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Ra@'Itive lifetime measurement of the 3'S, 3'D, O D, O'F, and 5'F excited states of helium

'
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The lifetimes of the 3'S, 3'D, 4'D, 4'I', and 5'I' states of He have been determined experimentally to be
54.5+0.8, 16.7+0.8, 36.4+1.2, 67+10, and 142+20 nese, respectively. The measurements were made

at several incident electron energies using a pulsed-electron time-delayed-coincidence technique.

I. INTRODUCTION

Helium, being the next simplest atom after hy-
drogen, is accessible to relatively direct calcula-
tion of its properties, and has attracted consider-
able experimental and theoretical attention. Among
those properties that are much studied by theore-
ticians are the radiative lifetimes of its excited
states. Experimentally, a number of determina-
tions of the radiative lifetimes of different excited
states of helium have been made using very dif-
ferent experimental methods. However, in several
case's these experimental determinations disagree
by amounts greater than their quoted uncertainties,
even when the same experimental method was
used, and sometimes even with the same appara-
tus. Furthermore, many experimental results
disagree as well with the theoretically calculated
lifetimes. ' '

An overview of the situation can be seen by ex-
amining the cases of the O'S, O'D, and 4'D life-
times. The same three lifetimes were determined
in the present experimental investigation. One of
the least-studied states is the 3 'S state. Measure-
ments have been performed using two methods:
the delayed-coincidence method, 4 6 hereafter re-
ferred to as the DCM, and the electron-photon
coincidence method, ' hereafter referred to as the
EPC method. On the other hand, the 4'D state
lifetime has been measured by six methods: the
DCM ' "the Hanle method '6 "the curve-
crossing method, ""the EPC, '~4 the beam-foil
method, "and the gas target method. ' The mea-
sured lifetimes varied from 30 nsec (Ref. 5) to
47 nsec, ' compared to the theoretical lifetimes
of 3'7.8 nsec (Ref. 2) and 36.63 nsec. ' Intermediate
between these two extreme cases is the O'D life-
time which has been studied using the
DCM, '"'~"""the Hanle method ""the curve-
crossing method, """and the EPC method. ' The
experimental lifetimes varied from 12 nsec (Refs.
22 and 24) to 22 nsec. 4 The theoretical values are
15.4 nsec (Ref. 2) and 15.6 nsec. '

In the present investigation the delayed coinci-
dence method was used for remeasurements of
I

thelifetimesof the O'S, O'D, and 4'D states, to
measure the experimentally undetermined life-
times of the 4'F and 5'F states, and in the course
of this work to investigate systematically many
of the different factors that have contributed
errors to the measured lifetimes. Some of these
factors have been neglected in previously published
investigations. Particular attention has been paid
to the effects of incident electron-beam energy,
electron-beam current, target pressure, cascades,
and methods of fitting the decay curves to expo-
nentials. In contrast with common practice, 4

where the electron-beam energy is set just above
the excitation energy threshold of the state being
studied, a wide range of electron-beam energies,
much larger than the threshold energy, was used.
It was found that cascade components can be
quite small at large incident energies, and that
high-beam energies can be used to advantage if
the cross sections for excitgtion are maximum at
such energies. Furthermore, in several cases
cascade components could be analyzed reliably
to determine the lifetime of the cascading state.

A description of the apparatus used is given in
Sec. II. The experimental procedure and details
of the systematics are described in Sec. III. The
data processing method is described in Sec. IV.
The results for the different lifetimes, a com-
parison with other determinations, and a critique
of the different results are presented in Sec. V.

H. APPARATUS

The apparatus used to measure the lifetime of
the excited states of helium consisted of a vacuum
chamber and an electron gun originally described
by Long et al. ,

"an optical system developed by
Khayrallah, ' and an electron pulsing system and
photon-counting apparatus briefly discussed by
Khayrallah and Smith. " A schematic diagram of
the apparatus is shown in Fig. 1. Briefly, the
experiment consisted of scattering a pulsed elec-
tron beam from a heliu~ static gas target, and
counting photons in selected atomic helium fluores-
cence lines as a function of time delay from the
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FIG. 1. Schematic diagram of the apparatus used to
measure the helium lifetimes. Two sets of lines are
shown connecting the different electronics boxes. The
dashed lines are the xhodified connections used when
calibrating the time response of the data acquisition
system.

sharp electron-beam cutoff.
The pulsed electron beam was produced bP pulse

modulation of the grid of a Soa-type electron gun"
with an indirectly heated type-A Phillips cathode.
The grid was normally biased at -10 V relative
to the cathode, so that the gun was cut off. A
properly coupled and tailored +50-V pulse, 60
nsec long, biased the gun to generate an electron
pulse approximately 60 nsec long. Part of the out-
put of the pulser was shaped through a fast trigger
discriminator, delayed through a 50-Q delay cable,
and used as a start signal for time-to-pulse height
converters (TAC). Typically the electron gun was
modulated at 200 kHz, with an average current of
0.21 pA, corresponding to a peak current of 13.5
pA, or approximately 5 x 10' electrons per pulse.

Radiation from the interaction region was viewed
by a dry-ice-cooled RCA 31034A photomultiplier,
through appropriate interference filters, and
imaging optics. ' Three interference filters were
used, with peak transmissions at 667.8, 728.1,
and 494.0 nm and half-band width of 10.0 nm each
for the 3'D, 3 'S, 4 'D radiation, respectively.
These filters were three-cycle interference filters
blocked to 10 pm in the infrared as well as
blocked for the ultraviolet. The full width at 1%
transmission was about 17.5 nm in each case. The
effects of nearest lines are discussed in Sec. V
below. The output pulses from the detector, --8
nsec wide, were amplified, discriminated, and
shaped by a fast trigger module, and fed to the

stop input of the TAC. The output of the TAC was
fed to a multichannel analyzer and its correspond-
ing data acquisition system.

The interaction region was shielded by two layers
of magnetic shielding, thus reducing the magnetic
fields to less than 10 mG. The base pressure of
the vacuum chamber was 8 x 10 9 Torr [=1
x 10 ' pa] with titanium pumping. The pressures
were measured by a nude millitorr gauge, and/or
a conventional ionization gauge. The correction
factor for helium sensitivity was taken to be the
same for both gauges. The helium used was re-
search grade helium with specified purity
99.99957p.

HI. EXPERIMENTAL PROCEDURE

, In analyzing measurements of lifetimes based
on the time-delayed-observation method various
sources of error must be evaluated. The main
electronic errors are due to differential nonlinear-
ity in the time scale, "calibration errors in the
time scale, saturation of the counting electronics
(i.e., loss of counts caused by overlapping pulses),
limited definition of pulse arrival times, and
channel width instability. Photomultiplier er rors
include variation with wavelength of the time re-
sponse of the detecting photomultipli. er, ' "effect
on the pulse-height distribution of gain changes
in the photomultiplier, and transit-time broaden-
ing. Other experimental errors are due to cas-
cading, stray electromagnetic fields, resonant .

radiation trapping, space-charge effects, col-
lisional deexcitation, and excited atom drift in
and out of the field of view of the detector. Finally,
errors due to the method of extraction of the decay
constants from the data are present, and they
should not be treated lightly. This section des-
cribes the efforts made to correct, avoid, mea-
sure, or estimate these errors.

A. Electronics

In order to calibrate the time scale, one must
measure absolutely the elapsed time at each chan-
nel, as well as the individual charinel width ~t,
for the discriminator, time-amplitude converter,
plus multichannel analyzer combination. The
method used was a modification of that described
by Baker et al."and by I awrence. " This method
not only allows an absolute measurement of the
time scale, but it also allows the measurement
of the differential nonlinearities among the channel
widths. For this measurement, the start and stop
signals to the TAC were modified as indicated in
Fig. 1, and the electron-gun heater was discon-
nected so that no electron current flowed into the
interaction region. An incandescent lamp was
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placed in front of. the photomultiplier and its in-
tensity was adjusted by varying its direct current
to give a few tens of kilohertz random count rate.
The stop pulses are uniformly spaced with a
period T, as measured by a stabilized frequency
meter, so that the random start pulses form ran-
dom time intervals distributed uniformly between
zero and T. Hence the number of the true stop
yulses n& in channel i is proportional to the width
of the channel nt, . In particular et; =n~T/N,
where N is the total number of stop pulses counted
by a 100-MHz sealer. In this method the time
period T is also calibrated on the time scale of the
instrument, since no count should occur after
the channel corresponding to time 7.'.

In the present investigation the TAC was disabled
for 10 p.sec after every coincidence between its
start and stop pulses. Thus N is a true measure
of the stop pulses. In general it was found that the
number of true coincidences to the number of input
start pulses was unity to better than 0.01. The
counting in this system was arranged so that n&

were. accumulated to about 9 x 10' counts, thus
giving 0.3% rms random error per channel. The
maximum differential nonlinearity was found near
the beginning and the end of the range, and usually
amounted to less than 4'%%uo. This is larger than the
manufacturer quoted value of 2$ for the TAC and
is due to the nonlinearity in the multichannel-
analyzer conversion. During the present experi-
ment the range was confined to the region where
the differential nonlinearities were less than 2'%%up.

Two checks were made on the determinations of
4t~. First, 4t& was determined as a function of
both T and the random arrival rate. It was found
that 4,t, did not vary by more than 0.5% for T '
varied to greater than 10 MHz and random pulse
rate up to 100 kHz. A second check was to mea-
sure the. integral linearity of the system through
the determination of the absolute value of time
difference between different channels. A very
stable frequency-adjustable oscillator was fed to
both discriminators just ahead of the inputs of the
TAC, but with a small arbitrary delay of 1 nsec
in the start channel. For an input frequency cor-
responding to period T&, the counts will be ac-
cumulated in a channel i. The time difference t&&

between channels i and j is t&~ =
( T; —T~ ~, where

T& and 7'~ are the periods necessary to count in
channels i and j, respectively. Using At for chan-
nel width, one can write

f-1

t„= ~t, +-,' at, +at, . (1)
E= 5+y

It was found that both methods agree to within
+1% and that the maximum integral nonlinearity
was less than 0.1%. Thus the time scale was cali-

brated absolutely to an accuracy of better than
0.5%.

C. Geometric loss

Another detection error arises from the failure
to detect long-lived excited atoms that diffuse out
of the field of view of the detector. In the present
case the exciting electron beam had a 1-mm
full width at half-maximum (FVAKM) while the de-
tection optics had a variable field of view ex-
tendable up to 1 cm. If one uses a simple model
for diffusion' where all the helium atoms move
at an angle g relative to the optics axis with a
velocity v, then the fraction of the atoms not seen
by the detector L,(o) is given by

L(o') =(o/w)e ~~~ 'sinh(w/o), (2)

where o = vT sing, T is the lifetime of the state,
is the field of view, and ~ is the full width of the
electron beam. For a helium atom with a thermal
velocity of 1.5 & 10' m sec ', a 2-mm field of
view, and a 1-mm electron-beam FWHM, theworst

B. Detector

Timing errors and uncertainties introduced by
the detector can be classified under three sources:
(a) transit-time variation, (b) variation with
cathode area, and (c) wavelength variation of the
detector-transit-time response. For the present
photomultiplier (RCA 31034A) the single-photo-
electron transit-time Spread given at the half-
amplitude points of the anode output pulse was
measured to be 7 nsec, while the pulse rise time
was measured to be 2.5 nsec. Both measurements
were made when the full cathode was illuminated
and represent the worst case conditions for tim-
ing." A more severe timing problem was due to
the variation of the pulse-height amplitude, and
hence the timing of the trigger pulse of the dis-
criminators. However, a very high electronic
gain (of approximately 1000) was used such that
when the discriminator level was varied, no effect
larger than a 1'%%up variation on the short lifetimes
was seen. This corresponds to 300-psec walk,
no larger than a constant fraction timing discrim-
inator should give. The walk effect is due to an
inherent dependence of the photomultiplier time
response (both rise time and spread) on the anode
current. '

Timing error due to the variation of the re-
sponse time with wavelength has been observed by
many. "" The main errors were found when
ineasuring short lifetimes (=10 nsec) and corres-
ponded to less than one-half a nanosecond variation
in those lifetimes. " No effort was made in the
present investigation to study this effect.
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loss is less than 1% for an atom with a lifetime
of 100 nsec, moving at angle of 90' with respect
to the optics axis. Of course not all of the atoms
diffuse out of the viewing volume at an angle of
90', and an average over Q should be made

«(.)) =l', ;,""
J;"dy

p =(a —w)/vT,

p=(g+~)/vT,

(3)

(4)

(5)

where m and ~ are the electron and helium
masses, respectively, &, and v are the electron
and helium velocities, respectively, 8 is the recoil
angle, and 4E is the excitation energy. For 500-
ev electrons the maximum recoil velocity, 3.58

10' m sec ', is in the forward direction. The
corresponding loss amounts to -0.3%. Since all
the measured lifetimes were shorter than 100
nsec, the geometric detection los s is negli'gible
as a source of error in the present experiment.

D. Perturbing effects

Included in this category are resonant radiation
trapping, space-charge effects, collisional de-
excitation, and effects of stray electromagnetic
fields. In order to reduce the effect of resonant
radiation trapping, emission from the excited
states was observed only for transitions to the
short lifetirrie 2 'P states. In addition the pressure
of the helium target was kept below -10 ' Torr
(-10 ' Pa), where the effects of collisional deex-
citation and excitation transfer can be neglected.
For pressures below 10 ' Torr it was found that
the measured lifetimes did not depend on the
pressure.

External electromagnetic fields were also mini-
mized in the collision region by the use of mag-
netic shielding and coating of the col1.ision region
with Aquadag. Magnetic fields were measured
using a Hall probe, to be less than 10 mQ
(10 6 T). No method as yet exists to measure the

where E, is the modified Bessel function of order
z'ero, and the integral can be done numerically.
For the same parameters used above the loss be-
comes 0.1/~. However, we should also consider
that a helium atom recoils when it is excited by
an electron of energy E. The recoil velocity is
given by

i /2
m m +Mv= cos8+ cos 8—

M+m M 8 ]

actual electric field directly, but a previous in-
direct measurement using the effect of electric
fields on the measured lifetime of the Ss state of
atomic hydrogen established a limit of less than
2 Vm

The influence of the space charge of the electron-
beam current was also studied by varying the peak
electron-beam current and examining the measured
lifetimes. No effect was observed for electron-
beam peak currents less than 14 ~. At the elec-
tron-beam current and helium pressure used,
and for the case of high-energy electron impact,
it is also expected that the positive- ion density
was too small to have had an effect.

E. Cascades

It is inevitable that cascades should influence the
measured lifetimes and contribute to the mea-
sured intensity, except for those methods based
on detection of a coincidence between an exciting
scattered electron and the delayed photon or on
detection of an exciting photon and the delayed
photon in cascade. " Bennett et al .4 suggested that
in order to eliminate cascades the exciting electron
beam be operated just above the threshold for ex-
citation of the observed state. Bennett' s sugges-
tion works for low-lying states that are separated
by an energy less than the spread in the electron-
beam energy. However, by operating at threshold
where excitation cross sections usually are small
one may face severe signal-to- noi se problems,
especially when operating at very low target pres-
sures and electron-beam currents.

In the present study another approach was fol-
lowed. The lifetimes of the states were also mea-
sured as a function of incident electron-beam en-
ergy from threshold to 500 eV. The decay rates
of cascades could be separately identified and
measured. The size of cascade components could
be estimated. Furthermore, an enhancement in
the signal-to-noise ratio, as well as an increase
in the signal rate was obtained at higher energies.
In the present experiment most of the ca.scades
originated from the n 'P states, and from the n 'E
states. The n 'P states, including the effects of
imprisonment, have very short lifetimes relative
to the presently measured lifetimes and they also
have a small branching ratio for radiating to
states other than the 1 'S state. Thus, with care,
one can saf ely neglect the effect of the n 'P states.
The n 'E states, however, are longer lived than
the n ' & states, and although their excitation
probability is small, one should include their ef-
fect in the n 'D state analysis since they can decay
only through the n 'D states. An estimate of the
branching ratios and the fractional contributions
due to cascade are presented in Table I for the
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TABLE I. Fractional contributions from cascades to
the measured 3 S, 3 D, and 4 D decay at 100 eV and at
zero time after the excitation. Calculated from Eq. (9).

Final Cascading Branching
state state ratio &100 0'q/O'„Contribution

n 4 (Ref. 1) (Ref. 41) X100

3'S 4 iP
5iP
6 P

0.498
0.956
0.749

4.00
2.03

~ 0 0

-2.145
-2.25

3 iD
5'P
4'Z
5 iy

0.181
0.055

100
64.3

6.28
3.18
0.05

-1.51
-5.7
+1.15

4 iD 5'P
6'P
5 i~

0.166
0.122

36.0

6.69 -1.40

f =(o~jo„)[Aq„j(A„-Aq)], (7)

where e; is the cross section for exciting state
i, Az„ is the transition probability from state j
to state n, while A„ is the total decay rate of state
n. (See Sec. IVA for details. )

3'S, 3'D, and 4'D states. The fraction is given by

expected that this Bremsstrahlung radiation, also
called transition radiation in Ref. 43, is instan-
taneous. Due to the spread in velocities of the
incident electron beam and the consequent varia-
tion in transit time through the surface, a smear-
ing in the time sampling of this instantaneous
radiation occurs. For the measured beam energy
spread of ~=0.35 eV at a beam energy E =100 eV
and corresponding smearing time hT is

aT aV 1 ~E 1
T & 2 E 600 '

where T is the pulse width. For T =60 nsec the
smearing corresponds to 0.1 nsec.

The decay time of the electron pulse was mea-
sured. It took 15 nsec for the electron-beam amp-
litude to fall to a level of O. I@ of its full amplitude.
The accuracy in time for the determination of the
position of this 0.1% level was less than l.nsec.

All fits were based solely on data taken after
the electron pulse had decayed to less than 0.1%
of its full amplitude. Additional excited-state
popu1ation contributed by the tail of the electron
pulse was negligible. Thus the lifetime measure-
ments were properly based on pure radiative de-
cay of a well-determined initial excited-state
population, according to Eq. (9) below.

F. Electron pulse shape

An important contribution to systematic errors
is the decay tail of the exciting electron pulse. A
common error is the a,ssumption that the electron
current pulse is proportional to the modulating
voltage pulse applied to the electron gun. In the
present study a direct measure of- the shape of
the electron pulse was made using two separate
methods. In the first method, the photomultiplier
looked at the 501.6-nm emission from the 3'P
state of helium through a narrow-band interference
filter with peak transmission at 504.7 nm and
F%HM of 10.0 nm. The 3 'P state has a 1.726-
nsec lifetime. ' Although some casca,de contributes
to the signal, especially from the 4 'S and 4'D
states with lifetimes of 89 and 36 nsec, respec-
tively, this contribution to the signal is very
small, since the cross sections for excitation of
the 4'S, 4'D, and O'P states were measured to be
7.7, 6.75, and 260' 10 "cm', respectively, "at
100-eV incident-electron energy. Thus one can
deconvolute the data using program FIT (to be
described in Sec. IV) to get an estimate of the
electron pulse shape in the interaction region. The
second method relied on measuring the Brems-
strahlung radiation" '" resulting from the elec-
tron-beam impact on a silver target positioned in
the interaction region and inclined at 45' to both
the electron-beam axis and the optics axis. It is

IV. DATA PROCESSING

This section describes the methods used in ex-
tracting meaningful lifetimes from the data, and
the precautions taken. First, the functional form
of the decay is discussed, and then the fitting
procedure is described.

A. Functional form of the measured decay

A state n with lifetime Y„decays exponentially
in time such that the instantaneous population (and
hence emitted intensity) is given by

N„(t) =N„(0)e
( 8-afoot &-cf yt

+ Q Nf(0)A&nl
( )

+
( ) ~ (9)

where the only cascades included are directly from
states j to state n. A&„ is the transition probability
for cascade from j-n, u„ is the inverse mean life
of level n, and where N, (0) is the initial population
of the state i. However, since the experiment
counts the decay in a unit time 4T& in channel i,
the measured decay count in channel i is given by

t t+ (j. /2L2't)
C„(i) = N„(t) dt, (1o)

t t -(1/26, Tt)

so that every exponential factor is replaced by

slnhg &„4T]
—,'a„AT,
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For very small channel width 4T;
0'n~ jj (12)

In general one can replace t j by t& =i k, where k
is the average time per channel. Thus the final
form of the observed decay is given by

I [i]=a„,e s"-+ ga„e '&'+a
j&n

where

N~(0)a~„sinh2 u, n T&
ajj 1 j p

CKj QQj+Tj

N~(0)A z„sinh —' u~n, 7;
y~n~o (o'J o'n) ~ o'&+as

a, = (const'ant backgrcund),

pq =k/r) = a~k.

Usually a fit is made- for all a's and p's. Then
using the value of k and its variance o, (one stan-
dard-deviation error) we see that each lifetime
is given by

(18)

and its relative variance by

1 ~T 1 8T (x 0'

7 v &A' r &P A P

Finally, the lifetime and its confidence interval
are given by

r+r, -t(8(2 „)o (20)

Here the t& &y, „) corrects for the finite number of
degrees using a Student's t distribution with v

degrees of freedom and 100(1-P)% confidence
level. For most of the present results t ~By, „)
=2.25 for 95%%uo confidence level. 44

One notes that an effect of jitter in the timing
translates into a random smoothing of the data
again with a weight ~Tj. Thus inclusion of the
effect of the channel width is of the utmost im-
portance in getting a reliable estimate of the life-
time.

B. Fitting errors

To calculate the observed decay rates (snd hence
lifetimes) from the measured data, three different
calculation methods were used with variable suc-
cess. The first, and the simplest, was a com-
bination of a graphical and computer technique
called &I&. The longest lifetime was determined
first, then its contribution to the decay was sub-
tracted. The cycle was repeated, until one finally

I

C(i) =

z= j+ (N/2)

- s= j-(ar/2)

i /(x+ z3

(21)

where C(i) is counts in channel i, i is the channel
number, Nis the order of smoothing, and C is

found the instrumental response of the system.
It was found that this technique suffered from a
lack of an estimate of the uncertainties. Hence
the technique was used to establish close guesses.
The second technique was to use a lea, st-squares
fit to a nonlinear function of the lifetimes with a
linearization of the fitting function using Mar-
quard's algorithm. 4' The computer program was
the CURjFIT routine given by Bevington. 4' One of the
advantages of this technique is its speed and
ability to converge in few iterations to one unique
result with an error estimate. However, it quite
often gave accurate lifetimes whose standard
deviations were too small, smaller than the ex-
pected difference between the test values and the
fitted values. The third procedure used least-
squares nonlinear fitting routines DSPAK imple-
menting Gauss' iterative me)bod. " DSPAK tended
to be very sensitive to the original guesses and
took many steps to converge. However, DSPAK

tended to give quite accurate estimates of the un-
certainties in the fit, as well as an estimate of the
standard deviation of the predicted mean. The
final procedure for fitting was to use &~ to gen-
er3te a guess. Then CUB&&T was used to generate
a good estimate from different guesses. Finally
with &SPAK we obtained a final estimate of the
lifetimes, contributions, and their absolute un-
certainties.

The procedure was studied exhaustively by gen-
erating a wide range of test cases with variable
random uncerI. ainties. It was found that the
present procedure can untangle three exponentials
correctly, provided the random noise was less
than 5.0%%uo of the input data. This forced counting
a minimum of 2000 counts per channel. Typically
the peak count was above 10000 counts. The min-
imum count was limited by the decay time. Gen-
erally, 25-100 channels were used in the fit,
corresponding to a period at least as great as
three mean lifetimes of the state. The fit was
usually made for an increasing number of expo-
nentials until a minimum in the normalized re-
siduals was found. That fit was assumed to give
an unbiased estimate. An attempt was made to
introduce logarithmic smoothing into the pro-
cedure. Logarithmic smoothing tended to reduce
the uncertainties and the'residuals. However, it
did not change the lifetimes. The logarithmic
smoothing procedure consisted of replacing C(i)
by C(i)
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the new smoothed result. A rigorous treatment
of this procedure showed that the new set of
smoothed data contained the same lifetimes, but
with different contributions. Logarithmic smooth-
ing helped establish a confidence in the fit, but
was not used in obtaining the final results.

Usually, the number of fitted points, the initial
channel number, as well as the number of ex-
ponentials were varied in order to understand the
behavior of the data. Typically, the value of the
estimated lifetimes given by Ds&~K and CURFLT

agreed to at least three decimals.

V. MEASURED DATA AND DISCUSSION

The results of the present measurements of the
radiative mean lifetimes of the 3 '8, 3 'D, and
O'D states of helium are shown in Figs. 3, 4, and
5, respectively. The error bars shown for the
present measurement are at the 95$ confidence
level and include errors due to fitting, . counting
uncertainties, differential nonlinearities, and
timing calibration. The figures also show the life-
time measurements of other investigators. What
follows in this section are discussions of each
lifetime determination.

C. Example

ln this section we examine one set of data (for
3 iS decay at 128.1 nm) and show some of the re-
sults of the analysis. In Table II one can see the
effects of varying the number of points (or region
of fit), as well as the effect of varying the number
of exponentials. As the region of the fit was ex-
panded, a worsening of the results of the single
exponentials was evident. As the number of ex-
ponentials was increased, y' (the normaliz'ed sum
of residuals) decreased, the absolute error es-
timates were increased, and the magnitude of P,
(the largest component) settled to within 1/q. By
looking at the total fit, however, one cannot easily
distinguish between the last four fits. Figure 2

displays the fit, and Fig. 3 displays the residuals
as well as the predicted deviation from the mean
for one exponential fit. In Fig. 3, one notes the
lack of a fast component (P =2) in the fit as evi-
denced by the large residuals at small times. It
should be made clear that the residuals plotted
are absolute differences, not weighted, and that
the residuals are smaller than the variance of the
input data at small times.

A. 3 iS state

The only single-photon decay-channel available
for the 3'S state of helium is an electric dipole
transition to the 2'I' state of helium with a wave-
length of 728.1 nm. Within the 10.0-nm band
pass of the interference filter used in the present
study, no other helium lines were transmitted by-
the- interference filter. The nearest lines were .--
the 3 'D-2 'P (667.8 nm) and 3 8-2 P (706.5 nm)
lines. Single-stage cascades to this level could
occur from the O'I', 5-'P, and 6'P states with
approximate lifetimes of 4, 7.5, and 13 nsec, re-
spectively 'Les. s than 2% of the decay at short
times for- electron energies of 100 eV should be
caused by cascade from each n'P state (see Table
I, for example). Multiple-stage cascade contribu-
tions would be much less than 2$ due to their un-
favorable excitation cross sections and their small
branching ratios (most would go to the 2 'P state).
In the actual fits the contribution of the O'P state
was found to be 4 + 1% at 500 eV. A very long life-
time with very small amplitude contribution was
also found but could not be identified with any
known. state. As can be noticed from Table II the

TABLE II. Variation of the fitted parameters as a function of number of points in the fit and the number of fitted pa-
rameters. Data for 3S decay. Average time per channel 6.6448 +0.0366 nsec. The numbers between brackets are the
estimated va'riances of each estimate of the mean value of the parameter.

No. of
points a& a3 ao X2

2

25
40
55
70
85

100
100
100
100

76 700(74)
76 701(140)
76 710(136)
76 689(133)
76 544(116)
76 463(131)
77 001(184)
V6 298(132)
77 404(191)

0.11889(11)
o.i20 v4(26)
0.120 79(20)
0.120 70(18)
0.120 24(15)
0.11989(1-7)
0.120 50(2)
0.120 73(20)
0.122 2(3)

0 0 0

-3338(327)
~ ~ ~

-3949(343)

2.21(0.83)
~ 0 0

2.1v(o.e3)

~ ~ 0

206(20)
292(61.8)

0.0107(0.0197)
0.018e(0.0118)

-9V(18)
209(17)
215(6)
209(3.5)
18V(2.3)
177(2)
183(2)
90(15)

117(27)

13.5
9.1
7.6
8.34

11.38
12.23
4.13
4.7
0.5
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sent data represents the 95/g confidence level. The
dashed line represents the 95% confidence interval for
the average of all experimental results.

IO
0 IO 20 30 40 50 60 70

CHANNEL NUM BER

FIG. 2. Plot of the decay of the 728.1-nm radiation
following a 60-gsec long, 50-eV electron pulse. The
solid dots represent the observed counts and the solid
line a single exponential fit to the data. The top axis
represents time in units of measured lifetime v of the
3'8 state of helium.

sign of the 4'I' contribution is negative. This is
in accordance with the physical picture for the
direct cascade contribution from a level with
shorter lifetime than the fed level (Table I). The
4'P lifetime was determined from our fit to be
3.02 +1.5 nsec in agreement with the much more
precise measurements" and the theoretical value

of 3.93 nsec. ' ' The 3'S lifetime was measured
at 50 and 500 eV. Table III lists the determinations
at 500 eV for different values of current and
pressure and is indicative of the spread within the
data. The average value of 3 '8 lifetimes was found
to be 54.9+0.9 nsec at 500 eV and 53.9+0.9 nsec
at 50 eV. The weighted average value of the two
was 54.5+0.8 nsec.

As can be seen from Fig. 4, there have been
very few lifetime mea, surements on the 3'S state.
Before the present measurement, three measure-
ments ' '" using the present technique were made.
Results of Ref. 5 were larger than the others. An
electron-photon coincidence mea. surement' was in

poor agreement with those three results. Since
then, the method of Holzberein" was used, ' with
the results favoring Bennett et al. 's results. The
present result also agrees with Bennett et al. '"
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FIG. 3. Plot of the residuals of the fit in Fig. 2. The
solid dots are the absolute unweighted residuals; the
dashed line is the calculated estimate of the standard
deviation of the predicted mean.

FIG. 5. Scatter plot of the different determinations
of the He(3 D) mean lifetime. The error bar on the
present measurement represents the 95% confidence
interval. The weighted average of each method is
shown within each group of measurements. The verti-
cal dashed lines enclose the 95% confidence interval for
the weighted average of all experimental results.



18 RADIATIVE LIFETIME MEASUREMENT OF THE. . . 567

TABLE III. Measured decay constant for the 3'S state
at 1QO eV. The average time per channel is 6.6448
+ 0.0366 nsec.

TABLE IV. Lifetime of the 3 D state of helium for dif-
ferent energies. is one standard deviation error.

Run
no.

77
78
79
80
Average

Decay constant
(channels ~)

0.123 Sl
0.120 S5
0.122 31
0.120 74
0.12106

(channels ~)

8.45 x10
3.39x6 4

7,09 xo-4
2.68x0 4

1.96x1Q 4

Energy
(ev)

30
40
50
82

122
200
300
500
Average

T
(nsec)

17.17
16.66
16.44
16.61
16.48
16.47
16.90
17.06
16.71

0'2

(nsec)

0.17
0.125
0.151
0.166
0.168
0.205
0.170
0.160
0.72

The theoretical results are shown ag weil in
Fig. 5. The estimated uncertainty in the Wiese
et al. result is 3L' No comparable uncertainty
exists for Gabriel and Heddle's value' or for the
results of Green et g/. ' The weighted average of
all the experimental results (the weight used was
1/v', o being the quoted error) is 54.2 +0.6 nsec
in agreement with the theoretical results. Two
experiments" are far from the weighted average.
Neglecting those two experiments does not change
the weighted average considerably. The present
result agrees very well with the weighted average
as well as with the theoretical results.

B. 3 ~D state

The O'D state of helium decays either to the 3'P
or the 2'P state with the emission of a single
photon at 95760.0 or 667.8 nm, respectively. In
the present experiment the visible photon at 667.8
nm was detected. Within the band pass of the in-
terference filter used, no other helium line is
observed by the detection system. Single-stage
cascades to the 3 'D state could occur from the
4 'P, 5 'P, n 'P 4 'F 5 'E, and n 'F states. Using
the measured cross sections for excitation of the
4'P, 5'P states and the 4'F state~ ' at 100 eV,
one finds from Table I that less than 1.5$ of the
3'D state emission at short times ( &2 nsec) comes
from the 4'P state, and that the 4'E state con-
tributes appreciably for very large times after the
excitation.

In the experiment it was found that for all ener-
gies the amount of cascade was small, especially
beyond the time for which the statistical fluctua-
tions became significant. The present data could
not resolve the very short-lived n'P contributions.
Generally two cascades with lifetimes of 67+10
nsec and 142+20 nsec were present in the mea, -
sured decay curves. The 6V-nsec contribution
could be identified with the cascade from the 4'E
state. No previous measurement of 4'E state has
been reported; however, theoretical calculations
give t2.36 nsec" to an accuracy of +10/o. ' The

142-nsec component could be identified as origina-
ting from the cascade from the 5'F state whose
theoretical lifetime was calculated to be 139 nsec
+10%%uo' and 143 nsec. ' Again no comparable measure-
ment exists. It is interesting to compare the mea-
sured helium F-state lifetimes with the atomic
hydrogen F-state lifetimes. For large angular
momenta one could expect similar values, and
indeed the hydrogenic 4F and 5E lifetimes are
V3 and 140 nsec, respectively.

The results of the present lifetime determination
of the 3'D state as a function of energy are listed
in Table IV. It is evident that no systematic trends
exist in the data. The weighted value of fitted life-
time was 16.V nsec. One standard deviation is
+0.1 nsec. However, for 95%%uo confidence the error
in the fit was 2.25 0'=0.3 nsec. Since the error
in the calibration of the time was very large for
these very short 11fetimes, one should add linearly
the absolute error in the local integral nonlinearity
and differential nonlinearity (= 0.5 nsec) to get
a. final estimate v, j.a =16.V +0.8 nsec.

A comparison of the present result with the dif-
ferent experimental and theoretical results is
shown in Fig. 5, where results from each method
are grouped together. The weighted average of
the pulsed electron technique (not including the
present measurement) is 17.2+0.6 nsec. The
present measurement agrees with this average.
Only one measurement using this technique dis-
agrees with this average' a.s well as with the pres-
ent measurement. However, note that most of
these measurements, with the exception of the
present measurement, have used relatively high
pressures (& 5 X 10 ' Torr).

The electron-photon coincidence technique' was
also used to remeasure the O'D lifetime. However,
that measurement disagreed with the pulsed-
electron-beam method.

Other techniques not involving direct measure-
ment of time include the Hanle effect" '" as well
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as the curve-crossing techniques. ""'" The
weighted average of the Hanle effect is quite far
from the mean of the data and the theory. How-
ever, it is interesting to note the large scatter
in the curve-crossing results, as well as the
nonagreement within their estimated uncertainties,
even when the lifetimes were measured by the
same author. The average of the curve-crossing
technique, as well as for all the experimental data,
is weighted very heavily by the small uncertainty
in Buchaupt's" deter mination.

The theoretical results, 15.7 +0.5, ' 15.4, '
15.68nsec, ' in the length approximation and 15,.7V
in the velocity approximation, are in agreement
~ith the total weighted average of all the experi-
mental results (15.8 + 0.2. nsec) as well as with the
present results.

C. 4~D state

The 4'D state can decay to either the 3 'P or
2'P state with the emission of a single photon at
1908.9 or 492.2 nm, respectively. In the present
experiment the visible photon at 492.2 nm was
detected. The interference filter, however, has a
transmittance of & 3% at the 3 '&- 2 'S (501.5 nm)
radiation. The mean lifetime of the 3'P decay is
1.7 nsec. Furthermore, although the cross section
for the excitation of the 3'P state is about 50 times
larger than the cross section for the 4'D state, '
the product of the cross section, branching ratio,
and transmission of the interference filter is in the
ratio of 0.075:1 for 3 'P:4'D contribution at the
end of the electron pulse or at the beginning of the
decay region. After only one channel (= 5 nsec)
the 3 'P:4'D contribution becomes 0.006:1 and the
501.6-nm line does not interfere with the present
measurement.

Cascades, on the other hand, occur from the
n'F and n'P states. However, due to their small
branching ratios, only the 5'F, O'P, and 6'P
states contribute with lifetimes of approximately
140, 7.5, and 13.2 nsec, respectively. From
Table I it is expected that only the 5'F would con-
tribute significantly.

The data were taken at 50 and 500 eV, with
measured lifetimes of 37.5 +0.6 and 35.3 +0.7,
respectively. The weighted average of the two
is 36.4+ 1.2, where the uncertainty is at the 95%
probability level. It was found that very little
cascade exists at 50 eV, but that at 500 eV a com-
ponent with lifetime of 138+20 nsec was present.
This cascade could be identified with the O' F
state. The present result for the 4'D lifetime
agrees quite well with the theoretical result
36.6 + 1.8 nsec. ' The uncertainty in the theoretical
calculation was due in part to an uncertainty of
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FIG. 6. Scatter plot of the different determinations
of the He(4 ~D) mean lifetime. The error bar on the
present measurement represents the 95% confidence
interval. The weighted average of each method is
shown within each group of measurements. The verti-
cal dashed lines enclose the 95% confi:dence interval for
the weighted average of all experimental results.

10% in the 4'D-3'I' transition probability, and an
uncertainty of 3% in the 4'D-2'P transition prob-
ability. The present result agrees with the theo-
retical results of Gabriel and Heddle, ' 37.8 nsec,
only if the present uncertainty is stretched to the
99/0 confidence limit. On the other band, tbe
present measurement agrees very well with the
more recently calculated values of Green et al. '
Their values were 37.04 nsec using the length
calculation and 37.07 nsec using the velocity ap-
proximation for the dipole moments.

A comparison between the present and the dif-
ferent determinations of the 4'D lifetime is shown
in Fig. 6. The different methods are grouped to-
gether. The weighted average (not including the
present result) of the pulsed electron method is
36.4+1.2 nsec. ' """'"" " This is in agree-
ment with the present result. However, it is
evident that many of the determinations are quite
far off.'"""" Three determinations also exist
with the Hanle method'6 "and it is interesting
that the most recent" disagrees with the other
results and has the largest error bars. A similar
behavior also exists in the curve-crossing method
for the determination of the 4'& lifetime; the most
recent value' disagrees with the other values
although it agrees with the result obtained
by the same investigators" using a fast He' ex-
citation technique. The only beam-foil measure-
ment, "and the only delayed photon-electron co-
incidence result' agree quite mell with the other
measurements. The weighted average of the total
experimental results was 37.65 +0.04 nsec at the
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65/g confidence level (assuming each author's un-
certainties were one standard deviation).

VI. CONCLUSION

The present paper presents the results of the
measurement of the 3'8, O'D, and 4'D lifetimes,
as well as first measurements of the 4'E and
5'I' lifetimes in helium atoms using the delayed-
coincidence pulsed-electron-beam method. Par-
ticular attention has been given to estimating and
discussing the different error contributions to the
result. The measurement of each lifetime was
discussed separately and a comparison was made

with the results available in the literature.
It was found that the 3 'S 3 'D 4'D 4

5'E lifetimes are 54.5+0.8, 16.V+0.8, 36.4
+1.2, 6V +10, and 142+20 nsec, respectively.
These values have uncertainties smaller than those
of most previous determinations. They agree with
the theoretical results, as well as with the weighted
average of all previous experimental results.
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