
PH YSICAL REVIE% A VOLUME 22, NUMBER 3 SKPYEMBER l980

Laser magnetic resonance spectroscopy of normally forbidden transitions: Electrostatic fine
structure of the n =9,L =1& 'He singlet states
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Forbidden transitions have been observed from the 7 'S state of 4He to the manifold of states, n = 9, L = 1-8.
These transitions are tuned into resonance with CO, laser lines by an applied magnetic field of 0-140 kG.
Transitions to the odd-parity states are characterized by a velocity-dependent, motional Stark efFect hne shape

which has been described previously. Transitions to the even-parity states have, in addition, a velocity-dependent

transition moment creating a more complex line shape whose form is derived in an adjoining article. Analysis of the

positions of over 20 observed resonances allows a determination of the zero-field separations of all the n = 9,
L = 1-8 states of He, and the quantum defects for He singlet states with L &0.

I. INTRODUCTION

Through the use of moderate laser powers and
a unique combination of magnetic and motional
Stark-electric fields, we have observed a large
number of normally "forbidden" transitions in the
pentultimately simplest atom He. In several pre-
vious publications' 4 we reported our measure-
ments of the electrostatic and relativistic fine
structure of several highly excited Rydberg states
of He. In Ref. 2 we described our observation of
the allowed 7'S-9'P transitions. Also presented
in that paper were a description of the apparatus,
the methods used and a full analysis of the unusua1
motional Stark effect (MSE) line shape associated
with these transitions. In Ref. 4 we presented our
initial observations of laser driven forbidden tran-
sitions originating in the 7'S state and ending in all
the even-parity, m~ =+2, states with principal
quantum number n=9. The essential features of
a new velocity-dependent line shape, associated
with these forbidden transitions, wis also pre-
sented there.

In this paper we report results obtained from a
full set of CG, laser-driven transitions between
the 7 S and the n=9, even-parity, m~ =+2 set of
states, obtained in magnetic fields ranging from
20-140 kG. In addition, we also present the re-
sults obtained from our observation of transitions
between the 7'S state and the n = 9, odd-parity,
m~ =+1 set of states. A detailed analysis of the
mechanisms responsible for the breakdown of the
normal selection rules, and the line shapes ap-
plicable to these transitions are presented in an
adjoining paper. 6 We obtain new and accurate
electrostatic f ine-structure intervals for the n =9,
L = 1-8, 4He singlet states, by extrapolating our
results to zero magnetic field through the use of

an accurate higher order Zeeman tuning theory.
The fine structure of He, both electrostatic and

relativistic has been the subject of numerous high
precision spectroscopic experiments in the past
20 years. ' ' Early work centered on the lowest
excited states, with the metastable 2'S level being
studied by Hughes and co-workers~" by the mo-
lecular beam magnetic resonance method, and the
n=2, 3'P states being studied by Lamb and co-
workers" ' by the microwave optical double reso-
nance method. The latter technique was later ex-
tended' ' to the n = 4, 5 P He states by Miller
and Freund and then used extensively first by Wing
and Lamb'~" then by Wing, MacAdam and co-
workers ' to characterize a number of n, L
(L &4) states, During the same period anticross-
ing spectroscopy was used'~" to characterize the
interactions and separations of the n = 3-20'D
and 'D states of He.

Our method" has extended the optical micro-
wave resonance technique into the IR by replacing
the microwave oscillator with a CO, laser. In
order to have a magnetic tuning range large com-
pared to separations of the fixed frequency CO
laser lines we have employed a high homogeneity
Bitter solenoid with a field capability of -140 kG.
This technique has allowed the high precision
(&0.1 ppm) measurement of He intervals, e.g.,
7'S-9'P, inaccessible to other techniques. It has
also, perhaps more importantly, opened the sub-
ject of the behavior of atomic levels in intense
magnetic fields to the probing of precision spec-
troscopy.

Considerable |heoretical interest3~~ has been
shown in both the subject of the energy levels of
He and atomic behavior in high magnetic fields. ~
Chang and Poe" ~ have done extensive calculations
of He fine structure and in general obtained agree-
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ment with experiment to the level of 1-2%. Re-
cent calculations" on He fine structure claim to
reduce the above discrepancy by a factor of -5.

After the work of Farley et al.' the lower (2 & L
~4) L fine structure of He is vastly better known

than for higher L. Indeed only one other experi-
ment" has previously observed and clearly re-
solved high-L states. This involved anticrossing
observations between high-L states and the ' 'D

state. These anticrossings were induced by an

external electric field perpendicular to the mag-
netic field. Results were obtained for n = 7-11
and 4 - L - 7. Electrostatic fine-structure mea-
surements of low LHe -states (L ~ 3) using far IR
lasers is discussed elsewhere. I

In our experiments we observe clearly resolved
transitions to all existing L states in the absence
of any applied external electric field. Our ability

to drive these transitions is a consequence of the

breakdown of the normal selection rules by two

different effects of an intense field. The first is
the mixing of states of the same parity and magnet-

ic projection quantum number, m~, by the dia-
magnetic part of the Zeeman Hamiltonian. This
mixes 'P character (with its allowed AL = 1,
h m~ = 1 transition probability) into the singlet
L=3, 5, and V states. The second effect of the
magnetic field is to cause an atom moving through

it to "see" a 'motional" electric field. This elec-
tric field mixes 'P character into the 'D state
from which it is propagated to the L = 4, 6, 8
states by the diamagnetic interaction.

As we have shown previously, ' 4 the MSE is de-
pendent upon the atom's velocity and it combines
with the Doppler effect to produce new and very
interesting line-shape effects. The transitions to
the n =9, odd-parity states exhibit the MSE line
shapes as described before. The transitions to
the even-parity states, however, depend upon this
same MSE for their transition probability. This
gives rise to a velocity-dependent transition mo-
ment which complicates the line-shape function.
A further complexity arises when one includes the
effects of laser power saturation into the calcula-
tion, as this too is velocity dependent. All of
these velocity-dependent effects are taken into ac-
count in the line-shape derivation presented in the

previous paper. '
By employing this line-shape analysis, the cen-

ters of all the observed resonances involving the
high-L states are determined and then globally fit
to obtain the best zero-field separations for all
the levels of the n= 9 manifold, L = 1 to 8. The
present analysis of moderately high Rydberg levels
studied with very high resolution nicely comple-
ments recent studiess~~ of higher Rydberg states
in magnetic fields with lower spectral resolution.

Such studies are of considerable current theoreti-
cal interest. 4~4'

II. EXPERIMENTAL APPARATUS

As we have previously described our experi-
mental apparatus, "4we limit ourselves to a
brief account. The excited states of helium are
differentially populated by electron bombardment.
The vacuum chamber containing the electron gun

and helium gas is located in the bore of a feedback
stabilized Bitter electromagnet, which provides
a field from 0 to 140 kG. Absolute field measure-
ments are made with a wide band NMR gauss-
meter. A fixed frequency, step-tunable CO, laser
is used to drive transitions between excited states
of the helium atoms. The population in an excited
state is monitored by observing the uv-visible
fluorescence from that state to a lower lying one.
In these experiments, we monitored the 7'$-2'P
fluorescence at 4024 L as a function of magnetic
field.

Since all the transitions described here are in
zeroth-order forbidden, to make them observable
in a reasonable amount of time we operated the
laser at higher power and the electron gun at
slightly higher currents than previously. l The
laser frequency was inferred by tuning the cavity

length to maximize the output power. Under the

high gain, high power conditions used in this ex-
periment, the uncertainty of the laser frequency
varied from 6-1V MHz. For the majority of the
measurements the electron current was increased
from the normal~ 1 to 3 mA. No noticeable change

in the resonance positions were observed when the
current was so increased but a significant increase
in signal was obtained. The gas pressure as mea-
sured by a capacitance manometer was ™15
m Torr.

III. EXTERNAL FIELD PERTURBATIONS
ON THE n = 9 He STATES

In the preceding article' we presented a general
method of dealing with the effect of the intense

magnetic field upon the energy levels and transi-
tion probabilities of an atomic system. Vfe now

apply these general results to the n =9 singlet
states of He for which we have experimental data.

In Fig. 1 we show the energy level diagram for
several He singlet states in the vicinity of n= 9.
From this figure we can immediately see that the
m=9 manifold is very well isolated and thus the
exclusion of the n= 8 and n= 10 states from the
diagonalization of the full Zeeman Hamiltonian is
justified. Also shown in the figure is the hydro-
genic energy level for n=9. The very close prox-
imity of all the n = 9 He states with L & 0 to this
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FIG. 1. Schematic diagram showing approximate,
zero-field energy level structure for some states rele-
vant to the experiment. The energies indicated are in
cm . The dashed line indicates the hydrogenic energy
for n= 9.
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hydrogenic energy is the justification for our use
of hydrogenic wave functions. In fact the quantum
defects of He, 5(L), for all states with'L & 0 are
very small, with the largest being 5('P) = -0.012.

As we noted above the magnetic field can only
mix states with 4L = 0, + 2 and 4m~ =0, so we
need only consider states with the same values of
m~ and the same parity. This greatly simplifies
the numerical problem of diagonalizing the full
Hamiltonian. For example, the matrix to be dia-
gonalized for the m~ =+2 even-parity states is
only four by four as is the one for the m~ =+1 odd-
parity states. We will consider these two cases
in particular (m~ =+2—even parity and m~ =+1-
odd parity) since our data was obtained for these
two sets of states.

In Figs. 2 through 5 we show the results for the
Zeeman diagonalization using the zero-field ener-
gies from Refs. 7 and 35 ~ In Figs. 2 and 3 we
show the Zeeman tuning of the energy levels for
fields from 0 to 140 kG. A linear Zeeman tuning
term of a+in Fig. 2 and 2p+ in Fig. 3 is sub-
stracted from the energies shown, in order to
more clearly show the nonlinear behavior of the
Zeeman tuning. Figure 3 for the even-parity
states also shows the tuning of the 'P, m~ =+1
state, since this state will be pertinent to our
later discussion. The dots in Figs. 2 and 3 indi-
cate the fields at which the 1.aser-driven reso-
nances were observed.

A very important result of the diagonalization is
the new set of eigenvectors [as given by Eq. (3) in
the preceding paper] that characterize the states
at a particular value of the magnetic field. In
Figs. 4 and 5 we show the coefficients,

~
C(L0, mr, ,

L) ~*, from this equation, as a function of magnetic

FIG. 2. The energies (minus IjtoH) of the odd-parity,
mz, =l states as a function of magnetic field. Solid cir-
cles indicate fields at which resonances were observed.
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FIG. 3. The energies (minus 2poH) of the even-parity
(and ~P, mL=1), nrem, ~2 states as a function of magnetic
field. Solid circles indicate fields at which resonances
were observed.

field for the various L states in our example.
These coefficients are physically very significant
since they represent the amount of zero-field

~ L, mJ, ) character that a state ( L„mJ, ) has at a par-
ticular value of B. Since the transitions from the
7'S state to the odd-parity states become allowed
in proportion to the amount of 'P character mixed
into them, the vertical axis in H.g. 4 is directly
proportional to the transition moment, or the ease
of driving a transition to that state.

The transitions to the even-parity states take
place because of the magnetic mixing of these
states with the 'D state, which in turn contains
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forward. We first compute the electric field mix-
ing coefficients of a particular even-parity state
with each of the odd-parity m&=+1 states, as given
by Eq. (6) of the previous paper. We then multiply
each mixing coefficient by the amount of 9 'P, m&
=+1 character in the corresponding odd-parity,
m&=+1 state, shown in Fig. 4, and sum the results.
This total amount of 9 'P, m&= 1 character for a
thermal velocity atom with T= 450 K, is shown in
Fig. 6 as a function of magnetic field.

FIG. 4. Admixture of 'P character in the singlet, odd-
parity, m&=1 states as a function of magnetic field.

IV. DATA ANALYSIS

some electric field-induced 'P character. Thus
the admixture of 'D character, as shown in Fig.
5 for the even-parity states is but one of the de-
termining factors in the transition moments to
these states. The motional electric field mixes
the states with &L =+1, &m~ =+1. To first order
the electric field only mixes 'P character into the
'S and 'D states, and the 'S state lies too far away
from all the other L states to significantly interact
with them. The 'D state can, however, interact
with the high-L states via the magnetic mixing of
states of the same even parity.

As we noted in the previous paper, ' we account
for the motional electric field using perturbation
theory. The one place that this simple treatment
could break down is near the antiorossings of the
9 P, m~=1 and 9 L, m~=2 states as shown in
Fig. 3. We have performed a more detailed
treatment of the electric field perturbation here by
diagonalizing exactly the relevant two-state ma-
trices. However, the results are not particularly
significant as we have no data near the anticross-
ing. This procedure, however, assures us that
elsewhere, the perturbation approach is well jus-
tif ied.

The perturbational procedure for calculating the
9'P, m&=+1 character of the even parity, ml, =+2
states obtained from the diagonalization is straight-

As shown in Fig. 3, the high-L, m~=2, even-
parity transitions were observed with several
laser lines at various fields above about 65 kG.
(The transitions to the 9iD state were actually ob-
served at fields as low as 20 kG, although the low-
er field points are not indicated in the figure. ) The
lowest field at which transitions were observed to
the high-L, odd-parity, m~ = l states, is between
75-82 kG as shown in Fig. 2. Since these states
are relatively weakly coupled to the 9'P (as can
be seen from Fig. 4), transitions to them at fields
below 75 kG are not easily observable.

In order to facilitate the discussion of all these
transitions we organize this section as follows:
We first discuss the parameters that have a bear-
ing on the observed transitions and line shapes.
This includes the various velocity-independent
broadening mechanisms (lifetime, collision, laser
power, electric and magnetic field inhomogen-
eities) ~ The method used to determine the gas
temperature which also plays a key role in the
line shape is discussed next. We then discuss the
line-shape fitting details for the various transi-
tions. This section concludes with the extrapola-
tions to zero magnetic fields and the determina-
tion of the zero-field energies of the states.
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FIG. 5. Admixture of 'D character in the singlet, even-
parity, mz = 2 states as a function of magnetic field.

FIG. 6. Electric field-induced admixture of 'P char-
acter in the singletn=9, L=4, 6, 8 states, as a function
of magnetic field, for an atom moving with velocity op,
for T=450 K.
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A. Parameters pertaining to the data

I. Lifetime ~width

There are several different characteristic times
that can be important in determining the dominant
mechanism (if there exists one) for lifetime broad-
ening. The lifetime of a state can be governed
either by collisional or radiative decay and the
collisional lifetime can be dominated either by
elastic or inelastic collisions. To get an estimate
of the collisional lifetime we calculate the mean
collision time. This is just given by

where n is the density of atoms, vo is the previous-
ly defined' mean thermal velocity, and e is taken
to be the geometrical cross section, v (r'). At a
pressure of 15 microns and a temperature of
450 K the above expression yields a lifetime of
132 ns for the 7 'S and 49 ns for the 9 'P state.

In a simplistic theory it is difficult to deter-
mine how many of these collisions are elastic and

how many are inelastic. We are, in any case,
quite sure that collisional depopulation of a state
is possible because there are many states nearby
the states of interest. There have been measure-
ments of collisional angular momentum transfer
in both helium and other Rydberg atoms. ~ In-
dications are that for n values c7, experimental
~L chasing cross sections for high L seem to fit
calculated geometrical cross sections. However,
for n values &7, in spite of the larger size of the
electron orbital, the cross section levels off. A
reasonable estimate for a collisional cross sec-
tion with a neutral atom can vary from the geome-
trical cross section to an order of magnitude

smaller. In our system there also exist free
ions and electrons which we have not taken into
account. Even though we do not include the effect
of these species on the lifetime of the states, their
effect is certainly to further shorten it. We pro-
ceed under the assumption that the collisional
lifetime is given by the geometrical cross section.
The consequences of this uncertainty are discussed
later. —

The radiative lifetimes for states in helium have

been calculated for states up to 8'P and we have
extrapolated a result for the 9'P state. s We find
that the 7'S lifetime is 356 ns and that of the 9'P
state is 41 ns. Thus a reasonable estimate for
T» the previously defined phase coherence time, '
for a transition to a high-L state with n =9 is
-30 ns (assuming that high-L states have very
long radiative lifetimes and their collisional life-
time is about 50 ns). This corresponds to a full
width at half maximum (FWHM) -2 x 10' cm ' or
-7 G for ms ——1, and -3 G for ms ——2 states.

2. Po~er broadening

The quantity we are interested in calculating is
Izo as given by Eq. (12) of the previous paper.
We recall M~0 in Eq. (12) of the previous paper is
the amount of 'P, m~ =+1 character in the high-L
state. The quantity p, , is the transition moment
for the allowed transition between the 7'S, m~ =0
and 9'P, m~ =+1 states in our case. It is given

by

i,„=e(fI~if&

= e(7, 0, 0 lr sin8 cosp l9, 1,1)= 3~ 42ea, , (1)

where the angular integral is obtained analytically
and the radial integral numerically. " The only
other quantities appearing in Eq. (12}of the prev-
ious paper for I o are T, and ~, which for high-L
states we have shown to be about equal, T,=7 = 30
ns, since the radiative lifetime of these states is
very long. Combining all of these quantities we

obtain that I» =1.7/M~0 (mW/cm').
Our previous experience with the 7'S-9'P tran-

sition led us, to believe that this value of I» was
about a factor of 2 too small when compared with

values obtained experimentally for laser powers
measured outside the chamber. This discrepancy
is attributed to the difficulty in measuring the
laser intensity that actually arrives at the interac-
tion region with the appropriate polarization. Even
a slight optical misalignment can rotate the polar-
ization vector of the beam. Based upon our pre-
vious experience, "therefore, we adopted a semi-
empirical saturation intensity of =3.8/M ~
(mW/cm'} in our line fitting.

The weak link in the line fitting parametrization
is the calculation of saturation intensity and life-
time for the high-L states, especially since the
collisional lifetime calculation cannot be trusted
to better than an order of magnitude. The prob-
lem is, however, not very serious, since for most
of the data, the homogeneous broadening is domi-
nated by effects which do not involve the lifetime.
As a check on the effect of the uncertainty in the
lifetime related effects, some lines were taken
several tixnes with different laser intensities.
Reproducibility of the fit using the same tempera-
tures and line centers was excellent. Further-
more, an order of magnitude decrease in laser
intensity would make many of the lines unobserv-
able. Thus we are confident that the values we use
for the lifetimes and saturation intensities do not
significantly bias the results derived from the
measurements.

3. Other velocity-independent broadening mechanisms

The other velocity-independent mechanisms that
contribute to the spectral line broadening and that
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concern us are magnetic field inhomogemeities,
electron beam-related Stark broadening, and
long-term averaging effects including drifts in
laser frequency.

The magnetic field inhomogeneity was measured
for each transition using the NMR field probe.
This inhomogeneity ranged between negligible to
as much as -50 G/cm for some transitions taken
in an uncompensated magnet.

If we approximate the electron beam's 1.2x 1.0
cm rectangular column of charge by a 1 ~ 2-cm-
diameter cylindrical charge we can easily estimate
the radial electric field. For typical operating
conditions, this field is -6 V/cm at the cylinder's
surface and zero at its center. The effect of this
field depends on the polarizability of the state and
the magnetic field at which we are making the ob-
servation. The largest polarizability we observed
was at -VO kG where the motional Stark field of
-100 V/cm gives rise to a motional Stark shift of
-335 MHz while the Stark shift due to the electrons
using the above surface field, is -2 MHz. Varying
the electron beam current between 1 and 3 mA
showed no noticeable effect on the resonances
other than improving the signal to noise. We did
note a definite change in position and shape of the
resonances when the current was increased above
10 mA. For almost all the data, the current was
3 mA.

The laser was repeatedly retuned to line center
during the data averaging but due to the high gain
mode of operation, it was measured to drift by
-+9 MHz. The field was checked prior to each
sweep and was resettable to +1 G.

In fitting the lines we combined all of the veloci-
ty-independent broadening mechanisms into a
"nonlifetime homogeneous width", 4 B», which
varied from 10 to 25 6 depending on the exact ex-
perimental conditions. The line fitting was not

very sensitive to this number, and a change of a
few gauss made very little difference in the zero-
field results or the quality of the fit. In the fitting
formula, the nonlifetime homogeneous width was

simply added to the power-broadened lifetime
width.

4. Determination ofgas temperature

The data indicates that there is a systematic
problem with the temperatures T, which enter into
the line shape through v„required to fit the lines.
Thus, it was important to independently establish
the gas temperature. To determine experimental-
ly the temperature, we repeated the observationl
of a low-field V'S-9'P transition. This resonance,
(using the 10-pm R28 laser line) is at -2 kG and
has a negligibly small motional Stark shift. It can
therefore be well fit with a Voigt profile. The fit

required a temperature of 450 K and a homogen-
eous width of 15 G.

This higher than ambient temperature is pre-
sumably due to the gas passing over the hot
(-900 C) electron gun. The temperature varied
slightly (+ 20 K) from time to time because data
taken at different times used different electron
guns which required slightly different tempera-
tures for electron emission. We further believe
that this is the correct temperature of the gas,
since all of the 7'S-9'P data were fit assuming a
temperature of -450+20 K. As we shall see, the
data fitting for the high-L states required a wide

range of temperatures between 250 and 600 K.

B. Even-parity mL = 2 transitions

The fitting of the data for these transitions was
performed by using Eqs. (A19) and (A20) of the pre-
vious paper. ' In our derivation of the line-shape
function, we assumed the mixing of the 9 P state
to only be a function of atomic velocity and not
vary over the spectral linewidth. However, as
can be seen from Fig. 6, the admixture of P
character can at times vary rapidly with magnetic
field. Thus we included this variation in our fitting
program, by allowing the saturation intensity to be
field dependent. The results of the fitting and the
fitting parameters are listed in Table I. In the
procedure used to fit the lines we identified the
transitions by labeling them in terms of the zero-
field angular momentum of their upper states.
Thus R32LS refers to the transition to the L~= 8
state (e=9, m~ =2) with the R32, 10-p,mCO,
laser line. Examples of such experimental spec-
tra are shown in Figs. 7 and 8 along with their
theoretical fits. Reasonable values of B~ the reso-
nance position for an atom at rest and T were as-
sumed in the initial attempt at fitting the data.
Using the assumed Bo, the net magnetic field
tuning rate for the transition was calculated.
This is simply the difference in the tuning rates
of the upper and lower state. The tuning rate of
the upper state (high L) must be obtained from the
matrix diagonalization of the magnetic Hamilton-
ian. The tuning rate of the 7'S state is given to
the desired accuracy by the second-order tuning
coefficient. Using the assumed Bo and the tuning
rate the next step involved the calculation of the
polarizability, al, , and I/Ilo.

The values of a~ and I/Iso used in the fitting of
the various transitions are also listed in Table I.
The numerical values listed for these quantities
were calculated for a thermal velocity atom at the
listed temperatures, T. The polarizability, e&,
is listed in the column headed MSS (Motional Stark
Shift) and is given in units of the number of gauss
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TABLE I. Parameters used in the line fitting for the even-parity, g = 9 states.

Label

R24Z, 2
R26L2
R28L2A
828L2B
R30L2A
R3QL2B
R30L2C
R32Z, 2A
R32L2B
R32Z, 4
R32L6
R32LS
R34L4
R34Z, 6
R34z, sA
R34L SB
R34LSC
R34LSD
R38L6
R38LS
R40L6
R40L8
R4QL4
R42L6
R42L8

ap( Q

20.337+ 0.007
33.200 + 0.008
45.608 + 0.015
45.608 + 0.015
57.663 + 0.015
57.658+ 0.015
57.658 + 0.020

69.316R 0.010
65.164 + 0.010
64.787 6 0.007
63.950 2 0.005
77.316R 0.005
76.737 R 0.005
75.537 ~ 0.007
75.537 ~ 0.007
75.531+ 0.007
75.528 4 0.007
99.662+ 0.010
97.572+ 0.008

110.595 + 0.012
108.021 + 0.008
122.6774 0.010
121.055 p'pf5

118.122 + 0.007

&&dG&

28
18
23
23
23
23
23
23
23
15
25
10
20
18
13
13
18
13
23
23
23
23
23
13
23

375
375
425
475
375
400
375
385

325
325
250
275
275
250
250
250
250
525
600
525
425
300
450
425

Mss (G)

29
73

172
154
239
255
239
472

-5
4

~3
4
0
0
0
3
2

-106
-87

-155
-70

-183
-194
-83

I/Igo

0.27
1.1
3.74
4.18
8.37

13.8
0.125

25.0

0.032
0.075
0
0.13
4.69
6.22
2.21
8.89
8.29
3.79
5.81
6.86
2.83
3.78
3.87
1.75

that is the resonance of an atom with velocity v,
will shift due to the motional Stark effect at the
given magnetic field. All of these quantities were
then used as the input parameters in our line-shape
computation. The parameters B, and T were then
varied and adjusted until a satisfactory (deter-
mined "by eye~) fit was found.

For some resonances, e.g., R30L2A, ,R30L2B,
R30L2C, there is more than one entry in Table I.
This situation arises because the observations
were made under different conditions, e.g., dif-
ferent laser power levels. The close agreement

between the values of BD for the various indepen-
dent fits under different conditions is further evi-
dence for the accuracy of its determination. The
systematic variation in the temperatures required
to fit the lines is apparent in the table. An as-
sumed temperature affects the data in two general
ways; through the size of the Doppler shift and
the size of the motional Stark shift suffered by the
atoms. Thus in those cases where the MSE domi-
nates the line shape one might be tempted to ex-
plain the "temperature problem" by questioning
the polarizability calculation. One could increase
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FIG. 7. Data and fit for the transition 7'$-9 'D using
the R30 laser line of the 10.6-pm branch with Bp=57 658
kG. The theoretical curve was obtained using the para-
meters listed in Table I for line R30L2B.
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FIG. 8. Data and fit for the transition 7 $-9 ' g, = 8)
using the R32 laser line of the 10.6-pm branch with Bp
= 63.950 kG. The theoretical curve was obtained using
the parameters listed in Table I for line R32LS.
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or decrease 0.~ and leave T fixed at a reasonable
value to arrive at the desired motional Stark shift.
This procedure, however, cannot work in those
cases where the motional Stark shift is very small
and the line is essentially symmetric. These
lines (such as the R82 and R84 L,=4, 6, 8} could

only be fit with essentially zero polarizability and

thus clearly indicate that the problem lies in the
assumption of a Maxwell-Boltzmann distribution
or in the assumption of an equilibrium tempera-
ture characterizing all the states of an atom.

We are unable to quantitatively explain this dif-
ficulty, or even to identify with certainty the
source of the problem. From the 7 'S-9'P data
the temperature was measured to be 450 K and the
fit for that data implicitly contains in it the as-
sumption of a Maxwell-Boltzmann velocity dis-
tribution. Since the high-L data were also ob-
tained from transitions originating in the same
7'S state the peculiarity is clearly a property of
the high-L states.

It is interesting to note that no similar temper-
ature problem is found in the n =9, high-L, odd-

parity, m=+1 states (see Sec. IVC). A tentative
explanation is to postulate that the true velocity
distribution in our system is somewhat non-Max-
well-Boltzmann perhaps due to the restrained mo-
tion of the ionic core in the magnetic field. . Since
the high-L, even-parity transition line shapes are
extremely sensitive to the tail (high velocity atoms}
of the velocity distribution the anomaly is observ-
able clearly only in these transitions. Both the
7 'S-9 'P and the high-L, odd-parity transitions
have a different and much less velocity sensitive
line shape and thus show no temperature problems.

There has been very little work bearing on such
temperature effects. Theoretically, Derouard
and Lombardi'3 have developed a model for angu-
lar momentum changing collisions for Rydberg
atoms colliding with rare gases. This model is a
simple semiclassical one however, and predicts
no net deviation from a Maxwell-Boltzmann dis-
tribution. Experimental work with high-L states
is also lacking. The anticrossing experiment of
Beyer and Kollaths' is not a very sensitive test of
the temperature and no temperature anomaly is
reported. The work of Gallagher et al.' using
microwaves to drive transitions to high-L states
in Na is likewise insensitive to the velocity dis-
tribution.

The temperature anomalies seem very sys-
tematic for transitions observed below about
90 kG (ail the transitions to L,= 2 states are fit
with -375 K except for the R28 transition where
there is probably some accidental mixing with a
nearby triplet state, and all of the Lo= 4, 6, 8
states, below the crossing with 9 P, are fit with

250-325 K). Above 90kG however, thetemperature
problem is much more erratic. A possible explan-
ation for the high-field erratic temperatures maybe
found by examining as an example the transitions
driven by the R42 laser line. We were unable to
find a consistent set of parameters that would fit
the experimental line shape for the transition to
the Lo= 2 state. The difficulty arises for several
reasons: (1)Around 120 kG the L,= 2 and L,=4
states are very close, (2}the magnetic field is
very large giving rise to a large motional Stark
field, and (3}both states have -35% D character.
These states can couple to each other through the
9'P, m~ =1 state via the motional Stark field.
Thus, this coupling is strong and gives rise to
terms of higher order in perturbation theory. By
a rough calculation, we find that for the Lo= 2

state at B~120 kG the motional Stark shift for a vo

atom decreases by about 40% from what is calcu-
lated in second-order perturbation theory.

We can reasonably postulate that the cause for
the erratic behavior of the temperature required
to fit the lines above 90 kG is really due to the in-
accuracy of the polarizability calculation. The in-
accuracy tends to increase the motional Stark
shift for the L,= 8 state and decrease it for the L,
=2 states. For states with L,=4, 6, the effect
is somewhere in between. This is indeed consis-
tent with the data. This explanation, however,
cannot apply to transitions at fields below -80 kG
because there are no states coupled strongly
enough to the 9'P to make higher order interac-
tions important. For example, we have esti-
mated the size of this effect for the L,= 8 and 6
states at V5 kG. This calculation reveals that
higher order terms would decrease the motional
Stark shift by only -2% for the L,= 8 state which
is negligible. ~

The values of the motional Stark shift needed to
give the best fit to the remaining transition line
shapes were in almost all cases consistent with
the calculated values of n~. However, a couple
of minor exceptions were found. For the R34,
L0:6 transition, the calculated motional Stark
shift (for the fit temperature} is 7 G, while the
line was fit with 0 G. Similarly, for the R34, Lp
= 8 transition, the calculated value is 18 G (at
250 K) while the line could be fit with, at most,
3 G. In percentage deviations these errors are
enormous; however, in absolute terms an error of
7-10 G is not very large. We attribute these er-
rors to the neglect of the triplet states, which
under some circumstances can influence the sin-
glet states, thus slightly increasing or decreasing
the motional Stark shift of that state.

The transition at about 69 kG to the Lo= 2 state
driven by the R32 laser line is very broad (8 kG),
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TABLE II. Parameters used in the line fitting for odd-
parity, g =9 states.

Bp(kG) &B„(G) T (K) MSS (G)

R3QL3
R3QL5
R30L7
R32L3
R3QL 5
R32L7

107.021+0.007
103.809 +0.005
99.482 + 0.005

132.216 + 0.005
127.375 4 0.005
120.957 +0.007

15
1$
15
20
20
20

440
480
480
450
400
550

-25
-26
«23
-38
-29
-36

and with our present apparatus we could not obtain
all of this transition in a single stabilized field
sweep. Therefore a combination of broad unsta-
bilized and a narrow stabilized sweep (labeled
R32L2A and R32L2B in Table II) which included
only the "sharp' side of the line was used in the
line fitting. The transition to the L,=2 state
driven by the R34 laser line at about 81 kG is also
very broad due to the close proximity of this state
to the 9'P state. In fact the motional Stark effect
for this transition is so large that our perturbation
theory can no longer be expected to work. Thus
no attempt was made to fit this data.

The transitions driven by the 10-p,m R36 laser
line are completely unresolved. All these states
are very close (within a few kG} to the 9'P state
so interpretation of this data would again be very
difficult. No attempt was made to fit any of these
transition line shapes. A similar problem occurs
with transition driven by the 10-p,m R38 laser
line. The transitions to the L,= 2 and 4 are much
too close to resolve. The transition to the L,= 6
state although partially resolved is still too close
to Lo= 2, 4 to allow a good fit. Thus we use only
the R38 driven Lo= 8 state for extrapolation back
to zero field. The same problem occurs with the
R40 transitions where only Lp —8 and Lo —6 are
clearly resolved and analyzable.

It is important to point out that even with large
widths and the uncertainties in temperature the
values of B, we obtain from the spectral lines are
quite reliable. Bo is always determined by fitting
the sharper side of the line, i.e., where these ef-
fects are small. The errors associated with Bo
as obtained from the line fitting of the forbidden
transitions are larger than those associated with
the B,'s in Ref. 2. This occurs because here the
motional Stark field significantly broadens the
lines without adding any sharp feature. Spectral
lines for allowed transitions, such as the 7'S-9'P,
can be drastically broadened but an extremely
sharp edge is also formed in the spectral line.
For lines associated with forbidden-type transi-
tions no similar sharp feature arises. When lines
are broadened to 2 kG, an uncertainty of 30 G in
B, is therefore not unreasonable.

C. Odd-parity, m& = l transitions

Fitting the spectral lines for the transitions from
the 7'S state to the n = 9, L odd, m~ = 1 states of
helium was done using Eq. (11}of Ref. 2. In
comparison to the even-parity transitions, the
fitting for these transitions was straightforward.
The results of these fits are given in Table II.
The motional Stark shifts for these transitions are
quite small so the dominant broadening mechanism
is the Doppler shift. As we have pointed out earli-
er, the odd-parity transition temperatures are
consistent with our expectations based on the
7 'S-9 'P measurements.

D. Extrapolation to zero magnetic field

From the values of Bo obtained from the line
fitting we are able to infer the zero-field energies
of the high angular momentum states. The pro-
cedure is identical for both the even- and odd-
parity states. The method used was to do a global
least-squares fit to the B, values using the zero-
field separations as independent variables. The
calculated resonance positions are obtained from
a diagonalization of the magnetic Hamiltonian, Eq.
(1) of the previous paper. ' Only the zero-field
values were varied in the least-squares fitting. No
attempt was made to vary the matrix elements of
the magnetic Hamiltonian, as their values appear
well established and such a procedure would have
required excessive amounts of computer time.

The results of the least-squares fitting along
with the data used to obtain the zero-field energies
are presented in Table III. The 7'S-9'P energy
separationa was subtracted from all the 7'S, high-
L separations. Since the error for that separation
is five to ten times smaller than the standard er-
rors obtained for the high-L states the added er-
ror is insignificant.

The zero-field extrapolation resulted in rather
large standard errors. These errors are 5-10
times worse than might be expected. The odd--
parity states admittedly suffer from a lack of
data points, but the ones that exist have very
small residuals ((7 G). Yet the standard errors
are +0.0015 to + 0.0032 cm ' which correspond to
+ 30 to + 60 G (at 0.05 cm '/kG). The even-parity
states have slightly better standard errors; from
+0.00055 to +0.0019 cm ' which corresponds to
+6 to +19 G (at 0.1 cm '/kG). These large errors
are probably due to the insensitivity of the extra-
polated energies to the energies of the states at
high fields. Inspection of Figs. 2 and 3 shows that
the separation of these states, is primarily depen-
dent on the magnetic field repulsions (which grows
as B ) and not their zero-field separations. The
only real exception to this is the 9'D state and the
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Laser
line

Even-parity states
E(L) -E(9'P)

(cm '}
-4.243 82 +0.000 55
-3.655 26 + 0.001 31
-3.62444 + 0.001 92
-3.620 77 + 0.001 32

Calculated
field
(kG)

Residuals (obs-calc)
(G)

R24
R26
R28
R30
R32
R32
R32
R32
R34
R34
R34
R38
R40
R40
R42
R42
R42

20.332
33.187
45.624
57.662
69.323
65.180
64.797
63.964
77.314
76.735
75.533
97.566

110.570
108.027
122.665
121.063
118.113

5
13

-16
~2
~7

-16
-10
-14

3
2
4
6

25
-6

2
-8

9

Laser
line Lp

odd-par ity states
E(L)—E(9 P)

(cm ')

-$.74600 + 0.003 15
-3.631 50 + 0.001 55
-3.621 60 + 0.001 52

Calculated
field
(kG)

Residuals (obs calc)
(G)

TABLE III. Results of least-squares-fitting procedure
for m=9, L He states.

resulting standard error for this state is signifi-
cantly better.

To obtain accurate zero-field energies for the
observed states a slight modification of the results
of the least-squares-fitting procedure, listed in
Table III must be made. At high fields we observe
these states in a complete Paschen-Bach limit,
thus there is no interaction with triplet states. In
extrapolating back to zero field, the numbers ob-
tained would be the zero-field energies only in the
absence of any interaction with triplet states. In
the presence of such an interaction we can use the
Breit-Bethe theory of relativistic fine structure
to add in this repulsion and arrive at the true
zero-field energies of the states. MacAdam and
Wing ' indicate that for L ~ 4 nonrelativistic con-
tributions (i.e., exchange terms) are negligible
and have shown that to very high accuracy the
Breit-Bethe theory works quite well. Thus for
the states L & 4 we adjust the extrapolated energies
with the calculation of the displacement due to rel-
ativistic effects as given in Ref. 20. For L= 3,
exchange effects are important and must be in-
cluded. From the ' 'E splitting measured by Mac-
Adam and Wing ' for n = 10-12, we extrapolate a
value for n = 9, which we use to determine the ex-
change integral. We then use this result in addi-
tion to Breit-Bethe theory to obtain the additional
repulsion due to relativistic effects. The "D and"P separations are very large because of electro-
static effects and no corrections are necessary for
these states. The final results for the 'L= 1-8zero-
field energies appear in Table IV. In this table we
arbitrarily set the zero-field energy of the 'D
state to zero, and also show the theoretical pre-
dictions of Deutsch, "which are based on polariza-
tion theory.

R30
R30
R30
R32
R32
R32

107.017
103.806

99.474
1'32.222
127.377
120.964

4
3
8

-6
-2

V. DISCUSSION

In Table V our zero-field results are compared
to measurements or predictions of MacAdam and

TABLE IV. Relative energies of singlet, +=9, L.states (cm ) and quantum defect &.

Energy
expt

4.2438 6 0.000 59
0
0.4984+ 0.003 2
0.5892 + 0.0014
0.6124 + 0.001 6
0.6195+0.002 0
0.6223 + 0.001 6
0.6232+ 0.0014

Energy
expt

3.6206 +0.0013
-0.6232 +0.0014
-0.1248+0.0034
-0.0340+0.0019
-0.0102 +0.0020
-0.0037 +0.0023
-0.0009 + 0.0020

0

Theory

-0.562
-0.119
-0.032
-0.011
-0.004
-0.001

0

-0.012 053 2 + 0.000 0034
0.002 07 + 0.000 005
0.00042 R 0.000 01
0.000 113 + 0.000 006
0.000 036 + 0.000 007
0.000 012 + 0.000 008
0.000003 +0.000007

~ Referenced to L=2 at zero energy.
Referenced to L =8 at zero energy.

~ Reference 31.
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TABLE V. Comparison wreath other experimental and
derived results.

States Other results Present results

iD iy
iy iG
i 1D- 6

4.245 2 + 0.000 1
0.497 83 + 0.000 1
0.091 679 + 0.000 003
0.590 311+ 0.000 001

4.2438+ 0.000 55
0.4984+ 0.003 2
0.0908 + 0.003 5
0.5892 +0.0014

1D-L =3
iD-L =4
iD-L=5
iD-L =6
D-L
iD-L=8

0.498 9
0.589 7
0.6145
0.621
0.623 9

~0.0053'
+ 0.002 2
+0.0020'
+ 0.002 7
+ 0.003 3

0.4984 + 0.003 2
0.5892 + 0.0014
0.6124 + 0.0016
0.6195+0.002 0
0.6223 + 0.001 6
0.6232 + 0.0014

Reference 21.
Reference 22.
Reference 35.

Wing and measurements of Beyer and Kollath. "
For all the transitions our measurements agree
with the others within the experimental error.
The only disagreement is our measured 'P-'D
separation as compared to %hat predicted'~ for this
separation. The predicted value is well outside
(over two standard deviations) our experimental
error. Since the prediction is based on some
rather difficult measurements in the n = 16-18
states, data in low n = 3 and 4 states, and optical
data for n= 6-10 which has much lower precision,
we believe our value to be correct. Further sup-
port for this conclusion can be arrived at by con-
sidering that our measurements of the D-F, D-G,
F-G separations depend strongly on the position of
the 'D energy, and that if we fix the 'D energy at
the predicted value of MacAdam et al.,~ these
separations would not agree with their more pre-
cisely determined intervals.

In Table IV we compared our measurements to
the predictions of Deutsch. " To within his cal-
culated precision the agreement is excellent for
high-L, (&4) states. As L decreases, the discrep-
ancy gets quite large, as one would expect, since
polarizability calculations are not expected to
work at low-L values (large core penetration).
The adequacy of polarization theory for the high-
L states is evident. In addition if we assume that
the L= 8 state is completely hydrogenic (which it
is within our experimental error) we can derive
quantum defects for all the states with L greater
than 0. These are also listed in Table IV.

Overall the experiments and analysis presented
in this paper represent a detailed study of a set
of high angular momentum states in He. We have
observed complete L mixing by a magnetic field
with about two orders of magnitude higher resolu-
tion than previous experimenters. We have mea-
sured the relative zero-field energies of the n=9,
L = 1-8 states of helium and found that our mea-
surements do not always agree with previous mea-
surements or predictions.

The discrepancy of our measured n=9, 'P-'D
separation from the predicted value of MacAdam
et al. necessitates further work in 'P-'D separa-
tions either in the far infrared or using a method
similar to that used in this work. Experiments
at different n values would also be valuable in
yielding the small I dependence of the He quantum
defects.
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