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Hyperfine Structure and Value of the 'F„, and 'P„, Levels of Cu" and Cu'-'

Arthur G. Blachman, Donald A. Landman, and Allen Lurio
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(Received 3 February 1969}

The hyperfine-structure of the (3d 4s4P) E9/2 and P5/2 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 (3d 4s4P) configu-
ration, the hfs interaction constants are

A ( Ee/2) = 1323.891(1) MHz,
A63(4P5/2) =2031.239(1) MHZ,
B( Ee/2) = 137.874(5) MHz,

( P5/2) = 78.993(4) MHz,

A65('E9/2) = 1418.123(2) MHZ,

A ( P5/2) 2175,811(2) MHz,

( E~/2} = 127.586(19) MHz,
B65(4P5/2) 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 gg( Ee/2) =1.3340(2) and gg( P5/2) = 1.600(2). By making
use of the ratio& /A in the &I/2, the E&/2, and the P5/2 states, we infer thatgr /gl
=0.933 524(5) and that 4 ( S&2) =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' ~"', and Au"'. The mea-
surements were made by the atomic-beam mag-
netic-resonance method. In this paper we con-
sider the (3d'4s4P)4E», and ~P», levels of the
copper isotopes, both of which have I= —,. Fig-
ure 1 shows the low-lying energy levels of Cu I.

Ne cannot observe the lowest metastable levels
of copper, the (3d'4s') D, ,»» levels, because
their excitation energy above the ground state is
only about 1.3 eV 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.
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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

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 electro@ bombardment heated
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FIG. 1. Low-lying energy levels of Cu x.
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IH. EXPERIMENTAL RESULTS
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IV. DISCUSSION OF RESULTS

Th

A. The hfs Interaction Constants

e zero-field hfs separations can be writt tri en o second order f( or e&.ther isotope) as

/&(&'/9Eg/gE=6- F=5)=6M('E '+ —',/, )+ 3B(Fg/g)+, C( F )+h ' W "', /g + ", 'Eg/2) —W ' '(E )

p 4 ~

3 9/2 5 9/2

(F„„F5-E=4)=5X(4E )-~B' -~ ', +—
9/Q 24B( F9/2) 6 C( Fg )+ h

' W[ . (E„.)- W, & &('E„.)l

~& 'E„„E=4-E=3)=44('E '--' " '„,, + Wg/, )- rB(Eg~)+ „C(Eg )+h ' W '"„,+ 'W, &"F„,)- W &'&(4F )3 9/2



~v('a„„Z= 4 Z= 2) = 4A('P„, )+ —,'a('~„,)+~C('S„,)+ l -'[W, &'&('S,~) —W, &'&('~„,)],

~v('~„„Z=- 2 -Z= 2) = 2A('P„, )-~a('S „,) —~C('S „,)+ I -'[W, &'&('S „,)- W, &'&('P„,)],

~~('P„„;a=2-Z= 1)=2A('. I„,)- ~a('a, )+~C('S„,)+ I&-'[W, &'&(4S „,) —W, &'&('a„,)],

where A. , 8, and C are the magnetic dipole, electric quadrupole, and magnetic octupole hfs interaction
constants, and WE "& is the second-order contribution to the energy due to states with angular momentum
I' arising from other fine-structure levels. Neglecting the second-order terms we get the uncorrected
values shown in Table 111. The values A. (4E,&2)63= 12'l0 MHz and A(4P, &,

)"= 2010 MHz were obtained pre-
viously by optical measurements. '

TABLE I. Experimental low-field hfs data. {All units are MHz).

Level

+s(2

4
+s(2

4
&sg~

4
as)2

Isotope Transition

(6, m) (5, m')

{5,m) —(4, m)

(4, 0) —(3, 0)

(6, m) (5, m)

(5, m) —(4, m)

(4, m) —(3, m)

(4, 0)-{3,0)

(4, -1)—(3, -1)
(4, 1)—(3, 1)
(4, -1)—(3, -1)
(4, 1)—(3, 1)

Frequency

not observed

7064.184
7064.199
7064.166
7064.193
7064.190
7064.190
7064.190
7064.190
7064.193

5586.607
5586.605
5586.604
5586.595
5586.601
5586.600
5586.602

8036.898
8036,894
8036.898
8036.898
8036.894
8036.908

6590.872
6590.874
6590.870
6590.880
6590.874
6590,869
6590.880
6590.880

5202.922
5202.916
5202.920
5202.920
5202, 922
5203.285
5202.559
5203.281
5202.570

0.46
' 0.46
0.46
0.86
0.86
4.16
1.95

0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
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4
Ps/2

+5/2

Ps/2

'&5/2

&5/2

4
&5/2

65

63

TABLE I. (Cont. )

(4, m) —(3, m)

(s, o) —(2, o)

(2, o) —(1, o)

(4, o) —(s.o)

(3, 0) (2, 0)

(2, o) —(1, o)

(2, 1)~ (1, 1)

(2, -1)—(1 -1)

8761.974
8761.982
8761.999
8761.985
8761.994
8761.994

6494.512
6494.507
6494.504
4293.015
4293.016

8188.365
8188.370
8188.371
8188.373

6058.150
6058.153
6058.150
6058.153
6058.149

3999.163
3999.170
3999.173
3997.405
4000.937

2.53
2.20
1.08
3.77
3.77

2.00
2.00
2.00
1.37

2.45
2.67
1.28

1.86
1.86

1.23

1.47
1.47
1.32
1.32

aLines overlapped in very small field.

TABLE III. The hfs interaction constants. (A11 units
are MHz. )

Level

4
+S/2

4

4
&S/2

&S/2

QS/2

'&5/2
4
Ps/2

+5/2
4
+5/2

4
J'5/2

4
Ps/2

Isotope

65
65
65
63
63
63

65
65
65
63
63
63

&~Ã—(&-1)l

not observed
VO64. 188(9)
5586.601(6)
8os6.8e8{6)
6590.875 (6)
5202.921(3)

8761.988 (12)
6494.508 {6)
4293.003,(3)
8188.370 (6)
6058.151(3)
3999.168(6)

TABLE II. Zero-field hfs intervals. (A11 units are
MHz. )

~(4y )
65

g(4~ )
85

g(4y )
65

g(4y )
63

g(4y )
63

C(4~ )
63

~(4p )
65

g(4p )
85

C(4p )
85

g(4p )
83

g(4p )
83

( (4p )83

Uncorrected

1418.2S3 (2)
+~C 4y 85

uncorr

12e.499(19)
+~C 4y 85

uncorr
C(4S

uncorr
1323.984 (1)

139.501(5)

—0.001 52 {35)

21V5.8SS (2)

vs.s22(e)

—o.ooo 26(s2)

2031 ~ 258 (1)

ve. 1ve(4)

—0.000 38 (18)

Corrected

1418.123(2)
+26 C 4y 85

12v.586(1e)
+ 7 C('&s/2)", orr
C 4y 85

corr
132s.891(1)

137.874 {5)

—0.000 34(35)

2175.811(2)

VS.111(9)

0.000 01(32)

2os1.239(1)

v8.993(4)

—0.000 10(18)
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The second-order energy terms can be calculated from a knowledge of the electronic coupling in the
(3d'4s41) configuration together with the individual electron interaction constants for the configuration. '~4

(We neglect interconfiguration contributions to WF'". ) 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'=795 MHz b' = —63 MHz and b' = —201 MHz.
s p d p d

The corresponding values for Cu" can be obtained by multiplying the a constants by ge'/p~ = 1.0712(2), '
and the b constants by Q65/Q~ = 0.9254(3), ' where g and Q 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 E„,level comes from the E,/, level
and a small amount from each of the ('P)'F», and the ('P)'F, ~, levels. The second-order corrections to
the 'P„, level are much smaller and arise principally from the 'P»2, ('P)'D„„('P)'P„„and the
('P)'P„, levels. (See Table V. )

TABLE IV. Second-order hfs corrections. (All

units are MHz. )

W6'" (4FB/2)

~ (2) (4F )
W4( ~( Ee/2)

m, '"(4F„,)
8'4 i ( P5/2)
S"3 ( P5/2)
W2'" (4P„,)
W, '"(4P„2)

Cu"

—1.879
—2.033
—1.200
—0.015
—0.268
—0.242
—0.111

Cu63

—1.635
—1.773
—1.048
—0.013
—0.233
—0.211
—0.097

B. The Nuclear Quadrupole and
Octupole Moments

From the results for the E,&, and 'P„, levels
we obtain

I3~4E &63corr
= 1.080 64(16)B('F )"corr

65

B( P, ) corr

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.

Since ~ is very small in copper and the gI ratio'
is known only to a precision of 1 in 10', we can-
not obtain 4 from the above expression. (See
Table VI. ) Both the g& ratio and 6, the anom-
aly for an s electron, can be obtained, however,
by making use of the very precise A"/A" ratios
in the ground 'S,~ and the metastable 'F„, and
P5 /2 states. We w rite for the dipole coupling

constant of any level, A=as+a when Q.s is the
s electron contribution to the hfs constant A and
o. is the P plus d electron contribution (o. = 0 for
the 'S, &, state). We have also that

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

2 4
Fs/2

4
P5/2

g63
0.933 568 5(0) 0.933 551 6(16) 0.933 554 9(10)

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

TABLE VI. The calculated value of ~~ and

gI /gI for each combination of levels.63 65

2 4
Sg/2 —F9/2

2 4
~i/2 P5/2

4 4
Fe/2 P5/2

s gI Q gI
, = (a +1)—,, and —,= —,.e s g ' e gs I 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 exce1.lent approximation. Using the
above expressions we can obtain the results

C. The hfs Anomaly an@the gI Ratio

The hfs anomaly & is defined by the relation
63~65 (A65g 63/A63g 65)I I

63~ 65
S

63

I
65

I

0.000 046(5) 0.000 050(5) 0.000 035(18)

0.933 526(5) 0.933 522(5) 0.933 532(20)



HYPEBFINE STRUGTURE OF Cu AN& Gu

g (A/A )) (A/A')

gI (a /A)~+ + ~ (a /4) + +~
s 1 s s 2

(A/A '), —(A /A ')2

(n /A), (A/A') —(n /A) (A/A') '

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

A(4I' ) =~a +~a'+~a'
9 3 p

A('P„.) = 0.199a —0.4V5a '+ 0.840a '.
P d

From the results in Table I we find
g 63

~& 6 = 0.000 048(5), „=0.933 524(5).
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' "~'~' investigations since the early

work of Brillouin. '6 In recent years additional
interest in the field was stimulated by the light
beating technique developed by Benedek'»'~' and
his coworkers, although light beating experi-
ments were first reported by Forrester, Gud-
mundsen, and Johnson" in 1955. It has been


