Sixth International Conference on Fast Ion Beam Spectroscopy

Tha wbmitted manuscript has been authored i > 198
. Gy a contractor of the U.S. Government niv it of Laval uebec Canada — ugust -20 1.

under contract No. W.31-103-ENG-38. U ersity » Q s g ’

Accordingly, the U. S. Government refains a

nanaxclusiva, royalty-free license to gpublish (‘{

or reproduce the published form of this
contribution, or allow others ¢ da so, for
U. S. Government purposes.

.?z - /0S¢ S -~

HYPERFINE STRUCTURES OF THE nd 'D(n=3-8) STATES OF *he 1 ~ DE83 007931

ROBERT L. BROOKS, VINCENT F. STRElFﬁ*AND H. GORDON BERRY

Physics Division, Argonne National Laboratory, Argonne, IL 60439+

¥e have used the beam-foil quantum beat method to measure the hyperfine
structure separations F = 3/2 — 5/2 of the 1snd lD states (n = 3 — 8) of

3He I. We observed the single frequency modulated decay curves of the

1P— 1snd 1D transitions for times after excitation up to 50 as,

1s2p
ccrresponding to 4-5 modulation periods. The frequencies obtained (with

a precision of 2-5%) are compared with other experiments and theory. The
frequencies are determined mainly by the singlet-triplet energy separations
and mixing factors for the He I D-states. The results agree with the same

parameters obtained from other recent level-crossing measurements in

strong magnetic field mixing of the singlet-triplet states.
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1. Introduction

The quantum-beat method of beam—foil spectroscopy is, by now, a well

established technique for measuring fine and hyperfine structure in selected

We have employed this method, without external fields,

to mcasure the hyperfine structures of the lsnd 1D states of 3He I for

atoms and ions [1].

principal quantum numbers, n, from 3 to 8.

It has been known for some time that the hyperfine separation of
the F = 3/2 - 5/2, for any of these lD states, is about two orders of magnitude
larger than one might initially estimate {2,3]. This large perturbation of
the hyperfine structure is caused by singlet-triplet mixing in cthe fine-
structure segment of the Hamiltonian. Thus, a measurement of the hyperiine
splitting yields a sensitive determination of this mixing parameter.

Recently, high precision experiments on 3He have been performed
using the magnctic field anticrossing technique [4] and Doppler-free two-photon
spectroscopy [5). Thesce experiments are able to measure accurately many of
the intervals in the D manifold for principal quantum numbers 3-6. When such
results are combined with the exhaustive information available for the D
manifold of 4He {6] a rather complete picture for the eight energy levels
comprising this manifold in 3He is able to emerge.

We shall combine the best available results into a semi-empirical
calculation of the energy levels of 3He, £ =2, n=3-10. Our quantum-beat
measurements will then be compared to the results of this calculation. Close
examination of the 1D hyperfine splittings as a function of principal gquantum

number will reveal a curious feature which our measurements at n = 7 and 8

help to confirm.



2.  Theory
One can write the Hamiltonian for noutral helios i a Isnd

configuration as

M= Ty il o+ M (1

vhere ”O eperating upou any statce ol this configuration yiclds the mean

.3 . .
energy of the "D terw which will be sct te zero.
The finc-struciture Jamiltonian, ”]‘S’ can be found 9n the

conprehensive revicew by Miller and Freund {71, The veririn cTements for ohic

are listoed din ot

fine structuve, in the absence of hyperf{ine stracture,

anovaluce

sured {rom thedir

Mote that if the {fince styuclure intervals arve

(see fig. 1), the diagonnl entries are considerably siwplifted.  The singlet-

triplet mixing parsmcter, o, is the same a5 that usced by others [4,7]. The

yvemsining parameters are defined in fig. 1. Two clarifying points shhuld

be made here. The first is that 211 motvices in the paper shall be restricted

to the D manifoeld; that is, the total orbital anpalar vonentum is taken to

the entyics for d, and I have

~

be a good quantum number. The second is that

beenn adjusted such that after diaponalicingihe fince-structure Bamiltonioam

alone, the best experimental results for these intervals are reproduced.

d] and (13 are not aflfceted by sinpglet-triplet wixing.
The hyperfine-structure Bamilvonian, Hi"" has been taken from lLurio,
° el

Mandel and Noviek [8). Besides the Fermi ceontoct term (A) which ds

independent of principal quantum numnber, the flamiltonion includes nagnotic

dipoTe matvix elements (2). VPigher multipele moments arce zervo.,  Since the

total anpular momonton, 17, 1s agood quantum nuaber, the metrix for the total

Namittenian s blook diaponal yvielding twe single-cotry matrices for Vo= 1/2

and 7/2 and two 2 % 3 matvices for F o= 3/2 gnd 577, These miutrices are given

in table 2. Yor ¢ = 2, the connection between the hypertine paramcters of
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ref. 8 and those of table 2 are: ag = 24; azrp = a3 agyy < (3/7) ag/ps
c, = @5 ¢, = aimtY g =1

All of the needed parameters for the matrix elements of the total
Hamiltonian for n = 3 -~ 10 are listed in tavle 3. The values in parenthesis
under d2 and D are the numbers after diagmalizing the fine-structure Hamiltonian
which have been taken from experimental results. Values for the singlet-
triplet mixing parameter, o, are based upon a n“3 fit to the experimental

values given by Derouard et al. [4]. The result is:

@ = 17527.3 MHz/n". 2)

3. Experiment

3He+ ions from Argonne's 120 kV electrostatic accelerator were
employed in a standard bect—foil configuration utilizing side-on viewing [9].
The beam energy was adjusted between 60 and 110 kV to insure a minimum of
three complete beats for the lowest frequencies measured. The beam velocity
was carefully czlibrated over the energy range utilized against the well known
fine-structure quantum beat of 388.Y nm in 4He I. Thin (5 pg/cmz) self-
supporting carbon foils were used and the energy loss in the foils was
considered for both calibration and data acquicition.

Radiation from the beam first passed through a horizontally oriented
polarizer to maximize the ratio of beat amplitude to intensity. It then passed
through a 3/4 m Spex monochromator and was detected by one of two cooled
photomultipliers used in this experiment. Standard photon counting techniques
were employed.

Data were acquired using beam current normalization by summing
multiple scans of the foil with each scan composed of approximatgly 120 points.

. 4
Figure 2 shows a typical data sample. TFor analysis, a direct non-linear

least-squares procedure which simultanecusly adjusted the quantum-beat



parameters (frequency, amplitude and phase) and decay curve parameters

(amplitude, lifetime and residual constant) was employed.

Quoted uncertainties of our results are one standard deviation and
represent uncertainties arising from the beam-vzlocity determination, the
computer estimated statistical uucertainties of a particular run and the

scatter of results from multiple rums.

4. Results

Table 4 shows the results of our calculation for the energy levels
of 3He I, lsund for n = 3 to 10. The numbers differ somewhat from those of
Derouard et al. [4] mostly because of our choice of fine structure experimental
results. However, if one compares our intervals to the Doppler-free two-
photon results of Biraben et al. [5], agreement is at least as good as those
of Derouard et al.

In table 5, our experimental results for the hyperfine splitting
of the 1s 'nd 1D2(3/2 ~ 5/2) levels are presented along with the theoretical
results of several workers. Agreement with the calculation presented here
is excellent.

Next, consider the above splitting as a function of principal
quantum number. TFigure 3 displays a smooth curve drawn through the
theoretical values obtained in this work. Note the inflection points at
n =6 and 9. This behavior is unexpected in light of the fact that all but
one interaction are decreasing approximately as 1/n3. The experimental

points closely follow the theoretical curve but clearly high precision results

for n > 6 would be desirable.



5. Coaclusion

A semi-empirical calculation of the hyperfine structure in the
1snd states of 3He I for n = 3 to 10 has been presented. In addition, direct
quantum-beat measurements of the 1D2(3/2 - 5/2) interval have been performed
for n = 3 to 8. Whiie our precision for lower n values cannot match that
for measurements performed using other techniques, ours are the only such
measurements for n = 7 and 8.

We have pointed out the behavior of the hyperfine structure of the
singlet level of 3He I as a function of principal quantum number. Recently
an experiment has been performed to measure the hyperfine structure of the
5snd singlet and triplet states of 87Sr I [13]. 1In that experiment a
surprising enhancement of the splitting in the singlet states was observed
around n = 16. Though singlet~triplet mixing certainly seems to be an
iﬁportant factor, no theoretical explanation for this behavior has yet been
advanced. Similarities between that system and the one presented here indicate

that a detailed understanding of the hyperfine structure of 3He I may be

instrumental in explaining such a newly observed phenomenon.
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Table 1.

Fine-structure matrix for ls nd He I
s J 1 1 1 2 0 2
11 d, 0 0
1 2 0 d, V6o
0 2 0 V6 o D
1 3 0 0 0




Table 2. Matrix elements of the total Hamiltonian for 1s nd 3He I
J F 11/2 37/2
A 5
1 1/2 dl+5—4a 0
A 15
2 2 4 =2
3 7/ 0 d3 + > Py a
J F 1 3/2 2 3/2 2 3/2
A ) 3 15 A 15
1 3/2 a; - — + = 2p - 22 -6 (2 - L2
14 " g? 4 32 (% 7 329
-2 3/2 3a-Lb a, -2 1>, /6_(é+—~—a+a)
4 32 2 4 16 4
2! 3/2 —/6 A_ Ji—a V6 é-—}-—'Ié--a + o D _b
G T (7 ) 16
J F 2 5/2 3 5/2 2" 5/2
A 5 14 A 15 -1 5
2 5/2 d2+~6-+'8—a T(i—ﬁa) fg_(A+Tga 6(1)
v1h A 15 2 5 V21 5
3052 |5 (3717 @) dy - 3A— 7 o & (A5 )
' 1 5 21 . 5 5
2 5/2 —7(A+Ea——60) 6 (A—<ga) D+ga

Primes denote singlet states.
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Table 3. Parameters used for matrix evaluation

n dl d2 d3 D o a

3 1095.5 -205.3(~230.0) ~305.2 102091.3(102116) 649.2 -1.61

4 460.8 —86.4( —94.0) -130.4 59009.4(59017) 273.9 -0.68

5 235.8 -44.1( ~47.5) -67.1 34022.5(34026) 140.2 -0.35
6 136.4 -25.5( =27.4) -38.9 20917.3(20919.2) 81.1 -0.20

7 85.9 -16.0( -17.2) -24.6 13632.2(13633.3) 51.1 -0.13

3 57.6 --10.7( ~11.5) -16.5 9331.9(9332.7) 34.2 -0.08

9 40.4 -7.5(C -8.1) -11.6 6650.0(6650.5) 24.0 ~-0.06
10 29.5 =-5.5( -5.9) -8.4 4897.8(4898.1) 17.5 ~0.04
All values in MHz.

Numbers in

parenthesis are after diagonalizing fine-structure matrix (see text).
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Table 4. Hyperfine energy levels for 3He I 1s nd states
3d 4q 5d 6d ¥
102315.4 59315.1 34531.1 21765.3 5/2
102176.3 59210.4 34435.1 21673.2 "3/2
4765.4 4332.8 4020.1 3633.9 3/2
3843.9 3912.0 3764.7 3450.3 5/2
-1068.9 ~1704.7 -1930.2 -2029.7 1/2
-1791.7 ~1992.1 -2074.2 -2112.2 3/2
-2413.0 -2768.4 -2218.3 -2196.3 5/2
-2472.5 -2297.1 -2233.7 -2205.4 7/2
74 8d 9d 104 F
14992.7 11370.8 9441.4 8394.9 5/2
14906.7 11297.3 9384.7 8353.6 3/2
3094.0 2391.2 1614.7 889.1 3/2
2950.5 2279.3 1531.1 828,2 5/2
-2080.3 -2108.8 -2125.9 -2136.9 1/2
~2132.0 -2143.3 -2150.1 -2154.5 3/2
-2185.2 -2179.0 -2175.2 -2172.8 5/2
-2191.0 -2182.9 -2178.0 -2174.9 7/2

All values in MHz.



Table 5. Comparison of theory and experiment for 3He I nd 1D hyperfine splittings

Theory
Bessis et al.® Descoubesb Liao® Derouardd This This Expt.

n (corregted) et al. et al. Work

3 144 138 138.4 139.2 139.1 140.9 = 3.2
4 105 102 102.6 104.7 104.7 105.2 + 2.0
5 96 93.8 93.8 95.8 96.0 9¢.5 = 2.5
6 92 39.7 90.8 92.0 92.1 88.9 + 2.0
7 86 118 85.3 — 86.0 84.2 + 2.3
8 75 — — — 73.5 77.5 £ 2.8
9 —_— — — - 56.7 —

10 — — — —— 41.3 -

All values in MHz.

<

1 3 .
Rev. 3; corrected for more recent D - D separation.

Sret. 11

“Ref. 12

“Ref. 4
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Figure Captions

Scale is approximate.

3He I.

Fig. 1 Energy level diagram of 1ls nd 3He I.

, . : 3 1
Fig. 2 Quantum-beat data of ls 6d D3/2 - 5/2
Measured frequency of -this run is 90.4 MHz.

Fig. 3 Hyperfine frequency of 1s nd 1D3/2 _5/2° Smooth curve is a graphical

interpolation of theoretical results presented here.
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