
“,1) 3,1 5202.559 0.77
4,~1)—@,-1) 5203.281 0.77

4,1)—3,1) 5202.570 0.77




181 HYPERFINE STRUCTURE OF Cu® AND Cuf®s 73
TABLE I. (Cont.)
‘P, 65 (4, m) ~— (3, m) 8761.974 a
8761.982
8761.999
8761.985
8761.994
8761.994
P, 65 (3,0) = (2,0) 6494.512 2.53
6494507 2.20
6494.504 1.08
Py 65 (2, 0) (1, 0) 4293.015 3.17
4293.016 3.77
‘P, 63 4,0« (3.0) 8188.365 2.00
8188.370 2.00
8188.371 2.00
8188.373 1.37
Py 63 (8,0)—(2,0) 6058.150 2.45
6058.153 2.67
6058.150 1.28
6058.153 1.86
6058.149 1.86
Py, 63 (2,0) (1,0 3999.163 1.23
3999.170 1.47
3999.173 1.47
2,1+~ (1,1) 3997.405 1.32
2,-1)«—(1,~-1) 4000.937 1.32
21ines overlapped in very small field.
TABLE III. The hfs interaction constants. (All units
are MHz.)
Uncorrected Corrected
A('Fg)® 1418.233(2) 1418.123(2)
26 ~ 4 65 26 /4 65
+7C(Fyy) uncorr T C(Fy) corr
TABLE II. Zero-field hfs intervals. (All units are B('Fyg)% 129.499(19) 127.586(19)
260 ~4 65 2680 ~ 4 65
MHz.) 5 CCFy) " ncorr  +7 COFyd ™ oopr
4 65 4 65 4 65
Level Isotope F AV[F « (F =1)] C(Fy) CCFy) uncorr C(Fy) corr
A 4F 63 .
7, o5 6 2ot observed (*Fy)y) 1323.984(1) 1323.891(1)
Fora 65 5 7064.188(9) B('Fy,,)® 139.501(5) 137.874(5)
4
Fop 65 4 5586.601(6) 4 63
T 63 6 5036.898 (€) C('Fyy —0.00152(35) ~0.00034(35)
Fon 63 5 6590.875(6) AP, 2175.833(2) 2175.811(2)
4
F. 63 4 5202.921(3
2 @ B('P;;,)® 73.322(9) 73.111(9)
4
Py 65 4 8761.988(12) 4 65
P 6 s 6154 508(6) cip;,y) —0.00026(32) 0.00001(32)
‘Pyy 65 2 4293.003,(3) Alp;)® 2031.258(1) 2031.239(1)
4
Py 63 4 8188.370(6) iy 63
B ) :
Doy 63 3 6058.151(3) (*Py;y 79.176(4) 78.993 (4)
Py 63 2 3999.168(6) cip;p® ~0.00038(18) —~0.00010(18)
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The second-order energy terms can be calculated from a knowledge of the electronic coupling in the

(3d°4s4p) configuration together with the individual electron interaction constants for the configuration, 2s

4

(We neglect interconfiguration contributions to WF‘z’.) This information is provided by the analysis of
the (3d°4s4p) configuration presented in LLL, where the following values for Cu®® are given:

a =7250 MHz, a; =181 MHz, a;="95 Mz,

b1;=— 63 MHz, and b’=~ 201 MHz,

d

The corresponding values for Cu®® can be obtained by multiplying the a constants by u%/u®=1,0712(2),°
and the b constants by @°%°/Q%=0.9254(3),° where u and @ denote the nuclear magnetic dipole and electric
quadrupole moments, respectively. The calculated second-order corrections are shown in Table IV; the
resulting corrected hfs interaction constants are shown in Table III.

The principal contribution to the second-order corrections of the *F,, level comes from the *F, /2 level
and a small amount from each of the CP)*F,, and the (*P)’F, , levels. The second-order corrections to
the *P;, level are much smaller and arise principally from the *P, 5, (*P)’D;,,, (CP)*P;,,, and the

(*P)P;,; levels. (See TableV.)

TABLE IV. Second-order hfs corrections. (All
units are MHz.)

Cu65 Cu63
W'? (*Fy,,) 0 0
WP (*Fy,5) —-1.879 —1.635
ARG 9! —2.033 -1.773
w,'? (iFy,,) —1.200 —1.048
w2 (4P;,y) —0.015 —0.013
wy'R ¢pg,,) —0.268 —~0.233
W, (4Py,9) ~0.242 —0.211
w,?(p;,,) —-0.111 —0.097

B. The Nuclear Quadrupole and
Octupole Moments

From the results for the *F,,; and *P;; levels
we obtain

B(*F,;,)®corr _
W:J/;m =1.08064(16)

DD
43

B(*P, ,)%corr

m =1.08045(14)

in good agreement with the previously measured
value of 1.0806(3).° The fact that the uncorrected
B constants give a ratio 1.077 and 1.0798(1), re-
spectively, is evidence of the reliability of the
second-order corrections. (In this calculation
we have ignored the C correction Table III which
is negligible. )

The corrected values of the octupole coupling
constants are too small to reliably derive either
individual values or the ratio of the octupole mo-
ments of the two isotopes.

C. The hfs Anomaly andthe g Ratio

The hfs anomaly A is defined by the relation
6365 _ (765, 63 /463, 65) _

Since A is very small in copper and the &1 ratio’
is known only to a precision of 1 in 10%, we can-
not obtain A from the above expression. (See
Table VI.) Both the &1 ratio and A _, the anom-
aly for an s electron, can be obtained, however,
by making use of the very precise A%/A% ratios
in the ground 2S, , and the metastable *F,,, and
*P;,, states. We write for the dipole coupling
constant of any level, A=ag+a when ag is the
s electron contribution to the hfs constant A and
a is the p plus d electron contribution (@ =0 for
the 25, , state). We have also that

a g g
a I

a;s=(As+1)§‘I7, and 2 =g7.
s 1 I

Here we assume that the anomaly is the same
for any s electron and zero for any non-s elec-
tron. This is not exactly true for p,,, electrons
in general, but for the copper states of interest
it is an excellent approximation. Using the
above expressions we can obtain the results

TABLE V. The dipole hfs constant ratio in the dif-
ferent levels of the stable copper isotopes.

2 4 4
Sy/a Fyg;p Py/y

63

26 0.9335685(0)% 0.9335516(16) 0.933 554 9(10)

2H, Figger, D. Schmidt, and S. Penselin (Ref. 5).

TABLE VI. The calculated value of 63A365 and
gIGa/gIG5 for each combination of levels.

2 4 2 4 4 4
Sy = "Fo2 Sy2="Ps/y Fo9="Ps/p

A% 0.000046(5)  0.000050(5) 0.000035(18)

- 0.933526(5) 0.933522(5) 0.933532(20)
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g @/A), (4/4%),
EI'_ = (as/A')lAs;u 1° (as/A)zAs+1 ’

AL (4/A), - (4/A"),
s~ (@ /A, (4/AN, ~ (a_/A),(A/A)’

where 1 and 2 refer to different levels. ag and
a are obtained from the relations

AGF,,)=2a +1q’ +2a’
9/2 9 s 3 p 9 d?

A(Pg)= 0.199as - 0.473aj')+ 0'840ac’i'

From the results in Table I we find
63

8
7 =0.933524(5).

s3A 650,000 048(5),
s i
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The fluctuation and correlation properties of light scattered by a fluid are studied, without
neglect of the spectral linewidth of the incident field. When the source is a single-mode laser,
it is shown that, although the instantaneous amplitude of the scattered field obeys a Gaussian
probability density, the scattered field is not a Gaussian field. The linewidth of the laser beam
is reflected in the amplitude correlations of the scattered light, but not in the intensity cor-
relations. On the other hand, when the laser is oscillating in more than one mode simulta-
neously, the spectral profile of the laser beam makes a contribution to the spectral density
of the scattered intensity fluctuations, and cannot be neglected.

1. INTRODUCTION

The problem of light scattering by a fluid, par-
ticularly near the critical point, has been the
subject of a great many experimental'~* and
theoretical'*—25%°8 investigations since the early

work of Brillouin. 2¢ In recent years additional
interest in the field was stimulated by the light
beating technique developed by Benedek®*®7 and
his coworkers, although light beating experi-
ments were first reported by Forrester, Gud-
mundsen, and Johnson?” in 1955. It has been



