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We have measured the energy~independent ratio of the proton apparent-excitation cross sec~
tions between corresponding triplet and singlet states of helium for the » =3 level. In the Rus-
sell-Saunders description of the states of helium, proton excitation of triplet states is forbid-
den; i.e., AS=1 transitions are not allowed (Wigner spin rule), However, the spin-orbit in-
teraction for the two electrons in helium mixes the spin states. Thus, there is a small singlet
component in the triplet-state wave function. The square of the small singlet-triplet mixing
parameter y(3 3x) is equal to the ratio of the proton excitation cross sections to corresponding
triplet and singlet states, i.e., y*(3°X) =a,(33X)/a,(3 1X). The symbol X refers to the orbital
angular momentum states S, P, or D. If we designate the ratio of the proton apparent-ex-
citation cross sections @,(33X)/Q,(3 %) by g4(33X), then g%(33x) =v%(3%X) + (cascade contribu~

tions. Our results for %(3%%) for the =3 states of helium are as follows: #%(3%5)=0
+0.0002, B%3°P)=0.0028 £0.0007, and g*(3°D)=0.06+0.014.

INTRODUCTION

In the Russell-Saunders (LS) coupling scheme,
the stationary states of helium are described as
either spin 0 (singlet) or spin 1 (triplet). It is as
a consequence of the LS coupling scheme, there-
fore, that electromagnetic transitions between
singlet and triplet terms are forbidden. However,
even as early as 1922, Lyman® observed the helium
line A=591.5 A, which has been interpreted as the
intercombinational line corresponding to the tran-
sition 2%P,~11S,. In addition, Jacquinot? observed
the intercombinational line A =5874.463 A corre-
sponding to the transition 3 1D2—~ 23p,. Also, Herz-
berg, 2 besides observing these two intercombina-
tional lines, reported an additional intercombina-
tional line A =6679.683 A corresponding to the
transition 33D, ~2!P,. Thus, the LS coupling
scheme is not strictly valid even for the low-lying
states of helium. Instead we have states of helium
which have a small singlet-triplet mixing. This
small mixing is due to the spin-orbit interaction
for the two electrons of helium.

Similarly, within the Russell-Saunders descrip-
tion, when protons interact with spin-0 ground-
state helium atoms via the Coulomb force, only
states with the same spin as the ground state can
be excited. This AS=0 rule, the so-called Wigner
spin rule, * excludes the production of triplet (S=1)
states of helium under proton impact. However,
because the spin-orbit interaction couples the
spin-0 and spin-1 states, there is a small singlet-
triplet mixing. Consequently, the Wigner spin rule
will not strictly exclude direct proton excitation of
triplet states of helium. Measurements of direct
proton excitation cross sections to triplet states
of helium yield information on the extent to which
the spin-orbit interaction has mixed a singlet com-
ponent into the triplet wave function. In this paper
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we present our quantitative measurements of the
cross sections for the direct excitation of the 33S,
33p, and 33D states of helium by proton impact. -
At least to first order, we may write the more
exact “triplet” -state wave function ¢,(@) as a sum
of a pure triplet (S=1) wave function ¢,(a) plus a
small amount of a pure singlet (S=0) wave function®

ds(a):
¥(a)2 ¢y(a) + yp(a)+--- . (1)

The small mixing coefficient y is due to the spin-
orbit interaction for the two electrons, and «
={nlj} refers to the additional quantum numbers
specifying the state. Although the first-order
correction to the wave function involves an infinite
sum over spin-0 states, all with the same value

of the total angular momentum j, the dominant
term in the summation [shown in Eq. (1)] is the
one whose energy eigenvalue is closest to the trip-
let state under consideration.® Thus, for the “trip-
let” state ¥,(nl§) the dominant correction to ¢,(xlj)
arises from the corresponding singlet state ¢  (nZj).

In this paper we are concerned with the ratio
o,(a, S=1)/0,(a, S=0) of the proton excitation cross
sections between corresponding triplet and singlet
states of helium. It follows from the above para-
graph that 0,(a, S=1)/0,(a, S=0)=9*(a). A conse-
quence of the above reasoning is that the cross-
section ratio o,(a, S=1)/0,(a, S=0) is a number in-
dependent of the proton beam energy, which mea-
sures the square of the singlet-triplet mixing coef-
ficient of the triplet state ¥;(a).

Theoretical calculations of y(a) have been re-
ported for many states of helium.*~® An experi-
mental determination of the proton cross-sec-
tion ratio o,(@, $=1)/0,(a, S=0) then provides a
direct comparison with these calculations. In the

- experiment reported in this paper, we are only

able to obtain the ratio of the apparent proton Cross
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sections @,(a, $=1)/Q,(a, S=0). If we call this
ratio g%(a), then p%(a)=7%(a)+(cascade contribu-
tions). The cascade contributions result from the
direct proton excitation of higher “triplet” states
followed by radiative cascade down to the « state.
Again, this direct proton excitation of higher “trip-
let” states occurs because there is a breakdown
of the LS coupling scheme in the higher states.
Thus g%(a) is an upper limit to the extent of the
breakdown of the LS coupling scheme in the state
a.

A search of the literature reveals that, while
many investigators report not observing triplet-
state excitation of helium under proton and/or
deuteron bombardment, there are a few investi-
gators who do report observing such triplet-state
excitation. Through careful analysis of the hydro-
gen-atom component of their beam (which can
directly excite triplet states by electron exchange),
Van Eck, de Heer, and Kistemaker!® were able to
report the value @,(3 3P)/Q,(3'P)=0.0041 at a pro-
ton beam energy of 30 keV. Sternberg and Tomas'!
measured the deuteron apparent-excitation cross
sections @,(3%D), @p(4'D), and Q,(5'D). If we
accept the validity of the ™ cross-section scaling
law, we obtain from their measured values a crude
estimate for the ratio @,(33D)/Q,(3'D)~0.04.

At a proton beam energy of 200 keV, Hughes,
Waring, and Fan'? reported the apparent-excitation
cross sections @,(3'P), @,(3°P), @,(3°D), @,(4'D),
and @,(5'D). Again, if we use the "2 scaling law,
we obtain from their measured values the esti-
mates @,(3°P)/Q,(3'P)~0.006 and ,(3°D)/Q,(3'D)
~0.38. In an earlier paper, !* we reported that
the triplet-singlet cross-section ratio was moder-
ately constant in the beam energy range from 2 to
25 keV for the n=3 S and D states. However, our
cross sections were measured in arbitrary units,
so that no number was presented for the cross-
section ratio.

Since it is expected that the cross section for
the proton excitation of triplet states is small {i.e.,
[0,(a, S=1)/0,(a, S=0)]=7? «1}, care must be
taken to account properly for triplet-state popula-
tions which may arise from processes other than
direct proton excitation. Generally speaking, these
other effects arise from secondary collisions and
can be minimized by performing the experiment at
low helium target-gas pressures. Specifically, the
hydrogen-atom component in the beam, resulting
from the charge-exchange process p + He - H +He",
may in fact excite triplet states of helium by elec-
tron exchange, with no violation of the Wigner
AS=0 spin rule. Also, “collisions of the second
kind” may lead to triplet-state excitation when
directly excited singlet-state helium transfers its
excitation to a triplet state through collisions with
ground-state atoms. The apparatus designed for

the experiment reported here enables us to account
for all secondary channels to the triplet states ex-
cept radiative cascade. We are able to isolate the
direct proton contribution to the triplet-state popu-
lations for the 335, 3%p, and 33D states of helium,
which provides us with a measurement of g2 for
these states.

APPARATUS

A schematic diagram of the proton accelerator
used in the experiment reported here is shown in
Fig. 1. The accelerator is presently operated in
the beam energy range 10< E < 80 keV with a pro-
ton beam current 5<,<40 uA. The proton beam
is deflected through a 45° angle by the analyzing
magnet and immediately enters the gas target
chamber through two 0. 5-cm-diam collimating
apertures. Figure 2 shows the details of the tar-
get chamber. By placing the entrance aperture as
close as possible to the analyzing magnet, and by
pumping with a fast diffusion pump in the immedi-
ate vicinity of the entrance aperture, we minimize
the formation of hydrogen atoms in the beam, owing
to charge-exchange scattering, prior to entrance
into the target chamber. This ensures a pure pro-
ton beam upon entrance into the target chamber.
This point is discussed further in the section en-
titled Beam Composition.

During an experimental run, helium gas is con-
tinuously leaked into the chamber, which is pumped
on by a N, R. C. 4-in. oil diffusion pump backed by
a large Welch mechanical pump. The chamber
gas pressure is continuously monitored by a N. R. C.
ionization gauge.

The target chamber is 42cm long. Its sides
consist of two 35-cm-long windows through which
light, produced by the collisions of the beam parti-
cles with the target gas, can be viewed. The beam
is collected in an electrically biased Faraday cup
assembly, which is movable between 6 cm from the
analyzing magnet and 30 cm from the analyzing
magnet. The Faraday cup assembly also contains
two 0. 5-cm-diam collimating apertures which de~-
fine a small volume of beam to be viewed by the
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FIG. 2. Detail of the collision chamber and optical
system.

optical detection system.

The entire optical system is mounted on a track
inside a light tight box located outside the vacuum
windows. This optical system moves in synchroni-
zation with the Faraday cup assembly. The optical
system consists of two 7. 3-cm-diam f/1 lenses
which focus light on an adjustable aperture stop
which accepts light from a beam length of 0.5 cm.
Light passing through the aperture stop is formed
parallel to the axis of the optical system by a third
2.5-cm-diam f/1 lens. The light then passes
through an appropriate interference filter and onto
the photocathode of the photomultiplier (PM). The
PM tube is a thermoelectrically cooled E. M. L.
9558QB tube which has an S-20 response. The
electrical pulses for the PM tube are appropriately
amplified and counted on a scaler.

BEAM COMPOSITION

The fast hydrogen atoms, produced in the beam
by charge-exchange scattering of protons on the
target helium gas, excite triplet states through
electron exchange without violating the Wigner spin-
conservation rule. Thus, a significant proportion
of the observed light arising from triplet states may
be due to hydrogen-atom excitation. In order to
identify that part of the observed light intensity
which is due to direct proton excitation, it is nec-
essary to know the hydrogen-atom component of
the beam.

The beam-analyzing magnet deflects only protons
into the proper trajectory down the center of the
collision chamber (see Fig. 2.). However, as the
protons move through the target gas, there is a
buildup of hydrogen atoms in the beam due to
charge-exchange scattering. Thus, at some point
Z in the target chamber, the beam consists pre-
dominantly of protons plus a small fraction of hy-
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drogen atoms. At the low target-gas pressures
employed in this work (5x10°<p <10 Torr), the
helium-atom number density N is sufficiently small
so that the hydrogen-atom component of the beam
at the point Z is adequately described by the linear
relationship'*

jH(NZ);jp(0)010(E)NZ, (2)

where jy(NZ) is the hydrogen-atom current density,
75(0) is the proton current density at the point Z =0,
Z is the distance downstream into the target cham-
ber measured from the point Z =0 where the beam
is pure protons, and o,o(E) is the energy-dependent
charge-exchange cross section. [See Ref. 14 for
measurements of g;4(E). ]

In order to locate the point in our chamber where
the beam is pure protons (i. e., Z=0), we have done
the following: (i) By studying the possible trajec-
tories of the proton beam in the magnetic field of
the analyzing magnet (see Fig. 2), we determined
that any hydrogen atoms produced in the beam
further upstream than 0.75 cm before the entrance
aperture would be excluded from entering the tar-
get chamber by the entrance aperture. (ii) We have
measured the buildup of the hydrogen line Hg
(= 4861 A)as afunction of the gas number density N
and the distance Z for a number of different beam
energies. The production of hydrogen atoms in
the n=4 state arises from the charge-exchange
process p +He—~ H(rn=4) + He*. Since the S, P, and
D angular momentum states associated with the
n=4 energy level are mixed by the fringing field
of the analyzing magnet, the decay from the re-
sulting mixed state is characterized by a single
radiative lifetime 7.'® The observed light intensity
I(Hg), per unit number density N and per unit beam
current density j,, is accurately described by the
relationship I(Hg) = &(E) [1 - %/*"], where v is the
beam velocity, and a(E) is proportional to the
charge-exchange cross section into the =4 level.
In order to minimize errors associated with mea-
surements of N and j, at the point of observation,
we measured the light intensity arising from the
315~ 21P (A ="7281 A) transition in helium along with
the measurement of the H,line. (We have already
determined that the light from the helium transition
315~ 2P was independent of Z and proportional to
the product Nj,.) By taking the ratio of the light
intensity I(Hg) to the light intensity I(31S), we obtain
an accurate measurement for I(H,)/I(31S) free from
errors due to uncertainties in the measurement of
the pressure and beam current at the point of ob-
servation. The ratio I(H)/I(31S) is proportional to
the ratio of the two corresponding apparent cross
sections Q(H;)/Q(3S). Shown in Fig. 3 are typical
data for Q(Hg)/Q(31S) at two different beam energies
as a function of Z. For all beam energies (10<E
< 80 keV) the measured ratio Q(H,)/Q(31!S) as a
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FIG. 3. DPosition of Z=0 in our apparatus, where the

beam consists of pure protons, is established by the fit
of our measured values for the ratio Q(Hg)/Q(3 1s), shown
by the open circles, to the equation y=A[l - e~?/7"], which
is the solid curve shown.

function of Z is accurately described by the relation
Q(H/Q(38)x [1 - e7%/*], with the point Z =0 lo-
cated (0. 50 £0. 25) cm upstream from the target
chamber entrance aperture.

Thus, with the point in our chamber where the
beam is composed purely of protons identified
(i. e., Z=0 is located (0.50+0. 25) cm upstream
from the entrance aperture to the target chamber),
the distance Z appearing in all figures and subse-
quent discussion is measured from this point in
our chamber.

We have verified the linear buildup of the hydro-
gen-atom component of the beam by measuring the
ratio of the apparent cross section of the 33S state
of helium to the apparent cross section of the 31S
state of the helium by the beam particles. Since
for the 33S state of helium there is no spin-orbit
interaction, there will be no breakdown of the LS
coupling scheme. Thus, we expect that there will
be no excitation of the 3°S state of helium by the
proton component of the beam. The only excitation
will then be due to the small hydrogen-atom com-
ponent of the beam, which may proceed via electron
exchange without violating the spin-conservation
rule. Thus, the observed light intensity will be
proportional to the hydrogen-atom current density.
The 31S state is easily excited by protons, so at
these low number densities, where the beam con-
sists predominantly of protons, the observed light
intensity of the 3!S state will be proportional to the
proton current density j,. Consequently, the ratio
of the light intensity from the 33S state of helium
to the light intensity from the 3!S state of helium
(both excited by the same beam) is simply propor-
tional to NZ. Shown in Fig. 4 is our measured
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ratio of the apparent cross sections Q(335)/Q(31S)
at three different gas pressures as a function of
the distance downstream Z. Examination of Fig. 4
reveals that our understanding of the beam compo-
sition is correct. Note that the point of intersec-
tion of these lines is the point Z= 0, and that the
335 light intensity at this point is zero. This sup-
ports our other observation that the buildup of hy-
drogen atoms does in fact begin at Z =0 located
(0.50+0. 25) cm upstream from the entrance to the
chamber.

EXPERIMENTAL PROCEDURE

At a fixed beam energy E, and helium target-gas
pressure p, the light intensity resulting from the
interaction of the beam and the target-gas atoms
was measured as a function of the distance Z.
Measurements were made in the energy range 10
<E<80keV in 10 keV steps, and at a number of
different target-gas pressures in the range 5x107°
<p<5x10™* Torr. Simultaneously, the proton beam
current was measured with the Faraday cup assem-
bly which moves in synchronization with the movable
light detection system (see Fig. 2). Helium gas was
continuously leaked into the collision chamber
through a fine control leak valve, and the pressure
was monitored with a N. R. C. ionization gauge.

At each position of the detector assembly, alter-
nately the intensity of the light arising from the
triplet transition under study and the light arising
from the 3'S— 2!P transition were measured. The
alternate measurement of the two wavelengths was
accomplished by a mechanism which interchanged
the interference filters used to select the wave-
length to be measured. Two minute counts were
taken for each wavelength and each Z position from
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FIG. 4. Open circles show the measured values for
the ratio Q(3%5)/Q(31S) as a function of the distance Z,
at a beam energy of 40 keV for three different target-gas
pressures. The solid lines are least-squares fits to the
observed data.
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Z=6cm to Z=30 cm at intervals of 2 cm. The
light arising from the 31S— 2!P transition is called the
reference line because the intensity of this light
has been observed to be directly proportional to

the product of the proton current and the helium-
gas number density at the point of observation.
Thus, by taking the ratio of the light intensity aris-
ing from the triplet transition under study I(33x)
[x=S, P, or D] to the light intensity arising from
the reference line I(31S), we obtain an accurate
measurement proportional to the ratio of the cor-
responding apparent cross sections [i. e., I(3%x)/
I(3'S)x Q(3%X)/Q(31S)] free from errors due to any
uncertainties in the measurement of the pressure
and the beam current.

Before the interference filters were employed,
we made measurements to ensure that the inter-
ference filters had sufficiently narrow bandpass so
that they did in fact transmit only the desired wave-
length. The spectrum of light produced by the beam
passing through helium gas was analyzed with an
Engis large-aperture grating monochromater (mod-
el S 05-01), with a grating blazed for 7000 A. An
of the observed lines were identified as either he-
lium lines or hydrogen Balmer lines. This spec-
trum determined what bandwidth filters were nec-
essary to ensure adequately that only light of the
appropriate wavelength would be transmitted to the
PM tube. Thus, we found that some transitions
required 10-A bandwidth filters full width at half-
maximum, while 50-A filters were adequate for
others.

The efficiency of the optical detection system is
dependent on the transimission of the filters and
the optical system, as well as on the quantum effi-
ciency of the PM tube. The efficiency at each of
the wavelengths observed in this experiment, rela-
tive to the efficiency of the reference line, was
established by measuring the light intensity re-
sulting from the interaction of an H," beam with
the helium gas. Using reported!® values of the
H," cross sections, we then established the relative
efficiencies at the two different wavelengths.

ANALYSIS

At the low helium target-gas densities employed
in this experiment, the population of the 33X state
(X=S, P,or D) is determined by four identifiable
processes: (i) radiative loss and radiative cascade,
(ii) direct proton excitation, (iii) direct hydrogen-
atom excitation, and (iv) excitation transfer. The
small direct proton excitation contribution which
we are concerned with here is directly proportional
to the gas number density N. Since the hydrogen-
atom component of the beam is directly proportion-
al to the product NZ [see Eq. (2)], the direct hy-
drogen-atom excitation contribution is proportional
to N(NZ). The excitation transfer contribution,
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which involves only a second collision, is of course
proportional to N2, It then follows from the contin-
uity equation at equilibrium conditions that the
apparent cross section Q(33X) must be of the fol-
lowing form:

Q(33%)=Q,(3%X) +B[Z + Z,N, (3)

where the apparent cross section Q(3°%X) is defined
by

Q(33X)=N(8%X)/Njr(3°%X), (4)

in which N(33%X) is the population density of the 3%x
state, 7 is the proton beam current density, and
7(3%X) is the lifetime of the 33X state. We have
defined Q,(33X)=0,(3%X) + (radiative cascade from
above), where o,(33X) is the direct proton excitation
cross section to the 33X state. The number B mea-
sures the extent of the hydrogen-atom contribution
to the 33X state, and BZ, measures the extent of
the excitation transfer contribution to this state.

As we will now see, it is not necessary at this

point to consider the exact form of the expressions
for B and BZ, in order to obtain the proton contri-
bution Q,(33X). However, for those who are inter-
ested, we refer to a previous paper!” for a discus-
sion giving explicit expressions for B and Z,. It
should be noted in passing (see Figs. 4-6) that

Z,= 0 for the 335 and 3°P states, whereas for the
33D state it is not zero but a well defined function
of the beam energy.

All of our data are in fact described by the rela-
tionship given in Eq. (3). Figures 4-6 show some
typical data taken at one of the energies which we
used in our measurement. For each of the states
33X, measurements were made similar to those
shown in Figs. 4-6 at 10 keV intervals of the beam

3
o0s| o(slp) AT 40 kev
a(3's)
0.05f R,
= 004}
_(/) P2
[
o
> 003t
T R
L]
©
S ooz}
0.0l
N R S S S S S S
) 8 12 6 20 24 28
Z (cm)
FIG. 5. Open circles show the measured values for

the ratio Q(33P)/Q(31S) as a function of the distance Z,
at a beam energy of 40 keV, for three different target-
gas pressures. The solid lines are least-squares fits
to the observed data.
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FIG. 6. Open circles show the
measured values for the ratio
Q(3°D)/Q(31S) as a function of the
distance Z, at a beam energy of
20 keV, for five different target-

P
/M gas pressures. The solid lines

are least-squares fits to the ob-
served data.
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energy in the range from 10 to 80 keV. At different
gas pressures, the straight lines describing the
data points all intersect at the common point Z
=—Z, Hence, experimentally, we identify @,(3 6]
as the value of Q(33X ) at the point of intersection
Z==7Z:

Q,(3%X)=0,(3%X) + (radiative cascade)

=Q(33X)lz=-zo . (5)

Note that, for the purposes of minimizing the
experimental error, we actually measure the ratio
of the 3%X apparent cross section to the 31S ap-
parent cross section [i. e., @(33X%)/Q(31S)]. The
reasons for doing this have already been discussed
in the section entitled Experimental Procedure.

RESULTS

The experimental data are the measured intensity
I(a) of the light of a given wavelength resulting
from the interaction of the beam with the target
helium gas. At a fixed beam energy E and gas
pressure p, the intensity I(3%X) of the light arising
from radiative transitions out of the 33X state is
measured as a function of Z, along with a measure-
ment of the intensity of the reference line 3!S—~2!P
(A=7281A). The ratio of the intensities of the two
lines is proportional to the two corresponding
apparent cross sections; that is, Q(3%x%)/Q(31S)
=€I(3°X)/I(3'S). The value of € for each state
X=S, P, and D has been determined by measuring
the light intensities I(3%X) and I(31S) resulting from
the interaction of the helium target gas and a H,"
beam, selected out of our accelerated beam by the
analyzing magnet. For @(3°X) and @(31S) we have
used the measured values for the H," apparent
cross sections reported by the Amsterdam labora-
tory.!® The ratio Q(3°X)/Q(3S) so determined is
least-squares fitted to a linear function of Z for a
number of different target-gas pressures p and

beam energies E. For each beam energy, the
lines corresponding to different gas pressures have
a common point of intersection. It is the value for
[Q(3°X)/Q(3S)],. .z, at the common point of inter-
section which gives us the contribution to the ap-
parent cross section ratio due only to proton exci-
tation [see Egs. (3) and (5)]. The value of B3(3%X)
is then obtained by multiplying the measured ratio
[Q(3°X)/Q(3S)];. .z, by the appropriate energy-
dependent singlet-singlet apparent cross-section
ratio @,(315)/Q,(3 1x¥) reported by Van den Bos of
the Amsterdam laboratory.!® We then have

203 @5(3°X)
B*(3 X)——Q—I‘;(L?,r—x)

_ [Q(SSX)] I:Q,,(3 18)}
Q(3 lS) Z= 'ZO Qp(31X) Vanden Bos )

Our results for B2 for the 3%, 3°P, and 33D states
are shown in Table I. Within the quoted experi-
mental error, our values of B2 for each state are
energy independent in the range 10< E < 80 keV.
For example, Fig. 7 shows some of our measured
values of 8%(3%P) as a function of beam energy.

(6)

DISCUSSION OF RESULTS

The reported values for the error in our mea-
surement of 8% (see Table I) represent the average
value of one standard deviation of all the measured
values of [32. The statistical errors are greatest
at beam energies where the charge-exchange cross
section ¢y(E) is greatest.- This is due to the fact
that slopes of the straight lines shown in Figs. 4-6
are greatest when the charge-exchange process
(p+He - H+He") has produced a large fraction of
hydrogen atoms in the beam. Consequently, there
is a larger uncertainty in the extrapolated point
of intersection, so Q,(3°X)/Q,(3'X)=Q(3°X)/
Q(31s) | 7.z, Will also have its error largest where
010(E) is greatest. By taking the average of one
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standard deviation for the measurement of 82 at
each beam energy, we obtain a reasonable estimate
of the statistical error associated with our mea-
surements of %(3%X). It is apparent from Eq. (6)
that the error in B3(33S) results only from the sta-
tistical error in our measurement. However, for
B%(3°P) and B%(3°D) we estimate that 75% of the
quoted error (see Table I) is due to the uncertainty
in the measurements reported by the Amsterdam
laboratory.

As noted in the Introduction, since the singlet-
triplet mixing ratio ¥ is dependent on the spin-or-
bit interaction, we expect ¥ =0 for the 33S state;
and our reported value for B%(33%5)=7%(33S) +(cas-
cade contributions)= 0+ 0. 0002 is consistent with
this view. Also, the observation that Z;=0+0. 25
for all beam energies reaffirms that the excitation
transfer mechanism is not an important factor in
determining the population of the 33%S state, since
Z, is the parameter that measures the effect of
excitation transfer [see Eq. (3)].

Our measurement of the proton triplet-singlet
apparent cross-section ratio @,(3 3P)/Q,(3'P)
= B%(3°P) = 0. 0028+ 0. 0007 indicates that there is
a significant amount of singlet-triplet mixing into
the 33P state. Also, since Z,=0zx1.5 for all beam
energies, we conclude that excitation transfer is
not a major mechanism in determining the popula-
tion of the 3P state. However, since the square
of the singlet-triplet mixing coefficient ¥2 is less
than B2, i. e., B33%P)=7%3°%P) + (cascade contribu-
tions), our measurement of 8%(3%P) provides only
an upper limit for the mixing coefficient. Since
B%~ 0 for the n 3S states, these states cannot be
directly excited by proton impact. Thus, the 3 3P
state cannot be populated by cascade from upper

P)

2
B (3
T

0.004+

0003} l

S a——

L 1 L

1 L L "
10 20 30 40 50 60 70 80
BEAM ENERGY (keV)

0002

0.001

FIG. 7. Plot of some measured values of the square
of the singlet-triplet mixing coefficient 82(3 °P) for the
33p state of the helium as a function of the beam energy.

(K=

TABLE 1. Final results for the measured values of
g% for the n =3 states of helium. Also shown is the mea-
sured value of the parameter Z;, which measures the ex-
citation transfer contribution to the particular state.

State B2(3%X) z,

338 0+0,0002 010,25
33p 0. 0028 + 0, 0007 01,5
33p 0.06+0,014 Zy=Zy(E)?

2See Ref. 17 for a complete discussion of the energy
dependence of Z, for the 33D state.

n 3S states. However, the higher D states can be
excited directly by protons and through radiative
cascade contribute to the proton apparent cross
section of the 3%P state. Recent calculations®”
show that 2 has essentially no # dependence but is
strongly 7 dependent. We might, therefore, expect
that [32 will also not exhibit a strong » dependence.
Thus, if we assume that 82(x D)= g%(3°D)=0. 06
+0.014, and if we use the measured!®!® » D proton
cross sections for n=4, 5, and 6 and apply the

n”3 scaling law to estimate the n D cross sections
for larger n, then we estimate that the maximum
cascade contribution to f%(33P) is ~0.0015. Re-
cently, van den Eynde, Neimeyer, and Wiebes®
reported a value for y*(3%P)=6.8x10"%—a value
many orders of magnitude smaller than what we
estimate from our measurements of 82,

The population of the 33D state is significantly
influenced by the excitation transfer process
[i. e., Zy=Zy(E)#0]. This fact has been thoroughly
demonstrated by a number of investigators, 192
Also, as has been pointed out by St. John and
Fowler!® and van den Eynde, Niemeyer, and
Wiebes, 6 the higher F states of helium may be
highly mixed, i. e., a rather complete breakdown
of the Russell-Saunders coupling scheme for the
F states. Thus, excitation of the so-called “n*F”
states by protons may be nearly as probable as
the excitation of the n 'F states. If this is true,
then it may be that a significant fraction of the
33D state apparent cross section which we observe
is due to direct proton excitation of these higher
“n3F” states, followed by radiative cascade. We
therefore can only conclude that our reported value
of %(3°D)=@,(3°D)/Q,(3'D)=0.06+0. 014 repre-
sents an upper limit for Y%(33D). The reported
calculations of van den Eynde, Niemeyer, and
Wiebes, ® predict ¥%(3°D) = 8. 8x 107,

In conclusion, our measurements of 8% for the
33, 33P, and 3°D states of helium show, at least
qualitatively, the dependence upon the angular
momentum quantum number ! which one expects.
Since B is a parameter measuring the extent of
singlet-triplet mixing due to the spin-orbit inter-
action, we expect and, in fact, do observe B%(33S)
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=0 and also find B%3°S)< p%(3°P)< B%(3°D) (see
Table I). However, we do report measuring sig-

nificantly larger values for 8%(3%P) and 8%(3°D)
than would be expected from recent calculations. ®

1This research was supported in part by the U. S. Air
Force Office of Scientific Research under Grant No.
AFOSR-69-1748.
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A method is described whereby it is possible to make accurate empirical estimates of ion-
ization potentials that are missing in Moore’s “atomic energy levels,” and so obtain empir-
ical total atomic binding energies B, with estimated uncertainties less than 0.005%, for all
Z<18, These By values are used to compute values of 9B ,/8Z, with quite small a ‘signed
uncertainties (~ 0.15% for Z=> 12). The relativistic Dirac-Hartree-Fock calculations of Mann
reproduce these empirical values tc within amounts a few times the uncertainties.

I. INTRODUCTION

There exists very little experimental material
against which to compare the very extensive the-
oretical results now available on total atomic
binding energies B, and their derivatives 9B ,/9Z.
Theoretical values are available for all atomic
numbers Z < 103, % and even for the yet unknown
atoms of atomic numbers 118 <Z <135% the ion-
ization energy data in Moore’s well-known compil-
ation of atomic energy levels? suffice to compute
experimental values of B ; only for Z<8. Con-
sequently there is only a very meager basis for
assessing the accuracy of the theoretical values,
and one is at a loss to estimate the errors in-
troduced by their use in other calculations, for

example, in calculations of mean atomic excita-
tion energies in radioactive decay. 5.6

In the present work we provide some improve-
ment on this state of affairs by producing a set of
effectively experimental B, values for all Z <18.
As described in Sec. II, this is accomplished by
a simple, accurate method of interpolation in, and
extrapolation from, the ionization energy data in
Moore’s tables to obtain empirical estimates of
missing ionization energies, with small errors
assigned in an objective way. These estimated
values are used to compute the empirically esti-
mated B, values entered in Table III, where they
are also compared with various theoretical values,
in particular with the yet unpublished results of
calculations by Mann? (quoted with his kind per-



