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' Radiative Lifetime of the 2180 Metastable State of Helium

Robert S. Van Dyck, Jr., Charles E. Johnson,

and Howard A, Shugart

Department of Physics and Lawrence Radiation Laboratory
University of California, Berkeley, California 94720

May 12, 1971

ABSTRACT

A time-of-flight teéhnique has been used to measure the
radiative.lifethne of the 2150 state of helium, After:passing from a
cooled‘gbufée, helium atoms are excited by a pulsed, antiparallel
electron beam. The atomic beam then contains not only ground state
heliﬁmfatoms but also metasfable atoms in both the 2351/and the 2180
states. The metastable atoms are detected at two positioné, 1.9 meters
and 6.7 meters from the electroh gun, by Auger ejection of an electron
from a copper target; the first of which is a 60% transmitting mesh.
Ground state helium atoms cannot cause an electron to be ejected and
hence are not detected. The time-of-flight'distriﬁution for the meta-
sfable leo.state is sepafated from that of the‘ZSSl state by i1llum-

1nat1ng the beam with an rf dlscharge helium lamp The 2 S0

state is quenched by resonant absorptlon of a 20,581 A,photon
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‘raising the atom to the ZlPl_state, which then decays preferentially

to the 130 ground state; the 2381-state remains unaffected because it

LG

is thé ground state for the triplet system. The time-of-flight

distribution for the zlsO

difference between the full beam and'thebquenched beam. A comparison

atoms is therefore obtained from the

of the number of 218 metastables within a given velocity interval

o 0 .
at the two detectors determines the number which decay in flight and
yields a Va1ue for the two-photon radiative lifetime. The value of

3 4

and He

the singlet lifetime for both He is 19.7 + 1.0 msec, agreeing

with the theoretical value of 19.5 msec, but disagreeing with the value
38 + 8 msec measured by Pearl using a movable detector. The 1.0 msec
error is an estimate of the remaining sYstemétic errosws in the

experimént.'
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I. INTRODUCTION

',‘A metastable state of any atom was once thought to exist

for a very long time, only being able to change state through

collisions; absorption of radiation, or perturbation by external
fields. 'The appearance of forbidden lines, originally thought t6
belong to unidentified elements, initiated a large amount of both
experimental and theoretical work on'possible secondary decay mech-
anisms. The early pioneering work involved the unidentified lines from
planétary'nebulae, the sun's corona, and the polar aurora. Bowen,!' for
example, found that some unidentified lines from nebulae were the for-
bidden lines of O I, N II, and O III, while the lines in the aurora
were forbidden lines of O I, Today most of the "forbidden" lines have
been examined and found to arise from transitions bétween two energy
levels of known atoms or their multiply-ionized states. These observa-
tions pfdvidedvécientists with solid evidence for the existence of
secbnd-order multipole radiation , i.e., eiectric quadrupole and
magnetic dipole, where before only electric dipole radiation had been
considered. With this new atteniion on secondary decay mechanisms,
MariavGoeppert-Mayer2 developed a theory of multiple quanfa_radiation.
In 1940, Breit aﬁd Teller® predicted the lifetime of the metastable
281/2 stéte of hydrogen, bésed‘on a two-photon decay process, to be

143 msec. Since the 2'S. metastable state of helium also decays by

, 0
two-photon emission, they estimated the lifetime of this state to be
approximately the same; however, the lifetime of the 2381 metastable

state was expected to be much longer.



.v Forbidden rad1at1on is of interest to astrophy51c1sts
since. metastable states of atoms prov1de much of the 11ght emltted
from planetary nebulae, where the density of matter is tenuous
Ov lOOO»atoms/cm ). Atoms can therefore exist a long time before

mak1ng coll151ons and prov1ded the rad1at10n den51ty 1s not: too large,

Cowill 11ve long enough to decay spontaneously, em1tt1ng forbldden

;'radlat1on. Measuring the lnten51ty of these forbldden lines y1e1ds
information concerning the density, temperature, chemical composition,
and otherTimportant.prOperties of these non-terrestrial'features, FOr'
instance;vthe two4photon.decay of the 2251/2 metastahle_state of
hydrogen_is used to explain the continuons emissionpspectra of  the
planetary nebulae.* Also, metastable helium is quite abundant in'ther
atmospheres of certain Be stars and can be used for studying various
propertles of these stars. v

The first 1aboratory eV1dence of the two- photon emission -
process was observed in 1965 with an experlment on the 2281/2 state -
of He+._'Using an angular correlation technique, coincidence counts
were collected by two 1ndependent counters w1th an angle 6 between
them., The counts were shown to be correlated with an angular
dependence according to.1 + cosze, as expected7 for thls two-photon
decay,lr | j |

The two- photon decay process is also of fundamental 1mportance
to theoret1c1ans The 11fet1me of a metastable state which decays by
two-photon emlsslon_ls.yery sens1t1ve;to~the exact wavefunctions des-
cribinéfstates_that are.connectedetpathe.metastable state by electric

N

dipole radiation. ~Until the lasthfive years, -though, most interest in



the twoéphoton decay proceSS.concentrated.on the 2281/2 state of hydro_
genlike systems. Then, in 1966, Dalgarno® published his first estimate
of the‘lifetime of the 2150 metastable state of helium, utilizing sum
fules of oscillator strengths that had been determined_experimentally
and fhéoretically. The lifetime obtained was 22 msec. Later, Dalgarno
and Victor? calculated the lifetime to be 12 msec, using a special sum
rule with‘ihitial and final state wavefunctions obtained from the
time-dependent, uncoupled Hartree-Fock approximation; this is a simpler
but less accurate method of calculation. In 1967, Victor'® calculated
a value of 20 msec using wavefunctions oBtained from the time-dependent
coupled Hartree-Fock approximation. The most recent and most accurate
calculation by Drake, Victor, and Dalgarno'! gives T(ZISO) = 19,5 msec.
In this calculation, correlation-type wavefunctions are used, in which
the positions of the two electrons are‘correlated by including a

12 a1so

dependence on the distance between electrons. Recently Jacobs
compléted an independent calculation using both length and velocity

matrix elements; he obtains a value of 1(215 = 19.6 msec.

o)

The first beam experiment!® to measure the metastable helium
lifetime yielded only a lowér limit for the 2180 lifetime. Steinberg's
apparétus was an earlier version of the present experiment and utilized
the same time-of-flight technique for determining lifetimes., His
apparatus was, however, severely pressufe-limited and’was-only capable
of measuring a lower limit of 9 msec for the 2180 lifetime. Pearl®*

used a single movable detector to report an experimental determ-

, 1 . -
ination of the 2 S0 lifetime. His value of 38 + 8 msec, however,



seriously disagrees not only with the theoretical result!! of 19.5 msec

~ but also with our present experiment, as reported previously.'®
Following a discussion of the helium metastable states, this paper
vvoutlines»the‘theory of two-photon decay, analyzes the time—of-fiight
,techni@ue for heasqring metastable lifetimes, and expiainsvthe apparatus
and datéfanalysis used to obtain an experimental result for the two-

photon radiative lifetime of the 2180 metastable state.
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~ II., HELIUM METASTABLE STATES

~ - The lowest-lying energy levels of helium. are shown in

Fig. 1, The only transition possible for the‘ZSSl state is to the

1

1 So-grouhd state. An examination of the selection rules®®

shows ,

however, that the 238 state is metastable and is therefore effectively

1
the ground state of the triplet system. The transition is forbidden

" for electric dipole radiation since the parity does not change; elec-

~ tric quadrupole radiation is also forbidden for a J =1 » J =0

transition. Although the.transition does satisfy the rigorous selec-

tion rules for magnetic dipole radiation, the selection rule AS = 0

would be violated. This rule holds well for helium‘sihce LS coupling is

an excellént approximation. The most probable decay mode for the 2381

state would therefdre appear to be two-photon emission. In fact, for

many yeafs after the discovery of forbidden lines, it was thought that
3 1

the 2 S1 + 1 SOvtransition could occur onlyvby_two-photon emission with
8

a transition probability between 10 " and 1077 sec_l._ However, there

‘are spin-dependent relativistic correction operators to the usual mag-

netic dipole operator which allow a non-zero relativistic magnetic

3 1

dipole transition to exist directly between the 2°S; state and the 1°S

1
ground state. The corresponding transition probability for this decay

mode has been calculated'’ to be about lO’4 sec'l. The 2351 metastable

0

state should therefore decay by relativistic magnetic dipole radiation

rather than by two-photon emission.

The 2180 state lies above both the 2381 and the 1180
The inter;ombination”transition 2l 0~ 2381 violates the AS = 0

states,

S



selectidnvtﬁle-and'is conséquently verY‘improbablé;v The only other
-_possibil_ity, the 2130.-» 1's, transition, isaJ=0 » J =0

'transitiOn;;which is'rigorously forbiddeﬁ forﬂall:orders‘of single-
photbnﬂmultipole rédiation. The next moﬁt probable decay mechanism

availabie{for-the 2150

‘photons, The object of this;reSearch is to determine experimentally

state is the emission of two electric dipole

:the meaﬂ”life of this state.. Sinée thercaléulétedvzlso lifetime of

19.5 mséc is;very short when compared-tpvthe expectedAzsslvlifetime

4

of 10" sec, the 2381'state can,.for_the purposes of this experiment,

be considered to have an essentially infinite lifetime. '



111, THEORETICAL TWO-PHOTON LIFETIME

The expression® for the probability of emitting two photons
spontaneously, with one photon having a frequency between v and
v o+ dvi, is

10,64

N 3.3
| A(vl)d\)1 =

vy vy M

2 Te |2
h2c6" 1 72

fi'av d\)1 (1

where, by conservation of energy,

'E

i}

1 ¥ vy

i

hv

£

E. - E
1 . .

E is the energy difference between the initial state i and final state

* f. The matrix element Mfi'for the transition must be averaged over the

directions of propagation and of polarization £, independently for

both photons. The matrix e_lement-Mfi for two electric dipole photons 1s

A~ -> ~ > ~ -> ~ >
(&P gn €Ty (&3 D) (€1T)py

()

Mfi i g V.. +V V.. + v
ni 2 ni 1

~

Energy hvni is the difference between intermediate and initial state
energies. The summation over n includes all possible real intermed-
iate states of the atom, as well as states in the continuum, Since

matrix elements representing allowed electric dipole transitions are

“much larger than those representing other decay modes, the intermediate

states must be 6n1y those which can be reached from the initial state,

\

and also the final state, by absorption of a single electric dipole

%
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photon. This criterion is satisfied for an initial 215o state and a
final-llSO.state by-the.an states, which are therefore the ones to
enter the summation over n. Thus, terms like (81-¥)fn are the usual

lP states in which

electrié dipole matrix elements between _the,lsO and n
T is the sum of the position vectors of the two electrons.
~ Equation 2 can be shown? to reduce to
1 1

M. = (€1°€,) ) z.z.
fi 1 -2 n=2 fn“ni Vhi + Voo Vi + Vi

where thé,index n refers t6 the intermediate 1P state and Zens Zng are
' 1 1

~the elecfric dipole matrix elements between the “S, and P states, The

relationship between the directions of polarization of the two photons
is given by (31-32); thus the emission probability is proportional

to cos?6 of the angle between the two polarization directions. The -
~necessary average over polarization directions is

: 2 1
e -
I Ccos 3

2%

Equntiontl therefore becomes

_ : 2
: 10_6_4
: 27 'me 33 1 1) :
A(wdv, = =—— v, |} z.2 . N — dv (3)
, vl 1 3h2c6 12 jp2, “fn'ni i * V7 Vni vZJ 1

_where the sumation is understood to include -the contimmm. Equation 3

is the starting point for most theoretical calculations®™'! of the
) . v i

27, lifetime. The various calculations have differed in the choice
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and

of wavefunctions used to calculate the matrix elements Zens Zni

in the treatment of the continuum, Jacobs' calculation!? of this )
lifetime demonstrates the importance of the continuum summation.
" The total two-photon emission probability_ATvis obtained by

integrating Eq. 3 over frequency K

1 E/h
Ap = E-J A(vy)dvy
0

where the factor 1/2 results from counting photon 1 twice in the
frequency interval [0, E/h]. The mean life for two-photon emission is
then

3 o= L

0) =.AT :

r2ls
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IV. TIME-OF-FLIGHT ANALYSIS

'The formalism for the time-of-flight technique is first
outlinéd_for-the general case of an atomic béam containing different
metéstable states creéted instantaneously by a pulsed electron beam
at a singie‘position;,then the theory is»applied to the case of

helium, showing how the lifetime T of the 2180 state can be determined.

‘A. General Formalism -

’f;The number 6f atoms in a parficular metastable state k

with inifial velocity distribution»no(v,k), which arrive ét detector i
| at'timé}ti;'is no(v;k).e'ti/Tk; the exponential factor allows for the

vpossibiiity of radiative decay withvmean life Tk.‘ The probability
- of detecting a particular metasfable.atom-depends'hponlthe surface
efficieﬁcy g; (X) of detector i. Althoﬁgh this efficiency should be
velocity independent -for the thermal velbcity range of this experiment,
it is'ndt'hecessarily true that the efficiency'i$ independent of
positibn Qn the detector surface. The total number Ni(V)'of metastable
atoms with velocity v that are counted at detector i is therefore
obtaihéd‘not ohly-by summing over the differént metastable states k,

‘but also by integrating over the surface of the detector:

'-Ni(") =y f e; (k) n_(v,K) e‘t_i/Tk s . (4)
' surface - o s &

.Dependence on the'details'of the detegtof-surface is eliminated by

insuring that the initial velocity distribution n (v,k) is uniform
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across the beam so that each point on the detector surface sees the
same v€locity distribution. The number of metastable atoms counted

is then simply

N () = ] €300 my(,K) et/ (o)

where C; (k) = i ei(k) dS is a constant efficiency factor of fhe
i'th detector. A comparison of the number of metastable atoms in
the sahe vélocity'interval at fwo spatialiy separated detectors
allows the determination of the mean lifetimes 1y, since, with the
'reasonable.assumption that the.velocity distribution no(v,k) is
the same for alllstateé k, the ratio |
N LG e
R = 2 .k
N ) %Cﬂk)'e'tlhk

()

is independent of this velocity distribution. The ratio is also
evidentiy independent of the initial Velocitydﬁstribution if only one

metastable state is present in the beam, and .

v ' -ty/T
- N, (V) i C, e | - cet/T , 7
CN,(v) G, e tU/T |
1 G _

where t = t, - tl is the time Qf,flight between the two detectors.

The natural logarithm of Eq. (7) yields the equation of a straight

line whose slope is -1/T.
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- B. Metastable Helium Analysis.

x‘h'éince the'ZSS1 level in'helium»iS'lower.in energy than the
hZISb'level, electron bombardment excitation.necesserily'prodUCes atoms
.in:bothfﬁetestable states. Atoms in theVZISO state can be quenched,
'however by exc1t1ng “them w1th 20 581 A resonance radlatlon to the
»_21P1 state, Wthh subsequently decays preferentlally to the S0
- ground_state by emitting 584.A radlatlon,-see ‘Fig. 1. Application of
:Eq. (S)ntoithe:specific ease of‘heliun showsithat.the,nnmber of counts

"at thejfifst'detector with the quench lamphoff'is

| (8

If the quench radiation is not 100% effective, then only a certain

1

"fractlon f(v) of the 2°S, atoms are quenched where f(v) may depend.

0
on the ve10c1ty of the atom. Again applying Eq. (5), but now with

| the'qnenCh lamp on, gives
L NjGom) = [1 - £ ¢;(*s) ny(ts) e M/
+ ¢,%) n,Cs) e/ | (9)

as the mmber of metastable atoms counted at the first detector.
i The d1fference between Eq. (8) and Eq. (9) is the effectlve number
T'of 2180 metastable atoms wh1ch are analyzed to determlne the mean

11fe 11

B “Niftl:s)‘rf*-Nr@ff)' N m:= (9 1) m('s) &L
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Similarly, for the second detector,
N,('s) = ¢,'s) £y n (ts) e 2/TL

The ratio‘of the mmber of atoms counted within the same velocity
interval is not only independent of the initial velocity distribution
no(v) but also independent of the details of the quenching process

as contained in the quenching fraction f(v). The logarithm of fhis

ratio is

| N, ('s) . o |
 AnR = Ln =A- =, (10)

where t = ty -ty is the time of flight for a particular velocity

interval and A is a constant depending on the efficiency of the two

" detectors. The calculation of this ratio for several different

velocity intervals of the time-of-flight distribution allows a determ-
ination of the mean life from the slope = -1/t1; of a straight line,

least-squares fitted to a plot of £nR versus the time of flight.
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V. APPARATUS

:“'The time-of-flight apparatus is outlined in Fig. 2; The
major ¢omponents in‘addition to the vacuum System are: (1) the source,
(2) the metastabilizer [electron gun], (3) the quench lamp, and (4)
the détéctdr at either end of a 4.8 meter drift région. Cooled helium
gas effuses from the source and passes Verticaiiy:through the meta-

v stabilizer'Where a pulsed, antiparallel‘eleétroh beam excites the
groundu$taﬁe atoms to the two metastable states. The resonance dis-
chargériémp allows the effective.separation.of the 2180 and 2351 meté_
stable states. A comparison of the mmber of 2180 metastable atoms
_withinpépeCific velocity intérvals arriving at fhe two detectors yiélds
the nuﬁbér which decay in flight between them, and consequently gives

1

the mean life .t of the 2°S ‘state. The major components will now be

0
describgd'in more detail.

A, Vacuum System

The nature of a time-of-flight experiment for measuring the
| lifetime of a metastable state requires that the loss of metastable
atomS_Béeren the two detectors resulting from residual gas scattering
be negligible in comparisbn to the loss from radiative decay. To
‘achieve this situafion'the vacuum system is constructed of stainless

steel and, following a 48-hr bakeout at 300°C, a pressure in the drift

10 Tdrr'is obtainable with liquid nitrogen trapping.

8

region of 1x10~

Experimentally, a drift region pressure lower than 1x10™° Torr proved
‘ suffitieﬁt to eliminate any systemétic séattering effect on the lifetime,

and all final data were taken with the pressure this low or lower,
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-An additional requirement of the vacuﬁm system is that
there bé'sufficientybuffer chambers and pumping speed to insure that
the drift region pressure does not increase while a helium beam is
‘flowing. The present apparatus has three buffér chambers;'the first
- is pumped by a 2000 liters/sec oil diffusion pump, the second and
third by 500 liters/sec liquid-nitrogen-trapped pumps. The drift
v-région‘is pumped by three equally spaced 1000 liters/sec pumpé° No
detectable rise in drift region pressure was observed even for a
hélium flow rate 100 times that used during data collection.

The stainless steel plates, each with a 0.64 cm axial
hole, separating the various buffer chambers also served as collima-
tors. The main purpose of the collimation and subsequent lineup of
the source slit, electron gun, and collimators is to assure that any
atom that can be seen by the lower detector can also be seen.by the
upper detector. The source area, in the worst possible situation,
is détehmihed only by the collimator diréctly above the electron gun.
~ “Then the linear dimension subtended across the lower detector is
0.74 cm and the corresponding dimension on the upper.detector is
4.45 Cm. Since each detector target has a minimum dimension of
9.0 cm, both detectors necéssérily see the same metastable beam,

" The collimators also eliminate helium ions from the beam;
an ion moving through the earth's magnetic field must have a Velocity
~greater than 70;000 m/sec to pass‘through the collimators and reach
the first detector. However, only 2180 metastable atoms with velo-

cities less than 2000 m/sec are detected in a quantity sufficient
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\

for data analysis. The maximm solid angle subtended by the beam is
SXIOfS s;eradians and indicates that the mumber of uv photons reaching
the detectors from the quench region is negligible in comparison to

the metastable beam.

'B. Source

Commercial grade helium is stored in a 10 1iter volume at
atmospheric pressufe. The gas flow from the reeervoir to the source
assembiy is controlled by a needle valve. A typical flow rate is
0.1 liter/hr and is very stable during a two-hour run.

The source assembly, shown in Fig. 3, is used to cool the
helium, The inner dewar of this assembly can be filied with either
liquidvnifrogen or liquid helium, and the outer jacket normally
contains liquid nitrogen. The source gas is first cooled to liquid
nitrogen temperature inside this outer jacket before passing into
the heat exchanger attached to the bottom of the inner dewar. A
long copper tube is attached to this heat exchanger to bring the cooled
- gas te the beam axis. When liquid helium is used, a radiation shield
at iiquid hitrpgen temperature is placed over the leng copper tube._
The 0.025 an wide slit at the end of this tube is oriented parallel
to the direction of the tube and is 0,5 cm long. The pressure in the

source tube is about 0.05 Torr for a flow rate of 0.1 liter/hr.



»
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C. Metastabilizer

" Ground state helium atoms are excited to the 2180 metastable
state by électron bbmbardment immediatély after the source slit.
The electron gun is a type of sheath electrodevgun described prev-
iously.!® The atomic beam passes antiparallel to theréleétron beam
through a 2 cm by 0.25 cm slot in the collector and between the two
side électfodes which define the 1 cm long excitation region. The
electron beam originates from a 2.5 cm long, 0.025 cm diameter thoriated

tungsten filament heated by about 8 amps of 3 kHz audiofréquency

current; about 20 ma of emission current are obtéined,at SO0V, A

300 G magnetic field froﬁ a concentric solenoid hélps focus the

electrons onto the collector and confine them to the excitation region.

-D. Quench Lamp
~ An air-cooled rf-discharge helium lamp'® is located adjacent
to the first buffer chamber and illuminates the metéstable beam through
a Pyrex window. The lamps are made from an 8 cm iong, 0.8 cm diameter
Pyrex'fube, and are prepared with special emphasis on cleanliness
and purity of the gas sample. The lamps are evacuated énd baked
before filling to about 5 Torr. A 50 watt, 70 MHz oscillator drives

the lamp.
E. Detection System

The basic goal of the detection system is to preferentially

detect the metastable atoms and to store the data for both detectors



- 20 -

accordiﬁg to time of flight._ When a metastable atom strikes a coppér
' detector:target, the first being a 60% transparent elecfroformed
mesh,'thé ejected Auger electron is focused onto’ an electron multi-
plier. The resultant pulse is amplified, counted, and then stored in
a PDP-8 ﬁdhputer memory location corresponding to its afrival time
after tﬁé initial electron gun pulse.r A block diagram of the total
data céiiection network is shown in Fig. 4. The central component of
this network is the PDP-S digital computer, programmed to control the
solenoid?and gun-pulsing c¢ircuits, the lahp oscillator circuit, the
output:keypunch, and the data stofage. The interface network properly
_ gatesv;nd'registers the count rate for lamp-on and lamp-off, gating
out liéﬁf pulses received when the electron gun is on.
‘The timing aspects of the experimehtvaré'shown in Fig. 5.

A crystal controlled oscillator supplies the channel advance pulses,

which the PDP-8 uses as.a.reference to determine the proﬁer'sequence.
of evénts, Channel 0 corresponds to the duration of the electron gun
pulse aﬁd the creation of a pulse of metastable atoms. Time t = 0
is at the center of chamnel 0. .The focusing solenoid is puléed on a
few milliseconds before channel 0 and is turned off at the end of
the gun pulse. To improve the lamp's stability while dafa counts
are being collected, the lamp is turned on or off at the beginning
of a 16 msec waiting period. This period is the time the PDP-8
needs for adding data collected in buffer registers to that already
stored from previous sweeps. Data counts are collected at both detec-

7

tors simultaneously with a total number of about 10° metastable atoms



- 21 -

counted dufing a two-hour run; most runs were for two hours, though
several twelve-hour runs were taken. The longer runs allowed sufficient
counts ‘to accumulate in the tail of the distribution so that longer

flight_times could be included in the analysis.

\
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VI. DATA ANALYSIS

As dlsplayed by the interface oscilloscope, an example of
the data collected and stored by the PDP-8 computer during a run is
shown 1n_F1g. 6; the first two time-of-fllght distributions corres-
pond reéﬁeCtively to detector 1 and deteétor 2 with the quench lamp
off, whiie fhe last two correspond to those with the lamp on.
Essehtialiy; metastable atom pulses from both detectors are counted
simultaheoualy for equally wide time—sequenced chaanels. The display
of Fig. 6vhas 200, 80 usec-wide channels for each time—of-flight
distriﬁﬁfion and represents fhe sum of 105 separate data collection
cycles during a total time of about two hours; the vertical scale is
S5

- about 10 cQunts/cm.v

After being punched onto cards, the four time—of-flight
d15tr1but1ons are analyzed to determine the 2150 metastable state
11fet1me ‘The first step in the analysis is to obtain the dlstrlbu—
tion of the 2180 atoms by subtracting for each detector the data
distribatibn for quench lamp on from that with the lamp off. Since
the baCkground counts at each detector are the same for lamp on as
for lamp off, this subtraction of the two original distributions has
1

S

an added7dividend — the elimination of any background from the 2 0

distribution,

Next, the analysis program matches, for equal velocity
intervals, the data from detector 1 with thaf from detector 2,
Allowing the channel width at detector 1 to determine the velocity

interVal,fa five‘point Lagrange interpolation method is used to

4
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obtain the integral of the distribution at detector 2 for the same
velocity'interval. The result of this integration is illustrated for
a twelve-hour run in Fig. 7, where the time-of-flight distributions

for the 218 metastable atoms are plotted for both detectors.

0
Now that each distribution point for both detectors cor-
respoﬁds to 2180 atoms with the same velocity, the ratio of detector
2 data to detector 1 data is:taken. A straight line is then leasf—
squares‘fitted to the natural logarithm of this ratio since,
according to Eq. (10), Zn.R versus' time-of-flight t is a straight

1

line.i'The mean life 1 .of the 2 S, metastable state is obtained from

the slope = -1/t of this fitted line. Figure 8 is a plot of R(t)

on a logarithmic scale versus time-of-flight t;' the straight line is
fit only between data points that have a number of counts at least
10% of the number in the peak.

: For each run, the quench lamp on data, consisting almost
entirely of 2381 metastable atoms, is also analyzed. Before the
time-of-flight distributions are analyzed, however, a constant
background isksubtracted from each; for detector 1, this background/
is estimated ffom the counts collected in the last ten channels on
the long tail of the distribution, while for detector 2 thevbeginning
channels, before any metastable atoms arrive, furnish the background
information.

Since the 2381 state lifetime is expected to be essentially

infinite compared to the flight times in our’apparatus, a determination

of the effective lifetime for this state serves as a very sensitive
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test of possible systematic errors in the data analysis. Also, an
experimental-estimate of about 1 sec is obtained as a lower limit

,' for thefZSSi'state lifetime.

@
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VII. RESULTS
A. Systematic Effects

During the course of the experiment, numerous parameters
were varied in an attempt to discover any pdssible source of system-
atic error. Since an earlier version!'® of the apparatus had been
limited both by insufficient drift region Vécuum and by inadequate
buffer chambers, the present version was construcfed with emphasis
on the vacuﬁm system. As a consequence, a factor of ten increase in
eithef the drift region pressure or in the beam flow rate over normal
operating conditions produced no detectable change in the measured
value of the lifetime to withig the statistical’accuracy of the
experiment.

: “As pointed out in Section IV, the result for the mean life
is expected to be independent of the initial velocity distribution.

To examine this assertion, the source was operated with both liquid

‘nitrogen and liquid helium cooling, although the close proximity -

of the source slit to the hot filament of the electron gun limited
the actual source'temperature to a value somewhat higher than that
of the liquid coolant. Agéin no systematic effect on the lifetime

result was observed. Unfortunately, operation of the source at room

_ temperature did not furnish additional information because the

statistical fit to the decay plot was poor; the higher beam velocity

did not allow a time of flight sufficient for a significant amount

of radiative decay to occur.
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‘Another assertion of Section IV subject to experimental
verification is that the fraction of 2180 atoms quenched by the lamp
does not affect the lifetime measurement. When a neutral density
screen was used to reduce the lamp intensity so that only about 50%
of the leo'atoms were quenched, the measured lifetime Qas the same,

to within the statistical error, as for the fully quenched beam,

1

Moreover, reducing the quench lamp intensity also changes the 2°S

0
time-of-flight distribution; the quenching fraction f(v) appearing in
Eq. (9) is velocity dependent, since the slower 2180 atoms, requiring
more time to traverse the quench region, are preferentially quenched.
Thus, lack 6f a éystematic lamp intensity effect lendé additional
support -to the conclusion that the lifetime measurement is independent
of the initial velocity distribution.

Other parametefs, such as source to electron’gun distance,
electron gﬁn voltage, detector voltages, and channel width, were
also varied with no effect. The extremely small solid angle subtended
by the detectors excludes any significant contribution to the count
rate from uv photons originating from either the quench region or
from radiative decay. In addition, the retarding influence of gravity'
can be shown to be negligible for the experimentai time of flight of
even the slowest atoms, |

However, one systematic effect, related to the sourée posi-
tion and electron beam orientation, was found which could give at
least a factor of two variation in the measured 1if¢time. Before

this effect was discovered, the original configuration in the source

region was a pinhole source and an electron beam perpendicular to the
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étomic Beam% but with thisAparticular arrangement, a 0.25 Cm movement

of the source hole perpendicular to the atomic beam direction would -
produce this large systematic effect. The explanation is contained

in Eq. (4);_it is absolutely essential that each position on the

detector surface see the same velocity distribution. This condition is not .
necéSsarily true with a perpendicular electron beam, since different

positions on the detector surface observe the electron bombardment

~region at different metastable atom recoil angles. In fact, one of

the earliest experiments?? on a metastable atom discusses the modi-

ficatiéhvof the original velocity distributidn following electron

excitation to the metastable state. And, in agreement with this

earlier,WQrk; the metastable velocity distribution in the present

experiment, being welliapproximated by a V6 dependence, is much faster

than the distribution usually expected for effusion from a slit source.?!
An attempt to assure that each position on thevdetector

surface sees the same velocity distribution resulted in the final

- arrangement — a slit source and an electron beam antiparallel to the

atomic beam. Although this configuration almost eliminates any I

~.systematic source position effect, the remaining uncertainty is a

major contribution to the final error of the 21

S0 lifetime measurement.
Finally, it is interesting to point out that, with the
source hole on axis, the original source-electron gun configuration

gave the same measured lifetime as the final arrangement.



- 28 -

B. Errors

Compared to two other sources of error, the statistical error
is sufficiéntly small that it does not contribute to thé final error.
The first significant error arises from the systematic source position
effect already discussed. We shall take the size of this error to be
equal tovthe chahge in the measﬁred lifetime when the source slit is
movedraldistance equal to the slit length. The slit length is 0.5 cm,
and a 0.5 cm mo&ement parallel to its length and perpendicular td the
atomic:beamvdirection changes the lifetime by 1;2 msec. Therefore the
systematic source position error is 0.6 msec.

‘The other major source of error occurs because the electron
bombardment region extends for 1 cm along the atomic beam direction.
This leads to an uncertainty in the velocity interval over which the
' detector 2 distribution is integrated, since the finite bombardment
~ region results in an uncertainty in the effective distance to the
two detectors, Taking one-half the bombardment length as the total
distance error, a +0.25 cm change of the distances used in the data
analysis program gives a subsequent error in the 2180 lifetime of
+0.4 msec. Combining this distance error with the systematic source
positiqﬂ error yields a final error of +1.0 msec.

180 Lifetime

Cc. 2
Although over 200 runs were taken during the investigation
of systematic effects, the final result for the 2180 lifetime is based

on 23 two-hour runs and also on 3 twelve-hour runs for He4, and on

@

-’
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13 four-hour runs for He3. The lifetime resulf’is essentially the same

 for both Hesvand He4. The weighted average of these runs is 19.7 msec,

with a statistical error of £0.1 msec. However,.a consideration of
the two major systematic errors in this experiment gives a final
result of 19,7 % 1.0 msec as the mean life of the 2150 metastable

state of helium.
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Figure Captions

1._'LQWest helium energy levels. The 2180 metastable state is

prodnced by electron bombardment of the 1186 ground state.

¥}

Quenching of the 2180 state occurs by resonant ahsorption to the

state which decays preferent1ally to the ground state.

fom
<

1
2. Apparatus outline. Ground state atoms effuse from the source

(1) and are excited to the 2180 and 2381 metastable states by

180 state can be quenched by the |
discharge-lamp (3), and the metastable atoms are detected (4) at
bothfends of the time-of-flight region. - |

3. a.Sourte éssembly. The helium gas effusing from the slit can
be cooled by either 11qu1d nitrogen or liquid helium,

4;f Data collection and storage. The PDP-8 computer stores

metastable atom counts from both detectors in channels whose

width is determined by the time base oscillator, The PDP-8 also

controls the electron gun and solenoid pulses, and gates the lamp

onédff at the appropriate times.

5. Timing scheme. Channel advance pulses from a crystal con-
trolled\osoillator determine the channel width and furnish the
PDP;8'computer with synchronizing pulses for control of the

electron gun, solenoid, and quench lamp The solenoid current is
pulsedn for a few milliseconds before channel 0, which is the &
electron gun on time. The lamp is switched on-off for alternate
data collection cycles. | |

§:: Interface oscilloscope'display. The first half of the display,

consisting of 200, 807usec-Wide channels for each detector,
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corresponds to the quench lamp off, while the second 400 channels

are with the lamp on. The decrease in peak height represents the
) _ . _

2 S0 metastable atoms that are quenched by the discharge iamp.

5 counts/cm,

The verticél~sca1e is about 10
7. Time-of-flight distributions. Appropriate data analysis

yields the time—of-flight_distributions for the 2180 metastable

| atdms. The channel numbers are for detector 1; the data for

Fig.

detector 2 has been averaged over velocity intervals whose width
is determined by the channel width at detector 1.

] _
8. 2 So »
2's, metastable atom distributions versus the time-of-flight

decay plot. The ratio of detector 2 to detector 1

'between detectors is a straight line on a logarithmic plot. . The

mean 11fe T of the 2180 state is obtalned from the slope = -1/t
of the least-squares fitted stralght line; the fit only includes
p01nts wh1ch have counts equal to at least 10% of the number in

the peak of the dlstrlbutlon
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor, any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness. of any
information, apparatus, product or process disclosed, or represents
_ that its use would not infringe privately owned rights.
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